Stability of Lead and Tin Halide Perovskites: the Link Between Defects and Degradation
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Abstract
The field of photovoltaic research has been lately dominated by the rapid evolution of low-cost and high efficiency hybrid organic lead halide perovskite solar cells. Despite considerable progress made in the efficiency of such devices, the achievement of long-term material/device stability remains a challenge. In this perspective, insights into the role structural defects play in the stability of these perovskite absorbers are examined, highlighting the critical importance of vacancy type defects as the initiation sites for moisture, oxygen and light-induced degradation and the approaches that are emerging to help overcome these issues. In the second part of the paper we consider the stability of tin-based perovskites.  Here, the Sn4+ defects that arise upon material degradation are described along with the strategies being developed to enhance stability and decrease their formation. Finally, the discussion is extended to innately more stable layered tin-based perovskites, identifying them as a route to the development of efficient lead-free perovskite solar cells.
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Hybrid organic-inorganic lead halide perovskite solar cells are at the forefront of photovoltaic research, being the fastest-growing technology in the field with power conversion efficiencies (PCE) soaring from 3.8% to 25.2% within less than a decade.1,2 Interest in these semiconductors derives from their low-cost solution fabrication and their highly desirable optoelectronic properties, including high molar extinction coefficient, broad absorption spectra and high charge carrier diffusion lengths.3–6 However, the long-term device and material stability is now one of the major issues for the potential commercialization of perovskite solar cells. Substantial research efforts have focused on addressing the fundamental understanding of the origins of the degradation and promising signs of materials and device lifetime enhancement have emerged as a consequence of this work.7–12 Identifying the intrinsic flaws in the crystal structure of the material, the decomposition mechanistic pathways and its products is key to the development of this technology, as this will lead the way in creating methods to prevent the degradation from occurring. This may be achieved through new encapsulation techniques and/or via material design and engineering to establish innately more stable absorbers.

The importance of defects on perovskite solar cell properties is of great significance, as they can influence key parameters and processes, such as charge transport, charge recombination, power conversion efficiency and stability.13–22 Furthermore, common solution-processing techniques, typically used to deposit photoactive layers, can accentuate defect formation leading to polycrystalline films with greater structural disorder, crystallographic defects and high grain boundary (GB) densities. Several studies on methylammonium lead iodide (CH3NH3PbI3 or MAPbI3) have explored the point-defects in this archetypal material, with a particular emphasis on the role of ionic vacancies, interstitial and anti-site ion occupations on device performance. More specifically, these studies have revealed a prevalence of vacancy and interstitial defects is due to low formation energies.13,17,23–25 For example,  Yin et al. showed via first-principles calculations that defects such as lead vacancies (VPb), iodide vacancies (VI) and interstitial methylammonium (MA+) ions are readily generated and create states with energies approaching the edges of the band gap, whilst defects with higher formation energies (e.g. interstitial Pb ions) lead to trap states near the middle of the band gap.14 Consequently, the predominance of shallow states over deep, intra-bandgap states can account for the high material carrier mobility, the long electron-hole diffusion lengths, low non-radiative carrier recombination rates and the high solar cell open-circuit voltages (Voc) observed in perovskites.26,27 However, many studies make evident that defects within these crystal structures are active and influence the optoelectronic properties and photovoltaic performance. For example, the aforementioned deep trap states present in lead halide perovskites have been found to limit device performance via non-radiative Shockley-Read-Hall recombination, even within state-of-the-art solar cells.28,29. Furthermore, it has been shown that the current-voltage hysteresis can be linked to the presence of structural defects in the perovskite: it  is well-established that vacancies enable ion migration across the semiconductor, causing the polarization of the electrodes and hindering charge collection at the selective contacts, which ultimately triggers the unwanted hysteresis response of the device.17,30–32 These findings clearly reveal how point defects affect the physics of perovskite solar cells. However, it is becoming increasingly apparent that such defects can also influence the long-term environmental stability of perovskite materials and devices.  This perspective discusses the crucial role of these defects in two important degradation processes of hybrid lead halide perovskites, namely moisture and oxygen + light induced degradation of such perovskites. The second part of this perspective focuses on tin-based perovskites and how in their case degradation introduces p-type defects in its electronic structure (Sn4+ ions ) followed by a discussion of current strategies available to address this problem. In particular, we will discuss the design and application of layered perovskite structures as a way to counteract this detrimental process.

Moisture-induced degradation. Since early reports, the sensitivity of hybrid perovskites to moisture has been well documented.33,34 A general water-mediated CH3NH3PbI3 degradation mechanism was proposed by Frost et al. (Figure 1a), where water deprotonates CH3NH3+ leading to the formation of HI, CH3NH2, and PbI2; this being in good agreement with the experimentally observed pale yellow color after material decomposition.35 Based on this mechanism, it  has been proposed that the formation of the aforementioned products involves the release of the same water molecule that initiated the degradation cycle, which in turn becomes readily available to continue degrading the material.35 This mechanism suggests that the presence of trace amounts of water may be sufficient to partially degrade the entire perovskite in a closed system (e.g. encapsulated [image: ]device), where the reaction would only be stopped by the products reaching solution saturation/vapor pressure equilibrium. 
Figure 1. a) Moisture-induced degradation cycle of CH3NH3PbI3. Reprinted with permission from ref. 35. b) Formation of i) [PbI(H2O)5]+ and ii) [PbI2(H2O)4] complexes resulting from rapid Pb solvation in defect-rich PbI2-terminated perovskite surfaces. Reprinted with permission from ref. 36. © 2015 American Chemical Society. c) Moisture infiltration into CH3NH3PbI3 through GBs and in-plane grain degradation. Reprinted with permission from ref. 38. © 2017 The Royal Society of Chemistry. d) Perovskite heat treatment for the elimination of defect-forming species from GBs. Reprinted with permission from ref. 43. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.


Deeper insights on the interaction between water and CH3NH3PbI3 have been provided via first-principle calculations. Mosconi and coworkers described, via molecular dynamics simulations, that MA-terminated (001) facets in CH3NH3PbI3 undergo rapid solvation by water, driven by the interaction between water molecules and Pb atoms.36 Moreover, it was shown that PbI2-terminated surfaces were more resilient to water solvation, owing to the stronger Pb-I bond and in good agreement with barriers of water diffusion through these two types of layers calculated in other studies (Ediff,MA = 0.04 eV vs Ediff,PbI2 = 0.31 eV)37 and with subsequent experimental work.38 Interestingly, when PbI2 voids (VPb and VI) are introduced in PbI2-terminated surfaces, the infiltration of water in the perovskite structure is dramatically enhanced, prompting the rapid degradation of the perovskite and formation of water-solvated Pb species within less than 8 ps (Figure 1b). These findings corroborate that vacancy-type defects in the perovskite surface act as initiating sites in moisture-induced decomposition of methylammonium lead triiodide.

Numerous experimental studies provide direct evidence that the degradation of hybrid perovskites by water is defect-mediated. In particular, Müller et al. demonstrated that water infiltration into CH3NH3PbI3 occurs rapidly even at low humidity levels; infrared (IR) spectroscopy revealed that perovskite films, regardless of their thickness, presented O-H stretch peaks attributed to infiltrated water molecules and, in contrast, single crystals did not show signs of absorbed water when exposed to the same moisture conditions.39 Thus, these results suggest that water ingress into the perovskite structure occurs through the GBs rather than through the surface / face of the semiconductor. Moreover, given the predominance of defects at GBs,40 it is reasonable to suppose that defects act as mediating sites for moisture-induced degradation. Further support for this was presented by Leguy et al., who explored the reversible formation of CH3NH3PbI3 hydrate and dihydrate as the initial stage of perovskite moisture degradation.41 Interestingly, authors provide a model that describes the time evolution of perovskite thin films upon their exposure to moisture, finding that monohydrate forms regardless of film thickness. This further suggests that water ingress mechanisms occur due to rapid water transport at the GBs, indicating that GBs are weak spots in the perovskite structure. A more detailed study on the role of GB defects in promoting water degradation was provided by Wang and coworkers. By controlling grain size via thermal annealing time, they showed that material stability was enhanced in thin films with larger grain sizes (less GBs).38 This finding is in good agreement with Müller and Leguy et al.39,41 and corroborates water ingress occurs at the grain boundaries, thereby accounting for the observed in-plane, grain-concentric film degradation (Figure 1c). In addition, it has been shown by Wang and coworkers that perovskite hydration at the GBs increases local disorder and the concentration of ionic defects in perovskite which in turn speeds up water infiltration.38 In particular,  high-resolution transmission electron microscopy (HRTEM) studies have revealed distinctively amorphous regions between perovskite grains that corresponds to defect-rich outer layers of the material and hydrated perovskite. Water penetration through these structural defects is confirmed with oxygen-mapping energy dispersive X-Ray analysis (EDS).38

The results from theoretical and experimental work provide a picture to describe moisture ingress into perovskite and subsequent degradation of the material. Water penetration occurs preferentially by the diffusion of water molecules through pristine, defect-rich perovskite facets, mainly found at GBs, forming perovskite hydrates and other degradation products (CH3NH3I, CH3NH2, PbI2, HI, H2O). Presumably, the formation of these species leaves voids (ionic vacancy defects) on the perovskite surface which in turn facilitate further water permeation. Current strategies to tackle defect formation involve the use of excess PbI2 in the perovskite deposition to passivate grains and fill in ionic vacancies or heating perovskite films to eliminate harmful degradation products from GBs (Figure 1d).,42,43 Additionally, the incorporation of more hydrophobic 2D perovskite in light-absorbing films has also become an effective strategy to delay moisture-induced degradation.7,9

Oxygen and light-induced degradation. It is becoming increasingly clear that defects/ionic vacancies in the perovskite crystal play a key role in moisture induced degradation of organic metal halide perovskites. The detrimental effect of combined ambient oxygen and light on materials and device stability also represents a major obstacle in the path of this technology towards commercialization. In particular, un-encapsulated perovskite devices based on CH3NH3PbI3 were found to degrade remarkably fast, on time scales of few minutes to hours when exposed to a combination of light and oxygen (Figure 2a, red curve).44 Surprisingly, the performance and stability of such perovskite solar cells was found to be more sensitive to the combination of light and oxygen than under 85% relative humidity in nitrogen (Figure 2a, red curve versus pink curve). These observations have motivated studies aimed at understanding the mechanism of oxygen induced degradation of perovskite solar cells. 

Recent research has revealed that the sensitivity of CH3NH3PbI3 towards oxygen and light is due to a photo-degradation process mediated by the transfer of a photoexcited electron from perovskite to molecular oxygen, generating superoxide (O2-, Reaction 1); this reactive oxygen species initiating the breakdown of the crystal by an acid-base reaction that deprotonates the CH3NH3+ cation component (Reaction 2).45 The presence of superoxide was detected using a selective fluorescent molecular probe (hydroethidine; HE) dissolved in toluene, where perovskite films were submersed and exposed to light and oxygen. Lead iodide and iodine were identified as degradation products and the following reaction scheme was proposed:

(1) CH3NH3PbI3 + O2  CH3NH3PbI3* + O2- 
(2) 4CH3NH3PbI3* + O2-    4PbI2 +2I2 +2H2O + 4CH3NH2

Further insights into oxygen induced degradation of hybrid perovskites were obtained from studies addressing the link between crystal structure/film morphology and oxygen induced degradation  These studies revealed that stability could be enhanced by employing larger crystals with more uniform GBs and with lower defect density.46 Here, larger crystals showed slower rates of degradation compared to thin-films composed of smaller and higher defect density crystallites. Similar to moisture degradation, it is likely oxygen rapidly diffuses into the perovskite film through GBs. Moreover, these observations led to investigating the role that point defects play in the degradation of perovskite films; this being achieved by use of a combination of experimental techniques and computational calculations.46 These findings showed that the formation of the superoxide species, and hence the sensitivity of perovskite towards oxygen and light, is related to defect density. Figure 2b shows the potential vacancy occupations of oxygen and the resulting superoxide formation energy. Critically, it was shown that the superoxide species is preferentially formed within the VI defect (O2- formation energy = -1.94 eV) and the resulting superoxide radical ion is of the correct size to fit in an iodide vacancy and to restore the full octahedral co-ordination of Pb2+ before going on to react with the CH3NH3+ cation. The evidence provided by these findings highlights that photo-oxidation degradation is most likely mediated by the presence of VI. Importantly, it has been shown that in CH3NH3PbI3 the most prominent type of point defect on the surface is vacancies, especially iodide.47 Taken together, these findings demonstrate that surface area is critical in controlling degradation and leads to a design guideline for generating more uniform and larger crystallite perovskites for enhanced stability and performance. 

[bookmark: _Hlk18934185][bookmark: _Hlk18935709]An exciting consequence of these observations has been the realization of methods to enhance stability towards oxygen and light through passivating iodide vacancies. Specifically, Aristidou et al showed that post-treatment of CH3NH3PbI3 films with iodide salts, such as CH3NH3I, can enhance stability and increase material lifetime. This is hypothesized to be due to the excess iodide ions filling the problematic VI defects.46 Evidence to support this was provided by the fact that swapping the iodide salts for chloride salts led to no improvement in stability, thus essentially showing that iodide ions were critical in enhancing the stability (Figure 2c). Exchanging the cation component also showed little to no impact on the resulting stability enhancement, further showing that the critical component was the iodide ion. Nevertheless, we also noted that  the use of phenylethylammonium iodide in the post-treatment leads to enhanced device performance, in contrast with methylammonium iodide, likely due to a reduction in surface recombination when employing this iodide salt.48 Other works have gone onto show that defect passivation using diammonium iodide can also enhance stability.49 These techniques have not only demonstrated enhanced material lifetime but have also exhibited enhanced performance. These works show that treatments with iodide salts generate longer lifetimes in time-resolved photoluminescence (PL) measurements, being this attributed to passivation of vacancy-type defects that inflict trap-mediated, non-radiative charge recombination (Figure 2d). Furthermore, the reduction in defects and charge carrier recombination due to iodide vacancy passivation results in enhanced solar cell stability under dry air and illumination conditions (Figure 2e), providing PEAI coatings more stable devices than MAI coatings (less O2 diffusion due to bulkier PEA+). The observed correlation between longer photoluminescence decays and higher device stability is significant: given that perovskite degradation is a vacancy-mediated process due to the formation of superoxide species in these defects, long PL lifetimes are a direct indication of the suppression of such initiation sites for material decomposition. Therefore, time-resolved PL spectroscopy must be regarded as a reliable technique to estimate the perovskite resilience to defect-facilitated degradation. 

Other approaches to reduce the severity of oxygen photoinduced degradation include the use of mesoscopic or structured electron accepting electrodes as device interlayers, as they remove photo-excited electrons from the perovskite structure before superoxide is formed. One example is mesoporous TiO2 typically used in n-i-p device architectures: its incorporation considerably enhances material stability, as compared to planar TiO2 films or indeed non-accepting substrates such as mesoporous Al2O3 (Figure 2f).45 Regarding other electron-accepting films, recent work has shown that PC60BM can also enhance device stability in p-i-n perovskite solar cells, delaying degradation for much longer compared to mesoporous TiO2, n-i-p architectures.50 We speculate that this may be due to the high electron affinity (deep LUMO level) of the fullerene derivative, which inhibits superoxide formation, and to the role of PC60BM as a steric oxygen diffusion barrier. Furthermore, this study also highlights that lateral diffusion rates in planar device structures are slower than those in mesoporous solar cells, most likely due to the larger perovskite crystallite size observed when planar substrates are employed.

The studies discussed here confirm that the light-induced decomposition in air of CH3NH3PbI3 is defect-mediated. More specifically, iodide vacancies mediate the formation superoxide which in turn easily deprotonates CH3NH3+ due to the acidic nature of the ammonium protons.  Less acidic alternatives to CH3NH3+, such as formamidinium or cesium, are effective routes for enhanced material stability.8,51 High-performing triple-cation perovskites that include methylammonium, formamidinium and cesium provide higher quality films with enhanced crystallinity,10 and presumably this leads to a very low defect density that can explain the great stability of these absorbers. Additionally, replacing the perovskite iodide component with bromide also offers a pathway to more stable materials: it has been shown that Br-rich CH3NH3Pb(I1-xBrx)3 absorbers tend to be more stable towards their exposure to light and air and under moisture stress, owing to the superior thermodynamic stability of CH3NH3PbBr3.52 Interestingly, all the series of CH3NH3Pb(I1-xBrx)3 perovskites lead to similar superoxide formation yields, which suggests that defects are also present in the Br-rich materials.  It is proposed that superoxide is less harmful to perovskite in these cases due to the more difficult deprotonation of CH3NH3+, presumably due to the higher electronegativity of bromide and therefore stronger intermolecular interaction with the proton.

Understanding the stability under technologically relevant environmental conditions is crucial.  In this context, it is important to consider the combined effect of light, oxygen and moisture on the stability of perovskite films and devices. To this end, CH3NH3PbI3 perovskite solar cells were exposed to different environmental conditions, finding that light and air is more detrimental to device PCE than moisture in N2 and light environment (Figure 2a).44 However, the presence of water was found to significantly enhance the rate of oxygen and light induced degradation by: (i) acting as a superoxide stabilizer and (ii) by providing a proton reservoir that favors superoxide [image: ]evolution.53 
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Figure 2. a) PCE retention of CH3NH3PbI3 solar cells under different environmental conditions. Reprinted with permission from ref. 44 b) O2 binding and reduction sites in CH3NH3PbI3 (001) plane and their superoxide formation energies. i) Face site surrounded by four iodide ions, ii) neutral VI (with photoelectron on site), iii) negatively charged VPb and iv) VMA (no photoelectron in it; this was shown to be unphysical). Reprinted with permission from ref. 46. c) Normalized absorbance decay (750 nm) for CH3NH3PbI3 films coated with phenylethylammonium iodide (pink), methylammonium iodide (blue), trimethylsulfonium iodide (dark green), phenylethylammonium chloride (light green), methylammonium chloride (red) and with no coating (black). Reprinted with permission from ref. 46. d) Time-resolved photoluminescence decays of CH3NH3PbI3 films without PEAI coating and with PEAI coatings from solutions at different concentrations. Reprinted with permission from ref. 48. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. e) PCE retention of n-i-p CH3NH3PbI3-based solar cells without iodide salt coating on perovskite and with MAI and PEAI coatings on the absorber layer. Devices were kept under dry air and 100 mW/cm2 illumination. Reprinted with permission from ref. 48. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  f) Normalized probe fluorescence intensity at 610 nm (∝ O2- generation yield) taken at different times of CH3NH3PbI3 exposure to the specified conditions (red: blank, N2 and light; blue: mp-Al2O3 substrate, light and air; purple: mp-TiO2 substrate, light and air; green: blank, dark and air). Reprinted with permission from ref. 45. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.


Sn-Based Perovskite Solar Cells. Pb-free perovskite compounds are of great interest as a pathway to overcome the environmental issues that lead toxicity may cause in future large-scale commercialization of perovskite-based devices. Specifically, tin halide perovskites (ASnX3, where most commonly A = methylammonium, MA; formamidinium, FA; or cesium) have attracted considerable attention, exhibiting ideal bandgaps around 1.3 eV and high charge carrier mobilities.4 In terms of device applications, they represent the highest performing option (in terms of solar light to electrical power conversion efficiency) among other Pb-free materials since the use of MASnI3 as an absorber in solar cells was first reported in 2014 with PCEs around 6%.54,55 However, progress in Sn-based perovskite optoelectronic applications has been slow compared to their lead counterparts, mainly due to issues relating to material degradation. We hypothesize that the structural defects present in Pb-based perovskites described above are likely to be found in Sn-based perovskite and could play a similar role in device performance and long-term material stability. However, tin halide perovskite suffers from another unwanted process that further compromises material stability: Sn2+ is prone to undergo rapid oxidation in the presence of oxygen, resulting in the formation of Sn4+ and, eventually, the disruption of the perovskite crystal structure.56 Even when degradation is minimal, Sn4+ traces (or Sn2+ vacancies, analogously) are generated within the structure and act as p-type dopants in a process referred to as self-doping. This unfavorable reaction generates defects in the organic tin halide perovskite electronic structure in the form of free holes (responsible for metallic behavior), which in turn facilitates fast non-radiative monomolecular charge carrier recombination (low Voc and FF in solar cells) and device shorting.57,58 Apart from defects arising from the oxidation of Sn2+, an additional challenge is the faster crystallization of Sn-based perovskites compared to their Pb-based counterparts during conventional one-step deposition, which leads to the formation of films riddled with morphological defects such as pinholes and irregular packing of grains. The negative impact of poor morphology in perovskite films is not only evident in device performance (e.g. shunting) but may also be extended to material stability: disordered and rough perovskite films increase the surface area of the material and hence its exposure to oxygen and moisture. Consequently, future design rules to further develop Sn-based perovskite solar cells must combine the minimization of Sn4+ traces in the material and the ability to obtain uniform films for enhanced stability. The remainder of the perspective will focus on two key issues: (i) outline the strategies currently employed to improve the stability of Sn perovskites and (ii) identify future pathways to more innately stable tin perovskites and new directions that research on this topic may take. It is important to note that there is a large variation in both power conversion efficiency and stability of tin perovskite solar cells reported in the literature and reviewed in this perspective. This is most likely due to the differences in film processing conditions employed by different research groups; this leading to a large variation in the optical properties and morphology of films and thus device performance. 

To date, a number of strategies to minimize self-doping in organic tin halide perovskites have been explored. The addition of tin(II) halides into the precursor solution as a vacancy modulator represents a common approach used, in which an excess of Sn2+ is introduced in the system to partially displace Sn4+ defects in the perovskite structure. This was first realized by Mathews et al. by using SnF2, leading a lower free carrier density in CsSnI3 and higher device Voc and PCE.59. It was later shown by Yan et al. that the addition of SnF2 not only diminishes the dark carrier concentration and defect-mediated recombination, but also the pinhole density in the perovskite film; this minimizing the problem of low shunt resistance in FASnI3 solar cells and giving more uniform perovskite films for enhanced interfacial contact.60 The effect of tin(II) halide additives on the stability of CsSnI3 was reported by Hatton et al.: in all cases, the addition of SnX2 (where X = F, Cl, Br, I) in solution prior to film deposition provided enhanced the stability in ambient air conditions. However, the most stable films were obtained with the use of an SnCl2 additive.61 Interestingly, SnCl2 has been found to act as a sacrificial barrier that upon oxidization generates a protective layer around the perovskite crystallites therefore preserving them for longer. It is also reasonable to suppose that the smoother perovskite films obtained by the use tin(II) halide additives may also contribute to the superior stability observed in the material.

An undesirable consequence of the addition of tin(II) halides can be the formation of SnX2 aggregates, leading to poor film morphology.60 In order to address this issue, Seok et al. used pyrazine-SnF2 Lewis adducts to slow down perovskite crystallization and homogeneously incorporate SnF2 within the film.  This in turn led to a more desirable film morphology whilst maintaining the additive-induced de-doping behavior.62 Similarly, triethylphosphine and trimethylamine have been introduced as mild Lewis bases for the same purpose.63,64  Moreover, this strategy has also been recently employed to demonstrate an improved stability of  tin perovskite solar cells (80% PCE retention after 500 h air exposure and no encapsulation). This effect was achieved by the use of hydroquinone sulfonic acid salt into the perovskite precursor solution, relying on its antioxidant behavior owed to the additive coordination to Sn2+ via its hydroxyl groups.65 

A range of chemical additives (reducing agents) have been used in conjunction with tin(II) halides to further lessen the background concentration of free holes in organic tin halide perovskites by inhibiting the formation of Sn4+ defects. For example, hypophosphorous acid was included in CsSnIBr2 precursor solution by Wang et al.; this led to longer charge carrier lifetimes and enhanced device reproducibility and thermal stability.66 In contrast, Kanatzidis et al. introduced a reducing vapor atmosphere during the perovskite layer casting step.67 The reducing agent of choice was hydrazine, and its employment clearly diminishes charge carrier recombination and improves solar cell PCE. Interestingly, Bian et al. showed that Sn4+ impurities in precursor solution can be reduced back to Sn2+ by using metallic Sn powder as the reducer. This method limits the inclusion of Sn4+ defects in perovskite, significantly lessening self-doping and increasing carrier lifetime.68 

Kanatzidis and coworkers demonstrated that the addition of ethylendiammonium in the precursor solution (note: here ethylendiammonium was used in conjunction with SnF2) induces the crystallization of “hollow” MASnI3, in which the dicationic additive is incorporated in the crystal structure and Sn2+/I- Schottky vacancies are formed to preserve charge neutrality.69 This structural modification leads to more uniform film morphology, longer charge carrier lifetimes, lower electron trap density and superior device stability in ambient air, as well as enhanced solar cell PCE. The observation of improvement in performance (e.g. stability) is accompanied by an improvement in film morphology; this further indicating the link between film uniformity and enhanced stability. Further support for this was provided by Diau et al., showed that the use of ethylenediammonium (1 mol %) lead to pinhole-free perovskite films and passivate surface defects. Consequently, highly efficient solar cells with superior stability were achieved (8.9% after ~2000h of storage in N2).70 In addition, this group recently reported the highest PCE to date (PCE ~ 9.6%) for Sn-based perovskite solar cells by using the same ethylenediammonium additive in mixed formamidinium-guanidinium tin iodide perovskites.71
Due to the fast formation of Sn perovskite crystals during spin coating, an antisolvent dripping step becomes important to ensure a uniform formation of thin films and avoid morphological defects. In this context, Huang et al. tested the effect of diethyl ether, toluene and chlorobenzene on FA0.75MA0.25SnI3 morphology, optical properties and device efficiency and stability. The use of chlorobenzene was found to lead to more compactly packed grains in films, increased carrier lifetimes, PCEs of  9% and high device stability (75% retention of PCE after 30 days of storage in N2).72 
Layered Sn-based perovskites. While contributions to tackle instability and p-type defects of tin-based perovskite have yielded promising results, degradation of this family of materials still remains a showstopper to the commercialization of this technology. Therefore, more effective strategies are urgently needed. An interesting approach derives from studies of conventional lead halide perovskite systems, in which low-dimensional structures have already been implemented as a way of enhancing material and device stability.7,9,73 For this, bulkier organic hydrophobic cations (e.g. phenylethylammonium or PEA) partially or totally replace hydrophilic MA, FA or Cs in the cuboctahedral cavities of cubic perovskite, slicing the full 3D structure into layers along the {100} planes (Figure 3a) and, presumably, delaying oxygen and water diffusion, thus enhancing stability. Therefore, it is reasonable to suppose that the stability of homologous Sn-based perovskites can be enhanced by introducing the same type of structural modification. This is likely to reduce the level of oxidation of Sn2+ to Sn4+, hence partially suppressing self-doping in this family of materials. In good agreement with this assertion, layered Sn-based perovskites were found to exhibit semiconducting properties by Mitzi et al. more than two decades ago, in contrast with the metallic behavior shown by their 3D analogues.74 This structure-property relationship is the basis of a promising research direction by offering new material configurations with superior stability in ambient air thus paving the way towards more Sn-based perovskite devices. Such materials can be used in combination with conventional additive/reducing agent treatments to further tackle Sn4+ formation. Herein, selected examples of solar cells based on layered Sn [image: ]perovskite will be discussed to illustrate the benefits of using these systems.
Kanatzidis and coworkers reported on (BA)2(MA)n-1SnnI3n+1 systems and their use in mesoscopic solar cells, with a champion PCE of 2.5%  based on n = 4 absorbers.63 Remarkably, encapsulated layered perovskite devices exhibited clearly higher PCE retention (over 90% within one month, see Table 1) compared to 3D MASnI3 (Figure 3b), extending the lifespan of Sn-based perovskite solar cells. The large energy difference between perovskite and TiO2 conduction band edges may be responsible for the low Voc of solar cells (~0.23 V). Nevertheless, it is likely that electron-accepting mesoscopic frameworks delay perovskite degradation as shown in previous work45    Figure 3. a) Structure of (PEA)2(B)n-1SnnI3n+1 Ruddlesden-Popper layered perovskites, where n is the number of octahedra sheets per single layer.  b) Time evolution of encapsulated solar cell PCE in (BA)2(MA)3Sn4I13 (red circles) vs MASnI3 (black squares). Reprinted with permission from ref. 63. © 2017 American Chemical Society. c) Scanning Electron Microscopy images of 3D FASnI3 (top) vs 2D/3D 20% PEAI FASnI3 (bottom). Scale bars: 1 µm. Reprinted with permission from ref. 75. © 2017 American Chemical Society. d) J-V curves of 2D/3D (8% PEAI; red circles) vs 3D (black squares) FASnI3 solar cells. Inset: device architecture. Reproduced from ref. 76. © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



	Perovskite type
	Device architecture
	Jsc (mA/cm2)
	Voc (V)
	FF (%)
	PCE (%)
	Reported PCE retention*
	Ref.

	2D 
	FTO/c-TiO2/mp-TiO2/(BA)2(MA)3Sn4I13/PTAA/Au
	24.1
	0.23
	45.7
	2.53
	90% for 720h
	63

	2D/3D (2D bottom)
	ITO/NiOx/FASnI3 (20% PEAI)/PC60BM/Al
	14.44
	0.59
	69
	5.94
	96% for 100h
	75

	2D/3D (2D bottom)
	ITO/PEDOT:PSS/FASnI3 (8% PEAI)/C60/BCP/Al
	24.1
	0.529
	71
	9.0
	100% for 2h
	76

	2D/3D (2D top)
	ITO/NiOx /FASnI3 (15% PEAI)/PC60BM/BCP/Ag
	22.0
	0.61
	70.1
	9.41
	90% for 600h
	77

	2D/3D bulk heterojunction
	ITO/LiF/PEDOT:PSS/2D-3D FASnI3/ C60/BCP/Ag
	20.07
	0.47
	0.74
	6.98
	90% for 120h
	78


Table 1. Photovoltaic parameters of layered Sn-based perovskite solar cells. *PCE retention reported under inert conditions.


Sargent et al. reported on Sn-based layered perovskite solar cells based on p-i-n device structures. They  demonstrated solar cells with a champion PCE of 5.94% (Table 1).75 The relatively high Voc (~0.58 V) reported by Sargent et al is in good agreement with less Sn4+ defect-assisted non-radiative recombination. Superior material and device stability were observed by partially replacing FA by PEA in FASnI3 (20 mol% PEAI). Remarkably, the solar cells based on these layers exhibited only a relatively small drop in PCE (~4 %) over 100 hours operation. Importantly, these findings were found to be in agreement with theory: the low-dimensional perovskite was shown to be thermodynamically more stable via First-Principles calculations. Additionally, the layered absorber was found to exhibit a more compact morphology, preventing excessive oxygen diffusion (Figure 3c). X-Ray Photoelectron Spectroscopy (XPS) studies confirm the decrease in Sn4+ content in the layered perovskite structure, relative to its 3D counterpart. Interestingly, the presence of Sn4+ is predominant only in FASnI3, further illustrating the benefits of PEA addition. In this case, perovskite thin films were processed from a solution containing the conventional precursors (e.g. SnI2, FAI, PEAI, SnF2). This led to multiphase perovskite films (e.g. with a mixture of Ruddlesden-Popper phases with different n values) where the 2D phases are located at the bottom of the film parallelly. Employing an ITO/PEDOT:PSS/Perovskite/C60/BCP/Al  architecture, Loi et al. also demonstrated layered Sn-based perovskite solar cells with a PCE of 9% (Table 1). Thin films were cast via spin coating a solution containing SnI2 and ammonium salts. As detailed above, the use of PEA (8 mol%) induces the formation of 2D/3D perovskite films with enhanced crystallinity and packing, which leaves less pathways for O2 and H2O to ingress the absorber and enhances stability. This may also lead to a decreased free carrier density thereby improving device performance as compared to reference 3D FASnI3 solar cells (Figure 3d). The remarkably high Jsc and FF most likely stems from improved interfacial contacts in the device architecture that further lessen carrier recombination. In this example, the 2D perovskite are closer and parallel to substrate as well.
To manipulate the spatial distribution of 2D phases in 2D/3D perovskite films, Ning and co-workers introduced the use of NH4SCN as a structural regulator.77 The authors hypothesize that, NH4SCN induces early crystallization of 3D FASnI3 on the film after antisolvent treatment, followed by the formation of 2D (PEA)2SnI4 on top of it during thermal annealing. In the second step, the additive escapes from the film as HSCN and NH3 vapours and a hierarchically structured active layer is obtained with 2D phases located at the top of the thin film. Note that the authors observed this is effect when NH4SCN is used in the precursor solution. Moreover, the presence of an innately more stable and hydrophobic 2D perovskite at the top of the film provides a direct barrier against O2 and moisture, yielding remarkably stable and efficient devices (9.41%, 90% PCE retention for 600 h; Table 1). 
An alternative approach to the fabrication of layered Sn-based perovskite solar cells was reported by Wu et al.78 In this work, SnI2 was evaporated onto a FAI/PEAI substrate, leading to a 2D/3D perovskite bulk heterojunction with less pinhole density and enhanced surface coverage and stability, further demonstrating the benefit of including PEAI within the perovskite film. In conjunction with a LiF /ITO/PEDOT:PSS interlayer, the use of PEA has been shown to reduce charge recombination losses and increasing Voc and FF (Table 1).   
[bookmark: _Hlk18956327]In summary, there are two main ways 2D perovskite structures may boost the stability of Sn-based perovskites: i)  on the molecular scale, the hydrophobic character of bulkier ammonium cations delay O2 and H2O diffusion into the perovskite and ii) the presence of 2D phases allows the growth of a more compact and crystalline perovskite films, limiting the formation of defects that facilitate O2 and moisture ingress. Concurrently, our group reported the comparison between the optoelectronic properties of 2D (PEA)2SnI4 and 3D CH3NH3SnI3 and the proof-of-principle incorporation of the low-dimensional material as an emitter layer in light-emitting diodes (Figure 4a).57  In good agreement with other publications, we show that the 2D material clearly exhibits more ambient stability than its archetypal 3D analog (Figure 4b), which we attribute to the aforementioned hydrophobic character of PEA+. In addition, we observed longer PL lifetime for (PEA)2SnI4 compared to CH3NH3SnI3, which is indicative of the presence of fewer Sn4+ states (which act as non-radiative recombination sites) in the layered material, being this a direct consequence of its superior ambient stability. Interfacial carrier recombination in mp-TiO2/perovskite systems was studied via microsecond transient absorption spectroscopy (TAS), indicating that such process is remarkably slower in the case of the 2D material (Figure 4c). We speculate that this observation, along with a decrease in non-radiative bulk recombination observed via time-resolved PL spectroscopy, could be linked to the higher Voc reported in all cases for layered Sn-based perovskite solar cells.63,75,76 
[image: ]Figure 4. a) Electroluminescence spectrum of an ITO/PEDOT:PSS/(PEA)2SnI4/F8/LiF/Al device and schematic of the emitter. Inset: picture of a LED in operation. b) Time evolution of relative absorbance at 600 nm of (PEA)2SnI3 (red) and CH3NH3SnI3 (blue). c) Transient Absorption Spectroscopy kinetic traces of mp-TiO2/(PEA)2SnI4 (red) and mp-TiO2/CH3NH3SnI3 (blue) probed at 1600 nm with 567 nm pulsed excitation (4 Hz). Inset: Transient Absorption Spectroscopy spectra of mp-TiO2/(PEA)2SnI4 (red) and mp-TiO2/CH3NH3SnI3 (blue) samples. Figures adapted with permission from reference 57. 

The recent progress in the field confirms that layered structures are key to producing efficient and reproducible Sn-based perovskite solar cells. Narrowing the current gap in performance between layered Sn based materials and their Pb-containing counterparts will inevitably demand research efforts in the following general directions: i) design and optimization of  precursor solution additives (e.g. Lewis bases or reducing agents) to minimize Sn4+ incorporation and Sn2+ protection in the layered perovskite structure. This is expected not only to lead to higher quality semiconductors, but also to more compact morphologies with less pinholes, therefore boosting solar cell PCE and stability. So far, exploiting the coordination chemistry between Lewis bases and Sn2+ has yielded the most promising device stability.65 ii) The role of single/multi-phase systems (e.g. 2D vs 2D/3D perovskite blends) and the distribution of the 2D structures within the absorber on stability requires more specific studies (e.g. degradation tests of films and devices). From Table 1, we suggest that 2D phase films deliver more stable devices, but at the expense of device performance. In 2D/3D perovskite blends, growth methods that lead 2D phases to the top of the film provide a good compromise between device performance and stability77 iii) Sn-based perovskite degradation implies that oxygen is involved in the process, but the details of such mechanism and the influence of other factors such as moisture, illumination, grain boundaries or vacancy-type defects in the material are still unknown and urgently require more experimental insights to help engineer innately stable Sn perovskite architectures.. iv) The influence of device architecture on material stability remains unclear: compared to mp-TiO2-based solar cells, p-i-n architectures provide higher Voc and PCE (likely due to a more favourable energy level alignment between perovskite and the selective contacts), but the role of both architectures in material degradation needs further clarification. v) In addition to an enhancement in innate stability of the material, improving device encapsulation techniques is of paramount importance to ensuring long-lasting devices. 
To summarize, in this perspective we highlight the importance of structural defects in hybrid lead halide perovskite device performance and their role in material degradation when exposed to two different conditions. Moisture-induced degradation is shown to start in defect-rich regions of the perovskite, specifically via rapid water permeation through GBs. While MA-terminated facets are more sensitive to water infiltration compared to PbI2-terminated crystal layers, PbI2-terminated layers with PbI2 vacancies are also prone to result in fast degradation by water. Regarding oxygen+light-mediated degradation, it has been demonstrated that VI (iodide vacancies) act as superoxide species formation sites upon photoexcitation, further indicating the defect-mediated nature of perovskite decomposition. These findings clearly indicate that new routes to obtain higher-quality perovskite films are needed to tackle the problem of material degradation. The crucial role of GBs in perovskite degradation suggests that compact and uniform film morphologies are preferable as compared to films which possess high GB densities. We speculate that perovskite films of nearly single-crystal grade would greatly improve material stability by dramatically diminishing water ingress channels.  We also provide pathways to improve material stability that involve the use of iodide salts coatings to modulate the vacancy density that remains subsequent to material formation. We hypothesize that vacancy-filling treatments such as the ones described in this perspective could well be incorporated into device processing and enable perovskite long-term stability and the commercialization of this technology. Also exploring Pb-free alternatives, Sn-based perovskites are described as a promising family of solar cell materials. In their case, Sn2+ to Sn4+ oxidation drastically limits their short-term stability and device performance. In combination with well-known treatments (e.g. SnX2 additives or reducing agents) to lessen Sn4+ defects, low-dimensional layered perovskite structures show the potential to provide materials with enhanced innate stability and state-of-the-art device efficiencies compared to their 3D counterparts. Deepening the understanding of the degradation pathways in these fascinating materials will prolong the golden age of hybrid lead halide perovskites and, perhaps, inaugurate the one for their tin-based analogues. 
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