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The impact of 1 MeV proton irradiation on 1.12 eV bandgap InGaAsN solar cells was studied through device and material characterizations. After a 10 13 p + /cm 2 proton fluence, the photocurrent decreases by 28 %, due to the formation of defects in both the GaAs emitter and the InGaAsN absorber. Furthermore, photoluminescence measurements suggest that the proton radiation hardness of InGaAsN increases with the nitrogen.

Introduction

The current development of artificial satellites requires the conception of powerful and reliable electrical sources that can be used in a space environment. Today, on-board systems rely predominantly on photovoltaic conversion and more specifically on multijunction solar cells (MJSC).

The MJSCs offer the best conversion efficiencies because they are based on several subcells to harness the solar spectrum, which minimizes transmission and thermalization losses. The most common MJSC used for space applications is the GaInP/(In)GaAs/Ge 3J cell lattice-matched to its substrate, with 28-30 % efficiency under AM0 sunlight [1]. Research is now being carried out to increase further this efficiency to boost the power density (W/kg) of space solar arrays. One way of exceeding the 30 % efficiency barrier is to optimize the MJSC architecture in order to improve the near infrared light management. This can be achieved by changing or adding new subcells in the MJSC stack. Indeed, theoretical calculations of the optimal bandgap combination showed that higher efficiencies could be reached by replacing the Ge bottom cell with a 1 eV subcell [1]. Another possibility is to use a 4-junction solar cell by introducing a 1 eV subcell between the GaAs and Ge subcells.

The quaternary alloy InGaAsN is the most promising candidate to be used as a 1 eV absorber in a subcell grown latticematched to a Ge or GaAs substrate. Indeed, the bandgap energy and the lattice parameter of this alloy can be tuned with varying the indium and the nitrogen concentration [3][4].

In addition to lowering the bandgap energy, introducing nitrogen atoms in a GaAs matrix also leads to the creation of crystal defects, which shortens the minority carrier diffusion length [5]. InGaAsN solar cells with a p-i-n junction were then developed to take advantage of the drift collection in the space charge region and achieve higher photocurrents [6][7]. Doing so, high efficiency GaInP/GaAs/InGaAsN 3J cells were demonstrated for concentration [START_REF] Derkacs | [END_REF] (η=43.5 %, AM1.5D×500

) and space PV [START_REF] Campesato | Proceedings of the 11th European Space Power Conference[END_REF] (η=31 %, AM0). To be used for space applications, these dilute nitride-based MJSC need to fulfill a crucial requirement: radiation hardness. Indeed, space is a radiative and hostile environment where satellites and other spacecrafts are constantly bombarded by high energy particles such as electrons, protons and heavier ions. Through nuclear elastic interactions with the atoms of the solar cells, these particles generate displacement damage and crystal defects in the lattice. This in turn leads to a decrease in the minority carrier lifetime, which degrades the solar cell properties [START_REF] Yamaguchi | [END_REF].

Since the subcells in a MJSC are connected in series, the degradation of the photocurrent of a single cell can induce current limitation in the whole structure. Measuring the radiation sensitivity of InGaAsN towards space representative irradiation is then essential to evaluate the end of life (EOL) efficiency of the MJSC. While several studies reported on the effect of electron irradiation on InGaAsN solar cells [START_REF] Campesato | Proceedings of the 11th European Space Power Conference[END_REF][11] [START_REF] Khan | IEEE 4th World Conference on Photovoltaic Energy Conference[END_REF][13], the impact of protons was only investigated for latticemismatched dilute nitrides with very low nitrogen content (<0.5 %) [14] [15]. In order to fill this lack in the literature and quantify the radiation hardness of InGaAsN towards proton irradiation, we propose a study combining device characterization (I-V and external quantum efficiency (EQE) measurements) with material characterization (photoluminescence (PL) and deep-level transient spectroscopy (DLTS) measurements).

Experimental method

InGaAsN solar cells were grown with molecular beam epitaxy (MBE) on a n-GaAs substrate. The p-i-n solar cell structure consists in a 1 µm-thick non-intentionally doped (NID) InGaAsN absorber sandwiched between 200 nm-thick p-and n-doped GaAs layers. The InGaAsN alloy was grown at 465 °C under a As/III flux ratio of 12. The EQE and PL measurements performed on these solar cells indicate a bandgap of 1.12 eV, which corresponds to a 1.6 % and a 4.5 % nitrogen and indium contents, respectively.

Afterwards, the epitaxial stack was processed into 1 cm 2 devices with a AuGeNi/Au metallization at the rear and a Ti/Au front metal grid. The solar cells were then pasted onto AlN sample holders to facilitate handling during the irradiation and characterization steps. More information regarding the epitaxial procedure and the technological process can be found in [16].

In this study, four InGaAsN solar cells were irradiated under vacuum with 1 MeV protons using a Van de Graaff accelerator [START_REF] Duzellier | 17th European Conference on Radiation and Its Effects on Components and Systems[END_REF]. 900 nm-thick InGaAsN bulk layers were also irradiated for PL and DLTS measurements. The samples were cumulatively irradiated at 3.10 11 , 10 12 , 3.10 12 and 10 13 p + /cm 2 fluences with in-situ I-V measurements (under both dark and AM0) between each step. The samples were thermoregulated at 26 °C during the irradiation steps.

Results and Discussion

The current-voltage characteristics of the four solar cells were measured in-situ at beginning of life (BOL) and after each irradiation step. The solar cells exhibited virtually identical J-V characteristics at BOL. Fig. 1 presents the average light J-V characteristics of the cells obtained under AM0 illumination at different fluences. Two J-V curves corresponding to the lowest and the highest degradation are plotted for the final fluence 10 13 p + /cm 2 . The small dispersion exhibited here arises likely from a moderate proton flux inhomogeneity and from measurement uncertainties.

Under 1 MeV proton irradiation, the photovoltaic parameters (J sc , V oc and FF) are all degraded. The J sc decrease results from the degradation of the collection efficiency caused by the creation of crystal defects reducing the minority carrier lifetime. The V oc reduction arises both from the photocurrent decrease and from the increase in the dark saturation current density shown in Fig. 2. This latter parameter increased from 6.6×10 -7 A/cm 2 to 9.5×10 -6 A/cm 2 after irradiation. The average degradation of the J sc , V oc and FF after 10 13 p + /cm 2 , is equal to 28 %, 18 % and 14 %, respectively. Although these degradations are quite significant, they remain much lower than the degradation rates exhibited by GaAs solar cells irradiated with 1 MeV protons [START_REF] Pellegrino | [END_REF] [19].

We investigated the effect of post-irradiation annealing by exposing the InGaAsN solar cells to AM0 sunlight for 60 minutes, under thermoregulation. The dark and light J-V characteristics did not show any change after this annealing step, which highlights the stability of the defects introduced throughout proton irradiation.

One of the limitations of the light J-V characterization performed here that it does not give specific information regarding the degradation of the InGaAsN layer. Under AM0, the carrier collection in the p-i-n subcell arises both from the diffusion in the p-GaAs emitter and from the drift/diffusion regime in the NID-InGaAsN absorber. The global degradation of the cell arises then from the introduction of defects in both InGaAsN and GaAs materials. Yet, only the deterioration of the dilute nitride absorber would be detrimental to a p-i-n subcell integrated within a MJSC structure, as photons with a wavelength shorter than 870 nm would be absorbed in the GaAs middle cell.

As presented in Fig. 3, EQE measurements were performed on the irradiated solar cells in order to discriminate the degradations of the InGaAsN and GaAs compounds. The quantum efficiency of the InGaAsN subcells shows an overall deterioration, consistent with the photocurrent drop observed in Fig. 1 and with the dark current increase shown in Fig. 2. However, the EQE decrease is more important in the [400-870 nm] spectral window, which indicates that part of the J-V degradation arises from the introduction of defects in the GaAs emitter. Using the Beer-Lambert relation and the absorption coefficient of GaAs [START_REF] Palik | Handbook of optical constants of solids[END_REF], we calculate that approximately 40 % of the 700 nm-photons are absorbed in the 200 nm emitter. The inhomogeneity in the EQE degradation goes in line with the lower radiation hardness of GaAs compared to InGaAsN, as mentioned earlier.

To further investigate the degradation of InGaAsN under proton irradiation, we performed PL measurements on NID-InGaAsN bulk layers of different nitrogen content (1.2 and 2.3 %). These samples were excited with a 15 mW 488 nm laser source at room temperature. The photoluminescence intensity of the InGaAsN layers is an insightful parameter because it indicates the magnitude of non-radiative recombination and therefore highlights the introduction of defects throughout irradiation. As represented in Fig. 4, the PL signal shows a 30 % decrease after irradiation in the 1.2 % nitrogen layer whereas the other sample remains virtually unaffected by the 1 MeV protons. This radiation hardness discrepancy arises from the difference in the BOL optoelectronic properties of the samples, which can be observed by a PL signal tenfold lower in the 2.3 % nitrogen sample. Indeed, the crystal defect concentration tends to increase with the nitrogen content in InGaAsN [START_REF] Kurtz | Conference Record of the Thirty-first IEEE Photovoltaic Specialists Conference[END_REF]. In the high N content sample, the irradiation-induced defects concentration is then negligible compared to the density of growth defects. Overall, the PL reduction in the InGaAsN 0.012 bulk layer sample concurs with the J-V and EQE degradations of the InGaAsN 0.016 solar cells.

Current-based DLTS measurements were conducted on reference and irradiated bulk layers to investigate the introduction of defects throughout irradiation. We used a current-based rather than a capacitance DLTS mode to avoid parasitic capacitances present in the devices. The residual doping of the NID samples is n-type, meaning that the majority carriers probed here are electrons. The reverse voltage was set to -3 V and we used a 1 ms filling pulse of 1 V. All measurements were performed in the dark condition.

The impact of 1 MeV protons on the DLTS response can be observed in Fig. 5. It can first be noticed that the DLTS signal b1 (first sine term of the Fourier transform) of the high nitrogen content sample increases after irradiation. This signal can be deconvoluted into two peaks at 265 and 340 K corresponding to two electron traps E1 and E2. This increase in the DLTS signal indicates then defect introduction which is in line with our previous observations. Additionally, the activation energy and the cross-section capture were calculated to be 0.43 eV and 2.7×10 -16 cm² for E1, and 0.63 eV and 4.2×10 -15 cm² for E2. Those two traps lie in the middle of the InGaAsN bandgap and are likely to act as strong non-radiative recombination centers. The E2 defect is conjectured to be a nitrogen split interstitial as its activation energy was theoretically calculated to be 0.66 eV below the conduction band [START_REF] Zhang | [END_REF].

On the other side, the DLTS response of the 1.2 % content sample is found to drop after the irradiation. This is inconsistent with our PL findings and probably arises from the nature of the irradiation-induced defects. These latter ones are likely to act as hole traps rather than electron traps, making them invisible to DLTS characterization.

Conclusion

InGaAsN solar cells and InGaAsN bulk layers were irradiated with 1 MeV protons. The dark and light J-V characteristics of the cells show a monotonic degradation with the proton fluence. The heterogeneous EQE decrease after irradiation indicates that the deterioration of the photovoltaic properties is caused by the introduction of crystal defects in both the GaAs emitter and the InGaAsN absorber.

Moreover, the InGaAsN solar cells studied here are found to be more resistant towards 1 MeV protons than their GaAs counterpart. It can be explained by their higher growth defect concentration, making them less sensitive to irradiation induced defects. This behavior is also supported by the difference in PL degradation exhibited by InGaAsN samples with different nitrogen content. Finally, DLTS results suggest that some of the defects introduced by 1 MeV protons acts as hole traps.
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 1 Fig. 1. Light J-V characteristics of the InGaAsN solar cells for various fluences (in p + /cm 2 ) obtained under AM0. The colored area between the two 1e13 p + /cm 2 fluence curves represent the dispersion in the J-V degradation within the four cells.
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 2 Fig. 2. Dark J-V characteristics of the InGaAsN solar cells for various fluences (in p + /cm 2 ).
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 3 Fig. 3. External quantum efficiency spectra of a non-irradiated InGaAsN solar cell (BOL) and of the four irradiated samples
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 4 Fig. 4. Photoluminescence spectra of reference (BOL) and irradiated (EOL) InGaAsN bulk layers. The 15 % error bars correspond to the measurement uncertainty. The PL intensity of the 2.3 % N sample was multiplied by 5 for the sake of clarity.
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 5 Fig. 5. DLTS spectra of reference (BOL) and irradiated (EOL) InGaAsN bulk layers. The DLTS signal intensity of the 1.2 % N sample was multiplied by 100 for the sake of clarity.
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