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Introduction

In materials science, as seen in particular in semiconductor physics, it is crucial to work on the relationship between the structural, electronic and optical properties. We are considering here more specifically issues in hybrid perovskite materials. Can we understand better these semiconductor materials' properties like light emission with the help of defects engineering? [START_REF] Egger | What remains unexplained about the properties of halide perovskites?[END_REF] Recently, defect tolerance and defect passivation have become a challenge to improve efficiencies in the frame of photovoltaic devices. [START_REF] Brandt | Identifying defect-tolerant semiconductors with high minority-carrier lifetimes: beyond hybrid lead halide perovskites[END_REF][START_REF] Walsh | Instilling defect tolerance in new compounds[END_REF] In the past two decades, the family of hybrid organic-inorganic perovskites (HOP) have arisen as new functional materials firstly for their light emitting properties, with the structure A2MX4 (2D perovskites) where A is an organic cation, M is a metal cation, and X is a halide anion. More recently, since 2012, the structure AMX3 (3D perovskites) has led to the very fast emergence of a new class of solar cells, as after a few years of research effort it has led to a conversion efficiency above 23%. [4] However, a number of issues related to hysteretic behaviour, structural, thermal and UV stability, as well as moisture sensitivity have to be solved and a better knowledge of the electronic properties of such materials is obviously a prerequisite for their optimization in different opto-electronic devices. [START_REF] Green | The emergence of perovskite solar cells[END_REF][START_REF] Correa-Baena | Promises and challenges of perovskite solar cells[END_REF][START_REF] Lang | Influence of Radiation on the Properties and the Stability of Hybrid Perovskites[END_REF] On the other hand, hybrid perovskite materials have been recently shown to present very efficient radiation hardness together with self-healing properties. [START_REF] Lang | Radiation hardness and self-healing of perovskite solar cells[END_REF] The irradiation of solar cell devices with 68 MeV protons allowed to evidence that perovskite absorbers can withstand proton doses up to 10 12 cm -2 , which exceeds the damage threshold of c-Si by almost 3 orders of magnitude. In the frame of photovoltaic devices, a very good tolerance to electron irradiation (1 MeV, up to 10 16 /cm 2 ) and proton irradiation (50 keV, up to 10 15 /cm 2 ) was also shown. [START_REF] Miyazawa | Tolerance of perovskite solar cell to high-energy particle irradiations in space environment[END_REF] Theoretical calculations revealed that the electronic properties of HOP materials are tolerant to defects because the intrinsic point defects and grain boundaries do not generate gap states, but the origin of this puzzling property is still under debate. [START_REF] Egger | What remains unexplained about the properties of halide perovskites?[END_REF][START_REF] Yin | Unusual defect physics in CH3NH3PbI3 perovskite solar cell absorber[END_REF] . It might be also very interesting to use defect engineering in order to better exploit the light-emitting properties of CH3NH3PbI3. It was shown for instance that efficient amplified spontaneous emission (ASE) and continuous-wave lasing could be obtained through radiative defect inclusions in polycrystalline thin films in the orthorhombic phase below T=160 K. . [11 ,12] Interestingly, it was also shown that bulk HOP can be self-doped by defects engineering. It was actually predicted that the electronic conductivity of perovskites can be tuned between p-type and ntype by controlling growth conditions. This self-doping effect in (CH3NH3PbI3) was then reported and found to be either n or p type by changing the ratio of methylammonium iodide (MAI) and lead iodine (PbI2) which are the two precursors for perovskite formation. [START_REF] Wang | Qualifying composition dependent p and n self-doping in CH3NH3PbI3[END_REF] It was inferred that the n-doping comes from the point defects with the lower formation energy, i.e. I vacancies while the p-type behavior was attributed to Pb vacancies.

The firstly used material in the high-performing perovskites solar cells is methylammonium lead triiodide (CH3NH3PbI3) which has a tetragonal structure at room temperature (now replaced by triple cations perovskite solar cells). This material undergoes two structural phase transitions as a function of temperature : from orthorhombic to tetragonal at 160 K, and from tetragonal to cubic at about 330 K, showing important impact on charge carrier dynamics and photoluminescent properties. [START_REF] Milot | Temperature-dependent charge-carrier dynamics in CH3NH3PbI3 perovskite thin films[END_REF] We use here Helium ion irradiation at different fluences to introduce point defects with varying concentration on purpose in (CH3NH3)PbI3 processed both in single crystals and thin films. We compare the photoluminescence (PL) at varying temperature to gain understanding in the radiative recombination mechanisms and the role point defects might be playing.

Experimental Method

At first, for the materials' synthesis one needs to obtain the methylammonium iodide (CH3NH3)I (called MAI hereafter) which is further used as a precursor in the synthesis of the MAPI samples. The MAI was synthesized by adding dropwise 10,5 mL of hydriodic acid HI (57 % in water, stabilized, Sigma Aldrich) to 20 mL of methylamine CH3NH2 (2 M solution in ethanol, Sigma Aldrich) at 0°C for 2 hours. The solvent was then evaporated at 60°C under vacuum using a rotary evaporator. The powder was subsequently washed several times with diethyl ether and dried overnight at 60°C. In order to increase purity, the yellowish MAI powder was finally recrystallized in a mix of ethanol and diethyl ether.

For thin films synthesis, 159 mg of freshly made MAI and 461 mg of lead Iodide PbI2 were dissolved in 1 mL of N,N-dimethylformamide (DMF). Quartz substrates (Neyco) were cleaned with acetone and ethanol, then treated with a 10 %wt solution of KOH in ethanol in an ultrasonic bath for 15 minute each. The slides were then rinsed with distilled water and dried with pressured air. MAPbI3 thin films were obtained by spin coating the precursor solution at 2000 rpm for 15 seconds. The films were then annealed at 90°C for 20 minutes in air, allowing solvent evaporation as well as thin films crystallization. According to SEM characterizations the average grain size is expected to be about or less than 1 µm. Absorption spectroscopy measurements give an approximate thickness of 400 nm for the obtained polycrystalline thin films.

For single crystals synthesis, 636 mg of MAI and 1844 mg of lead Iodide PbI2 were dissolved in 4 mL of DMF (1:1 molar ratio) in a small Teflon capped vial. The vial was then placed in an oil bath at 105°C. Single crystals of MAPbI3 start to appear at the bottom of the vial after a couple of hours. They were recovered, dried and washed with diethyl ether several times. The typical size of the single crystals is about 3 mm. The Helium ion irradiation was performed using the IRMA implanter at CSNSM laboratory. [START_REF] Chaumont | A medium energy facility for variable temperature implantation and analysis[END_REF] We used a rather low ion energy of 30 keV and fluences between 10 14 cm -2 and 10 16 cm -2 . The ion beam size is of the order of 1 mm and is rastered over a large area in order to have a homogeneous dose deposition. These conditions could also be accessible in any laboratory using a commercial ion gun. The implantations were performed at room temperature with ion currents below 2 µA.cm -2 .

The photoluminescence was measured in reflection geometry at 45° using an argon laser (λ=488nm) at a power of 10 mW as an excitation source, and a spectrometer TRIAX320 from Horiba-JY equipped with a R928 photomultiplier (Hamamatsu) detector. For these measurements the samples were glued with silver paste in an optical closed-cycle cryostat from ARS Instruments equipped with two quartz windows. The time-resolved PL was measured using the Fluoromax equipment (Horiba Jobin-Yvon) based on TCSPC technique with an excitation from a nano-LED at 482 nm pulsed at 100 kHz (full time-range 6 µs).

Results and Discussion

According to the SRIM simulation program, the mean projected range for the Helium ions in MAPI is 275 nm at 30 keV, and the maximum implanted concentration at the highest fluence (1E16 cm -2 ) is about 0,5 at.%. [START_REF] Ziegler | The Stopping and Range of Ions in Solids[END_REF] The light penetration depth in these materials is on the same order of magnitude due to strong optical absorption. Photoluminescence spectroscopy is thus well suited to study the near-surface region that is modified with ion irradiation. The depth distribution of displaced atoms was determined using the detailed calculation with full damage cascade in the SRIM program. At the highest ion fluence (1E16 cm -2 ), the proportion of displaced atoms is about 18 at.% at about 200 nm for the iodine atoms which are the most susceptible to be displaced. The proportion of displaced atoms for the other atomic species are respectively 14%, 6% for H, Pb and 2% for both C and N atoms. So we hereby cover a range of displaced atoms between 0,18% at 1E14 cm -2 to 18% at 1E16 cm -2 for iodine atoms as estimated from the SRIM simulation.

The photoluminescence from MAPI polycrystalline thin films at room temperature is represented in Figure 1 before and after ion irradiation at 1E14, 1E15 and 1E16 He + cm -2 . The reference spectrum is centered at 1.606 eV with a Full Width at Half Maximum of 90 meV, evidencing a contribution from several in-gap states below the band gap energy at about 1.65 eV as obtained from absorption spectrum measurements and according to the known value for this material. [START_REF] Egger | What remains unexplained about the properties of halide perovskites?[END_REF] After ion irradiation we observe an intensity decrease of the overall photoluminescence spectra, however not very drastic as the intensity observed after irradiation with a high fluence of 1E16 He + cm -2 is only decreased by a factor about 20. As a matter of comparison, an irradiation of crystalline silicon with Argon ions with a number of displaced silicon atoms 10 4 times lower, ie 0.02 at.%, (equivalent to 1E12 He + cm -2 with the MAPI irradiation conditions used here) decreases the overall photoluminescence intensity together with the lifetime of minority carriers by a factor 100. Using ion irradiation in crystalline silicon with 0.2 at.% displaced atom (equivalent to 1E13 He + cm -2 with MAPI), the signal was not measurable, and lower than for a bare Si wafer. [START_REF] Defresne | Interface defects in a-Si:H/c-Si heterojunction solar cells[END_REF] This comparison emphasizes the outstanding radiation hardness of light emission properties : methylammonium lead iodide can withstand ion irradiation fluences about a factor 10 5 higher than crystalline silicon, which is consistent with what was found by other authors. [START_REF] Miyazawa | Tolerance of perovskite solar cell to high-energy particle irradiations in space environment[END_REF] It is also remarkable that the PL decay curves are drastically affected only after an irradiation at 1E16 He + cm -2 as observed in Figure 2. As a matter of comparison, we derived lifetimes from a multi-exponential model using a sum of 3 exponential functions to describe the data which were fitted up to 6 µs. Before irradiation, the reference sample shows 2 short lifetimes at 37±1 ns (17%), 200±8 ns (37%) and a long lifetime 1097±15 ns (46%). After irradiation at the lowest fluences (1E14 and 1E15 cm -2 ), only the short lifetimes are a little bit affected while the longest lifetime is not changed (34±1 ns (16%), 213±6 ns (42%) and 1097 ±15 ns (42%) at 1E14 cm -2 , and 35±1 ns (16%), 211±9 ns (35%) and 1140 ±17 ns (49%) at 1E15 cm -2 ). It is very interesting to note that only the short time decay constants are affected at moderate defect concentration, as the long lifetime being the governing one for efficient charge collection in the frame of photovoltaic devices. One can associate these short time decays to non-radiative recombinations introduced through ion irradiation as we also observe a lowering of PL intensity as shown in Figure1. One has to reach 1E16 cm -2 to observe a clear impact on the lifetimes with a decrease of all 3 time constants to 21±1 ns (18%), 92±7 ns (38%) and 777 ±23 ns (43%), which is further pronounced at 2E16 cm -2 (14±1 ns (19%), 72± ns (37%) and 458 ±25 ns (43%)).

As was already noticed, one of the key of MAPI success are its excellent opto-electronic properties even in the presence of defects. [START_REF] Egger | What remains unexplained about the properties of halide perovskites?[END_REF][START_REF] Jia | Continuous-wave lasing in an organic-inorganic lead halide perovskite semiconductor[END_REF][START_REF] Wang | Qualifying composition dependent p and n self-doping in CH3NH3PbI3[END_REF][START_REF] Buin | Materials Processing Routes to Trap-Free Halide Perovskites[END_REF] When comparing polycrystalline thin films to single crystals samples at low temperature, we even observe an enhancement of the optical emission as can be seen from Figure 3. On the same figure we can also compare the PL spectrum at 10K from an irradiated single crystal (2E15 He + cm -2 ) with a reference, non irradiated single crystal. We observe no change in band gap energy after ion irradiation as the spectra all superimpose on the high energy side. However, we can observe some additional intensity on the low-energy side of the spectrum. A more detailed analysis allows to describe the spectra with a decomposition in 3 components that we named BE1, BE2 and BE3 for the 3 different bound exciton processes centered at three distinct energies below the band-gap, respectively 1.603 eV, 1.590 eV and 1.568 eV, as represented in Figure 4. The reference single crystal spectrum decomposition at T=10K is represented in Figure 4(a) and evidences only broad bound exciton recombination features. Indeed the free exciton signature at the energy gap position has been observed only recently with high quality single crystals, and is generally not present in PL measurements from single crystals which are rather dominated by bound exciton recombination on trap states. [START_REF] Diab | Narrow Linewidth Excitonic Emission in Organic-Inorganic Lead Iodide Perovskite Single Crystals[END_REF] One can notice that these components get broader as they are more separated from the gap, indicating a more important energy spread of the associated slightly deeper energy levels. After ion irradiation at 2E15 He + cm -2 , we can observe that the BE3 component is barely not affected, while one can observe a weight transfer from BE1 to BE2, indicating that BE2 should be related to iodine point defects. Indeed, ion irradiation promotes predominantly iodine point defects, of both vacancy or interstitial types. Following the theoretical calculations of Buin and co-workers, iodine vacancy levels should lie within the valence band. The only possible interpretation for a near-band edge level would then be iodine interstitial levels, most probably associated to the BE2 emission. [START_REF] Buin | Materials Processing Routes to Trap-Free Halide Perovskites[END_REF] This increase in BE2 intensity relatively to BE1 leads to an apparent peak position change in the overall spectrum by about 5 meV.

When we compare now the polycrystalline thin film spectrum with the irradiated single crystal in Figure 3, we also observe an important increase in BE2 contribution as can be better seen in Figure 5(a), such that the apparent peak position shift with the reference single crystal is now about 12 meV. The polycrystalline thin films are by nature more defective than the single crystals and it is interesting to notice that this is not a drawback regarding light emission as non-radiative recombination centers are not the dominant ones. In the thin films, the two increasing contributions (BE1 and BE2) are more keen to be related to grain boundaries as well as surface and interface defects and maybe lead and iodine antisites. [START_REF] Buin | Materials Processing Routes to Trap-Free Halide Perovskites[END_REF][START_REF] Agiorgousis | Strong Covalency-Induced Recombination Centers in Perovskite Solar Cell Material CH3NH3PbI3[END_REF] In Figure 6, we can observe the difference in the PL spectra between the reference polycrystalline thin film and the irradiated films at 1E15 and 1E16 He + cm -2 . Firstly, at 1E15 He + cm -2 , the total BE1 and BE2 contribution increases and broadens leading to a relative peak position lowering of about 18 meV (decomposition not shown here), while the BE3 contribution still stays almost the same. Also at the highest fluence of 1E16 He + cm -2 , as observed in Figure 5(b), this contribution is unaffected indicating a very stable component under ion irradiation.

At this fluence, a high relative increase of BE2 is seen, leading to a major spectrum contribution.

Also the BE1 contribution is shifted to higher energy at 1.631 eV. The high energy tail of the spectrum overpass the known band-gap energy at this temperature (1.64 eV), related to an important broadening of the BE2 component for this ion irradiation fluence, as evidenced from the spectral decomposition in Figure 5. This broadening is attributed to local disorder and the number of different local halide defect configurations which induces energy level broadening.

At this high fluence, we also form clusters of point defects that act as non radiative recombination centers as the integrated intensity of the spectrum is decreased by about 40% as compared to the reference MAPI polycrystalline sample.

We now consider the temperature evolution of the PL spectra between the reference thin film and the irradiated sample at 1E15 cm -2 from 10K to 150K as represented in Figure 7. In both cases, the intensity decreases with temperature due to thermal activation of non-radiative recombinations. The complex evolution of the PL spectra was already studied by several authors. [START_REF] Diab | Narrow Linewidth Excitonic Emission in Organic-Inorganic Lead Iodide Perovskite Single Crystals[END_REF][START_REF] Wehrenfennig | Charge carrier recombination channels in the low-temperature phase of organic-inorganic lead halide perovskite thin films[END_REF][START_REF] Kong | Characterization of an abnormal photoluminescence behavior upon crystal-phase transition of perovskite CH3NH3PbI3[END_REF][START_REF] Osherov | The Impact of Phase Retention on the Structural and Optoelectronic Properties of Metal Halide Perovskites[END_REF][START_REF] Wright | Electron-phonon coupling in hybrid lead halide Perovskites[END_REF][START_REF] Galkowski | Spatially resolved studies of the phases and morphology of methylammonium and formamidinium lead trihalide perovskites[END_REF] They could for instance observe a difference in the PL spectrum at low temperature when measured with low or high fluence and in general at least 2 components at low temperature that would evolve in a single broad emission feature above 120-130 K. [START_REF] Wehrenfennig | Charge carrier recombination channels in the low-temperature phase of organic-inorganic lead halide perovskite thin films[END_REF] Interestingly, the temperature dependence of the peak position changes behavior in the same range as the structural phase transition at 160 K : from room temperature to about 150 K the energy increases when the temperature is lowered, while it decreases between 150 K and 10 K. [START_REF] Wehrenfennig | Charge carrier recombination channels in the low-temperature phase of organic-inorganic lead halide perovskite thin films[END_REF][START_REF] Galkowski | Spatially resolved studies of the phases and morphology of methylammonium and formamidinium lead trihalide perovskites[END_REF] We also observe for the reference MAPI thin film such a behavior with a progressive change from a high energy peak which dominates the spectra from 10K to 100 K, progressively replaced by a lower energy feature still lowering in energy until 150 K. At temperatures higher than 150 K this component then progressively broaden and increase in energy until it reaches the room temperature spectra shown in Figure 1. After ion irradiation at 1E15 cm -2 , we observe in Figure 7(b) that the higher energy feature associated to BE1 (see Figure 5) which increases in energy with temperature for the reference MAPI sample has been completely smoothed out from the irradiated spectra. The temperature dependence in Figure 7(b) indicates rather a dominant contribution from BE2 and BE3 that progressively broaden, merge, and finally evolve towards the same kind of single-contribution in the region 100-110 K. Above 100K the spectra both from reference thin film and irradiated sample look very similar, however the intensity after ion irradiation being comparatively larger. Indeed, as we can see from the dependence of the total integrated intensity represented in Figure 8, the intensity from the reference sample has decreased by about 50% from 10K to 150K while it has decreased only by 30% in the case of the irradiated sample. This effect is thus very interesting, however limited to the orthorhombic phase at low temperature, as a steep intensity decrease is observed when approaching the phase transition temperature at 160 K. This step in the temperature dependence of the intensity was observed and discussed by other authors and attributed to electronic confinement in remaining tetragonal inclusions within the orthorhombic phase, as observed with micro-photoluminescence experiments at low temperature. [START_REF] Kong | Characterization of an abnormal photoluminescence behavior upon crystal-phase transition of perovskite CH3NH3PbI3[END_REF][START_REF] Galkowski | Spatially resolved studies of the phases and morphology of methylammonium and formamidinium lead trihalide perovskites[END_REF][START_REF] Dobrovolsky | Defect-induced local variation of crystal phase transition temperature in metal-halide perovskites[END_REF] Very interestingly, we could interpret the intensity amplification at low-temperature as due to a higher number of tetragonal inclusions in the orthorhombic phase after ion irradiation. The irradiation point defects that we created may act as anchoring centers for the tetragonal inclusions. These inclusions, having a lower band-gap than the surrounding orthorhombic phase can act as charge carrier sinks and confine efficiently the excitons. [START_REF] Wehrenfennig | Charge carrier recombination channels in the low-temperature phase of organic-inorganic lead halide perovskite thin films[END_REF][START_REF] Dobrovolsky | Defect-induced local variation of crystal phase transition temperature in metal-halide perovskites[END_REF] This effect may also be used on purpose to exploit more efficiently the radiative defect inclusions in the goal to realize amplified spontaneous emission and continuous-wave lasing that were shown to be associated to the emission from tetragonal phase inclusions . [START_REF] Neutzner | A dual-phase architecture for efficient amplified spontaneous emission in lead iodide perovskites[END_REF][START_REF] Jia | Continuous-wave lasing in an organic-inorganic lead halide perovskite semiconductor[END_REF] For defect engineering, the irradiation should not be too high, as evidenced on figure 8, where the PL intensity is shown to be lowered on the whole temperature range as observed after irradiation at 1E16 cm -2 . A small PL increase at low temperature (T<100 K) after ion irradiation is also observed with the MAPI single crystals on the same Figure 8, however we observe no intensity step at the structural phase transition. This difference indicates that the film structure influences the phase transition. The dominating emission centers at low temperature originate from surface and interface defects, that we essentially related to the BE2 contribution in the spectral decompositions discussed together with Figure 5.

Conclusion

Using Helium ion irradiation and photoluminescence spectroscopy at varying temperature, we could show that the methylammonium lead iodide samples, both in single crystals and polycrystalline thin films, present high radiation hardness as they still present light emission up to the highest irradiation fluences used in this work (2E16 He + cm -2 ). We estimated that they can withstand about 10 5 times the atomic displacements needed to quench the PL in crystalline silicon. The nature of defects giving rise to radiative recombinations and light emission was discussed. The mechanisms are very similar in single crystals and polycrystalline thin films where grain boundaries and intrinsic defects give rise to the same spectra than irradiation defects in single crystals. Ion irradiation defects are also shown to enhance light emission in the low-temperature orthorhombic phase as seen in the dependence of the total PL integrated intensity. This effect, much pronounced in thin films, was related to quantum confinement within tetragonal inclusions that may still be present in the orthorhombic phase at low-temperature (T<160 K). Another effect of the ion irradiation directly observable is the smoothing out of the emission from the less tightly bound exciton (BE1), and a strong reinforcement of the BE2 component that we tentatively attributed to Iodine interstitials when considering theoretical calculations. Finally, this work sheds some light on defects and their influence over opto-electronic properties in methylammonium lead iodide, opening new possibilities for the use of defects engineering as well as doping through ion implantation. 
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