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Spontaneous moisture-driven formation of Cs 2 Pb 1 .xMxChh single crystals with M = Bi, In, Ga and Cr

Al. Low dimensional structures

Al. X-ray diffraction Al. Crystal structure A2. Growth from solutions A2. Si ngle crystal growth BI. Perovskites Micrometer to millimeter platelets-like single crystals of the 2D-derivated perovskite structure Cs 2 PbC1 2 l 2 were synthesized by a very simple route using the humid ambient environment surrounding a DMSO solution con taining the sait precursors. Cs2Pb1.,M.Chh formation was also evidenced by single crystal X-ray diffraction, with M = Bi, Ga, In and Cr. X-ray photoelectron spectroscopy (XPS) confirmed the presence of each dopant, with an an1ount of x -5 ato. % for the last three materials. For the Bi-doped sample, XPS showed a larger quantiry of dopant chat can be due to XPS difficulry to discrin1inate too close elements for a few nanometers of analysis or higher concentrations in some crystals due to the affiniry of both elemenrs to integrate this structure on the same crystallographic site. A decrease of Bi concentration was detem1ined by ion-beam and XPS simultaneous analysis. Finally, a photoluminescence (PL) peak was observed at -420 nm for ail samples. Peak widening and blue-shift can be ascribed to the doping, and atrributed to photon recycling and radiative self-trapped states. These results show the great versatiliry of ionic substitution and adaptive optoelecrronic properties of the 2D phase chat is stable in temperarure.

Introduction

Since their integration in a solar cell in 2009, unusual properties of halide perovskites have interested a significant part of the scientific conununity [START_REF] Kojima | Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells[END_REF]. This large variety of materials have tunable electronic band gaps and possess a wide absorption range especially in the UV-visible-NIR regions. Halide perovskites can be prepared as powders, layers, single c1ystals and quantum dots. Small thicknesses of perovskite materials allow the use of flexible subst: rates that can be interesting for optical and electronic applications [START_REF] Park | Perovskite solar cells: an emerging photovoltaic technology[END_REF][START_REF] Yin | Unique Properties of Halide Perovskites as Possible Origins of the Superior Solar Cell Performance[END_REF]. Small pa1ticles can easily transport photo-generated caniers to the electrodes. Moreover, halide perovskites usually possess high carrier mobility even with high defect density [START_REF] Taheri | Effect of defects on high efficient perovskite solar cells[END_REF]. Indeed, defect states are usually shallow and do not act as recombination centers, that usually reduce the collected cmTent in solar materials such as silicon [START_REF] Kim | Understanding of the formation of shallow level defects from the intrinsic defects of lead tri-halide perovskites[END_REF]. However, defect engineering and passiv ation strategies are often discussed in the literature in order to in1prove power conversion efficiencies in solar cells [START_REF] Liang | Defect-Engineering-Enabled High-Efficiency All-Inorganic Perovskite Solar Cells[END_REF][START_REF] Jeong | Pseudo-halide anion engineering for α-FAPbI3 perovskite solar cells[END_REF]. On the other side, single crystals are composed of big c1ystalline domain with fewer defects and have diffusion lengths up to a few micrometers [START_REF] Dong | Electron-hole diffusion lengths > 175 μm in solution-grown CH3NH3PbI3 single crystals[END_REF][START_REF] Giesbrecht | Single-crystal-like optoelectronic-properties of MAPbI3 perovskite polycrystalline thin films[END_REF]. C1ystals of
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halide perovskites and derivatives are usually easier to manufacture than pure silicon and can also be used as strong luminescent materials for LEDs or as photodetectors [START_REF] Li | Metal Halide Perovskite Single Crystals: From Growth Process to Application[END_REF]. Single-c1ystal growth processes are already well described in the literature for hybrid and inorganic halide perovskites [START_REF] Rong | Perovskite single crystals: Synthesis, properties, and applications[END_REF][START_REF] Zhang | 2D Perovskite Single Crystals with Suppressed Ion Migration for High-Performance Planar-Type Photodetectors[END_REF][START_REF] Zheng | Synthesis of centimeter-size free-standing perovskite nanosheets from single-crystal lead bromide for optoelectronic devices[END_REF][START_REF] Wang | Surface passivated halide perovskite single-crystal for efficient photoelectrochemical synthesis of dimethoxydihydrofuran[END_REF]. With solution-based growth, millimeters sized single-c1ystals can be obtained. Severa! teclmiques are presented in the literature with a slow-cooling process that uses the influence of the temperature-related solubility, slow evaporation that provokes the su persaturation of precursors, or anti-solvent vapor-assisted c1ystalliza tion (AVC). The latter technique consists in slowly diffusing an anti solvent within a perovskite solution in order to induce single-crystal growth [START_REF] Ledee | Cristallisation et fonctionnalisation de pérovskites hybrides halogénées à 2-dimensions pour le photovoltaïque et l'émission de lumière[END_REF][START_REF] Dang | Recent progress in the synthesis of hybrid halide perovskite single crystals[END_REF].

Low din1ension or so-called « 2D » type structures have emerged in the fanilly of halide perovskites, aiming to fmther stabilize photoactive phases, for instance. Sucl! strnctural modification induces optoelec n•onic properties changes [START_REF] Stoumpos | High Members of the 2D Ruddlesden-Popper Halide Perovskites: Synthesis, Optical Properties, and Solar Cells of (CH3(CH2)[END_REF][START_REF] Shpatz Dayan | Enhancing Stability and Photostability of CsPbI 3 by Reducing Its Dimensionality[END_REF][START_REF] Wang | Ruddlesden-Popper 2D Component to Stabilize γ-CsPbI 3 Perovskite Phase for Stable and Efficient Photovoltaics[END_REF][START_REF] Parikh | Two-dimensional halide perovskite single crystals: principles and promises[END_REF]. 2D perovskite derivative stt• uctures are often of Ruddlesden-Popper (RP) type, but Dion-Jacobson (DJ) and Altemating Cation Interlayer (ACD are also encountered [START_REF] Han | 2D organic-inorganic hybrid perovskite materials for nonlinear optics[END_REF]. RP stt• uctures are characterized by a separation of the octal!edra in one htrps:/ /doi.org/10.1 0l 6/j.jcrysgro.2022.126584

Materials and methods

Lead chloride (PbCl 2 98%), cesium iodide (CsI 99,9%), bismuth chloride (BiCl 3 98%), indium bromide (InBr 3 99%), gallium iodide (GaI 3 99,99%), chromium chloride (CrCl 3 99%) and dimethylsulfoxide solvent (DMSO 99,9%) were purchased from Sigma-Aldrich.

For the Cs 2 PbCl 2 I 2 single-crystal synthesis, a 2D solution was prepared by dissolving 1 mmol of PbCl 2 and 2 mmol of CsI in DMSO. Each solution was then heated at 60 • C and stirred for two hours before filtration on PTFE 0.45 µm, as a precipitate is systematically observed. Stoichiometric amounts of the different salt precursors were used in order to aim at 5 mol.% of substitution on the lead structural site. The concentration of 5 mol. % substitution was chosen in order to observe an effect on the crystal lattice by XRD analysis without generating an impurity phase and influence notably the photoluminescence properties.

The vial containing the filtered solution was then left to the air under the fume hood without stirring for one to two weeks to favour singlecrystal growth.

Single-crystal X-Ray Diffraction was performed at ICT Laboratory (Toulouse, France), on a BRÜKER D8-VENTURE 4 circles apparatus equipped with a Mo-source and a Triumph monochromator at 193 K, and on a BRUKER QUAZAR diffractometer equipped with a 30 W aircooled Mo-microfocus source. For structure refinement parameters, crystal lattice is determined using Brüker APEX software. In addition, Miller indices and intensities are extracted from the XRD pattern (image) and implemented in SHELX software. Thus, thermal agitation, atomic positions, chemical composition and electronic density are determined. The refining parameter "R" is used in order to calculate the deviation between experimental and theoretical values (See cif files in supplementary data for more information).

A ThermoScientific Kalpha X-ray Photoelectron Spectrometer (XPS) was used with an Al-source under high vacuum (5 × 10 -9 mbar). The energy was fixed at 30 eV with a step of 0.1 eV for core levels and 160 eV for surveys (step of 1 eV). The spectrometer energy calibration was done using the Au 4f 7/2 (83.9 ± 0.1 eV) and Cu 2p 3/2 (932.8 ± 0.1 eV) photoelectron lines. XPS spectra were recorded in direct mode N (Ec) and the background signal was removed using the Shirley method.

The flood Gun was used to neutralize charge effects on the top surface.

Photoluminescence spectroscopy analysis was made at the LPCNO laboratory (Toulouse, France), with a laser excitation source at 355 nm, 1.2 ps pulse duration at a repetition frequency of 80 MHz, 0.5 µW average power and ~1 µm excitation spot diameter at room temperature. The photoluminescence signal has been recorded using a CCD camera after being dispersed by an imaging spectrometer. A low-pass filter has been used to remove the laser scattered light from the PL signal.

Results and discussions

One of the great advantages provided by halide perovskites lies in their ability to be soluble in certain polar organic solvents. This property opens the way to many deposition methods such as roll-to-roll, slot-die, doctor blade, spray-, dip-or spin-coating [START_REF] Kim | Roll-to-roll gravure-printed flexible perovskite solar cells using eco-friendly antisolvent bathing with wide processing window[END_REF][START_REF] Zhong | Blade-Coated Hybrid Perovskite Solar Cells with Efficiency > 17%: An In Situ Investigation[END_REF][START_REF] Fievez | Slot-die coated methylammonium-free perovskite solar cells with 18% efficiency[END_REF][START_REF] Park | Scalable fabrication and coating methods for perovskite solar cells and solar modules[END_REF][START_REF] Liu | Understanding of perovskite crystal growth and film formation in scalable deposition processes[END_REF].The liquid process, less expensive and easier to implement industrially than the techniques used for the manufacture of silicon for photovoltaics, give rise to great hopes for the development of this technology.

Synthesis of 2D single crystals at room temperature

Lead or cesium halides are soluble in polar solvents such as dimethylformamide (DMF), DMSO, gamma-butyrolactone (GBL) or acetonitrile [START_REF] Rezaee | Solvent Engineering as a Vehicle for High Quality Thin Films of Perovskites and Their Device Fabrication[END_REF]. In their early work, Li et al. obtained single crystals of the 2D phase using melting/crystallization process in a sealed tube under nitrogen at high temperature [START_REF] Li | Cs 2 PbI 2 Cl 2 , All-Inorganic Two-Dimensional Ruddlesden-Popper Mixed Halide Perovskite with Optoelectronic Response[END_REF]. To the best of our knowledge, there was no previous work showing the solubility of this phase in a liquid for obtaining thin films or single crystals. Solubility tests were therefore carried out in two of the solvents most commonly used in the literature: DMF and DMSO. Solutions were produced by concentrating the Cs 2 PbCl 2 I 2 phase to the maximum in a gradual mixture from 100% DMSO to 100% DMF. For 100% DMSO, the solution concentration in Cs 2 PbCl 2 I 2 is estimated to 0.6 M. For a decreasing volume percentage of DMSO, the phase solubility continuously decreases to a minimum of 0.1 M for pure DMF (see Figure S1). This demonstrates the highest solubilization potential of DMSO in comparison to DMF. According to the literature, DMSO possesses a higher dipole moment (4,0 Debye) and dielectric constant [START_REF] García | Influence of chromium hyperdoping on the electronic structure of CH3NH3PbI3 perovskite: a first-principles insight[END_REF] in comparison to DMF (3,8 Debye and 37, respectively), that can explain the higher capability for DMSO to solubilize metal halide salts [START_REF] Nelson | Green Solvents for Chemistry: Perspectives and Practice[END_REF]. Therefore, we chose to focus our work on pure DMSO solution with the maximal concentration of 0.6 M.

As DMSO is exposed to ambient moisture, the absorption of humidity will decrease the solubility of halide salts and induce crystallization over only a few days. The hygroscopic effect of DMSO exposed to ambient humidity has already been described in a previous work [START_REF] Ellson | In situ DMSO hydration measurements of HTS compound libraries[END_REF]. The absorption of water inside the solution results in the observation of a precipitate at the bottom of the vial and a change in color solution (see Figure S2). direction, resulting in octahedra sheets connected in two dimensions. This separation is generally obtained by the integration of large organic cations such as alkylammoniums or phenylammoniums.

Other works have shown the synthesis of highly stable and photoactive single crystals of BDAPbI 4 (BDA Butyl-diammonium) or PEA 2 PbBr 4 (PEA Phenyl-ethylammonium), widening the panel of applications from solar cells, transistors, X-rays or Gamma-rays photodetectors to new visible-light communication (VLC) systems [START_REF] Zhang | 2D Perovskite Single Crystals with Suppressed Ion Migration for High-Performance Planar-Type Photodetectors[END_REF][START_REF] Zhang | Two-dimensional (PEA) 2 PbBr 4 perovskite single crystals for a high performance UV-detector[END_REF][START_REF] Di | Recent progress of two-dimensional lead halide perovskite single crystals: Crystal growth, physical properties, and device applications[END_REF]. Some revolutionary work published in 2018 has even showed the flexibility of high surface single crystals of PEAPbI 4 [START_REF] Liu | Multi-inch single-crystalline perovskite membrane for high-detectivity flexible photosensors[END_REF].

However, fewer papers are dealing with all-inorganic 2D single crystals. Li et al. have discovered a new compound Cs 2 PbCl 2 I 2 of the Ruddlesden-Popper structure in 2018 with n 1 based on the A n+1 B n X 3n+1 general formula, where A is a wide cation, B is a smaller cation and X is a halogen [START_REF] Li | Cs 2 PbI 2 Cl 2 , All-Inorganic Two-Dimensional Ruddlesden-Popper Mixed Halide Perovskite with Optoelectronic Response[END_REF]. This 2D structure is common with oxides but strangely very unusual for all-inorganic halide perovskites. This phase has been synthesized for the first time with flame-sealed tube heated at high temperature (>500 • C) for melting and recrystallization of crystals. Recently, an AVC method was reported for the synthesis of micro-plates by diffusion of dichloromethane into dimethylformamide [START_REF] Li | Light-induced phase transition and photochromism in all-inorganic twodimensional Cs2PbI2Cl2 perovskite[END_REF]. An injection of oleylamine halide into oleic acid has also allowed to obtain manganese-doped Cs 2 PbCl 2 I 2 nanoplatelets that show an increased photoluminescence and a quantum yield of 16% [START_REF] Dutta | Doping Mn(II) in All-Inorganic Ruddlesden-Popper Phase of Tetragonal Cs 2 P bCl 2 I 2 Perovskite Nanoplatelets[END_REF]. The introduction of a doping agent in the structure seems to be a good strategy in order to enhance photoluminescence activity, conductivity and to modify the microstructure, as shown in our recent work performed on powder samples of the bismuth-doped Cs 2 PbCl 2 I 2 phase [START_REF] Breniaux | Synthesis and characterization of Cs2Pb1-xBixCl2I2 (0 ≤ x ≤ 0.15) derivative perovskite[END_REF]. In another work, we have also showed that the addition of such 2D phase prepared in solution to a 3D all-inorganic perovskite-based halide thin layer can stabilize the black form of the perovskite which is of strong interest for photovoltaics [START_REF] Breniaux | Unraveling All-Inorganic CsPbI3 and CsPbI2Br Perovskite Thin Films Formation -Black Phase Stabilization by Cs2PbCl2I2 Addition and Flash-Annealing[END_REF].

In this work, a simple spontaneous and ambient moisture-driven single crystal growth method is developed in order to stabilize different compositions of the 2D-based Cs 2 PbCl 2 I 2 structure. The use of naturally hygroscopic dimethylsulfoxide (DMSO) induces crystallization upon exposure to humidity in laboratory conditions, which is inspired by the AVC method. DMSO is the most convenient solvent for poorly soluble inorganic metal halide salts (with concentrations > 1 M). However, solubility of such halide salts in DMSO drastically drops as water is added to DMSO [START_REF] Kirk-Othmer | Encyclopedia of Chemical Technology[END_REF][START_REF] Zhou | A Scalable H2O-DMF-DMSO Solvent Synthesis of Highly Luminescent Inorganic Perovskite-Related Cesium Lead Bromides[END_REF]. The reduction in solubility induces a single crystal growth over a few days in air exposure while kept in a fume hood. The partial substitution of lead was characterized by XRD and XPS. Finally, photoluminescence properties of our new singlecrystals were also analyzed.

After a couple of weeks, the vial contains a large variety of micrometers-to-millimeters sized crystals that are imaged by a stereomicroscope on Fig. 1. Two types of crystals can easily be identified: the first one possesses a square-like shape while the other is like a needle. Both crystals were characterized by single-crystal XRD at 193 K by using APEX and SHELX software (see Fig. 2) [40][START_REF] Sheldrick | SHELXT -Integrated space-group and crystal-structure determination[END_REF][START_REF] Sheldrick | Crystal structure refinement with SHELXL[END_REF]. Each structure was clearly identified. Square-like materials crystallize in the I 4 /mmm space group with a b 5.6437(1) and c 18.9237(5) Å and correspond to the 2D RP structure-type of Cs 2 PbCl 2 I 2 , in accordance with the cell parameters from Li et al. measured at room temperature with a 5.6385 and c 18.879(4) Å. Besides the measuring temperature difference, the small mismatch between the two sets of unit cell parameters is probably related to the synthesis methods. Li et al. used a flame-sealed tube heated until precursors melt at a temperature above 500 • C, while our method is operated at ambient temperature and in normal conditions [START_REF] Li | Cs 2 PbI 2 Cl 2 , All-Inorganic Two-Dimensional Ruddlesden-Popper Mixed Halide Perovskite with Optoelectronic Response[END_REF].

Needle-like materials crystallize in the Cmcm space group with a lamellar structure. The chemical composition is PbI 2 .DMSO, which is a solvatomorph consisting of alternating sheets of PbI 2 and DMSO. This structure results from the high coordination between iodine and DMSO that allows to form intermediary phases during the sample preparation, as shown in previous works [START_REF] Rong | Critical kinetic control of non-stoichiometric intermediate phase transformation for efficient perovskite solar cells[END_REF][START_REF] Jo | High Performance of Planar Perovskite Solar Cells Produced from PbI2(DMSO) and PbI2(NMP) Complexes by Intramolecular Exchange[END_REF][START_REF] Kwang | Solvent-modulated reaction between mesoporous PbI2 film and CH3NH3I for enhancement of photovoltaic performances of perovskite solar cells[END_REF]. Lédée observed the formation of MAI.DMF, MAI.DMSO or MAI.GBL solvatomorphs that can challenge the MAPbI 3 single crystal growth process in solution. This effect can be beneficial when intermediate compounds need to be stabilized during thin film depositions. In addition, it slows down solvent evaporation and induces a better compactness of thin layers. However, these species are very unstable once taken out of the solvent and crystals amorphization quickly occurs. On the contrary, Cs 2 PbCl 2 I 2 crystals are highly stable and can remain as such for months in ambient conditions. Millimeter size of square-shape single crystals of pure 2D phase can be obtained within a couple of weeks. This shape shows that a preferential orientation along the (a,b) planes is followed during the growing process as powder XRD analysis of the large crystals evidences for the (00 l) planes essentially (see Figure S3).

Succesful attemps of lead replacement in the 2D structure

Lead substitution can provoke particular changes in optoelectronic properties. Tetragonal Cs 2 PbCl 2 I 2 exists also as a partially leadsubstituted compound by using manganese or fully substituted material in Cs 2 SnCl 2 I 2 [START_REF] Dutta | Doping Mn(II) in All-Inorganic Ruddlesden-Popper Phase of Tetragonal Cs 2 P bCl 2 I 2 Perovskite Nanoplatelets[END_REF][START_REF] Li | Air-Stable Direct Bandgap Perovskite Semiconductors: All-Inorganic Tin-Based Heteroleptic Halides A x S nCl y I z ( A Cs, Rb)[END_REF]. The former is obtained by organic route mixing oleylammonium halide salt with octadecene and oleic acid, while Li and his colleagues processed the latter in a similar manner than for the lead compound (with a flame-sealed tube under nitrogen). Pb substitution with Mn in nanoplatelets increases the crystal photoluminescence through efficient excitonic and Mn d d emission while substitution by Sn decreases the bandgap. In many studies, it appears that lead substitution does not provoke major changes in structural properties but rather enhance optical properties of the 2D phase by electronic band structure modification [START_REF] García | Influence of chromium hyperdoping on the electronic structure of CH3NH3PbI3 perovskite: a first-principles insight[END_REF].

Our single crystal growth process has been used in order to prepare new 2D inorganic halide compositions while aiming at replacing lead by metals of similar size and/or oxidation states. A molar content of 5% metal was chosen to observe a significant change in the XRD pattern and avoid a compositional limitation due to steric conditions for above values. Fig. 3 shows the 2D reference and doped solutions with Bi, In, Ga and Cr, and corresponding single crystals obtained after two weeks exposure to ambient humidity. For each additive, the square-like shape of the 2D crystal is kept. Similarly to our Bi-doped 2D powders obtained earlier [START_REF] Breniaux | Synthesis and characterization of Cs2Pb1-xBixCl2I2 (0 ≤ x ≤ 0.15) derivative perovskite[END_REF], Bi-doped 2D crystals are of reddish color, while the others are of yellowish color with Ga, In and Cr doping agents. Crystals were carefully selected from each solution and washed in oil (Fomblin YR1800) before performing further characterizations. Single-crystal XRD analysis was used in order to characterize the new crystal structures.

The unit cell and volume cell parameters of each composition are given in Fig. 4, in comparison to the undoped 2D phase. Lattice parameters and volume are always smaller in the presence of 5 ato.% of additive, strongly suggesting a substitution on the lead crystallographic site. Indeed, Pb 2+ (ionic radius 119 pm) is the biggest cation of all elements tested (radii of Cr 3+ 62 pm, Ga 3+ 62 pm, In 3+ 80 pm, Bi 3+ 103 pm) [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]. Lead substitution by a smaller cation would then imply a unit cell volume decrease. But the unit and volume cells are almost unchanged when comparing the Cr-doped sample to the 2D reference, while Cr 3+ radius is almost half the size of the Pb 2+ ion. This would suggest at first that only a tiny amount of chromium ions has been integrated into the 2D phase structure or that a conjugated substitution/ insertion phenomenon occurs, compensating the volume cell decrease due to substitution by intercalation of small chromium ions in interstitial sites. Similarly, a combined substitution/insertion effect could occur with Ga 3+ due to the small size of the gallium ions, with more ions being substituted here justifying a larger volume decrease compared to the transition metal case. For In 3+ , lead crystallographic site substitution is more effective and the volume decrease is even further evidenced for the bismuth doping, which suggests a replacement of lead on the same crystallographic site up to the full amount of bismuth introduced into the solution. Considering M 3+ substitution for Pb 2+ , this heterovalentmetal doping would imply an anionic excess, most probably in this case by adsorption or diffusion at the material surface rather than bulk insertion due to the large size of the anions. A second and more evident possibility is the presence of lead vacancies in the crystal structure, with the general formula expressed as Cs 2 Pb (1-(3/2)x) M x □ x/2 X 4 , with x ~ 0.05 in our case.

X-ray photoelectron spectroscopy was used to verify each sample composition. XPS spectra are shown in Fig. 5. The peaks of Cs 3d 5/2 and Cs 3d 3/2 are observed at 724 and 739 eV, respectively. The 4f 7/2 and 4f 5/ 2 binding energy curves of Pb 2+ are located at 138 and 143 eV, while small signals corresponding to similar binding energies of the Pb 0 are observed about 2 eV before each of them. These Pb metal artefacts, which can also justify the lead vacancies formed in the crystal structure, were already evidenced in halide perovskites and explained by X-ray photolysis under analytical conditions, chemical changes in air and/or the presence of PbI 2 [START_REF] Mcgettrick | Sources of Pb(0) artefacts during XPS analysis of lead halide perovskites[END_REF]. The peaks of Cl 2p 3/2 and Cl 2p 1/2 are located at 198 and 200 eV while those of I 3d 5/2 and I 3d 3/2 are observed at 619 and 631 eV, respectively.

For each new compound, a series of specific spectral electronic orbitals characteristic of the doping agent was evidenced : Bi(4f), In(3d), Ga(3d) or Cr(2p) [START_REF]NIST XPS Database[END_REF]. These orbitals, which do not interfere with any other orbitals, have thus been selected for quantification. For 5 mol. % of M doping agent, the molar ratio M/Pb should be close to 5.3%. The results are shown in Table S1. The M/Pb ratios determined after XPS analysis are comprised in between 6 and 8.6% for Ga-, In-and Cr-doped phases, slightly above the expected ratio of 5.3%. Sample cleaning and inhomogeneous distribution of the doping element throughout the whole crystal structure could explain these small discrepancies, with XPS technique screening only down to a few nm from the sample surface.

For chromium doping, the peaks at binding energies of 576 and 586 eV can be assigned to the 2p 3/2 and 2p 1/2 of Cr in a Cr 3+ environment. Cr 6+ ions can be present in a small quantity throughout the sample as a small hump is evidenced at the base on the left hand side of each Cr 3+ peak [START_REF] Chen | Reduction and Removal of Chromium VI in Water by Powdered Activated Carbon[END_REF]. This phenomenon can be attributed to the ability of Cr to form many oxidation states (+2, +3 or +6) that allows it to adapt to its chemical environment, even though the precursor introduced was CrCl 3 . On the contrary, elements such as Ga, In and Bi possess a rigid +3 oxidation state that can create defects and microstrains by charge compensation effects. These effects can also explain the small lattice changes observed, in particular with Cr doping [START_REF] Shupack | The chemistry of chromium and some resulting analytical problems[END_REF]. Ga 3d peaks overlap with Pb 5d and O 2s orbitals. The Ga 2p 3/2 orbitals have two towards higher energies was explained by the competition between lattice expansion and exciton diffusion during the cooling stage [START_REF] Wei | Temperature-dependent excitonic photoluminescence excited by two-photon absorption in perovskite CsPbBr3 quantum dots[END_REF]. However, PL measurements have been carried out at room temperature in our study. Yamada et al. observed a similar behavior on bismuthdoped MAPbBr 3 single crystals and explained this effect by a decrease in crystallinity that accelerates the carrier trapping rate and suppresses photon recycling [START_REF] Yamada | Impact of Chemical Doping on Optical Responses in Bismuth-Doped CH 3 NH 3 PbBr 3 Single Crystals: Carrier Lifetime and Photon Recycling[END_REF]. This effect was also attributed to the introduction of strains and defects by bismuth ions, which we have already observed in Cs 2 Pb 1-x Bi x Cl 2 I 2 powders [START_REF] Breniaux | Synthesis and characterization of Cs2Pb1-xBixCl2I2 (0 ≤ x ≤ 0.15) derivative perovskite[END_REF]. Thus, it appears that the introduction of bismuth inside the 2D phase provokes non-trivial effects on the photoluminescence properties that are different from other additives such as In, Ga or Cr studied in this work. The introduction of such strain in the lattice is challenging for single-crystal growth but allows to enhance photoluminescence range. This particular effect can be interesting for optoelectronic applications. Since 2D phases are highly stable in normal conditions and at high temperature (>300 • C), PL measurements performed at different temperatures could also reveal more details about the structural and optical properties relationships that would enhance the importance of this 2D phase for LEDs, photovoltaics, electronic stimulators and photodetectors.

Conclusion

The spontaneous moisture-driven single crystal growth process has been used with an original strategy consisting in humidity absorption for preparing the all-inorganic 2D phase of Cs 2 PbCl 2 I 2 in DMSO solution. Such process is easy to operate in ambient conditions and can be performed with humidity level ranging between 30 and 60% in order to obtain up to millimeter sizes of pure crystals. Doping agents were introduced in order to prepare new 2D phases consisting of the general formula Cs 2 Pb 0.95 M 0.05 Cl 2 I 2 (M Metal). Single crystal X-ray diffraction showed a tendency to the volume cell decrease for all-doped new 2D materials, which also exhibit a color change once doped, and X-ray photoelectron spectroscopy allowed to evidence the presence of each doping agent. The XPS semi-quantitative analysis limited to a few tenth of atomic layers revealed a doping amount close to the expected value of 5 mol%, apart from Bi-doping. In this latter case, a far higher amount was calculated, which can either be due to the complexity of elemental discrimination for Pb and Bi in this case or the selective concentration of doping agent during the single crystal growing process. Photoluminescence measurements realized at room temperature show a systematic red shift and a widening of the main emission peak under doping, probably due to the introduction of inner band gap energy levels that act as radiative energy levels. Two main intensities and a wider PL peak shifted both to lower and higher wavelengths, in the case of Bi- components at 1117 and 1144 eV that might correspond to Ga metallic and +3 states, respectively [START_REF] Rodríguez | α-Ga 2 O 3 as a Photocatalyst in the Degradation of Malachite Green[END_REF]. For the attempt of substitution of lead by indium, we can evidence two binding energies at 445 and 452 eV in the In 3d core level XPS spectra that correspond to the spin-orbit doublets 3d 5/2 and 3d 3/2 of In 3+ , respectively [START_REF] Shinde | A coordination chemistry approach for shape controlled synthesis of indium oxide nanostructures and their photoelectrochemical properties[END_REF].

The largest volume contraction observed with Bi doping can be ascribed to the ability of Bi to substitute easily Pb even for larger amounts, due to steric conditions, as shown in our previous work on 2D Bi-doped powders where up to 15 ato.% of bismuth could be integrated on the lead site [START_REF] Breniaux | Synthesis and characterization of Cs2Pb1-xBixCl2I2 (0 ≤ x ≤ 0.15) derivative perovskite[END_REF]. Bismuth can thus also be present in this 2D phase prepared as a single crystal. For bismuth doping, two peaks at 159 and 164 eV can be clearly identified, which are attributed to the 4f 7/2 and 4f 5/2 of Bi 3+ , respectively [START_REF] Weng | Two-Dimensional MoS 2 Nanosheet-Coated Bi 2 S 3 Discoids: Synthesis, Formation Mechanism, and Photocatalytic Application[END_REF]. The quantitative analysis in this case shows a strong discrepancy between the calculated and expected values, evidencing for problems in the elemental discrimination, due to the similar electronic structures, in comparison to Pb 2+ . Surface contaminations with salt precursors strongly bonded to the crystals even after solvent cleaning or gradient composition may as well influence the elemental quantification. In order to verify the bulk composition of the Bi-doped 2D single crystal, in-situ ionic etching has been realized with further XPS analysis (See Figure S4). This technique uses ionized argon atoms that abrade in depth the single crystal. When coupled with XPS, it allows to determine further the sample composition to at least 50 nm in depth. As etching time increases, the amounts of lead and bismuth metals increase. The increase of metallic lead content in the bulk of methylammonium lead triiodide perovskite has already been observed by Sadoughi et al. composition [56]. This effect has been correlated to the increase of the density of states in the valence band maximum, as well as an increase of defect states that reduce photoluminescence quantum efficiency of thin films. Bismuth addition is often related to reduction of crystallinity through introduction of microstrains that reduce carrier lifetime [START_REF] Breniaux | Synthesis and characterization of Cs2Pb1-xBixCl2I2 (0 ≤ x ≤ 0.15) derivative perovskite[END_REF][START_REF] Yamada | Impact of Chemical Doping on Optical Responses in Bismuth-Doped CH 3 NH 3 PbBr 3 Single Crystals: Carrier Lifetime and Photon Recycling[END_REF][START_REF] Karthick | Copper and Bismuth incorporated mixed cation perovskite solar cells by one-step solution process[END_REF]. In the meantime, the total Bi/Pb ratio quickly decreases after 1 min of ion etching (from 1.1 to 0.7), which corresponds to the first 20 nm, and keeps on decreasing down to a 0.4 ratio after 6 min of etching time, corresponding to several tenth of nanometers in depth. In 2D sample powders, our previous work showed that it was possible to substitute up to about 15 mol.% of Bi in the Pbbased 2D phase, inducing large microstrains [START_REF] Breniaux | Synthesis and characterization of Cs2Pb1-xBixCl2I2 (0 ≤ x ≤ 0.15) derivative perovskite[END_REF]. In another work performed on bismuth-doped 3D MAPbBr 3 single-crystals, compressive strains were also observed that can affect the phase compositions and transitions [START_REF] Jedlicka | Bismuth Doping Alters Structural Phase Transitions in Methylammonium Lead Tribromide Single Crystals[END_REF]. In our solution-based synthesis presented here, only a small amount of similar crystals was obtained and the colored crystals chosen for analysis might have contained a larger amount of bismuth than expected due a preferred selectivity of this element during the growing process.

The influence of the doping agents over the 2D single crystals optical properties was analyzed by means of photoluminescence (PL) spectroscopy operated with a 355 nm laser emission. In the UV-visible region, a maximum PL peak intensity is observed at 414 nm for the undoped Cs 2 PbCl 2 I 2 phase (Fig. 6). Similarly, a maximum peak is located at 421 nm, 416 nm and 417 nm for In-, Ga-and Cr-doped 2D phases, respectively. Full widths at half-maximum (FWHM) for each single-crystal are reported in Table S1. FWHM values systematically increase with dopant introduction. All doped samples therefore present a larger emission peak in comparison to the undoped phase, suggesting the introduction of energy levels inside the band gap of the 2D phase that increase the emission wavelengths, as described in previous works [START_REF] García | Influence of chromium hyperdoping on the electronic structure of CH3NH3PbI3 perovskite: a first-principles insight[END_REF][START_REF] Kobayashi | Electronic properties of tin iodide hybrid perovskites: effect of indium doping[END_REF][START_REF] Presmanes | Ga doped ZnO thin films deposited by RF sputtering for NO2 sensing[END_REF]. Garcia et al. calculated that new absorption peaks would be noted in Cr-doped MAPbI 3 due to in gap band (IGB) concept [START_REF] García | Influence of chromium hyperdoping on the electronic structure of CH3NH3PbI3 perovskite: a first-principles insight[END_REF]. Our study suggests that such energy levels can also act as radiative recombination centers, as shown on the photoluminescence spectra.

Bismuth-doped 2D single-crystals exhibit two different photoluminescence peaks at 406 and 425 nm with a maximum at 406 nm. A blue shift cannot be explained by the introduction of energy levels inside the electronic gap of the 2D phase. This effect has already been observed by Wei 
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 1 Fig. 1. Stereomicroscope image of single crystals obtained in DMSO at room temperature after a couple of weeks.

Fig. 2 .

 2 Fig. 2. Crystallographic parameters of Cs 2 PbCl 2 I 2 and PbI 2 .DMSO single crystals obtained after X-ray diffraction analysis.

Fig. 3 .

 3 Fig. 3. Images of 2D containing solutions after a couple of weeks driving to a single-crystal growth process for (left to right) undoped (or reference material), Bi, In, Ga and Cr-doped 2D compounds and corresponding single crystals images obtained by optical microscopy.

Fig. 4 .

 4 Fig. 4. Lattice parameters a and c (left) and lattice volume (right) of undoped and doped single-crystals of Cs 2 Pb 1-x M x Cl 2 I 2 with M = Bi, Ga, In or Cr.

Fig. 5 .

 5 Fig. 5. Elementary orbitals obtained by XPS for the different elements in Cs 2 Pb 1-x M x Cl 2 I 2 with M = Bi, Ga, In or Cr.

Fig. 6 .

 6 Fig. 6. UV-Visible photoluminescence spectra of Cs 2 Pb 1-x M x Cl 2 I 2 single crystals with M = Bi, Ga, In et Cr. Two different peaks are observed for Bi-doped single crystal, whereas only one peak is observed for all the other samples. The grey-shaded area represents the spectral range of the low-pass filter.
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 S3 Figure S3 (Left) Photography of a 2D single-crystal (bar length = 2 mm) on a glass substrate and (right) corresponding X-ray diffraction pattern compared to the simulated theoretical CIF pattern.

  

  

  

  

  

  

Table S1

 S1 Elementary quantification of lead and M doping agent in single-crystals as determined by XPS and full width at half-maximum of the photoluminescence peak (uncertainties are +-5%).FigureS4Elemental proportion variation as a function of ionic etching time for a Bi-doped 2D single crystal.
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