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Probing the chemistry of perovskite systems by XPS and GD-OES depth-profiling: Potentials and limitations

The capabilities of XPS and GD-OES profiling have been evaluated on a half-cell constituted of glass / FTO / c-TiO2 / m-TiO2 / triple cation halide perovskites (Cs0.05(MA0.14, FA0.86)0.95 Pb (I0.84, Br0.16)3), focusing on metrological aspects. The validity of the chemical information measured by those destructive techniques is accurately studied, considering the possible modification inherent to the techniques themselves: X-Ray illumination, UHV, bombardment by Ar ions (mono or polyatomic). XPS and GD-OES have shown similar trends for the composition profiles. But the conditions employed for XPS profiling lead to a systematic reduction of lead, which could not be avoided as well as the organic part degradation and iodine loss. Nevertheless, differences of XPS depth profiles obtained using either Ar + or Arn + have raised the question of the bombardment effect on the perovskite surface, influencing the reliability of the collected chemical information. The chemical and morphological study of the XPS and GD-OES crater is presented. The possibility to combine those two techniques for an advanced chemical characterization of perovskite stacks is discussed. Triple cation halide perovskite, sputtering, XPS, GD-OES I.

INTRODUCTION

During the past few years, hybrid perovskite solar cells have attracted a considerable amount of research and have undergone rapid development as next generation photovoltaics [START_REF] Berhe | Organometal halide perovskite solar cells: degradation and stability[END_REF] . Despite the outstanding power conversion efficiency (PCE), rapidly increasing and exceeding at present 25.2 % [START_REF] Saliba | Cesium-containing triple cation perovskite solar cells: improved stability, reproducibility and high efficiency[END_REF] , one of the main drawbacks of this technology remains their intrinsic and extrinsic instability in time [START_REF] Khenkin | Consensus statement for stability assessment and reporting for perovskite photovoltaics based on ISOS procedures[END_REF] . In order to enhance the device performances and stability, not only a high-quality perovskite films have to be elaborated but the optimization of the whole structure of the cell has to be considered. Many researches work deal with new architectures, leading to complex stack of passivation layers, electron transporting layer (ETL), N-type Layer, hole transporting layer (HTL), P-type Layer where interfaces properties play a crucial role on the final performances and durability. Therefore, it is crucial to understand the physical and chemical phenomena occurring at those interfaces, site of defects accumulation and carrier recombination, band mis-alignment or even chemical drift [START_REF] Schulz | Halide Perovskites: Is It All about the Interfaces?[END_REF] .

The present study focuses on the chemical origin of electrical losses and perovskite instability by combining X-ray Photoelectron Spectroscopy (XPS) and glow discharge optical emission spectroscopy (GD-OES). This analytical development has been presented in a previous paper in the case of a CIGS absorber [START_REF] Mercier | GD-OES and XPS coupling: A new way for the chemical profiling of photovoltaic absorbers[END_REF] and the possibility to extend it to perovskite layers is tested. Before the characterization of buried interfaces, it is essential to verify the integrity of the collected chemical information. Indeed, the high sensibility of perovskite layers (light, water, oxygen…) requires to first evaluate the stability of those layers during the transfer from the glove box where they are elaborated and during analyses themselves (X-Ray, UHV) to find optimal operating conditions. Then, the perturbation generated by ion beam and plasma etching has to be accurately studied to infer possible artefacts likely leading to misinterpretation and to determine the best parameters for the abrasion sequences to match the nature of perovskite materials.

II. EXPERIMENT

Sample architecture consists of a half-cell taken from a N-I-P perovskite solar cell structure: FTO (Fluorine doped Tin Oxide) / compact TiO2 / mesoporous TiO2 / Cs0.05(MA0.14, FA0.86)0.95 Pb (I0.84, Br0.16)3). To ensure the reliability of the analyses, freshly synthetized perovskite samples were transferred to the XPS spectrometer in dark and under inert atmosphere conditions, preventing from humidity and light modifications. XPS surface chemical analyses were carried out with a Thermo Electron K-Alpha+ spectrometer using a monochromatic Al-Kα X-Ray source (1486.6 eV), with a 400 μm spot size, CAE mode of 20 eV and 0.1 eV as energy step size, without charge compensation. Sputtering (depth profiling) via XPS was performed with Ar+ monatomic ions at 1000 eV and 10 mA current density for 800 seconds and cluster Arn+ atoms at 8000 eV and a cluster size of n = 150 for 7000 seconds. Data were processed using the Thermo Fisher Scientific Avantage© data software and library. The acquisition time was optimized not to exceed 1 hour per sample to limit X-Ray beam irradiation artefacts. The stability of the perovskite layer was controlled by recording two survey spectra, one at the beginning and the other at the end of each acquisition sequence. Sputtering via glow discharge optical emission spectroscopy (GD-OES) was performed using a pulsed RF (GD-PROFILER 2, HORIBA Scientific). Operating conditions were: anode diameter 4 mm, argon pressure 350 Pa, Applied RF power 35W in pulsed mode (pulse frequency 3 kHz, duty cycle 0.25).

III. RESULTS AND DISCUSSION.

A-Evaluation of the surface stability of perovskite layers toward UHV and X-Rays At first, we defined the optimal transfer procedures (from the glove-box to the XPS spectrometer). Half cells are synthetized in a glove box and transferred to XPS analysis via a transfer tube in inert atmosphere, within 24 hours of their fabrication.

Table I gathers the composition values measured at the surface of the perovskite layer after exposure to 1 hour of X-Ray and Ultra High Vacuum (UHV), corresponding to the optimized XPS operating conditions, as well as after prolonged exposure to UHV for 100 hours and 2000 hours at dark. The verification of perovskite stability during the analysis and after long time exposure at UHV is crucial to validate long time measurements.

The homogeneity of the perovskite layer surface composition was verified by performing the analysis on 3 random point on each sample and repeated on 3 sets of samples. The comparison between the initial atomic percentage for fresh perovskite layer and after 1 hour of X-Ray irradiation shows no significant change in the element's contents at the surface nor a modification in the photopeak, therefore in the chemical environments. Hence, there is no evident modification of the original chemical information when combining UHV and X-Ray beam irradiation, ensuring the reliability of XPS surface measurement. Perovskite layers show also good stability after 2000 hours of UHV storage at dark with insignificant changes of surface composition. 

B-Evaluation of the Ar + and Arn + sputtering on

perovskite during XPS profiling Afterwards, surface XPS analysis and depth profiling were carried out on half cells. The reliability issue of XPS profiling is crucial, especially for this sensitive material but also due to the Ar + sputtering itself known to possibly lead to artefacts, among them preferential etching and surface elements redistribution [START_REF] Mcgettrick | Sources of Pb (0) artefacts during XPS analysis of lead halide perovskites[END_REF] . The profiles were stopped after the perovskite / TiO2 interface is reached. Fig. 2 a shows the evolution of the elements in the perovskite layer. The time needed to reach the interface area is almost 500 seconds. Except at the extreme surface, where carbonaceous contamination is detected but rapidly removed, the I, Pb, N, Cs and C contents in depth are relatively stable. However, a Br accumulation at the perovskite / TiO2 interface is observed, in agreement with ToF-SIMS profiling of triple cation perovskites devices already reported in the literature [START_REF] Christians | Tailored interfaces of unencapsulated perovskite solar cells for >1,000 hour operational stability[END_REF] . Using monoatomic bombardment, the reduction of lead (Pb) was clearly highlighted by the appearance of the Pb 0 contribution since the first abrasion sequence (Fig. 3 a), preventing to assess the Pb oxidation degree in depth with such operating conditions. In order to reduce the damages caused by Ar + bombardment, XPS depth-profiling using cluster Argon ions (Arn + ), as an alternative ion source [START_REF] Noel | Hybrid Perovskites Depth Profiling with Variable-Size Argon Clusters and Monatomic Ions Beams[END_REF] , was also carried out on the same stack resulting a much longer time to reach the TiO2 interface (Fig. 2 b). This type of cluster ions source has been developed and used with success for fragile materials such as organic compounds, requiring smoother bombardment to keep the integrity of the initial chemical information. It represented thus an interesting alternative to consider for perovskite profiling. The composition profile obtained by Arn + sputtering is shown in Fig. 2 b. This profile differs from the one resulting from Ar + sputtering. It shows a more pronounced progressive decrease of the iodine content along the profile, accompanied with a reverse increase of lead, nonetheless the Br accumulation at the rear interface still remains.

Pb 4f and C 1s high resolution XPS spectra for both sputtering are presented in Fig. 3. As shown for Ar + sputtering (Fig 3 . a), the reduction of Pb is significant but remains identical after 60 and 120 seconds of sputtering respectively in this case. On the contrary, Arn + sputtering shows an intensification of the Pb 0 contribution after 180 and 360 seconds. For both abrasion methods, the organic part is degraded. The MA + contribution (286.8 ± 0.2 eV) fully disappears for both sputtering after the first level of profiling, while the FA + contribution (288.3 ± 0.2 eV) decreases with a slower kinetic. The evolution of the N 1s photopeak is consistent with this result (not shown here). In order to understand why such a composition profile difference is observed when using mono or polyatomic ion source, the surface state of the bombarded perovskite layer is investigated. Craters resulting from both sputtering methods were characterized by SEM (Fig. 4), showing a notable difference in morphology for both techniques, thus a different roughness for both craters, asking the question of the Ar + vs Arn + ions / perovskite interaction and its impact on the XPS signal collected. Complementary PL measurement in order to evaluate the perturbed depth are conducted.

C-Coupling XPS and GD-OES sputtering

Qualitative GD-OES sputtering profiles were carried out on an identical perovskite stack (Fig. 5) and shows very similar profiles to the ones provided by Ar + XPS sputtering, hence validates the chemical information obtained when profiling perovskite layers. In addition, Sulfur (S) accumulation is easily observed at the perovskite / TiO2 interface, since the sensitivity of S is higher with GD-OES than with XPS, highlighting the strong complementary between both analysis techniques. This brings an indication of a possible non-complete evaporation of DMSO solvent during the annealing of perovskite layer. Finally, in order to probe the modification occurring in the complete device, the complementarity of GD-OES and XPS is examined, taking advantage of the two techniques for faster access to the interface area. This coupling of analytical characterization techniques has yet proved to be very efficient to perform advanced characterization at different scales and detection limits, from the surface to the bulk on Si, III-V and chalcogenides materials [START_REF] Béchu | Evaluation of the chemical and optical perturbations induced by Ar plasma on InP surface[END_REF] .

Several complementary studies could also be conducted such as morphological studies via AFM and SEM on craters resulting from GD-OES sputtering, as well as studying of the influence of various plasma gases on crater bottoms. It is important to note that his procedure is not so easy to implement on perovskite layers, more fragile to atmosphere and heat for instance, leading to higher damages in the GD-OES crater. Nevertheless, the GD-OES assures a fast depth profiling to quickly reach specific areas of interest, which makes it interesting to perform profiling on complete cells in order to quickly remove upper layers and reach the perovskite layer.

IV. CONCLUSION

Triple cations perovskite half-cells were studied by a details XPS analysis to properly investigate the surface stability and to access to the element distribution inside the layer as well as the interface chemistry. At first, surface chemical stability under X-Ray and UHV for 1 hour has been verified. High resolution spectra also showed no significant changes in the chemical environment of elements under UHV at dark until 2000 hours. XPS in-depth profiling of perovskite layers using two sputtering methods Ar + and Arn + were also performed. Profiling using monoatomic Ar + showed important reduction of lead from the first 60 seconds of sputtering in concomitance of strong degradation of MA + component.

Profiling using cluster Arn + , generally applied on fragile materials, showed some differences in the element's distribution inside the layer, comparing to the ones obtained with classical Ar + sputtering with almost the same degradation observed on the organic compounds. In order to understand the chemical differences observed in XPS profiling, morphological characterizations on the craters resulting from both abrasion methods were carried out. SEM images showed different morphologies for both craters depending on the sputtering methods (mono or cluster). This could be the result of a preferential orientation induced by the ion gun geometrical configuration. Last, a coupling between GD-OES and XPS, very complementary, was examined. GD-OES profiling applied on identical stack showed same elements distribution as the one obtained with XPS Ar + profiling. This coupling can be a very promising way for a fine characterization of thin films and interfaces, paving the rout to fully understand the degradation mechanism of perovskite thin layers in order to enhance devices stability and efficiencies.

Present results evidence the need to find optimal operating conditions to reduce perovskite degradation during profiling experiments. Moreover, optical characterizations such as photoluminescence could also be envisaged to evaluate the perovskite degradation caused by bombardments.

Figure 1 .

 1 Figure 1. XPS high-resolution spectra of Pb 4f, C 1s and N 1s for a fresh sample (black line) and after 2000 hours under ultra high vacuum (red curve).

Fig. 1

 1 Fig.1shows the high-resolution spectra of Pb 4f, C 1s and N 1s photopeak regions at initial time and after 2000 hours of exposure to UHV. The C -N contribution at 288.3 ± 0.2 eV corresponds to the FA+ environment and the peak at 286.4 ± 0.2 eV to the MA+ one. The C 1s and N 1s spectra obtained at initial time and after aging under UHV are strictly identical, demonstrating the stability of the chemical perovskite network since no modifications of the chemical environments are visible. However, an additional peak at 136.9 eV is observed after 2000 hours, indicating that aging leads to the formation of a slight amount of metallic Pb (Pb 0 ).

Figure 2 .

 2 Figure 2. XPS depth profile of FAMACs perovskite layer deposited on FTO / TiO2 substrate using Ar + (left) and Ar150 + (right) ion sources.

Figure 3 .

 3 Figure 3. XPS high-resolution spectra of Pb 4f and C 1s and N 1s for perovskite surface before sputtering (black line) and after (a) Ar + sputerring and (b) Arn + sputerring.

Figure 4 .

 4 Figure 4. SEM images of FAMACs perovskite before sputtering (a) and craters resulting from Ar + (b) and Arn + (c) sputtering on FAMACs perovskite

Figure 5 .

 5 Figure 5. GD-OES sputtering profiles of FAMACs perovskite layer deposited on FTO / TiO2 substrate

TABLE I .

 I Atomic percentages of triple cation perovskites surfaces obtained from the Br 3d, Cs 3d5/2, I 3d5/2, C 1s, N 1s, Pb 4f7/2 and O 1s. Three sets of samples were measured to guarantee the reliability of the information obtained (error bar ± 0.9 at.%.).

	Conditions	Atomic percentage (%)	Br	Cs	I	C	N	Pb	O
	Under X-ray +	Fresh	5.6	0.6	33.5	28.0	21.0	10.0	1.3
	UHV	1 hour	5.0	0.6	36.0	26.7	19.5	11.0	1.8
	Under UHV	100 hours 2000 hours	5.5 5.2	0.5 0.6	34.3 35.0	28.5 29.0	19.0 19.0	10.5 10.0	1.6 1.8