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HIGHLIGH TS • First Bi doping of 2D RP-type Cs2PbCl212 phase obtained by mechanical synthesis atRT. • XRD data analysis and Rietveld re finements show a unit cell decrease upon Bi doping. • A strong red-shift is observed with increasing x in Cs 2 Pb1-x BixCbI2 (0 :S x � 0.15). • Microstrains are generated in the Bi doped Cs2PbCl212 structures.

Introduction

GRA PHICAL ABSTRA CT ABSTRA CT

Mechanosynthesis was used to obtain pure crystalline powders of a 2D Ruddlesden-Popper type Cs2(Pb1.x Bi x) Cbl2 phase, with O � x :$ 0.15. These newly discovered compounds present interesting physical properties that may make them suitable for electronic devices, including LEDs and photovoltaics. Detailed structural analysis based on X-ray diffraction (XRD) data shows that lead substitution by bismuth reduces the unit cell parameters. A significant color change of the material has been observed with a clear red-shift related to the Bi doping content. The introduction of bismuth into the structure also induces strains as evidenced by XRD peak enlargemen'OE but the material can be pure up to x = 15 mol.%. A first ageing study shows that these strains seem to be released with time and that Cs2PbCli lz and 5 mol.% Bi-doped Cs2PbCli lz materials remain pure after a month in air.

The world energy consumption is consistently increasing. Even tbough fossil resources represent most of tbe energy sources today, tbeir prominent limitations make renewable systems essential for tbe future of humanity. Photovoltaic technology is one of tbem, even tbough it is currently limited by the efficiency, durability and cost of solar panels. In order to make solar energy more competitive and spread ail over the world, optimizations need to be made in photovoltaics. This recent tecbnology based on halicte perovskites has revived tbe interest for photovoltaics, with 3.8% efficiency obtained in 2009 and over 25.2% PCE reached 10 years la ter. It represents one of tbe fast est increase in efficiency seen for a photovoltaic technology [START_REF] Kojima | Organometal halide perovskites as visible-light sensitizers for photovoltaic cells[END_REF]2]. Due to tbese fantastic results, perovskites are becoming an important ambassador for solar energy. It is currently on tbe way to industrialization, as many companies are collaborating with laboratories to develop the manufacturing of stable devices. Moreover, it.s properties make perov skites a good candidate for a whole variety of optoelectronic devices such as photodetectors, LED, Quantum-dots for electroluminescence, lasers, or memory devices . . . The remaining limitation is its high sensitivity to ambient conditions, particularly to oxygen and moisture. Encapsulated systems have to be developed in order to operate solar panel for decades, in a similar way to silicon based solar cells [START_REF] Wong-Stringer | High-perfonnance multilayer encapsulation for perovskite photovoltaics[END_REF].

To improve the halide perovskite stability, the decrease of its dimensionality has been proven efficient. lnserting spacers in the perovskite structure in order to disconnect blocks of octahedra in some directions (but not ail) is one solution. Moisturizing effects seem then to be slowed down and the system stability improved. Usually, those spacers are organic molecules such as Butylammonium (BA) [START_REF] Liao | Dimension engineering on cesium lead iodide for efficient and stable perovskite solar cells[END_REF], Phe nylethylammonium (PEA) [START_REF] Lee | 2D perovskite stabilized phase-pure fonnainidinium perovskite solar cells[END_REF] or Hexylammonium (HA) [ To further simplify the synthetic procedure and in order to perform bismuth doping, we used the mechanosynthetis approach. This simple technique has also recently been used for the preparation of 3D inor ganic perovskites and 2D hybrid perovskites [START_REF] Rosales | Synthesis and mixing of complex halide perovskites by solvent-free solid-state method.s[END_REF][START_REF] Pal | All-Solid-state mechanochemical synthesis and post-synthetic transformation of inorganic perovskite-type halides[END_REF][START_REF] Sadhukhan | Solvent-free solid-state synthesis of high yield mixed halide perovskites for easily nmable composition and band gap[END_REF].

This paper describes the first preparation of Bi-doped Cs2PbC1 2 I 2 by mechanical synthesis al room temperature without any solvent, the ef fects of the doping agent over the structure stability and their optical properties.

Materials and methods

Lead chloride powders (PbC12, 98%), caesium iodide powders (Cs!, 99. 9%) and bismuth chloride powders (BiC1 3 98%) were purchased from Sigma-Aldrich.

Ball milling was conducted with a RETSCH PM 100 miller in an alumina bowl with 9 x 10 mm diameter alumina balls at 100 rpm up to a couple ofhours. X-Ray Diffraction (XRD) measurements were conducted on a BRUKER AXS D4 Endeavor apparatus with a Copper X-ray source (wavelengths of 0.1541 nm and 0.1543 nm for K alpha 1 and 2, respectively). X-ray Fluorescence (XRF) measurements were operated on a BRUKER S2 Ranger apparatus equipped with a Palladium X-Ray source. UV-Visible absorbance was characterized with an AGILENT Uv-Vis-Nir CARY 5000 system on powders, by reflectance measurement using an integration sphere. Scanning Electron Microscopy (SEM) images were obtained on FEG JEOL JSM 7800F equipped with a Schottky type field emission. From the XRD data analysis, we also noticed that ail peaks were broader after Bi doping, especially compared to the undoped sample. This peak enlargement proportional to the Bi content increase is hard to explain although it was already reported in a recent work [START_REF] Nayak | Impact of Bi 3 + heterovalent doping in organic-inorganic metal halide perovskite crystals[END_REF]. While it might be related to a certain degree of amorphization upon ball milling, it is actually probably due to structural deformations and in particular to the octaliedral environment modifications and tilting in the perovskite derivative structure. Distorted polyhedra due to Bi-doping that exhibit a cr non-bonding pair of electrons or site disorder are common in mdde perovskites. !.one pairs can create a lattice anharmonicity. Lead halide perovskites are actually among the most anharmonic materials. But Pb 2+ presents similar features than Bi 3+ , so the large electrostatic re pulsions created by the anion environment over the sigma orbitais should not change much from one to another if the substitution occurs at the octaliedral site. Unfortunately, the free pair position is difficult to determine by X-ray diffraction due to its low density compared to the heavy atoms. FWHM broadening can be related to a change of crystallite size and/or microstrains. While crystallite sizes could not be determined after Rietveld refinement, SEM images tend to show a decrease in par ticle sizes upon Bi-doping and after ball milling (Fig. 3). This tendency was confirmed by particles size measurements performed on at Jeast one hundred of particles for each image analyzed, as shown in Fig. 4

Results and discussion

Synthesis and structural characterization

Halogenated precursors in stoichiometric proportions

. Hu et al. also observed an effect of size diminution in Bi-doped CsPbls for nanocrystalline thin films used for solar cells [9]. The Rietveld refinement method can also give information about the microstructural characteristics of materials, based on Scherrer' s formula and Williamson-Hall method. In this case, a Voigt function has to be applied by first generating a profile function that will be used as a reference for future XRD sample data refinements. The microstructural values are given for each individual reflection in order to take into ac count possible anisotropie effect. An apparent size close to infinity was

given after Rietveld refinement meaning that no crystal size broadening could be determined.
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- ---,-----�-�-�-------350 Biato. % The microstrains and crystal planes distortions consistently increased upon doping in their organic-inorganic 3D perovskite samples. In our work, the milling time was exactly the same for the undoped and 5% Bi-doped sample so it is hard to attribute the peak broadening in the XRD data to this effect alone. Still, microstrains increase with Bi doping while particles size decrease. This common inversed feature can be directly related to the heterovalent doping effect with the introduction of a smaller cation with a higher oxidation state (and possibly cation vacancies) into the 2D perovskite-derivative structure with a general cell decrease and a shortening of the (semi)metal-anion distances, especially in the inner planes of the octahedral layers, inducing particle size decrease and microstrains increase.

XRF measurements show that Bi is in the appropriate proportion for each sample (Fig. 5). These values were confirmed by EDS analysis (see supplementary information S2). While lead concentration decreases, the bismuth amount increases with the same rate. This result confirms that we successfully substituted lead by bismuth and corroborates the XRD data obtained for our synthesized samples.

Opw-electronic properties

Meta! doping of materials has been widely developed in many fields in order to improve light absorption and thus efficiency of photo electrochemical devices [START_REF] Hu | Bismuth incorporation stabilized a-CsPbl 3 for fully inorganic perovskite solar cells[END_REF][START_REF] Patel | Nitrogen and cobalt co-doped zinc oxide nanowires -viable photoanodes for hydrogen generation via photoelectrochemical water splitting[END_REF][START_REF] Yang | Nitrogen-doped ZnO nanowire arrays for photoelectrochemical water splitting[END_REF][START_REF] Patel | Vertically aligned nitrogen doped (Sn,Nb)O2 nanotubes -robust photoanodes for hydrogen generation by photoelectrochemical water splitting[END_REF][START_REF] Jena | Stabilization of a-CsPbl 3 in ainbient room temperature conditions by incorporating Eu into CsPbl 3[END_REF][START_REF] Wang | Bifunctional ytterbium (III) chloride driven low temperature synthesis of stable a-CsPbl 3 for high-efficiency inorganic perovskite solar cells[END_REF]. Fig. 6a shows the color gradient change for ail our samples after synthesis. We can then assume that the redshift will probably drive to a decrease in the bandgap of the samples. Normalized absorbance spectra performed on pressed powders, after measuring the reflectance only, are shown in Fig. 6b explain the absorption onset redshift observed [START_REF] Mosconi | First-principles modeling of bismuth doping in the MAPbl 3 perovskite[END_REF].

Bismuth can also form clusters and reduce the grain size [START_REF] Sun | Recent advances in bismuth activated photonic materials[END_REF]. The colour change associated with Bi-doping in MAPbBr 3 and a bandgap narrowing was also explained by the change in density of states while introducing Bismuth "impurities", and by the stronger covalent bonding ability of Bi 3 + which is more electronegative than Pb 2+ and also dispose of a non-bonding pair of electrons [START_REF] Al. Abdelhady | Heterovalent dopant incorporation for bandgap and type engineering of perovskite crystals[END_REF]. But as it was stated recently in the literature and was mentioned above in this paper, it is most likely that Bi introduces defect states inside the bandgap [START_REF] Nayak | Impact of Bi 3 + heterovalent doping in organic-inorganic metal halide perovskite crystals[END_REF][START_REF] Patel | Vertically aligned nitrogen doped (Sn,Nb)O2 nanotubes -robust photoanodes for hydrogen generation by photoelectrochemical water splitting[END_REF]. This is the reason of a strong red-shift observed in our case (from -2,7 to 2eV upon 15% Bi-doping), and an enhanced light absorption.

Thin film preparation of Cs2Pb1.xBixCl2I2 would certainly help to verify the optical properties and check the effect of the Bi dopant over the materials band gaps. Still, the structural adjustment and increased light absorption ability of our samples remains worthy to be tested for various opto-electronic applications.

Agingstabili.ty in ambient condilions

In order to track the stability of our samples we measured their XRD patterns up to one month after synthesis for the same amount of sample. Indeed, it is known that halide perovskites are sensitive to air and moisture. This is actually one of the main issues that needs to be solved, with lead replacement, in order to make those materials sustainable in a long term for photovoltaic systems. We noticed that the large peak widths in doped samples were systematically reduced after 7 days in air (Fig. 7). Small impurity peaks of Cs! and PbCl2 appeared also for the larger doping amounts tested (x = 10 and 15%), while for x = 0 and 5%, no extra peaks were observed and the phase remained pure in those latter cases (see supplementary information S3). Afterwards, no major changes in the. XRD patterns were observed after a month of air exposure (see Fig. 7). Ball-milling performed after 7 days in air tend to broaden again the peaks for x = 5% but did not seem to affect the structures of the others, with impurities remaining for the highest x values. The micro strains seem then to have the tendency to be released with time since the peak intensity increases while the full width at half maximum decreases for Bi-doped materials. Indeed, from Table 1 it can be seen that the in crease of intensity (I) and decrease of peak broadening (Hml for the main peak is more important for the samples containing bismuth than for the pristine sample. The rich Bi-doped materials would thus be more air sensitive. FWHM is divided by up to 2 magnitudes of order after one week of air exposure for the doped samples. The structural disorder that appears after the synthesis of Bi-doped materials seems then to rear range after a while. Further experimental measurements such as HRTEM need to be realized on freshly made and aged samples in order to have a better understanding of these strains and rearrangement phenomena.

Conclusions

We were able to obtain pure crystalline powders of 2D-type Ruddlesden-Popper inorganic halide perovskite-derivative phase of Cs2Pb1x Bi x C'2'2 (0 <:: x <:: 0.15) at room temperature within a couple of hours by mechanical synthesis. The substitution of Pb by Bi induces a cell contraction , certainly due to steric effects and to a modification of its chemical environment. Smaller particles and larger microstrains were observed upon increasing the amount of doping agent. A red-shift pro portional to the bismuth content was observed on the powder samples. Structural distortion with Bi-doping and rearrangement upon air expo sure were evidenced by XRD data analysis, and for x <:: 5% the materials can remain pure for at least one month.

  6]. Never theless, organic molecules have some drawbacks, it has a low tolerance to temperature and can be harmful. The use of a totally inorganic system would avoid those main issues. Recently, Li et al. described a new "2D-type" phase, based on the so-called Ruddlesden-Popper structure. It is one of a few structures known at this day that shows a 2D halogenated all-inorganic structure. It consist.s of two dimensional inter-connected octahedral layers separated by either caesium or rubidium cation for all-inorganic lead or tin halide perovskites [7,8]. Cs2PbC'2I2 exhibits a band gap close to 3 eV, not suitable for a large Sun-light energy ab sorption but this can be improved by substitution for solar cell appli cations. Besides, lead clearly needs to be replaced in halide perovskites for environmental and healthcare purposes. Bismuth can be incorpo rated into perovskites to replace lead. Sorne authors claimed for instance that it can stabilize the black alpha phase of CsPbi 3 for fully inorganic perovskite solar cells [9]. Heterovalent doping in lead halide perovskites is not so usual and most of halide perovskites are made in particular atrnosphere conditions and/or upon heating. Li et al. have recently described the synthesis of a new halide poly crystalline phase Cs2PbC12'2 by thermal treatrnent at 500 'C in N2 flame sealed tube over a period of 48 h [7]. We first managed to simplify the synthesis method by being able to obtain this phase in a conventional tube fumace at 350 'C for 12 h in air, nitrogen atrnosphere being not necessary in this case (see supplementary information Sl). However, attempts for doping Cs2PbCl2I2 with bismuth in such conditions were not successful as no change on the XRD patterns were observed and traces of precursors always remained. Besides, bismuth compounds can be vola tile and thermal treatrnents might result in a change of the expected cationic ratio.
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 12 Fig. 1. a) XRD patterns of Cs2Pb0.9Bi 0.1ClzI2 after different milling times b) XRD patterns of Cs 2 Pb 1 .xBi x Ch1 2 for variable Bi contents.
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 3 Fig. 3. SEM images of Cs2Pb1.xBixCh!i samples.
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 4 Fig. 4. Variations of microstrains and particles size as a function of bismuth doping in Cs2Pb1-xBixCl2l2. While the particle size tends to decrease upon Bi-doping, Fig. 4 shows that the maximum strains variations (in ° ;ooo) increases as a function of the increased Bi concentration in Cs 2 Pb1-xBixC' 2 I 2 . These strains varia tion tends to saturate close to 90 ° 1000 for the highest x values. Nayak et al. also observed a large peak broadening effect upon doping MAPbBr 3 with bismuth [15]. Non uniform strains or microstrains, usually induced by structural defects or reduced crystalline order, were quantified by analyzing the peak broadening in the diffraction patterns according to the modified Williamson-Hall method.The microstrains and crystal planes distortions consistently increased upon doping in their organic-inorganic 3D perovskite samples. In our work, the milling time was exactly the same for the undoped and 5% Bi-doped sample so it is hard to attribute the peak broadening in the XRD data to this effect alone. Still, microstrains increase with Bi doping while particles size decrease. This common inversed feature can be directly related to the heterovalent doping effect with the introduction of a smaller cation with a higher oxidation state (and possibly cation vacancies) into the 2D perovskite-derivative structure with a general cell decrease and a shortening of the (semi)metal-anion distances, especially in the inner planes of the octahedral layers, inducing particle size decrease and microstrains increase.XRF measurements show that Bi is in the appropriate proportion for each sample (Fig.5). These values were confirmed by EDS analysis (see supplementary information S2). While lead concentration decreases, the
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 5 Fig. 5. Lead (red dots) and bismwh (black squares) contents as afunction of the Bi concentration as detennined by XRF measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6 .

 6 Fig. 6. a) Pictures of as-synthesized powders and b) UV-Vis absorbance spectra for x = 0, 5, 10 and 15% (from left to right) determined from reflectance measurement.s on thick powders (without considering the transmittance contribution).

Fig. 7 .

 7 Fig. 7. Ageing study of the XRD patterns for the 10 ato. % Bi-doped Cs2PbCh1 2 sample.

Table 1 Relative Intensity and FWHM (H m ) evolutions for the main (110) peak within a week of air exposure.

 1 

	Doping(%)	17/IO	Hm7/Hm0
	0	1.18	0.71
	5	2.00	0.47
	10	1.89	0.47
	15	1.69	0.54
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