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Abstract 

 

Lead-halide perovskite materials have fascinated incredible attention among the research communities due to their 

favorable electrical and optical properties for optoelectronics and photovoltaic application such as significant light 

absorption coefficient, higher values of diffusion length, carrier mobility, carrier lifetime, etc. However, lead 

toxicity as well as its low material stability makes it still far from commercialization. Finding of lead ion 

replacement is therefore needed to form environmental friendly perovskite materials that are called lead-free 

perovskites. Among different substitutions, tin is the most potential candidate that is also non-toxic. In this review, 

the recent development of tin-based lead-free perovskite thin films in photovoltaics research area during the period 

2014 till now is summarized. Moreover, the technical challenges and the stability issues faced by them are also 

discussed. Further, it is suggested that more efforts are needed for the advancement of tin-based lead-free perovskite 

thin films based solar cells to bring up this field as a cost competent technology for long term sustainability. 

Keywords: Perovskites, tin-based perovskites, lead-free perovskites, photovoltaics, solar cells.  

 



1. Introduction 

In 1839, a Russian scientist Gustav Rose reported the mineral CaTiO3 for the first time and named it as perovskite, 

after the name of a Russian mineralogist, Count Lev Aleksvich Von Perovski. Now, perovskite be defined as a 

material having chemical formula ABX3 and crystal structure similar to the mineral CaTiO3. The crystal phase 

however depends upon ionic or elemental radius of the comprised elements i.e. A, B, and X. The perovskites with 

the formula APbX3 are lead-based perovskite materials having A= Inorganic cation (Cs), Organic cation (MA- 

methylammonium, FA- formamidinium), and X= Cl, Br, I [1-3]. Organic cation and inorganic cation can form 

perovskite materials, which are known as organic-inorganic hybrid perovskites. Here, organic cation’s size defines 

the crystal structure being either 2D or 3D [4, 5]. Owing to tunable chemical composition and crystal structure, 

perovskite materials offer versatile properties, such as optical, electrical, ferroelectricity, high conductivity and 

magnetism, etc. As a result, perovskites are widely applied for the fabrication of light emitting diodes (LEDs), solar 

cells, memory devices, solid oxide fuel cells, and photodetectors, etc [6-8]. 

Lead halide perovskites possess indispensable optoelectronic characteristics like direct bandgap, strong optical 

absorption coefficient, long charge carrier lifetime, high charge carrier mobility and long diffusion length. Further, 

they do possess high open-circuit voltages caused by photon recycling and as a consequence, they have long charge 

extraction lengths through multiple absorption-emission events within the perovskite active layer. Due to these 

features, the lead halide perovskites have been observed to demonstrate an increase in power conversion efficiency 

(PCE) from 17% [9] in 2014 to 25.2% [10] in the last seven years. The metal lead has invaluable intrinsic properties 

like high density, high melting point, corrosion resistance, ductility, malleability, etc. Till date, a record PCE of 

25.2% was attained based on lead-halide perovskite solar cells [10]. Despite these advantages of lead-based 

perovskites, there are serious concerns regarding the toxic nature and the instability problems in humid conditions 

that need to be addressed. It is noticeably mentioned in the stringent directives of European Union that the harmful 

chemicals should not be employed in electrical and electronic equipments so as to avoid their exposure to people as 

well as environment. Lead has been recognized as one of the ten harmful substances listed by ROHS. Further, lead 

halide perovskite solar cells do contain a considerable portion of lead, that is, 33% by weight [11]. These issues give 

birth to the development of a different category of perovskites called Lead-Free perovskites which show similar 

semiconducting characteristics like those of lead-based perovskites. These lead-free perovskites have emerged to be 

a feasible candidate for their impending utilization as light harvesters to ensure clean and green photovoltaic 

technology which is extensively crucial for their market approval for future commercialization. In the perovskite 

formula of APbX3, the Pb is well replaced by Tin (Sn), Bismuth (Bi), Antimony (Sb), Copper (Cu), Germanium 

(Ge), etc. for photovoltaic application as well as crystal formation. All these lead-free perovskites have reported 

good efficiencies, but there is still an ominous call for the enhancement of their efficiencies and stability within the 

air [12-15].  

Bismuth which is a non-hazardous and non-radioactive element is among one of the most important substitutions in 

place of lead. In the progress of lead-free perovskite solar cells, bismuth-based lead-free perovskite light absorbers 

could be the competent light harvester due to its interesting properties and excellent stability towards moisture. But, 



a poor performance and efficiency were achieved with bismuth that may be attributable to the wide bandgap of 

perovskite light absorber [16]. Therefore, bandgap tuning is essential for the enhancement in the efficiency of 

bismuth-based lead-free perovskite solar cells. Further, germanium-based lead-free perovskites have also shown 

some prospectives for being the absorber layer for perovskite solar cells. Ge-based perovskites that were prepared 

and studied for the evaluation of their potential as a perovskite absorber layer include cations Cs, MA, FA, 

acetamidinium, guanidinium, trimethylammonium, and isopropylammonium. These materials were observed to 

possess slightly higher bandgaps that the lead counterparts, but, the problem of material stability is however also 

present. From the reported results of the Ge-based lead-free perovskite solar cells, it can be clearly seen that such 

devices exhibited poor Voc and the recorded PCE was also very less [17]. Moreover, the other major drawbacks of 

Ge-based lead-free perovskite materials are the rapid oxidation of Ge2+ in air. Copper-based lead-free perovskites 

are also a good contender and have received interest among the researchers due to its stability in air [18, 19]. In 

comparison to the 3D Cu-based perovskites, the 2D perovskites with multi quantum-well electronic structure, 

presented good electronic, magnetic and dielectric properties [18]. According to a study where Cu-based lead-free 

perovskite solar cells were fabricated using perovskites (CH3CH2CH2CH2NH3)2CuBr4 and (F-C8H8NH3)2CuBr4, the 

resulting solar cells demonstrated very less PCEs of 0.63% and 0.51%, respectively [18]. Further, in another study, 

Br/Cl ratio was altered to tune the light adsorption properties of Cu-based lead-free perovskite [19]. But, due to low 

absorption coefficient and heavy mass for the holes, the PCE obtained was still very low. The other divalent cations 

like Sr2+ and Ca2+ in the IIA group can also form perovskites [20, 21], which should be much more chemically stable 

than those of Sn2+ and Ge2+. However, both MASrI3 and MACaI3 have a large bandgap and the lack of lone pair 

electrons in the outer s orbital of Sr2+ and Ca2+ makes their electronic structure and bandgap be dramatically 

different from MAPbI3. Antimony-based lead-free perovskites was also investigated but it possesses deep trap 

states, thus rendering a bad performance of its devices. 

The study on the advancement of lead-free perovskite solar cells has been improved in the last few years. A lot of 

researchers around the world developed the lead-free perovskite solar cells using different non-hazardous or less 

venomous metals. Earlier, bismuth- and antimony-based lead-free perovskites have been employed for solar cell 

applications but attributing to wide band gap or poor morphological features, they showed poor performance. Some 

researchers also prepared germanium-based lead-free perovskites which showed suitable band gap and good 

performance, but the rapid oxidation in air destroyed their practical applications. Copper-based lead-free perovskites 

have also been utilized which also showed lower band gap, but their performance was found to be poor. 

Consequently, several effectual and competent organic or inorganic electron transport/charge extraction layers are 

required to enhance the performance of lead-free perovskite solar cells. The design of novel device architecture and 

use of proficient lead-free new light absorbers are also important for the development of efficient lead-free 

perovskite solar cells. The introduction of new additives, antisolvents, etc. would also be of great significance 

toward the development of efficient lead-free perovskite solar cells [22]. 

Among all the potential replacement candidates, tin has been considered as a suitable substitution for lead in 

perovskite solar cells due to their similarity in chemical properties. Tin-based lead-free perovskite solar cells have 



shown the highest PCE, and have therefore fascinated the most awareness in the photovoltaic field. Partial or 

complete replacement of lead with tin is gaining increasing research interest, due to the promise of further narrowing 

the bandgaps. This enables ideal solar utilization for single‐junction solar cells as well as the construction of 

all‐perovskite tandem solar cells. For all perovskite Sn2+ based tandom solar cells, the researchers have studied mix 

tin-lead perovskite. Till date, there is no research work related to Sn2+ based tandom solar cell which is lead-free. 

Tin is less toxic and have potential to replace lead from the APbX3 perovskite structure. Further, the low band gap of 

this lead-free perovskite makes it a suitable light absorber toward the development of less toxic or lead-free 

perovskite solar cells. In order to meet the world’s ever-increasing power demand, solar photovoltaics are being 

regarded as one of the most successful approaches. Even though the crystalline silicon primarily leads the worldwide 

photovoltaic market, however, because of low production expenditure and less material utilization, the market 

allocate of thin film photovoltaics has also developed enormously during the last decade. Perovskite based solar 

cells have revealed immense prospective for being a realistic substitute to various solar technologies. Further, the 

sturdy advancement in exploration and development of perovskites has fortified its scenario for the replacement of 

present solar cell technologies. To date, various tin-based lead-free perovskites have been synthesized and applied 

mainly in photovoltaic applications. These perovskites get the attention of the research community which shows the 

increasing of research articles published in the last two years. In this review, the recent synthesized tin-based lead-

free perovskites with their promising photovoltaic applications along with the challenges and stability issues faced 

by them are highlighted.  

2. Tin (Sn)-based lead-free perovskites 

Among the alternative ion replacements in place of lead, tin (Sn) is a potential candidate. Tin-based lead-free 

perovskites exhibit the potency to bring the torch through and turn out to be a leader in an alternative-lacking energy 

market. For this reason, tin is being believed to be a feasible candidate for bestowing a great deal of desirable 

impulsion to solar cell physicists beyond just substituting lead in the perovskite lattice. Such growth has however 

been an outcome of persistent research in the direction of uncovering superior materials and utilizing them in 

accessible agenda to capitulate solar cells that would resolve the world’s energy crisis and give comfort. To facilitate 

this, the main factor that is to be improved and needs primary focus is efficiency. A maximum PCE of 35% is 

being assumed as per Shockley Queisser Limit [23] in case of single p-n junction exhibiting energy gap 1.34 eV. In 

the world photovoltaic market, one more factor that needs consideration for an enduring subsistence of perovskite in 

addition to efficiency is stability that is other field for its progress [24]. This is a persuading stage of research as 

there are sufficient indications that the research scientists have not been competent so far to knock the proper 

prospective of tin-based lead-free perovskites. As a result, it leaves abundant scope in emergent tin-based lead-free 

perovskites so as to succumb its maximum efficiency. Several modern research studies have sturdily implied that Sn 

could bear out to be a proficient, inexpensive, nontoxic and outstanding alternative for lead in perovskite 

photovoltaics.  

The Sn-based lead-free perovskites exhibit superior light absorption properties [25] and narrowed optical energy 

bandgap [26], resembling Pb-based perovskites. For conventional organic-inorganic hybrid Pb-based perovskites, 

the lead 6p orbital plays an essential function in the band structure arrangement. The 5p orbital of tin is however not 



as much of dispersive and shallower, resulting in narrow optical energy band gap. The methylammonium,  

formamidinium and cesium based tin iodides i.e. MASnI3, FASnI3 and CsSnI3 respectively exhibit direct bandgap 

with values of approximately 1.20 eV, 1.41 eV, and 1.3 eV, those are still narrow and further impressive in 

comparison to their lead analogs. Tin-based lead-free perovskites experience higher charge carrier mobility than that 

of lead-based perovskites [27]. Further, in the exposure of ambient air atmosphere, they degrade to Sn4+ and turn out 

to be an environment friendly SnO2 [28]. As per the experimental reports published for tin-based lead-free 

perovskites, their efficiency can reach up to 12.96% [29]. The photovoltaic parameters of various tin-based lead-free 

perovskites as absorbers in solar cells with different device architectures are summarized in Table 1. 

a. MASnX3  

Noel et al. [30] described absolutely lead-free solar cell for the first time that was based on methyl ammonium tin 

iodide perovskite. When equimolar proportion of CH3NH3I and SnI2 were dissolved in DMF (N-

dimethylformamide) solution (concentration- 40wt %), CH3NH3SnI3 perovskite was formed exhibiting tetragonal 

crystal structure which is demonstrated in Fig. 1(a). Further from Fig. 1(b), the energy gap was observed to be 1.23 

eV in the absorption spectra. Fig. 1(c) demonstrates the cross-sectional view while Fig. 1(d) demonstrates J-V graph 

of prepared solar cell devices. The fabricated device resulted in an efficiency reaching over 6% under 1 sun 

illumination.  

 

Fig. 1 (a) Simulated crystal structure, (b) absorption profile and the band gap (inset) of CH3NH3SnI3, (c) Cross-

sectional view of prepared solar cell, (d) Current-voltage curves of best fabricated devices. Reproduced from [30] 

with permission. Copyright 2014, The Royal Society of Chemistry. 

 

Yu et al. [31] synthesized MASnI3 thin films by hybrid thermal evaporation method. The deposited films were 

compact, smooth and exhibited homogeneous coverage over the intact substrate that resulted in Voc of 494 mV in the 



fabricated solar cell yielding PCE 1.7%. Hsu et al. [32] prepared MASnI3-xBrx perovskites and found that in liquid-

junction PEC (photoelectrochemical) solar cells, the optimized MASnI0.5Br2.5 demonstrated improved performance 

and stability exhibiting PCE of 1.51% which correspond to an increase of 20.8% in comparison to MASnI3. Song et 

al. [33] established a successful technique for fabricating MASnI3 based photovoltaic device where the precursor 

solution was formed when SnI2 and MAI were dissolved in DMSO solution. To this solution, SnF2 (20 mol %) was 

poured followed by heating of the final solution at 150 °C. A reducing vapor atmosphere was incorporated due to 

which there was a reduction (>20%) in the ratio of Sn4+ and Sn2+. This lead to highly censored charge carrier 

recombination which finally resulted in PCEs of 3.89% for MASnI3 based solar cell. 

Handa et al. [34] reported the formation of encapsulated MASnI3 thin films that displayed long-term stability. The 

films were prepared by including and excluding SnF2 additive (20 mol %). The film that included SnF2 demonstrated 

energy gap of 1.25 eV. However, in case of the film that excluded SnF2, optical absorption peak undergone blue 

shift due to Burstein-Moss effect and is because of the formation of various number of unintentionally doped holes. 

It was also verified by the time-resolved PL results that the luminescence lifetime of MASnI3 is enhanced by the 

addition of SnF2. Further, the solar cells were fabricated with the films and optical properties were studied to 

elucidate the photocarrier dynamics. Since the film with SnF2 exhibited longer lifetime, the solar cell incorporating 

SnF2 additive demonstrated improved performance. Xiao et al. [35] fabricated MASnIBr2 mixed halide perovskite 

solar cell through SnF2 assisted heterogeneous nucleation resulting in stable and high PCE of 3.70%. Nguyen et al. 

[36] fabricated various Sn-based mixed halide MASn(I1-xBrx)3 (0x1) based photovoltaic devices. It was confirmed 

that the rapid nucleation and retarding growth of the crystals of MASnI3 could be managed by variation in the 

amount of DMSO in DMF solution. When DMF: DMSO ratio was optimized to 4:1, a surface with superior quality 

and similar grain sizes as well as coverage was obtained in the entire series. Maximum PCE of 3.20% is attained by 

the device for x=0.67 by the enhancement of energy bands alignment. A unique two-step chemical method was 

demonstrated for the first time by Li et al. [37] for fabricating highly crystalline, dense and uniform MASnI3 films 

with good reproducibility. In the first step, SnI2 and hydrazinium iodide (HAI) were used to deposit HASnI3 

(hydrazinium tin iodide) perovskite film. In the second step, a cation displacement approach is used for the 

transformation of HASnI3 into MASnI3. Fig. 2(a,b) demonstrates the UV-Vis spectra and XRD of the films of 

HASnI3 as well as MASnI3. SEM images of both films are demonstrated in Fig. 2(c,d). Thus, the two step process 

involving a cation displacement approach resulted in the formation of high quality MASnI3 film which when used as 

absorber in solar cell, accomplished a maximum PCE of 7.13%. Device structure and current-voltage characteristics 

of fabricated devices are demonstrated in Fig. 2(e,f). 

 



 

Fig. 2 (a) Optical absorption (UV-Vis) spectra, (b) XRD of HASnI3 and resultant MASnI3 films, (c) SEM image of 

HASnI3 film, (d) SEM image of resultant MASnI3 film, (e) Device architecture of fabricated device, (f) Current-

voltage graph of studied devices based on one-step or the two-step MASnI3 layer. Reproduced from [37] with 

permission. Copyright 2019, WILEY-VCH. 

 

To realize highly efficient solar cell devices, it is essential that the perovskite film nucleation as well as 

crystallization should be controlled well. For this reason, a synthetic strategy has been developed recently by Wang 

et al. [38] for the fabrication of MASnI3 thin film that involves ion exchange/insertion reactions. The strategy as 

shown in Fig. 3(a) resulted in highly consistent pinhole-free MASnI3 films by a reaction between SnF2 and MAI. 

Because of the presence of hefty amount of left SnF2, the unfavourable oxidation was successfully suppressed in the 

obtained film. The absorption spectra and XRD pattern of SnF2/PEDOT:PSS films in the reaction at the different 

time intervals are shown in Fig. 3(b,c). Further, Fig. 3(d,e) demonstrates the SEM of pristine SnF2/PEDOT:PSS film 

as well as the one treated by the ion exchange/insertion reaction for 60 min. The resulting solar cell exhibited PCE 

of 7.78% (Fig. 3(f,g)) with high reproducibility and excellent stability. This strategy presents an innovative approach 

for fabricating inexpensive as well as stable tin-based lead-free perovskite solar cells. Fig. 4 demonstrates the 

performance progress of MASnX3 based photovoltaic cells until now. 

 



 

Fig. 3 (a) Schematic diagram of MASnI3 perovskite film via ion exchange/insertion reaction process, (b) UV–vis 

spectra and (c) XRD of the conversion in the reaction at the different time intervals, (d) Surface SEM images of the 

pristine SnF2/PEDOT:PSS film and (e) treated by the ion exchange/insertion reaction for 60 min, (f) J–V 

characteristics of best solar cells incorporating MASnI3 films prepared by current ion exchange/insertion method 

and the one-step solution method, (g) Histograms of PCEs for 30 devices via ion exchange/insertion method. 

Reproduced from [38] with permission. Copyright 2020, WILEY-VCH. 

 



 

Fig. 4 Efficiency of MASnX3 based solar cells during different years. 

 

b. FASnX3 

Koh [39] et al. utilized FASnI3 as an active layer in solar cell that resulted in PCE of 2.10%. By mixing 

stoichiometric amounts of FAI and SnI2, FASnI3 was prepared which showed energy gap of 1.41 eV allowing the 

harvesting of light from NIR region that attained higher photocurrents. Liao et al. [40] fabricated stable and 

environmental friendly FASnI3 based efficient inverted solar cell device incorporating PEDOT: PSS as HSL (hole 

selective layer) and C60 as ESL (electron selective layer).  The addition of 10 mol% SnF2 resulted in average PCE of 

5.41% ± 0.46% and maximum PCE of 6.22%. Moreover, steady-state efficiency of 6% (approx.) was exhibited by 

the device for over 100 seconds. Zhang et al. [41] reported the preparation of formamidinium based mixed halide 

perovskite. The FASnI2Br precursor solution was formed when SnI2 (373 mg) and FABr (125 mg) were mixed 

together with 1 ml DMF solution. The resulting perovskite showed energy gap of 1.68 eV and was examined as an 

absorbing layer for p–i–n heterojunction based photovoltaic cells which were processed at a low temperature. Ke et 

al. [42] described FASnI3 based photovoltaic device that showed an enhancement in PCE using cascaded TiO2−ZnS 

ETL (electron transport layer). Maximum PCE of 5.27% was obtained and is attributed to the reduced interfacial 



charge recombination as well as facilitated transfer of electrons reflected by a cascade conduction band structure of 

TiO2-ZnS ETL.  

Zhu et al. [43] demonstrated a two step SnI2 deposition method to adjust the volume expansion as well as for a fast 

reaction with MAI and FAI. In the first step deposition, a Lewis base was employed as an additive into the solution 

of SnI2 to convert into SnY2-TMA complexes where Y = I-, F- and TMA=trimethylamine. During second step, the 

formed complexes were intercalated with FAI to form FASnI. The results show that by successfully forming SnY2-

TMA complexes as an intermediate product, TMA facilitated uniform film formation of SnY2. Consequently dense 

FASnI3 films were formed having large crystalline domain resulting in PCE of 4.34% in conventional and 7.09% in 

inverted perovskite solar cells. In addition to homogeneous deposition and formation of dense perovskite layers, it is 

necessary to reduce the Sn4+ content for fabricating proficient Sn-based lead-free perovskite solar cells. For this, Lee 

et al. [44] employed non-solvent dripping along with solvent-engineering technique. Utilizing SnF2 additive, when 

SnF2-pyrazine complex was formed, SnF2 was homogeneously dispersed and hence, highly reproducible FASnI3 

perovskite solar cell was fabricated resulting in PCE of 4.8% and 98% of this efficiency was retained over 100 days 

with encapsulation. Liao et al. [45] reported low dimensional FASnI3 perovskite films exhibiting remarkably 

improved air stability as compared to their three dimensional FASnI3 counterparts, that showed PCE of 5.94% in 

solar cells. Further, no noticeable decay in the efficiency of the device was found when its performance was tracked 

for 100 hours.  

Shao et al. [46] reported a planar p–i–n device involving FASnI3 films which exhibited PCE as high as 9.0% for the 

first time. Highly crystalline FASnI3 films were obtained by mixing two dimensional Sn perovskite (0.08 M) with 

three dimensional FASnI3 (0.92 M). These devices displayed low shunt losses, extremely low trap-aided 

recombination, and much proficient charge collection that resulted in negligible hysteresis. Moreover, background 

carrier density was also successfully reduced. Therefore, a 50% enhancement in PCE was indicated by the 

experiment in comparison to the most excellent reference cell of FASnI3 film with reducing agent SnF2. Chen et al. 

[47] introduced a phenylethylammonium bromide (PEABr) layer on PEDOT: PSS film prior to the deposition of 

FASnI3 in an inverted solar cell. The purpose of PEABr was to partly/fully separate three dimensional perovskites 

into two dimensional nanolayers because of a steric effect that would form a low-dimensional perovskite (LDP) 

interlayer at the interface. The formation of LDP could favorably fascinate the growth of bulk perovskites in the 

vicinity of the interface, which in turn resulted in enhanced film morphology and even lowered the trap states. It was 

confirmed that passivation of traps successfully censored accumulation and recombination of carriers in the device. 

Consequently, the resulting solar cell device showed a PCE as high as 7.05%.  

To fabricate solar cell devices with PCE beyond the Shockley-Queisser limit, it’s crucial to have an unpredictably 

long lifetime. In view of this, Fang et al. [48] described photoluminescence from hot-carriers that exhibited 

unexpectedly extended lifetime (of the order of few ns) in FASnI3. Since relaxation process of the hot-carriers was 

slow and moreover due to subsequent band filling, a remarkably large blue shift was demonstrated in the time-

integrated photoluminescence along with increased excitation power. These annotations play a vital role for the 

perceptive of perovskites and for an ultimate potential advancement of competent photovoltaics. According to Gu et 

al. [49], a PCE of 6.75% was accomplished when Sn powder was added into the precursor solution of FASnI3 that 



was prepared from SnI2 with 99%. This was the first ever reported purification technique of SnI2 by Sn powder. 

Various parameters like reaction time, annealing temperature and the composition of FASnI3 film, were optimized in 

an inverted device resulting in improved efficiency. For enhancement of crystallinity in inverted devices based on 

planar FASnI3 films, Jokar et al. [50] examined the outcome of doping bulky organic cation where butylammonium 

iodide (BAI) and ethylenediammonium diiodide (EDAI2) were added for the passivation of surface defects. Fig. 5(a) 

demonstrates the current-voltage graphs for the prepared solar cells that were based on pristine FASnI3 film, 

FASnI3–BAI 15% and FASnI3–EDAI2 1%. The stabilized PCEs and photocurrent densities of the fabricated devices 

for 240 s are demonstrated in Fig. 5(b) while Fig. 5(c) demonstrates the efficiencies of solar cells during different 

storage period. On FASnI3 film surface, the existence of pinholes was unavoidable and the device incorporating 

pristine FASnI3 film demonstrated PCE of 4.0%. However, the crystal growth orientation was drastically changed 

by using BAI as additive and the connectivity of the crystal grains was also found to get better, thus, resulting in 

superior device performance with PCE 5.5%. On the other hand, with EDAI2 additive (1%), FASnI3 based solar cell 

device achieved initial efficiency of 7.4%. As demonstrated in Fig. 5(d), the devices during storage were however 

found to improve continuously reaching maximum PCE of 8.9% for the device where storage was done for over 

1400 hours in glove box and there was merely minor deterioration when stored further than 2000 h. Thus, EDAI2 

addition solved various issues like this additive cured the pinhole problem, passivated the surface defect states, 

prevented Sn2+/Sn4+ oxidation and induced slow relaxation of the crystal structure.  



 

Fig. 5 (a) Current–voltage curves, (b) stabilized PCEs and photocurrent densities measured for 240 s, (c) Enduring 

stability of the fabricated devices, (d) J-V graph of a typical FASnI3–EDAI2 1% device. Reproduced from [50] with 

permission. Copyright 2018, The Royal Society of Chemistry. (e) Current-voltage curves and (f) Quantum 

efficiency as a function of wavelength resulted from simulation as well as experimental data. Reproduced from [55] 

with permission. Copyright 2019, Urban and Fischer. 

 

For the extensive implementation of Sn-based lead-free perovskite thin films in high-performance photovoltaics, 

their deprived oxidative stability is still a hindrance.  To cope up this obstacle, Kim et al. [51] for the first time, 

demonstrated that thiocyanate-based compound is a promising additive to be incorporated in Sn-based lead-free 

perovskites, thereby exerting an incredible impact on the device performance and stability. They synthesized 

efficient quasi-2D Sn-based lead-free perovskite using FASCN (formamidinium thiocyanate) additive. The inclusion 

of the FASCN additive considerably barred quasi-2D perovskite from oxidation throughout the formation of film, by 



interacting strongly with Sn2+. Furthermore, a higher degree of crystallinity was observed because of the formation 

of coarse grains of the perovskite. These effects as a consequence led to remarkable enhancements in both 

optoelectronic performance as well as stability of devices and reached a maximum PCE of 8.17% and over 90% of 

this PCE was retained even after 1000 hours. This work demonstrated a flexible and effortless method that can also 

be useful for other lead-free perovskites enduring from deprived oxidative stability. An air stable FASnI3 based 

photovoltaic cell was described by Tai et al. [52] where hydroxybenzene sulfonic acid was utilized as an antioxidant 

that was introduced into precursor solution in addition to SnCl2. As a consequence of interaction of Sn2+ ion with 

sulfonate group, the oxidation stability of FASnI3 film improved significantly.  

Based on multichannel interdiffusion two-step film fabrication procedure, Ran et al. [53] improved the PCE of 

FASnI3 solar cell by a bilateral interfacial engineering strategy. In this strategy, large cation PEAI and bifunctional 

LiF were evaporated at the bilateral interfaces of FASnI3 film, forming a 2D-3D bulk heterojunction arrangement. 

Thus, film coverage was improved, the work function of PEDOT:PSS lowered and the hole extraction at the 

ITO/PEDOT:PSS interface facilitated, resulting in an enhanced Voc. Hence, the fabricated devices using bilateral 

interfacial engineering strategy achieved PCE of 6.98%. One of the successful ways to tackle the open issues related 

with Sn-based lead-free perovskites is to achieve a better crystallinity. Shao et al. [54] succeeded in doing this by 

enhancing the crystallinity of 3D grains with the incorporation of EAI (ethylammonium iodide) into a 2D/3D film, 

where 3D is FASnI3 and 2D is PEA2FASn2I7, (PEA= phenylethylammonium). The resulting EAx2D/3D samples 

showed uniform film morphology, higher crystallinity and stronger orientation leading to reduced background 

carrier density and traps in comparison to the 2D/3D films without EA cation. This induced a reduction in charge 

recombination losses. Maximum PCE of 8.4% was attained with EA0.082D/3D in comparison to the other devices 

with PCE of 7.7% for mixed 2D/3D perovskites and 4.7% for 3D perovskite. Dixit et al. [55] reported FASnI3 based 

inverted solar cell with ETL NiO and HTL (hole transport layer) C60 by means of device simulation tool. The J–V 

and Quantum efficiency-wavelength graphs were plotted for both simulation and experimental work as shown in 

Fig. 5(e,f) and were found to be nearly identical. Simulation results showed that champion PCE of 9.99% was 

accomplished with fabricated solar cell. 

For attaining better performance in photovoltaics, perovskite films with superior electronic quality and balanced 

charge transportation is another important criteria. But, the tin-based perovskite films with poorer band alignment 

and adjacent HTL results in poor hole transportation and collection. For enhancing the hole transportation and 

collection, Liu et al. [56] introduced poly[tetraphenylethene3,3′-(((2,2-diphenylethene-1,1-diyl)bis(4,1-

phenylene))bis(oxy))bis(N,Ndimethylpropan-1-amine)tetraphenylethene] i.e. PTN-Br that exhibits HOMO energy of 

-5.41 eV, into the FASnI3 precursor solution. The complete mechanism of charge transportation in perovskites 

including and excluding PTN-Br is shown in Fig. 6(a). PTN-Br molecule can fill up into FASnI3 film grain 

boundaries and thus serves as hole-transport medium consequently forming a bulk heterojunction film. As a result, 

the uncoordinated tin atoms and dimethylamino of PTN-Br formed Lewis adducts between them. Thus, the 

passivation of trap states by π-conjugated polymer PTN-Br resulted in a champion efficiency of 7.94%. J-V 

characteristic graphs of each fabricated device are demonstrated in Fig. 6(b) while the stabilized PCE as well as 

photocurrent density of champion solar cell is demonstrated in Fig. 6(c). Further, Fig. 6(d,e) reveals the J-V 



characteristic graphs for reference as well as PTN-Br integrated device under constant UV irradiation for 5 hours. It 

was observed that the solar cell with PTN-Br exhibited good UV stability. Xu et al. [57] reported a novel approach 

to form highly vertically oriented quasi-2D perovskites AVA2FAn−1SnnI3n+1 (<n> = 5) where 5-ammoniumvaleric 

acid i.e. 5-AVA+ was used as an organic spacer along with suitable amount of NH4Cl as additive. This approach 

sufficiently enhanced the charge collection efficiency between two electrodes. The resulting solar cell device with 

prepared quasi-2D perovskite as absorber delivered a maximum PCE of 8.71%. Fig. 6(f) displays J–V characteristic 

graphs of the unencapsulated devices incorporating AVA2FAn−1SnnI3n+1 (<n> = 5) perovskite film with 10% NH4Cl 

and excluding NH4Cl. Normalized PCE of the two devices stored in nitrogen-filled glove box for over 400 h is 

depicted in Fig. 6(g). This study provides a future opportunity to utilize highly vertically oriented quasi-2D tin-based 

lead-free perovskites for well proficient and stable photovoltaics.  

 

 



Fig. 6 (a) The mechanism of charge-transportation without and with PTN-Br in the perovskite layer, (b) J-V 

characteristic graphs of reference and PTN-Br integrated device, (c) Stabilized PCE and photocurrent density of 

champion PTN-Br integrated device, (d) J-V graphs of reference and (e) PTN-Br integrated device under constant 

UV irradiation for 5 hours. Reproduced from [56] with permission. Copyright 2019, WILEY-VCH. (f) J–V 

characteristic graphs of the unencapsulated devices incorporating AVA2FAn−1SnnI3n+1 (<n> = 5) perovskite film with 

10% NH4Cl and excluding NH4Cl, (g) Normalized PCE of the two devices stored in nitrogen-filled glove box for 

over 400 h. Reproduced from [57] with permission. Copyright 2019, WILEY-VCH. 

 

Because of less redox potential of Sn2+ absorption layer, oxidation occurs while preparing precursor solution and 

fabricating perovskite film. Therefore, to reduce the oxidation process and to achieve excellent air stability, two 

approaches were demonstrated by He et al. [58] i.e. crystal-resolving and recrystallization technology. This new 

economical process enhanced the crystal growth of FASnI3 resulting in ultrapure crystals with reduced deep-level 

defects. By employing these strategies, PCEs of 8.9% and 5.5% respectively were obtained in spin-coated solar cells 

and large-scale printed solar cells. Abdelaziz et al. [59] utilized a device simulation technique for enhancing the 

performance of FASnI3 photovoltaic cells. Variation of various parameters of the absorber like thickness, defect 

density and doping concentration was done for investigating their impact on device performance. Moreover, the 

impact of variation of conduction band offset (CBO) and valence band offset (VBO), doping concentration and 

thickness of ETL and HTL was examined as well. Several candidates were employed as ETL and HTL like CuI, 

Cu2O, NiO, ZnO and ZnSe. Based on experimental work, the initial PCE was demonstrated to be 1.75%.  However, 

the final device optimization using SCAPS resulted in a champion PCE of 14.03%. Further, to restrain the oxidation 

of stannous absorption layer, Lin et al. [60] demonstrated a unique approach where they introduced bidentate ligand 

8-hydroxyquinoline (8-HQ) into FASnI3 precursor. The introduction of 8-HQ formed a quite stable complex due to 

the interaction of the atoms of oxygen and nitrogen in the ligand with Sn2+ that improved the perovskite film quality. 

The non-radiative recombination induced by the defect states was also reduced and the resulting solar cell device 

exhibited an improved PCE of 7.15%. Moreover, the device stability in nitrogen and air atmosphere was also 

significantly improved.  

While spin coating FASnI3 precursor solution, Liu et al. [61] introduced poly(ethylene-co-vinyl acetate) i.e. EVA 

polymer into the anti-solvent. This strategy as described schematically in Fig. 7(a), effectively reduced the surface 

defects, optimized the orientation and improved the size of grains. The efficient control of the grain growth process 

decreases the likelihood of astonishing perovskite film defects and morphology that results in a remarkable 

efficiency of 7.72%. Fig. 7(b) demonstrates the J-V plot of fabricated solar cells under both forward and reverse 

scans. Further the solar cell device based on FASnI3-EVA absorber showed good reproducibility and even eminent 

moisture and oxygen barrier property due to self-encapsulation effect. The device retained 62.4% of initial 

efficiency value even after 48 hours of ageing in air atmosphere having humidity of 60% (Fig. 7(c)). In place of 

traditionally used PCBM ETL, Jiang et al. [62] utilized indene-C60 bisadduct (ICBA) as ETL in formamidinium 

based lead-free perovskite. The perovskite film was prepared by a usual anti-solvent method using a one-step 

process. The concentration of PEA (PEA = C6H5CH2CH2NH3
+) was tuned in the precursor solution yielding 



PEAxFA1−xSnI3 (x=0, 15). Further NH4SCN was used as additive to mutate the growth of perovskite film. ICBA 

exhibits a shallower energy level due to which it represses iodide remote doping. As a result, interface carriers 

recombination is also reduced and maximum attainable voltage is increased to 0.94 V, in comparison to the voltage 

of 0.6 V for the device in which ETL was PCBM. J–V characteristic graphs of PEA15-SCN based solar cell devices 

incorporating ICBA and PCBM as ETL is demonstrated in Fig. 7(d) while Fig. 7(e) shows stability of encapsulated 

PEA15-SCN solar cell during storage in N2 atmosphere. ICBA incorporated solar cell exhibited a significantly 

soaring PCE of 12.4%, and maintained 90% of original efficiency for about 3800 hours. This study paves the way to 

modify the efficiency of tin-based photovoltaic devices. Fig. 8 demonstrates the performance progress of FASnX3 

based photovoltaic cells until now. 

 

 



Fig. 7 (a) Schematic depiction of preparation processes, (b) J-V characteristics, (c) Steady-state efficiencies of 

champion device incorporating EVA treatment. Reproduced from [61] with permission. Copyright 2020, American 

Chemical Society. (d) Current density-voltage characteristic graphs of PEA15-SCN based devices incorporating 

ICBA and PCBM as ETL (e) stability of encapsulated PEA15-SCN solar cell during storage in N2 atmosphere. 

Reproduced from [62] with permission. Copyright 2020, Nature. 

  



 

Fig. 8 Efficiency of FASnX3 based solar cells during different years. 

 



c. CsSnX3 

Kumar et al. [66] reported a low temperature solution process for preparing CsSnI3 precursor where CsI, SnI2 and 

SnF2 were mixed in a stoichiometric ratio in appropriate solvents. By utilizing CsSnI3 as an absorber in solar cell, 

they opened up the potential of exploiting solution processed lead-free perovskites for highly efficient photovoltaics 

where high photocurrent densities (> 22 mAcm-2) were attained. However, the PCEs were bottlenecked due to low 

Voc. Therefore, to enhance Voc, Sabba et al. [67] chemically doped Br in CsSnI3 thus forming CsSnI3-xBrx mixed 

halide perovskites where 0 ≤ x ≤ 3. With the increase in Br- doping, the optical properties changed and a blue shift 

was seen in absorption and IPCE onset. Further, the crystal structure also changed where CsSnI3 crystals had 

orthorhombic structure whereas CsSnBr3 crystals exhibited cubic structure. A lower charge carrier density and 

decreased charge recombination was obtained for Br rich CsSnI3-xBrx perovskite that reflects a decrease in Sn 

vacancies consequently leading to improvement in open circuit voltages. Gupta et al. [68] utilized CsSnBr3 as a light 

harvester in solar cell and a best PCE of 2.1% in the devices with n-i-p configuration was obtained using spiro-

MeOTAD as HTL. Wang et al. [69] deposited B-γ-CsSnI3 thin films as absorbing layer using a simple solution 

method. Instead of utilizing organic HTL, they used NiOx with energetically favorable band alignments which 

resolved the problem of the incompatibility of organic HTL.  Thus, the balanced control of the solar cell architecture 

resulted in PCE of 3.31%.  

Marshall et al. [25] demonstrated a PCE of 3.56% for CsSnI3 based photovoltaic cell with no HSL and the resulting 

device exhibited better stability than the analogous MAPbI3 perovskite device. Chen et al. [29] demonstrated for the 

first time the fabrication of CsSnX3 quantum rods by simple solvothermal process. They revealed that it is possible 

to tune photoluminescence as well as optical characteristics of CsSnX3 by changing the halides. The results 

indicated a record PCE of 12.96% for CsSnI3 under AM 1.5 G. Fig. 9(a,b) displays the J−V graph and EQE of 

CsSnX3 perovskite devices. The champion CsSnI3 solar cell is also compared with the reference MAPbI3 and the 

graphs are shown in Fig. 9(c,d,e,f). 



 

Fig. 9 (a) J−V characteristics and (b) EQE of CsSnX3 perovskite solar cells, (c) Normalized fluorescence decay of 

reference (MAPbI3) and CsSnI3 quantum rod based devices stored in the dark and (d) under illumination at certain 

time intervals, (e) Temporal evolution of JSC and (f) efficiency for both devices. Reproduced from [29] with 

permission. Copyright 2016, American Chemical Society. 



 

Qiu et al. [70] synthesized Cs2SnI6 by a modified solution process. The resulting perovskite exhibited a direct 

bandgap (1.48 eV). Different nanostructured ZnO nanorodarrays were used as ETL and HTL that were grown by 

keeping a control during the seed layer formation. When Cs2SnI6 absorber was highly loaded, the pore size and 

length of ZnO nanorod were cautiously controlled, and the fabricated solar cell device achieved PCE 1%. Qiu et al. 

[71] for the first time utilized chronological deposition process involving two steps where superior quality films of 

B-γ-CsSnI3 were grown. Moreover, phase change occurring within the atmosphere was also explored. It was 

observed that the formed unstable B-γ-CsSnI3 thin film undergone spontaneous oxidative conversion in air to form 

air-stable Cs2SnI6 perovskite with high absorption coefficient and exhibiting energy gap of 1.48 eV. The fabricated 

device with Cs2SnI6 thin film as an absorbing layer showed PCE of 0.96% with Voc 0.51V and Jsc 5.41 mA/cm2.  

Through ultrafast optical spectroscopies, Wu et al. [72] revealed exceptional photophysical properties of melt 

synthesized CsSnI3 ingots which exhibited extremely low defect density, high minority charge carriers’ diffusion 

length, and bulk carrier lifetimes in comparison to the polycrystalline counterparts. This was attributed to a 

reduction in grain boundaries as well as enhanced crystal quality. Further, an extremely low surface recombination 

velocity was obtained which contributed negligible to the photophysical dynamics. This indicated that for CsSnI3 to 

achieve most favorable performance, surface passivation is not required. Hence, the study suggested that the 

polycrystalline thin films can be replaced by melt-synthesized ingots for enhancing the device performance. The 

effects of SnX2 additive on the stabilization of Sn-based lead-free perovskite was described by Heo et al. [73] 

through density functional theory (DFT) as well as relative experiments. It was confirmed that the addition of SnX2 

can perk up the stability of CsSnI3 photovoltaic devices. It is generally accepted that the additives eradicate defects, 

however in this study; it was observed that the additives efficiently do the job of surface passivation and perovskite 

phase stabilization that consequently promotes CsSnI3 stability. The overall results indicated that SnBr2 is the most 

promising candidate in terms of prolonged stability resulting in a high PCE of 4.3%. Further to solve the problem of 

poor reproducibility, Song et al. [74] reported CsSnI3 thin film perovskite where excess of SnI2 was used that 

dispersed homogeneously inside the perovskite film. So, it worked both like a compensator and suppressor of Sn2+ 

vacancies. This efficiently helped in reducing p-type conductivity and enhanced the device performances of CsSnI3 

on mesoporous TiO2. Various devices were fabricated using different molar ratios of CsI/SnI2 and their J–V 

characteristics are demonstrated in Fig. 10(a). Further the solar cell parameters were plotted against CsI/SnI2 molar 

ratio and resulting graphs are shown in Fig. 10(b). The device with the molar ratio of 0.4 showed the best 

performance that resulted in maximum PCE of 4.81% (Fig. 10(c)). A representative EQE spectrum and integrated 

JSC of champion solar cell is shown in Fig. 10(d). Fig. 11 demonstrates the performance progress of CsSnX3 based 

photovoltaic cells until now. 

 



 

Fig. 10 (a) J-V characteristics of CsSnI3 incorporated devices for different CsI/SnI2 molar ratio, (b) Plot of solar cell 

parameters against CsI/SnI2 molar ratio, (c) Current density-voltage curve of champion device where CsI/SnI2=0.4, 

(d) A representative EQE spectrum and integrated JSC. Reproduced from [74] with permission. Copyright 2017, 

American Chemical Society. 

 



 

Fig. 11 Efficiency of CsSnX3 based photovoltaic devices during different years. 

 

d. Some mixed cation Sn-based perovskites 

A new tin-based perovskite absorber of the type {en}FASnI3 incorporating both ethylenediammonium (en) and 

formamidinium (FA), was reported by Ke et al. [75]. The incorporation of (en) introduced a new bandgap tuning 

mechanism caused by considerable Schottky style defects. Thus, introduction of (en) cation improved the 

photoelectric properties and air stability reaching PCE of 7.14% for the fabricated {en}FASnI3 solar cell and 

retained nearly 96% of this efficiency for more than 1000 hours with encapsulation. Their group [76] further studied 

(en) based lead-free perovskite but this time instead of using formamidinium (FA), they used methylammonium 

(MA) to form {en}MASnI3 perovskite as absorbers. The introduction of (en) cation created a lot of SnI2 vacancies 

which resulted in a considerable increase in band gap, unit cell volume and carrier lifetime in comparison to 

MASnI3. The air stability was also improved and a maximum PCE of 6.63% is obtained with {en}MASnI3 solar 

cell. To achieve superior-performance photovoltaics, the dopant-free HTL plays a crucial role. Normally, HTLs 

involve hygroscopic dopants as well as additives for most favorable performance and this adds additional cost to 

fabrication and further restricts the long-term device stability. To solve this issue, Ke et al. [77] utilized a new 

superior dopant-free HTL tetrakistriphenylamine (TPE) in {en}FASnI3 hollow perovskite based photovoltaic device 



that showed the maximum PCE of 7.23%. The device performance was superior in comparison to the devices with 

doped PTAA and doped Spiro-based HTLs. Their work therefore describes the promising application of TPE as 

HTL in economical superior-performance Sn-based lead-free perovskite solar cells. Later on, Vegiraju et al. [78] 

also fabricated {en}FASnI3 based solar cells using a series of interfacial benzodithiophene (BDT) as hole 

transporting materials (HTMs). BDT related small organic molecules having tetra-triphenyl amine donor (BDT-4D) 

and di-triphenyl amine donor (BDT-2D) synthesized through a simple synthetic route were found to be promising 

candidate to serve as HTMs than the traditional expensive PTAA or spiro-OMeTAD. The UV–vis spectra, DPV 

curves and DFT-derived HOMOs and LUMOs of BDT-2D and BDT-4D based devices are demonstrated in Fig. 

12(a,b,c). Current density-voltage characteristic graphs of {en}FASnI3 solar cells with doped PTAA, BDT-2D, and 

BDT-4D HTLs are demonstrated in Fig. 12(d) and it was observed that the solar cell delivered a champion PCE of 

7.59% using BDT-4D as HTM. Further, Fig. 12(e) shows the EQE, and integrated Jsc plots of the devices. This study 

provides a new opportunity to employ this new class of organic HTMs for increasing the efficiency of tin-based 

photovoltaic devices.  



 

Fig. 12 (a) UV–vis spectra of 1 (BDT-2D) and 2 (BDT-4D) in solution, (b) DPV curves of 1 and 

2, (c) DFT-derived HOMOs and LUMOs of BDT 1 and 2 derivatives, (d) Current density-voltage, (e) EQE, and 

integrated Jsc plots of {en}FASnI3 solar cells with doped PTAA, BDT-2D, and BDT-4D HTLs. Reproduced from 

[78] with permission. Copyright 2019, WILEY-VCH. 

 

Liu et al. [79] described two feasible methods to enhance the synthesized FA0.75MA0.25SnI3 perovskite film structure. 

To prevent the electrical shunting in the solar cell, firstly, a hot antisolvent treatment (HAT) was introduced that 

enhanced the film coverage. Moreover, the average crystallite size was also observed to increase by the second 

method where annealing was done in an environment of DMSO vapor under low partial pressure. Thus, both 

treatments together led to the substantive improvement of the electrical as well as topographical qualities of the 

FA0.75MA0.25SnI3 films, resulting in PCE over 7%. Similarly, Zhao et al. [80] reported (FA)x(MA)1-xSnI3 mixed 



organic cation lead-free perovskite thin films that were utilized as an absorber in inverted solar cells. FA and MA 

ratio was optimized and J–V graphs of fabricated solar cells are demonstrated in Fig. 13(a). Out of all fabricated 

devices, the device incorporating (FA)0.75(MA)0.25SnI3 exhibited champion performance resulting in a very high PCE 

(8.12%). Fig. 13(b,c) shows the J–V characteristics and normalized PCE of best solar cell that was kept for storage 

(400 h) in glovebox. Sn-based lead-free perovskite thin film synthesized by mixing the precursors FAI, MAI and 

SnI2 in a solution of DMF, DMSO and SnF2 forming FA0.75MA0.25SnI3, was further utilized as a light absorbing layer 

by Liu et al. [81] where the effects of various antisolvent like diethyl ether (DE), toluene (TL) and chlorobenzene 

(CB) on the morphology of the film and charge recombination was studied. It was observed that CB led to a 

homogeneous and dense perovskite film and the resulting devices showed good reproducibility. The fabricated solar 

cell achieved champion PCE of 9.06% under forward scan and 9.02% under reverse scan and its J−V graph is 

demonstrated in Fig. 13(d). Furthermore, the device retained 75% of the initial efficiency for 30 days of storage for 

the encapsulated cells and thus depicting a long-term stability. 

 

Fig. 13 (a) J–V characteristics of solar cells incorporating (FA)x(MA)1−xSnI3 measured under forward scan mode, (b) 

J–V characteristics of the device with x=0.75, (c) Normalized PCE of best solar cell that was kept for storage (400 

h) in glovebox. Reproduced from [80] with permission. Copyright 2017, WILEY-VCH. (d) J−V characteristics of 

champion solar cell incorporating FA0.75MA0.25SnI3 calculated in forward (black), reverse (red) scan and inset shows 

band alignment diagram. Reproduced from [81] with permission. Copyright 2018, American Chemical Society. 

  

By means of relativistic hybrid DFT calculations, Wang et al. [82] examined optical, electronic and geometrical 

characteristics of 2D Sn-based lead-free perovskite (BA)2(MA)n-1SnnI3n+1  (n = 1,2,3). It was found that with the 

increase in value of n (i.e thickness of the perovskite layer), the bandgap decreased from 1.85 eV to 1.38 eV. Both 

the electrons and holes exhibited small effective masses in the laminar plane. Further, strong as well as expansive 

absorption was observed for entire series. For the perovskite composition n = 3, maximum efficiency of 24.6% was 



displayed. The observed intrinsic properties indicated that this series of two dimensional Sn-based perovskites are 

suitable for efficient and stable photovoltaics. By substituting cations and anions in CsSnI3 perovskite, Jiang et al. 

[83] reported perovskites of mixed cation and mixed halide forming RbyCs1-ySn(BrxI1-x)3 where x ≥ 1/3, which can 

be used for application in photovoltaics. The thermal as well as structural stabilities were found to improve by the 

gradual substitution procedure. Moreover, the redundant yellow phase was censored by the substitution of Br in 

place of I in CsSn(BrxI1-x)3. It was also envisaged that substituting Rb for Cs resulted in an extremely uniform solid 

solution that enhanced the film quality and utilization in photovoltaics.  

Jokar et al. [84] for the first time included a nonpolar guanidinium (GA+) cation in various proportions, along with 

1% EDAI2 as an additive in FASnI3 structure. By optimizing the GAI:FAI ratio to 20:80, PCE of 8.5% was achieved 

with the freshly prepared precursor solution. The J-V characteristics of fabricated solar cells are demonstrated in 

Fig. 14(a). The PCE increased regularly after storing for 2000 h in glove-box, reaching maximum efficiency of 

9.6%. The device passed all harsh standard tests as revealed in Fig. 14(b,c,d) indicating its extraordinary 

performance in photovoltaics. Kamarudin et al. [85] demonstrated highly efficient FA0.98EDA0.01SnI3 lead-free 

perovskite via Lewis bases post-treatment. Edamine was used in fine concentrations that aided the conversion of 

unreacted SnI2 to cubic phase perovskite. This led to an enhanced surface morphology and moreover, a smooth film 

was formed with large-sized grains. The XRD graphs of the obtained perovskites having different edamine 

concentrations are displayed in Fig. 14(e) whereas the schematic band diagram is demonstrated in Fig. 14(f). 

Further, the devices were stored for 7 days in a glovebox and the J−V characteristics of champion solar cells for 

fresh samples as well as for stored samples are shown in Fig. 14(g,h). It was confirmed that the passivation of 

edamine helped in preventing the perovskite surface from oxidation. Further, the undercoordinated Sn was stabilized 

because of amine group that was present in edamine molecules by donation of free electron pairs. In this case, there 

was a nonstoichiometric ratio of Sn/I leading to iodide deficiency that was the core cause for charge recombination 

rather than the oxidation of tin. As a consequence, all these enhancements led to an improvement in the electronic 

properties like carrier density, Hall Effect mobility and increased Voc leading to a champion PCE of 10.18%. Hence, 

a facile surface passivation technique plays a significant role for competent Sn-based lead-free perovskite solar cells. 

Fig. 15 shows the performance progress of some mixed cation tin-based solar cells until now. 

 



 

Fig. 14 (a) Current–voltage curves of the fabricated devices, (b) Stabilized efficiency of power conversion and 

photocurrent density of the E1G20 and E1 (shown in the inset) devices taken at the position of maximum power for 



1 sun irradiation with AM1.5G solar simulator for 3600 s, (c) enduring stability showing PCE of E1 and E1G20 

devices when stored in ambient air for RH = 20%, 60% without encapsulation, and (d) in N2-filled glove box. 

Reproduced from [84] with permission. Copyright 2018, WILEY-VCH. (e) The XRD graphs of the obtained 

FA0.98EDA0.01SnI3 perovskites having different edamine concentrations, (f) Schematic band energy diagram, (g) 

J−V characteristics of champion solar cells for fresh samples, and (h) stored samples. Reproduced from [85] with 

permission. Copyright 2019, American Chemical Society. 

 

Fig. 15 Efficiency of some mixed cation tin-based solar cells during different years. 

  

Table 1: Various Sn-based lead-free perovskites as absorbers in solar cells along with their 

photovoltaic parameters.  

Absorbers Device architecture Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Ref. 

MASnI3 FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.88 16.8 42 6.4 [30] 



MASnI3 ITO/PEDOT/TPD/absorber/C60/BCP/Ag 0.377  12.1  36.6  1.7 [31] 

MASnI3 + 20% 

SnF2/ Hydrazine 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au 0.378 

 

19.92 51.73 3.89 [33] 

MASnI3 + 20% 

SnF2  

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au 0.25 26.1 30 1.94 [34] 

MASnIBr2 + 30% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.45  13.77  59.58 3.7 [35] 

MASn(I0.33Br0.67)3 FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.58 11.09 49.50  3.20 [36] 

MASnI3 FTO/c-TiO2/m-TiO2/absorber/PTAA/Au 0.486 22.91 64 7.13 [37] 

MASnI3 ITO/PEDOT:PSS/absorber/PC60BM/Ag 0.57 20.68 66 7.78 [38] 

MASnI3 + 10% 

SnF2 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.46 21.4  42.7  4.29 [80] 

MASnI3 FTO/c-TiO2/m-TiO2/absorber/PTAA/Au 0.273  17.36  39.1  1.86 [86] 

MASnBr3 FTO/c-TiO2/absorber/P3HT/Au  0.498  4.27  49.1  1.12  [87] 

MASnI3 FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au  

0.68  16.30  48  5.23  [88] 

MASnI2Br FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au  

0.77  14.38  50  5.48  [88] 

MASnIBr2 FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au  

0.82  12.30  57  5.73  [88] 

MASnBr3 FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au  

0.88  8.26  59  4.27 [88] 

MASnI3 FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.716  15.18  50.07 5.44  [89] 

MASnI3 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber(DMSO)/Au  0.32  21.4  46  3.15 [90] 

MASnI3 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au  0.232  26.0  38.6  2.33  [91] 

MASnI3-xBrx  FTO/c-TiO2/m-TiO2/absorber/PTAA/Au  0.452  5.02  48.3  1.10 [92] 

MASnBr3 ITO/c-TiO2/m-TiO2/absorber/PTAA/Au  0.307  1.22  36.8  0.14 [92] 

MASnIBr1.8Cl0.2 + 

20% SnF2 

FTO/c-TiO2/m-TiO2/m-Al2O3/absorber/C  0.38  13.99  57.3  3.11  [93] 

MASnI3 ITO/PEDOT:PSS/NiO/absorber/PC61BM/

Al  

0.595  17.8  29.8  3.2  [94] 

MASnI3 + 20% ITO/PEDOT:PSS/absorber/C60/BCP/Ag  0.45  11.82  40  2.14  [95] 



SnF2 

BA2MA3Sn4I13 + 

100% SnF2 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au  0.229  24.1  45.7  2.53  [96] 

MASnCl3 FTO/c-TiO2/absorber/CuSCN/Ag  0.576  12.89  55  3.41  [97] 

FASnI3 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.238 24.45 36 2.10 [39] 

FASnI3 + 10% 

SnF2 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.465 22.07 60.67 6.22 [40] 

FASnI2Br ITO/PEDOT:PSS/absorber/C60/Ca/Al 0.467  6.82 54 1.72 [41] 

FASnI3 + 20% 

SnF2 

FTO/c-TiO2/m-(TiO2-ZnS)/absorber/ 

PTAA/Au 

0.38 23.09 60.01 5.27 [42] 

FASnI3 + 10% 

SnF2 + TMA  

ITO/SnO2/C60/absorber/Spiro-

OMeTAD/Ag 

0.31  21.65  64.7 4.34 [43] 

FASnI3 + 10% 

SnF2 + TMA  

ITO/PEDOT:PSS/absorber/C60/bis-C60/Ag 0.47  22.45  67.8 7.09 [43] 

FASnI3 + 10% 

SnF2 + pyrazine  

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.32  23.7  63 4.8 [44] 

FASnI3 + 10% 

SnF2 + 20% PEA 

ITO/NiO/absorber/PCBM/Al 0.59  14.44  69 5.94 [45] 

0.92FASnI3 + 

0.08PEA + 10% 

SnF2  

ITO/PEDOT:PSS/absorber/C60/BCP/Al 0.525  24.1  71 9 [46] 

FASnI3  + PEABr  ITO/PEDOT:PSS/absorber/C60/BCP/Cu 0.45  24.87  63 7.05 [47] 

FASnI3  ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.58 17.5 66.3 6.75 [49] 

FASnI3 ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.36 17.6 62.7 4 [50] 

FASnI3 + 15% 

BAI  

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.44 18 69.4 5.5 [50] 

FASnI3 + 1% 

EDAI2  

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.583 21.3 71.8 8.9 [50] 

FASnI3 + 5% 

FASCN 

ITO/PEDOT:PSS/absorber/PC60BM/ Al 0.53 22.5 68.3 8.17 [51] 

(PEA,FA)SnI3  LiF/PEDOT:PSS/absorber/C60/BCP/Ag 0.47 20.07 74 6.98 [53] 

(PEA2FASn2I7)/ 

FASnI3 

ITO/PEDOT:PSS/absorber/C60/BCP/Al 0.48  23.25 68 7.61 [54] 

EA0.08(PEA2FASn

2I7)/ FASnI3 

ITO/PEDOT:PSS/absorber/C60/BCP/Al 0.51  23.75  70 8.4 [54] 



FASnI3 FTO/NiO/absorber/C60/Au 0.97 25.95 80.85 9.99 [55] 

FASnI3 ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.435 20.04 58.83 5.12 [56] 

FASnI3 + PTN-Br ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.57 20.66 67.40 7.94 [56] 

AVA2FAn−1SnnI3n

+1 (<n> = 5) 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.47 15.6 57.2 4.19 [57] 

AVA2FAn−1SnnI3n

+1 (<n> = 5)  + 

10% NH4Cl 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.61 21 68 8.71 [57] 

FASnI3 ITO/SnO2/absorber/Spiro-OMeTAD/ 

MoO3/Au 

0.55 19.61 51 5.50 [58] 

FASnI3 ITO/PEDOT:PSS/absorber/PC71BM/Ag 0.55 22.72 71.2 8.9 [58] 

FASnI3 ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.408 19.95 58.22 4.74 [60] 

FASnI3 + 8-HQ ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.493 22.24 65.19 7.15 [60] 

FASnI3  ITO/PEDOT:PSS/absorber/PC61BM/BCP/ 

Ag 

0.478 20.43 53.47 5.23 [61] 

FASnI3 + EVA ITO/PEDOT:PSS/absorber/PC61BM/BCP/ 

Ag 

0.523 22.80 64.69 7.72 [61] 

PEAxFA1−xSnI3 ITO/PEDOT:PSS/absorber/ICBA/BCP/Ag 0.78 17.8 72 10.1 [62] 

PEAxFA1−xSnI3 + 

NH4SCN 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.60 17.1 74 7.7 [62] 

PEAxFA1−xSnI3 + 

NH4SCN 

ITO/PEDOT:PSS/absorber/ICBA/BCP/Ag 0.94 17.4 75 12.4 [62] 

FASnI3  ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.268 12.73 39.43 1.35 [63] 

FASnI3 + PAMS 

(0.3mg/mL) 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.225 15.70 39.29 1.39 [63] 

FASnI3 + PAMS 

(0.5mg/mL) 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.314 17.64 41.09 2.28 [63] 

FASnI3 + PAMS 

(1mg/mL) 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.259 16.46 45.02 1.92 [63] 

FASnI3 + PAMS 

(2mg/mL) 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.228 13.50 44.26 1.36 [63] 

FASnI3 + PAMS 

(3mg/mL) 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

0.230 13.99 41.49 1.33 [63] 



FASnI3 ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.52 19.92 64.6 6.70 [64] 

FASnI3 + CTA-F ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.60 20.69 66.4 8.24 [64] 

FASnI3 + CTA-

OMe 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.61 20.95 71.4 9.12 [64] 

FASnI3 + CDTA ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.64 21.83 73.9 10.32 [64] 

FASnI3  ITO/CuSCN/absorber/PCBM/Ag 0.25 17.72 51.11 2.34 [65] 

FASnI3 + 3%AHP ITO/CuSCN/absorber/PCBM/Ag 0.35 18.54 59.89 3.93 [65] 

FASnI3 + 5%AHP ITO/CuSCN/absorber/PCBM/Ag 0.50 19.55 63.71 6.25 [65] 

FASnI3 + 7%AHP ITO/CuSCN/absorber/PCBM/Ag 0.33 19.18 57.91 3.71 [65] 

FASnI3 + 10% 

SnF2 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.48 21.3  64.6  6.60 [80] 

FASnI3 ITO/PEDOT:PSS/absorber/PCBM/bis-

C60/Ag  

0.04  11.73  23.4  0.11  [98] 

FASnI3 + 2.5% 

N2H5Cl + 10% 

SnF2 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag  

0.455  17.64  67.3  5.40  [99] 

FASnI3 + 12% 

SnF2 

FTO/PEDOT:PSS(PEG)/Absorber/PCBM/

BCP/Ag  

0.37  22.06  62.7  5.12  [100

] 

FASnI3 PEN-ITO/PEDOT:PSS/absorber/C60/BCP/ 

Ag 

0.31 16.07 62.6 3.12 [101

] 

FASnI3   ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.33  17.78 67.9  3.98 [101

] 

CsSnI3 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/m-

MTDATA/Au 

0.24 22.70 37 2.02 [66] 

CsSnI3 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.201 27.67 29 1.66 [67] 

CsSnI2Br + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.289 15.06 38 1.67 [67] 

CsSnIBr2 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.311 11.57 43 1.56 [67] 

CsSnI2.9Br0.1 + 

20% SnF2 

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.222 24.16 33 1.76 [67] 

CsSnBr3 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.42 9.1 57 2.17 [68] 

CsSnI3 ITO/c-TiO2/absorber/Spiro-OMeTAD/Au 0.48  8.11  19.8  0.77 [69] 

CsSnI3 ITO/NiO/absorber/PCBM/Al 0.52  10.21  62.5  3.31 [69] 



CsSnI3 + 10% 

SnCl2 

ITO/Absorber/PC61BM/BCP/Al 0.50 9.89 68  3.56 [25] 

CsSnI3 ITO/c-TiO2/absorber/Spiro-OMeTAD/Au 0.86  23.2  65  12.96 [29] 

CsSnBr3 ITO/c-TiO2/absorber/Spiro-OMeTAD/Au 0.85  21.23  58  10.46 [29] 

CsSnCl3 ITO/c-TiO2/absorber/Spiro-OMeTAD/Au 0.87  19.82  56  9.66 [29] 

Cs2SnI6 FTO/PLD-ZnO seed layer (20 mM)/ZnO 

nanorods/absorber/P3HT/Ag 

0.47  2.56 43.25 0.54 [70] 

Cs2SnI6 FTO/PLD-ZnO seed layer (30 mM)/ZnO 

nanorods/absorber/P3HT/Ag 

0.52  3.20 51.50 0.86 [70] 

Cs2SnI6 FTO/PLD-ZnO seed layer (40 mM)/ZnO 

nanorods/absorber/P3HT/Ag 

0.48 1.11 37.97 0.21 [70] 

Cs2SnI6 FTO/spin coated-ZnO seed layer (30 

mM)/ZnO nanorods/absorber/P3HT/Ag 

0.42  3.08 43.06 0.56 [70] 

Cs2SnI6 FTO/TiO2/absorber/P3HT/Ag 0.51 5.41 35 0.96 [71] 

CsSnI3 + 10% 

SnF2 

FTO/c-TiO2/absorber/PTAA/Au 0.41 18 46.3 3.4 [73] 

CsSnI3 + 10% 

SnCl2 

FTO/c-TiO2/absorber/PTAA/Au 0.43 17.4 52.3 3.9 [73] 

CsSnI3 + 10% 

SnBr2 

FTO/c-TiO2/absorber/PTAA/Au 0.44 18.5 52.9 4.3 [73] 

CsSnI3 + 

Hydrazine 

FTO/c-TiO2/m-TiO2/absorber/ 

PTAA:TPFB/Au 

0.381 25.71 49.05 4.81 [74] 

CsSnI3 + 20% 

SnF2/ Hydrazine 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au 0.170 30.75 34.88 1.83 [33] 

CsSnBr3 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au 0.367 13.96 59.36 3.04 [33] 

CsSnBr3 + 2.5% 

SnF2 

ITO/MoO3/absorber/C60/BCP/Ag 0.40  2.4  55  0.55 [102

] 

CsSnIBr2 + 60% 

SnF2 + H3PO2 

FTO/c-TiO2/m-TiO2/m-Al2O3/absorber/C  0.31  17.4  56  3.2 [103

] 

{en}FASnI3 + 

15% SnF2  

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au 0.48  22.54  65.96  7.14  [75] 

{en}MASnI3 + 

15% SnF2 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au 0.428 24.28 63.72 6.63 [76] 

{en}FASnI3 + 

15% SnF2 

FTO/c-TiO2/m-TiO2/absorber/TPE/Au 0.459 22.54 69.74 7.23 [77] 



{en}FASnI3 FTO/c-TiO2/m-TiO2/absorber/PTAA/Au 0.47 22.36 65.49 6.89 [78] 

{en}FASnI3 FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

0.36 19.11 54.44 3.76 [78] 

{en}FASnI3 FTO/c-TiO2/m-TiO2/absorber/BDT-2D/Au 0.42 22.19 53.80 5.04 [78] 

{en}FASnI3 FTO/c-TiO2/m-TiO2/absorber/BDT-4D/Au 0.497 22.41 68.21 7.59 [78] 

FA0.75MA0.25SnI3 ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.55 19.4 67 7.2 [79] 

(FA)0.75(MA)0.25S

nI3 + 10% SnF2  

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.61  21.2  62.7  8.12  [80] 

(FA)0.5(MA)0.5SnI

3 + 10% SnF2 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.53  21.3  52.4  5.92 [80] 

(FA)0.25(MA)0.75S

nI3 + 10% SnF2 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.48 20.7  45.2  4.49 [80] 

FA0.75MA0.25SnI3 ITO/PEDOT:PSS/absorber/C60/BCP/Al 0.55  24.3  67.3  9.06 [81] 

GAxFA1−x−2ySnI3–

yEDAI2 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.619 21.2 72.9 9.6 [84] 

FA0.98EDA0.01SnI3 

+ 0.05 mM 

edamine 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag 0.56 22.80 74 9.37 [85] 

FA0.75MA0.25SnI3 FTO/c-TiO2/absorber/PTAA/Au 0.26 17.4 42 1.85 [104

] 

MA0.9Cs0.1SnI3 ITO/PEDOT:PSS/absorber/PCBM/bis-

C60/Ag  

0.20  4.53  36.4  0.33  [98] 

FA0.8Cs0.2SnI3 ITO/PEDOT:PSS/absorber/PCBM/bis-

C60/Ag  

0.24  16.05 35.8 1.38 [98] 

{TN}FASnI3 + 

15% SnF2 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au  0.40  22.72  61.04  5.53  [105

] 

{PN}FASnI3 + 

15% SnF2 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au  0.44  22.15  60.67 5.85  [105

] 

 

3. Fabrication challenges of tin-based lead-free perovskite thin films 

It was observed that in the perovskite lattice, tin can be fruitfully substituted in place of lead. This approach 

however, has not resulted in a similar performance of tin-based lead-free perovskite solar cells with those of lead 

counterparts till date. This ‘not up to the mark’ performance might have emanated due to several factors like 

substandard electronic properties, poor film quality, and most significantly the poor stability originating from the 

natural oxidative conversion of Sn2+ to Sn4+. The solar cells containing tin-based lead-free perovskite thin films as 

absorbers are generally fabricated in an inert environment that heaves the apprehension about the real-life feasibility 



of the approach. Further, the fabrication of such devices in an ambient atmosphere is not viable. For the 

enhancement of the film quality, a variety of strategies like hybrid deposition, gas pumping treatment, use of 

additives [103-106], etc. is offered by various researchers. But these strategies resulted in unsatisfactory PCEs that 

disclose the incompetence of such efforts. The poor film quality and the chemical composition together result in 

substandard electronic properties of tin-based lead-free perovskites as compared to lead analogs. The tin perovskite 

films are commonly inundated with large number of extremely small crystallite domains and large grain boundaries 

[107] acting as trap states that in turn result in improved recombination and reduced charge separation and transport 

[48]. Although the tin-based lead-free perovskites have narrower bandgap as compared to lead analogs, the 

interband transfer of charges is restricted by effectual masses anisotropy of electrons and holes emanated due to the 

orbitals making up the electronic bands [108]. Furthermore, the easy oxidation of Sn2+ to Sn4+ creates superfluous tin 

vacancies and p-doping in the perovskite film that makes it difficult to effectively control the conductivity of the 

material that results in poor stability of tin-based lead-free perovskite solar cells in ambient conditions [30, 109]. 

Frequent efforts were made to restrain Sn2+ to Sn4+ oxidation like using  SnF2 or other additives and synthesizing 

mixed tin and lead perovskites [110-112], but the resultant thin films and solar cell devices were still found to be 

low-grade than lead analogs. 

a.  Challenges in Solution Processing 

A variety of methods have been used until now for the fabrication of perovskite films that includes spin coating, dip 

coating, doctor blading, inkjet printing and vapour deposition [113]. Amongst these, the technique that is frequently 

employed for fabricating perovskite films is spin coating where a glove box is utilized. The glove box is filled with 

N2 gas for creating a shield environment that prevents moisture as well as oxygen so that they cannot penetrate into 

Sn-based perovskite thin film. But this technique however causes a considerable waste of materials that in turn 

increases the cost of the process. So, the large-scale fabrication of perovskite films cannot employ spin coating as it 

will become unsuitable. In addition, the conventional fabrication methods of  lead-based perovskite films are not 

compatible in case of tin-based perovskite thin films due to the rapid crystallization of MASnI3 [114]. An 

intermediate-phase SnI2·3DMSO was found to adequately resolve this trouble by employing DMSO and NMP as 

solvents. It was investigated that the easy conversion of Sn2+ to Sn4+ in ambient air can annihilate the perovskite 

structure [115, 116] and this has restricted their studies. Cs2SnI6 is however an exception to this because of Sn4+ 

oxidation state that makes it remarkably stable in ambient air atmosphere [117, 118]. But it is still not appropriate as 

an absorber in solar cell and exhibits much less PCE due to the n-type nature of pristine Cs2SnI6.  

b.  Challenges in Vacuum Thermal Evaporation Processing 

Investigations revealed that it is effortless to deposit MAI, FAI, MABr, SnBr2 and SnI2 on a substrate via vapour 

deposition [113]. But the deposition of high-quality films of tin-based lead-free perovskites is quite a challenging 

task. Xi et al. [101] reported a water-related multichannel interdiffusion protocol for FASnI3-based PHJ (planar 

heterojunction) solar cell devices that demonstrated a best PCE of 3.98%. This environmental friendly protocol 

drastically promoted uniform film coverage and crystallinity by individually manipulating FAI/PEDOT: PSS and 

SnI2 layers. Moreover, the device accumulated on polyethylene naphthalate (PEN)-ITO flexible substrate 

demonstrated PCE of 3.12%. Moghe et al. [102] demonstrated an alternate procedure for fabricating planar CsSnBr3 



incorporated photovoltaic cells with excellent stability in air. The results illustrated that the synthesized films can be 

doped by thermal vapor deposition that would consequently enhance the quantum efficiency and the overall 

performance of the device. Best results were obtained with 2.5 mol% of the fluoride dopant where films retained the 

same absorption value over 24 hours and the fabricated devices retained 80% of their performance over 50 minutes. 

Accordingly, Jung et al. [87] reported the preparation of MASnBr3 films using two procedures. It was observed that 

the films synthesized by the first method i.e. co-evaporation resulted in much less PCEs (0.03-0.35%) caused by 

comparatively higher resistances as well as due to rapidly formed oxide of Sn-Br over the top layer because of air 

exposure. However, solar cells fabricated using the other method i.e. sequential evaporation exhibited enhanced 

performance resulting in PCE of 1.12%. The better performance was due to the top MABr layer that prevented the 

air-induced oxidation resulting in higher efficiencies. 

c.  Other Preparation Processes 

In order to effectively manage the growth of MASnI3 films, Yokoyama et al. [86] utilized a low-temperature vapour-

assisted solution process (LT-VASP). It was confirmed that the film morphology and reproducibility of the solar cell 

devices can show a drastic improvement by modifying the conventional vapour-assisted solution process (VASP) 

resulting in 1.86% PCE. Weiss et al. [119] fabricated MASnI3 perovskite films by utilizing a two-step method. The 

first step employs vapour deposition for preparing SnI2 film which was then transformed to MASnI3 films in the 

second step by reacting with MAI via spin coating process. Investigation revealed that it is possible to control the 

morphology of MASnI3 by adjusting MAI concentration. Fig. 16 demonstrates various fabrication processes 

described above.  

 



Fig. 16 Schematic representation of (a) Spin-coating and evaporation process, (b) Vapour-assisted solution process 

(VASP) and low-temperature VASP (LT-VASP) fabrication techniques. Reproduced from [113] with permission. 

Copyright 2019, Cell Press.  

  

4. Material stability 

Sn-based lead-free perovskite solar cells have emerged to be a hopeful candidate for achieving high performance. 

However, in comparison to lead-based perovskite solar cells, these materials have significantly worse stability. 

Neverthless, a variety of approaches were utilized in the recent years to boost the stability and enhance the PCE of 

tin-based perovskite solar cells simultaneously. The MASnI3 based solar cell prepared with 20% SnF2, demonstrated 

a PCE of 1.94% and showed almost no drop in the conversion efficiency during 146 days [34]. Through tin-fluoride-

assisted heterogeneous nucleation, MASnIBr2 based solar cell with 30 mol% SnF2 exhibited a PCE of 3.7% and 

good stability. The solar cell maintained over 80% of its initial efficiency after storing in nitrogen-filled glove box 

for 60 days [35]. The stability of MASnI3 based solar cell can also be improved through ion exchange/insertion 

reactions. The process resulted in high PCE of 7.78% along with high reproducibility and good stability [38]. Other 

techniques that have been utilized in the recent years to improve the stability of methylammonium tin halide 

perovskites include low-temperature vapor-assisted solution process [92] and co-crystallization of three halides [93]. 

A good stability for over 100 days under ambient condition was observed for encapsulated FASnI3 cells that were 

fabricated using solvent-engineering and non-solvent dripping process [44]. 10% SnF2 and pyrazine were also used 

and the process resulted in PCE of 4.8%. Slow surface passivation process where 1% EDAI2 was employed in 

FASnI3 solar cell resulted in a high PCE of 8.9% [50]. The device maintained this efficiency even for 2000 h of 

storage. This excellent stability was due to the presence of EDAI2 that slowly relaxed the crystal strain of the 

perovskite. Most recently, a usual anti-solvent method resulted in excellent shelf stability of PEAxFA1−xSnI3 based 

solar cell where NH4SCN was used as additive and ICBA was utilized as ETL in place of traditionally used PCBM 

ETL. Moreover, high PCE of 12.4% was obtained in the process and the device maintained 90% of the initial 

efficiency for over 3800 hours [62]. In another study, where π-conjugated Lewis base strategy was employed using 

CDTA for the fabrication of FASnI3 based solar cell, the device showed a PCE of 10.32% and maintained over 90% 

of its initial PCE [64]. Other techniques that have been observed to be successful to improve the stability of 

formamidinium tin halide perovskites include tin source purification [49], bilateral interfacial engineering strategy 

[53], orientation regulation process [57], anti-solvent-free spin-coating and inkjet printing [58], bidentate 

coordination strategy [60], intercalation of PEG into PEDOT:PSS layer [100], etc. CsSnI3 based solar cell with 10% 

SnCl2 which was fabricated without any HTL demonstrated good stability and efficiency of 3.56% [25]. Using 10% 

SnBr2, CsSnI3 based solar cell achieved 4.3% efficiency and excellent stability [73]. Further, reducing vapor 

atmosphere method [33] and vapor deposition method [102] were also found to be helpful to improve the stability of 

CsSnBr3 based devices using SnF2 as additive, but the obtained efficiencies were however less in both of these 

techniques. In addition to the MA, FA and Cs cation, the mixed cation based solar cells were also studied and 

demonstrated effectual stability and efficiency. The {en} cation when utilized along with FA and MA cations in the 

perovskite solar cells demonstrated excellent air stabilities [75, 76]. Moreover, a mixture of FA and MA cations can 



also be utilized to enhance the stability as well as efficiency of tin-based lead-free perovskite solar cells. An anti-

solvent dripping method was employed for the fabrication of FA0.75MA0.25SnI3 based solar cell [81]. The resulting 

device showed high PCE of 9.06% and retained 75% of the initial efficiency for 30 days of storage for the 

encapsulated cells and thus depicting a long-term stability. A non-polar guanidinium (GA+) cation was incorporated 

in various proportions, along with 1% EDAI2 as an additive in FASnI3 structure [84]. By optimizing the GAI:FAI 

ratio to 20:80, PCE of 8.5% was achieved with the freshly prepared precursor solution and it increased regularly 

after storing for 2000 h in glove-box, reaching maximum efficiency of 9.6%. The device passed all harsh standard 

tests indicating its extraordinary performance in photovoltaics. Similarly, like {en} and GA cations, other cations 

can also be utilized to form mixed cation tin-based lead-free perovskites to improve the stability of solar cells. The 

progress in the stability of various reported Sn-based solar cells during different years from 2014 till now, have been 

summarized in Table 2. 

 

Table 2: Stability test results of reported Sn-based lead-free perovskite solar cells.  

Absorbers Device architecture Technique used Stability  Year Ref. 

MASnI3 + 20% 

SnF2/ Hydrazine 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au Reducing vapor 

atmosphere 

method  

Unstable in 

air 

2017 [33] 

MASnI3 + 20% 

SnF2  

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au - Good long-

term 

stability 

2017 [34] 

MASnIBr2 + 30% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

Tin‐fluoride 

assisted 

heterogeneous 

nucleation 

Good 

stability 

2018 [35] 

MASn(I0.33Br0.67)3 FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

Solvent 

optimization 

Poor 

stability  

2019 [36] 

MASnI3 ITO/PEDOT:PSS/absorber/PC60BM/Ag Ion 

exchange/inserti

on reactions 

Good 

stability 

2020 [38] 

MASnI3 FTO/c-TiO2/m-TiO2/absorber/PTAA/Au Low-

temperature 

vapor-assisted 

solution process 

Better 

stability  

2016 [86] 

MASnI3 FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au  

Atomic layer 

deposition 

Poor 

stability  

2014 [88] 

MASnBr3 ITO/c-TiO2/m-TiO2/absorber/PTAA/Au  Low- Better air 2017 [92] 



temperature 

vapor-assisted 

solution process 

stability  

MASnIBr1.8Cl0.2 + 

20% SnF2 

FTO/c-TiO2/m-TiO2/m-

Al2O3/absorber/C  

Co-

crystallization 

of three halides 

Good long-

term 

stability 

2017 [93] 

FASnI3 + 10% 

SnF2 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag Anti-solvent 

dripping 

technique 

Good long-

term 

illuminatio

n stability 

2016 [40] 

FASnI2Br ITO/PEDOT:PSS/absorber/C60/Ca/Al Low-

temperature 

processing 

method  

Poor 

stability 

2016 [41] 

FASnI3 + 10% 

SnF2 + TMA  

ITO/PEDOT:PSS/absorber/C60/bis-

C60/Ag 

Sequential two 

step deposition 

route 

Unsatisfact

ory 

stability in 

ambient 

environme

nt 

2018 [43] 

FASnI3 + 10% 

SnF2 + pyrazine  

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

Solvent-

engineering and 

non-solvent 

dripping process 

Excellent 

long-term 

stability 

2016 [44] 

FASnI3 + 10% 

SnF2 + 20% PEA 

ITO/NiO/absorber/PCBM/Al -  Good 

stability 

2017 [45] 

0.92FASnI3 + 

0.08PEA + 10% 

SnF2  

ITO/PEDOT:PSS/absorber/C60/BCP/Al Mixing of 2D 

perovskite with 

3D perovskite  

Better 

stability 

2018 [46] 

FASnI3  ITO/PEDOT:PSS/absorber/C60/BCP/Ag Tin source 

purification 

Good 

stability 

2018 [49] 

FASnI3 + 1% 

EDAI2  

ITO/PEDOT:PSS/absorber/C60/BCP/Ag Slow surface 

passivation 

Excellent 

stability 

2018 [50] 

FASnI3 + 5% 

FASCN 

ITO/PEDOT:PSS/absorber/PC60BM/ Al - Good 

stability 

2018 [51] 

(PEA,FA)SnI3  LiF/PEDOT:PSS/absorber/C60/BCP/Ag Bilateral 

interfacial 

Good 

stability 

2018 [53] 



engineering 

strategy 

FASnI3 + PTN-Br ITO/PEDOT:PSS/absorber/C60/BCP/Ag - Moderate 

UV 

stability 

2019 [56] 

AVA2FAn−1SnnI3n

+1 (<n> = 5)  + 

10% NH4Cl 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

Orientation 

regulation 

process 

Excellent 

long-term 

stability 

2019 [57] 

FASnI3 ITO/PEDOT:PSS/absorber/PC71BM/Ag Anti-solvent-

free spin-

coating and 

inkjet printing 

Good 

stability 

2020 [58] 

FASnI3 + 8-HQ ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag 

Bidentate 

Coordination 

strategy 

Excellent 

stability 

2020 [60] 

FASnI3 + EVA ITO/PEDOT:PSS/absorber/PC61BM/BC

P/ 

Ag 

Regulated 

crystallization 

via self-sealing 

polymer 

Moderate 

stability 

2020 [61] 

PEAxFA1−xSnI3 + 

NH4SCN 

ITO/PEDOT:PSS/absorber/ICBA/BCP/

Ag 

Usual anti-

solvent method 

Excellent 

shelf 

stability 

2020 [62] 

FASnI3 + CDTA ITO/PEDOT:PSS/absorber/C60/BCP/Ag π-conjugated 

Lewis base 

strategy 

Excellent 

stability 

2020 [64] 

FASnI3 + 5%AHP ITO/CuSCN/absorber/PCBM/Ag - Good long-

term 

stability 

2019 [65] 

FASnI3 + 2.5% 

N2H5Cl + 10% 

SnF2 

ITO/PEDOT:PSS/absorber/PCBM/BCP/ 

Ag  

Co-additive 

engineering 

process 

Better 

stability 

2018 [99] 

FASnI3 + 12% 

SnF2 

FTO/PEDOT:PSS(PEG)/Absorber/PCB

M/BCP/Ag  

Intercalation of 

PEG into 

PEDOT:PSS 

Good 

stability  

2018 [10

0] 

FASnI3   ITO/PEDOT:PSS/absorber/C60/BCP/Ag Multichannel 

interdiffusion 

protocol 

Poor 

stability 

2017 [10

1] 



CsSnBr3 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/Spiro-

OMeTAD/Au 

- Instable 

under 

ambient air 

2016 [68] 

CsSnI3 + 10% 

SnCl2 

ITO/Absorber/PC61BM/BCP/Al HTL-free 

protocol 

Excellent 

stability 

2016 [25] 

CsSnI3 + 10% 

SnCl2 

ITO/Absorber/PC61BM/BCP/Al Solvothermal 

synthesis of 

quantum rods 

Moderate 

stability 

2016 [29] 

CsSnI3 + 10% 

SnF2 

FTO/c-TiO2/absorber/PTAA/Au - Stability 

degraded 

quickly 

over time 

2018 [73] 

CsSnI3 + 10% 

SnCl2 

FTO/c-TiO2/absorber/PTAA/Au - Stability 

degraded 

quickly 

over time 

2018 [73] 

CsSnI3 + 10% 

SnBr2 

FTO/c-TiO2/absorber/PTAA/Au - Excellent 

stability 

2018 [73] 

CsSnI3 + 20% 

SnF2/ Hydrazine 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au Reducing vapor 

atmosphere 

method 

Unstable in 

air 

2017 [33] 

CsSnBr3 + 20% 

SnF2 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au Reducing vapor 

atmosphere 

method 

Good 

stability 

without 

encapsulati

on in air 

2017 [33] 

CsSnBr3 + 2.5% 

SnF2 

ITO/MoO3/absorber/C60/BCP/Ag Vapor 

deposition 

method  

Good 

stability  

2016 [10

2] 

{en}FASnI3 + 

15% SnF2  

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au -  Very stable  2017 [75] 

{en}MASnI3 + 

15% SnF2 

FTO/c-TiO2/m-TiO2/absorber/PTAA/Au One-step 

solution method 

Better air 

stability 

2017 [76] 

FA0.75MA0.25SnI3 ITO/PEDOT:PSS/absorber/C60/BCP/Ag Hot anti-solvent 

treatment 

Poor 

stability  

2018 [79] 

FA0.75MA0.25SnI3 ITO/PEDOT:PSS/absorber/C60/BCP/Al Anti-solvent 

dripping method  

Good long-

term 

2018 [81] 



stability  

GAxFA1−x−2ySnI3–

yEDAI2 

ITO/PEDOT:PSS/absorber/C60/BCP/Ag Incorporation of 

a non-polar 

organic cation 

Outstandin

g stability 

2019 [84] 

 

5. Summary  

Typical tin-based lead-free perovskite solar cells that have been reviewed include MASnI3, FASnI3, CsSnI3 and 

mixed cation tin-based perovskites. The mixed cation tin-based perovskite solar cells have the potential to show the 

combined advantage of different incorporated cations and have reached a maximum PCE of 9.6% [84]. This 

efficiency was achieved by the incorporation of a non-polar organic guanidinium (GA+) cation along with 

formamidinium cation and the fabricated solar cell demonstrated an outstanding stability. The MASnI3 based 

perovskite solar cells achieved maximum PCE of 7.78% [38] with high reproducibility and good stability. This 

strategy that involved ion exchange/insertion reactions resulted in highly consistent pinhole-free MASnI3 films by a 

reaction between SnF2 and MAI. Because of the presence of hefty amount of left SnF2, the unfavourable oxidation 

was successfully suppressed in the obtained film. This strategy presented an innovative approach for fabricating 

inexpensive as well as stable tin-based lead-free perovskite solar cells. Further, FASnI3 based perovskite solar cells 

achieved maximum soaring PCE of 12.4% [62] using ICBA in place of traditionally used PCBM ETL. The 

perovskite film was prepared by a usual anti-solvent method using a one-step process. Here, NH4SCN was used as 

additive to mutate the growth of perovskite film and PEA was also utilized. ICBA exhibits a shallower energy level 

due to which it repressed the iodide remote doping. As a result, interface carriers recombination was also reduced 

and maximum attainable voltage of 0.94 V was achieved. ICBA incorporated solar cell maintained 90% of original 

efficiency for about 3800 hours. In MASnI3 and FASnI3 perovskite solar cells, appreciable PCE is achieved recently 

with remarkable stability but these perovskites are prone to facile volatilization due to the presence of the organic 

cation. In this context, the all-inorganic lead-free CsSnX3 perovskite becomes a more attractive candidate. The 

maximum efficiency achieved with CsSnX3 perovskite solar cells is 12.96% [29] for CsSnI3. Here, a simple and fast 

solvothermal synthesis for lead-free high-quality perovskite-type CsSnX3 with a uniform quantum rod-shaped 

structure was utilized for enhancing photovoltaic efficiency. However, the facile oxidation of Sn2+ to Sn4+, and 

attendant phase instability in the CsSnI3 perovskite, results in the rapid degradation of its properties. The most 

effective strategy that has been proposed for mitigating this issue is to incorporate Sn2+-halide additive (SnF2, SnCl2, 

and SnI2), and the resulting operational stability was still not good. Thus, new stabilization approaches are required 

that can boost the stability and PCE of tin-based perovskite solar cells simultaneously. Tin-based lead-free 

perovskite solar cells are promising for achieving high performance in the near future. However, these materials 

have significantly worse stability than the lead-based perovskite solar cells even with encapsulation. The tin and 

lead-based perovskites can borrow technologies from each other to further address the stability issues. We cannot 

yet judge, however, if they are viable candidates before the stability concern is addressed. Nevertheless, PCEs of 

13% or higher are likely on the horizon. Once the Sn4+ oxidation issue is fully addressed and photocarrier 



recombination rates are suppressed to the levels of the lead halide perovskites, Voc of more than 1.00 V should be 

achievable, which in turn will open the path to PCE beyond 15% and dramatically improve their future prospects to 

a viable lead-free contender.  

6. Conclusions 

Over the decades, an incredible progress has been observed in the field of photovoltaics as a whole, and in 

particular, perovskites. Several researchers are still trying their best to further enhance the efficiencies in addition to 

modulating each factor essential for taking photovoltaic cells up to the mark on a broad range. Early development in 

this field suggested that lead needs an ‘equal-ifnot- better’ alternate because of some constraints and so majority of 

the researchers sidetracked their focus in the direction of finding a suitable replacement for lead in perovskite. From 

the reported studies on lead-free perovskites, tin-based perovskite is found to be the competent and potential 

candidate to that of lead-based perovskite. A PCE of 12.96% was reported based on CsSnI3 which is the highest 

achieved PCE till date in tin-based solar cells. This substitution has several favourable effects on the resultant 

perovskites and devices, for instance bandgap narrowing but the above discussion clearly evidences that various 

issues still need to be tackled for tin-based lead-free perovskite solar cells to compete with the already reputed 

photovoltaic technologies. More efforts are required to deal with the stability of tin-based perovskite than that of 

lead analogs due to the conversion of Sn from its +2 to +4 oxidation state in ambient atmosphere. Even though SnX2 

additive has been extensively used to avoid or hold up this process, there is still a need to explore some other 

additives and measures that could effectively protect Sn in its +2 state and avoid the conversion to the +4 state. 

Thus, to show better performance and stability for exhibiting real life feasibility, effective strategies in addition to 

those summarized here, need to be utilized. These strategies would include film quality improvement processes, 

employing appropriate fabrication techniques, and using more efficient additives that could afford an absolute 

isolation from oxygen as well as moisture. 
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