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Abstract 

The commercialization of a solar technology necessitates the fulfilment of specific requirements both 

in terms of efficiency and stability in order to enter and gain space in the photovoltaic (PV) market. 

These aims are heavily dependent on the selection of suitable materials, which is critical for 

suppressing any reliability risks arising from inherent instabilities. Focusing on the absorber material, 

the main core of a PV device, herein we investigate which is the most suitable low bandgap lead-tin 

composition candidate for all-perovskite tandem applications by studying their degradation 

mechanisms with both widely available and advanced characterization techniques. We identify three 

irreversible degradation processes in narrow band gap Pb-Sn perovskite absorbers: (1) Sn oxidation 

upon air exposure, (2) methylammonium (MA) loss upon heat exposure, and (3) formamidinium (FA) 

and cesium (Cs) segregation leading to impurity phase formation. From an industrial perspective, we 

therefore propose to refocus attention on FASn0.5Pb0.5I3 which minimizes all three effects while 

maintaining a suitably low bandgap for a bottom cell and good photovoltaic performance. Moreover, 

we propose a practical and highly sensitive characterization method to monitor the oxidation 

evolution, which can be deployed both in laboratory and industrial environments and provide useful 

information for the technological development process, including the quality of the absorber, the 

effectiveness of encapsulation methods, and the acceptable time windows for air exposure.  

Introduction 

One of the most promising routes to overcome the practical efficiency limits of mainstream solar 

technology is the multi-junction concept that employs multiple solar absorbers to minimize 

thermalization losses and use sunlight more efficiently. The high photovoltaic (PV) performance and 

low-cost processing of metal halide perovskite absorbers make them a promising technology for the 

cost-competitive introduction of tandem (i.e., two-junction) modules into the terrestrial solar market. 

The outstanding certified efficiencies of 28.6%  and 33.7% for perovskite-on-silicon tandems on a full 

M4 wafer (258.15 cm2) and  lab-scale (1 cm2) device, respectively, together with the near-future 

expectation of market entry for Si-based tandems in industry projections such as the International 

Technological Roadmap for Photovoltaics (ITRPV) showcase both the potential and maturity level of 

tandem technology.[1],[2],[3,4] While perovskite-on-silicon tandems will lead the entry of perovskite 

technology into the solar market, the narrowing of the perovskite band gap through partial Pb-site 
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substitution by Sn in the APbX3 perovskite lattice enables all-perovskite tandems, whereby silicon is 

replaced, as the bottom-cell absorber material. The current record efficiency of 28% for an all-

perovskite tandem nearly matches the record performance of silicon and demonstrates that this 

technology has the potential to out-perform it.[5,6] The all-perovskite tandem concept offers 

independence from the silicon supply chain, the use of deposition routes beyond those employed in 

wafer-based processing, as well as the opportunity to make flexible thin-film modules for lightweight 

applications. Multiple Pb-Sn perovskite compositions can achieve the required band gap for a bottom-

cell and have demonstrated high performances exceeding 20%. However, the community has yet to 

align on a preferred choice of material stoichiometries.[7–12]   

The material stability and PV efficiency of perovskite solar absorbers are highly dependent on 

composition. While formamidinium lead iodide,FAPbI3, achieves record-setting performance in single-

junction devices, in absence of special techniques to stabilize the required crystallographic alpha-

phase it would readily transition into the non-perovskite delta-phase and lose functionality.[13–19] In 

contrast, the 1.7-1.8 eV band gap compositions used for the top-cell absorber in high performance 

perovskite-based tandem cells are achieved by using a mixture of cations at the A-site in combination 

with a mixture of halides at the X-site.  While the role of the A-site cation is often described as that of 

a spacer ion with an effective ionic radius that satisfies the tolerance criteria for forming the perovskite 

crystal structure, this is an oversimplification. In addition to stabilizing the desired crystallographic 

phase[18,20–22], certain choices of the A-site cation can also suppress ion migration[21,23–26] , 

minimize halide segregation[27–29], induce octahedral distortions[30–32], and improve structural 

cohesion [33,34] as well as charge transport properties.[35–37] The shape, size, and chemical nature 

of the A-site ions can induce local and global lattice deformations that either promote or suppress the 

formation of defects. This choice not only impacts optoelectronic quality but could also open or close 

pathways for the movement of ions intrinsic to the perovskite absorber and extrinsic molecules such 

as oxygen and water through the absorber. [22,38,39] To date, prior work has studied the role of the 

A-site cation almost exclusively in neat Pb perovskite absorbers, whereas it is largely unclear whether 

it would influence the more complex mixed-metal Pb-Sn perovskites to a greater or lesser degree. 

Narrowing the band gap of metal halide perovskites below about 1.55 eV requires the partial 

substitution of Pb(II) at the B-site by Sn(II), which is inherently susceptible to oxidation and vacancy 

formation, thereby introducing new, yet primary, degradation modes not present in neat Pb 

perovskite compositions. While many strategies have emerged to mitigate the practical effects of 

Sn(II) oxidation, such as the introduction of reducing agents[40–43], tin compensators like SnF2[44–

47], or comproportionation[48], there has been little attention focused on how the A-site choice might 

influence inherent material degradation modes. Over the course of their manufacture and operation, 

solar cells will experience at various points the extrinsic stressors of heat, light, and atmosphere. While 

proper encapsulation can minimize atmospheric exposure during operation, it is extremely costly to 

prevent any oxygen or moisture exposure from occurring during high-throughput manufacturing. 

Therefore, it is critical that the practical failure modes that could arise from A-site cation selection be 

identified so that a “de-risked” perovskite composition is selected as the baseline for launching 

industrial research and development efforts. Looking towards production, not only will the low-band-

gap perovskite absorbers need to maintain competitive power output and operational lifetimes with 

proven technologies, but practical and affordable characterization methods are required to monitor 

the progression of degradation for industrial quality control.  

Herein, we explore a set of nine compositions around the band gap minimum of the A(SnxPb1-x)I3 series 

to assess how common A-site compositions and B-site compositions impact material degradation 

under heat and air exposure. By characterizing samples before and after stressing with widely and 

industrially available techniques, such as X-ray diffraction (XRD) and spectrophotometry, we observed 
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that A-site cation choice can impact material stability. Moreover, we further investigate the nature of 

these degradation routes by employing advanced techniques such as density functional theory (DFT) 

calculations and terahertz (THz) photoconductivity spectroscopy to gain insights about how the A-site 

ions interact with oxygen at the atomic scale and impact key optoelectronic properties that govern 

photovoltaic operation, respectively. With the view towards manufacturing, we also highlight how 

lateral conductivity offers a signal that is highly sensitive to oxygen exposure and could be easily 

integrated into encapsulated devices, thereby providing a useful means for quality control and 

assessing the effectiveness of encapsulation methods used for commercial products.  

 

Results 

A set of nine narrow-band-gap Pb-Sn perovskite compositions were investigated across the full matrix 

of three A-site compositions (FA0.75Cs0.25, FA0.6MA0.4, and FA) and three B-site compositions (Sn0.5Pb0.5, 

Sn0.6Pb0.4, and Sn0.7Pb0.3). Thin films of each of the compositions studied were prepared in an inert 

atmosphere by spin-coating with an anti-solvent quench (see the Methods Section for details). Powder 

XRD was performed on the set of thin films and the measured patterns, shown in Figure 1a, indicate 

that all compositions adopt the same pseudocubic crystal structure, and no additional phases or 

crystalline impurities are observed. Figure 1b shows how the Sn content and A-cation choice impact 

the peak position of the perovskite (100) reflection. Regardless of A-cation choice, the perovskite XRD 

peak shifts to higher diffraction angles as the Sn content increases, which indicates lattice contraction, 

consistent with the incorporation of the smaller sized Sn2+ ion at the B-site and aligns with previous 

reports[32,49].  Similarly, the peak position shifts to lower angles, indicating lattice expansion, as the 

effective ionic radius of the A-cation increases from FA/Cs to FA/MA, then to FA. Under the processing 

conditions used, the FA/MA compositions demonstrate stronger preferred orientation of the (100) 

planes, as evidenced by a higher (100)/(111) peak intensity ratio compared to that for their FA/Cs 

counterparts (Figure S6). Figure 1c confirms that the band gap of all different compositions, as 

determined by the first derivative peak of each composition’s absorption spectrum, is around 1.3 eV 

and thereby suitable as low band gap absorbers in perovskite multi-junction solar cells[50]. While the 

values are similar, the finer variations in band gap will depend on the interplay between octahedral 

tilting and lattice contraction/expansion that is induced by the introduction of a smaller/larger cation 

at the A-site and B-site.[32] Scanning electron microscopy confirmed that pinhole-free films were 

obtained for all compositions (Figure S7).  

Over the course of solar cell manufacture and operation in the field, the perovskite absorber will 

experience heat and air exposure to different degrees. To make a practical assessment of how heat 

and air exposure impacts the bulk material properties of each perovskite composition, thin film 

samples were stressed either by heating at 100°C under inert atmosphere or by exposure to ambient 

air at room temperature and 40% relative humidity. The time evolution of their crystal structure and 

absorption spectra were periodically measured by powder XRD and UV-visible-NIR 

spectrophotometry.  Figure 2a displays the time-evolution of XRD patterns for FA/MA, FA and FA/Cs-

based compositions with 50% Sn content during thermal stressing. Of the compositions considered, 

the FA/MA A-cation choice is the least thermally stable since an impurity peak at 2θ = 12.6° 

corresponding to PbI2 emerges and grows in intensity as the main perovskite peak at ~14° reduces. In 

contrast, the XRD patterns of the FA and FA/Cs compositions remain unchanged after 72 hours. We 

find that this same behaviour occurs for the compositions with 60% and 70% Sn content, which reveals 

that the thermal stability is primarily dependent on the A-site cation composition (Figure S8) and is 

consistent with MAI sublimation from the perovskite absorber.[51–55] This finding is also supported 

by spectrophotometry measurements of the absorption spectra. Figure 2c displays the derivative of 
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the absorption spectra and shows that the peak position and breadth of FA and FA/Cs are invariant 

during thermal stressing, whereas the derivative for FA/MA compositions shifts to longer wavelengths 

and broadens over time, which respectively indicate a band gap narrowing, consistent with FA-

enrichment as MAI leaves and an increase in band edge disorder over the course of thermal stressing. 

Likewise, the absorption spectra for FA/MA compositions also show a reduction in absorption (Figure 

S9) above the band gap, which is consistent with the XRD observations of perovskite material loss and 

PbI2 formation (Figure 2a and S8). 

Figure 2d shows the time evolution of the XRD pattern upon ambient air exposure for each 

composition around the (100) perovskite peak. A gradual reduction in peak intensity over 72 hours of 

exposure is observed in all cases regardless of the A-cation choice. The rate of XRD intensity decrease 

is correlated with Sn percentage as higher Sn content compositions exhibiting faster peak intensity 

reductions (Figure S10 and S12). Additionally, significant widening of the 14o peak with increasing Sn 

content is observed upon air exposure, but only minor variations are observed upon heat stressing 

(Figure S14). These trends in peak intensity breadth are consistent with the degradation process of 

the perovskite absorber due to the oxidation of Sn2+ at the B-site, with the broadening indicating the 

crystallographic disorder increases alongside these local compositional changes.[56,57] Interestingly, 

for any given Sn concentration, the broadening is substantially reduced for the FA-only system 

compared to the mixed A-site compositions. This suggests that the process of oxidation induces higher 

degree of local lattice rearrangement in the FA/MA and FA/Cs mixed systems than in the FA only 

compositions. Although no crystalline degradation products related to Sn4+ species were detected, 

amorphous SnO2 may have formed as it has been reported in previous studies, thus leaving behind 

Sn-vacancies that preserve the overall perovskite structure. [56,58,59] While all compositions show a 

perovskite peak intensity decrease with atmospheric stressing, only the FA/Cs compositions show a 

significant monotonic shift to lower diffraction angles. In particular, the final peak position after 72 

hours of stressing almost coincides with that for the FA-based composition. Additionally, the δ-CsPbI3 

phase has emerged in the powder XRD pattern at 2θ = 26o (Figure 2d – inset), which indicates that Cs 

segregates from the lattice to form the δ-CsPbI3 impurity phase, thereby leaving behind an FA-

enriched perovskite with an expanded lattice. In contrast to the XRD measurements, which clearly 

show that the perovskite crystal structure is largely preserved even after prolonged air exposure, the 

absorption spectra show that the optoelectronic properties are severely degraded. Figure 2e and f 

present the absorption spectra for the FA0.75Cs0.25Sn0.5Pb0.5I3, FA0.6MA0.4Sn0.5Pb0.5I3, and FASn0.5Pb0.5I3 

compositions and their corresponding first derivative peaks in the near-IR region around the band 

edge.  Whereas a clear absorption edge can be defined by a prominent peak in the first derivative for 

pristine samples, within 24h of humid air exposure the edge has substantially broadened to the point 

that a first derivative peak is hardly distinguishable and has blue-shifted by approximately 10 nm. This 

apparent band gap widening is consistent with Pb-enrichment and electronic defect generation as Sn2+ 

oxidizes to Sn4+ and becomes excluded from the perovskite lattice. After 24h, the first derivative peak 

has disappeared, thereby indicating that the perovskite band gap has become a continuum of defect 

states. This trend is the same regardless of the composition (Figure S11). Thus, it is evident that what 

appears to be a minimal absorber degradation in the XRD actually corresponds to a severely impaired 

optoelectronic quality. Similar trends were also reported for in-operando XRD measurements 

performed in parallel with electrical characterization of devices under stressing, where significant 

changes in the current-voltage characteristics were observed while the XRD pattern remained the 

same.[60] 

While the XRD and spectrophotometry data make it phenomenologically clear that exposure to 

ambient air poses the primary degradation mode for all of the Pb-Sn compositions considered, it is 

also evident that Cs can influence the degradation pathway of the perovskite material. In order to 
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shed more light on the possible interactions that can occur between oxygen and A-site cations on the 

atomic-scale, ab-initio computational methods based on of Density Functional Theory (DFT) were 

employed. The atomistic influence of oxygen and iodide vacancies has not been fully addressed for 

Pb-Sn perovskites. By positing that the degradation process involving superoxide species as in 

MAPbI3[61] might also proceed for Pb-Sn perovskites, we used DFT to compare how FASn0.5Pb0.5I3 and 

FA0.75Cs0.25Sn0.5Pb0.5I3 would respond when an iodide vacancy is occupied by an O2
- superoxide species 

(computational details are provided in the Methods section).  

Initially, we found that FASn0.5Pb0.5I3 is marginally more stable than FA0.75Cs0.25Sn0.5Pb0.5I3 with a 

relative energy difference of about 70meV.  Upon oxygen incorporation, we considered three different 

O2
- substitution sites of the iodine vacancy in the FASn0.5Pb0.5I3 structure; these are between Sn atoms 

(Sn-O2-Sn), between Pb atoms (Pb-O2-Pb), and between Sn and Pb atoms (Sn-O2-Pb) as shown in Figure 

S15. In the case of FA0.75Cs0.25Sn0.5Pb0.5I3, we also examined the proximity effect of the O2
- species with 

the Cs atom (Figure S16). By analysing the local structures and relative energies of the different O2
- 

substitution sites, we found that the superoxide, O2
-, species has an energetic preference (by 60 to 

200meV) to coordinate to Sn atoms (Table S2). Interestingly, for the FA0.75Cs0.25Sn0.5Pb0.5I3 system the 

energetics also indicate that the O2
- species prefers to be located away from the Cs atoms. The 

preference of the superoxide to sit near Sn2+ and FA+ cations provides a possible explanation for why 

the δ-CsPbI3 phase is observed in the XRD patterns for FA/Cs compositions upon air exposure. We 

hypothesize that by eschewing the Cs ions, even in a chemically homogeneous perovskite lattice, 

oxidation would target defects near Sn and FA cations and initiate a segregation process that 

destabilizes A-site and B-site mixing and promote Cs and Pb enrichment elsewhere, eventually leading 

to the emergence of the crystalline 𝛿-CsPbI3 phase.   

While monitoring how air exposure influences the absorption edge through spectrophotometry has 

highlighted that the optoelectronic quality of all Pb-Sn perovskite compositions degrades much more 

quickly than its crystal structure, it is not the most directly relevant metric of semiconductor properties 

for photovoltaic systems. Thus, terahertz spectroscopy optical-pump terahertz-probe (OPTP) 

measurements were performed to monitor carrier-charge transport properties as a function of 

ambient air exposure over time. In OPTP, a thin film perovskite sample is photoexcited with an 

ultrafast pump laser pulse before its time-dependent photoconductivity is measured with a THz 

conductivity probe, as is detailed in the Methods section. Utilising the photoconductivity traces (full 

dataset provided in Figure S1-S4 in the SI), the sum charge-carrier mobility can be extracted from the 

THz pulse transmission immediately after photoexcitation. The charge-carrier recombination rates, k1, 

can also be extracted from monoexponential fits to photoconductivity decays, which is representative 

of the charge-carrier population. Figure 3 shows the monoexponential decay rate and sum charge-

carrier mobility from such analysis (Figure S1-S4) for both the FA/Cs and FA/MA compositions at 

varying air-exposure times. Although all the Pb-Sn perovskites show high initial mobility values around 

30 cm2/Vs, consistent with literature[62,63], after 5 hours of exposure the values decrease to 20 

cm2/Vs. Given that the OPTP technique is only sensitive to scattering in the order of nanometres, we 

interpret this to mean that the thin films still retain a relatively high degree of short-range crystalline 

order after prolonged air exposure. In contrast, the increase of k1 by 1-2 orders of magnitude during 

air exposure reveals that the charge-carrier recombination increases exponentially with exposure 

time, and this indicates that the perovskite materials are becoming increasingly defective. For these 

intermediate Pb-Sn compositions, such accelerated decay is likely to be associated with defect 

formation, resulting in either charge-carrier trapping, or the formation of tin vacancies that capture 

valence-band electrons thus leading to hole doping[64]. The effect of these findings on the charge-

carrier transport is made obvious in Figure 3 by plots of charge-carrier diffusion length, LD, which can 
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be estimated by 𝐿𝐷 = √𝜇𝑘𝑏 𝑇 𝑞⁄ 𝑘1. We find that FA/Cs compositions initially exhibit higher charge-

carrier diffusion lengths than FA/MA, but after about 1 hour of air exposure the compositions 

converge to a shared decay profile. These measurements provide a finer time resolution with which 

to observe the oxidation process that reduces the optoelectronic quality than our previous 

assessments and reveal that the characteristic time scale of degradation relevant to charge-carrier 

transport is about 30 minutes.  

We further performed terahertz time-domain spectroscopy (THz-TDS) at different air exposure times 

(see SI for details), in order to measure the conductivity spectra of the perovskite films in absence of 

any photoexcitation. Such measurements of the dark conductivity spectra can provide information 

about the background charge-carrier density, as well as vibrational phonon modes present within the 

THz spectral region. We find that the dark conductivity spectra of the perovskite compositions under 

consideration do not exhibit any significant changes with air exposure times, suggesting that electrical 

doping induced from degradation does not exceed 1018cm-3, which is the lower limit imposed by the 

sensitivity of the THz-TDS measurements (Figure 3 and Figure S5). However, it is expected from other 

reports that the oxidation of Sn2+ at the B-site leads to p-doping and the generation of a background 

hole population to charge compensate the Sn-vacancies.[58,62,65–67] Therefore, an alternative 

method for monitoring  and quantifying the evolution of the background charge-carrier concentration 

below the THz-TDS detection limit is required for tracking the oxidation process in real-time.  

A relatively simple and inexpensive method with high enough sensitivity and dynamic range to capture 

large changes in charge transport over the course of hours is lateral conductivity.[12,68] Perovskite 

films were deposited onto substrates that have been patterned with interdigitated electrodes of 

several different channel lengths between 50 and 150 μm and the resistivity through the perovskite 

film across the channel widths was determined electronically. Figure 4a demonstrates the conductivity 

profiles versus time for FA perovskites of different Sn content, revealing similar behaviour for each 

composition. Initially, an increase in σ values is observed by 2-3 orders of magnitude to reach a 

maximum value, σmax, around 10-1 S/cm, which then decreases by several orders of magnitude until 

stabilizing around 10-8
 S/cm, which is near the threshold for detection. We attribute the initial 

conductivity rise to p-doping of the material arising from Sn-vacancy formation and the capture of 

electrons at the corresponding sites, leading to hole doping in the valance band.[44,59,64] Similar 

trends are observed also for the mixed A-cation compositions FA/MA and FA/Cs as displayed in Figure 

S17. In Figure 4b, we characterize the conductivity rise by reporting the initial and maximum 

conductivity values, σi and σmax, as well as the time to reach σmax, Tmax, for each of the compositions 

and find that it is primarily dependent on Sn concentration. Using the mobility values measured by 

OPTP, we estimate a background hole density of approximately 1016 cm-3 corresponding to the peak 

conductivity values shown in Figure 5, which is indeed below the THz-TDS detection limit. We interpret 

the sharp decline in conductivity values observed in Figure 4a as the disruption of lateral charge 

percolation pathways along the perovskite layer as the material degrades upon prolonged air 

exposure. We observe in Figure 4a that the initial conductivity increases and the time to reach the 

maximum value along with the subsequent decay time shortens with increasing Sn content regardless 

of A-cation choice. By separately fitting the initial rise and final decay of the peak with 

monoexponential functions, we observe that the respective characteristic rise and decay times, τ1 and 

τ2, are longer for 50% Sn compared to those with the 60% Sn counterpart (Figure S18). Moreover, the 

intersection point of the fitting curves almost coincides with the time needed to reach σmax in both 

cases, indicating that the peak can be interpreted as the competition of two mechanisms: doping is 

initially dominant, but when oxidation has proceeded long enough, the generated SnO2 disrupts the 

charge percolation pathways and impedes lateral charge carrier collection. Further modeling could 
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give more insights on the fundamental understanding of this behavior; however, it is beyond the scope 

of this work. 

Despite being fabricated in a nominally oxygen- and humidity-free environment, the greater the Sn 

content, the more likely the film is to be either initially oxidized upon formation by residual oxygen or 

to oxidize during the few minutes it takes to load the sample for measurement in air. Although the B-

site cation primarily impacts these metrics, the A-cation imparts a secondary effect. FA-only 

compositions with 50 or 60% Sn, displayed an order of magnitude lower initial conductivity values 

than their FA/MA and FA/Cs counterparts, which suggests that they have oxidized to a lesser degree 

by the time of measurement. While the data presented in Figure 4a for the 50% Sn composition, 

indicates that the FA/MA films have a shorter characteristic oxidation time than FA and FA/Cs, the 

error bars are such that these values are statistically indistinguishable. Therefore, of the films 

investigated, we conclude that the FAPb0.5Sn0.5I3 composition is the least likely to be oxidized during 

preparation and within the few minutes of handling in air. However, the rate of degradation by 

oxidation is very similar between the A-site compositions considered.  

Discussion 

The main goal of this work is to identify which front-leading low bandgap Pb-Sn composition would be 

the most suitable to serve as the baseline absorber material upon which subsequent research and 

development would proceed in an industrial setting. High efficiency and long operational lifetime are 

key requirements for the commercialization of any solar cell technology, therefore identifying the 

main risks that threaten device stability is critical for material selection, process development, and 

product design. In industrial research and development programs, the process of device development 

must be methodical and intentional in order to make efficient use of resources and meet key 

milestones. Therefore, it is crucial that we select as the starting point for further development an 

absorber composition that avoids irreversible degradation processes as much as possible and then 

design the rest of the device around it, for instance by selecting contacts for optimal energetic 

alignment, chemical compatibility, and deposition methodology. Ultimately, full device reliability 

assessment by standard accelerated stress testing will determine the operational stability of the solar 

product. But we expect that these core degradation modes identified for the bulk absorber will still 

be relevant and must be considered far upstream in the development process.  

To summarize our findings, we identified three irreversible degradation processes in narrow band gap 

Pb-Sn perovskite absorbers: (1) Sn oxidation upon air exposure, (2) MA loss upon heat exposure, and 

(3) FA/Cs segregation leading to impurity phase formation. In light of these absorber degradation 

modes, we present a schematic in Figure 5a that filters the candidate A-site compositions down to 

those that are practically de-risked for further development in an industrial setting. (1) It is clear that 

the optoelectronic quality of all Pb-Sn perovskites, regardless of A-site composition, rapidly degrades 

on the order of 30 minutes upon air exposure due to the irreversible reaction of O2 with the Sn2+. This 

highlights that commercial solar cells employing these materials will require robust encapsulation to 

ensure that air exposure is minimized during their operational lifetime. However, it would be 

uneconomical and impractical in an industrial setting to completely avoid any air exposure during 

manufacturing. Therefore, the most appropriate composition would need to tolerate some air 

exposure before encapsulation proceeds. We find that the initial conductivity decreases with 

decreasing Sn content, thereby indicating a less oxidized state at the time of measurement in air. 

Therefore, we select the 50% Sn compositions for further consideration because they would better 

tolerate small doses of atmosphere that are likely to occur in a production line, while still maintaining 

a suitably low bandgap. (2) We confirm the findings of other reports [51,53,54] that MA loss occurs 

upon heating at 100°C and leads to the decomposition of the perovskite absorber and the generation 
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of PbI2. Although solar cells deployed in terrestrial applications will see maximum temperatures of 

only 60-70°C [69],  in space applications the temperature can exceed 100°C. [70,71] Encouragingly, 

there are reports of MA-based neat Pb-perovskites devices performing well after elevated 

temperature stressing at 85°C [72]  and triple-cation perovskites maintaining high performance in 

outdoor testing. [73] However, from a practical perspective, the MA-loss mechanism still poses a risk 

that over the course of decades-long operation some degree of absorber degradation occurs, whereas 

FA and FA/Cs compositions show improved thermal stability. Furthermore, accelerated stress testing 

at elevated temperatures, such as damp heat testing at 85°C, is standard for the industry at this time 

and ensuring robustness against such tests is important for early commercialization of perovskite 

technology. By this rationale, we withdraw MA-based compositions from further consideration. (3) 

We have observed that FA and Cs can segregate from the perovskite lattice upon air exposure and 

leads to the formation of the non-perovskite δ-CsPbI3 phase. Our DFT calculations have highlighted 

that oxygen prefers to interact with FA and Sn, thereby providing a potential impetus for A-cation de-

mixing that explains our observations. It could be argued that this mechanism is inconsequential since 

we observe it only upon air exposure, which will have already degraded the optoelectronic quality to 

the point of being unusable anyway. However, from a conservative standpoint of de-risking future 

investment in the technology, any benefits associated from mixing FA/Cs at the A-site would have to 

outweigh the potential for this mechanism to become activated by either minor air exposure or 

perhaps a separate stressor. [74,75] In neat Pb perovskite compositions, the perovskite phase of 

FAPbI3 is inherently unstable and requires the addition of other cations, most traditionally MA or Cs, 

to preserve the 3D corner-sharing octahedral network required for efficient photovoltaic operation. 

However, it is important to note that the narrow bandgap FA(SnyPb1-y)I3 compositions considered here 

do not show sign of such phase instability, although it is not yet understood why given the smaller 

cavity formed by the Pb-Sn octahedra. Rather, they nucleate directly into the alpha-phase upon 

solvent quenching and our XRD study has not shown any indication of the non-perovskite delta-phase 

formation during thermal or atmospheric stressing.  This then leads us to conclude that of the nine 

compositions considered in this study, the FASn0.5Pb0.5I3 is the most likely to avoid the irreversible 

absorber degradation processes that we identify.  

Although FASn0.5Pb0.5I3 was one of the first low-bandgap perovskite absorber materials to be 

integrated into all-perovskite tandems [76], it has seen relatively little development compared with 

FA/Cs, FA/MA, and triple-cation compositions. While we have argued that FASn0.5Pb0.5I3 can help 

minimize risk of material destabilization, it must also offer competitive photovoltaic performances. To 

demonstrate that it is indeed capable of this, we constructed single-junction devices from both 

FASn0.5Pb0.5I3 and FA0.75Cs0.25Sn0.5Pb0.5I3 with 1 cm2 device areas using the same fabrication procedure 

and device stack. [62] Figure 5b shows that we achieve statistically indistinguishable power conversion 

efficiency distributions with mean performance around 12.5% and champions near 14% for both 

compositions. From our judgement, the inclusion of Cs in the formulation does not confer any obvious 

benefit to the performance under the conditions trialled.  

Nevertheless, even with the judicious selection of absorber composition, oxidation remains a critical 

concern for these materials and a means to quantify and monitor this process is required for assessing 

absorber development and product encapsulation. We have already shown how long-range 

conductivity is sensitive enough to detect even minor oxidation and provides high enough dynamic 

range to monitor the process over 7 orders of magnitude. To demonstrate this, we show in Figure 5c 

the conductivity profile of companion perovskite films that are either exposed directly to air, capped 

with a polymethyl methacrylate (PMMA) layer, or encapsulated by a cover glass. When encapsulated 

with glass, we find that the conductivity remains constant even after hours of exposure. This 

simultaneously proves that air exposure is responsible for the conductivity behaviour we observe and 
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that the process can be practically managed with careful encapsulation. In contrast, the PMMA-

capped material shows a slowed initial increase that sharply transitions to the characteristic profile 

after a certain amount of time. We attribute this new feature to the oxidation process being delayed 

by the PMMA capping layer, which initially causes the reaction to become diffusion-limited until it 

becomes fully saturated with air. It is also noteworthy that PMMA is hydrophobic and oxygen 

permeable, which supports our assumption that oxygen is primarily responsible for the oxidation 

process monitored by conductivity rather than water.  

Conclusion 

In this study, we assessed the thermal and atmospheric stability of a set of nine low bandgap 

perovskite compositions using both widely accessible and advanced characterization techniques. By 

identifying irreversible degradation processes that can arise from the choice of A- and B-site 

composition, we propose that FASn0.5Pb0.5I3 is the least susceptible to bulk degradation modes that 

could arise through inevitable heat and atmosphere exposure that will occur during solar cell 

manufacture and operation. Of those investigated systems, this composition is more thermally stable 

and demonstrates better initial oxidation resistance than the mixed A-site compositions. We further 

show that it is capable of achieving good photovoltaic performance when incorporated in 1 cm2 

devices that is statistically identical to the companion devices made with the front-running FA/Cs 

composition. From the perspective of industrial development towards commercializing a product, we 

consider the FA(Sn0.5Pb0.5)I3 composition to be an ideal platform from which improvements can be 

introduced and device architectures can be designed for maximizing performance and lifetime. We 

further propose using long-range conductivity as a characterization method to quantify the oxidative 

process; this approach enables practical assessment of both absorbers with improved oxidative 

resistance and the effectiveness of encapsulation robustness that will be required for commercial all-

perovskite multijunction products. 
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Figures 

 

Figure 1: a) X-ray diffraction patterns,  b) (100) perovskite peak position and c) bandgap values for thin films of FA0.75Cs0.25-

SnxPb1-xI3 (purple), FASnxPb1-xI3 (red) and FA0.6MA0.4SnxPb1-xI3 (blue) for x=0.5,0.6, 0.7 
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Figure 2: (a,c)  Evolution of XRD patterns during  (a) heat stressing at 100°C in N2 atmosphere (red gradient) and (c) air 
exposure at room temperature (blue gradient)  for FA0.75Cs0.25Sn0.5Pb0.5I3, FASn0.5Pb0.5I3 and FA0.6MA0.4Sn0.5Pb0.5I3 thin films. 
(b,d) Evolution of absorption spectra and first derivative peak corresponding to bandgap edge during  (b) heat stressing at 
100°C in N2 atmosphere (red gradient) and (d) air exposure at room temperature (blue gradient) for FA0.75Cs0.25Sn0.5Pb0.5I3, 
FASn0.5Pb0.5I3 and FA0.6MA0.4Sn0.5Pb0.5I3 thin films. Measurements were taken after 24, 48 and 72 hours of stressing. 
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Figure 3: a) Monomolecular charge-carrier recombination rates (k1),  b) charge-carrier sum mobilities (µ) and c) charge-carrier 
diffusion lengths (LD) of mixed lead-tin perovskites with the compositions indicated in the legend at discrete air-exposure 
times, obtained from optical-pump THz-probe photoconductivity measurements performed with 400 nm wavelength 
photoexcitation, as detailed in the respective section of the SI. Photoconductivity decay transients from which these values 
are extracted are shown in Figure S1-S4 in the SI. 
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Figure 4: a) Lateral conductivity as a function of air exposure time at room temperature for FASnxPb1-xI3 (x=0.4, 0.5 and 0.6) 
(lines are used as guide for the eye) and (b) distributions of initial conductivity values (σi) maximum conductivity values 
(σmax) and time needed to reach the maximum value(Tmax) for FASnxPb1-xI3 (x=0.4,0.5 and 0.6) (panel (a)) and ASn0.5Pb0.5I3 
(A=FA0.75Cs0.25, FA and FA0.6MA0.4) (panel (b)). 
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Figure 5: a) Schematic chart filtering the candidate low-bandgap compositions APbxSn1-xI3 (A= FA0.75Cs0.25, FA and FA0.6MA0.4, 
x=0.3,0.4 or 0.5), (b) power conversion efficiency (PCE), short-circuit current density (JSC), open-circuit voltage (VOC) and fill 
factor (FF) values of FA0.75Cs0.25Pb0.5Sn0.5I3 (blue) and FASn0.5Pb0.5I3 (green) devices. (C) Schematic representation of 
encapsulated conductivity samples and real-time lateral conductivity profiles of unencapsulated (blue), PMMA capped 
(green) and encapsulated (yellow) FASn0.5Pb0.5I3 samples. 
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