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ABSTRACT. Metal halide perovskites are promising contenders for next-generation photovoltaic applications due to their remarkable photovoltaic efficiency and their compatibility with solutionprocessed fabrication. Among the various strategies to control the crystallinity and the morphology of the perovskite active layer and its interfaces with the transport layers, fabrication of perovskite solar cells from precursor solutions with a slight excess of PbI2 has become very common. Despite this, the role of such excess in PbI2 is still rather controversial, lacking consensus on its effect on the bulk and interface properties of the perovskite layer. In this work, we investigate the effect of removing the excess PbI2 from the surface of a triple-cation mixed-halide Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 perovskite layer by four different organic salts on their photovoltaic performance and stability. We show that treatments with iodide salts such as methylammonium iodide (MAI) and formamidinium iodide (FAI) can lead to the strongest beneficial effects on solar cell efficiency, charge recombination suppression, and stability while non-iodide salts such as methylammonium bromide (MABr) and methylammonium chloride (MACl) can also provide improvements in terms of charge recombination suppression and stability to a moderate extent by comparison to the untreated sample. In the most optimized cases, under continuous solar illumination, the MAI and FAI-treated devices maintained respectively 81% and 86% of their initial PCEs after 100 hours of continuous illumination (versus 64% for the untreated solar cell with excess PbI2). Our study demonstrates that eliminating the PbI2 excess at the perovskite/HTL interface by treating the perovskite surface with organic salts is a simple and efficient route to enhance the efficiency and in particular the stability of perovskite solar cells.

INTRODUCTION

In the last decade, solution-processed metal halide perovskites have attracted tremendous research interest due to their extraordinary physical properties, including large charge carrier diffusion length, high extinction coefficient, excellent charge carrier mobility, and tunable bandgap. [START_REF] Kojima | Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells[END_REF][START_REF] Lee | Efficient Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites[END_REF][START_REF] Im | Growth of CH3 NH3 PbI3 Cuboids with Controlled Size for High-Efficiency Perovskite Solar Cells[END_REF][START_REF] Yang | High-Performance Photovoltaic Perovskite Layers Fabricated through Intramolecular Exchange[END_REF][START_REF] Saliba | Cesium-Containing Triple Cation Perovskite Solar Cells: Improved Stability, Reproducibility and High Efficiency[END_REF][START_REF] Eperon | Perovskite-Perovskite Tandem Photovoltaics with Optimized Band Gaps[END_REF][START_REF] Zhao | Organic-Inorganic Hybrid Lead Halide Perovskites for Optoelectronic and Electronic Applications[END_REF][START_REF] Park | Towards Stable and Commercially Available Perovskite Solar Cells[END_REF][START_REF] Yang | Iodide Management in Formamidinium-Lead-Halide-Based Perovskite Layers for Efficient Solar Cells[END_REF] These advantageous properties have resulted in the application of perovskite materials in a range of optoelectronic devices such as solar cells, [START_REF] Jiang | Surface Passivation of Perovskite Film for Efficient Solar Cells[END_REF] LEDs, [START_REF] Hoogland | Perovskite Energy Funnels for Efficient Light-Emitting Diodes[END_REF] sensors, [START_REF] Deng | Aligned Single-Crystalline Perovskite Microwire Arrays for High-Performance Flexible Image Sensors with Long-Term Stability[END_REF] photodetectors [START_REF] Dou | Solution-Processed Hybrid Perovskite Photodetectors with High Detectivity[END_REF] and lasers. [START_REF] Chen | A Photonic Crystal Laser from Solution Based Organo-Lead Iodide Perovskite Thin Films[END_REF] In particular, research aiming at enhancing the power conversion efficiency (PCE) of perovskite solar cells has led to tremendous progress, resulting a maximum certified PCE of 25.2% in 2019. 15 Critically important to the optimization of the photovoltaic performance, and that of the device stability, are the quality of the perovskite crystalline film and the perovskite/transport-layer interfaces. [START_REF] Hu | Indium-Free Perovskite Solar Cells Enabled by Impermeable Tin-Oxide Electron Extraction Layers[END_REF][START_REF] An | High Performance Planar Perovskite Solar Cells by ZnO Electron Transport Layer Engineering[END_REF][START_REF] Jeon | Solvent Engineering for High-Performance Inorganic-Organic Hybrid Perovskite Solar Cells[END_REF][START_REF] Haque | Metal Oxides as Efficient Charge Transporters in Perovskite Solar Cells[END_REF] In particular, the grain boundaries, impurities, and defects located either in the bulk or at interfaces can facilitate ion migration and act as charge carrier recombination sites, leading to efficiency loss and device degradation. [START_REF] Liu | Grain-Boundary "Patches" by In Situ Conversion to Enhance Perovskite Solar Cells Stability[END_REF][START_REF] Rivkin | Effect of Ion Migration-Induced Electrode Degradation on the Operational Stability of Perovskite Solar Cells[END_REF][START_REF] Emara | Impact of Film Stoichiometry on the Ionization Energy and Electronic Structure of CH 3 NH 3 PbI 3 Perovskites[END_REF] So far, triple-cation mixed perovskites with the composition of Cs0.05(FA1-xMAx)0.95Pb(I1-yBry)3 (where FA + = CH5N2 + , and MA + = CH3NH3 + ) have been shown to result in solar cells with excellent efficiency and enhanced stability. [START_REF] Saliba | Cesium-Containing Triple Cation Perovskite Solar Cells: Improved Stability, Reproducibility and High Efficiency[END_REF][START_REF] Peng | Efficient Indium-Doped TiO x Electron Transport Layers for High-Performance Perovskite Solar Cells and Perovskite-Silicon Tandems[END_REF] Various strategies are currently under extensive investigation in order to precisely control the crystallinity and the morphology of the perovskite layer and its interfaces with the transport layers aiming to obtain a highly crystalline, compact and smooth layer with large crystalline grains. [START_REF] Dubey | A Strategic Review on Processing Routes towards Highly Efficient Perovskite Solar Cells[END_REF] Very commonly, a slight increase in the PbI2/methylammonium iodide (MAI) concentration ratio above the stoichiometric ratio of 1 was found to be beneficial for the photovoltaic performance. [START_REF] Jiang | Surface Passivation of Perovskite Film for Efficient Solar Cells[END_REF][START_REF] Chen | Controllable Self-Induced Passivation of Hybrid Lead Iodide Perovskites toward High Performance Solar Cells[END_REF][START_REF] Kim | Beneficial Effects of PbI 2 Incorporated in Organo-Lead Halide Perovskite Solar Cells[END_REF][START_REF] Roldán-Carmona | High Efficiency Methylammonium Lead Triiodide Perovskite Solar Cells: The Relevance of Non-Stoichiometric Precursors[END_REF] The origin of this increase has been proposed to arise from various factors. For example, supported by computations, [START_REF] Haruyama | Termination Dependence of Tetragonal CH 3 NH 3 PbI 3 Surfaces for Perovskite Solar Cells[END_REF] the excess PbI2 in perovskite films were believed to passivate defects at the perovskite grain boundaries and thus contribute to a lower carrier recombination. [START_REF] Wang | Femtosecond Time-Resolved Transient Absorption Spectroscopy of CH 3 NH 3 PbI 3 Perovskite Films: Evidence for Passivation Effect of PbI 2[END_REF] Alternatively, the excess PbI2 at the perovskite/electron-transport-layer (ETL) interface (e.g. TiO2) was claimed to lead to lower carrier recombination at this interface, [START_REF] Chen | Controllable Self-Induced Passivation of Hybrid Lead Iodide Perovskites toward High Performance Solar Cells[END_REF][START_REF] Nakayashiki | Interface Structure between Titania and Perovskite Materials Observed by Quartz Crystal Microbalance System[END_REF][START_REF] Cao | Remnant PbI 2 , an Unforeseen Necessity in High-Efficiency Hybrid Perovskite-Based Solar Cells?[END_REF] facilitating electron injection into TiO2 [START_REF] Roldán-Carmona | High Efficiency Methylammonium Lead Triiodide Perovskite Solar Cells: The Relevance of Non-Stoichiometric Precursors[END_REF][START_REF] Somsongkul | Hole Blocking PbI 2 /CH 3 NH 3 PbI 3 Interface[END_REF] possibly due to TiO2 surface passivation and/or bandedge matching between TiO2, PbI2, and the perovskite. Similarly, at the perovskite/hole-transportlayer (HTL) interface, excess PbI2 was proposed to facilitate hole injection, block electrons and reduce carrier recombination. [START_REF] Chen | Controllable Self-Induced Passivation of Hybrid Lead Iodide Perovskites toward High Performance Solar Cells[END_REF][START_REF] Calloni | Stability of Organic Cations in Solution-Processed CH 3 NH 3 PbI 3 Perovskites: Formation of Modified Surface Layers[END_REF] Nevertheless, the beneficial effect of the excess PbI2 remains controversial. By comparison to PbI2-deficient perovskite samples, samples with excess PbI2 exhibited more pronounced current-voltage hysteresis and significantly lower photostability. [START_REF] Jacobsson | Unreacted PbI2 as a Double-Edged Sword for Enhancing the Performance of Perovskite Solar Cells[END_REF][START_REF] Liu | Is Excess PbI 2 Beneficial for Perovskite Solar Cell Performance?[END_REF] Recently, it was identified that the excess PbI2 is the culprit for the solar cell's accelerated degradation due to the photodecomposition of PbI2 to metallic lead and volatile I2 under continuous solar illumination. [START_REF] Tumen-Ulzii | Detrimental Effect of Unreacted PbI 2 on the Long-Term Stability of Perovskite Solar Cells[END_REF] Moreover, some reports show that excess in MAI, rather than PbI2, is beneficial for device performance. [START_REF] Bi | Morphology Engineering: A Route to Highly Reproducible and High Efficiency Perovskite Solar Cells[END_REF][START_REF] Fassl | Fractional Deviations in Precursor Stoichiometry Dictate the Properties, Performance and Stability of Perovskite Photovoltaic Devices[END_REF] Following these reports several groups investigated a posttreatment process in which an MAI is introduced to the surface of the perovskite active layer, either by thermal evaporation [START_REF] Hawash | Interfacial Modification of Perovskite Solar Cells Using an Ultrathin MAI Layer Leads to Enhanced Energy Level Alignment, Efficiencies, and Reproducibility[END_REF] or spin-coated from solution [START_REF] Kogo | Tuning Methylammonium Iodide Amount in Organolead Halide Perovskite Materials by Post-Treatment for High-Efficiency Solar Cells[END_REF] onto the surface of the perovskite layer generally resulting in an improvement of the photovoltaic performance. In light of these seemingly contradicting results, further understanding on the controversial role of the excess PbI2 in perovskite solar cells is needed, particularly if one can decouple its effect in the bulk and at the interface.

In this work, based on mixed-cation and mixed-halide Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 perovskite solar cells, we provide an experimental comparison on the photovoltaic behavior and the solar cell stability under continuous solar illumination between samples with a slight excess of unreacted PbI2 (in the bulk and at the interface) and samples with the excess PbI2 intentionally removed at the perovskite/HTL interface. Four different organic salts including iodide salts and non-iodide salts are applied to treat the perovskite film surfaces in order to remove the excess PbI2.

The resultant solar cell parameters and stability are compared by combining a series of structural, optical, and photovoltaic characterization methods. By simultaneously removing the surface excess PbI2 and passivating surface iodide defects, treatments with iodide salts such as MAI and formamidinium iodide (FAI) lead to the strongest improvements in suppressing charge recombination and boosting solar cell efficiency and stability under continuous illumination by comparison to the untreated samples. For treatments involving non-iodide salts such as MABr and MACl, which in principle remove surface excess PbI2 without passivating surface iodide defects, the resultant perovskite solar cells exhibit also reduced charge recombination as well as clear improvements in terms of stability. Our study indicates that, at the perovskite/HTL interface, the existence of excess PbI2 is not beneficial for charge recombination suppression and the stability of the photovoltaic devices.

RESULTS AND DISCUSSION

Mixed-cation mixed-halide Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 thin films were first prepared according to the procedure reported by Saliba et al. [START_REF] Saliba | Cesium-Containing Triple Cation Perovskite Solar Cells: Improved Stability, Reproducibility and High Efficiency[END_REF] According to this method, a precursor solution, where the sum of FA + , MA + , and Cs + is 1.26 mmol and the sum of Pb 2+ is 1.3 mmol, was prepared leading to a slight excess of Pb 2+ (about 3%). We then optimized the concentration of the precursor solutions while maintaining the proportion between each sub-constituent unchanged in order to maximize the average perovskite grain size which should offer a better endurance against degradation (details are described in the METHODS section). All prepared perovskite films were examined by X-ray diffraction (XRD), UV-Vis absorption, and scanning electron microscopy (SEM). As shown in Figure 1 and Figure S1 of the supporting information, samples fabricated from different precursor concentrations all exhibited typical perovskite diffraction peaks in agreement with previous reports. A small diffraction peak at 12.7° corresponds to the excess cubic PbI2 residue in the perovskite film. In agreement with the measured UV-Vis absorbance (Figure S1), the use of more concentrated precursor solution also leads to a thicker perovskite film and increased perovskite grain size. Functional perovskite solar cells were then fabricated based on these precursor concentrations on planar TiO2 (p-TiO2)-coated fluorine doped tin oxide (FTO) glass substrates together with a layer of HTL of 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'spirobifluorene (Spiro-OMeTAD) and gold top contacts. An optimal precursor concentration was then identified from the photovoltaic characteristics of these devices (Figure S1 and Table S1) and will be applied in all the following experiments as the reference condition. In such an optimized condition, the average perovskite grain size was measured to be approximately 400 nm (Figure S1).

Clearly visible from the SEM characterizations shown in Figure 1 (a), those crystals showing a brighter SEM contrast than the rest of the film (sometimes referred as the "white phases" previously [START_REF] Jiang | Planar-Structure Perovskite Solar Cells with Efficiency beyond 21%[END_REF] ) and often precipitated at perovskite grain boundaries are assigned as PbI2 crystals according to previous studies. [START_REF] Jiang | Planar-Structure Perovskite Solar Cells with Efficiency beyond 21%[END_REF][START_REF] Chen | Mechanism of PbI 2 in Situ Passivated Perovskite Films for Enhancing the Performance of Perovskite Solar Cells[END_REF] The higher lead content in PbI2 than in the perovskite phase leads to the brighter SEM contrast observed. Cross-section SEM characterizations on a typical perovskite solar cell by the optimized condition exhibited smooth interfaces with a majority of large perovskite grains protruding throughout the entire film thickness (Figure 1 To selectively investigate the effect of eliminating PbI2 from the perovskite/HTL interface and in contrast to the report by Kogo et al, [START_REF] Kogo | Tuning Methylammonium Iodide Amount in Organolead Halide Perovskite Materials by Post-Treatment for High-Efficiency Solar Cells[END_REF] we used a dilute methylammonium halide (MAX) or FAI solution (1 to 4 mg/mL in isopropanol) that was spin-coated onto the perovskite surface, followed by a five-minute annealing at 100 °C (Figure 2(a)). Here, four different organic salts, including MAI, MABr, MACl, and FAI, were chosen in our experiments in order to distinguish the effect of surface iodide defect passivation from the effect of removing the surface excess PbI2. While we expect that the treatments of all these four salts on the perovskite film surface can lead to the removal of the excess PbI2 crystals on the film surface, non-iodide salts were previously shown to be non-effective to passivate the iodide defects on perovskite surface. [START_REF] Aristidou | Fast Oxygen Diffusion and Iodide Defects Mediate Oxygen-Induced Degradation of Perovskite Solar Cells[END_REF] shown in Figure 1(a)). The excess PbI2 crystals, which have a brighter SEM contrast than the rest of the film were completely eliminated from the perovskite surface after the samples were treated by a MAI or FAI solution with a minimum concentration of 2 mg/mL, or by a MABr or MACl solution with a minimum concentration of 4 mg/mL. As the objective here is to remove the surface excess PbI2, these minimum salt concentrations were then applied in the experiments described below. Revealed by XRD, only a very small reduction of diffraction peak intensity for the PbI2 phase (for example, 8929 counts by comparison to 9237 counts for the case of MAI treatment) was found when comparing samples before and after the treatments by the salt solutions (Figure 3(a)).

This indicates that our treatment procedure by these four salts only removed the excess PbI2 crystals on the surface of the perovskite film but not those in the bulk or at the bottom interface. UV-Vis absorbance spectrum was measured on the perovskite films before and after these surface treatments (Figure 3 Atomic force microscopy (AFM) characterizations were also performed before and after these four organic salt surface treatments. Results reveal the same order-of-magnitude surface roughness on perovskite films before and after treatments (Figure S3). A slight reduction of surface roughness, from 18 nm on untreated samples to 12 -13 nm on treated samples, can be associated to the removal of the excess PbI2 crystals on the film surface. Such a surface roughness change is however rather small when considering the total film thickness of about 640 nm. Perovskite films whose surfaces were treated by the four organic salts exhibited an enhanced photoluminescence (PL) intensity by comparison to the untreated sample, with the FAI and MAI treatments leading to the strongest enhancement (Figure 3(c)). A slight shift of the PL peak wavelength was observed in the case of the MABr and MACl-treated samples, which is consistent with the results of the slight bandgap changes of these samples observed in UV-Vis absorbance. These results suggest that, among the four organic salts, the dual functions provided by FAI and MAI treatments in terms of surface excess PbI2 removal and surface iodide defect passivation likely have the strongest effect suppressing non-radiative recombination centers. By comparison, the MABr and MACl treatments, only removing the surface PbI2, can also provide an intermediate PL intensity enhancement. This corroborates with recent calculations [START_REF] Ambrosio | Charge Localization and Trapping at Surfaces in Lead-Iodide Perovskites: The Role of Polarons and Defects[END_REF] which suggested that PbI2-terminated perovskite surface is sensitive to surface defects which act as recombination centers and it is coherent with the device characteristics and stability results that will be discussed below. After removing the excess PbI2 crystals from the surface of the perovskite film by the organic salt treatments, we completed the solar cell fabrication by depositing a layer of Spiro-OMeTAD as the HTL and a layer of gold as the top electrode. The current-voltage (J-V) characteristics, measured under 100 mW cm -2 AM 1.5G simulated illumination, of the best-performing perovskite solar cells with and without different organic salt treatments are shown in Figure 4 and Table 1, with the statistics of the photovoltaic parameters shown in Figure S4. By comparison to the reference sample without salt treatments, the MAI and FAI-treated solar cells exhibit a clear improvement of photovoltaic performance. Specifically, there is an increase of the solar cell Jsc, from 20.60 mA cm -2 for the reference sample to 21.12 mA cm -2 for MAI-treated and 21.16 mA cm - treated and 78.60% for the FAI-treated sample. A combination of both leads to respectively a 7% and 5% increase of PCE for the MAI and FAI-treated solar cell compared to the reference sample.

As there was no change of optical bandgap in the perovskite film associated with the MAI and FAI treatment (Figure 3b), the increase of Jsc observed likely originates from a slightly enhanced absorption due to the transformation of the surface excess PbI2 into a perovskite phase and/or more charges being able to make their way to the electrodes due to reduced recombination loss. In contrast, MABr and MACl-treated samples exhibit a similar PCE by comparison to the reference sample. Specifically, there is a slight reduction of Jsc, from 20.60 mA cm -2 for the reference sample to 20.19 mA cm -2 for the MACl-treated and 20.32 mA cm -2 for the MABr-treated sample, together with a slight increase of Voc from 1.10 V to 1.14 V for the MACl-treated and 1.13 V for the MABrtreated sample. These observations are in agreement with the slight increase of the perovskite optical bandgap associated with the treatments with these two salts (Figure 3b). The external quantum efficiency (EQE) spectra measured on the optimal devices treated by different organic salts are shown in Figure 4b. The short-circuit current densities obtained from integrating their EQE spectra with the AM 1.5G spectrum are in good agreement (with < ± 0.2 mA cm -2 of difference) by comparison to the Jsc measured in the J-V curves.

To gather further insights into the charge transfer and recombination processes in these devices, they were investigated via electrochemical impedance spectroscopy (EIS) and light-intensitydependent measurements. Figure 4c shows the Nyquist plots of the perovskite solar cells with and without different organic salt treatments, measured in dark with an external bias holding at their respective Voc. The measured EIS spectra can be fitted well using an equivalent circuit model previously applied on perovskite solar cells (shown in the inset of Figure 4(c)). [START_REF] Hu | TiO 2 Nanocolumn Arrays for More Efficient and Stable Perovskite Solar Cells[END_REF][START_REF] Feng | Record Efficiency Stable Flexible Perovskite Solar Cell Using Effective Additive Assistant Strategy[END_REF] The inner series resistance (Rs), charge transport resistance (Rtr), and the recombination resistance (Rrec) obtained from fitting the experimental data are listed in Table 1. By comparison to the untreated sample, one can observe that there is a clear increase of recombination resistance together with a decrease of charge transport resistance associated with the treatments by the different organic salts. Among the four salts applied, MAI and FAI led to the most significant effects with the recombination resistance of the solar cell increased from 1590 Ω (untreated) to 3665 Ω for the MAI-treated and 3410 Ω for the FAI-treated sample, and with the charge transport resistance reduced from 115.9 Ω to 50.9 Ω for the MAI-treated and 68.8 Ω for the FAI-treated sample. For the MABr and MACl treated samples, similar trends of increased recombination resistance and decreased transport resistance are also observed, but their effects are not as significant as the treatments with MAI or FAI. These EIS results are consistent with the light-intensity-dependent Voc measurement results shown in Figure 4(d). Such light-intensity-dependent Voc measurements have been applied previously to reveal the dominant recombination mechanisms in perovskite solar cells. [START_REF] Zhao | High-Efficiency Solution-Processed Planar Perovskite Solar Cells with a Polymer Hole Transport Layer[END_REF][START_REF] Sherkar | Recombination in Perovskite Solar Cells: Significance of Grain Boundaries, Interface Traps, and Defect Ions[END_REF] While the interpretations of such experiments remain complex, for bulk-recombination-limited cases, [START_REF] Caprioglio | On the Origin of the Ideality Factor in Perovskite Solar Cells[END_REF] the slope of Voc over the natural logarithm of light intensity ( !" #$ !%& () *+,-.)

) being kT/q has been considered as an indicator for the dominant bimolecular recombination, whereas such a slope being 2kT/q suggests the dominant trap-assisted recombination. [START_REF] Zhao | High-Efficiency Solution-Processed Planar Perovskite Solar Cells with a Polymer Hole Transport Layer[END_REF][START_REF] Sherkar | Recombination in Perovskite Solar Cells: Significance of Grain Boundaries, Interface Traps, and Defect Ions[END_REF] Our results show a decrease of this slope upon the application of any of these four salt treatments on the perovskite film surface, with the MAI and FAI treatments leading to the strongest effect decreasing the slope from 2.05 kT/q to 1.65 kT/q for the MAI treatment and 1.68 kT/q for the FAI treatment. A strong reduction of trapassisted recombination in these MAI and FAI-treated samples should originate from their dual roles, which removes the excess surface PbI2 and at the same time passivate surface iodide defects.

Interestingly, the MABr and MACl-treated samples also exhibit a moderate decrease of ( !" #$ !%& () *+,-.)

), from 2.05 kT/q to 1.80 kT/q for the MABr treatment and 1.82 kT/q for the MACl treatment. As these non-iodide salts could not passivate surface iodide defects which were considered as the dominating defects of the perovskite surfaces, [START_REF] Aristidou | Fast Oxygen Diffusion and Iodide Defects Mediate Oxygen-Induced Degradation of Perovskite Solar Cells[END_REF] our observation suggests that the removal of the surface excess PbI2 alone can help to alleviate trap-assisted recombination. Indeed, such PbI2 crystallites might hinder charge transport at that interface due to the formation of charge transport barriers [START_REF] Jacobsson | Unreacted PbI2 as a Double-Edged Sword for Enhancing the Performance of Perovskite Solar Cells[END_REF] and recent calculations [START_REF] Ambrosio | Charge Localization and Trapping at Surfaces in Lead-Iodide Perovskites: The Role of Polarons and Defects[END_REF] even suggested that PbI2-terminated perovskite surface being recombination centers. Consequently, the removal of the surface excess PbI2 can result in the formation of a more intimate perovskite interface with the HTL reducing charge recombination and improving charge transfer to the transport layer. ) are indicated inside the bracket of the label for each curve. To illustrate the versatility of the salt treatments described above, we applied the same MAI treatment to Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17 After studying the impacts of these organic salt surface treatments on the perovskite solar cell photovoltaic parameters, we proceed to characterize their effects on solar cell stability. In recent years, it has been increasingly recognized that the enhancement of the photovoltaic stability of perovskite solar cells is a critically important prerequisite to their integration into industrial applications. [START_REF] Bush | Thermal and Environmental Stability of Semi-Transparent Perovskite Solar Cells for Tandems Enabled by a Solution-Processed Nanoparticle Buffer Layer and Sputtered ITO Electrode[END_REF][START_REF] Hoffmann | Spatial Atmospheric Pressure Atomic Layer Deposition of Tin Oxide as an Impermeable Electron Extraction Layer for Perovskite Solar Cells with Enhanced Thermal Stability[END_REF][START_REF] Wang | A Review of Perovskites Solar Cell Stability[END_REF] Perovskite materials and solar cells have been shown to be sensitive to environmental factors such as oxygen [START_REF] Sun | Role of Microstructure in Oxygen Induced Photodegradation of Methylammonium Lead Triiodide Perovskite Films[END_REF] or water, [START_REF] Wang | Scaling Behavior of Moisture-Induced Grain Degradation in Polycrystalline Hybrid Perovskite Thin Films[END_REF] as well as unavoidable exposure to light and temperature. [START_REF] Divitini | In Situ Observation of Heat-Induced Degradation of Perovskite Solar Cells[END_REF][START_REF] Li | Light-Induced Degradation of CH 3 NH 3 PbI 3 Hybrid Perovskite Thin Film[END_REF] A common point of these four organic salts is that they can all eliminate the perovskite/HTL interfacial excess PbI2 of the solar cell, with the MAI and FAI treatments capable to passivate surface iodide defects at the same time. Unencapsulated perovskite solar cells with and without these salt surface treatments were measured under continuous AM 1.5G simulated solar illumination at 100 mW cm -2 inside an Ar-filled glovebox for 100 hours. A global view of these solar cell degradation characteristics under continuous illumination is shown in Figure 6(a). One can notice that, for the untreated sample, the degradation can be described roughly in two stages:

(i) A fast "burn-in" degradation, resulting a PCE drop to 77.4% of its initial value, happening during the first two hours (Figure 6 

CONCLUSION

In summary, we investigated the role of interfacial PbI2 excess in Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17 respectively 81% and 86% of their initial PCEs after 100 hours of continuous illumination (versus 64% for the untreated solar cell with excess PbI2). Our results show that eliminating PbI2 at the perovskite/HTL interface by organic salt treatments is highly beneficial for both the efficiency and stability of perovskite devices and can be easily implemented during their fabrication process.

METHODS

Perovskite thin film preparation and solar cell fabrication. The FTO-coated glass substrates and the pre-patterned ITO substrates were cleaned by four sequential ultrasonication baths in 2% hellmanex detergent solution, deionized water, acetone and isopropanol for a duration of 15 minutes in each bath. Blow-dried substrates were then further cleaned by oxygen plasma for 10 minutes. To prepare the compact TiO2 (cp-TiO2) ETL, a sol-gel precursor solution based on titanium (IV) isopropoxide was prepared according to a previously reported procedure. [START_REF] Hu | TiO 2 Nanocolumn Arrays for More Efficient and Stable Perovskite Solar Cells[END_REF] This precursor solution was then spin-coated (at 4000 rpm) onto cleaned FTO substrates followed by substrate annealing in an oven in air first at 120 °C for 15 minutes and then at 450 °C for 1 hour.

To achieve mixed-cation and mixed-halide Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17 precursor solution to achieve the Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 composition. This precursor solution was defined as concentration 1 (C1). More concentrated precursor solutions, representing 30%, 60%, and 90% more concentrated than C1, while maintaining the proportion between each sub-constituents unchanged, were also prepared (and defined as C2, C3, and C4, respectively). Optimized precursor concentration was found to be C3 according the photovoltaic characteristics of the resultant devices (Figure S1). The deposition procedure of the perovskite precursor solution onto cp-TiO2 was performed in an Ar-filled glovebox by two-step spin-coating program first at 1000 rpm for 10 s and then at 5000 rpm for 45 s. During the second step, 100 µl chlorobenzene was dropped on the spinning substrate after 30 s of spinning. The coated substrate was then annealed at 100 °C for 60 minutes on a hot-plate inside the glovebox. To remove the excess PbI2 crystals on the surface of selected perovskite thin films, inside a glovebox, 50 µL of MAI, or FAI, or MABr, or MACl solution in isopropanol (1 to 4 mg/mL) was drop-cast onto the surface of the perovskite film followed by spin-coating to dry out the solution and a five-minute annealing on a hot-plate at 100 °C. Concerning the HTL, a polymer solution was prepared inside a glovebox by dissolving 72.3 mg of Spiro-OMeTAD in 1 mL chlorobenzene with an addition of 17.5 µl of Li-bis(trifluoromethanesulfonyl)imide solution in acetonitrile (520 mg/mL) and 28.8 µl of tert-butylpyridine. The HTL was then deposited on top of the perovskite layer by spin-coating the polymer solution at 4000 rpm for 30 s. Finally, the gold top contacts (about 100 nm thickness) was thermally evaporated on the top of the HTL through a shadow mask to complete the solar cell architecture. The size of the active area of these solar cells is 0.1 cm 2 . For perovskite solar cells with an inverted architecture, PTAA (1.5mg/ml in toluene) was spin-coated on the cleaned ITO substrates in a drybox (RH<0.5%) at 4000 rpm for 30 s with a thermal anneal of 10 min at 100 °C.

After cooling down, PFN-Br (0.5mg/ml in methanol) was then spin-coated on the PTAA at 5000 rpm for 30 s. The perovskite precursor was deposited on the HTL with the same procedure as above mentioned, followed by a thermal annealing at 100 °C for 30 min. For the MAI-treated samples, the treatment procedure was identical as that mentioned above with a MAI concentration of 2mg/ml.

The prepared films were then transferred to a N2-filled glovebox. PCBM (20mg/ml in chlorobenzene) was dynamically spin-coated on the perovskite layer at 2000 rpm for 30 s, followed by a 10 min anneal at 100 °C. Sequentially, BCP (0.5mg/ml in isopropanol) was spin-coated on the PCBM at 4000 rpm for 30 s as a hole blocking layer. To complete the devices, 80 nm silver was thermally evaporated on top of the films under high vacuum.

Characterization. SEM measurements were performed in a TLD (Through the Lens Detector) mode with a FEI Magellan 400 system equipped with a standard field emission gun source. XRD spectrum were obtained by a PANalytical X'Pert X-ray diffractometer using Cu-Ka radiation. UV- ASSOCIATED CONTENT Supporting Information. The Supporting Information is available free of charge on the ACS Publications website (PDF). XRD, UV-Vis absorbance, film morphology by SEM, and photovoltaic characteristics of the Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17 

  (b)).

Figure 1 .

 1 Figure 1. (a) Morphologies revealed by SEM on the Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3

  SEM characterizations, after the treatments of these salt solutions at different concentrations, revealed a clear morphological change (Figure 2 (b) to (m)) by comparison to the reference sample (SEM image

  (b)). FAI and MAI-treated perovskite films exhibited identical optical bandgaps by comparison to the reference, untreated sample. In contrast, the MABr and MACl surface treatments led to a ~ 0.01 eV and 0.02 eV increase of optical bandgap of the perovskite film (Figure 3(b) and Figure S2), respectively. This increase can be understood as result of the MABr and MACl surface treatments which transform the surface excess PbI2 respectively into larger bandgap perovskites such as MAPb(BrxI3-x) and MAPb(ClxI3-x) on the surface of the film.

Figure 2 .

 2 Figure 2. (a) Schematic illustration of treating the surface of perovskite films by methylammonium

Figure 3 .

 3 Figure 3. (a) XRD spectrum, (b) UV-Visible absorbance, and (c) photoluminescence (PL)

Figure 4 .

 4 Figure 4. (a) Current density-voltage (J-V) photovoltaic characteristics measured on the

  )3 perovskite solar cells fabricated in an inverted device structure of glass/indium tin oxide (ITO)/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)/poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9dioctylfluorene)]-dibromide (PFN)/perovskite/[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)/bathocuproine (BCP)/silver. As shown in Figure 5(a) and Table S2, the MAI treatment clearly improves the photovoltaic performance, leading to a maximum PCE of 20.03% for the treated sample by comparison to the PCE of the untreated sample (19.45%). From the statistics made from the same batch of inverted solar cells (Figure 5(b)), one can observe a clear improvement of Jsc and a slight augmentation of Voc associated with the MAI treatment, which is in excellent agreement with the reduced trap-assisted recombination by such a treatment observed above from the EIS and light-intensity measurements.

Figure 5 .

 5 Figure 5. (a) Current density-voltage (J-V) photovoltaic characteristics measured on the best

  photovoltaic parameters of these perovskite solar cells fabricated with and without the surface

Figure 6 .

 6 Figure 6. (a) Efficiency evolution over 100 hours of the unencapsulated

  )3 perovskite solar cells on their photovoltaic performance and stability. Four different organic salts, MAI, FAI, MABr, and MACl, were applied in a diluted solution to treat the perovskite film surface in order to remove the excess surface PbI2 and the resultant device characteristics were compared. Treatments with iodide salts, such as MAI and FAI, provided the strongest improvements in terms of solar cell efficiency, charge recombination suppression, and device stability under continuous illumination by comparison to the untreated sample, which is likely linked to their dual effects in terms of surface excess PbI2 removal and surface iodide defect passivation. Treatments with non-iodide salts, such as MABr and MACl, which remove surface excess PbI2 without passivating iodide defects, can also provide a clear improvement in terms of charge recombination suppression and device stability. In the most optimized cases, under continuous solar illumination, the MAI and FAI-treated devices maintained

  )3 thin films, typically, a 1mL precursor solution was prepared containing FAI (1 M), MABr (0.2 M), PbI2 (1.1 M), and PbBr2 (0.2 M) dissolved in a mixture of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) (4/1, v/v). 40 µL of a CsI stock solution in DMSO (1.5M) was then added into the above

  Visible absorbance spectra were recorded by a JASCO V770 UV-Vis-NIR spectrometer. Thin film thickness was measured by a Dektak profilometer. AFM was measured by a Digital Instruments Nanoscope III AFM in tapping mode. PL experiments were carried out in air, on perovskite samples deposited directly on glass substrates. The top surfaces (perovskite side) of the PL samples were excited by an LED source (l = 365 nm) and the PL spectra were recorded in a reflection mode by an optical fiber connected with a computer-controlled Oceanoptics HR4000 spectrometer. Solar cell current-voltage characteristics were measured in an Ar-filled glovebox by a computercontrolled Keithley 2612B source measurement unit (SMU). Devices were illuminated through the transparent substrate (FTO/glass) side by a class ABB (ASTM E927-10) Newport LCS-100 solar simulator with an AM 1.5G filter operated at 1 sun condition. The light intensity was first calibrated by a calibrated Si reference solar cell (ReRa Solutions B.V.). For the external quantum efficiency (EQE) measurements, a monochromatic light beam was obtained from a white light source coupled with an Oriel Cornerstone monochromator and appropriate order sorting filters. The monochromatic illumination was calibrated by a NIST-calibrated Si photodiode. The solar cell short-circuit current Isc under each monochromatic wavelength was measured in air by a Keithley 2634B SMU. The EQE spectrum was determined by 𝐸𝑄𝐸(?) × 100 where P (W) is the power of the monochromatic illumination and Isc (A) is the measured short-circuit current. The EIS measurements were carried out in the dark, in an Ar-filled glovebox, from 20 Hz to 2 MHz with a modulation amplitude of 20 mV, and with an external applied bias holding at the opencircuit voltage of the solar cell, by an electrochemical workstation (Agilent, E4980A). Solar cell degradation measurements under continuous solar illumination was realized under 1-sun illumination (AM 1.5G, 100 mW cm -2 ) on unencapsulated solar cells inside an Ar-filled glovebox at 30°C-35°C. During such a degradation experiment, computer-controlled J-V sweeps were performed every 10 minutes by Keithley 2612B SMU during 100 hours. Concerning shelf-life experiments, unencapsulated perovskite solar cells were stored in dark and in a closed box with controlled humidity (air, ~11% humidity) between test points.

  photovoltaic characteristics of the Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 perovskite thin films

  

Table 1 .

 1 Summary of the Photovoltaic Characteristics of the Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 Perovskite Solar Cells, with the Device Architecture Shown in Figure 1(b), Fabricated with and without the Surface Treatments of Different Organic Salts. a

	Sample	Jsc (mA cm -2 ) Voc (V)	FF (%)	PCE (%) Rs (Ω)	Rtr (Ω) Rrec (Ω)
	Reference 20.60	1.10	77.50	17.56	30.77	115.94 1590
	MACl	20.19	1.14	76.17	17.53	28.34	75.93	2475
	MABr	20.32	1.13	76.97	17.67	27.12	70.96	2895
	MAI	21.12	1.12	79.29	18.76	26.76	50.89	3665
	FAI	21.16	1.11	78.60	18.46	27.81	68.79	3410

a Results are presented together with the parameters (inner series resistance Rs, charge transport resistance Rtr, and recombination resistance Rrec) obtained from fitting the electrochemical impedance spectroscopy results. Jsc: short-circuit current density; Voc: open-circuit voltage; FF: fill factor; PCE: power conversion efficiency.

for the FAI-treated sample, as well as an increase of FF from 77.50% to 79.29% for the MAI-

the perovskite solar cells fabricated with and without different surface treatments; Summary of the photovoltaic characteristics of the perovskite solar cells fabricated by an inverted architecture with and without MAI treatment; The evolution of photovoltaic parameters during degradation experiments under continuous 1-Sun illumination; Shelf-life experiment results where solar cells fabricated with and without the MAI treatment were stored in dark and in a closed box with controlled humidity (air, ~11% humidity) between test points. ACKNOWLEDGMENT We thank the PROCES project (ANR-17-CEO5-0028-01, DFG VA 991/-1), the Programme PHC XU GUANGQI (no. 45546QC), and the China Scholarship Council for the PhD scholarships of Z. H and H. X. Y.V. and Q.A. also thank the Deutsche Forschungsgemeinschaft (DFG) for funding the <PERFECT PVs> project (Grant No. 424216076) in the framework of SPP 2196.
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