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1. Introduction

Solar energy is a promising renewable 
energy source. Especially perovskite solar 
cells (PSCs), as proposed by Kojima et  al. 
in 2009,[1] have been skyrocketing in recent 
years, achieving a PCE world record of 
25.7%.[2] Perovskite materials have a general  
ABX3 formula where A is an organic 
or inorganic cation such as methylam
monium (CH3NH3

+, MA+), formami
dinium (NH2CHNH2

+, FA+), caesium (Cs+) 
or rubidium (Rb+) in the position (000) 
of the crystal lattice, B is the central metal 
cation such as lead (Pb2+), tin (Sn2+) or ger
manium (Ge2+) in the position (1/2,1/2,1/2) 
of the crystal lattice and X is a halide or a 
pseudo halide such as chloride (Cl−), bro

mide (Br−), iodide (I−) or thiocyanate (SCN−) in the position of 
(1/2,0,1/2), (1/2,1/2,0) or (0,1/2,1/2) of the crystal lattice.[3] Perov
skite materials present excellent optoelectronic properties such 
as tunable bandgap,[4] high absorption coefficient,[5] bidirectional 
charge transport,[6–8] defect tolerance,[9,10] and low exciton binding 
energy.[11,12] The best photovoltaic performance records have been 
achieved for Pbbased PSCs. However, the toxicity of Pb is a major 
challenge for further development on the industrial scale, which 
needs to be addressed carefully.[13–18] Therefore, finding an alter
native for Pb with nontoxic or lowtoxic elements is essential. 
For instance, germanium (Ge2+) from group IVA (same group 
as Pb2+) and bismuth (Bi3+) or antimony (Sb3+) from group VA 
have been introduced as nontoxic candidates. However, their 
photovoltaic properties are far inferior to Pbbased PSCs with 
25.7% performance.[19] In addition, Snbased perovskites have 
been widely studied as an alternative to achieve acceptable PCEs 
of 14.81% with lower toxicity compared to Pbbased counterparts. 
Sn and Pb from the same group of the periodic table, that is, IVA, 
with similar ionic electronic configurations of ns2 np2 in outer 
orbitals and very similar radius (Sn2+ 1.15 Å, Pb2+ 1.19 Å),[20–22] 
could be exchanged with only a slight crystal lattice distortion.[23] 
Although it is sometimes argued that Sn2+ may cause some harm 
to the environment,[24,25] it is also well accepted that SnO2 is the 
primary degradation byproduct of Snbased perovskites is non
toxic and could be removed from the environment more readily 
compared to degradation byproducts of Pbbased perovskites 
such as Pb(CH3COO)2, Pb(NO3)2.

Moreover, Snbased perovskites have narrow bandgaps that 
can absorb a broader light spectrum, that is, infrared (NIR) 
region.[26–28] However, due to their energy band mismatch with 
the electron transport layer (ETL) or the hole transporting layer 
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(HTL) in device structure, their best record PCE has reached 
14.81%,[29] which is still lagging behind the Pbbased PSCs. 
Additionally, facile oxidation of Sn2+ to Sn4+ in the presence 
of oxygen is a major challenge in Snbased perovskites, which 
leads to unfavorable optoelectronic properties as well as poor 
stabilities.[30–32] On the other hand, rapid crystallization of Sn
based perovskites is another major limitation, which leads 
to poor film morphology. So far, various strategies have been 
implemented to address these issues.[33–35] Historically, the first 
pure Snbased perovskite was introduced as a lightabsorbing 
layer in Schottky solar cells in 2012, which delivered only a PCE 
of 0.9%.[36] However, in 2014, Noel et al. reported an Snbased 
PSC with a PCE of 6%.[30] Afterward, the device development 
was accelerated by introducing an inverted architecture with a 
PCE of 6.22% in 2016.[37] Interestingly, altering the perovskite 
crystal structure from a 3D feature to a lower dimension such 
as 2D, nanorods (NRs), and quantum dots (QDs) has been 
introduced as an efficient approach to push forward the PCE 
and stability of Snbased PSCs in the recent years. First, in 
2018, Ran et  al. achieved 6.98% PCE by introducing a 2D/3D 
heterojunction perovskite film.[38] In 2019, the same research 
group synthesized 3D FASnI3 perovskite and pushed the PCE 

to 9.6%.[39] Recently, He et  al. reported the highest PCE of 
14.81% for a 2D/3D structure.[29]

Other review articles about Snbased PSCs have also been pub
lished. For example, Yan et al.[40] discussed the features of tinbased 
perovskites, including the fundamental properties, the device 
design and several promising recently developed approaches 
for improving the device performance. Loi et al.[41] discussed the 
general structure and optoelectronic properties of 3D Snbased 
perovskites as well as the lowdimensional structures. Han et al.[42] 
review the recent efficiency progress and the possible approaches 
to improve the efficiency of Snbased PSCs, such as optimizing 
the band gap, increasing the lightharvesting efficiency and carrier 
diffusion length, surface passivation and regulating the interface 
energylevel alignment. Finally, they pointed out the possibilities 
for reaching 20% PCE and considered the issues regarding the 
scalingup of these types of PSCs in the future. Moreover, Huang 
et  al.[43] reviewed recent developments and future perspectives 
regarding inverted Snbased device structures.

In particular, this review focuses on Snbased perovskite 
properties, device features and charge transport layers, and 
crystallization; it highlights the obstacles and opportunities 
for further progress. The current challenges and prospects 

Figure 1. Schematic outline of the review. The copyright of insert pictures is all marked in the following article. Crystal structure features: Reproduced 
with permission.[45] Copyright 2007, International Union of Crystallography Printed in Singapore. Perovskite films processing: Reproduced with per-
mission.[76] Copyright 2015, American Chemical Society. Crystal dimension engineering: Reproduced with permission.[160] Copyright 2017, American 
Chemical Society. Layers selection: Reproduced with permission.[180] Copyright 2020, Springer Nature Limited.
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are also discussed. Moreover, all film preparation and modi
fication strategies for improving the properties of the Sn
based perovskite are categorized. As shown in Figure 1, we 
discuss the developments of Snbased PSCs step by step by 
addressing four significant aspects: crystal structure features, 
perovskite film processing, lowdimensional structures, and 
layer selection. We systematically summarize the experimental 
steps, which provide a road map for future researchers. More
over, the solvents and additives engineering are also discussed 
in detail. Besides, we summarize the device structures, opto
electronic parame ters, and strategies used in previous work to 
provide a comprehensive stateoftheart database for readers. 
Finally, we provide a perspective regarding the current 
research status and future possibilities in the pure Snbased 
PSCs research field.

2. Crystal Structure Features

Numerous properties, such as high photoelectric coefficients, 
long carrier diffusion lengths and high defect tolerance, have 
been demonstrated for perovskite materials. Such properties 
are closely related to their crystal structure, leading to efficient 
solar cells.

Various crystal structures exist in perovskite materials. For 
example, the ideal crystal structure of ABX3 perovskite con
sists of a cube system in space group Pm3m.[44] As shown 
in Figure 2a, A cations with a larger radius occupy the body 
center of the cube where the 12fold coordination site is, while 
the B cation with a smaller radius occupies the corner of the 
cube where the eightfold coordination site is, and X anions 
occupy the center of each edge of the cube.[45] The cubic 
system (Figure 2b) is the most common and favorable crystal 
system; being orthorhombic preserves the 3D connectivity 
(Figure 2c) possessing photoelectric and semiconducting prop
erties, which may form due to octahedral tilting of the cubic 
perovskite structure.[44] However, perovskites can be crystal

lized in other crystal systems with inferior optoelectronic  
performance, such as 1Dorthorhombic and 1Dhexagonal 
structures (Figure  2d,e).[46] The crystal stability can also be 
evaluated by calculating the tolerance factor (tIR). The tIR is 
defined as:

t R R R RIR ( ) ( )= + × + / 2A X B X  (1)

where RA, RB and RX represent the ionic radii of A, B and X com
ponents. In the typical structure of the ABX3 cube, the distance 
between B and X is equal to the side length of the crystal unit 
cell, and the distance between A and X is equal to the diagonal 
length of the crystal unit cell. Typically, the crystal structures 
with tIR equals 1 are the most stable. However, according to the 
experimental data, the values of tIR between 0.9–1 are a rela
tively stable state for ideal cubic structure, including FA+ (radii 
of 2.53 Å), the MA+ (radii of 2.17 Å) and Cs+ (radii of 1.67 Å) 
cations.[47] Since the coordination number on the effective ionic 
radius and the required coordination number are not taken into 
account in some effective ionic radii[48,49] in 2007, Xue et al. cal
culated 376 ABX3type compounds based on the bond–valence 
model (BVM) and structure map technology, showing the tIR 
is relatively stable between 0.822–1.139.[45] Only predicting the 
crystal structure by tIR is not enough, and 74% of materials can 
be calculated as perovskite.[21] Subsequently, Bartel et  al. accu
rately predicted 94% of perovskites by Equation (2):[50]
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where nA is the oxidation state of A and r is the ionic radius. The 
radii of B site cations can also affect crystal structure. According 
to Palgrave et  al.’s study, the radii of Bsite cations must be 
greater than 0.41 times that of Xsite anions.[21] There is an octa
hedral factor (µ) to judge whether B site cations are suitable for 

Figure 2. a) The cubic perovskite crystal structure. Reproduced with permission.[45] Copyright 2007, International Union of Crystallography. b) The cubic, 
c) 3D-orthorhombic, d) 1D-hexagonal, and e) 1D-orthorhombic perovskite crystal structure. Reproduced with permission.[46] Copyright 2017, American 
Association for the Advancement of Science.
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the BX6 octahedron structure; the 0.442 to 0.895 range is ideal 
for a stable perovskite structure. The µ is defined as:[51]

r

r
µ = B

A  
(3)

It is well agreed that the crystal phase stability can be deter
mined by tIR. However, besides this factor, other environmental 
factors, such as temperature and pressure, can also affect struc
tural stability.[52] Besides the same properties between Pbbased 
and Snbased perovskite films mentioned above, the lattice sta
bility of Snbased perovskites can be severely affected by expo
sure to environmental factors such as water and oxygen.[53,54] 
The stronger binding energy of SnO and HI than SnI 
has also been accepted as the main reason for the instability 
of Snbased perovskites by easily breaking the SnI bond and 
forming the SnO and HI bonds instead.[55] Among the 
wide variety of Snbased perovskites, cubic MASnI3 composi
tion is stable at more than 295 K[56] and converts into tetragonal 
at temperatures between 140 and 295 K.[57] However, it would 
crystallize in the orthogonal phase at temperatures lower than 
110 K.[58] In contrast to MASnI3, the FASnI3 is an orientation
ally disordered cubic crystal structure because FA is not Oh 
site symmetry in the cubic perovskite structure. Besides, the 
FA has a more significant steric effect than MA because of the 
longer SnI bond (3.158 Å) in FASnI3 than that in MASnI3  
(≈3.121 Å).[59] The FASnI3 is a pseudo cubic Amm2 crystal 
structure at 340 K and it has Imm2 space group with an addi
tional primitive monoclinic structure below 180 K.[8] However, 
Schueller et  al. thought that the phase transition FASnI3 hap
pened from cubic Pm3m to tetragonal P4/mbm structures at 
a temperature between 225 and 250 K. Under 125 and 150 K,  
the FASnI3 can be transferred to an orthorhombic Pnma 
structure.[60] While Kahmann et  al. identified that the phase 
transition happened from a cubic phase to a tetragonal 
phase at around 255 K, and from the tetragonal phase to the 
orthorhombic phase at about 155 K.[61] Interestingly, the crys
tallographic phase of allinorganic CsSnI3 is also temperature
dependent and can be transferred from one phase to another by 
applying different temperatures (see Figure  3a). For example, 
the α converts to β phase at temperatures more than 440.5 K.[62] 
The migration of I− can also affect the stability of the CsSnI3 
crystal structure, which could happen by inducing light and 
temperature to the perovskite film (see Figure 3b).[63] However, 
they emphasized that the βCsSnI3 possessed the best light 
stability.

3. Perovskite Films Processing

3.1. Raw Materials

The purity of the raw materials of the perovskite crystal greatly 
impacts the device’s efficiency. For example, FAI, SnI2, MAI, 
and CsI are the raw materials of Snbased perovskite pro
cessing. However, the purity of SnI2 in perovskite precursors 
could directly affect the perovskite films and PCE of resulting 
PSCs subsequently. As mentioned earlier, Sn2+ is the desired 
oxidation state of Sn perovskite precursors and films; however, 
the existence of even a small amount of Sn4+ in the perovskite 
precursors reduces the film’s quality and device performance, 

significantly. Therefore, the purity of the perovskite precursors  
is crucial for efficient Snbased perovskite processing. Since 
the production and packaging environments could be different 
for every company, it should be considered that SnX2 must 
be produced and packed in a highly controllable oxygenlevel 
environment; otherwise, the product oxidation, even partially, 
is undeniable. In this regard, Mathews et  al.[64] pointed out 
that SnI2 with a purity of 99% and even 99.999% is not suf
ficient to achieve a highquality film due to inducing high 
content of unfavorable SnI4, that is, Sn4+, into the perovskite 
precursor. Based on this, analyzing the purity of SnI2 precursor 
became an important topic in the Snbased perovskite research, 
avoiding any undesirable chemical reaction in the perovskite 
precursor and the resulting films. For example, Kanatzidis 
et al.[65] confirmed that selfsynthesized SnI2 with vacuum puri
fication leads to better Snbased perovskite quality. However, 
it has been confirmed that higher purity could be achieved for 
selfsynthesized SnI2. However, most researchers still have to 
process the Snbased perovskites by using the commercial SnI2 
due to the synthesis limitation in some laboratories. For this 
reason, researchers tried to improve the quality of the commer
cial SnI2 precursor. For instance, Huang et al.[66] demonstrated 
that adding a small amount of metallic Sn powder to a perov
skite precursor solution containing lowpurity SnI2 could con
vert all the Sn4+ content to Sn2+ by catalyzing the redox reaction, 
leading to highquality Snbased perovskite films that are even 
better than the perovskite precursor solution containing high 
purity SnI2 (99.999%). To reduce the cost of the raw materials 
and suppress the Sn2+ oxidation, Ning et al.[67] proposed an in 
situ reaction between metallic Sn and I2 in dimethyl sulfoxide 
(DMSO), and N,Ndimethylformamide (DMF) to prepare high
quality Snbased perovskite films with an electron diffusion 
length of 290 ± 20 nm. The fabricated devices delivered a PCE 
of 14.6%. The in situ reaction and the preparation process of 
perovskite film are shown in Figure  4. Besides, the Snbased 
perovskite film can also vertically grow by using an in situ reac
tion of SnI2.

3.2. Ideal Solvent

In the Pbbased PSCs, DMSO, and DMF have been frequently 
used as the primary solvents for perovskite solution prepara
tion.[68–73] According to the Lewis acid−base theory, Sn2+ has 
a stronger Lewis acidity than Pb2+.[74,75] Hence SnI2 can react 
with the organic ammonium cations rapidly, leading to an 
uncontrollable perovskite crystallization and discontinuous 
film fabrication with many pinholes. As a result, this low
quality film showed low resistance against water or oxygen 
with a large leakage current in the resulting devices. So, 
it can be concluded that only using DMF as the solvent for 
Snbased perovskites precursor solution might not be suit
able. Therefore, numerous solvents have been explored to 
prepare an ideal Snbased perovskite solution. For example, 
in 2015, Kanatzidis et al. analyzed four kinds of solvents such 
as DMF, DMSO, γbutyrolactone (GBL), and Nmethyl2pyr
rolidone (NMP). They confirmed that the perovskite crystalli
zation rate with DMSO was much slower than others, which 
led to a better intermediate phase of SnI2DMSO and a pin
holefree MASnI3 film, subsequently.[76] Figure  5a shows the 
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process of preparing perovskite film using DMSO solvent. 
Although DMSO is beneficial to the preparation of 3D Sn
based perovskite films,[76] it is not suitable for the processing 
of lowdimensional Snbased perovskites. In lowdimensional 
films, the longchain organic molecules can further retard 
the crystallization of perovskite, resulting in poor film cov
erage.[77–79] However, the ion liquid solvent methylammonium 
acetate (MAAc) was introduced as an ideal solvent, yielding 
a dense and highroughness lowdimensional perovskite 
film through an ion exchange mechanism.[80] In this regard, 
Huang et al.[33] utilized a mixed solvent of DMSO and MAAc 

to fabricate  highquality lowdimensional Ruddlesden–Popper 
(LDRP) Snbased perovskite films with large grains of up to 
9  µm (Figure  5b). Finally, the fabricated devices have shown 
excellent stability upon storage in the glove box for 94 days. 
Interestingly, Abate et  al.[81] pointed out another challenge of 
using DMSO as a solvent for Snbased perovskite precursor 
solutions. They demonstrated that DMSO could accelerate 
the Sn2+ oxidation during dissolving the precursor powders at 
100  °C in 30 min, turning the solution color from orange to 
dark red (Figure 5c). The Abate group[82] reported 12 possible 
solvents from a database of over 2000 solvents, which could be 

Figure 3. a) The different CsSnI3 crystal structures and their conversion conditions. Reproduced with permission.[62] Copyright 2012, American  
Chemical Society. b) The mechanism of I− migration is due to the light and temperature. Reproduced with permission.[63] American Chemical Society.

Adv. Energy Mater. 2023, 13, 2202209
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Figure 5. a) A process of the film’s formation of the CH3NH3SnI3 perovskite films when DMSO is the precursor solvent. Reproduced with permission.[76] 
Copyright 2015, American Chemical Society. b) SEM images and schematic diagram of prepared perovskite films using DMSO, MAAc, and mixture 
solvent with MAAc and DMSO. Reproduced according to the terms of the CC-BY license.[33] Copyright 2018, The Authors. Published by WILEY-VCH.  
c) (A–E) were FAI, SnI2, and FASnI3 with 10% SnF2 and CsSnI3 in DMSO, and FASnI3 in DMF, respectively. The left picture was a fresh solution; The right 
picture was a solution under 100 °C annealing for 30 min. Reproduced with permission.[81] Copyright 2020, The Royal Society of Chemistry. d) SEM images 
of processed FASnI3 films using a mixing solvent with DEF and DMPU. Reproduced with permission.[82] Copyright 2021, American Chemical Society.

Figure 4. The schematic diagram of the preparation of Sn-based perovskite film with a) SnI2 powder b) in situ reaction between metallic Sn and I2. 
Reproduced with permission.[67] Copyright 2021, American Chemical Society.
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used as suitable candidates for FASnI3 solution preparation. 
As shown in Figure  5d, using a mixture of N,Ndimethylfor
mamide (DEF) and dimethylacrylic urea (DMPU) solvents are 
beneficial to fabricating highquality Snbased films due to 
better solubility, stability, and crystallization.

The mixed DMF and DMSO solvent can also prepare high
quality perovskite films. Kanatzidis et  al.[83] and Seok et  al.[84] 
separately demonstrated that dissolving the perovskite pre
cursor material in a mixed solvent of DMF:DMSO with volume 
ratios of 9:1 and 4:1 leads to better controlling the crystallization 
process and achieving higher quality films. Therefore, we think 
both DMSO and DMF:DMSO mixed solvents are suitable for 
perovskite film processing. However, the mixed DMF:DMSO 
is more ideal for preparing Snbased perovskite films and high 
efficiencies PSCs.[29,67]

3.3. Ideal Antisolvent

Using the antisolvents is necessary to extract the solvents from 
perovskite precursors more efficiently during the spincoating 
process, assisting in more uniform nucleation.[85–90] So far, chlo
robenzene (CB) and toluene (TL) have been frequently used as 
antisolvent for different perovskite films.[91–97] However, Yan 
et  al.[37] proposed diethyl ether (DE) as a better alternative for 
Snbased perovskite crystallization. They demonstrated that DE 
could better retard the FASnI3 perovskite crystallization com
pared to CB or toluene, which leads to better film quality. Addi
tionally, Huang et al.[34] compared the effects of DE, toluene, and 
CB antisolvents on FA0.75MA0.25SnI3 perovskite films crystal
lization. Figure  6a–d shows the scanning electron microscopy 
(SEM) images of the formed films without antisolvent and 

Figure 6. SEM images of FA0.75MA0.25SnI3 films at different antisolvent conditions a) without antisolvent, b) with DE, c) with TL, and d) with CB. 
Reproduced with permission.[34] Copyright 2018, American Chemical Society. SEM images of FA0.75MA0.25SnI3 films adopting different temperatures 
CB as antisolvent e) at room temperature and f) at 65 °C. Reproduced with permission.[35] Copyright 2018, WILEY-VCH. SEM images of MASnI3 using 
antisolvent bathing with different antisolvent g) with 1:1 mixed toluene and hexane, h) with toluene, and i) with hexane. Reproduced with permission.[98] 
Copyright 2017, The Royal Society of Chemistry.
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using antisolvents, demonstrating that CB provides the dense 
films without pinholes, which is in contrast to the observation 
by Yan et  al.[37] The fabricated FA0.75MA0.25SnI3 PSCs with CB 
showed significant stability (maintained up to 75% of the orig
inal PCE over 30 days under glove box conditions). This could 
be due to the achieving uniform and fully packed perovskite 
films. Therefore, it can be concluded that the performing of 
antisolvents might also be related to the perovskite composition. 
Additionally, the functionality of CB during Snbased perovskite 
crystallization could be affected by its temperature. For example, 
Wakamiya et  al.[35] explored the effect of CB temperature on 
Snbased perovskite film formation. They demonstrated that 
uniform and pinholefree films could be achieved with 65  °C 
preheated CB, leading to significant device stability over 70  h 
under glovebox conditions (Figure 6e,f). Besides dropping anti
solvents during the spin coating, antisolvent bathing (ASB) has 
been introduced to facilitate Snbased perovskite crystallization. 
In this regard, Adachi et al. explored the effect of mixed toluene 
and hexane ASB on the perovskite films crystallization. The 
resulting films showed a low thickness of 123 nm compared to 
pure toluene and hexane ASB, but with higher density and pin
holefree morphology (see the SEM images in Figure  6g–i).[98] 
By comparison, CB is a commonly used and most effective anti
solvent. Therefore, we recommend CB as the preferred antisol
vent because it has been the most frequently used antisolvent to 
achieve a more controllable deposition process.

3.4. Processing Methods

3.4.1. One-Step Method

The preparation methods of perovskite films can be divided 
into the onestep method, twostep method, vacuum deposi
tion, etc. In the onestep method, all the perovskite components 
should be dissolved into a solvent to form a homogeneous pre
cursor solution; then perovskite film will be spincoated onto 
the substrates in one step followed by annealing the films. This 
method is currently the most mature process for achieving 
highly efficient and stable Snbased PSCs. However, the fast 
crystallization of Snbased perovskite is the most important 
challenge to using this method for film fabrication. Therefore, 
the proper selection of solvents, antisolvents additives and 
annealing temperatures are critical to achieving a highquality 
perovskite film, as outlined in the other parts of this work.

3.4.2. Two-Step Method

The twostep method was mainly used for preparing Pbbased 
perovskite films but was less frequent for Snbased perovskites. 
In this method, first, PbI2 or SnI2 should be deposited on the 
substrates by spin coating. Subsequently, FAI, MAI or other 
types of cations should be spincoated on the prepared PbI2 or 
SnI2 films, followed by an annealing process. In this method, 
the solvent selection for PbI2 or SnI2 and organic cations is very 
challenging. Because the solvent in the second step should not 
dissolve the metal halide film excessively. For example, the sol
ubility of SnI2 in isopropanol, IPA, (solvent of organic cation) is 

higher than that of PbI2, therefore, using a twostep method for 
depositing Snbased perovskites is a bit tricky. First, in 2017, Jen 
et  al.[99] prepared FASnI3 perovskite film by twostep method. 
Trimethylaluminum (TMA) and a small amount of SnF2  
(10 mol%) were added to the SnI2 precursor solution to form a 
SnI2–TMA complexes and retard the FASnI3 film crystallization 
based on Lewis’s theory.

Afterward, Diau et  al.[100] developed a novel twostep deposi
tion method for achieving highquality FASnI3 film. First, the 
SnI2 solution in DMSO was deposited on the substrate to form 
SnI2 film. Then the FAI solution in a mixed solvent of hexafluoro
2propanol (HFP):IPA:CB with 5:5:2 ratio was deposited on the 
SnI2 film (see Figure 7a). They emphasized that HFP is necessary 
to slow down the FASnI3 film crystallization by forming hydrogen 
bonding with IPA and FAI. The stability of devices with the modi
fied film was more than 4000 h in the glove box. So, selecting the 
solvent of the second step solution is indispensable to preserve 
favorable solubility and guarantee not destroying the SnI2 film.

3.4.3. Thermal Evaporation

In contrast to the onestep method, the prepared films by thermal 
evaporation deposition have shown more uniform and control
lable thickness. However, the performance of such a prepared 
device is lower than the solutionbased methods. This method has 
been used for the deposition of Snbased perovskites as well. In 
this regard, Qi et al.[101] deposited MASnBr3 perovskite films with 
relatively high quality and stability by a continuous thermal evap
oration method. Afterward, Yan et al.[102] also deposited MASnI3 
film utilizing this method with a relatively high opencircuit 
voltage (VOC) of 494  mV with ITO/PEDOT:PSS/Poly[N,N′bis(4
butylphenyl)N,N′bis(phenyl)benzidine] (polyTPD)/MASnI3/
fullerene (C60)/2,9dimethyl4,7diphenyl1,10phenanthroline 
(BCP)/Ag device structure. Subsequently, Song et  al.[103] pro
posed a novel ionexchange/insertion reaction to obtain MASnI3 
film. The reaction process is shown in Equations  (4)–(6).  
As shown in Figure 7b, MASnI3 perovskite was formed on SnF2/
PEDOT:PSS substrate in the presence of MAI vapor. In this 
method, after forming MASnI3 still most of the SnF2 remains in 
the film, which can promote the formation of highquality perov
skite film with 7.78% device efficiency.

+ → +SnF 2CH NH I SnI 2CH NH F2 3 3 2 3 3  (4)

→ ↑ + ↑CH NH F CH NH HF3 3 3 2  (5)

+ →SnI CH NH I CH NH SnI2 3 3 3 3 3  (6)

Besides the organic–inorganic Snbased perovskite, all
inorganic Snbased perovskites such as CsSnI3, CsSnCl3, and 
CsSnBr3 also can be deposited by this method. For example, 
Lunt et  al.[104] deposited CsSnBr3 doped with a small amount 
of SnF2 perovskite film by a thermal evaporation method. They 
demonstrated that a ratio of 1:1 of SnBr2 and CsBr along with 
2.5% SnF2 could provide the best PCE with significant device 
stability in ambient conditions for 50 min. However, after 3 h, 
the PCE dropped to 50% of the initial value due to severe deg
radation. Besides, it should be mentioned that CsSnI3 and 
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Figure 7. a) Schematic diagram of preparing FASnI3 perovskite film using the two-step method. Reproduced with permission.[100] Copyright 2020, 
American Chemical Society. b) Using ion-exchange/insertion reaction process prepares perovskite films of MASnI3. Reproduced according to the terms 
of the CC-BY license.[103] Copyright 2020, The Authors. Published by WILEY-VCH. c) Comparison of CsSnI2Br and CsSnBr3 perovskite degradation in 
air. Reproduced with permission.[104] Copyright 2016, Elsevier Ltd. d) The steps of sequential vapor deposition. e) The J–V cures of devices. Reproduced 
with permission.[105] Copyright 2021, WILEY-VCH.
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CsSnCl3 are super sensitive to ambient condition and could be 
degraded in a few seconds. While CsSnBr3 is relatively stable 
for several hours in ambient conditions. For example, as shown 
in Figure 7c, CsSnI2Br with mixed halides I− and Br− degrades 
completely after 2  min in the ambient condition, while the 
pure CsSnBr3 shows no noticeable degradation over 2  h. Yin 
et  al.[105] proposed the novel continuous thermal evaporation 
deposition to prepare highquality CsSnI3 film. They introduced 
 thiosemicarbazide (TSC) as an additive to passivate uncoordi
nated Sn2+ by SCN functional groups. Figure  7d presents 
the deposition process. As shown in Figure 7e, a PCE of 8.2% 
was attained. Besides, 90% of the initial PCE was maintained 
after 500 h under continuous illumination. As the passivator of 
continuous thermal evaporation deposition, there are two crite
rions: i) easy to evaporate under high vacuum; and ii) specific 
reactions with perovskites. Compared with the prepared perov
skite film using onestep and twostep methods, prepared films 
by thermal evaporation are more environmentally friendly and 
less toxic during preparation due to the absences of organic sol
vents. Therefore, Snbased PSCs prepared by thermal evapora
tion may have good commercial application prospects.

3.4.4. Mixed Evaporation-Solution-Assisted Methods

The Snbased perovskite films grown by the lowtemperature 
mixed evaporationsolutionassisted methods have shown 
acceptable stability in ambient conditions compared to the tra
ditional pure solutionbased methods. However, the achieved 
PCEs are not as high as a conventional onestep method. But, 
the onestep method is not suitable for depositing all types of 
Snbased perovskites. As proof of concept, Kanatzidis et al.[106] 
compared the characteristics of prepared MASnI3 perovskite 
films by onestep method and lowtemperature mixed evap
orationsolution assisted method. According to the Xray 
photoelectric energy spectrometer data, at the evaporation tem
perature of MAI (150 °C), I− ions of MAI could not diffuse into 
the SnX2 film (X = Br, I); as a result, Sn2+ ions could convert 
to SnO and Sn(OH)2 secondary phases, leading to reduced 
hole carriers concentration and adjusting the Sn vacancies 
to improve the air stability of Snbased perovskite. As shown 
in Figure  8a, the fabricated devices by the onestep method 
present a faster degradation in ambient conditions. Due to 
the extreme instability of CsSnI3 perovskite, it is challenging 
to obtain uniform and pinholefree films utilizing the tradi
tional onestep thermal evaporation methods. Based on this, 
Zhu et al.[107] proposed a solutionassisted thermal evaporation 
method to grow the CsSnI3 films successfully. The SnI2 solu
tion, including a small amount of SnF2, was spincoated onto 
the substrates, followed by the deposition of CsI by thermal 
evaporation. They demonstrated that the CsI thickness could 
affect the final coverage and compactness film. For example, 
the perovskite film with a CsI thickness of over 80 nm or below 
60  nm led to poor surface morphology with many pinholes. 
Although the onestep preparation of Snbased perovskite 
films has been relatively matured, however, developing new 
preparation methods is also worth promoting. Currently, the 
PCE of fabricated leadbased devices by thermal evaporation 

 technology reached around 24%.[108] Therefore, by optimizing 
the thermal evaporation process, the efficiency of the Snbased 
device could also exceed 14.81%.

As mentioned, overcoming oxidation is a major challenge 
in improving the stability of Snbased perovskites.[109] Such 
Sn2+oxidation lowers the current density (JSC). To address this 
challenge, researchers have conducted various experiments. 
To summarize such experiments, the preparation of Snbased 
perovskite films is assisted by reducing gases and reducing 
the Sn4+ cations during the preparation process. Hydrazine 
is well known as a reducing agent to suppress Sn2+oxidation 
to a certain extent. For instant, Kanatzidis et  al.[110] proposed 
hydrazine vapor to assist crystallization and grow stable Sn
based perovskite films. Hydrazine was directly dropped on the 
hot perovskite film to quickly volatilize the solvent, leading to a 
reduction reaction in the hydrazine atmosphere and reducing 
the ratio of Sn4+/Sn2+, improving JSC from 5 to 19.9 mA cm−2. 
Figure  8b shows the mechanism of the hydrazine vapor 
effect on Snbased perovskites and the reaction process as 
Equation (7):

+ → + +− −2SnI N H 2SnI N 4HI6
2

2 4 4
2

2  (7)

Some researchers have improved the quality of Snbased 
perovskite films. The Sn4+ cation contents were reduced by 
ion exchange or polar gasassisted film formation. According 
to Jiang et  al.’s report, the high carrier concentration limited 
the overall PCEs of Snbased PSCs due to the facile oxidation 
of Sn2+ to Sn4+.[111] To improve the PCE, they designed a cation 
exchange method to synthesize highquality MASnI3 films. 
As schematically illustrated in Figure  8c, after deposition of 
hydrazinium Sn iodide (HASnI3) perovskite on the substrates, 
they were exposed to methylamine vapor to exchange the HA+ 
cations with MA+ cations, obtaining a highquality MASnI3 
perovskite film with a PCE of 7.13% and good reproducibility. 
It is well accepted that fast nucleation and slow crystal growth 
are preferred to achieve highquality perovskite films with a 
low trap state density and smooth morphology. However, Sn
based perovskites usually suffer from uncontrolled random 
crystal orientation.[112,113] Based on this, Chen et al.[114] proposed 
an ethyl acetate (EA) vapor incubation nucleation strategy. As 
shown in Figure 8d, the EA solvent was dropped onto a glass 
substrate before film deposition to form a highquality FASnI3 
perovskite with an excellent device performance of over 10%. 
Stability tests demonstrated that after 600 h light soaking, the 
modified devices remained at 83% of the initial PCE. Besides, 
the modified devices could maintain 80% of the initial PCE 
under N2 atmosphere for 100 h.

Usually, the Sn2+ tends to oxidize and form its more stable 
Sn4+ analogue by breaking down the perovskite structure and 
decomposing the oxides/hydroxides of Sn. Recently, Zhou 
et  al.[115] introduced chemothermal removal of the Sn(IV) p
type dopant from the Snbased perovskite film.[116] Besides, 
they found the Sn4+ mainly accumulated in the surface regions 
of Snbased perovskite films (FA0.75MA0.25SnI3), resulting in 
an inferior perovskite film. As shown in Figure  8e, the FACl 
was vapored onto the neat FAXMA1−XSnI3 surface to generate 
a volatile SnI4·xFACl compound at 60  °C. By contrast, the 
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 carrier lifetime of the modified perovskite film was enhanced 
threefold than the control film, and the trap density was 
reduced twofold. The devices with modified perovskite film 
attained a PCE of 14.7% and maintained 95% of the initial 
PCE under glovebox conditions after 1000  h. Ion exchange is 
also an excellent approach to preparing highquality perovskite 
films. It uses chemical reactions to reduce defects in thin film 
preparation.

3.5. Additives

3.5.1. Inorganic Additives

Adding different materials to perovskite precursor solu
tion or into the films during the formation process has been 
introduced as an efficient approach to improve the quality of 
perovskite films.[117,118] Additives can passivate the defect states, 

Figure 8. a) Comparison of the stability of devices prepared by the one-step method and low-temperature vapor-assisted methods. Reproduced with 
permission.[106] Copyright 2016, American Chemical Society. b) Mechanism of hydrazine vapor effect on Sn-based perovskite materials. Reproduced with 
permission.[110] Copyright 2016, American Chemical Society. c) Schematic of a cation exchange between HA+ and MA+. Reproduced with permission.[111] 
Copyright 2019, WILEY-VCH. d) Schematic of EA vapor incubation nucleation. Reproduced with permission.[114] Copyright 2021, The Royal Society of 
Chemistry. e) Schematic of chemo-thermal removal of the Sn(IV) p-type doping. Reproduced with permission.[115] Copyright 2021, Elsevier Inc.
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improve the antioxidant properties of Snbased perovskites, as 
well as controlling the nucleation rate. Tin halides are common 
inorganic additives that could be added to precursor solutions 
alone or mixed with other substances to improve the film 
quality. For Snbased perovskite, SnF2 is an indispensable addi
tive because SnF2 has excellent oxidation resistance to prevent 
further oxidation of Snbased perovskite films, and F− also has 
a certain hydrophobicity, standing as an excellent additive. In 
2014, Mathews et  al.[64] found that a modest amount of SnF2 
decreased the Sn vacancies in CsSnI3 crystals. Although SnF2 
could not effectively control the yellow phase formation of 
CsSnI3, but it could reduce the influence of the yellow phase 
on the perovskite properties to some extent. Another benefit of 
SnF2 could be providing full contact with the CsSnI3 without 
negatively affecting its crystal lattice. Finally, the JSC of modified 
devices was extremely improved from 0.19 to 23.5  mA cm−2,  

resulting in the PCE from 3 × 10−4% to 2.02%. Yan et  al.[37] 
studied the effect of adding a mixedsolution of SnF2 and 
DEE to the FASnI3 precursor solution. Figure  9a shows the 
effect of SnF2 content on the film’s morphology at six different  
concentrations of 0%, 5%, 10%, 15%, 20%, and 30%. The fab
ricated inverted PSCs with 15% SnF2 achieved the highest PCE 
of 6.2%. Kanemitsu et  al.[119] demonstrated that adding SnF2 
to MASnI3 solution leads to a shift in the absorption edges of 
perovskite to low photon energy (see Figure  9b,c), promising 
higher luminescence efficiency. Besides, the width of the photo
luminescence peaks does not change at different exciting ener
gies (see Figure  9d), meaning the stronger electron–photon 
coupling.[58,120–122] Moreover, Kanatzidis et  al.[65] revealed the 
antioxidant ability of SnF2, which as an additive, could sup
press the Sn4+ formation and reduce the defects formation, and 
improve the carrier diffusion length. Herz et al.[123] also found 

Figure 9. a) SEM images of FASnI3 perovskite films with different concentrations of SnF2. Reproduced with permission.[37] Copyright 2016, WILEY-
VCH. b) PL spectra of, c) absorption spectra of different perovskite films, and d) PL spectra of perovskite films with SnF2 under excitation wavelength. 
Reproduced with permission.[119] Copyright 2017, American Chemical Society. e) X-ray diffraction (XRD) images and f) dark conductivity spectra for 
FASnI3 perovskite films with different concentrations of SnF2. Reproduced according to the terms of the CC-BY license.[123] Copyright 2018, The Authors. 
Published by WILEY-VCH. The near-surface bulk-sensitive synchrotron-based hard X-ray photoelectron spectroscope (HAXPES) spectra of g) CsSnBr3 
perovskite films and h) CsSnBr3 perovskite films with SnF2. Reproduced with permission.[124] Copyright 2020, American Chemical Society. i) SEM 
images of Sn-1X, Sn-2X, and Sn-3X and j) TEM and HRTEM (inset) images for Sn-3X films. Reproduced according to the terms of the CC-BY license.[125] 
Copyright 2020, The Authors. Published by Springer Nature Limited.
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that SnF2 could eliminate pinholes in the perovskite films by 
improving the crystallization processes (see Figure 9e). Besides, 
SnF2 also reduces the conductivity of the perovskite films by 
changing the doping concentration (see Figure  9f). Although 
SnF2 as an additive has many advantages, using a nonproper 
amount of this additive could form platelike aggregates in the 
perovskite films. To address this challenge, Seok et  al.[84] sug
gested use of pyrazine along with SnF2 as coadditive in the 
perovskite precursor, which leads to a dense perovskite film 
without any aggregation. Additionally, Bar et  al.[124] explored 
the effect of SnF2 on the chemical and electronic structures of 
CsSnBr3 perovskite. By adding 20% SnF2 to the precursor solu
tion, a uniform film with good coverage on the TiO2 layer was 
formed. As shown in Figure 9g,h, the O2s signal of TiO2 (left) 
vanished after adding SnF2 (right). This demonstrates the full 
coverage perovskite films and reduced the Sn2+ to the Sn4+ con
version ratio. Han et al.[125] introduced a stable amorphouspoly
crystalline structure of triplehalide CsFASnX3 (X = I−, F−, Cl−) 
perovskite films. They explored the morphology of different Sn
based perovskites with the SnX (CsFASnI3 with I− only), Sn2X 
(CsFASnI310 mol% SnF2; F−and I−), and Sn3X (CsFASnI3 
10 mol% SnF220 mol% SnCl2; F−, Cl−, and I−) (see SEM images 
in Figure  9i). The Sn3X showed the pinholefree and high
quality perovskite films. The transmission electron microscopy 
(TEM) and magnified highresolution TEM (HRTEM) (inset) 
images for amorphouspolycrystalline structure are shown in 
Figure 9j, revealing an amorphous layer with the thickness of 
3–4  nm on polycrystalline perovskite. Finally, the fabricated 
PSCs with Sn3X perovskite films showed over 10% PCE and 
maintained 95% of their initial PCE under maximum power 
point (MPP) tracking for 1000 h. We believe that SnF2 is essen
tial for preparing highquality tinbased perovskite films, and 
according to experiments, the optimal amount of SnF2 additive 
should be between 10% and 20%.

3.5.2. Organic Additives

Organic additives can be divided into two categories. The first 
category is aminebased additives, and the second category is 
other additives. Aminebased molecules have been introduced 
as effective additives, including PEABr,[126] FPEABr,[29] phenyl 
ethylammonium chloride (PEACl),[127] etc. These additives have 
been confirmed to enter the perovskite lattice and divide the 
perovskite into lowdimensional perovskites; however, some of 
them have only been used as auxiliary additives. These addi
tives generally act on perovskites through hydrogen bonding or 
based on Lewis acid−base theory. Different additives from this 
category have been used for solving different problems in Sn
based perovskites such as the tin halides aggregation, the fast 
crystallization, the instability challenges.

To solve the aggregation problem of tin halides, He and 
coworkers[128] found that using the SnF2 additive alone could 
cause segregation on the surface of Snbased perovskite films. 
Therefore, they introduced 2,2,2trifluoroethylamine hydro
chloride (TFEACl) as a coadditive to eliminate surface seg
regation and improve the quality of the films. Similarly, Yan 
et al.[129] improved the film quality by adding gallic acid (GA) to 
SnCl2 in Snbased perovskite solution as a coadditive (SnCl2
GA). Although SnCl2 is essential to inhabit Sn2+, however, the 

superfluous SnCl2 harms charge transport in final films. While 
GA not only eliminates the adverse impact of superfluous 
SnCl2 but also protects the perovskite grains. As schemati
cally shown in Figure 10a, the presence of GA suppresses the 
SnCl2 aggregation during the perovskite crystallization, leading 
to PCE of 9.03% and remaining ≈80% of the initial PCE after 
1000 h storage in 20% relative humidity.

To solve the problem of Sn2+ oxidation, Islam and his col
laborators[130] added SnF2N2H5Cl to the Snbased perovskite 
precursor to form a coadditive system. In this system, hydra
zine ion provides electrons to inhibit Sn2+ oxidation, thereby 
creating a pinholeless perovskite film, reaching 5.4% PCE 
with the remaining 65% of original PCE after 1000 h in the N2 
glovebox. The influence of ammonium hypophosphite (AHP, 
NH4H2PO2) as an additive on Snbased perovskite was studied 
by Yan and coworkers.[131] They related the improved film mor
phology in the presence of AHP to the antioxidation role of 
H2PO2− and inhibiting the Sn2+ oxidation. They used CuSCN 
as the HTL to achieve better energy alignment matching with 
perovskite, leading to a PCE of 7.34%. Hydroxybenzene sulfonic 
acid or salt could also be used for Snbased perovskite films 
because their functional groups could prevent Sn2+ oxidation. 
Yan and coworkers[132] also studied the effects of the following 
three molecules, phenolsulfonic acid (PSA), 2aminophenol
4sulfonic acid (APSA), and the potassium salt of hydroquinone 
sulfonic acid (KHQSA) as coadditives on Snbased perovskites. 
The results demonstrated that they could form complexes by 
reacting sulfonic acid in their structures with Sn2+ ions, which 
is beneficial for creating smooth pinholefree films by sup
pressing aggregation and phase separation. Different anions 
and cations with coordination could also play an important role 
in inhibiting Sn2+ oxidation. In this regard, Oh et al.[133] found 
that coordination of SCN− ions (FASCN additive) to Sn2+could 
improve the reproducibility and stability of Snbased PSCs. The 
fabricated PSC with perovskite precursor containing FASCN 
and SnF2 obtained a PCE of over 8%. Bidentate ligand 8hydrox
yquinoline (8HQ) is an antioxidant, and N and O in its struc
ture could coordinate with Sn2+ ions to improve the antioxidant 
properties of Snbased perovskite.[134] Generally, the addition 
of antioxidants mainly selects additives with reducing groups, 
such as sulfonic acid groups, phosphoric acid groups, etc.

The migration of I− ions is an important factor affecting the 
stability of the device. To stabilize the tinbased perovskite phase, 
it is necessary to suppress the migration of these ions. To solve 
the I− migrating problem, recently, MoraSeró et  al.[135] added 
dipropylammonium iodide (DipI) and sodium borohydride 
(NaBH4) into the FASnI3 precursor solution to reduce iodine 
loss. As shown in Figure 10b, the Sn4+ reacted with I− to form 
I2 gas, while the DipI and NaBH4 can inhibit the I− migrating to 
the surface. The fabricated PSCs with modified perovskite films 
showed almost no decay in the initial PCE after 5 h under 60% 
relative humidity. Besides, the devices maintained 95% of the 
initial PCE after 1300 h under inert glovebox conditions.

Snbased perovskites often suffer from poor film quality 
due to the fast crystallization rate, so it is crucial to control 
the crystallization. That is why researchers have conducted 
studies on crystal formation dynamics. To address this chal
lenge, Jen et  al.[99] formed Lewis acid−base complexes by 
adding trimethylamine (TMA) and SnF2 to SnI2. As shown in 
Figure  10c, a dense and excellent FASnI3 perovskite film was 

Adv. Energy Mater. 2023, 13, 2202209

 16146840, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202202209 by U
niversitatsbibliothek Stuttgart, W

iley O
nline L

ibrary on [22/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advenergymat.dewww.advancedsciencenews.com

2202209 (14 of 32) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

achieved by reacting this complex with FAI, controlling the 
speed of SnI2 and FAI reaction during the film formation. They 
demonstrated that the formed intermediate adducts of TMA 
and SnY2 (Y = I−, F−) could slow down the reaction rate. The 
fabricated PSCs with the resulting films presented PCEs of 
4.34% and 7.09% for n-i-p and p-i-n PSCs, respectively. In 2019, 
Han and coworkers[136] also used the Lewis acid−base theory 
to form intermediate products, slowing down the crystalliza
tion rate. They synthesized three Πconjugated Lewis bases, 
including 2cyano3[5(2,4difluorophenyl)2thienyl]propenoic 
acid (CTAF), 2cyano3[5(2,4dimethoxyphenyl)2thienyl]
propenoic acid (CTAOMe), and 2cyano3[5[4(diphenylamino) 
phenyl]2thienyl]propenoic acid (CDTA). They all contain  

carboxyl group (CO) and cyano group (CN), which pro
vide a high density of electronic states on these molecules 
and prevent the Sn2+ oxidation subsequently. Although these 
three molecules improved the device stability by forming 
highquality Snbased perovskites, however, CDTA showed the 
best improvement effect. The strong electron delocalization 
at the triphenylamine unit in CDTA molecule facilitates elec
tron donation from the conjugated group, improving the Sn
based perovskite’s antioxidant properties. Figure  10d shows 
the schematic diagram of controlling the perovskite crystalli
zation using CDTA, leading to a PCE of 9%. Moreover, CDTA 
improved the hydrophobicity of the film significantly, leading to 
maintaining more than 90% of its initial PCE value after 1000 h 

Figure 10. a) Schematic of preparation FASnI3 films with different additions. Reproduced with permission.[129] Copyright 2020, American Chemical 
Society. b) Schematic of NaBH4 and Dipl effect on FASnI3 perovskite films. Reproduced according to the terms of the CC-BY license.[135] Copyright 
2022, The Authors. Published by Elsevier Inc. c) SEM images of different films. Reproduced with permission.[99] Copyright 2017, WILEY-VCH. d) Normal 
perovskite film formation process and CDTA-treated perovskite film formation process. Reproduced with permission.[136] Copyright 2019, Science 
China Press and Springer-Verlag GmbH Germany, part of Springer Nature. e) Schematic of EVA effect on FASnI3 perovskite films. Reproduced with 
permission.[137] Copyright 2020, American Chemical Society. f) Energy band alignment. Reproduced with permission.[139] Copyright 2019, WILEY-VCH.

Adv. Energy Mater. 2023, 13, 2202209

 16146840, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202202209 by U
niversitatsbibliothek Stuttgart, W

iley O
nline L

ibrary on [22/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advenergymat.dewww.advancedsciencenews.com

2202209 (15 of 32) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

under light soaking (AM 1.5 G, 100 mW cm−2) in an ambient 
atmosphere. Poly (ethylenecovinyl acetate) (EVA) polymer 
with CO functional groups can react with free Sn2+ atoms 
and form an intermediate adduct, which slows down the perov
skite crystal growth and improves the quality of the films with 
excellent hydrophobicity (see Figure  10e).[137] Wang et  al.[138] 
introduced 1(4carboxyphenyl)2thiourea (CPT) molecule to 
passivate the defect states and control the crystallization of the 
CsSnI3 film. In the CPT molecule, CS and CO can coor
dinate with uncoordinated surface Sn2+ to decrease the defect 
density. And the twostep annealing method (40 and 70 °C) can 
make a strong crystal of CsSnI3 perovskite film. Finally, the 
devices showed a PCE of over 8% and only decreased 10% of 
the initial PCE after 3000 h in the N2 atmosphere. Additionally, 
Chen and coworkers in 2019 proposed that the Πconjugated 
group in poly[tetraphenylethene3,3′(((2,2diphenylethene1,1
diyl) bis (4,1phenylene)) bis (oxy)) bis (N,Ndimethylpropan
1amine) tetraphenylethene] (PTNBr) polymer structure could 
facilitate forming an intermediate adduct with free Sn2+ ions, 
thereby improving the quality of the films.[139] The biggest fea
ture of this polymer was the ability of attachment to the grain 
boundaries, which could well block moisture, oxygen and 
ultraviolet light degradation of the Snbased perovskite films. 
Moreover, this polymerFASnI3 possesses the highest occupied 
molecular orbital energy level (−5.41  eV) between poly(3,4
ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) 
(−5.0  eV) and FASnI3 (−5.59  eV), leading to improved VCO 
from 0.44 to 0.57 V due to smooth energy band alignment (See 
Figure 10f).

From the crystal regulation of Snbased perovskites point of 
view, additives with amine groups can be selected to slow down 
crystallization and improve film quality through hydrogen 
bonds between amine groups and halide ions. Based on this, 
many researchers have studied the passivation of Snbased 
perovskite films by aminebased additives. Islam et  al.[140] 
observed that 5ammonium valeric acid iodide (5AVAI) addi
tive controls crystallization through hydrogen bonds with 
I− from SnI6

4− units. As a result, the films showed a pinhole
free homogeneous morphology. As a result, the modified PSCs 
showed a PCE of over 7%, while the control device showed only 
3.4% PCE. Interestingly, the modified devices showed record 
stability at that time. They maintained their initial PCE after 
100 h under 1sun continuous illumination at MPP condition. 
Wu et  al.[39] introduced conjugated organic cation,3phenyl
2propen1amine (PPA), into FASnI3 perovskite precursor to 
modulate crystallization, leading to improved charge extraction 
and device stability. As shown in Figure  11a–c, PPAmodified 
FASnI3 perovskite presented a preferential orientation com
pared to control perovskite, which reduced the hysteresis (PCE 
for the forward scan was 9.44%, and PCE for the reverse scan 
was 9.61%) and obtained a PCE of 7.08% with a larger active 
area of 1 cm2. The mechanism of PPA action on FASnI3 film is 
shown in Figure 11d. Moreover, the PPAmodified device main
tains 90% of the initial PCE after 1440  h storage in the glove 
box. Subsequently, Han et  al.[141] proposed templateassisted 
growth of FASnI3 crystals (see Figure  11e) by spincoating 
npropylammonium iodide (PAI) onto the intermediate phase 
of perovskite films before the annealing step, eliminating the 
disadvantages of rapid crystallization of Snbased perovskites 

and leading to accredited PCE of 11.2% with the remaining 
95% of the initial PCE after 1000 h under operation condition 
at MPP. Priya et al.[142] introduced phthalimide (PTM) into Bγ 
CsSnI3 perovskite film to reduce defect density and improve 
grainordered perovskite film by Sn2+ coordination with NH 
and two CO units. As a result, the devices showed PCEs of 
10.1% and 9.6% for rigid and flexible substrates. Besides, these 
encapsulated devices retained 94.3%, 83.4% and 81.3% of the 
initial PCE after 60 days under an N2 atmosphere, 45 days 
under air and 2000 min under 1 Sun continuous illumination 
at ≈70 °C conditions. Recently, Mi et al. proposed that trimeth
ylthiourea (3T) can effectively passivate FASnI3 perovskite 
films by forming SSn and NH…I chemical bonds.[143] The 
3TFASnI3 solution showed slower crystallization than control 
films, leading to smooth and compact films with carriers life
time of 123 ns (see Figure 11f). As a result, the VOC of fabricated 
solar cell with this perovskite film enhanced from 0.65 (control 
device) to 0.92 V with a PCE of 14.3% (certified 14.0%). Finally, 
the modified device could retain 85% of its initial PCE under 
75% humidity condition.

Hydrogen bonding is one of the primary mechanisms for 
most of additives in the passivation of Snbased perovskite 
films. Especially, amine and hydroxyl functional groups in 
additive chemical structures can form hydrogen bonds with 
halide ions. Han et  al.[144] found that hydrogen bonding has 
a significant effect on film quality. The slowing down of the 
crystal growth rate is the most important aspect of this effect. 
The formed hydrogen bonds could also affect the position of 
the crystal nucleus and determine the crystal growth direction. 
Moreover, it could also inhibit the I− ions migration and sta
bilize the perovskite phase. For example, the hydroxyl groups 
in PVA structure could form hydrogen bonds (OH…I) with 
I− ions in the perovskite precursors.[145,146] The encapsulated 
Snbased PSCs with PVA additive showed a high PCE of 8.9% 
without any degradation within 400  h under continuous light 
illumination.

Large organic cations as additives reduce the dimension of 3D 
perovskite, improving the film stability. However, various long
chain cations with different overall chain lengths, planarity, and 
molecular structure can play different roles in perovskite films. 
Han et  al.[147] proposed a noteworthy crystal growth strategy by 
adding orthofluorine (2FPEA) ligand into the perovskite pre
cursor, improving the crystal growth and oxidation resistance. 
Diau et al.[148] also used ethylenediammonium diiodide (EDAI2) 
and butylammonium iodide (BAI) as additive and surface modi
fiers of Snbased perovskite, respectively. They demonstrated that 
using both BAI and EDAI2 is essential to passivate the defects 
more efficiently. As shown in Figure 11g, the primary role of BAI 
was to determine the dimension of the crystal. A small amount 
of BAI could guide the crystallization direction and improve 
the crystallinity. While, the key role of EDAI2 was to passivate 
the defects, balance nucleation and crystallization, optimize the 
crystal structure, and improve charge separation. They demon
strated that the best device performance and stability could be 
achieved by adding 1% EDAI and 15% BAI into the perovskite 
precursor. The modified devices showed a PCE of 8.9% with neg
ligible degradation after 2000 h under an N2 atmosphere.

The chemical instability of Snbased perovskite and the infe
rior energy band level alignment with charge transport layers is 
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the main obstacles to achieving highly efficient Snbased PSCs. 
To address these challenges, Hayase et  al.[149] introduced eth
ylammonium (EA) into the FASnI3 crystal lattice to modulate 
the band alignment and improve charge extraction between the 
perovskite and charge transport layers, resulting in a promising 
PCE of 13.24% for Ge2I doped (FA0.9EA0.1)0.98EDA0.01SnI3based 
device.

The selfhealing properties of additives can improve the 
damaged parts of Snbased perovskite films in a water–oxygen 
environment. The water–oxygen instability of Snbased perov
skites makes their commercial application prospects much 
weaker than Pbbased perovskites, therefore, improving the 
damaged tinbased perovskites in the air could be an important 
research direction. Based on this, Huang et  al.[150] found that 
the Snbased PSCs could undergo a selfrepairing process by 
inducing the phenylhydrazine hydrochloride (PHCl) molecules 
to the perovskite films. Notably, the modified devices recovered 
to their initial status after exposure to air.

Using materials with hydrophobic groups as additives is 
also a strategy to improve the stability of perovskite films. 
From the perspective of the protective layer, Han et  al.[112] 
reported that the Snbased perovskite films’ morphology 
and fabricated PSCs’ stability could be improved utilizing 
pentafluorophenoxyethylammonium iodide (FOEI) additive. 
The FOEI devices demonstrated high operational stability 
after 500 h under light soaking with negligible degradation.

Flexible devices also have become a new direction for devel
oping nextgeneration photovoltaics. In this regard, Chen et al. 
introduced graphite phaseC3N4 (gC3N4) into FASnI3 films and 
fabricated flexible Snbased PSCs. The devices retained 91% of 
the initial PCE after 1000  h under 1sun illumination and N2 
atmosphere. Moreover, the PCE only decreased to 92% of its 
initial amount after 300 bending cycles with a 3 mm curvature 
radius.[151]

Ionic liquids (ILs) have been widely used for Pbbased perov
skites,[152–154] but there are few reports about their application 

Figure 11. Grazing incidence X-ray diffraction (GIXRD) images of FASnI3 perovskite films a) with 0% PPAI and b) with 15% PPA. c) Radially integrated 
intensity plots of the GIXRD profiles along the (100) ring. d) The mechanism of action of PPA. Reproduced with permission.[39] Copyright 2019, Elsevier 
Inc. e) A schematic of templated growth. Reproduced with permission.[141] Copyright 2020, The Royal Society of Chemistry. f) Schematic illustration of the 
crystallization process without and with 3T. Reproduced with permission.[143] Copyright 2022, American Chemical Society. g) A schematic of BAI and EDAI 
action on FASnI3 perovskite films. Reproduced with permission.[148] Copyright 2018, The Royal Society of Chemistry. h) A schematic of BAAc IL action on 
Sn-based perovskite films. Reproduced according to the terms of the CC-BY license.[126] Copyright 2021, The Authors. Published by WILEY-VCH.
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for Snbased counterparts. For example, Chen et al.[155] reported 
1butyl3methylimidazolium bromide (BMIBr) IL could trigger 
the Ostwald ripening effect in Snbased perovskite, meaning 
increased grain sizes and decreased defects at the grain bound
aries. The unencapsulated devices remain 85% of the original 
PCEs after 1200 h stored in N2 atmosphere. However, the orig
inal PCEs decreased to 40% after 48  h under ambient condi
tions. Abate et  al.[126] introduced nbutylammonium acetate 
(BAAc) IL into FASnI3 precursor to modulate the perovskite 
crystallization. The Ac− (CHCOO−) groups in the BAAc struc
ture react with SnI2 and form O…Sn bonds.[156] On the other 
side, BA+ reacts with I− and Br− through NH…X hydrogen 
bonds.[157] Figure  11h shows the performing mechanism of 
BAAc IL on Snbased perovskite film formation. Finally, the 
BAAcmodified Snbased PSCs obtained over 10% PCE and 
showed 1000 h stability under N2filled glovebox conditions.

4. Structure Selection

4.1. “Hollow” Structure

The most common 3D crystal structure of Snbased perovskites 
has the disadvantage of poor stability, therefore, researchers 
have done a lot of research on improving this structure. The 
“hollow” structure is a novel conceptual design for Snbased 
perovskite, meaning ethylenediammonium (en) replaces part of 
FA+ or MA+, which has relatively higher stability than common 
3D perovskite. Based on this, in 2017, Kanatzidis et al.[158] pro
posed a “hollow” 3D structure to improve the stability of perov
skite materials by replacing some fragments in the FASnI3 
lattice without changing the 3D structure, that is, enFASnI3. 
The surface morphology is shown in Figure  12a. Figure  12b 
shows the crosssectional SEM image for enFASnI3 PSCs. 
The degradation tests demonstrated the better of the standard 
devices, and the devices with enadded perovskite films in the 
air demonstrated that en could improve the FASnI3 perovskite 
films stability. Besides, even after the device was exposed to air 
for 1000 h, it showed a PCE of 6.37%. In the same year, Kanatz
idis et al.[159] proposed “hollow” enMASnI3 PSCs as well. This 
structure was also beneficial in improving film stability. The 
original MASnI3 films could be completely degraded in the air 
in two minutes. However, the PSCs with “hollow” enMASnI3 
structure films could maintain 60% performance for 10  min 
under air conditions.

4.2. Low-Dimensional Perovskites

The lowdimensional perovskites have attracted enormous 
attention due to their excellent stability.[160,161] Similarly, these 
structures are also very common for the preparation of Sn
based perovskites to achieve high efficiency and stability PSCs. 
Therefore, researchers have focused in this direction, as well. 
For example, in 2017, Ning et  al.[160] synthesized a lowdimen
sional (PEA)2(FA)n−1SnnI3n+1 perovskite, where n changes with 
the proportion of the additives. As shown in Figure  12c, the 
pure 2D structure formed after PEA+ occupied 100% of the A 
site of crystal structure, while the lowdimensional structure 

could be achieved with the PEA+ percentages between 0% and 
100%. The located PEA+ at the grain boundaries of these low
dimensional structures, prevents oxygen from entering the 
crystal, thereby improving the perovskite oxidation resistance. 
To prove the stability improvement, they tested the device sta
bility with 20% PEA in the glove box. After 100 h, the PCE of 
the control device decreased by 77%, while the PCE of the 20% 
PEAdevice decreased only by 4%. In the same year, Kanatzidis 
et  al.[161] synthesized a 2D perovskite with (CH3(CH2)3NH3)2 
(CH3NH3)n−1SnnI3n+1 formulation, which made a significant 
contribution to improving the perovskite stability. In the sta
bility test, the original device degraded in 3  min completely, 
while the device with 2D perovskite degraded after 30  min. 
Besides, the PCEs of encapsulated 2D and 3Dbased PSCs 
dropped by 10% and 100% of the initial value after one month 
under the air atmosphere. Abate et  al.[127] added PEACl into 
the FASnI3 precursor. The PEACl not only acted as a protec
tive layer to prevent Sn2+ oxidation but also allowed for forming 
a 2D vertical crystal structure. As shown in Figure  12d, there 
were intermittent and unconnected spots in unannealed films, 
meaning randomly distributed crystal orientations. However, 
the film shows a perfect 2D structure with the (111) plane after 
annealing at 100  °C for 10  min. The resulting device showed 
a 9% PCE with excellent stability over 1680  h under N2 con
dition. Organic alkyl chain length could affect the photovoltaic 
and stability of the 2D perovskite devices. Liu et al.[162] explored 
the alkyl chains containing 4, 8, and 12 carbons effect on the  
A2(FA)n−1SnnI3n+1 perovskite films, respectively. The crystal 
showed vertical growth with a moderate length of the alkyl 
chain additive. The perpendicular crystal was beneficial for 
charge carrier transportation and preventing Sn2+ oxidation.

4.3. Quasi-2D perovskites

Quasi2D perovskites have also shown better stability and 
photoelectric properties than their 3D counterparts. In 2018, 
Oh et  al.[133] reported the quasi2D Snbased perovskites and 
studied the effect of FASCN on the film properties (Figure 13a). 
Their results demonstrated that SCN− could form a coordina
tion bond with Sn2+ and suppress the oxidation process. The 
quasi2D Snbased perovskites showed excellent device stability 
by decreasing only 10% PCE after 1000 h under N2 atmosphere. 
In 2019, Chen et  al.[163] introduced 5ammoniumvaleric acid 
(5AVA+) into the Snbased perovskite precursor to form a quasi
2D Snbased AVA2FAn−1SnnI3n+1 perovskite (see Figure  13b). 
Although the quasi2D perovskite showed good stability, the 
photoelectric performance was somehow poor.[99,161,164] They 
used NH4Cl to modify the synthesized quasi2D Snbased 
perovskite to address this challenge, improving the stability, 
and photoelectric performance. The fabricated devices with 
NH4Clmodified quasi2D retained 90% of the initial PCE after 
400 h under N2 condition.

4.4. Hybrid 2D/3D Perovskites

It is also a research direction to transform some parts of 
3D structures into 2D structures to improve the efficiency and 
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stability of the Snbased perovskites. Besides, 2D/3D perovskite 
is the most promising structure for breakthrough efficiency 
and stability of Snbased perovskites because this structure 

combines the optoelectronic properties of 3D perovskites 
with the stability advantages of 2D perovskites. Based on this, 
in 2017, Loi et  al.[165] studied the 2D/3D mixed structure of 

Figure 12. a) SEM image of en-FASnI3 perovskite crystal and b) cross-sectional SEM image for en-FASnI3 PSCs. Reproduced with permission.[158] 
Copyright 2017, American Association for the Advancement of Science. c) Schematic structures of FASnI3 with different concentrations of PEAI. 
Reproduced with permission.[160] Copyright 2017, American Chemical Society. d) GIXRD images of FASnI3:PEACl under different annealing conditions. 
Reproduced with permission.[127] Copyright 2020, American Chemical Society.
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 Snbased perovskites. The PCE of the fabricated 2D/3D device 
reached 9.0%, which was higher than that of pure 2D and 
3D perovskites.[158,160,161] In contrast to the control device, the 
2D/3D perovskite structure improves the device stability under 
continuous illumination in N2 environment for 2 h. Moreover, 
the 2D/3D devices maintained up to 59% of the initial PCE 
under ambient conditions, while the 3D devices were utterly 
degraded within 76 h. Through a doubleboundary engineering 
strategy, Wu et al.[38] fabricated 2D/3D Snbased heterojunction 
perovskite films. First, FAI was deposited on the substrates to 
form a large gap between the particles (Figure 13c). Unencap
sulated standard device (FASnI3) and hybrid device (PEA, FA) 
SnI3 maintained 45% and 85% of the original PCE under N2 
glove boxes after five days. In 2018, Wang et al.[164] constructed a 
2Dquasi2D3D hierarchy structure. NH4SCN played an impor
tant role in the manufacturing process of this structure. It could 
separate the crystal nuclei and control the crystal growth. The 
films showed good stability due to the formed 2D perovskite 
at the surface. The PCE of fabricated devices with 2Dquasi
2D3D hierarchy structure was declined by only 10% after 300 h 
storage in N2filled glove box. Hayase et al.[166] also added PEA+ 
to the perovskite precursor to form a 2D/3D perovskite struc
ture. Although this structure could improve the stability of 
perovskite, it could not passivate the defects inside the crystal. 

For this reason, they added a small amount of Ge+ metal ion 
to the 2D/3D hybrid structure, improving the device stability 
up to 192 h. He et al.[29] prepared a 2D/3D Snbased perovskite 
by adding 4fluorophenethylammonium bromide (FPEABr), 
leading to obtain a PCE of 14.81% (certified 14.03%). They found 
that pure 2D perovskite can modulate the 3D perovskite orien
tation. Also, they revealed that the 2D phase was mainly located 
at 3D grain boundaries, suppressing the Sn2+ oxidation at the 
top and bottom surfaces of the films. Diau et al.[167] compared 
eight bulky ammonium cations acting on FASnI3 to form 2D/
quasi2D perovskite films on 3D perovskites (see Figure  13d). 
However, only adding anilinium (AN) to the perovskite pre
cursor formed an ultrathin 2D (n  = 1). Finally, the Snbased 
PSCs with AN additive attained a PCE of 10.06%. The PCE of 
unencapsulated devices was maintained over 150 h at 40% rela
tive humidity. The 3D Snbased PSCs suffer low VOC of 0.2 to 
0.7 V due to their fast nonradiative carrier recombination.[40,42] 
To answer this challenge, Yan et al.[168] prepared tinbased PSCs 
with a 2D/3D vertical heterojunction by vacuumassisting 
annealing and guanidinium thiocyanate (GuaSCN) treatment. 
The VOC was enhanced from 0.83 to 1.01  V, and 95% of the 
initial PCE was maintained after 1200  h storage in N2filled 
glovebox. In this case, GuaSCN improved the film crystallinity 
and passivated the traps in the perovskite films, resulting in 

Figure 13. a) Crystal structure diagram of quasi-2D Sn-based perovskite (adding 10% PEAI) after modification by FASCN. Reproduced with permis-
sion.[133] Copyright 2018, American Chemical Society. b) Structure of quasi-2D Sn-based perovskite (AVA2FAn−1SnnI3n+1 (<n> = 5)). Reproduced with 
permission.[163] Copyright 2019, WILEY-VCH. c) Schematic of preparation of different perovskite films. Reproduced with permission.[38] Copyright 2018, 
American Chemical Society. d) Schematic of preparation hybrid perovskite films and eight bulky ammonium cation structures. Reproduced with permis-
sion.[167] Copyright 2021, American Chemical Society.

Adv. Energy Mater. 2023, 13, 2202209

 16146840, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202202209 by U
niversitatsbibliothek Stuttgart, W

iley O
nline L

ibrary on [22/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advenergymat.dewww.advancedsciencenews.com

2202209 (20 of 32) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

a prolonged carrier lifetime of over 140  ns and improved Voc 
as a result. Besides, GuaSCNmodified 2D/3D heterojunction 
was beneficial to better charge transport due to the energy band 
alignment of ideal type II.

5. Layers Selection

In contrast to nip Snbased PSCs, the pin structure has the 
advantages of lowtemperature fabrication, negligible hyster
esis behavior, and costeffectiveness.[169] However, the pin 
structure has some disadvantages as follows: 1) energy band 
alignment mismatch; 2) easy oxidation; and 3) fast crystalliza
tion. As shown in Figure  14, the energy band of Snbased is 
preferred to match with [6,6]phenylC61butyric acid methyl 
ester (PCBM) and indeneC60 bisadduct (ICBA) in pin struc
ture in contrast to TiO2 and SnO2 for nip structure, resulting 
in fast charge exaction and reducing charge recombination in 
the interfaces. In addition, charge carrier recombination was 
intensified due to TiOSn bonds at the interface between 
TiO2 and tinbased perovskites.[170] Nevertheless, the dopants 
of the 2,2′,7,7′Tetrakis[N,Ndi(4methoxyphenylamino]9,9′ 
spirobifluorene (spiroOMeTAD) HTL in nip structure PSCs 
can damage Snbased perovskite due to postoxidation.[171,172] 
As mentioned, the Snbased perovskites often suffer fast crys
tallization; therefore, they need a smooth substrate for better 
crystallization. To sum up, we think the pin structure is more 
suitable for Snbased PSCs.

5.1. Electron Transport Layers (ETLs)

The chargetransporting layers play an important role in PSCs. 
In the early days of the emergence of PSCs, there was no such 
concept as a charge transport layer. In 2009, the Kojima group[1] 
invented photovoltaic cells using MAPbBr3 and MAPbI3 as light
absorbing materials. At the time, TiO2 was used as the ETL mate
rial of the first generation of nip PSCs. In 2014, the emergence 
of the Snbased PSCs took place with mainly TiO2 as ETL.[30,31,174] 
Although TiO2 has a strong electron transport capability, how
ever, it reduces the VOC of the Snbased PSCs due to its high 
backhole carriers density, which leads to recombination of the 
electrons from TiO2 with the holes from perovskite, easily. This 

affects the carrier transport stability of the devices.[83] Based on 
this, Kanatzidis et al.[83] added a layer of ZnS on top of the TiO2 
layer to form a smooth stepped band structure (Figure 15a). The 
ZnS layer not only made the electron transport smoother but also 
prevented electron and hole recombination. Finally, under the 
bias voltage of 0.261  V, the device with TiO2ZnS ETL achieved 
a stable current density of 18.94 mA cm−2. On the other hand, in 
2016, Cao et al.[175] used the pulsed laser deposition (PLD) to grow 
ZnO nanorods as ETL for Snbased PSCs, which could solve 
the problem of pore filling in spincoated ZnO films, leading to 
improved charge transportability and holes blocking properties. 
Figure  15b shows the influence of the ZnO layers morphology 
and growth method on the solar cell performance. The introduc
tion of ZnO reduced electron and hole recombination.

The fullerenebased ETL played an important role in PSCs. 
For example, Huang et al.[176] demonstrated that the fabricated 
Pbbased PSCs with C60 deliver a better performance than 
PCBM and ICBA. In the same year, Wang et  al.[177] used C60 
and its derivative PCBM as ETL for FASnI2Brbased PSCs, 
confirming that C60 facilitated the photoelectric performance 
of the devices. But PCBM improved the device stability more 
efficiently. The unencapsulated devices maintained 66% of PCE 
(1.43% to 0.95%), 73% of JSC (7.27 to 5.34  mA cm−2), 95% of 
VOC (0.362 to 0.345 V), and 94% of FF (0.543 to 0.513) under a 
nitrogen environment after 30 h.

The ETL formed by fullerene derivatives and SnO2 could 
be well combined with Snbased perovskite. SnO2 as the ETL 
could not match the energy level of other layers of the device 
very well; however, adding C60 Pyrrolidine trisacid (CPTA) 
could modify the energy levels mismatch, allowing better car
rier transport and reducing the chance of recombination. It is 
worth noting that the VOC was increased by 50% (0.48 to 0.72 V) 
by such modification. The PCE of the devices reached 7.4%. 
Figure 15c shows the normalized PCE, VOC, JSC, and FF changes 
over time for unencapsulated devices in the air (60% humidity,  
T = 25 °C). After 200 min, the PCE of the device could still main
tain 80% of the initial value.[178] Hatton et al.[179] compared PCBM, 
ICBA, and C60 materials as ETL for Snbased CsSnI3 devices. 
They proved that ICBA is the best ETL among them, delivering 
a device PCE of 2.76%. Ning et al.[180] introduced ICBA as a new 
ETL. The device attained a voltage of 0.94 V and a PCE of 12.4% 
(see Figure 15d). Besides, the device could retain the 90% of ini
tial PCE after 3800 h being stored in N2.

Figure 14. Energy band alignment of Sn- and Pb-based perovskite, ETLs, and HTLs. Reproduced with permission.[173] Copyright 2018, WILEY-VCH.
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5.2. Hole Transporting Layers (HTLs)

In PSCs, the HTL transports holes from the perovskite to metal 
back contact. Additionally, HTL can prevent electrons from 
being transferred to the positive electrode, reducing the recom
bination probability of electrons and holes, enabling rapid sepa
ration of photogenerated excitons, and improving the device’s 
performance. In pin PSCs, PEDOT:PSS is the most common 
HTL due to its simple solution processability and ability to 
combine well with the conductive glass (ITO and FTO).[174] 
By changing the PEDOT:PSS composition, its work function 
could be modified. For example, Han et al.[54] introduced poly
ethylene glycol (PEG) into PEDOT:PSS. The energy level dia
gram of layers in Snbased PSCs is shown in Figure  15e. The 
valence band maximum of FASnI3 is around −4.7  eV, but the 
work function of PEDOT:PSS is around −5.1  eV. This high 
energy level difference will cause severe J–V hysteresis. The 
work function of the PEG/PEDOT:PSS composition raised to 

−4.79 eV, which significantly reduced the energy level mismatch 
between FASnI3 and PEDOT:PSS (see Figure 15f). The PCE of 
the devices with 0.2% PEG modified PEDOT:PSS as the HTL 
remained at 95% and 90% of the initial PCE after being stored 
the air for 4  h and 30 days, respectively. Commonly spiro
OMeTAD HTL needs to be doped to improve the adaptability 
for photovoltaic devices. However, this doping process induces 
some water and oxygen into devices, leading to the rapid deg
radation of the Snbased perovskites. To solve the instability 
and low PCE problems, Kanatzidis et al.[171] introduced tetrakis
triphenylamine (TPE) small molecules as HTL for the Snbased 
PSCs, obtaining a PCE of 7.23%. The experimental results 
showed that the TPE improves the device’s performance and 
strengthens stability. The modified devices can maintain a PCE 
of 6.85% and the JSC is of 19.13 mA cm−2 for 100 s under MPP at 
the applied voltage of 0.385 V. Subsequently, Kanatzidis et al.[181] 
also synthesized benzodithiophene (BDT)based small organic 
molecules for HTL application. As a result, the PCE of modified 

Figure 15. a) The energy level diagram of layers in Sn-based PSCs. Reproduced with permission.[83] Copyright 2016, American Chemical Society. b) The 
influence on morphology by ZnO layer through different growth methods. Reproduced with permission.[175] Copyright 2016, WILEY-VCH. c) The attenua-
tion of parameters when the encapsulation PSCs were exposed to air for 200 min (60% humidity, T = 25 °C). Reproduced with permission.[178] Copyright 
2019, WILEY-VCH. d) J–V curve of FASnI3 PSCs using PCBM and ICBA as ETL. Reproduced according to the terms of the CC-BY license.[180] Copyright 
2020, The Authors. Published by Springer Nature Limited. e) The energy level diagram of layers in Sn-based PSCs and f) SEM cross-section images of 
Sn-based PSCs. Reproduced with permission.[54] Copyright 2018, American Chemical Society. g) Schematic of energy band bending in FASnI3. Reproduced 
with permission.[182] Copyright 2021, WILEY-VCH. h) The LDP layer lies in the middle of the perovskite layer and PEDOT:PSS layer. Reproduced with 
permission.[183] Copyright 2018, Elsevier Ltd. i) FASnI3 crystal structure along with (100) crystal orientation. Reproduced according to the terms of the 
CC-BY license.[187] Copyright 2021, The Authors. Published by WILEY-VCH.
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devices reached 7.59%. Han et al.[182] prepared the HTLfree Sn
based PSCs with compact and dense perovskite films, which 
obtained a PCE of over 10.6%. Adding heterogeneous ammo
nium cations to FASnI3 perovskite as the nucleation sites led 
to energy band bending, which facilitates hole transport to ITO 
directly (see Figure 15g). Besides, the devices remained at 95% 
of the initial PCE under light soaking for 40 days and 90% of 
the initial PCE under 80 °C annealing for 100 h.

5.3. Interface Layers

Different interfaces could also affect internal and external 
stability significantly. The internal stability is mainly caused 
by some defect states that affect the transmission of photo
generated carriers and interface connections. External stability 
means the resistance of PSCs against external factors such as 
water, oxygen, and ultraviolet light. To improve the stability 
of Snbased PSCs, Gong et  al.[183] proposed lowdimensional 
perovskites as novel interface materials. They deposited pheny
lethylammonium bromide (PEABr) on PEDOT:PSS. Figure 15h 
shows PEABr could convert some part of 3D phase of Snbased 
perovskite into lowdimension perovskite (LDP), that is, 2D, 
based on the steric effect.[184] This LDP makes the perovskite 
layer and the lower layer more closely combined, reducing 
defect formation and improving the carrier transmission sta
bility. During the stability test, the LDP device showed a stable 
current output of ≈19.60 mA cm−2 with a PCE of ≈6.30%. He 
et  al.[185] also proved that the LDP formed by PEABr on the 
perovskite surface could improve the Snbased perovskite sta
bility significantly. They coated PEABr on the perovskite and 
then annealed it to form an ultrathin 2D Snbased perovskite 
interlayer. It is worth noting that the device stability improved 
significantly. The PCE of PEABrtreated PSC maintains 80% of 
the initial value under continuous light illumination in the air 
for 350 h, while the untreated device degraded after 140 h, com
pletely. Han et al.[186] covered the surface of Snbased perovskite 
with 4fluorobenzohydrazide (FBH) as an antioxidant inter
layer. Due to the low surface energy of the FBH layer, it could 
cover the surface of Snbased perovskite films perfectly. FBH 
reacts with Sn2+ through carbonyl groups to promote the crystal 
growth in the same direction, thereby increasing the diameter 
of particles, reducing grain boundaries, passivating defects, 
increasing the carrier’s lifetime and preventing film degrada
tion by external conditions. The devices with FBH interlayer 
could remain 93% of the initial PCE (initial PCE of 9.03%) 
under the air and light soaking conditions after 600 h, while the 
device without FBH interlayer only maintained 43% of the orig
inal PCE (initial PCE of 4.14%). Therefore, the stability of PSCs 
with FBH interlayer was increased by two orders. 2D inter
face material can also promote the formation of highquality 
and stable films. Yan et al.[187] reported FASnI3 films along the 
(100) growth orientation on a series of 2D interface materials 
(MoS2, WS2, and WSe2). The schematic is shown in Figure 15i. 
Finally, the WSe2 showed a better energy band match with 
FASnI3 and NiOX, which was a benefit for hole extraction. 
The PCE of 10.47% was obtained in WSe2modified devices. 
Recently, Padture et  al. researched the flexible Snbased PSCs 
based on PET/ITO/NiOX/FAGe0.1Sn0.9I3/PCBM/BCP/Ag device  

structure.[188] Based on this, the GeO2 passivation layer can  
form by situ formation between Ge4+ in perovskite and O2− 
in NiOX HTL, blocking ionic diffusion and enhancing the 
mechanical bonding. Interestingly, the fPSCs can attain PCE 
of 10.43% and retain 80% of the initial PCE after bending  
2500 cycles at radius R = 5 mm under N2 atmosphere.

6. Conclusion 

This review expounds on the relationship of Snbased perov
skite with crystal structure features, perovskite film processing, 
lowdimension structure, and layer selection. The important 
previous works were concluded as in Table 1, including device 
structure, photoelectric parameters, stability and strategies. As 
shown in Figure  16, we illustrate the critical development of 
PCE for Snbased PSCs from 2014 to 2021. And the PCE has 
increased from 6.4% to 14.81%. Although the PCE of Snbased 
PSCs is far below that of Pbbased PSCs, the slightly toxic Sn
based perovskite makes it a good application prospect.

In the crystal structure, the cubic crystal in perovskite 
absorbing materials is beneficial for highefficiency Snbased 
PSCs, achieving excellent photoelectric and semiconducting 
properties.

Therefore, obtaining a highquality crystal structure has 
become a hot research direction in the Snbased PSCs. 
Although the 3Dorthorhombic provides the photoelectric and 
semiconducting properties of perovskite materials, it may turn 
into 1Dorthorhombic or 1Dhexagonal structures by tilting 
octahedral units of the cubic perovskite structure during the 
crystallization process, leading to inferior optoelectronic prop
erties. We can calculate tIR to evaluate the structural stability 
when we want to dope or replace the perovskite component.

In processing, as mentioned earlier, Sn2+ is the desired oxi
dation state of Sn for preparation of perovskite precursors and 
films; however, the existence of even a tiny amount of Sn4+, that 
is, undesirable oxidation state, in SnX2 as the Sn source could 
reduce the films quality and device performance, significantly. 
Therefore, the purity of the perovskite precursors is crucial for 
Snbased perovskite processing. Since the production and pack
aging environments could be different for every company, it 
should be considered that SnX2 must be produced and packed 
in a highly controllable oxygenlevel environment; otherwise, 
the product oxidation, even partially, is undeniable. So, we can 
add a small amount of metallic Sn powder, redox additions to a 
perovskite precursor solution or redox gasassisted preparation 
to convert the Sn4+ content to Sn2+.

The precursor solvents and antisolvent are important in pre
paring low trap density and full coverage Snbased perovskite 
films. According to the Lewis acid−base theory, Sn2+ has a 
stronger Lewis acidity than Pb2+;[74,75] hence SnI2 reacts with the 
organic ammonium cations very rapidly, leading to an uncon
trollable perovskite crystallization and discontinuous films with 
many pinholes, consequently. As a result, this lowquality film 
forms a large leakage current and decreases the film’s resist
ance against water or oxygen. So, DMSO usually has been used 
as a suitable precursor solvent. However, DMSO could accel
erate the Sn2+ oxidation.[81] Therefore, finding a suitable solvent 
for excellent performance Snbased perovskite films is of the 
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essence. CB and TL have been frequently used as antisolvent 
for different perovskite films.[91–97] But the Snbased perovskites 
usually experiment with rapid crystallization using CB or TL as 
antisolvent.[37] So, we can explore useful antisolvent to replace 
CB or TL.

In addition, additives can passivate the defect states, improve 
the antioxidant properties of Sn perovskite, control the nuclea
tion rate, etc. Sn halides are the common inorganic addi
tives that can be added to precursor solutions alone or mixed 
with other substances to improve the quality of the Snbased 
perovskite. SnF2 is an effective and necessary inorganic addi
tion to prepare Snbased perovskite of highquality and 
 pinholefree.[64,65,123] Organic materials could be used as an 
additive to improve the quality and stability of Snbased perov
skite films by different mechanisms.[99,128,134,139,193] The prin
ciple of choosing organic additions is to prevent Sn2+ oxidation, 
insulate moisture, and inhibit vacancy formation.

In lowdimension structure, the most common 3D crystal 
structure, Snbased perovskites have the disadvantage of poor 
stability.[159] While the 2D perovskites have attracted enormous 
attention due to their excellent stability.[160,161] In there, we can 
use organic to form 2D, quasi2D, and hybrid 2D/3D structures 
to improve the stability of the device. Such as PEAI[160] and 
PEACl.[127]

The interlayer between perovskite and ETL or HTL was the 
primary research field in interlayers. For example, TiO2 was 
used as the ETL material of the first generation of PSCs.[30,31,174] 
TiO2 has a strong electron transport capability. However, 

it reduces the VOC of the Snbased PSCs due to their high 
backhole carrier density, which leads to the recombination 
of the electrons in TiO2 with the holes from Snbased perov
skite quickly. This affects the carrier transport stability of the 
device.[83] So, we can introduce interlayers to reduce interface 
defects and smooth stepped band structure between perovskite 
and ETL. In inverted PSCs, PEDOT:PSS is the most common 
HTL due to its simple solution processability and its ability to 
combine well with the conductive glass (ITO and FTO).[174] But 
there is a problem with band alignment mismatch. Hence, we 
can adjust the band alignment with complex effective mate
rials to decrease the energy band deficit. Such as PEG[54] and 
PTNBr.[139]

The complete replacement of Pb2+ with Sn2+ in metal halide 
perovskite has many merits and shortcomings. The most signifi
cant advantage is that pure Snbased perovskite is nontoxic and 
can be easily removed from the environment. The narrowing 
band gap can absorb light, but the mismatch of the energy bands 
of the Snbased perovskite with ETL and HTL jeopardizes elec
tron and hole transportation. The pinholes and random orienta
tion due to quick crystallization, the ready oxidation of Sn2+ to 
Sn4+ when exposed to the atmosphere, these disadvantages can 
be solved to a certain extent by processing, additives, solutions, 
lowdimension structure and interlayer modification. Nonethe
less, the effect of the moisture is pernicious. However, at present, 
the research on strengthening the stability against humidity is 
less. We believe that with enhancing the device performance, the 
commercialization process will take a big step forward.

Figure 16. The efficiency roadmap of Sn-based PSCs.
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7. Perspective

In conclusion, the Snbased PSCs have been considered front
runner replacement candidates for Pbbased PSCs. How
ever, many obstacles must be overcome to achieve the high 
efficiency and stability of Pbbased PSCs. As reported in the 
literature, Snbased perovskites quickly turn brown after 
adding an antisolvent, indicating that the Snbased perovskite 
film’s crystallization rate is faster. In contrast, highefficiency 
Pbbased perovskite is colorless after adding an antisolvent. 
Therefore, to achieve the same high efficiency as leadbased 
PSCs, slowing the crystallization rate and improving the film 
quality is an important direction. To solve this, we propose 
exploring the physical mechanism of rapid crystallization, for 
example, the highly reactive valence electrons of the 5s orbits 
for Sn. Second, we need to solve the energy level mismatch 
by adapting Snbased perovskites to match more structures, 
such as nip and pin structures. For this, we can adjust the 
composition of Snbased perovskite materials, add passivation 
agents, or do it through interface passivation. Finally, environ
mental stability is also a problem that must be solved to adapt 
to commercialization. To solve the oxidation and humidity 
stability of divalent tin, we can purify the original SnI2 and 
reduce the proportion of tetravalent tin to solve the oxidation 
problem of divalent tin. The humidity stability can be solved 
by adding hydrophobic materials or packaging technology.

At present, module devices,[197–202] flexible devices,[203–208] 
and indoor photovoltaic devices[209–214] have been the primary 
research orientation in Pbbased PSCs. Although the stability 
and PCE of Snbased are inferior to Pbbased PSCs, for com
mercialization purposes, the development of Snbased module 
devices, flexible devices, and indoor photovoltaic devices is 
necessary.
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