Prof. T Liam Gollino 
  
Thierry Pauporté 
email: thierry.pauporte@chimie-paristech.fr
  
Pauporté 
  
Cite this paper

Keywords: lead-less, perovskite solar cell, toxicity, stability, d-HPs, hollow

The rise and commercialization of perovskite solar cells (PSCs) is hindered by the toxicity of lead present in the perovskites employed as the solar light absorber. To counter this problem, Pb can be fully (lead-free) or partially (lead-less) replaced by diverse elements. The former compounds suffer from poor efficiency and poor stability while the later appear more promising. This review offers a survey of the methods reported in the literature to reduce Pb content in PSCs to fabricate "lead-less" (also called "lead-deficient") PSCs. We develop, first, the comparison of Sn and Pb elements and the partial replacement of Pb by Sn. Then, its substitution by either Ge, Sr or other alkaline-earth-metals, transition metals and elements from columns 12, 13 and 15 of the periodic table are detailed. The new families of perovskites based on the insertion of organic cations to replace lead and halogen units, namely the "lead-deficient" and "hollow" halide perovskites are then presented and discussed. Finally, atypical ways to reduce the toxicity of PSCs are presented: perovskite layer thickness reduction via optimization of photon collection, integration of photonic structures and employment of recycled lead. The present achievements and the outlook of those strategies are presented and discussed.
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Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 2 During the last decade, hybrid halide perovskites (HPs) have attracted great attention from the scientific community worldwide for a large range of optoelectronic applications such as lasers [1] , LEDs [2] , photodetectors [3,4] , scintillation [5] and photovoltaic solar cells [6][7][8][9][10][11][12] . For the latter, they have emerged as very promising substitutes or complements to silicon solar cells by integrating them in mono-junction or multi-junction devices. The first report on the use of hybrid halide perovskite was published in 2009 by Miyasaka et al. [13] and related the integration of dispersed perovskite nanocrystals into a mesoporous TiO2 layer to produce an unstable dyesensitized solar cell (DSSC) that achieved a maximum power conversion efficiency (PCE) of 3.8%. Since then, after the replacement of the liquid electrolyte by a solid-state hole transporting material (HTM) in 2012 [14][START_REF] Lee | Th. Pauporté, Lead-Less Halide Perovskite Solar Cells[END_REF][16] , hybrid halide perovskites have been widely studied thanks to their semiconductor properties such as high absorption coefficient and large wavelength range [17] , high charge carrier mobility [18] , long charge carrier diffusion length [19] and narrow and tunable bandgap [20] . Emergence of solid-state perovskite-based solar cells using solid perovskite films and called perovskite solar cells (PSCs) started with different articles reporting PSCs using CsSnI3 and MAPbI3 perovskite absorber and achieving PCE above 10% [14][START_REF] Lee | Th. Pauporté, Lead-Less Halide Perovskite Solar Cells[END_REF][16] . Within a few years, PCE of PSCs have rapidly increased to reach a certified record of 25.5% in 2020 [START_REF]Nrel-Best Research-Cell Efficiencies[END_REF][START_REF] Kim | [END_REF] , achieving efficiency values comparable to those of commercially available silicon solar cells. To get such high efficiency, different Pb-based absorber thin films have been developed such as CsPbI3, MAPbI3, FAPbI3 (MA=methylammonium FA=formamidinium) or compounds with mixed-cations and/or mixed-halides [23][24][25][26][27][28] . However, Pb-based perovskites face two main problems: a rather poor stability and high toxicity.

Concerning the stability, different strategies have been developed to overcome this problematic: device engineering, use of two-dimensional perovskites (2D or quasi-2D perovskites), of barrier layers, perovskite stabilization by multi-cation integration [29][30][31] and device encapsulation. On the other hand, the toxicity of lead seriously burdens the development, industrialization and large-scale production for PSCs. This toxicity presents risks not only for the human and animals Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 3 health [32,33] with for example death of adenocarcinoma epithelial cells, dopaminergic neuroblastoma cells and murine primary hippocampal neurons [34] that can cause tumors etc. or else impact on children's nervous system [35] but, also, to the environment. Indeed, lead can spread easily in nature, in plants, in animals and be concentrated in the food chain [36] (Figure S1) [37] . For instance, J. Li et al. found that lead from halide perovskite would be more dangerous than other sources of lead contamination present in the soil. For those reasons, it becomes compulsory to totally eliminate or partially replace lead from PSCs with other less-toxic elements. However, substituting lead by another element remains uneasy and a major concern.

It faces important limitations. The substitution element has to be a metal ion that can form a 3D perovskite structure. As a reminder, hybrid halide perovskite has the ABX3 general formula, where A is an univalent organic/inorganic cation, B is an octahedrally coordinated bivalent metal ion and X is a monoanionic halide (generally Cl, Br or I) [27,28] . To be stable, halide as well as oxide perovskites need to respect a tolerance factor. The best-known is called the Goldschmidt tolerance factor (t) [38] . This parameter is based on geometrical considerations and is calculated using the ionic radius of each ions by the following equation:

𝑡 = 𝑟 𝐴 +𝑟 𝐵 √2(𝑟 𝐵 +𝑟 𝑋 ) (1)
An octahedral factor μ is also defined: μ = rB / rX (2) where rA, rB and rX are the ionic radii of A, B and X ions, respectively. For hybrid halide perovskites, for 0.8 ≤ t ≤ 1, and 0.44 < μ < 0.90 a cubic structure is expected. For t < 0.8, the perovskite has an orthorhombic structure and for t>1, the structure is hexagonal or lowdimensional [39] . This tolerance factor is still widely used nowadays even if it suffers from limitations and many exceptions [40,41] . In 2019, Bartel et 

where nA is the A cation's oxidation state. A perovskite structure is formed when T < 4.18 [42] .

According to the authors this new tolerance factor can predict correctly 92% to 94% of the perovskite compounds. Nevertheless, considering only the perspective of ion radius faces certain limitations. Other factors must also be considered such as valence electrons and stable valence state(s) of the substituting element. Indeed, elements with the same number of valence electrons as Pb and stabilized valence state are more likely potential substituents than elements that do not meet these requirements. However, exceptions can still be observed such as Sb or Bi that has three valence electrons. The important point is that metal ions to fully replace lead in hybrid halide perovskite solar cells are restricted to a very few numbers of elements, especially tin (Sn). The large development of Sn-based lead-free PSCs until 2019 has been wellsummarized in the recent review by Ke et al.. [43] It makes Sn first choice to develop lead-less PSCs. Other materials such as group 2, 13, 14 and 15 elements and transition-metal elements are also promising candidates for partial substitution of lead in PSCs [44][45][46][47][48] .

In PSCs, the perovskite layer is sandwiched between two selective contact layers. On one side, the electron transporting layer (ETL) collects and transports the photogenerated electrons and blocks the photogenerated holes [11] . On the other side, the hole transporting layer (HTL) collects and transports holes and blocks the transfer of electrons. Depending on the position of these two layers in the cell and on the structure of the ETL layer, one can distinguish three main PSC architectures that we will encounter throughout this review and which are presented in Figure 1: mesoscopic, normal planar and inverted planar PSCs.

Many great reviews have been published the last years on the lead-free PSCs, i.e. PSCs with zero lead within [49][50][51][52][START_REF] Kour | Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells[END_REF] , sometimes with a section on lead-less PSCs [54][55][56] , but, to the best of our knowledge, no extensive review dedicated to lead-less PSCs has been published yet.

In this review, we present the different strategies developed to fabricate lead-less PSCs of various architectures. We especially develop the progress made in the partial substitution of lead with other elements and provide an overview of the works on this field. Other emerging strategies include the use of organic cations to replace mixed lead and halide (iodide) units. The thinning of the HP layer and the integration of photonic structures to optimize the light harvesting is also promising. First, we introduce Sn-based PSCs before to pursue with the properties of the Sn-based lead-less PSCs and their recent development through the studies of additives, deposition method and charge transport layers. Secondly, we describe the development of Sr-based lead-less PSCs. We continue with the presentation of lead-less halide perovskite solar cells made by partially substituting lead by other elements belonging to the 2, 13, 14 and 15 groups of the periodic table, as well as transition elements (see Figure 2). Then, we depict the strategies aiming at stabilizing the perovskite structure by partially replacing lead and halide motifs by large organic molecules. Following this route, we explain the origin and nature of the recent family of the lead-deficient halide perovskites (d-HP). We develop their properties and achievements in devices. We subsequently unveil "Hollow" perovskites and we describe their applications in lead-less PSCs. We present then some other innovative approaches that could help to reduce lead content in PSCs and produce less-polluting PSCs without impacting too strongly their performances. Finally, we give a short conclusion and an outlook for these various strategies.

Sn-Pb based lead-less PSCs

The replacement of lead by tin

the theoretical study by Mandadapu et al. published in 2017, MASnI3 PSCs with a ZnO:Al/TiO2/MASnI3/ CuI/Au normal planar architecture have the potential to reach a theoretical maximum efficiency of 24.82% [97] , thus encouraging the community to overcome the current bottlenecks and to achieve higher efficiencies.

Recently, different groups reported Sn-based solar cells with an efficiency approaching 10%. Jokar et al. introduced guanidinium (GA + ) in FASnI3 perovskite [98] . By introducing 20%

of GA in a FASnI3 perovskite and doping with 1% ethylenediammonium diiodide, their ITO/PEDOT:PSS/GA0.2FA0.8SnI3/C60/ Bathocuproine (BCP)/Ag solar cell achieved a PCE of 9.6%. The same year, Ran and co-workers published the addition of 3-phenyl-2-propen-1amine (PPA), a large-volume amine (LVA), in FASnI3 perovskite [99] . 15% of PPA in FASnI3 perovskite solution led, after deposition of the perovskite by a dripping method, to an enlarged grain size, a reduced trap states density, a preferential orientation, an efficient charge extraction and an enhanced stability. A PCE up to 9.61% was reached by ITO/PEDOT:PSS/FASnI3 (PPA)/C60/BCP/Ag devices that retained 92% and 60% of their initial PCE after 1440 h of storage in a N2-filled glovebox and after 10h in air with a relative humidity of 60%, respectively.

In 2020, Wu and his group described the effect of 2-cyano-3-[5- [4-(diphenylamino)phenyl]-2thienyl]-propenoic acid (CDTA) on FASnI3 perovskite film and solar cells [100] . CDTA introduction in the perovskite precursor solution was proved to form a stable intermediate adduct and optimized the crystallization process that allowed the formation of a compact and uniform perovskite film with a preferential orientation. A large increase in carrier lifetime and a retarded permeation of moisture into perovskite crystals were found with the addition of CDTA. These benefits contributed to an ITO/PEDOT:PSS/ FASnI3/C60/BCP/Ag solar cell with a PCE of 10.1% thanks to enhanced VOC and FF. These devices retained 94% of their original PCE after a storage of 1000h in air with a relative humidity (RH) of 30%. This pretty high efficiency for a Sn-based solar cell, is not the current record. A paper published in March 2020 by Jiang et al. reported an ITO/PEDOT/PEA0.15FA0.85SnI3/ICBA/BCP/Ag solar cell that achieved an astonishing efficiency of 12.4% with an extremely high VOC of 0.94V via the use of indene-C60 bisadduct (ICBA) as ETL, PEA insertion and NH4SCN doping in FASnI3 perovskite [101] . The authors showed that ICBA suppresses the charge carrier accumulation at the perovskite/ETL interface caused by remote iodide doping. The shallower LUMO level of ICBA compared to PCBM reduced the interface carrier recombination. On the other hand, NH4SCN doping of the perovskite contributes to the diminution of defect states density inside the bandgap and then to the diminution of recombination within the perovskite layer. Once the final solar cells encapsulated, they were stored inside a N2-filled glovebox and retained 90% of their PCE after 4000h. This stability test is not a reliable indicator of the device stability due to both encapsulation and friendly storage environment provided by the glovebox [102] . This report, with a lead-free PSC above 10% is very encouraging for the future of lead-free PSCs. However, the performances of Sn-based perovskite solar cells remain much lower than that of their Pbbased counterparts.

Aside from their lower efficiency, lead-free Sn-based PSCs suffer from severe intrinsically low stability [79,[START_REF] Dang | Tao X[END_REF]104] . The main issue is the low redox potential of Sn 2+ . Indeed, after exposure to ambient air, Sn 2+ tends to oxidize to Sn 4+ very easily, a behavior which is accelerated by heating [105] . This oxidation causes a progressive loss of opacity of the perovskite film and an absorbance reduction. It is also responsible for the low efficiency of the cells causing a strong p-type doping leading to high dark-carrier concentration and photocarrier recombination.

Thanks to the limitations in lead-free Sn-based hybrid halide perovskite solar cells, leadless Sn-Pb-based PSCs started to be investigated with the expectation of getting more stable and efficient devices. In the following sections, we discuss the theory of these materials as well as their properties and their progress through optimization of the deposition method (one-step method, two-step method, dripping method and vapor-assisted method), the incorporation of additives, and the study of different charge transport layers. [106] . By increasing the Sn content, the optical bandgap was decreased (from 1.51eV for MAPbI3 to 1.1eV for MASnI3) and the absorption onset was increased up to 1060nm for 70% of Sn, corresponding to a 260 nm red shift compared to MAPbI3 perovskite (Figure S2). By changing HTL for P3HT to match correctly the energy levels, an efficiency of 4.18% was achieved. The same year, Zuo et al. reported the effect of Sn 2+ substitution on perovskite films deposited by solution-cast method onto PEDOT: PSS layer [START_REF] Zuo | Th. Pauporté, Lead-Less Halide Perovskite Solar Cells[END_REF] . The additions of 15% Sn in MAPb1-xSnxX was found to markedly increase the crystallinity of the perovskite film and to offer a dynamic morphological modulation allowing a 97% coverage of the perovskite film with excellent continuity and large crystal domains onto the PEDOT: PSS layer. It suppressed the charge recombination centers and improved the charge transport. With this method, they achieved a promising efficiency of 10.1% with a Jsc as high as 19.5 mA/cm². In 2015, a theoretical study was carried out by Mosconi and co-workers on the electronic and optical properties of Sn-Pb lead-less PSCs [START_REF] Mosconi | [END_REF] . This study showed that with a continuous increase of Sn percentage comes a continuous red-shift and an increase in optical absorption according to the Vegard's law along with an increase of energy level and transport properties, which are in good agreement with experimental studies [109] . Also, it was demonstrated that 50 The Sn:Pb ratio is not the only parameter that affects the optical properties of lead-less perovskite solar cells, A cations also influence it, especially the perovskite bandgap. In 2017, Prasanna et al. revealed the possibility to tune the bandgap of Sn-Pb hybrid perovskite via A cations engineering [110] . Two competing mechanisms were unveiled. The first was the tilting of MX6 octahedra when substituting FA cation by Cs, causing an increase of the bandgap. The second was the lattice contraction upon partial substitution of FA by Cs, leading to a progressive decrease of the band gap. The first occurred for Pb perovskite and the second for Sn perovskite.

By controlling the A cation composition, the bandgap tuning of Sn-Pb lead-less PSCs was then possible (See Figure 3).

2D Sn-Pb lead-less PSCs properties were investigated as well. In 2016, Mao et al.

reported the role of organic counterion by studying two different organic spacers: histammonium (HA) and benzylammonium (BZA) that formed (HA)Pb1-xSnxI4 and (BZA)2Pb1-xSnxI4 perovskites, respectively [111] . Depending on the organic counterion employed, the systems exhibited varying band gaps trends due to the geometric distortion of the layers. BZA induces an important distortion in the system leading to lower bandgaps than pure Sn (between [112] . They calculated that I -substitution by Cl -or Br -enlarges the bandgap, with Cl - having a greater impact compared to Br -. However, they also calculated that I -substitution with Cl -or Br -decreases the carrier mobility and then the performance of the devices. Besides, the calculated spectra showed a blue-shift with Cl -and Br -substitution with a decreased absorption 

𝑉 𝑂𝐶,𝑙𝑜𝑠𝑠 = 𝐸 𝑔 𝑞 ⁄ -𝑉 𝑂𝐶 , (4) 
where Eg and q are the optical bandgap of the perovskite and the elementary charge respectively.

It is caused by high trap density of the perovskite layer and improper energy level matching between the different layers [113,114] .

Deposition methods

Different techniques are commonly used for the deposition of hybrid halide films for perovskite solar cells. The main of them are one-step solution method, two-step solution method, dripping/quenching method and vapor deposition method. Those techniques are employed for either lead-free PSCs or lead-less PSCs.

One-step method

The one-step method consists in dropping the perovskite precursor solution onto the substrate prior to spin-coat it and finally anneal the substrate to form the perovskite layer. Different parameters can be changed such as the solution and the substrate temperature.

In 2017, the fabrication of a MAPb1-xSnx film on a PEDOT:PSS/NiOx bilayer via a one-step combined to a hot casting method was reported [115] . This method consisted in heating the precursor solution at 60°C, dropping it onto the substrate heated at 180°C, starting the spinning and finally annealing the perovskite layer at 100°C for 10 min (See Figure S3a). By this technique, large micron-sized grains with an excellent coverage were formed (See Figure S3b).

Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 After optimization of the Sn percentage, the devices achieved a PCE of 10% with a high Voc of 0.767 V, approaching the prediction of their S-Q model thanks to the micron-sized grains.

However, the stability was quite poor, the PCE being reduced by 10% -9% in only 50 min (the storage condition was not precised).

Two-step method

In this technique, a PbI2/SnI2 solution is first spin-coated on the substrate and dried. Then, the solution containing the cation and halide, such as MAI, CsI etc, is dropped onto the previous layer. The classical annealing for the perovskite growth is finally performed.

In 2016, Li et al. published a paper explaining how to fabricate high-quality MASn0.5Pb0.5I3 film perovskite films via a two-step a method onto a PEDOT:PSS layer to finally make an ITO/PEDOT:PSS/MASn0.5Pb0.5I3/C60/BCP/Ag device [116] . It consisted in spinning the hot precursor solution right after its deposition and let it dry naturally for 1h inside a N2-filled glovebox. After this, MAI in isopropanol solution was dropped onto the film which was then annealed to form the final perovskite film. With this technique, a compact film with low roughness (around 15 nm) and good coverage was formed compared to a MASn0.5Pb0.5I3 layer made by one-step method. The cells showed up an average PCE of 12.3% with a champion cell reaching 13.6% with a very high mean Jsc of 24.9 mA/cm². Regarding the stability, cells kept inside a N2-filled glovebox retained more than 90% of their initial PCE after 120h. The same year, Liu et al. reported the key role of dimethyl sulfoxide (DMSO) while fabricating MAPb(1-

x)SnxI3 perovskite thin films via a two-step method [117] . They revealed that the natural evaporation after the spin-coating of the PbI2/SnI2 precursor solution is extremely important to with a champion cell at 13.93%. The year after, Liang and co-workers fabricated an allinorganic CsPb0.9Sn0.1IBr2-based perovskite solar cell [118] via a two-step deposition method.

First, the precursor solution (PbBr2 and SnBr2 mixture) was spin-coated and dried. After this, the film was dipped in a methanol solution of CsI salt, rinsed with isopropanol and finally heated on a hotplate at 350°C. By using this solution-phase process, they achieved a high PCE of 11.33% and a very high VOC of 1.26V explained by the excellent energy band positions and a correct bandgap of 1.76eV. Despite being a full inorganic perovskite-based device, the cells had a very good stability thanks to the use of a carbon electrode that allow the cells, once encapsulated, to retain 100% of their initial efficiency after more than 3 months of storage at room temperature and for more than 2 weeks at 100°C. This is very promising for the future of all-inorganic perovskite-based devices which usually suffer from their lower efficiency and stability compared to their hybrid organic-inorganic peers even if for the lead-less applications, the substitutions ratio is quite low.

Dripping/Quenching method

This method consists in dropping an antisolvent during the spin-coating of the perovskite precursor solution to form the perovskite or a perovskite precursor structure. The antisolvent, when mixed with the solvent, reduces the precursor solubility and produce its precipitation. The film is then annealed to allow the grains growth and generate the final perovskite film.

In 2016, Liao and co-workers reported the fabrication of PSCs using (FASnI3)1-x(MAPbI3)x absorber [119] . They spin-coated the precursor solution constituted of FASnI3 and MAPbI3 mixed with different molar ratios and dripped diethyl ether during the spin-coating and annealed the thin films [120] . They first compared the grain size of the perovskite polycrystalline films. Onto a PEDOT:PSS layer, just by switching from the dripping method to the two-step one, the average grain size increased from 200nm to 300nm. However, by changing the HTL by poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA), large grains with 1µm diameter and vertically aligned grain boundaries were achieved. A better crystallinity of the perovskite films was also found for this HTL. By measuring VOC values under various light power densities (I), the authors calculated the ideality factor (nID) of each perovskite fabricated using the following equation:

qVOC = Eg + nIDkT ln(I/I0) (5) 
with q the elementary charge, k the Boltzmann constant, T the absolute temperature and I0 a constant with the same unit as I. They always found that the two-step method gives a lower nID, indicating less Schockley-Read-Hall recombinations. A nID as low as 1.2 was obtained with PTAA, proving lower trap density and so better film quality in this case. Device scheme and associated J-V and external quantum efficiency (EQE) curves are shown in Figure S5. Devices made using a two-step method exhibited better performance than the one made with a dripping method. The former combined with PTAA HTM gave an efficiency of 13.6%. This device retains 80% of its original PCE after 30 days of storage in a N2-filled glovebox, which is a quite poor stability regarding the friendly storage environment employed. This study is one of the rare cases in which dripping method achieved lower efficiencies than the two-step one.
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Vapor deposition methods

Vapor deposition is possible for perovskite materials due to their low melting point. The main advantages of the vapor deposition methods are their scalability and harmlessness for the underlying layers. Two techniques have been widely employed for vapor deposition: vaporassisted method and thermal evaporation. They both allow the formation of compact, uniform and smooth films and can lead to devices with high efficiencies.

In 2016, Zhu et al. developed a vapor-assisted method using DMSO vapor during annealing to control the morphology of the Pb-Sn perovskite layer [121] . As explained above in section 2.3.2, first, MASnxPb1-xI3 perovskite was deposited and then the substrates underwent a specific annealing treatment. It consisted in a first annealing for 1h at 100°C followed by a 1h long second one at 100°C during which the substrate was covered by a glass petri dish. At the beginning of this second annealing treatment, a drop of DMSO was added onto the hotplate to create a DMSO saturated vapor atmosphere inside the petri dish and then realize the solvent vapor-assisted method. Figure 4 shows XRD measurement as well as SEM cross-sectional and top views of the MASnxPb1-xI3 films with and without DMSO vapor-assisted annealing. The XRD patterns showed no clear change so the DMSO-vapor method did not change the crystallinity of the perovskite film. However, it changed drastically the morphology as shown in Figure 4(A2) to 4(B5). The perovskite film had larger grains with no apparent surface defects (See Figure 4(A6) and 4(B6)), with no pinholes and some grains going through the entire thickness of the layer. These differences are due to the interaction between DMSO molecules and the Sn-Pb perovskite. The authors conjectured a preferential attachment of DMSO to Sn, leading to a breaking of Sn-I bonds, creating PbI6 4-octahedra causing the rearrangement of Sn and Pb-centered octahedra and grains growth (See Figure 4C). They even suspected DMSO to act as a surfactant, promoting the grains formation with no surface defects. Using this technique, they achieved an average efficiency of 9.95% with a record cell reaching 10.25%, then

Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 improving the performance by more than 3% absolute compared to the classic annealing technique without DMSO. More recently, the fabrication of large-grains MAPb1-xSnxI3 perovskite solar cells using both thermal evaporation and chemical vapor deposition (CVD) techniques was reported [122] . First, Pb/Sn materials were thermally evaporated on a TiO2-coated ITO glass. Then after, the substrates were transferred into a tubular CVD furnace in which MAI powder was spread so reaction between Sn-Pb and MAI occurred, and the perovskite film was formed. This process was shown to take place at 185°C. During this step, a yellow (Pb/Sn)I2

intermediate phase formed about 20 minutes before to react once again with MAI to produce the final CH3NH3Pb1-xSnxI3 perovskite film. The process is summarized by the following reactions:

2CH 3 NH 3 I + Pb/Sn → (Pb/Sn)I 2 + 2CH 3 NH 2 + H 2 (6) 
PbI 2 /SnI 2 + CH 3 NH 3 I → CH 3 NH 3 (Pb/Sn)I 3 (7) 
Once the reactions were over, the perovskite layer surface was treated with isopropanol containing poly(4-vinylpiridine) (PVP) by spin-coating inside a N2-filled glovebox to passivate the perovskite surface. With this unique method, high-quality films of Sn-Pb mixed perovskite with large grains over 5µm were fabricated. It is important to note that mixed perovskite prepared by this method exhibited a better crystallinity than Pb-pure or Sn-pure perovskite. By changing the Sn-Pb mixture ratio, optoelectronic properties such as absorbance, photoluminescence and charge carrier lifetime were greatly affected like in conventional solution-based method. After optimization of the Pb:Sn ratio to 38:62 (wt%), the best cell exhibited an efficiency of 14.04% with a high Jsc and fill factor of 25. [123] .

The perovskite layer was deposited via co-evaporation. A low champion PCE of 8.9% was obtained due important bulk recombination within the perovskite layer which resulted in low FF and VOC (53% and 0.677V respectively). Even if the attained efficiency was low, it is still important to know that a solvent-free process for the preparation of Sn-Pb PSCs exist

Use of additives in Sn-Pb mixed PSCs

One of the main techniques to enhance the performances of solar cells is to employ additives in the precursor solution. Common additives are elements for halogen substitutions.

In 2016, Tsai and co-workers reported the effect of tin chloride in MASnyPb1-yI3-xClx-based mesoscopic solar cells [124] . They found that SnCl2 participated in the crystallization of the perovskite at large concentration, modified the crystal structures by decreasing the symmetry and reduced the unit cell and also altered the optical and electronic properties. For example, they found anomalous evolution of bandgap and energy level with SnCl2 incorporation.

Consequently, the best energy level matching between the perovskite and charge transport layers was obtained for y = 0.75. After optimization with a SnF2 doping that is a very common doping for Sn-based PSCs [74][75][76][77][78][79][80][81][82] in order to suppress Sn oxidation and after the insertion of a NiOx layer between the MASn0.75Pb0.25I3-xClx film and the carbon electrode, the device achieved a champion PCE of 5.13%. Other halogen elements were tested such as bromide. In 2017, Lee et al. studied the effects of Br on MASn0.6Pb0.4I(1-x)Brx morphology and performance of devices [START_REF] Lee | Pauporté, Lead-Less Halide Perovskite Solar Cells[END_REF] for a future integration in a full perovskite tandem cell. To foster slow crystallization and then get big grains, they chose a low annealing temperature of 80°C, which is lower than the one reported in other studies, typically 100-130°C [116,120,[START_REF] Yang | [END_REF] . With the increase of Br content, they found an improved intensity of the XRD peaks without any additional peaks. It revealed an enhancement of the crystallinity and also the introduction of Br within the framework of perovskite, as found in classic MAPbI3 perovskite [127] . Br incorporation causes also a blue-shift of the absorption spectra. The bandgap of the perovskite increased from 1.24 eV to 1.32 eV for a Br content, x, varying from 0.2 to 0.8. These perovskites were tested in device and exhibited, for the perovskite with a Br content of 40%, a boosted efficiency of 12.1% which is a great improvement compared to the MAPbI3 perovskite that achieved only 9.2% in this study. This upgrade is due to the remarkable increase of the VOC and FF. Later, Li and co-workers studied Br incorporation in (FASnI3)0.6(MAPbI3)0.4 in order to reduce the saturation current by passivating the grain boundaries (GB) [128] . The open-circuit voltage can be described by the diode equation ( 5) [129] . Based on this equation, it is clear that by decreasing J0, that can be done by reducing the dark charge carrier recombination in the cell, the VOC, and then the overall efficiency of the cell, can be greatly enhanced. However, the major part of recombinations in the cell occurs at the grain boundaries. respectively which is a considerable raise of the efficiency compared to the pristine cell which achieved a PCE of 17.03%.

Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 Halogen elements are not the only ones able to positively impact Sn-based lead-less perovskite solar cells. In 2017, Liu et al. detailed the use of C60 to assist the crystallization of MAPb0.75Sn0.25I3 perovskite film during a two-step method deposition [130] . They revealed that by incorporating C60 in PbI2/SnI2 precursor solution, C60 wrapped itself around DMSO molecules due to the binding energy between both and then created a solvent shell, tuning the crystallization process and leading to thin films with a decreased pinholes density. After evaporation of the solvent during the annealing step, C60 molecules moved to the grain boundaries with a uniform distribution and passivated them. As a result of this passivation, the final devices had higher bulk and surface recombination lifetimes and a decreased charge trapstate density. Once the C60 additive concentration was optimized at 0.05 mg/mL, solar cells achieved a mean efficiency of 13.7% with enhanced JSC and FF owed to improved crystallization while the VOC was slightly decreased due to the deeper HOMO level caused by C60 introduction. These devices exhibited quite good stability with 100% of their initial PCE retained after 7 days of storage in ambient environment with a relative humidity (RH) of 30-50% and a temperature between 20-25°C. It was assigned to the low solubility of C60 in water and its resistance to oxidation at room temperature, preserving the grain boundaries and then the overall device. The same year, Xu et al. studied the effect of ascorbic acid incorporation in MASn0.5Pb0.5I3 compared to SnF2 [131] . Ascorbic acid was added to the precursor solution and found to retard Sn oxidation while modulating the perovskite crystallization by forming a complex. Using 10 mol% of ascorbic acid, the photogenerated carrier lifetime in the perovskite was increased, leading to a max efficiency of the final device of 14.01% with increased JSC, VOC and FF. As said above, ascorbic acid delays Sn oxidation, allowing a better stability for the device with 99% of the initial PCE value retained after 1-month long storage in a N2-filled glovebox. As a comparison, with SnF2 additive, only 63% of the initial PCE was retained.

Another well-known additive in perovskite solar cell field is thiocyanate (SCN). Many papers have reported bigger grains and improved film morphology with the introduction of SCN in Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 20 lead-less [132] or pure-Pb based PSCs [133,134] . Recently, Lian et al. reported the introduction of methylammonium thiocyanate (MASCN) as a bifunctional additive to produce high-quality FAPb0.7Sn0.3I3 film via a two-step method [135] . By introducing the optimized amount of MASCN (0.25), perovskite films with larger grains, high crystallinity and low trap-density were made by suppressing the crystallization of metal iodide film thanks to the strong coordination between SCN -and metal iodide leading to a better charge transport and decreased non-radiative recombination. MASCN was also found to prevent oxidation of Sn, then providing a way to stabilize the precursor solution (it is stable for 120 days) and for solar cells treated with it. These efficiency cells to integrate it in an all-perovskite tandem solar cell [136] . GuaSCN was directly added to the perovskite precursor solution. This solution was spin-coated at 5000 rpm for 30s with a dripping of toluene onto the spinning substrates. It was demonstrated that GuaSCN, with an optimized content of 7%, improves the film morphology by forming bigger grains, reducing pinholes density, making more compact layers (See Figure S7a and Figure S7b), reducing defect states in bulk, surface of grains and grain boundaries. Figure S7c shows a high-resolution transmission electron microscope (HRTEM) image of GB with 7% GuaSCN addition. A 2D structure created by the addition of GuaSCN can be seen and is confirmed by the time-of-flight secondary ion mass spectroscopy (TOF-SIMS) tomography presented in Figure S7, revealing that GuaSCN tends to segregate to GB. Such 2D structure passivates the GB with its wider In 2020, a new record of 20.63% was achieved by Zhou and co-workers by using guanidinium bromide (GABr) additive [137] . By leading XRD measurements, the authors found a slight shift of the reflection peaks at low angle, synonym of an expansion of the unit cell 

devices

Influence of the charge transport layers (CTL)

As said above in section 2.2, mismatching between the energy levels of CTLs and perovskite layers can cause large VOC deficit and a decrease in the efficiencies of the photovoltaic devices. The interface between these layers is also a crucial point. Different factors highly depend on it, such as density of recombination centres, charge transport mobilities and extraction, perovskite crystallization and growth if the studied layer is the one above the perovskite film etc. It is then vital to understand the effect of each material usable as electron transport layer (ETL) or hole transport layer (HTL) to have a final optimized solar cell.

ETL

The ETL, is an important component of classical lead-PSCs [11] . For the direct structure, TiO2

is the most popular one [12,[START_REF] Ulfa | Pauporté T[END_REF] along with the SnO2 one [START_REF] Ulfa | [END_REF] . Sn-Pb lead-less PSCs are usually fabricated in an inverted structure (See Figure 1) as it can be seen in Table 1. Therefore, ETL is not as studied as perovskite layer engineering and HTLs since it does not influence directly the perovskite growth and thus the possibility to achieve higher PCE just by doing ETL engineering is rather low. However, some groups have obtained interesting results by working on this device component. In 2018, Kapil and co-workers realized a perovskite solar cell with a spike structure, i.e. a conduction band offset (CBO) between the perovskite layer and the ETL by inserting an intermediate layer, in order to achieve higher efficiency through a higher VOC [140] . Such a structure was already used in Cu(In,Ga)Se2 (CIGS)-based solar cells [141,142] and was theoretically proved to work in PSCs in 2015 by Minemoto [143] et al. and applied by others [144] . Here, they inserted a thin PCBM layer (5 mg/mL in o-dichlorobenzene) between the FA0.5MA0.5Sn0.5Pb0.5I3 layer and the C60 layer that led to a CBO of 0.15 eV and resulted in an enlargement of the VOC from 0.67V to 0.75 V for an overall efficiency of 17.59% (compared to 14.18% for solar cells without PCBM layer). More recently, Liu et al. developed a method to reduce the VOC loss by introducing a zinc oxide (ZnO) layer by spin-coating between the PCBM ETL and the Ag electrode to suppress silver diffusion [114] . Scanning transmission electron microscope (STEM) and energy dispersive spectrometer (EDS) images of Figure 6 proved the suppression of Ag diffusion within the perovskite layer. No trace of silver was found in the perovskite layer with the insertion of ZnO, preventing silver ions to degrade the perovskite layer and to reduce the efficiency of the solar cell. The authors found a reduced trap density value for the film without Ag diffusion as well as a faster charge extraction since Ag diffusion caused a downshift of the conduction band (CB) of the perovskite, hindering electron transfer. All these benefits conducted to a boost of 0.2 V in VOC and 14.7% in FF, leading to a champion efficiency of 18.1%, which is to compare to the 11% PCE achieved without ZnO. A slight improvement of the stability was also obtained with the ZnO interlayer, but the devices were still highly unstable as 20% of the initial PCE was lost after only 30 days of storage inside a N2-filled glovebox.

HTL

The hole transporting layer (HTL) is very important in PSCs for hole extraction and transport as well as for the blocking of electrons [145][146][147][148] . This layer has attracted most attention from the community of lead-less PSCs since it does not only affect the charge extraction but it also affects the perovskite crystallization and thus the perovskite optoelectronic properties since it is usually the bottom layer due to the inverted structure employed to fabricate Sn-Pb lead-less PSCs (Figure 1). The common HTL present in Sn-Pb PSCs with inverted structure is PEDOT:PSS [116,120,128] but, due to its strong acidity, it degrades the anode interface [149] . Also, [137] . Indeed, EMIC was proved to effectively reduce the charge trap density, to extend the charge carrier recombination lifetime, to increase the electrical conductivity and to lower the work function of PEDOT:PSS layer [150] .

its
Instead of using additives to improve PEDOT:PSS, other groups replaced it by other materials.

In 2018, Shao and co-workers reported the use of PCP-Na, a neutral pH anionic conjugated polymer with alkylsulfonate side group as HTM which was deposited by spin-coating [151] .

Numbers of interesting beneficial properties were found: (i) a slightly higher electrical conductivity and higher crystallinity than PEDOT:PSS, allowing a better charge extraction. (ii)

A higher transparency in the 420-530nm range, reducing the photon loss for the perovskite layer.

(iii) A pinhole free perovskite film on top of PCP-Na layer leading to a lower leakage current, a better built-in potential and a decreased interfacial and bulk recombination. These advantages conducted to an enhancement of VOC and JSC of 0.3V and 2 mA/cm², respectively, and to passivation of the TiO2 HTL surface by a carboxylic acid fullerene monolayer in a normal architecture [153] . This report is one of the very rare study on Sn-Pb lead-less PSCs with a normal device structure due to their lower efficiency compared to the one based on an inverted structure.

The authors unveil the reason behind this inferior performance using an FTO/c-TiO2/m- A summary of the results obtained in the literature for Sn-Pb PSCs as a function of Sn at.% is provided in Table 1. From the above discussion, Sn-Pb lead-less PSCs seem very promising for the more environment-friendly perovskites with a recent record efficiency as high as 20.63%.

However, it is obvious that these devices are still too air-sensitive and that their degradation is still too fast to be a reliable solution for the future. Even if good progress has been made on this subject, more studies should be implemented to boost the stability of this system.
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Sr-Pb based lead-less PSCs

Sr is an alkaline-earth-metal belonging to group 2. In 2016, Pazoki et al. studied, via DFT calculations, the possibility for alkaline-earth elements to form a perovskite structure [154] .

They indicated the potential for these materials to form such a structure and then their potential use in PSCs. In the case of strontium, the ionic radius of Sr 2+ is very close to Pb 2+ at 132 pm and 133 pm respectively, and its orbital symmetry allows the same coordination to iodide as Pb 2+ [155] . However, due to their inappropriate bandgap (3.6 eV for MASrI3), alkaline-earthmetal-based lead-free PSCs are not good candidates as light absorber but more as electron/hole transport materials. On the other hand, the partial substitution of Pb by an alkaline-earth-metal in order to fabricate lead-less PSCs appears as an attractive approach. The most appealing and studied of these elements is Sr.

One of the first report studying Sr substitution in PSCs was published by Kai et al. in 2015 [156] . They synthesized a MASrxPb1-xI3 perovskite film via a one-step method for an FTO/c-TiO2/m-TiO2/MASrxPb1-xI3/Spiro-OMeTAD/Ag solar cell. The authors showed that the introduction of Sr resulted in a loss of 71.5% of the original PCE for a 10% Pb substitution. In 2017, Lau and co-workers developed a low-temperature process at 100°C to fabricate CsPb1-xSrxI2Br PSCs via a vapor-assisted deposition method [157] . With Sr incorporation, the morphology of the perovskite film was drastically changed. Indeed, for CsPbI2Br perovskite, the film was composed of densely packed small grains (due to the lower temperature of the process), but with Sr incorporation, the perovskite film was composed of "snowflakes" like structures with smoother and Sr-enriched surfaces (See Figure S9). Sr-substitution was found to enhance the absorption without affecting the absorption onset as long as the Sr percentage was lower than 5%. For Sr percentage being 1 or 2%, a passivation effect was proved leading to a better effective recombination lifetime of the charge carrier. FTO/m-TiO2/c- Encapsulated devices were kept in the dark at 25°C and with a RH<50% and an increase of efficiency was found after 1 week due to P3HT oxidation. After that, the devices remained stable. This stability test is not very demanding in view of the rather short duration time, the friendly environment and the encapsulation. The same year, Shai et al. achieved ITO/c-TiO2/m-TiO2/MASr0.05Pb0.95I3-xClx/spiro-OMeTAD/Au solar cells with a high efficiency of 16.3% [45] .

By incorporating 5 mol% Sr, an up-shifting of the perovskite conduction band edge energy level was found, that led to an enhanced output voltage; an enhanced exciton binding energy and trap density states, reducing ultimately the JSC of the final devices. Regarding the morphology of the perovskite film, smaller grains with a more compact morphology were observed with Sr incorporation compared to the original pure-Pb perovskite. All these properties led to a device with a PCE of 16.3%, slightly lower than the 16.7% achieved for the pure-Pb PSCs due to a decreased JSC but with a higher VOC of 1.11 V (compared to 1.07V). The authors also proved an enhanced air and thermal stability, but these ones were still low: only 70% of the initial PCE was retained for the encapsulated devices after 120h in a baking box at 80°C and a loss of 5% of the original PCE was observed after only 140h in a N2-filled glovebox for unencapsulated devices. In 2018, Wu et al. studied the partial replacement of lead in PSCs by different alkaline earth metals [158] . Most experiments were conducted on Ba substitution, but they also studied different Sr doping percentages in FTO/TiO2/MAPb1-xSrxI3/spiro-OMeTAD/Ag solar cells. Averages efficiencies of 10.6%, 6.5%, 4.3% and 1.1% were achieved for x equal 0.01, 0.02, 0.05 and 0.1 respectively, all lower than Pb-based devices. In the meantime, Zhang and co-workers developed lead-less mesoscopic PSCs with enhanced performance by SrCl2 substitution [159] . Consistently with reports above, reduced grain size with increasing Sr percentage was proved by the authors. Also, a reduction of the excess of PbI2 in the perovskite film with Sr incorporation was observed, synonym of a complete reaction of the perovskite with Sr substitution. perovskite formation via dripping and two-step methods in an FTO/c-TiO2/m-TiO2/MAPb1-xSnxI3/spiro-OMeTAD/ Au solar cell architecture [160] . For the dripping method, the authors tested Sr substitution up to 5 mol%. They revealed a decrease of the perovskite film coverage, an increased pinhole density and defect density with a drastic deterioration of the film with Sr percentage superior to 2%. However, Sr substitution did not change the crystal lattice but improved the crystallinity of the perovskite. For Sr substitution from 1% to 5%, lower efficiencies than pure Pb-based PSCs were achieved with an important decrease for Sr > 2%, which reflected the poor film coverage. For the two-step method, Sr amount from 0 to 20% were tested. Sr percentage was found to strongly impact the perovskite morphology with this deposition method. Dendritic, rods and uniform structures were obtained for Sr amount of 5%, 10-15% and 20% respectively. Contrary to the dripping method, no difference in coverage was observed but smaller grains were obtained. With an optimized substitution level of 10%, defect density and non-radiative recombination were reduced, allowing enhanced VOC and FF, leading to a PCE up to 15.52% instead of 13.57% for the pristine solar cell. In 2020, Li and co-workers developed a specific ETL by fabricating an original TiO2 nanorod array (TNRA) for high efficiency Sr-Pb lead-less PSCs [START_REF] Li | Pauporté, Lead-Less Halide Perovskite Solar Cells[END_REF] . A similar TNRA was already used in the past by Zhang et al. in 2015 [START_REF] Zhang | Pauporté T[END_REF] . This nanorod array was made by a hydrothermal method, consisting in plunging TiO2 seed crystals-coated substrates in a mixture of HCl, distilled water and titanium butoxide, placed at 180°C for 80 min, then rinsing with clean water and finally annealing 30 minutes at 500°C. Thanks to its high specific surface area (see Figure 7), the nanorod array ETL provided of Sr substitution on the humidity and thermal stability of the FTO/c-TiO2/m-TiO2/MAPb1-xSrxI3-yCly/spiro-OMeTD/Au perovskite solar cells [163] . Lead substitution by 10% SrI2 and SrCl2 were studied, the devices being named SI10 and SC10, respectively. For the humidity stability, different storage conditions were tested: 20°C with 5, 30 and 50% RH. On one hand, SI10 devices were found the most sensitive to water as they formed hydrates at grain boundaries that increased series resistance (RS) and diminished recombination resistance (Rrec). On the other hand, SC10 exhibited very good humidity stability with only a slight deterioration in resistances and performances over 21 days due to passivation of grain boundaries by SrCl2. For both substitutions, the decomposition rate of the perovskite under humidity was slowed down due to a lower formation of Pb 0 . Regarding the thermal stability, thermal cycles of 2h at 85°C with 15% RH followed by a cool down at RT for 1h were done. After 18 cycles, SC10 and SI10 retained more than 90% of their initial PCE versus only 80% for pure Pb-based PSCs. The better thermal stability of Sr-based devices is assigned to a doubled Rrec, during the thermal cycles leading to an effective diminution of recombination within the perovskite. With this report, Zhang et al. proved the benefits of Sr-substitution in PSCs not only regarding the leadreduction for environmental purpose but also for the enhancement of the devices that we know to be also a major issue.

a
Diverse reports, using Sr as additive, have also been published these last years and are sometimes depicted as articles on lead-less perovskite solar cells. However, it is important to Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 note that, in these cases, Sr is not a substitute for lead but only an additive. In the following paragraph, we depict some of these works to complete the state-of-the-art of Sr use in PSCs, but we do not mention them as lead-less Sr-Pb PSCs.

In 2016, Pérez-del-Rey and co-workers reported the use of SrI2 and SrCl2 as additives in perovskite precursor solution [164] . developed an HTL-free fully printable PSCs with SrCl2 additive [165] . By using 10 mol% of SrCl2, the perovskite crystallization process was tuned to facilitate the formation of a denser film with inhibited defect generation and substantially enhanced optoelectronic properties and performances of the devices. Complete FTO/c-TiO2/m-TiO2/MAPbI3(SrCl2)0.1/m-Al2O3/carbon device reached an enhanced PCE of 15.9%, retained at 90% of its initial value after 1000h of illumination, which is an improvement of 22.3% compared to the efficiency achieved by undoped perovskite-based cells. More recently, Caprioglio et al. published the fabrication of inverted PSCs with Sr addition reaching a high VOC of 1.18V [166] . Sr was found to segregate at (Rb0.05(-Cs0.05(MA0.17FA0.83)0.95)0.95)Pb(I0.83Br0.17)3 perovskite surface causing a beneficial drastic reduction of non-radiative recombination at the perovskite/C60 interface. This reduction resulted from the combination of two effects of Sr addition: a preferential n-doping of the perovskite surface and the formation of a space-charge region combined with a locally larger band gap reducing the access of photogenerated holes to the perovskite surface. The PCE was enhanced from 19.4% to 20.3% with 2% Sr addition for ITO/PTAA/(Rb0.05(-Cs0.05(MA0.17FA0.83)0.95)0.95) Pb(I0.83Br0.17)3/C60/BCP/Cu solar cells.

In summary, construction of high efficiency Sr-Pb lead-less PSCs with a high rate of Sr substitution appears to be more difficult than Sn-Pb PSCs because Sr affects the perovskite film morphology as soon as Sr percentage exceeds 5 to 10%, depending on the architecture and the deposition method. However, Sr substitution seems to be a good way to enhance the stability of PSCs, making Sr an interesting material. More attention should be devoted to deposition method and transport layers to counter the undesired effects of Sr on perovskite morphology.

Developing ternary systems with Sr, Pb and another compatible element could also be an interesting approach for the development of Sr-Pb lead-less PSCs. All the literature results on the substitution of Pb by Sr are summarized in Table .2.

Other substitutions for lead-less PSCs

Other group 2 elements (Ba and Ca)

Sr 2+ is not the only alkaline-earth-metal available to partially replace lead in PSCs (See Figure 2). Ba and Ca cations have the same valence as Pb 2+ and an ionic radius of 149 pm and 114 pm (133 pm for Pb 2+ ), respectively. They meet the requirements regarding the tolerance and octahedral factors to form a perovskite structure. In this subsection, Ba and Ca substitutions in PSCs are discussed.

An interesting paper detailling the crystal structure, stability and optoelectronic properties of lead-free CH3NH3BaI3 was published in 2016 by Kumar et al. showing the effect of Ba on the perovskite material [167] . However, it will not be detailed in this review as our focus is lead-less perovskites. In 2017, Chan et al. reported the effect of diverse alkaline-earth-metal cations on PSCs optoelectronic properties with a focus on Ba 2+ substitution [168] . They tested Mg 2+ , Ca 2+ and Sr 2+ cations with a substitution level up to 10% but all the resulting devices showed lower or equivalent (for the best) efficiencies. They noticed interesting properties for Ba 2+ -based PSCs. For a Ba 2+ concentration of 3%, the authors found an improved coverage, along with an improved crystallinity and a decreased roughness of the perovskite film. These When the cells were stored in a N2-filled glovebox with the purification system turned off allowing a RH of 1%, they retained 75% of their initial PCE after 700h, against only 40% for the pure-Pb-based devices (See Figure S10), which represent a great improvement. The year after, Wu and co-workers studied the effect of strontium and barium substitution in a FTO/TiO2/MAPb1-x(Bax/Srx)I3/spiro-OMeTAD/ Au solar cell [169] . As already reported [168] , a decreasing bandgap with increasing Ba 2+ amount was observed. They also found a poor coverage with a too high Ba concentration. Nevertheless, contrary to the report above, Ba and Sr substitution was found to decrease the efficiency of the cells. More recently, Xiang et al.

developed a lead-less solar cell based on CsPb1-xBaxI2Br perovskite [START_REF] Xiang | Hagfeldt A[END_REF] . Due to the larger ionic radius of Ba 2+ , an expansion of the unit cell was found by XRD. The authors found that Ba did not incorporate into the perovskite lattice through Pb substitution but segregated into Ba-based non-perovskite phase which changed the I/Br ratio in the perovskite phase, leading to a better film quality. Inhibition of non-radiative recombination was proved upon Ba 2+ addition, allowing a higher output voltage of the final device. After optimization of the amount of Ba 2+ to 20%, solar cells with an FTO/c-TiO2/m-TiO2/CsPb0.8Ba0.2I2Br/spiro-OMeTAD/Au architecture reached a PCE of 14% with an overall improvement of photovoltaic parameters compared to the pure-Pb device that achieved only a 11.1% PCE. Other publications, such as the one by Zhang et al. [171] used barium as additive in PSCs as there was no substitution the lead-content was not reduced. They will not be detailed here. [172] , Ca-based perovskites possess low mobility and high bandgap (≈ 3.5 eV), making them unsuitable for PSCs. Nevertheless, it is interesting to describe related works. In 2017, Wu and co-workers replaced PbCl2 by CaI2 in MAPbI3 perovskite [173] . With 1 mol% of Ca, the roughness of the perovskite film was decreased and an enhancement of all the photovoltaic parameters (JSC, VOC, FF) was proved, leading to a champion PCE of 12.9%, compared to 10.7% for the pristine PSCs. More recently, Lau et al.

reported the influence of Ca 2+ substitution on fully-inorganic CsPbI3 PSCs [174] . They proved the stabilization of the CsPbI3 phase with Ca 2+ . A reduction of colloids in the precursor solution led to a more uniform distribution, larger grains and smoother films and consequently to a higher VOC and FF. In addition, a Ca oxide layer was formed at the surface of the perovskite film, having a passivation effect and causing an improvement of the carrier lifetime with the better morphology of the perovskite film. After adjusting the Ca concentration to 5%, the resulting FTO/c-TiO2/m-TiO2/CsPb0.95Ca0.05I3/P3HT/Au achieved a PCE up to 12.6%, which represented an improvement of 18.9% compared to the pristine cell. With the addition of a

MgF2 anti-reflection coating on top of the cell, the PCE reached 13.5%.

Based on the aforementioned results, alkaline-earth-metal cations influence mainly the morphology of the perovskite layer, but these effects are beneficial only for low amount of substitution. To be a reliable possibility for the future, further work still needs to be done on these materials.

Transition metals (Cu, Co, Ag and Mn)

Transition metals are very abundant materials on earth. It looks like that some of them, with ionic radii smaller than Pb, can form perovskite structures such as copper (87 pm), cobalt (88 pm), silver (108 pm) or manganese (97 pm) (See Figure 2). Due to their stable valence Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 34 states and same number of valence electrons as Pb, these transition metals are good candidates for lead substitution. From these observations, some researchers tried to incorporate them in PSCs.

In 2016, Jahandar et al. reported the use of CuBr2 in the precursor solution to form MA(PbI2)1-x(CuBr2)x perovskite via a dripping method [46] . CuBr2 with DMSO formed a CuBr2-DMSO adduct in the perovskite precursor film under the dripping which was flowable during the annealing treatment, facilitating the reproducible formation of larger crystal grains in the perovskite film. Also, Cu doping was proved to increase the charge carrier density within the film and then improve the conductivity of the perovskite. An optimum concentration of 5 mol% was determined which improved the efficiency of the devices based on ITO/PEDOT:PSS/ MA(PbI2)1-x(CuBr2)x/PCBM/LiF/Al solar cell architecture from 13.18% to 17.09%, with consistent increase of JSC and FF. In 2017, Klug and co-workers studied the effects of Co substitution on MAPbI3-based PSCs [175] . The authors reported a tuning of Fermi level as well as valence and conduction band edges (VBE and CBE) of the perovskite along Co addition as can be seen in Figure S11. Using PEDOT:PSS as ETL, the optimum Pb:Co molar ratio to have a perfect band alignment between perovskite and PEDOT:PSS was found to be 63:1. Another interesting feature of Co substitution is also the possibility to control the crystal structure transition from cubic to tetragonal at room temperature. Indeed, for Pb:Co ratio from 15:1 to 63:1 the perovskite crystallizes with a tetragonal structure, when for a ratio of 127:1, the perovskite crystallizes in a cubic structure. Finally, with a Pb:Co ratio of 63:1, the authors achieved a champion PCE of 17.2%, better than the pure-Pb PSCs with a PCE of 16.6% due to higher VOC of 1.05V caused by the better band alignment between perovskite and PEDOT:PSS.

The same year, Chen and co-workers partially substituted Pb by Ag, leading to a reduced electron recombination, an improved film morphology and a PCE up to 18.4%, which is an increase of 2.4% absolute compared to the pristine PSC [176] . More recently, Liang et al. doped the all-inorganic CsPbIBr2 perovskite with Mn [177] . Various Mn amounts, x, were tested namely, should improve the light harvesting and thus should be beneficial for the device overall efficiency. However, a strange morphological behaviour was observed by the authors (See Figure 8). For the smallest x (0.005), vertical branches emerged on the perovskite surface. These branches pierced the carbon electrode of the device and increased the contact area, boosting the hole transfer. Nonetheless, when the Mn amount was superior, fewer vertical branches were observed and pinholes were present in the film, leading to an enhancement of the charge recombination and loss in efficiency. The maximum efficiency was reached for an x=0.005 and was equal to 7.36% for a solar cell with an FTO/TiO2/CsPb0.095Mn0.005I1.01Br1.99/carbon architecture, that is to compare to the 6.14% achieved without Mn. Once encapsulated, the devices retained 100% of their initial PCE after 300 h in ambient atmosphere, which is a tremendous increase compared to the undoped devices that started to decay after only 100h.

The same way as alkaline-earth-metals, transition metals exhibit very interesting and promising properties once substituted to Pb in PSCs, however, for these beneficial effects to occur, their amount must be low. Therefore, further work is still needed on these materials, but they seem promising, maybe not for pure "lead replacement" but for increasing efficiencies.

Also, if the stability of PSCs could be drastically increased by small substitution of lead by one of these metals, then it could still reduce the pollution of PSCs by increasing the lifetimes of the devices and then be a suitable solution for the future of this technology.

Group 12 to 14 elements (Zn, In, Ge)

Elements from group 12 and 13 (See Figure 2) have also been used for the partial replacement of lead but their ionic radii (88 pm for Zn 2+ and 94 pm for In 3+ ) are smaller than that of Pb 2+ . In 2017, Jin et al. developed MAPbI3 solar cells by partially replacing Pb by Zn [178] . They proved that Zn influences the crystallization process and grains growth and then, depending on the Zn concentration, the film morphology was improved or deteriorated in a dripping process. With increasing Zn%, grains became bigger but too much Zn also caused the appearance of cracks and pinholes in the layer, limiting the doping concentration at 3 at.% maximum. Enhanced absorbance and a slight downshift of the conduction and valence bands were also determined for a Zn amount of 3 at.%. With this optimized concentration, they achieved a PCE up to 18.2% with improved stability. As a comparison, the solar cells without Zn reached a PCE of 16.4%. Figure 9 shows the evolution of the photovoltaic parameters for unencapsulated cells stored in an ambient environment of 25-28°C with 30-55% RH.

Interestingly, the proportion of 3 at.% Zn was lately, in 2019, found to be the optimum value for MAPb1-xZnxI3 perovskite according to theoretical calculations [179] . More precisely, an amount of 3.125% should improve the absorbance and decrease the formation energy of the perovskite, thus leading to better photovoltaic performances.

Indium, although it has a trivalent cation In 3+ , can be used in PSCs to substitute partially lead as reported Wang and co-workers [47] . Their MAPb1-xInxI3-xClx-based PSCs exhibited high film quality with multiple ordered crystal orientations, which is beneficial for efficient charge transport along different directions within the perovskite layer. These multiple orientations were due to the stronger interaction between MA and inorganic cations. They also proved that

In addition caused a decrease in grain size along with a reduced pinhole density. Those benefits allowed an enhancement of all photovoltaic parameters once the In concentration was optimized at 15 at.%. Complete ITO/PEDOT:PSS/MAPb1-xInxI3-xClx/PCBM/Bphen/Ag solar cells then exhibited a PCE increase of 39% compared to the unsubstituted devices with a champion PCE of 17.55%.

Germanium belongs to the same group 14 as lead and tin and is thus a possible substituent for lead. Firsts use of Ge were reported in lead-free PSCs around 2015 but with very low efficiency [180,181] . Some studies continued to be done on this materials but a high efficiency was never reached [182][183][184] . Lead-free PSCs based on Ge gave no results due to the too large bandgap resulting in the collection of UV-light alone. Some groups focussed their attention to Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 the Pb-Ge lead-less systems. A complete theoretical study led by Sun et al. in 2016 detailed the optoelectronic properties and structural nature of MAPb1-xGexI3 perovskite regarding different amount of Ge (from 0% to 100%) [185] . They showed that the absorption of the perovskite increases with the amount of Ge while the bandgap decreases. In addition, a great improvement in charge transport properties and effective masses was calculated. Hence, mixed Ge/Pb MAPI3 perovskites could be great candidates for replacing pure Pb perovskites in PSCs. A theoretical maximum PCE of 24.24% was even calculated for MAGe0.75Pb0.25I3 perovskite. In 2018, Yang et al. fabricated an all-inorganic CsPb1-xGexI2Br perovskite in ambient air conditions at 50-60%

RH with enhanced efficiency and stability [186] . Upon addition of Ge, the authors observed smaller grains along with an increased cubic phase stability while pure Pb perovskite crystallized in an orthorhombic phase. According to the authors, this enhanced cubic phase stability could be due to two phenomena: the reduced crystal size with Ge substitution that induced lattice strain and the transformation of Ge 2+ into Ge 4+ that could form a passivation layer and increase the phase stability. Slight increase of absorption onset as Ge content increased was also determined, resulting in a lower bandgap with Ge addition. With an optimized amount of Ge of 20%, an increased absorption as well as a better effective recombination lifetime were achieved, allowing the final solar cells to reach a really high VOC of 1.27 V and PCE up to 10.8%, which represented an enhancement of more than 100% compared to the pure-Pb ones. The non-doped PSCs short-circuited after only 2h in ambient atmosphere with 50-60% RH but the Ge-doped devices retained the entirety of their PCE after 7h which is a very good improvement even if this small range of time doesn't well-reflect the real stability of the device. A PCE exceeding 10% for lead-less PSCs fabricated under ambient atmosphere is a very promising result for the future of lead-deficient perovskite solar cells.

However, one important limitation for Ge-Pb lead-less PSCs is the terribly poor solubility of GeI2 in solution with organic cations inside. With this observation, in 2020, Kim et the precursor solution with GeI2 [187] . They found that MACl remarkably increased the solubility of GeI2 leading to high-quality films by using a dripping method (See Figure S12). With GeI2 percentage, a decreasing roughness of the perovskite film surface and grain size were found due in part to the passivation caused by the segregation of GeI2 at GB. An astonishing increase of the carrier lifetime was also obtained with a lifetime of 18846 ns for 3% Ge thanks especially to a more specific orientation of perovskite crystals. Complete FTO/TiO2/SnO2/FA0.87MA0.13(GexPb1-x)(I0.9Br0.1)3/spiro-OMeTAD/Au device, with a Ge content of 3%, achieved a champion PCE of 22.09%, retaining 80% of its original value after 1 month at RT with 30-40% RH unencapsulated. This performance has to be compared to the pristine PSCs that achieved a PCE up to 21.27% and retained only 40% of its original value in the same conditions. The same GeI2 substitution was also conducted in a quadruple cations K0.03Cs0.05(FA0.87MA0.13)0.92(GexPb1-x)(I0.9Br0.1)3 perovskite-based PSCs and a PCE of 22.7% was reached using the same protocol.

Group 12 and 13 elements such as Zn and In seems less interesting for integration in PSCs according the result reported above. Nevertheless, Ge could be a promising solution to partially replace lead in PSCs regarding both efficiency and stability but efforts to increase its content still has to be done to compete with Sn.

Group 15 elements (Sb, Bi)

Antimony and bismuth, although being trivalent cations (Sb 3+ and Bi 3+ ), possess the requirements regarding the tolerance (Eq.1) and octahedral (Eq.2) factors, combined with a stable valence state. They can then be considered as substituents in perovskite structures.

Like Sn or Ge, Sb was first use in lead-free PSCs. Some developments were made over the years but the efficiency of Sb-based lead-free PSCS are low [188][189][190][191] . Some researchers then developed binary Sb-Pb lead-less PSCs. In 2016, Zhang and co-workers studied the effect of Sb substitution on MAPb1-xSb2x/3I3 PSCs [192] . They found a tunable bandgap from 1.55 eV to Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 39 2.06 eV for Sb content varying from 0 to 100% due to stronger Sb-I interaction. Interestingly, they noted no change in the crystal lattice size for Sb amount inferior to 10%. In this range, an upshift of the perovskite quasi-fermi level was determined, synonym of an improved electron transfer efficiency with notably a doubled diffusion length for 1% Sb. With this amount, they achieved the best solar cells with a PCE reaching 15.6%, resulting in an improvement of 19% compared to pure MAPbI3 PSCs. It is important to note that the authors did not precise the method used to fabricate the perovskite film, so the characteristics detailed above must be read carefully. The same year, Oku et al. also reported the influence of Sb on MAPb1-xSbxI3 PSCs properties [193] . By using a single-step method to form their perovskite film, they proved that Sb substitution increased the perovskite lattice and suppressed excess PbI2 formation. Contrary to the results by Zhang et al., an optimum concentration of 3% was found to give the best efficiency even if the same FTO/c-TiO2/m-TiO2/MAPb1-xSbxI3/spiro-OMeTAD/Au stack was employed as PSCs. With this Sb concentration and architecture and by using a single-step method for the perovskite layer preparation, a PCE up to 9.07% was achieved, representing an enhancement of 2.51% in absolute compared to the unsubstituted devices. The year after, Chatterjee and co-workers developed a modified two-step method to fabricate efficient ITO/NiOx/MAPb1-xSbxI3/PCBM/Al PSCs [44] . In a classic two-step method, MAI is dropped on a dried PbI2 layer (see section 2.3.2). The authors dropped MAI on a wet PbI2. They noted a major influence of the loading time, i.e. the time at which the second spin-coating step was started after the MAI dropping onto the wet PbI2 layer, on the residual PbI2 content and surface roughness of the final perovskite film. Figure 10 shows the influence of the loading time, noted τload by the authors, on residual PbI2 amount and perovskite film surface roughness for a Sb percentage of 8%. The loading time had a major impact on the surface roughness and residual PbI2 content, influencing the photovoltaic parameters of the final device. An optimized τload of 40s was found, which allowed the achievement of a PCE of 12.8% for MAPb0.92Sb0.08I3-based PSCs.

Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 40 Bismuth was also investigated in lead-free PSCs in double perovskite structures [91][92][93] or in Ag/Bi-based PSCs [95,96][194] . Partial lead substitution by Bi was evaluated in lead-less PSCs but few reports are available. An interesting one was published in 2017 by Hu et al. [195] who studied Bi incorporation in all-inorganic CsPb1-xBixI3 PSCs. Bi 3+ was proved by the authors to suppress the formation of the inactive yellow phase in CsPbI3 perovskite and to decrease the conversion temperature of the black stable phase to 100°C, leading naturally to a better stability of the final devices. By adjusting the Bi concentration at 4 mol%, better absorbance and stunning decrease of charge transport resistance were achieved, leading to a better conductivity.

Thanks to all these benefits, an improvement of 5% of the PCE was reached with a champion PCE for FTO/TiO2/CsPb0.96Bi0.04I3/CuI/Au solar cells of 13.21%. It retained 68% of its initial value after 168h of storage at 25°C with a RH of 55% due to the better stabilization of the black phase at room temperature.

In the same way as all the other elements presented in this section, group 15 elements seem interesting but suffer from the same problem: a too low content is needed to obtain beneficial effects. Furthermore, these materials seem to us less interesting than Ge or other materials presented in this review.

Ternary systems

Due to the numerous possible replacements for lead in PSCs, it is possible to realize ternary systems by mixing lead with two other elements. This kind of system has the advantage to combine diverse properties and counter some negative effects of precise material by mixing it with another one having the opposite effect, leading finally to a better final device. In 2018, Li et al. fabricated an innovative MAPb0.9Sn0.05Cu0.05I2.9Br0.1-based PSCs with a planar FTO/TiO2/perovskite/spiro-OMeTAD/MoO3/Ag structure [196] . By combining the effects of Sn 2+ and Cu 2+ substitutions that are respectively (i) a redshift of the absorption onset with a decrease of the perovskite film quality and (ii) an improved morphology and crystallization of Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 the Sn-containing perovskite by passivating trap sites at the crystal boundaries without affecting the absorption, they achieved a PCE up to 21.08%, i.e an improvement of 3.19% absolute compared to pristine MAPbI3-based solar cells due to a major enhancement of JSC and FF. More recently, Liu and co-workers realized a theoretical study of MAPb1-x-ySnxGey-based PSCs in terms of geometric structure, optoelectronic properties and efficiency through DFT calculations [197] . According to their calculations, this ternary perovskite should have a better structural stability than classic MAPbI3 perovskite and also a tunable bandgap that could vary from 0.91 eV for MASnI3 to 1.77 eV for MAPb0.75Ge0.25I3. After simulating a lot of Pb:Sn:Ge ratio, the authors revealed that the better ratio should be 50:25:25, leading to an efficiency of 23.65%, with a bandgap of 1.37 eV, a JSC of 30.17 mA/cm² and a VOC of 0.87V. The solar cell architecture is yet not indicated, so this report must be read with care.

In brief, a lot of different elements can be used as substituents in order to realize leadless PSCs with all their intrinsic benefits and drawbacks. Still, transition metals and germanium look more promising than the others according to the reports presented in this review. To further develop lead-less PSCs based on these materials, researchers should focus on compositional engineering with maybe use of dopants and the development of selective contact materials to increase the amount of lead substituted without impacting too much the efficiency of the PSCs.

All the results presented in section 3 and 4 are summarized in Table 2.

Partial lead and halide replacement by large organic cations

Insertion of medium/big-sized organic cations is a well-known mechanism to achieve 2D perovskites [58,87,[START_REF] Mao | Pauporté, Lead-Less Halide Perovskite Solar Cells[END_REF] . Recently, two groups, Prof. N. Mercier's group and Prof. M.G.

Kanatzidis' group found that insertion of specific organic cations that do not respect the tolerance factor for the perovskite lattice do not form 2D perovskite but cause the substitutions of (PbI) + entities (Pb 2+ and I -ions) by these organic cations. It leads to the retention of the 3D structure of the perovskite but with (PbI) + deficiencies [START_REF] Mercier | [END_REF] (See Figure 11b). This new family of perovskites was called d-HPs (for lead and iodide deficient halide perovskite) by Mercier et al. and "hollow" perovskites by Kanatzidis et al.. However, the "Hollow" terminology is not really adequate as (PbI) + entities do not leave a blank space in the perovskite structure but are replaced by organic cations. The main difference between the d-HPs and the "Hollow" perovskites is the cations used to create the vacancies. "Hollow" perovskites are mainly based on the use of ethylenediammonium ({en}), propylenediammonium (PN) and trimethylenediammonium (TN), while d-HPs have been presently developed with 4 different organic cations : Hydroxyethylammonium (HEA + ), Thioethylammonium (TEA ), Fluoroethylammonium (FEA + ) and an expanded dication (Dic 2+ ). To be as clear as possible, both names will be used in the rest of the review to distinct the works from Mercier et al. and Kanatzidis et al.. In this section, we will first discuss the d-HPs before to summarize the works on "Hollow" perovskites.

In 2017, Mercier and co-workers developed and patented, in collaboration with our group, a new family of perovskite called the d-HPs [200,201] . d-HPs are created by the insertion of a big-sized organic cations that do not respect the Goldschmidt tolerance factor [202] . This insertion is permitted by the creation of lead and iodide vacancies in the perovskite lattice, which retains the 3D perovskite structure, contrary to the cation's spacer used to form 2D perovskites. All the d-HPs based on HEA + , TEA + , FEA + and Dic 2+ were tested in powder, single crystals and thin films [200] . They exhibited an interesting modulation of their optoelectronic properties (absorbance, excitonic energy, electronic structure) via the modification of their vacancies content. For a certain content of organic cations, it was also found that the d-HPs act like a mix of 3D and 2D perovskites, with the possibility to retain the advantages of both structures in a unique one like, for example, a better air stability for all d-HPs cited above for a wisely chosen substituent amount. In 2017, Leblanc et al. reported specifically the optoelectronic properties and efficiencies of PSCs based on the deficient perovskite d-MAPI-HEA + for a HEA + content (x) between 0.1 and 0.2 [START_REF] Leblanc | Pauporté T[END_REF] . In the patent, the general formula for d-HPs is written as follow:

[(𝑨) 𝟏-𝟐.𝟒𝟖𝒑-𝒃 (𝑩) 𝟑.𝟒𝟖𝒑+𝒃 ](𝟏+𝟐𝒑-𝒚) 𝟏+𝒑 (𝑷𝒃) 𝟏-𝒑-𝒎 (𝑴) 𝒎 (𝑿 𝟏 ) 𝟑-𝒚-𝒒 (𝑿 𝟐 ) 𝒒 (8) where A is a cation among Cs, Rb, MA and FA; B a monovalent organic cation with a R 1 -(CH2)1,2,3-R² formula, X 1 and X 2 are halogens. Based on this formula, the formula proposed for d-MAPI-HEA + perovskite is (HEA)3,48x(MA)1-2,48x[Pb1-xI3-x], where x is the HEA + content.

Figure 11 shows the proposed structure of d-MAPI perovskite with the Pb-I vacancy created in the lattice with HEA + incorporation determined after XRD measurements. The XRD patterns contained supplementary peaks at low angles (around 5°-6° 2θ) for powdered d-MAPI. These peaks were attributed by the authors to ordered Pb 2+ and I -vacancies, leading to a different crystalline structure than classic MAPI. The authors revealed that with increasing x, the main band of the absorbance spectra was blue-shifted, and the overall absorbance intensity was decreased, which is in good agreement with the colour of the films (See Figure 11c). The complete devices based on the FTO/c-TiO2/m-TiO2/ HEA0.348MA0.752Pb0.9I2.9/spiro-OMeTAD/Ag achieved an efficiency up to 6%. The efficiency is still quite low, but very few optimizations have been implemented to increase the performances and important progress can be expected in the future for this new family of lead-less PSCs. More recently, Mercier and coworkers published a detailed report on d-HP based on FAPbI3 with HEA + and TEA + called dα-FAPI-HEA and d-α-FAPI-TEA respectively [202] . In this study, HEA + and TEA + amount of 0.13, 0.15 and 0.04, 0.013, respectively, were tested. Thanks to 13 C NMR (Nuclear Magnetic Resonance) characterizations, it was determined that HEA + and TEA + could possibly occupy 3 different sites within the perovskite lattice (See Figure S13). The same way as for d-MAPI [START_REF] Leblanc | Pauporté T[END_REF] , the use of HEA above a certain amount turned the perovskite to an orange/reddish tint leading ineluctably to a lowered absorbance. However, for d-α-FAPI-TEA the films remained black even for an amount of 0.13. The use of TEA + to form d-HP was proven to significantly enhance paper was published to unravel the mechanisms and properties of "hollow" perovskites [206] .

The dication {en} was found to be too large to fit within the perovskite lattice but still fit by partially replacing inorganic ions, i.e. metal (M) and halide (X) ions, thus creating random massive M and X vacancies in the 3D [MX3] framework (See Figure S15). The general formula (A)1-x(en)x(M)1-0.7x(X)3-0.4x was then formulated. The authors unveiled that the elimination of the inorganic M and X chunks remarkably modified the band dispersion, resulting in wider bandgaps. For example, {en}FASnI3 [105] and {en}MASnI3 [205] bandgaps could be tuned from 1.3 to 1.9 eV and from 1.25 to 1.4 eV respectively by using different amount of {en}. Being able to greatly modify the bandgap by A-cation substitution is an important step forward as it normally results in just a small change in the bandgap due to structural distortion. Other interesting properties of "hollow" perovskites are the reduction of the dark current and the charge carrier trap density as well as the increase of the carrier lifetime. The authors suggest that this reduced dark current is due to the {en} incorporation in combination with the hollow nature (presence of vacancies) that somehow inhibits the Sn 4+ doping. "Hollow" perovskites, with their higher organic content and particular structure were found to slow down the decomposition process of the perovskite and thus improve the air stability of the final devices.

More recently, two substitutes of {en} with slightly bigger radius, propylenediammonium (PN) and trimethylenediammonium (TN) were depicted and efficiencies of 5.85% and 5.53% [207] . {en} content of 5% and 10% were tested, corresponding to a bandgap evolution from 1.27 eV to 1.36 eV. The insertion of {en} was proved, similarly to lead-free PSCs, to reduce the dark current and carrier trap density and also to increase the carrier lifetime, leading to enhanced efficiencies (See Figure 12). Even if the performances were enhanced, the VOC was still low (< 0.8 V), due to numerous recombination within perovskite film and at the interfaces. 12e) which is close to the best efficiency reported for Sn:Pb ratio of 50/50 but with better stability.

In summary, thanks to their structure and properties, the d-HPs and "Hollow" perovskites are very interesting to reduce the lead content in PSCs. The former is a very recent new family of perovskites that deserved more investigation. Other organic cations mentioned above still need to be tested and PSCs with all these d-HPs have to be done to attract more attention of the photovoltaic community. "Hollow" perovskites that have been more studied reached higher efficiencies (17.04%) but exhibited poorer stability than d-HPs. However, given the few researchers presently working on these compounds, progress is slow, but it remains a very interesting axis of development for highly efficient and stable lead-less PSCs.

Other ways to fabricate lead-deficient and less polluting PSCs

The strategies detailed so far were based on the chemical replacement of lead by another element or other elements in order to realize lead-less PSCs. However, other approaches have also been considered. In 2019, Zheng et al. reported a theoretical study to reduce lead content in PSCs via a physical method consisting in reducing the thickness of the perovskite layer [208] .

Using the Transfer Matrix Model (TMM), the authors modelled the absorption of the MAPbI3 calculations, the photocurrent mainly originates from the first few hundreds nanometers of the perovskite layer (See Figure 13). They calculated that with a thickness of 200 nm and 150 nm, JSC reached 85% of its maximum value for normal and inverted structure, respectively.

However, in real cells, the perovskite layers are experimentally around 400-600 nm thick to ensure the full light absorption and avoid optical interferences that could reduce JSC. The introduction of what the authors call "optical spacers" between the perovskite and the charge transport layers could theoretically reduce optical interferences and allow the diminution of the perovskite layer thickness while retaining a JSC close to its max value. Those optical spacers would be, conforming to the calculations, ZnO nanoparticles (NPs) and MoO3 inserted at perovskite/ETL and perovskite/HTL interfaces, respectively. With those, the perovskite layer thickness could be reduced to one-third, representing a lead reduction of 70% while the devices would retained 96% of their efficiencies compared to the conventional one. This work being purely theoretical, the results must be considered with care. Experimentally, all the interfaces, contacts, layers etc. should be optimized, making the realization of these ultrathin PSCs difficult.

Nevertheless, the possibility to reduce lead content by 70% without impacting severely the efficiency is very attractive and will surely lead to many investigations.

Other researches on what is called light management in PSCs were conducted by different group [209] . This light management is used to reduce the part of light that is reflected at the surface of the cell and to increase the path length of the light within the absorbing material. This engineering is well-studied for silicon solar cells with notably the use of diffuse reflectors [210] .

For PSCs, light management is mainly studied through the use of nanoparticles. One of the first report was published by Zhang et al. in 2013 [START_REF] Zhang | Enhancement of Perovskite-Based Solar Cells Employing Core-Shell Metal Nanoparticles[END_REF] . Nanoparticles were found to potentially enhance the absorption of the perovskite layer [212] . All these properties are very promising for a possible lead-content reduction in PSCs. Indeed, by adding nanoparticles within the perovskite layer and then enhancing its absorption and more generally optimizing the light collection, the reduction of the perovskite layer thickness and then the lead amount in PSCs could be possible.

In order to reduce the toxicity of PSCs, reduction of lead-content is not the only option. Working on the stability to improve the lifetime of PSCs is also a good alternative. Indeed, by fabricating devices with excellent stability of several months or years, the pollution issue would be highly reduced. In 2019, Wang et al. published a review on the stability of PSCs [213] in which they reported highly stable systems. Among them, some retained more than 90% of their initial PCE after several months [214][215][START_REF] Arora | Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells[END_REF][217] . In 2016, Bella and co-workers developed a PSC with front and back coating of photocurable fluoropolymers that allowed a huge boost of the stability of the device [218] . The front-coating was made of a mix of UV-curable chloro-trifluoroethylene vinyl ether fluoropolymer binder, a dimethacrylic perfluoropolyether oligomer and a fluorescent organic dye Lumogen F Violet 570 by BASF. The back-coating was just a moisture-resistant fluoropolymeric layer. Thanks to the coatings, the final devices retained 100% of their original PCE after 6 months under continuous UV light irradiation, separated in 3 months under Ar atmosphere and 3 months in air with 50% RH. Such a stability is excellent for PSCs but is still low compared to the commercialized Si-based solar panels. In the future, if PSCs achieve stability that can be counted in years, the lead toxicity concern will be greatly reduced, and the industrialization will be possible for this technology.

Another way to reduce the toxicity of perovskite solar cells is to work on the recycling of the lead element. This topic is out of the scope of the present review but the main interesting insights are summarized in Section A of the Supporting Information. Instead of directly substituting Pb to reduce its amount in PSCs, other methods were developed and are currently studied to reduce the pollution and toxicity linked to PSCs. Whether via physical reduction, improvement of the stability of the devices, or recycling lead directly from PSCs or other sources to fabricates recycled devices, all these approaches are interesting and promising to combat the toxicity of the lead-perovskite technologies.
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Conclusion and outlooks

Lead toxicity hinders the development of PSCs at an industrial scale. In this review, we have depicted all the strategies reported up to now to reduce the lead content in these devices and lessen their toxicity. Either lead substitution by various elements, introduction of medium to big-sized organic cations to create Pb-I vacancies within the perovskite lattice, perovskite layer thickness reduction, stability improvement or lead recycling, are all viable approaches.

Sn substitution is the most studied method for lead reduction. It can not only reduce lead content to a big extent but also modify absorption and bandgap, allowing PSCs to have the ideal bandgap around 1.4eV, making it highly interesting for single junction PSCs [219][220][221][222] . All deposition techniques and common additives were tested, leading to a profusion of results about this system. With many groups reached efficiencies above 18% [110,128,136] and a record of 20.63% [137] for an important Sn content of 30% has been reported. Another result to point out is a device that reached a 20.2% PCE for a Sn content of 60 mol% [136] . Sn-Pb lead-less PSCs are the most promising for the replacement of pure Pb-based PSCs. However, those systems suffer from a poor stability due to the oxidation of Sn 2+ to Sn 4+ , so big efforts must still be made on this point to render it viable in the near future, through chemical engineering, additive engineering, interfaces and contact engineering and also encapsulation. The latter is a really important facet of the stability of photovoltaic solar cells which was not discussed in this review.

Important studies should also be carried out on the effects of Sn decomposition products on the environment to attest the seriousness of those in lead-less PSCs.

Lead substitutions by other elements detailed in this review are also worth considering due to their influence mainly on perovskite film morphology and bandgap. Nevertheless, to achieve efficiencies that can be compared to Sn-Pb or pure-Pb PSCs, the amount of substituent has to be very low (under 10%), the best efficiency reached is 22.09% but for a Ge content of only 3 mol% [187] , and yet, the stability is not good since Ge suffers from the same oxidation problem as Sn. Important work needs to be implemented to increase the amount of substituent New families of perovskites have been discovered the past three years: the d-HPs/ "Hollow" perovskites. They are based on a similar principle, the insertion of an organic cation that do not respect the tolerance factor and cause Pb-I vacancies within the perovskite lattice.

On one hand, an "hollow" perovskite reached an efficiency of 17.04% for a 50:50 Sn:Pb-based perovskite with a quite low air stability [207] . On the other hand, d-HPs reached lower efficiencies with recent d-MAPI-HEA cells reaching efficiencies superior to 9% (results not published) but exhibited a better stability than their rivals. This research is emerging and a lot of improvement is awaited, not only for the efficiency (only one cation on four was tested in devices) but also regarding the stability.

More atypical ways to reduce the toxicity exist such as physical lead reduction [208] . This one seems very interesting to us as it explores a path not studied and according to the calculations could greatly reduce lead content and then toxicity without decreasing much the efficiency. We encourage researchers to explore the experimental part of this study to obtain interesting results that could be combined to lead-less PSCs to further decrease lead content in the devices. Lead recycling is also a very interesting point to study. If, in the near future, PSCs can be recycled to fabricate high-efficiency PSCs again, this technology should have a bright future.

Finally, all the strategies depicted have attractive points. This research field is growing and of high interest since lead reduction in PSCs should render possible the industrialization of this technology and avoid the reluctance of a part of the consumers. Nevertheless, in view of the numerous articles published on this topic, and its growth year after year, there is no doubt that, in the future, lead-less PSCs will play a major role in the energy field. Reproduced with permission. [44] 2020, The Journal of Physical Chemistry C. Reproduced with permission. [START_REF] Leblanc | Pauporté T[END_REF] 2020, Angewandten Chemie. Reproduced with permission. [207] 2020, Journal of the American Chemical Society. Reproduced with permission. [208] 2020, Science Bulletin. Reproduced with permission. [206] 2020, Journal of the American Chemical Society.

A. Recycling of lead in PSCs.

One of the first report was in 2014, in which Chen and co-workers reported the use of PbI2 recycled from car batteries to make PSCs with an efficiency close to the ones using commercial PbI2 [223] . This year, a study reporting the use of lead acetate (Pb(Ac)2) recovered from lead-acid batteries to fabricate efficient PSCs was published in 2020 by Li et al. [224] .

During the charging/discharging process of a lead-acid battery, concentrated sulfuric acid provides the exchange ions. This acid leads to the formation of lead sulphate (PbSO4) in lead mud. At the end of the process, Pb and PbSO4 are found at the anode material and PbO2 and PbSO4 at the cathode material. The authors recycled these materials to produce lead acetate.

The recycling process is shown in Figure S16. First, (NH4)2CO3 was used to recover lead from PbSO4 according to the equation: driving this technology to a path where lead will no longer be an issue. Based on this thought, different groups published articles on the recycle of lead within PSCs [225,226] . In 2019, Chhillar et al. developed different methods to recycle the degraded perovskite film [227] . Their goal was to recycle directly the degraded film onto the substrate to re-use directly in devices. To do so, Reproduced with permission [224] . 2020, Journal of the American Chemical Society.
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 6 Li et al. found that by incorporating 6% of bromide, then forming (FASnI3)0.6(MAPbI3)0.34(MAPbBr3)0.06 perovskite, the J0 was lowered by 4 orders of magnitude, passing from 10 -5 to 10 -9 mA.cm -2 and reflecting an efficient grain boundary passivation with Br addition. An enhancement in crystallinity and grain size was also found with Br addition. Nevertheless, Br addition affects hole concentration and mobility with a clear decrease in concentration with increasing Br content and an increase in mobility with an MAPbI3)0.4-x(MAPbBr3)x/C60/BCP/Ag solar cells are shown in FigureS6with different Br concentrations. By looking at FigureS6aand FigureS6f, grain boundaries effective passivation with Br can clearly be seen, with a maximum at 6% Br percentage. At this concentration, a PCE of 19.03% was reached with a high VOC and FF of 0.888V and 74.6%
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 10 achieve a PCE up to 16.27%. In 2020, Song et al. developed a CuI/PEDOT:PSS double holetransporting layer for (FASnI3)0.6(MAPbI3)0.4-based PSCs[152] . The authors revealed a faster charge extraction and more efficient charge transport with the double HTL than with PEDOT:PSS and CuI layers alone. It was assigned to the cascading energy alignment together with the high charge mobility of CuI. PEDOT:PSS/CuI double HTL was less interesting due to the roughness of the CuI layer causing a bad interface contact with the perovskite layer. On the other hand, PEDOT:PSS surface was smooth, ensuring a good HTL/perovskite interface contact and reduced charge recombination. Different CuI concentrations were tested, synonym of different CuI layer thickness, to finally form an optimized layer with a concentration of /PEDOT:PSS/(FASnI3)0.6(MAPbI3)0.4/C60/BCP/Cu architecture achieved a PCE up to 15.75% with enhanced JSC and FF and maintained to 95% of its initial value after 600h of storage inside a N2-filled glovebox, which is good but not representative of the stability of the device in a "realistic" environment. The same year, Hamada and co-workers reported the Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol.RRL 2021, 5, 2000616 

  Figure S8. The drastic drop of efficiency caused by the SnI2 passivation can clearly be seen,

  Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol.RRL 2021, 5, 2000616 32 morphological improvements resulted in an enhanced absorption, charge transport to the TiO2 ETL and consequently a reduced recombination of the charge carriers. Absorbance and absorbance onset were also improved with Ba 2+ substitution, causing notably a slight change in the bandgap of the perovskite from 1.62 eV to 1.59 eV. The complete FTO/TiO2/ MAPb0.97Ba0.03I3/spiro-OMeTAD/Au devices achieved a champion PCE of 14,9%, representing an enhancement of 3.1% compared to the unsubstituted perovskite-based devices.

  Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 50 without impacting dramatically the performances of the devices. Ternary systems may provide the solution to this concern.

Figure 3 .

 3 Figure 3. (a) Optical band gap of lead-and tin-based perovskites FA1-xCsxMI3 (M = Sn, Pb) as a function of cesium content. (b) Band gap of five series of tin-lead mixed perovskites, corresponding to cesium fractions of 0, 15, 20, 25, and 30%. (c) 2-dimensional map of band gap (in eV) across the formamidinium-cesium and tin-lead compositional space studied.

Figure 10 .

 10 Figure 10. Optimization of τload on the basis of PbI2 conversion and film roughness. The blue data points denote the values for optimized conversion and roughness. Solar cell efficiencies corresponding to each loading time are also included in the plot.

Figure 11 .

 11 Figure 11. a) Hypothetical d-MAPI network Pb 10 I 34 (or Pb 0.83 I 2.83 ) consisting of <100> Pb 2 I 7 layers connected together by PbI 6 octahedra. b) The deficient perovskite network obtained from the X-ray study of the prepared d-MAPI (MA) 0.55 (HEA) 0.63 Pb 0.82 I 2.82 crystal (the small amounts of Pb 2+ and I -in (0 0 z) are not shown). c) Single crystals, powders, and thin films of (MA) 1- 2.48x (HEA) 3.48x [Pb 1-x I 3-x ] (x=0.10 (1), 0.13 (2), 0.16 (3), 0.19 (4), and 0.20 (5).

Figure 12 .

 12 Figure 12. (a) J-V, (b) EQE, and (c) dark J-V curves of the representative solar cells using FA 0.5 MA 0.5 Pb 0.5 Sn 0.5 I 3 , {5% en}FA 0.5 MA 0.5 Pb 0.5 Sn 0.5 I 3 , and {10% en}FA 0.5 MA 0.5 Pb 0.5 Sn 0.5 I 3 absorbers. (d) Dark J-V curves of the hole-only devices using various absorbers. (e) Comparison of the stability of representative unencapsulated solar cells using various absorbers measured in ambient air with a 10-30% relative humidity at room temperature. The cells were stored in ambient air and in the dark.

Figure 13 .

 13 Figure 13. Calculated perovskite absorber thickness vs. short circuit current density.

Figure S15 .

 S15 Figure S15. Schematic illustration of the structure of the 3D pristine MAPbI3 perovskite and its transformation from a dense proper perovskite structure to a hollow 3D structure with increasing amount of en. Black cubes: [PbI6] octahedra, green spheres: MA cations, orange rectangles: ethylenediammonium (en) cations.

  Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol.RRL 2021, 5, 2000616 85 they tested a single-step method with acetate or chloride and a sequential deposition route. The chloride method was found to deteriorate badly the film, forming a recovered film without the same optoelectronic properties as the original film. The sequential route enhanced too much the crystallization of PbI2, making impossible the formation of MAPbI3. The acetate technique, on the opposite allowed the formation of a perovskite film with quite similar optoelectronic properties despite a decreased absorbance. However, an interesting increased PL signal with a slight blue-shift was observed. The films obtained with each recycling method were not tested in devices but the results for the single-step acetate method is encouraging for in-situ recycle of lead in PSCs.

Figure S16 .

 S16 Figure S16. Schematic diagram of lead recovery from a lead-acid battery.

  

  

  

  

  

  

  

  

. Fundamental properties and theory of Sn-Pb-based PSCs Partial

  replacement of Pb by Sn in order to make lead-less PSCs influences the optoelectronic properties of the final device compared to pure Sn-based PSCs or Pb-based PSCs even if Sn and Pb belong to the same group 14 in the periodic table and then have similar chemical properties. The first study on the optoelectronic properties of Sn-Pb mixed hybrid halide perovskites was published by Ogomi and co-workers in 2014. They depicted the influence of Sn percentage on MAPb1-xSnxI3 optical properties and performances of the final device

	Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells.
	Sol. RRL 2021, 5, 2000616
	2.2

  Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol.RRL 2021, 5, 2000616 intensity with increasing y. By calculating O2 and H2O adsorption energies, they revealed that Br -or Cl -substitution do not change the stability of the perovskite in wet environment: O2 will still adsorb preferentially on Sn and H2O on Pb. Based on the above properties and results, Sn-Pb lead-less PSCs are good candidates to equalize classical Pb-based PSCs while reducing lead content in the meantime. Nevertheless, to do so, the main limiting factor is the large VOC loss,

	calculated as:

  Less Halide Perovskite Solar Cells. Sol.RRL 2021, 5, 2000616 vacancies and reduces oxygen diffusion into grains. All of this allowed a stunning enhancement of the carrier lifetime from 139 ns for the pristine devices to 1232 ns for devices with GuaSCN, the carrier lifetime was increased by about 10 times due to GuaSCN addition. A high charge

	diffusion length of 2.5 µm was also achieved. The resulting (FASnI3)0.6(MAPbI3)0.4 films
	enabled the inverted solar cells to achieve a PCE up to 20.2% with JSC, VOC and FF equal to
	30.5 mA/cm², 0.83V and 80%, respectively.

bandgap, blocks diffusion of Sn out of grains, suppresses the formation of excessive Sn

Cite this paper as : L. Gollino, Th. Pauporté,

Lead-

  Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol.RRL 2021, 5, 2000616 compared to 17.41 mA/cm² for pristine perovskite; (ii) a reduced charge recombination and then an increased VOC and FF (from 1.04V to 1.08V and 72% to 74% respectively). The cells based on FTO/c-TiO2/m-TiO2/MAPb0.9Sr0.1I2.9Cl0.1/spiro-OMeTAD/Au architecture achieved a champion PCE of 15.64%, which is an enhancement of 2.49% absolute compared to pure-Pb PSCs. The same year, Zhang et al. reported the effect of SrI2 substitution on MAPb1-xSnxI3

An optimized content of Sr of 10% was determined, allowing (i) a better absorbance and electron extraction, leading to an enhanced JSC of 19.45 mA/cm²

  Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol.RRL 2021, 5, 2000616 33 Ca is another potentially interesting element but reports, on the use of Ca as a substituent for Pb, employ a very low percentage of Ca (≤ 5%). Moreover, according to the theoretical study byUribe et al. published in 2016 

  To solve this problem, Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol.RRL 2021, 5, 2000616 they used a MABr overlayer on top of the perovskite film. After spin-coating 5 mg/mL of MABr solution on top of {en}FA0.5MA0.5Pb0.5Sn0.5I3 layer, a downshift of the VBM and CBM was observed, suggesting a replacement of surface iodide atoms by bromide atoms. The VBM downshift was particularly useful as it permitted an enhanced charge transfer toward the HTL and then a reduction of the recombinations in the device. The combined use of {en} to form the "hollow" perovskite, with MABr to reduce the recombination, resulted in devices that achieved a champion PCE of 17.04% with enhanced air stability (Figure

  Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 Figure 1. Schematic of the different structures of direct mesoscopic, direct normal planar and inverted planar PSCs. Mendeleev periodic table highlighting elements reported in this review to substitute Pb in lead-less PSCs.
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Table 2 .

 2 Photovoltaic parameters of the lead-less PSCs mentioned in section 3 and 4 with their perovskite materials, deposition methods and device architectures.

	Perovskite	Substituent amount [%]	Deposition method	Architecture	VOC [V]	JSC [mA/cm²]	FF [%]	PCE [%]	Year	Ref
	MAPb0.995Ag0.005I3	0.5	Dripping	ITO/NiOx/perovskite/PCBM/Ag	1.1	20.6	81	18.4	2017	
	CsPb0.995Mn0.005I1.01Br1.99	0.5	Two-step	FTO/TiO2/perovskite/carbon	0.99	13.15	57	7.36	2018	
	MAPb0.99Sb0.01I3	1	Not precised	FTO/c-TiO2/m-TiO2/perovskite/spiro-OMeTAD/Au	0.985	21.82	69.2	15.6	2016	192
	MAPb0.99Ca0.01I3	1	One-step	FTO/TiO2/perovskite/spiro-OMeTAD/Au	0.98	19.1	68.4	12.9	2017	
	MAPb0.99Sr0.01I3	1	Not precised	FTO/TiO2/perovskite/spiro-OMeTAD/Ag	0.9	18.9	62.6	10.6	2018	

  4 + (𝑁𝐻 4 ) 2 𝐶𝑂 3 → 𝑃𝑏𝐶𝑂 3 + (𝑁𝐻 4 ) 2𝑆𝑂 4 Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells.Sol. RRL 2021, 5, 2000616 84 Once this done, the materials obtained with the cathode product were calcined & the resulting products were added in a saturated solution of CH3COOH and H2O2 to obtain Pb(Ac)2 according to the reaction equations:𝑃𝑏𝑂 2 + 𝐶𝐻 3 𝐶𝑂𝑂𝐻 + 𝐻 2 𝑂 2 → 𝑃𝑏(𝐶𝐻 3 𝐶𝑂𝑂) 2 + 𝐻 2 𝑂 + 𝑂 2 ↑ 𝑃𝑏𝑂 + 𝐶𝐻 3 𝐶𝑂𝑂𝐻 → 𝑃𝑏(𝐶𝐻 3 𝐶𝑂𝑂) 2 + 𝐻 2 𝑂 𝑃𝑏𝐶𝑂 3 + 2𝐶𝐻 3 𝐶𝑂𝑂𝐻 → 𝑃𝑏(𝐶𝐻 3 𝐶𝑂𝑂) 2 + 𝐻 2 𝑂 + 𝐶𝑂 2 ↑For the anode, products reacted with CH3COOH steam to form Pb(Ac)2. The corresponding equations are:2𝑃𝑏 + 2𝐶𝐻 3 𝐶𝑂𝑂𝐻 (𝑔) → 𝑃𝑏(𝐶𝐻 3 𝐶𝑂𝑂) 2 + 𝐻 2 ↑ 𝑃𝑏𝐶𝑂 3 + 2𝐶𝐻 3 𝐶𝑂𝑂𝐻 (𝑔) → 𝑃𝑏(𝐶𝐻 3 𝐶𝑂𝑂) 2 + 𝐻 2 𝑂 + 𝐶𝑂 2 ↑Lead acetate once recovered, it was mixed with MAI to form the precursor solution and fabricate FTO/PEDOT:PSS/MAPbIBr/ PCBM/TIPD/Al PSCs. Different Pb(Ac)2 were used to form perovskite films: commercial one, recovered from anode and from cathode. The highest efficiency was reached by devices based on cathode-recycled lead acetate with a value of 17.86% mainly due to bigger perovskite grains. As a comparison, commercial lead acetate lead to a PCE of 15.69% while anode-recycled Pb(Ac)2 reached a PCE of 14.72%. This study is interesting regarding the dependence of research groups on companies producing extremely pure chemical compounds as it shows a way out of this dependency. Furthermore, being able to fabricate high-efficiency PSCs with recycled lead is extremely promising for an even more green energy source. It is easy to imagine PSCs fabricated with lead recycled from other PSCs,
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the stability of the perovskite films compared to classic FAPbI3 and CsFAPbI3 perovskites (See Figure S14). Under very humid conditions of 75-90% RH at 25°C, FAPbI3 and CsFAPbI3 films were entirely decomposed after only 50h. On the other hand, for TEA + amount of 0.04 and 0.13, the perovskite films were stable and retained a black colour after 170h and 266h, respectively. These systems are under testing in PSCs, and their astonishing stability under high humidity conditions makes them very interesting for the future.

3D "Hollow" perovskites were first discovered for lead-free compounds. They are based on the use of ethylenediammonium ({en}), a medium sized cation, as an additive. The first report mentioning hollow perovskite was published in 2017 [105] . By using {en} in FASnI3 the authors revealed a retention of the 3D structure of the perovskite despite the important size of {en} which violates the tolerance factor. This retention of the 3D structure was found to be due to the creation of randomly distributed Schottky defects within the perovskite lattice. Such an original structure allowed an important tuning of the bandgap along with an increase of efficiency and stability. Indeed, an improvement of the efficiency from 1.4% to 7.14% with incorporation of 10% {en} was achieved. Moreover, the PCE retained its original value after 1000h of storage in air once the devices were encapsulated. This very encouraging result motivated the authors to investigate further these "hollow" perovskites. The same year, they reported the use of a dopant-free HTL, the tetrakis-triphenylamine (TPE) allowing better performance than PTAA used in their previous report [204] . Using the same FTO/c-TiO2/m-TiO2/{en}FASnI3/HTL/Au architecture, a slightly better PCE of 7.23% was reached with TPE as HTL. Even if this enhancement is not significant, it is still interesting to note that higher efficiencies with simpler systems not requiring additives/dopants can be obtained. Such results are interesting in regard of the future industrialization of PSCs that will need to be as simple as possible. In the meantime, Kanatzidis group tested "hollow" {en}MASnI3 and {en}CsSnI3 perovskites [205] . Efficiencies up to 6.63% and 3.79% respectively with better air stability were achieved, representing an important enhancement compared to pristine devices. In 2018, a Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 Supporting Information Supporting Information is available from the Wiley Online Library or from the author. Reproduced with permission. [121] independent devices from the FA0.7MA0.3Pb0.7Sn0.3I3 without and with GABr-based PSCs under forward voltage scan, respectively. e) The environmental and f) thermal stability test of the FA0.7MA0.3Pb0.7Sn0.3I3 without and with 12% GABr-based PSCs without encapsulation. Note environmental stability was recorded at room temperature (50-60% humidity), and thermal stability was followed at 80 °C in air (50-60% humidity).

Reproduced with permission. [137] 2020, Advanced Materials. Cite this paper as : L. Gollino, Th. Pauporté, Lead-Less Halide Perovskite Solar Cells. Sol. RRL 2021, 5, 2000616 67 Reproduced with permission. [114] 2020, Journal of Materials Chemistry A. Reproduced with permission. [START_REF] Li | Pauporté, Lead-Less Halide Perovskite Solar Cells[END_REF] 2020, ACS Applied Materials and Interfaces. Reproduced with permission. [177] 2020, Advanced Energy Materials. Reproduced with permission. [178] 2020, ACS Applied Materials and Interfaces. Reproduced with permission. [36] 2020, US Environmental Protection Agency. Reproduced with permission. [106] 2020, The Journal of Physical Chemistry Letters. Reproduced with permission. [115] 2020, Advanced Materials. Reproduced with permission. [117] 2020, Scientific Reports. Reproduced with permission. [120] 2020, Journal of Materials Chemistry A. Reproduced with permission. [128] 2020, Advanced Energy Materials. Reproduced with permission. [136] 2020, Science. Reproduced with permission. [153] Reproduced with permission. [157] 2020, ACS Energy Letters.

Figure S10

. The stability of PSCs with pristine and 3.0 mol% Ba 2+ -doped perovskite films when stored in (a) the glovebox system with the integrated gas purification system and (b) the glovebox system without the integrated gas purification system. Reproduced with permission. [168] 2020, Journal of Materials Chemistry A. Reproduced with permission. [175] 2020, Energy & Environmental Science. Reproduced with permission. [187] 2020, Advanced Energy Materials. Reproduced with permission. [202] Reproduced with permission. [202] 2020, ACS Applied Energy & Materials.