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Radiation response of 3J solar cells to radiation at low temperature

Degradation of 3G28C 3J Solar cells from AZUR SPACE has been evaluated for the specific JUICE environment. Electrons and protons data on full scale cells from two different batches is presented with a focus on the influence of temperature (annealing mechanisms) and particles species. Further analysis of the adequacy of NIEL dose approach is also discussed.

INTRODUCTION

Space radiations strongly affect the long-term performance of most active semi-conductor devices on-board spacecraft. Solar Generator Subsystem (SGS) is particularly exposed to solar and trapped particles as not shielded by spacecraft structure.

JUpiter ICy moons Explorer (JUICE, 2022) aims at investigating Jupiter and its icy moons. The Solar Cell Assembly (SCA) is first degraded during the cruise phase (≈ 7.5 years) under the influence of solar protons then by the harsh radiation environment around Jupiter (trapped electrons and protons). The expected cumulated mission dose corresponds to 1MeV electronequivalent fluence of 2.5-3 10 15 e-/cm² (End-Of-Life -EOLfluence).

Additionally, very specific operating conditions are encountered: at Jupiter the temperature will be around -120°C with very low (photons) solar flux (between 46W/m² and 54W/m²).

The JUICE SGS design consists in two identical deployable wings with the baseline Photovoltaic Assembly (PVA) based on 40mm x 80mm 3G28C solar cells from AZUR Space (thickness of 80μm, external bypass diode, 300μm ITO coated and grounded cover glass). JUICE SGS design relies on accurate estimate of radiation constraints and representative ground testing of cells from flight lot. Ideally low temperature and very low solar flux level shall be applied at ground testing.

II. TEST PLAN AND FACILITIES

In the course of technological development activities, test campaigns have been conducted on small test cells (20mm x 20mm) to investigate the defect introduction rate dependence on temperature and annealing mechanisms [START_REF] Park | Origin of the degradation of triple junction solar cells at low temperature[END_REF][2] [START_REF] Baur | Development status of triple-junction solar cells optimized for low intensity low temperature applications[END_REF]. The main objective was to answer the question: can final qualification of solar cells be carried out at room temperature?

The purpose of this second phase study was thus to check if same conclusions can be drawn from full scale solar cells testing and to acquire "reference" EOL data for the design of JUICE SGS. It was also crucial to evaluate degradation and annealing with great accuracy and reproducibility.

The test plan included irradiations with 1MeV electrons (e-) and protons (p+) separately or combined with in situ dark/light(3.7% AM0) I(V) at different temperature and fluences. 

III. MAIN RESULTS

Typical response is provided in Fig. 4 showing I sc and V oc parameters at each step of the test sequence (electron testing). First observations here are that 1) no annealing is observed at low temperature (steps -125IR1 to 3, <0.3%), 2) but can be observed after warming up at RT (step -125IR4, I sc here 1.22%). This limited recovery can amount up to ≈3% for P max (5-6% for the largest electron fluence) which is worst case (WC).

Fig. 4. I sc and V oc parameters at each step of "nominal e-" testing.

In [START_REF] Park | Origin of the degradation of triple junction solar cells at low temperature[END_REF] P max degradation level much greater than I sc and V oc ones is observed and explained by the radiation-induced tunneling current taking place in the top and bottom sub-cells. We do observe here again this significant higher P max degradation as disclosed in Table 1. The plotting of P max versus electron or proton fluence shows that degradation follows a Logdependence law (as reported in [START_REF] Baur | NIEL Dose dependence for solar cells irradiated with electrons and protons[END_REF] and [START_REF] Salzberger | Degradation fitting of irradiated solar cells using variable threshold energy for atomic displacement[END_REF]). It is proposed here to fit EOL/BOL parameter ratios (or Remaining Factor RF) with function expressed in terms of NIEL dose or displacement damage dose in middle cell (GaAs) (DDD method [START_REF] Messenger | SCREAM: a New code for solar cell degradation prediction using the displacement damage dose approach[END_REF], Figure 2). Therefore, the comparison of combined data with separate electron and proton contributions at low temperature can be done.

With this graph, it is shown that electron, proton and combined degradations at low temperature fit quite well with the displacement damage dose approach considering the middle cell is the main contributor to the 3J degradation. This large set of data will be completed with data of annealing after one year, degradation with a second electron energy beam in order to investigate fitting curves and displacement dose approach. All data will be provided in the final paper. well with the displacement damage dose approach considering the middle cell is the main contributor to the 3J degradation.

Annealing effects have been investigated and RT annealing coefficients measured with accuracy.

Additional testing is planned for further investigate annealing and displacement dose dependence of degradation at low temperature.

Figure 1 -

 1 Figure 1 -test plan, generic sequence and picture of 2 cells mounted into MIRAGE (AXEL lab.,) of ONERA DPHY department in Toulouse

Figure 2 -

 2 Figure 2 -electron, proton and combined data fitted with NIEL dose fitting curve. Data lines up with good agreement.

Table 1 -MEAN DEGRADATION AT -125°C FOR ALL CONFIGURATIONS

 1 

		Nnm. e-double e-nom. p+	double p+ combined
	I sc	-12,3%	-17,9%	-6,1%	-10,7%	-12,0%
	V oc	-6,5%	-7,7%	-7,8%	-8,9%	-8,8%
	P max -21,9%	-34,8%	-18,2%	-24,3%	-27,2%
	FF	-4,8%	-13,9%	-5,6%	-7,0%	-9,3%