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Challenges and strategies toward long-term
stability of lead-free tin-based perovskite solar cells
Ece Aktas 1, Nagalingam Rajamanickam 2, Jorge Pascual 3,

Shuaifeng Hu 3, Mahmoud H. Aldamasy4, Diego Di Girolamo1, Wenhui Li2,

Giuseppe Nasti 1, Eugenia Martínez-Ferrero 2, Atsushi Wakamiya 3✉,

Emilio Palomares 2,5✉ & Antonio Abate1,4✉

Due to their outstanding optoelectronic properties, lead-based halide perovskite materials

have been applied as efficient photoactive materials in solution-processed solar cells. Current

record efficiencies offer the promise to surpass those of silicon solar cells. However,

uncertainty about the potential toxicity of lead-based halide perovskite materials and their

facile dissolution in water requires a search for new alternative perovskite-like materials.

Thanks to the foresight of scientists and their experience in lead-based halide perovskite

preparation, remarkable results have been obtained in a short period of time using lead-free

perovskite compositions. However, the lower solar-to-energy conversion efficiency and long-

term stability issues are serious drawbacks that hinder the potential progression of these

materials. Here, we review and analyse strategies in the literature and the most promising

solutions to identify the factors that limit the power conversion efficiency and long-term

stability of lead-free tin-based perovskite solar cells. In the light of the current state-of-the-

art, we offer perspectives for further developing these promising materials.

The current interlaces of geopolitical and environmental crises demand sustainable and
efficient energy generation solutions, where new photovoltaic technologies must play a
critical role. Hybrid metal-organic halide perovskite solar cells (PSCs) have shown over

the years exceptional performances, with the actual efficiency record almost closing the gap with
Si-based classical photovoltaic devices1. Alas, the environmental toxicity of lead-based com-
pounds and the performance and stability of lead halide PSCs (Pb-HPSCs) still represent massive
limitations toward commercialising this technology. Lead is a well-known toxic heavy metal,
historically connected to numerous diseases in kids and adults, thus, the exposure to Pb-HPSCs
would pose safety concerns if used on a large scale2.

In the race to substitute lead in PSCs, tin is the first and more promising candidate, due to its
low toxicity under different test conditions in comparison to lead3. From a physical and theo-
retical point of view, tin-based halide perovskites (Sn-HPs) have the potential to surpass their
lead-based counterparts thanks to their lower bandgap, which is closer to the optimal values
determined by the Shockley-Queisser limit4, high carrier mobility, and low exciton binding
energy5. On the other hand, the main limitations of Sn-HPs come from the low energy barrier
for the oxidation of Sn(II) to Sn(IV), which promotes the formation of an excess of Sn(II)
vacancies and the undesired p-doping of the perovskite semiconductor6, 7. In fact, Sn-HP
materials are still in their infancy. However, the vast amount of knowledge generated during the
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last 15 years in the research of lead halide perovskites, has pushed
the research on tin-based halide perovskite solar cells (Sn-
HPSCs). They have shown a rapid progression in the achievement
of power conversion efficiency (PCE), with the actual record set at
14.6%8.

A thorough picture of the mechanisms taking place in Sn-
HPSCs has not been depicted yet, and its comprehension will be
at the base of future improvements for lead-free perovskite
devices. In this review, we have collected, analysed, and connected
the published reports regarding the factors limiting the PCE and
the long-term stability of Sn-HPSCs. After an introductory dis-
cussion about the composition engineering of Sn-HPs and the
device structures, we have reviewed different approaches adopted
to mitigate tin oxidation and promote homogenous film forma-
tion. The external agents that can induce degradation of the
material, such as humidity, oxygen high temperature, and ultra-
violet (UV) light exposure are examined, since their impact on
the device performance is detrimental. On the other hand, the
intrinsic factors that come into play during the evaluation of the
performance of the Sn-HPSCs, such as ion migration leading to
significant hysteresis and increased charge recombination, are
analysed to provide further information together with the
encapsulation procedures to protect the devices. Finally, the
Outlook describes the perspectives about the future of Sn-HPSCs
and the Conclusions.

Compositional engineering of the lead-free tin-based
perovskite
The perovskite constitutes the photoactive part of the solar cells.
Its general formula is ABX3. This general formula of the per-
ovskite structure can be made of different chemical combinations,
through the so-called compositional engineering. Thus, A can be
an organic cation, generally, methylammonium (CH3NH3

+, MA
+) or formamidinium (HC(NH2)2+, FA+) or an alkali metal
cations such as caesium (Cs+). B is a divalent metal cation (Pb2+,
Sn2+, or Ge2+) whereas X represents the halide anion (I−, Br− or
Cl−) (see Fig. 1)9. Recently, large organic molecules such as
phenethylammonium iodide (PEAI)10, n-propylammonium
iodide (PAI)11 or 4-fluoro-phenethylammonium bromide
(FPEABr)12 have been added into the perovskite precursors to
improve the stability of Sn-HPSCs; these larger organic cations
block moisture penetration owing to their hydrophobic nature13.
Furthermore, these large organic cations separate the three-
dimensional (3D) perovskites from one another generating low-
dimensional perovskite structures like a two-dimensional (2D) or
quasi-2D layers. Finally, the perovskites can be found as dots as
well, which are described as 0 dimensional (0D), although their
applications in Sn-HPs are not the objective of this review.

Sn-HPs are sensitive to ambient conditions that directly affect
the efficiency of the devices and their long-term stability. Com-
positional engineering is one of the most effective approaches to
tailor the optoelectronic properties of the Sn-HPs and impact the
device stability by reducing the formation of volatile products or
irreversible disproportionation when devices are exposed to
thermal and light-induced degradation conditions14, 15. Hence, in
this section, we have summarised the critical contributions
reported in regard to the application of different cations to
improve the tolerance of the Sn-HPs layer. This review will be
focused on the Sn-HPs prepared as 2D or 3D films.

Single cation perovskite. In the 3D Sn-HP structure, the central
position, occupied by an organic or alkali metal A site cation (MA
+, FA+, and Cs+), heavily influences the resulting electronic
properties and the intrinsic stability of the photovoltaic devices
prepared with it16. Both MA+ and FA+ are the most investigated
organic cations in position A in lead-free Sn-HPSCs. The com-
parison between FASnI3 and MASnI3 perovskites indicated that
the former, with a larger bandgap17, showed higher thermal
stability due to the larger size of the A-site cation18. On the other
hand, a systematic comparison of the intrinsic thermal and
photochemical stability of a series of Sn-HP layers with three
different A-site cations and two halide anions (A=Cs, MA, FA;
X= Br, I) was reported by Akbulatov and co-workers in 201919.
In their study, the CsSnI3 perovskite composition showed
remarkable thermal stability at higher temperature of ~90 °C
compared with previously reported hybrid perovskites (FA, MA)
and exhibited excellent stability after 1000 h. However, this
composition still contained impurities of Cs2SnI6 caused by the
disproportionation of Sn(II) to Sn0 and Sn(IV), as indicated by
the X-ray diffraction (XRD) patterns (Fig. 2). Therefore, and
despite inorganic cation-based CsSnX3 perovskite compositions
gave rise to fewer decomposition products due to the absence of
fragile and volatile organic cations20, the operational lifetime of
the device was still limited21.

Double cation perovskite. The introduction of a second A-site
cation can affect the electronic structure and the stability of Sn-
HPs as has been proven in theoretical and experimental
results17, 22. In 2017, the photovoltaic performance of double
organic cation-based Sn-HPSCs was investigated by Zhao et al.23.
In their work, the maximum PCE reached 8.12% for the device
based on FA0.75MA0.25SnI3, exhibiting high reproducibility. The
champion device maintained ≈80% of its original PCE after
being stored in N2 for 400 h (Table 1). Thereafter, Tsai et al.
applied an alcohol-based bifunctional ammonium cation,
2-hydroxyethylammonium (HO(CH2)2NH3+; HEA+), to modify
the energy level of FASnI3 by incorporating HEA+ in different
percentages to the perovskite precursor for boosting the device
performance and the stability of lead-free Sn-HPs24. It was found
that the increment of the HEA+ cation in the lattice structure of
HEAxFA1−xSnI3 altered the crystal symmetry from orthorhombic
(x= 0) to rhombohedral (x= 0.2 and 0.4). Moreover, it regularly
increased the bandgap energy from 1.34 eV (when x= 0) to
2.07 eV (when x= 1) and the valence band maximum system-
atically varied from −4.91 eV (x= 0) to −5.50 eV (x= 1). Thus,
they demonstrated that with this strategy, they were able to tune
the electronic and optical parameters of the perovskite through
fine variation of the crystal structure. Their champion device with
HEAI 40% (x= 0.4) showed the best PCE of 3.7% for a fresh cell
and 3.9% for the device stored in a glovebox for 340 h.

Other A-site cations have been studied in the literature to
increase the durability of lead-free Sn-HPSCs, because the rate of
Sn(II) oxidation in MASnI3 is higher than in FASnI325. In 2018,

Fig. 1 Scheme of the crystalline structure of 3D perovskite. A depicts
monovalent organic or inorganic cations, B represents divalent cations, and
X represents halide anions. (Fig. 1 reprinted with permission135).
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Jokar et al. investigated the dopant effect of ethylenediammonium
diiodide (EDAI2) with butylammonium iodide in the Sn-
HPSCs26. In the presence of EDAI2, the tin vacancies inside the
FASnI3 crystals were occupied decreasing the background carrier
densities that resulted in longer lifetimes of the charge carriers.
Thereby, they concluded that the crystal growth was slowed down
permitting the formation of pinhole-free films26, 27. Jokar et al.
mixed as well the organic cation guanidinium (CH6N3

+, GA)
with FAI in increasing proportions and added 1% EDAI2 and
10% SnF2 as dopants to improve the device performance of the
Sn-HPSCs28. They chose GA+ because of its slightly bigger size
than FA+ and ability to co-crystallise with it. The best device of
this 3D-structured series was FA0.78GA0.2SnI3 which showed
PCEs increasing from 8.5%, when freshly prepared, to 9.6% after
storage in a glovebox for 2000 h. Moreover, the unencapsulated
device demonstrated good stability in the air (with relative
humidity, RH, of 20%) for 1 week and retained 80% of its initial
efficiency after 100 h in a more rigorous condition (RH 60%)
(Table 1). Later, the same group incorporated azetidinium (AZ)
into the FASnI3 perovskite precursor, reporting a record PCE of
9.6% with the AZ0.15FA0.85SnI3 structure29. Furthermore, the best
encapsulated device retained 90% of initial efficiency after 360 h
(Table 1).

A different approach consists in the use of Cs(I) because it
tends to enhance the long-term stability of mixed-cation Sn-
HPSCs30. The addition of Cs(I) contracts the crystal lattice and
permits the deposition of denser films that enhance the stability
of Sn-HPSCs in ambient conditions31. Liu et al. combined organic
(FA+) and alkali metal (Cs+) cations to study its effect on device
performance and long-term stability32. Moreover, they added
dopants like ethylenediammonium diiodide (EDAI2), SnF2, and
SnCl2 to the perovskite precursor to obtain a pinhole-free and
passivated perovskite surface. Despite the hygroscopic nature of
SnCl2, the Sn-3X (CsFASnI3-EDAI2 with 10mol% of SnF2 and
20 mol% of SnCl2) structure gave rise to films with a lower
concentration of defects and attenuated water and oxygen
channels that improved the long-term stability of the Sn-
HPSCs. After addition of 20% SnCl2, the encapsulated champion
device retained over 95% of its initial PCE in a N2-filled glove box
after operation at the maximum power point (MPP) under
continuous 1 sun illumination for 1000 h (Fig. 3a, Table 1).

2D/3D and quasi-2D perovskites. The dimensionality of the
perovskite structure can be effectively reduced from 3D to 2D/3D
perovskite mixtures or 2D replacing the A-site cation by bulky
organic molecules as mentioned in “Compositional engineering of
the lead-free tin-based perovskite”. These large molecules have
many advantages such as providing higher open-circuit voltage
due to the larger band gap, improving film quality via slowing

down the crystallisation rate, or having more tuneable structures
that allow higher flexibility in the chemical structures in com-
parison to the 3D perovskites33, 34. Above all, they mainly passi-
vate surface defects preventing the incorporation of oxygen and
water due to the enhancement of the steric hindrance on the
surface of the perovskites13, 35. Recently, low-dimensional per-
ovskite structures have received more attention due to their higher
thermodynamic stability in comparison to 3D structures36. It has
been reported that low-dimensional perovskites show reduced
background carrier density in comparison to pure 3D FASnI3
perovskite37. To understand the crystallisation process of low-
dimensional tin perovskite, Qiu et al. introduced a mixture of
organic cations [n-butylamine (BA) and phenylethylamine (PEA)]
as spacers into the FASnI3-based perovskite precursor38. These
mixed organic cations acted as 2D intermediate phase inhibitors,
resulting in lower bulk defects and surface traps. The 2D inter-
mediate phase causes uneven nucleation, disordered orientation
and promotes parallel growth orientation to the substrate. Thus,
the inhibition of this phase lead to PCE values of 8.82%. However,
the use of bulky organic cations alone does not sufficiently
improve the long-term stability of Sn-HPSCs, as reported in the
literature. Li et al. reported low-dimensional all-inorganic
CsSnBrI2-based Sn-HPSCs to investigate the complete unencap-
sulated devices in ambient air (RH 60–70%)39. Devices based on
CsSnBrI2-PS (PS indicating the presence of PEAI and Sn(SCN)2),
consisting of 15% PEAI and 7.5% Sn(SCN)2 led to a champion
PCE of 5.01%, and the unencapsulated best cell retained 78% of its
initial efficiency under ambient air for 4 h (Table 1).

Although inorganic cations form fewer decomposition pro-
ducts, mixing organic cations with bulky organic cations can
lower trap density in the bulk and improve the quality of Sn-HPs
films40, 41. More recently, Yu et al. incorporated the fluorinated
bulky organic cation FPEABr to the FASnI3 perovskite precursor
to modulate the microstructure of the 2D/3D heterogeneous Sn-
HPs light absorber12. The device’s performance was improved
with this unique microstructure which suppressed the oxidation
of Sn and lowered the density of defects. They compared the
performance of four compositions of Sn-HPSCs with varying
ratios of FPEABr:FAI. Herein, while a pure 3D FASnI3-based
device reached PCE of 9.38%, 2D/3D Sn-HP with 10% FPEABr
showed a champion efficiency of 14.81% (Fig. 3b). In the 2D/3D
Sn-HP photoactive layer, the 2D phase embraces 3D grains and is
mainly located at the top and bottom surfaces and grain
boundaries. Their study purposedly chose a fluorinated com-
pound to block the water penetration and offer a reduced
atmosphere for vulnerable 3D FASnI3. Thus, they demonstrated
that the encapsulated 2D/3D Sn-HPSCs retained 80% of the
initial value for 432 h when exposed to air, while the encapsulated
control 3D devices maintained it only for 265 h (Fig. 3c, Table 1).

Fig. 2 Effects of temperature exposure with time on different perovskite compositions. Evolution of the structure with time followed by the XRD patterns
of a MASnI3, b FASnI3, and c CsSnI3, after thermal annealing at ~90 °C. (Fig. 2 adapted with permission from ref. 19, Copyright 2019 ACS Publication).
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Materials with the ability to form lower dimensional
perovskites have also been employed for the surface treatment
of the photoactive films. Though many different molecules have
been screened42, PEA salts have become the most popular surface
modifiers. Liao et al. deposited a very thin layer of PEABr on top
of the perovskite film forming low dimensional material43. The
improved quality of the surface led to optimised band alignment
and lower defect density, enhancing the device efficiency and its
stability to oxidation, retaining 80% of the initial performance
after 350 h of light soaking. Choi et al. used instead the iodide salt,
PEAI, also reporting a higher stability against Sn(II) oxidation44.
Moreover, PEA+ molecules can be functionalised to tune their
properties. In this regard, Chen et al. deposited a trifluoromethyl
derivative of PEA on the perovskite surface to increase its
hydrophobicity and air stability in devices with efficiencies over
10%45. Furthermore, Jokar et al. applied phenylhydrazinium
thiocyanate (PHSCN) on a hybrid mixed cationic tin perovskite
film to improve the device’s stability46. The best device retained
92% of the initial PCE after storing for 3000 h (Table 1).

The role of the device structure
Architecture
Mesoporous configuration (n-i-p). The so-called mesoporous n-i-p
architecture is one of the most popular ones reported for tin and
lead PSCs (Fig. 4a). The electron selective layer (ESL) in this
architecture comprises a compact titanium dioxide (TiO2) layer,
which acts as ESL, and a mesoporous TiO2 layer that acts as a
scaffold for the photoactive layer. On the other side, the hole
selective layer (HSL) consists mainly of 2,2′,7,7′-tetrakis[N,N-di(4-
methoxyphenyl)amino]−9,9′-spirobifluorene (Spiro-OMeTAD) or
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA). Despite
its popularity, this structure has several drawbacks for obtaining

highly efficient and long-term stable Sn-HPSCs; for example, TiO2

can contain oxygen vacancies, which oxidise Sn(II) to Sn(IV). In
addition, the p-type dopants applied on the TiO2 are hygroscopic
(such as lithium and cobalt salts) and promote the absorption of
moisture or oxidation of Sn(II)47.

Planar architecture (n-i-p vs p-i-n). The planar structure is made
by a multilayer stack where each layer has a specific role. In
contrast to the mesoporous architecture, the layers are planar and
deposited step-by-step, by evaporation or solution techniques,
onto the previous layer. In addition, the charge selective layers
can be deposited onto the substrate or on top of the photoactive
layer and below the metallic electrode. The nomenclature of n-i-p
or p-i-n, therefore, indicates the position of the charge transport
layers from the substrate to the upper electrode.

In the case of Sn-HPSCs, the devices show better performance
when prepared with the inverted planar structure (p-i-n, Fig. 4b)
than with the regular one (n-i-p, Fig. 4c), what has motivated the
researchers to apply this structure, especially in the two last
years48. As aforesaid, due to the drawbacks of TiO2 and Spiro-
OMeTAD as charge selective layers, other materials have been
tested in planar configurations. One of the most efficient
combinations in an inverted structure is achieved with phenyl-
C61-butyric acid methyl ester (PCBM) as ESL and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) as
HSL. This composition shows lower conduction and valence
bands offsets than the regular structure prepared with TiO2 and
Spiro-OMeTAD, which results in the decrease of the over-
potential at the interface and increase the transport and
extraction of the charges49–51. In this sense, the fullerenes in an
inverted structure, such as C60 and PCBM, passivate the surface
of the perovskite film improving the open-circuit voltage (VOC).

Fig. 3 Stability of 3D and 2D/3D Sn-HPSCs prepared with various additives. a The maximum power point (MPP) tracking of the unencapsulated devices
with (Sn-3X) and without (Sn-2X) SnCl2 addition. b Best current density–voltage (J–V) curves for pure 3D and 2D/3D Sn-HPSCs with different FPEABr content.
c Normalised PCE evolution of the 3D FASnI3 and 2D/3D perovskite-based encapsulated devices in air (Fig. 3a adapted with permission from ref. 32, Copyright
2020 Springer Nature. Fig 3b, c adapted with permission from ref. 12., Copyright 2021 Wiley).
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Finally, the application of 2,9-dimethyl-4,7-diphenyl-1,10-phe-
nanthroline (BCP) as a hole blocking layer reduces charge
recombination and enhances the performance52.

Charge selective layers. Charge selective layers (CSLs) are
responsible for the collection of the photogenerated charges
towards the electrodes. One of the reasons of the lower efficiency
of Sn-HPSCs versus Pb-HPSCs is the high voltage (VOC) loss
(between 0.4 and 0.5 eV) due to the oxidation potential of Sn(II)
and the misalignment between the energy bands of the photo-
active material and the CSLs. Apart from Sn(II) oxidation, the
huge VOC deficit in Sn-HPs is the most significant impediment
for developing highly efficient Sn-HPSCs. Sn-HPs have shallower
conduction and valence band maximum values than lead-based
halide perovskites (Pb-HPs), creating an energy barrier at the
perovskite/CSL interface (Fig. 4d)53. Therefore, charge transfer
and extraction decrease resulting in massive voltage losses. In the
next section, we describe recent research in different CSLs, and
the strategies developed to minimise the voltage loss.

Organic CSLs (ESLs and HSLs). Most of the CSLs applied in Sn-
HPSCs are organic due to their versatility and ease of tailoring;
however, they still suffer from the energy band mismatch. Tre-
mendous research effort has been devoted to tune the energy level
offsets of the organic molecules to match the photoactive mate-
rial. Still, the most used organic CSLs in Sn-HPSCs are the
commercial hole transporting materials Spiro-OMeTAD, PTAA,
and PEDOT:PSS.

Spiro-OMeTAD was the first HSL adopted by the tin
perovskite community in a mesoporous architecture. However,
the highest reported efficiencies ranged between 5 and 6%54–58.
Recently, Mahmoudi et al. applied Spiro-OMeTAD as HSL in a
regular mesoporous structure and achieved a PCE of 7.7% using
reduced graphene oxide sheets and tin quantum dots to suppress
the Sn (II) oxidation59.

On the other hand, with the best efficiencies approaching 7%,
PTAA has shown relatively better results than Spiro-OMeTAD,
and thus has been more frequently reported in the literature. Hu
et al. used PTAA as HSL in n-i-p mesoporous architecture and
achieved a PCE of 9.06%, the highest reported value for n-i-p
devices60. This study proved that PTAA could be utilised as HSL
in high-efficiency Sn-HPSCs, providing good alignment with the
energy bands of the photoactive material.

Regarding, PEDOT:PSS, it became the most adopted organic
HSL in Sn-HPSCs61. This is attributed to the functional
properties of PEDOT:PSS, such as good wettability, better
alignment of the energy levels, and easy processability. Therefore,
many researchers has worked to tune the electronic and structural
properties of PEDOT:PSS to maximise the performance of Sn-
HPSCs62–65. Recently, Shih et al., used the water-soluble
zwitterion sulfamic acid to enhance the hole extraction and
transportation properties of PEDOT:PSS by increasing its
mobility and conductivity66. As a result, the front orbitals of
the deposited perovskite film at the interface were modified,
facilitating the charge transfer and increasing the energy band
alignment. The best-treated samples achieved a PCE of 10.5%.
Moreover, the best samples showed high stability upon storage in
the glovebox and retained 95% of their initial efficiency after 2000
h. This study reveals the importance of the interface design and
treatment for both efficiency and stability66.

Inorganic CSLs. Inorganic materials are generally more robust
than organic molecules due to their chemical stability and
resistivity67, and were widely used in the early reports about Sn-
HPSCs. Examples of CSLs are mesoporous titanium dioxide (m-
TiO2)60, mesoporous aluminium oxide (m-Al2O3)59, and com-
pact niobium oxide (c-Nb2O5)68 as electron CSLs (ESLs) and
NiOx

69, Cu-NiOx
70, and CuSCN71 as hole CSLs (HSLs). In 2020,

Li et al., compared the shelf-stability of PEDOT:PSS and NiOx in
Sn-HPSCs stored in a N2-filled glovebox69. NiOx-based devices

Fig. 4 Illustration of the different types of architectures of the perovskite devices and energy level diagrams of different compositions of perovskites.
PSCs with a mesoporous n-i-p b planar p-i-n and c planar n-i-p device structures. d Schematic band diagrams of tin perovskites compared to lead
perovskites. (Fig. 4 a–c adapted with permission from ref. 135. Figure 4d reprinted with permission from ref. 53, Copyright 2019 Springer Nature).
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showed higher efficiency and stability than PEDOT:PSS-based
ones, demonstrating the potential of inorganic HSLs for the
preparation of long-term stable Sn-HPSCs. Following the same
trend, Wang et al., reported an air-stable Sn-HPSC containing
NiOx as HSL72. The improved stability in air of the device could
be attributed to the addition of gallic acid to the photoactive
material; however, the presence of NiOx proved that it is also air-
stable and degradation resistant and assured its suitability as HSL
for highly stable Sn-HPSCs.

Researchers recently shifted to the inverted planar structure
based on organic ESLs, mainly C60 and fullerene derivatives.
Meanwhile, a few reports showed the potential of some other
inorganic ESLs such as Nb2O5 and SnO2 for highly efficient Sn-
HPSCs68. However, to the best of our knowledge, no
comprehensive study has revealed the effect of the different
inorganic ESLs on the efficiency or long-term stability of Sn-
HPSCs.

Metallic electrodes. The effect of the top metal electrode on the
efficiency and stability of Sn-HPSCs have not been fully explored.
In 2021 Wijesskara et al. replaced the traditional Ag/BCP elec-
trode by Cu/BCP in an unencapsulated Sn-HPSCs. The Cu
electrode remarkably stabilised the device in comparison to the
Ag electrode against degradation in ambient air and light soaking.
This work highlights the importance of properly combining metal
electrodes and HSLs to increase the long-term stability for Sn-
HPSCs73.

Strategies to increase stability
Solvent engineering. In addition to the sources mentioned above,
dimethyl sulfoxide (DMSO) was also found to induce the oxi-
dation of Sn(II) in Sn-HP solutions (Fig. 5a). Saidaminov et al.
reported in 2020 that the redox reaction between these two
compounds was promoted at high temperatures6. Our laboratory
later investigated the particularities of the reaction, proposing a
reaction mechanism by direct identification of Sn(IV) with
NMR7. The solution contents affect the Sn(II) oxidation, being
promoted in acidic conditions and reduced in the presence of
SnF2 additive. Considering that almost every processing protocols
involve DMSO-based solvent systems, this reaction could have
been hampering critically the development of Sn-HPs, also
regarding their particularly low defect tolerance17, 74. However,
the extent of this oxidation during the processing and the actual
implications on device performance are still open to discussion75.

Despite the evidence supporting the detrimental effect of
DMSO, the reported attempts to replace it are still scarce. First
reports of Sn-HPs fabrication involved using pure N,N-dimethyl-
formamide (DMF)54, 56. Due to its low binding strength to the
precursors, this solvent could not control the rapid crystallisation
of Sn-HPs, thus leading to low-quality films. In fact, after
applying DMSO in the inks, the field started to quickly develop,
thanks to the formation of SnI2·xDMSO intermediate species
improving the nucleation and crystal growth processes76. The
dependence that a controlled crystallisation currently has on
DMSO may be hindering the development of new solvent systems
to process high-quality Sn-HP thin films. To address this

Fig. 5 Effects of solvents and additives on the photovoltaic performance and stability of Sn-HPSCs. a Fresh and aged (120 °C for 5 h) FASnI3 solutions in
DMSO and DMF. The colour change to red for aged DMSO solution suggests the presence of oxidised Sn species. b List of solvents capable of forming FASnI3
solutions. c PCE distribution of reported devices in literature containing different SnX2 additives. d Normalised PCE evolution at MPP in N2 atmosphere of
devices based on FASnI3 perovskite with and without Dipl+ NaBH4 antioxidant additive strategy. (Fig. 5a adapted with permission from ref. 6, Copyright 2020
ACS Publications. Figure 5b adapted with permission from ref. 77, Copyright 2021 ACS Publications. Fig 5d reprinted with permission from ref. 96., Copyright
2022 Elsevier).
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problem, our group screened over 80 solvents to investigate the
parameters required to form stable DMSO-free FASnI3 solutions
(Fig. 5b)77. From the 12 solvents that were found suitable, a
mixture of N,N-diethylformamide (DEF) and N,N′-dimethylpro-
pyleneurea (DMPU) led to excellent thin films and devices
exceeding the performance of those from DMSO systems without
the use of any additive. Binary solvent systems with different
volatility and binding strength to Sn(II) are useful for modulating
the kinetics of thin-film formation and offer a possibility for the
future development of oxidant-free Sn-HP precursor solutions.

SnX2-based additives. A practical and widely used strategy to
improve the quality and stability of Sn-HP thin films is using
additives with the SnX2 (X= F, Cl, Br) structure (Fig. 5c). The
most significant one is SnF2, currently used in almost every
reported device. First presented by Kumar et al. in 201478, the
application of this additive was a crucial step in the community
for improving the low performance and reproducibility of Sn-HP
materials79, 80. Several scientists systematically reported its ben-
eficial effects, particularly on increasing the stability of Sn-HPs to
oxidation49, 81, 82. In 2021, our group proved the importance of
fluoride anions in SnF2 for stability83. The hard Lewis basicity of
fluoride in comparison to iodide promotes the complexation of all
Sn(IV) in the form of SnF4, preventing its incorporation in the
perovskite film, and also affects the colloidal nature of the per-
ovskite precursors in solution, promoting more homogeneous
nucleation. Therefore, the chemical role of fluoride in solution
and the excess Sn(II) being introduced, which reduces Sn
vacancies84, makes SnF2 an excellent versatile additive.

SnCl2 is also a good additive used by different research groups
that can positively affect the perovskite thin-film quality and its
oxidation resistance85, 86. Chloride, being a harder Lewis base
than iodide, may act through a similar mechanism to SnF2,
potentially making both additives interchangeable to a certain
extent. This same behaviour may be shared by other SnX2

additives also successfully implemented to enhance the stability of
Sn-HPs. These include SnAc2 (Ac = acetate), SnAcac2 (Acac =
Acetylacetonate) and Sn(SCN)287–89. In fact, other non-Sn-based
additives bearing these same counter-anions have also shown
benefits on device performance, highlighting the potential of
bifunctional additives for versatile applications in precursor
solutions10, 90.

Non-halide reducing agents. A direct strategy to tackle the
problems derived from oxidised species is introducing reducing
agents. Most of them involve using acidic species, such as
hydrazinium91–93, hypophosphorous acid94, formic acid95, gallic
acid72, or potassium salt of hydroquinone sulfonic acid86. In
particular, Wang et al. achieved efficiencies of over 13%, intro-
ducing an unprecedented healing behaviour after exposing to air
the Sn-HP films containing phenylhydrazinium derivatives91, 93.
Recently, Sanchez-Diaz et al. employed sodium borohydride
(NaBH4) in combination with dipropylammonium iodide (Dipl)
to achieve FASnI3-based devices with over 1300 h of operational
stability (Fig. 5d, Table 1)96. This result represents a milestone
demonstrating that Sn-HPSCs hold potential for long-term sta-
bility, regardless of their redox behaviour.

However, the transferability from the lab to the lab of protocols
using the same specific reducing species remains a challenge. The
one showing the highest reproducibility, considering the number
of laboratories that have successfully applied, is metallic Sn
powder, which can undergo a comproportionating reaction with
Sn(IV) species42, 97, 98. To further enhance the effectiveness and
applicability of antioxidant strategies, future studies should focus

on understanding the implications and compatibility of additives
with specific perovskite structures.

Environmental factors
Environmental factors, such as humidity, oxygen, temperature,
and light, significantly affect the stability of Sn-HPSCs by indu-
cing a phase transition, trap states, or crystal decomposition due
to the significant presence of grain boundaries in the poly-
crystalline thin films33, 47. Insight into the degradation mechan-
isms by environmental factors is essential for proposing strategies
to improve the stability of Sn-HPs and the device’s performance.

Humidity. Similar to the case of Pb-HPSCs, Sn-HPSCs are also
sensitive to humidity, owing to the hygroscopic nature of organic
MA+ and FA+ cations. Ahmad et al. proposed the possible
decomposition pathway of MA+ cation in Sn-HPs in the presence
of water99. In case of sufficient water, Sn-HPs firstly decomposed
into MAI and HI. MAI is further deprotonated by water to form
volatile sym-triazine and NH4I until wholly decomposed. In
addition to the decomposition of organic cations, H2O prefers to
form the H-I bond, which weakens the Sn-I bond on the MASnI3
surface, affecting the stability of the surface100. Sn-HPs made with
inorganic cations also suffer the issue of water instability, as
investigated by Yang et al. investigated in CsSnI3 by density
functional theory (DFT) calculations101. The results showed that
the black and photoactive phase γ-CsSnI3 is hydrophilic-like, and
H2O tends to adsorb at the hollow sites on the (001) surface,
rendering the structure deformation towards a non-
photoactive phase.

Oxygen. Oxygen significantly affects the stability of Sn-HPs,
owing to the tendency of Sn(II) to oxidise towards the stable
Sn(IV) state. This introduces a high density of Sn vacancies,
which will further lead to serious p-type doping of the material
with a limitation of carrier diffusion length82. Haque et al.
investigated the degradation mechanism of (PEA)0.2(FA)0.8SnI3
perovskite under ambient environmental conditions14. They
showed that oxygen can induce the degradation of Sn-HPs
towards SnI4. Moreover, SnI4 in the film readily evolves into I2
with the assistance of moisture, which will further accelerate the
degradation of perovskite material into more SnI4 (Fig. 6a). A
DFT calculation also indicated that O2 can be spontaneously
adsorbed on the FASnI3 surface and induce iodide vacancies102.
In particular, under light exposure, the photogenerated electrons
could further promote the O2 adsorption on the surface and
promote the formation of iodide vacancies. Additionally, struc-
tural changes can also be observed by weakening FA+−I−

interactions and forming H2O, OOH−, and H2O2 on both surface
and subsurface, further leading to the instability and final
degradation of FASnI3.

Temperature. The effect of temperature on the stability of Sn-
HPs is mainly seen in the induction of phase transitions. In
general, a more symmetric structure with black and photoactive
phases can be obtained upon increasing the temperature, such as
CsSnI3 with black cubic (B-α) at 227 °C, tetragonal (B-β) at
107 °C, and orthorhombic (B-γ) at 27 °C (Fig. 6b). However,
under room temperature, photoactive B-γ-CsSnI3 can be rapidly
degraded into the yellow (Y) phase, which further transforms to
the photo-inactive Cs2SnI6 with exposure to air due to the oxi-
dation of Sn(II) to Sn(IV)47. Moreover, the organic MA and FA
cations in Sn-HPs decompose at 200 °C, showing lower thermal
stability in comparison to Cs-based Sn-HPs, that with a melting
point as high as 451 °C due to the strong covalent/ionic inter-
action between Cs+ and halogen anions, facilitates the formation
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of the [SnI6]4− octahedron. Thus, the free energy is reduced along
with the enhancement of the thermodynamic stability of the
crystal structure103, 104.

Light exposure. Analogous to Pb-HPs, light-oxygen-induced
degradation is also a significant environmental pathway to
decompose Sn-HPs. Jin et al. applied DFT calculations to reveal
that light illumination and oxygen absorption on the FASnI3
surface greatly promoted the formation of iodide vacancies. Sig-
nificantly, the photogenerated electrons can form superoxides
when interacting with O2 under light exposure, which causes the
degradation of FASnI3102. In addition, as for the Sn-HPSCs with
mesoporous TiO2 structure, UV-light can further accelerate the
degradation of perovskite due to the photocatalytic effect of TiO2

in the presence of UV, which is similar to what is reported for Pb-
HPSCs105.

Losses in efficiency due to intrinsic factors
The losses in the performance in Sn-HPSCs still arise even when
ruling out external sources of degradation. These reactions are
due to the intrinsic characteristics of the device and the con-
stituent materials, such as carrier trapping-detrapping, grain
boundaries, the polarisation of the metallic electrodes, ion
migration in the photoactive layer, the ferroelectric effect of the
photoactive layer, and halide segregation in mixed halide
systems106–110.

The fast and more popular technique to determine the effi-
ciency of the devices is the measurement of the variation of the
current density and voltage under light illumination, the so-called
J–V curve. However, as simple as it may seem, changes in the scan
conditions (i.e., scan rate, scan speed, etc) during the measure-
ment generate hysteresis of different magnitudes in the J–V curve,
being this still a matter of concern when comparing the effi-
ciencies reported in the literature. In fact, the main causes for the
observation of hysteresis are due to the materials forming the
device, such as the phase discontinuity of the photoactive film,
inactivation caused by defects, the kinetics in the extraction of
charge carriers at the interface, and the quality of the photoactive
layer106, 111. But despite the influence of the materials, the scan
specifications are at the end critical parameters to determine the
PCE of the devices. A higher open-circuit voltage values are
obtained when the scan is done from open circuit to short circuit
of PSCs, instead of from the short circuit to the open circuit at
J–V measurement. Also, the J–V hysteresis seems very small for a
higher scan rate (~200 mV/s), the PSC performances are precise,
and the hysteresis index (HI) is also close to zero. Moreover, the
hysteresis increases with a higher scan rate with higher HI109. In a
few cases, the measurement of the PSCs done with a slow scan

rate result in lower values of hysteresis112, which is due to the
non-steady-state capacitive current influence shown in interval
times. However, the application of different time measurements
could not be the most appropriate way to report device
performance113. Nevertheless, to minimise the HI value requires
either stabilisation of the power output or determination of the
maximum power in the J–V curve. The variations that can be
observed in the hysteresis of the J-V curve under different scan-
ning conditions such as switching the scanning direction, illu-
mination conditions, scan rate, or the effect of temperature are
shown in Fig. 7a-c114, 115.

Ion migration is another determining factor in the observation
of hysteresis. The migration is associated to a change in the
interfacial fields and barriers, which leads to charge recombina-
tion by the accumulation of ions at the interface116. By the effect
of exposure to external light, thermal drift, or voltage bias, the
migrated ions across the bulk perovskite layer can induce an
electric field which affects the charge collection efficiency leading
to poor stability. During the forward scan, there is a reduced
recombination between photogenerated charges at the interfaces,
due to the build-up of electrical fields that contribute to the
efficient collection of diffusive currents. Therefore, the combi-
nation of low interfacial recombination and high photogenerated
carrier populations at forward bias will result in low hysteresis116.
Ion migration is also facilitated by interfacial charge distribution
and lattice defects including vacancies and interstitials, which
affects the photoelectronic properties and long-term stabilities116.
During the preparation of perovskite films, it is common to
generate vacancies in the perovskite structure, and these defects
can enhance ion migration (Fig. 7e), resulting in low PCE and
even causing device failure during operation. For example, a
reaction between the hole-transport layer and the migrating
iodine ions can reduce the conductivity in the HSL. The migrated
ion build-up a local electric field at the Sn-HPs interface, leading
to the deterioration of the PSCs and deprotonation of the organic
cations117. In turn, ions migrated from the conductive contacts
(HSL or ESL) to the perovskite layer can create shunt pathways
for electrons leading to the short-circuiting of PSCs, because of
hybrid perovskite have different diffusion coefficient and low
activation barrier for MA+/FA+ and I– ion99, 116. The addition of
organic polymers (such as poly vinyl alcohol – PVA) to the
FASnI3 increases the hydrogen bonding and interactions with
iodine (O�H � � � I�) at the grain boundary. This interaction
hinders the diffusion of iodide ions, restricts the formation of
iodine vacancies (by increasing the atomic ratio of iodine ion
(I:Sn) in the surface of FASnI3) and decreases the ionic con-
ductivity (σion)99, 116. Moreover, the polymer addition favours the
formation of nucleation sites in the Sn-HP, reducing the trap
states and slowing down the crystal growth99.

Fig. 6 Impact of the environmental factor impact on Sn-HPs. a Proposed cyclic degradation mechanism of tin-based perovskites under O2 and H2O
b Cubic-α, tetragonal-β, and orthorhombic-γ structure of black-photoactive phases (Fig. 6a reprinted with permission from ref. 14, Copyright 2021 Springer
Nature. Fig 6b reprinted with permission from ref. 47, Copyright 2021 Wiley-VCH GmbH).
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Another intrinsic factor for the low efficiency and stability is
the electrode polarisation, that is ascribed to the capacitance
effect, which depends on the thickness of the layers at the
interface. The inefficient extraction of photogenerated carriers
causes an accumulation of charges at the perovskite/electrode
interface, inducing an electronic dipole polarisation and the
subsequent increase in the capacitance112. Figure 7d shows the
change of electrode polarisation due to the accumulated charges
at the interface.

Finally, the trap density at the interface also influences the
apparition of the hysteresis (Fig. 7f)114, 116, 118–120. Therefore, one
strategy is to reduce the non-radiative recombination by lowering
the interfacial trap density. Also, lessening the non-steady-state
photocurrent by the effect of remanent capacitance current
(capacitive effect) and ion migration improves HI in the PSCs.
Moreover, engineering to tune the Fermi-level between the CSL
and the perovskite materials can enhance the performance of the
devices.

Encapsulation
Among the different factors discussed in the previous section, the
instability of Sn-HPs caused by oxidative stress is the most
challenging issue for commercialising this technology. Proper
technological development of encapsulation materials and pro-
cesses is therefore vital to preserve the stability of Sn-HP. The
parameters that define the efficiency of the protective encapsulant
are the oxygen transmission rate (OTR) and the water vapour
transmission rate (WVTR), which is widely reported and could be

taken as a single reference since the two OTR and WVTR values
largely correlate.

In the case of rigid devices (prepared on glass or silicon solar
cells, for instance), the glass encapsulation employing a properly
selected sealant and eventually a desiccator should guarantee an
adequate encapsulation. For Pb-HPs, this improves the opera-
tional stability of solar cells dramatically121–123. Care must be
devoted to the sealant’s chemical compatibility and mechanical
properties; however, we are confident that the main achievement
demonstrated with Pb-HPs could be transferred to tin
counterparts124.

The situation is different when considering flexible solar
cells125. Here, the replacement of lead with less toxic materials is
of greater importance, assuming future commercialisation in
consumer electronics (e.g., wearable devices). Still, it is not clear
which value of OTR should be pursued. In Fig. 8a, we report the
target values of OTR and WVTR used for different applications.
While plastic foil can quickly meet food packaging, there is a need
for ultra-high barriers for air sensitive organic light emitting
diodes (OLEDs), that required OTRs and WVTRs below 10−6

cm3·m−2/day and 10−6 g·m−2/day, respectively126. Pb-HPSCs are
considered less demanding than OLED in terms of barrier
properties. However, this would be hardly true for Sn-HPSCs.
Therefore, OLED encapsulation should be the reference tech-
nology to look for.

The development of ultra-high barriers taught us that a single
layer flexible encapsulant tends to be insufficient. Organic materials
have a large permeability intrinsically, while inorganic materials’
barrier properties are affected by the presence of pinholes. The best

Fig. 7 Influence of the intrinsic factors on the photovoltaic parameters of Sn-HPSCs. a Scan-rate-dependent J–V curves of PSCs. Effect of temperature on
the hysteresis of PSCs at a fast scan rate of 200mV/s; J–V curves measured b at 60 °C and c after cooling to room temperature. Schematic illustrations of
d ion and hole migration due to iodide vacancies (top) and metal vacancies (bottom) through the perovskite structure, e the influence of modifying
electrode polarisation on capacitive effect, the impact of contact barrier modification due to ionic interface charges, f the surface recombination reduction
by passivating the trap states. (Fig. 7 a–c adapted with permission from ref. 109, Copyright 2020 Springer Nature. Fig 7d adapted with permission from
ref. 136, Copyright 2015 Royal Society of Chemistry Fig. 7e adapted with permission from ref. 112, Copyright ACS Publications. Figure 7f reproduced with
permission from ref. 120, Copyright 2021 MDPI).
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values have been obtained with atomic layer deposition-processed
Al2O3 with a WVTR approaching 10−5 g·m−2/day127. Increasing the
thickness of a single layer enhances the barrier quality, but only up
to a specific value since excessively thick films lose the mechanical
properties required for the flexible application. Multi-stacking of thin
films is up to date the best option to combine the mechanical
properties of organic materials with the barrier properties of inor-
ganic ones. Additionally, the multilayer approach minimises the
effect of pinholes in the inorganic layers minimising the probability
of finding two of them aligned through two (or more) different
layers (Fig. 8b). The best WVTR values reported in the literature fall
within 10−6–10−7 g·m−2/day, allowing the commercialisation of
OLEDs128, 129. Still, a dedicated investigation on the suitability for
Sn-HP photovoltaics is missing. It would be of great relevance to
assess whether further improvements are required or not and what
would be the impact on the final levelized cost of energy of the
encapsulant. Additionally, we are not aware of investigations con-
cerning the compatibility of Sn-HPs with atomic layer deposition of
Al2O3 or the chemical vapour deposition of SiOx, which are man-
datory ingredients for the construction of ultra-high barriers, but
might induce oxidation on the surface of the Sn-HP.

Outlook
In this review, we have analysed the status of the different stra-
tegies followed to improve the performance and stability of Sn-
based PSC. One of the most effective strategies has been focused
on compositional engineering; the incorporation of inorganic
cations or bulky organic cations into Sn-HPs devices have
demonstrated a reduction of the formation of volatile products or
irreversible disproportion and passivation of the surface defects,
respectively, increasing the material stability. Therefore, a deeper
understanding of the contribution of organic/inorganic cations in
the perovskite composition will contribute to higher PCEs and
long-term stability.

In a similar manner, the CSLs also play a crucial role. Most
commercial CSLs suffer from having misaligned energy bands
with the Sn-HP photoactive material. Recently, the use of self-
assembled molecules as hole transport materials has become a hot
topic for lead-based perovskite solar cells because it increases the
stability and performance of the devices by promoting the for-
mation of uniform films of perovskite and by increasing the hole
extraction ability of the CSL130. In a similar manner, Song et al.
have reported in 2021 the same strategy for Sn-HPSCs, that have
attained during 1900 h 80% of the initial PCE without
encapsulation131. Therefore, the design of novel charge selective

molecules with suitable energy alignment specifically for Sn-
HPSCs should be considered, minimising their ability to oxidise
Sn(II) and the subsequent formation of trap states that lower the
Voc. Other sources of trap defects are the interfacial quality of the
contact between CSLs and the perovskite photoactive material or
the exposure to environmental factors such as humidity, oxygen,
temperature, or light. Novel approaches such as solvent engi-
neering, the use of additives, or non-halide reducing agents have
improved the performance of Sn-HPSCs, through the control of
the crystallisation or the reduction of oxidation reactions in
Sn(II). Yang et al have addressed the oriented crystallisation of
the Sn-HPs using floating self-assembly molecules that have
provided the driving force for an oriented vertical crystallisation
of the Sn-HP that has improved the charge extraction132.
Therefore, research on innovative solvent systems and gaining
deeper understanding of the impact of the additives in Sn-HP
structures will pave the way for developing new strategies to
improve photovoltaic performance.

Finally, we still need to consider the upscaling towards large-
area devices and potential high throughput production of devices.
Similar to the awareness observed in the fields of Pb-HPSCs or
organic photovoltaics, the use of proper encapsulants will be
primordial for avoiding the exposure to environmental degrada-
tion factors. On the other hand, the development of stable and
non-toxic solutions of the reagents will contribute to the
deposition of the materials by solution techniques, ideally in air,
which will reduce the production costs allowing for coating
higher areas of substrates.

Lead-free Sn-HPSCs have shown outstanding and continued
progress over Pb-HPSCs since their first reports in 2014. Its lower
environmental toxicity and close-to-ideal bandgap values are
attracting attention for building efficient, non-toxic stable pho-
tovoltaic devices. However, the current situation is that Sn-HPSCs
face major stability issues owing to the poor stability of Sn(II) and
the unregulated crystallisation rate. These notorious drawbacks
still hitch the indisputable potential of tin materials to replace
toxic lead. In this review, we have analysed the weaknesses of
these devices, which one of the main is Sn(II) oxidation, and how
the composition of the perovskite and the device architecture
influence the performance of the device. Moreover, we have also
described the effect that intrinsic factors, such as ion migration,
and the sensitivity of Sn-HP towards environmental conditions
have in the PCE and the long-term stability of the devices. Finally,
we have exposed the research topics that need to be addressed in
order to produce highly stable and efficient Sn-HPSCs.

Fig. 8 The OTR and WVTR values required for different applications and the schematic representation of an encapsulating layer. a Oxygen
transmission rate and water vapour transmission rate required for different photovoltaic technologies. Food packaging is introduced as a comparison. We
note that PSC is considered as lead-based from reference. No estimation is available concerning Sn-HPs PV. b The concept of pinhole decoupling is
required in ultra-high barriers, where inorganic and organic thin films are sequentially stacked along with the best values taken from ref. 126 (Fig. 8a adapted
with permission from ref. 125, Copyright 2021 Wiley. Figure 8b reprinted with permission from ref. 137, Copyright 2018 Springer Nature).
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In conclusion, we believe that the information reported in this
review will help to understand the drawbacks that limit efficiency
and stability in Sn-HPCs and will contribute towards further
development of these devices so they can achieve their full
potential to replace lead-based PSCs.
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