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A B S T R A C T   

Over the past decade, the world has witnessed tremendous achievement in power conversion efficiency (PCE) 
enhancement for Pb-perovskite solar cells (PSCs). However, spectral loss limits the performance, which can be 
overcome with tandem solar cells (TSCs) and hence with excellent optoelectronic properties and bandgap 
tunability Pb-perovskites have been widely used as front/rear sub-cells in TSCs, where variable bandgap sub-cells 
can utilize maximum spectral radiations. Though the operational instability issue has been well controlled by 
structural optimizations, yet Pb toxicity is a major challenge in commercializing Pb-PSCs. To resolve the issue of 
toxicity, Pb-free perovskites have gained immense consideration, especially Sn2+ having similar physical prop
erties to Pb2+ and non-toxic feature of Sn2+, Ge2+, Bi3+, or Sb3+ perovskites. In TSCs, the wide bandgap (WBG ≥
1.6 eV) sub-cell plays a critical role in harnessing shorter wavelength photons and is responsible to achieve high 
Voc. To nurture Pb-free all-PTSC technology, it is urgent to develop high-performance Pb-free WBG PSCs. To 
understand the seriousness herein, this review focus on the existing challenges in Pb-free WBG PSCs and discuss 
new strategies that have been implemented with state-of the art fabrication techniques to enhance device per
formance. By discussing the issues of trap densities, defects formation, bandgap mismatching, Voc deficits, and 
poor stability, we focused on the strategies to overcome these issues through compositional engineering, and 
defect passivation via additive and interfacial engineering. In conclusive remarks, we discussed our viewpoint 
with innovative ideas that can be applied to collectively focus on this area to achieve high-performance Pb-free 
WBG PSCs.   

1. Introduction 

The world is facing issues of environmental pollution, the annihila
tion of species, and global warming due to diverse transformations in 
habitats. There is an urgent need of minimizing the usage of fossil fuels. 
For long-term energy requirements, the utilization of renewable energy 
is promising to address these issues [1]. Of various renewable energies, 
solar energy is the most abundant and significant for next-generation 
technology [2]. Despite having high efficiency in silicon-based tech
nology [3], one of the major challenges is the processing cost of these 
devices and their limited availability. Organic-inorganic halide perov
skites (OIHPs) are promising candidates and made rapid progress over 
the past decades, due to wide-range bandgap tunability, ease in dopant- 

induced optoelectronic modification, longer diffusion length, and high 
carrier mobility. Perovskite solar cells (PSCs) already reached the 
certified power conversion efficiency (PCE) of 25.7% [4], not much far 
from the Shockley-Queisser (SQ) limit of 33%. However, the unutilized 
solar energy is ascribed as spectral loss due to the limited optical 
response of photo-absorbers. Single-junction (SJ) solar cells are inca
pable to avoid the excess thermalization loss and cannot exploit photons 
with energy less than the bandgap (Eg) and hence suffer from the limited 
optical response. The excess non-radiative thermal energy loss and 
photons with lower energies than Eg remain unutilized (Fig. 1(a)) [5]. 
For further efficiency enhancement, tandem solar cells (TSCs) have been 
developed, which can harness maximum photons in a broad spectral 
range. TSCs can efficiently harvest solar energy, where shorter 
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wavelength photons get absorbed by the front wide-bandgap (WBG, e.g. 
1.6–2.3 eV) sub-cell, and longer wavelength photons get absorbed by the 
rear narrow-bandgap (NBG, e.g. 1–1.3 eV) sub-cell (Fig. 1(b)) [5–9]. 
This allows harnessing of maximum photons in the solar spectrum. TSCs 
are categorized into two types i.e., four-terminal (4T-TSCs) and two- 
terminal monolithically integrated TSCs (2T-TSCs) (Fig. 1(c-d)). 

4T-TSCs are further classified into two configurations: mechanically 
stacked 4T-TSC and spectrally split 4T-TSCs. They are fabricated by 
coupling two independent sub-cells, and the device configuration un
dergoes optical losses, fabrication complexity and involvement of mul
tiple transparent electrodes leading to higher device cost [10,11]. 2T- 
TSCs are also categorized into two configurations, single transparent 
electrode based sequential fabrication of front and rear-sub-cell coupled 
with an interconnecting layer (ICL) (Fig. 1(d)) and mechanically stacked 
2T-TSCs with multiple transparent conducting oxide (TCO) electrodes. 
The overall power of 4T-TSCs is the summation of efficiencies of sub- 
cells, hence a wide range of Eg can be chosen for the front sub-cell 
(Fig. 1(e)). While the open circuit voltage (Voc) in 2T-TSCs is the sum
mation of both sub-cells, there is a limitation in short circuit current 
density (Jsc) due to lower values of both sub-cells. Hence the selection of 
photo-absorbers with appropriate Eg needs to be strictly followed to get 
maximized Jsc and PCE in 2T-TSCs (Fig. 1(f)). In Fig. 1(e-f), the black 
and red dotted line represents c-Si/CIGS (Eg ~ 1.1 eV) and perovskite 
(Eg ~ 1.2–1.27 eV) as rear sub-cells, respectively, that could ideally 

couple with OIHPs front-cell in a range of 1.55–1.9 eV bandgap to 
harvest theoretically limiting efficiency of 44% in both 4T and 2T-TSCs 
[9]. 

Typically, WBG front sub-cells are important to achieve high Voc in 
TSCs and are currently a part of extensive research to develop high 
quality WBG perovskites. Electrical tolerance of OIHPs is appropriate for 
TSCs, which can effectively reduce defect densities arising from surface 
and bulk defects, induced by the lattice disparity between front/rear 
sub-cells. There is sufficient room to build high efficiency all-perovskite 
TSCs in terms of optoelectronic properties modulation, processibility, 
and cost effectiveness. However, structural instability and performance 
degradation over time due to moisture penetration and Pb-toxicity are 
the major challenges (as discussed in section 2) that should be overcome 
before its commercialization [12]. Though considerable progress has 
been pursued in handling Pb leakage and instability through encapsu
lations and recycling of Pb, achieving competent, highly stable, and non- 
toxic OIHPs has become the next essential requirement for eco-friendly 
PSCs [13,14]. To reduce the usage of Pb in OIHPs the approaches of 
partial or complete replacement of Pb2+ with specific non-hazardous 
cations such as Sn2+, Ge2+, Bi3+, or Sb3+, are of great interest [15]. 
Partial replacement of Pb2+ with Sn2+ forms alloy, developing the 
concept of bowing effect [16], i.e., the Eg of Pb-Sn alloy (e.g. 
MASn0.5Pb0.5I3, Eg ~ 1.18 eV) is narrower than the Eg of both end pe
rovskites, e.g. MAPbI3 (Eg ~ 1.6 eV) and MASnI3 (Eg ~ 1.3 eV), which is 

Fig. 1. (a) Photon absorption and thermal loss in single-junction PSC (b) Solar spectrum indicating the spectral zone over which two semiconductors could absorb 
photons in multijunction PSCs (TSCs) [5]. Reproduced with permission from Springer Nature. Copyright (2020), Graphical representation (c, d) for four-terminal (4T- 
TSCs) and two-terminal (2T-TSCs) (e-f) theoretical PCE limits in 4T-TSCs and 2T-TSCs, where black dotted line represents c-Si bandgap, and white dotted line 
represents the lowest accessible bandgap in OIHPs. Red line indicates the rear sub-cell bandgap for OIHPs, and black and blue solid symbols depict OIHPs WBG front 
sub-cell in all-perovskite TSCs. Reproduced with permission from Springer Nature. Copyright (2018) [9]. 
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due to nonlinear dependency on chemical compositions [16,17]. 
Sn-OIHPs as a replacement for Pb in PSCs widely used as NBG ab

sorbers and enormous efforts have been made to date for PCE 
enhancement. However, to promote environmentally benign next- 
generation Pb-free all-perovskite TSCs, it is very crucial to develop 
high efficiency Pb-free WBG PSCs. The technological development in 
this field is very recent and needs more attention to achieve high PCEs. 
The replacement of Pb2+ with Sn2+, Ge2+, Bi3+ or Sb3+ may overcome 
the toxicity issue, although it is not the only point to focus on developing 
high efficiency device. As it is a part of recent technology, there are 
several other issues involved that hamper the PCE in these perovskites 
(as discussed in section 3) such as faster crystallization that results in 
poor film morphology, surface defects, and moisture penetration, 
causing instability, trap densities, recombinations at the interfaces, poor 
band alignments, deprived Jsc and Voc deficit. 

To identify the seriousness and urgency of developing high efficiency 
Pb-free WBG PSCs, the present review aims to discuss associated chal
lenges and possible strategies adopted to overcome the issues and ach
ieve high performance in Pb-free WBG PSCs. Section 3 deals with major 
challenges associated and later in section 4 we have provided the state- 
of the art processing and grain engineering techniques, defect passiv
ation strategies through compositional modifications and additive en
gineering, Voc and Jsc enhancement through modifications at 
perovskite/charge transport layer (CTL) interfaces for efficient charge 
injection and band alignment and so on. To immediately pursue research 
in developing high efficiency Pb-free WBG PSCs, we have systematically 
discussed several strategies that have been established so far with pio
neering achievements. The final section 5 deals with the conclusion and 
our perspective on new ideas and engineering strategies that extend the 
prospect of designing and developing high performance Pb-free WBG 
PSCs for next-generation Pb-free all perovskite TSCs technology. 

2. Issues related to Pb-based PSCs 

2.1. Stability issue 

Issues associated with PCE deterioration over the long run are mainly 
associated with structural instability and moisture-induced damage in 
Pb-OIHPs [18]. Long-term exposure to oxygen results in the formation of 

superoxide (O2–) which fits into the iodine vacancies VI. It tends to 
deprotonate CH3NH3

+ ion and dissociates the compound, which leads to 
oxygen induced degradation [18]. Photo/thermal decomposition 
inclining to irreversible degradation of organic species generates PbI2 
rich surface, which further decomposes to Pb0 and I2 (Fig. 2(a)). It is 
responsible for structural degradation and limits the operational sta
bility of Pb-OIHPs [19]. Electronic trap density, crystallographic defects, 
and grain boundaries originate during film fabrication, which are 
accountable for moisture-induced degradations (Fig. 2(b)). Interstitial/ 
vacancy defects with low formation energies result in ion migration, and 
light induced ion migration (Fig. 2(c)) tends to cause phase segregation 
and formation of I/Br- rich phases. Hence these issues collectively 
reduce the device performance over time [20–22]. 

2.2. Pb toxicity issue 

Pb-precursors in PSCs are responsible to pollute the environment and 
cause severe health damage. Pb2+ can mimic Ca2+ and Zn2+ cations and 
accumulate in the nervous system which causes neurological disorders 
[23]. To suppress the environmental pollution, recycling and device 
encapsulations are required. Perhaps these strategies are not enough to 
fully ignore the risk of Pb leakage. Considering the above issue, 
replacement of Pb2+ cation in OIHPs is a matter of constant research to 
develop Pb-free OIHPs with identical optoelectronic features for SJ and 
TSCs [24,25]. It is crucial to make advances in Pb-free WBG OIHPs for 
perovskite TSCs. 

3. Challenges towards efficiency enhancement in Pb-free WBG 
PSCs 

For developing stable and non-toxic OIHPs comparable to Pb-OIHPs, 
it is crucial to focus on its intrinsic properties, such as 6s26p0 electronic 
configuration state of Pb2+ cation and defect tolerance that relates to 6 
s2 lone pair. Strong spin–orbit coupling is responsible for its exceptional 
electronic properties [26]. The similarity in chemical characteristics, 
resemblance in electronic configuration, equivalent ionic radii of Sn2+

(118 pm) with Pb2+ (119 pm), and lone pair of 5 s2 outermost orbital, 
bring uniqueness to the optoelectronic properties of Sn perovskite, 
which makes it the most promising alternative of Pb to develop of Pb- 

Fig. 2. Illustration of Pb PSC, associated issues with Pb-OIHPs: poor device stability and Pb-toxicity. (a) Thermal and photodegradation as shown in the decom
position processes involve the irreversible decomposition of organic species into volatile components, (b) moisture penetration in perovskite through grain 
boundaries leads to degradation of grains, and (c) ion migration process and light-induced phase separations in mixed halide perovskites. 
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free WBG PSCs [27,28]. In 2014, Kanatzidis and co-workers demon
strated the initial PCE of 5.73% for WBG Sn-based PSCs on FTO/TiO2/ 
perovskite/spiro-OMeTAD/Au n-i-p device architecture [29] (Fig. 3). 
Subsequently several efforts were made to improve the device perfor
mance in n-i-p architecture. However, no substantial improvement in 
PCE for WBG PSCs has been observed for n-i-p device structure, which 
may relate to poor interfacial contacts and band alignments between 
perovskite/CTL. It leads to poor charge injection and inadequate carrier 
transport, resulting in enhanced hysteresis in device with poor effi
ciency. Even the carbon-based PSCs are promising for the next- 
generation technology, whereby efforts were made to enhance PCEs in 
Pb-free WBG carbon PSCs as well. However, the existence of carbon with 
limited optical response restricts the light harvesting in carbon PSCs. 
Song et al., [30] reported PCE ~ 5.4% for WBG GA0.2FA0.8SnI3: 
EDAI2(15%) (Eg = 1.61 eV) at mesoporous architecture FTO/TiO2/ 
perovskite/Al2O3/ITO. Furthermore, Zhang et al., 2016 investigated the 
p-i-n device architecture for Sn-based WBG perovskite constructed on 
ITO/PEDOT:PSS/FASnI2Br/C60/Ca/Al structure [31]. Although the 
initial PCE at inverted device structure was very poor approx. 1.72%, yet 
over the years with multiple efforts the PCE in Sn WBG PSCs reached a 
respectably high value of 11.17% in 2022 [32] (Fig. 3). 

Likewise, Ge also considered as an alternative in Pb-free PSCs. 
However, due to small ionic radii of Ge2+ (73 pm) and low solubility of 
precursors, it generated poor device performance [12]. Another alter
native to reduce Pb-toxicity is heterovalent substitution at B site with 
trivalent cations (Bi3+ and Sb3+) which modify the crystal structure in 
OIHPs. The direct replacement of Pb2+ with trivalent cation alters the 
3D ABX3 structure to A3B2X9. For instance, Bi-perovskites crystallize in a 
0D structure in Cs3Bi2I9 with an indirect Eg of 1.9–2.0 eV and binding 
energy of approx. 270 meV. Sb perovskites typically exist in two de
rivatives i.e., 0D structure with isolated face shared [Sb2X9]-3 dimers and 
2D structure with corner shared [SbX6]-3 sheets wherein A-Sb-Xs, A+ =

Rb+ or K+ inherently form a layered structure. Pb-free halide double 
perovskite is another alternative to reduce Pb toxicity, as a trans
mutation of Pb2+ replacement with one B+ (Ag+) monovalent cation and 
one B3+ (Bi3+) trivalent cation forms Cs2AgBiBr6 double perovskite (Eg 
~ 2–2.3 eV). 

The unsatisfactory device performance is expected to be caused due 
to the existence of defects, instability, and poor band alignments that 
need to get resolved to achieve high performance Pb-free WBG PSCs. 
Fig. 4(a) depicts the issues associated with Pb-free WBG PSCs. The 
crystallization process in Pb-free WBG perovskites is faster as compared 
to the Pb counterpart. For instance, due to the comparatively high en
ergy of Sn 5p atomic orbitals, Lewis acidity in Sn2+ is higher, which 
leads to a fast reaction rate. Consequently, fast crystallization results in 
the formation of poor perovskite film with smaller grain size (Fig. 4(a)). 
In addition, non-uniformity and random crystal orientation are collec
tively responsible for the surface defects. Even the existence of deep 

traps and unexpected recombinations in these perovskites affect the 
charge transport properties and worsen the device efficiency. Especially 
for Sn-OIHPs, their growth conditions lie in a narrow chemical range 
[33], which needs to be controlled precisely during synthesis. Intrinsic 
low ionization potential in Sn-OIHPs is responsible for Sn vacancies and 
iodine defects, which relates to self p-doping that increases the hole 
concentration. Furthermore, oxidation of Sn2+ promoted by local I-rich 
environment generates deep trap states. The charge distribution studies 
suggest that Sn 5 s and I 5p antibonding orbitals contribute to valance 
band maxima (VBM), while Sn 5p and I 5p orbitals in nonbonding state 
form conduction band minima (CBM). Despite having resemblance in 
ionic radii to Pb2+, the band energies of Sn orbitals are at a higher level 
and hence the position of CBM and VBM are higher in Sn-OIHPs. When 
interfaced with CTLs in either of the device configurations, the devices 
suffer from the poor band alignment and Voc deficit (Fig. 4(a)). As the 
electrons shielding is weaker in Sn2+ as compared to Pb2+, it tends to 
easily lose 5 s electrons and leads to oxidation. In addition, the band 
energy levels for Sn 5 s are higher, which facilitates poor bond strength 
of Sn-X. Hence it easily reacts with the atmospheric oxygen. From a view 
point of the environmental stability, Bi or Sb WBG perovskites are 
promising alternatives. However, poor device performance in these 
cases can be attributed to intrinsic defect formation during film pro
cessing, which leads to promote trap density states and non-radiative 
recombinations. 

4. Strategies to improve high efficiency Pb-free WBG PSC 
technology 

To overcome the existing challenges as discussed above, the present 
section deals with the current progress toward PCE enhancement in Pb- 
free WBG PSCs including state-of the art fabrication techniques adopted, 
strategies implemented for defect passivation, interfacial engineering, 
and stability enhancement (Fig. 4(b)). 

4.1. Processing methods 

4.1.1. Solution processing 
Solvent engineering with one-step method. 
During device fabrication, developing high quality perovskite is of 

great importance, which directly affect the overall device performance. 
The Pb-PSCs technology has been extremely progressed with precise 
fabrication techniques such as one-step, two-step methods, hot casting, 
vapor-assisted methods, and so on. Though the film fabrication pro
cesses are similar, Pb-free perovskites undergo the formation of poor- 
quality film. Due to high surface energies and high Lewis’s acidity, the 
crystallization becomes faster, which leads to uncontrolled crystal 
growth, non-uniformity, and smaller grain size in the final film. This 
ultimately results in defect formation, penetration of moisture through 
excessive grain boundaries and restricts the device performance. To 
overcome these issues, some state-of-the-art fabrication methods were 
developed with below optimizations. 

Solution processing for fabricating OIHPs is known to be easy in 
handling and a low-cost technique. To fabricate highly crystalline Pb- 
free WBG perovskite one needs to control the parameters for fabri
cating films such as solvent dripping time, annealing temperature, time, 
and etc. In one of the initial reports, DMF is used for MASnI3-xBrx 
perovskite precursor, where the perovskite films were deposited over 
TiO2 layer in a planar structure to avoid the direct contact between 
transparent conducting oxide (TCO), hole transport layer (HTL) and 
metal contact [29]. However, the report suggested that Sn precursors 
suffer from poor solubility in DMF including fast crystallization. Zhang 
et al. [31] fabricated FASnI2Br WBG (1.68 eV) perovskite for inverted 
device structure via one-step solution processing where 1 mL DMF was 
used to dissolve SnI2 and FABr followed by spin coating of precursor 
solution at 2500 rpm with 20 µL chlorobenzene dripping at 7 sec., which 
was annealed at 100–75 ◦C for 5 min, resulted in the formation of 200 Fig. 3. Efficiency progress in Sn WBG PSCs in various device architectures.  
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Fig. 4. (a) Illustrating issues associated with Pb-free WBG OIHPs i.e., fast crystallization tends to cause formation of smaller grain size with non-uniformity and 
random crystal orientation, associated surface and bulk defects, poor device interfaces, and band mismatch and instability. (b) Graphical representation of strategies 
to overcome these issues, such as processing techniques with grain engineering, compositional modifications and better alignments between the interfaces, trap 
density passivation, perovskite/CTL interface engineering, and stability enhancement. 
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nm thick perovskite film. The crystallization of Sn perovskite becomes 
uncontrolled and comparatively faster, hence annealing temperature 
and time both need to be optimized to get better film morphology. They 
examined the annealing of the fabricated film initially at 100 ◦C for 5 
min resulted in the formation of worst film with patches and non- 
uniformity. To avoid these issues, the temperature and time were opti
mized to 75 ◦C for 5 min of annealing. As prolonged thermal treatment 
led to degradation of Sn perovskites, henceforth fabricating Sn WBG 
perovskite films via solution-processing needs to treat the optimal 
temperature of 70–75 ◦C for 5–10 min for complete crystallization. 

Due to the solubility issues of SnX2 precursors with DMF or GBL, 
reports revealed that DMSO can help in retarding the crystal growth rate 
by forming an intermediate adduct system i.e., SnX2⋅3DMSO results in 
controlled crystallization to a certain extent [34]. In addition, due to the 
high boiling point of DMSO (189 ◦C), evaporation during the annealing 
process becomes slower, which controls the crystal formation rate. 
Considering these facts, DMSO was used in combination with DMF to 
retard rapid crystallization (Fig. 5(a)). Solvent engineering strategy is 
beneficial to control these issues and resulted in the fabrication of high- 
quality perovskite film. However, excessively high boiling point solvent 
in the mixed solvent system may damage the whole perovskite film, as 
inappropriate annealing time and temperature results in degradation 
and traces of precursor solvent in the final film. Large grain size with 
uniformity and reduced pinholes was achieved and a device with PCE of 
3.20% was observed for MASnI3-xBrx (x = 0.767, Eg = 1.75 eV) [35]. 
Hence for fabricating Pb-free WBG perovskite film, the ratio of DMSO in 
the precursor solution needs to get critically optimized. Over time and 
further optimizations, the state-of-the-art Sn WBG perovskite film 
deposition technique has been established as depicted in Fig. 5(b). 
Whereby to fabricate perovskite layer on top of PEDOT:PSS (HTL) 
comprising of FABr, SnI2, and SnF2 in DMF:DMSO (4:1) mixed solution 

system, further spin-coated on HTL at 5000 rpm for 50 sec with chlo
robenzene (non-polar solvent) dripped at 10 sec from the start of spin- 
coating step, forms SnX2-DMSO intermediate phase which helps in 
controlling crystal growth, followed by annealing at 70 ◦C for 10 mins 
for complete crystallization and removal of excess solvent from the final 
film [36,37]. 

G. Liang et al. reported one step solution processing of Cs3Bi2I10 WBG 
(Eg ~ 1.78 eV) perovskites and the formation of dense morphology with 
the PCE of 1.03% without hysteresis [38]. Non-toxic methyl acetate 
solvent processed MA3Bi2I9 delivered the PCE ~ 1.12% and 1.62% in the 
mesoporous device where spiro-OMeTAD and P3HT used as HTLs, 
respectively [39]. The poor film quality of Bi perovskites is one of the 
factors causing inferior device performance, and it is related to chemical 
stoichiometry and film processing techniques. D. B. Khadka et al. 
explored solvent-annealing based post-antisolvent treatment to fabri
cate compact Bi perovskite (Cs3Bi2I9 and CsBi3I10) [40]. The schematic 
of the typical synthesis procedure is shown in Fig. 5(c), where CA, AS 
and AS + SA represents conventional annealing, antisolvent annealing, 
and solvent annealing post-antisolvent, respectively. For CA method, CsI 
and BiI3 precursor solution of 0.5 M in DMF:DMSO (7:3 (v:v)) is used to 
spin-coat at 1500–3000 rpm (20 sec) and directly annealed for 60 min at 
90–200 ◦C. For AS method, 150 µL chlorobenzene dripped at 20th sec 
after coating perovskite precursor and the film was further annealed at 
120 ◦C for 60 min. In the case of AS + SA method, post-antisolvent 
treated perovskite film was kept for annealing in presence of 5 µL 
DMF and annealed at 120 ◦C for 60 min. It was observed that, film 
prepared with AS + SA method shows high crystallinity with compact
ness. Likewise, these fabrication procedures were implemented to 
develop Sb perovskites as well. It is very crucial to control the processing 
protocols in Bi and Sb perovskites to form a compact and homogeneous 
film. The solution processing method with antisolvent treatment differs 

Fig. 5. (a) Graphical representation and SEM top-view of Sn perovskite film fabrication and effect of solvent engineering on the nucleation and growth process. 
Reproduced with permission from Elsevier. Copyright (2019) [35] (b) Illustration of one-step processing for Pb-free WBG perovskite fabrication. (c) Pictorial rep
resentation for fabricating Bi perovskite where c-1, c-2 and c-3 represent antisolvent annealing, conventional annealing, and solvent annealing post-antisolvent, 
respectively. Reproduced with permission from Royal society of chemistry. [40]. (d) Graphical illustration of low-pressure vapor assisted solution processing of 
S-incorporated Bi perovskite. Reproduced with permission from John Wiley and Sons. Copyright (2019) [49]. 
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from CA for Sb WBG perovskite, where toluene with a small amount of 
SbI3 dripped during antisolvent treatment to compensate iodine defi
ciency. However, a higher local supersaturation level of nucleation and 
growth leads to fast crystallization of perovskite during anti-solvent 
annealing, forms a non-uniform film with smaller grain size [41]. A 
reduced supersaturation annealing strategy can be useful to control the 
rate of solvent evaporation during the annealing process of Rb3Sb2I9 
[42]. 

Two step-method. 
We speculate that Pb free WBG perovskites may reach high device 

efficiencies with further efforts. One needs to focus on both Jsc and Voc 
enhancement, which directly relates to the quality of perovskite film. 
The handling process of Pb-free WBG perovskites is quite different, 
hence during fabrication following points should be considered. (1) 
Control perovskite nucleation and growth rate to reduce non-radiative 
recombinations: the rapid crystallization forms non-uniform film that 
leads to develop intrinsic defects. It is highly recommended to use Sn 
metal powder in perovskite solution at every initial step to avoid further 
oxidation of Sn precursors. Especially during the fabrication of Sn WBG 
perovskites, it is important to maintain glove box and spin coater tem
perature, as they may also affect the film processing. The one-step 
method is a simple technique which deposits perovskite precursor fol
lowed with antisolvent-assisted crystallization or direct annealing. 
However, this technique may not fit to fabricate large scale uniform 
films, since the antisolvent dripping time in one-step method is very 
critical to control the growth rate and demand highly skilled handling 
with reproducibility, which is a key to fabricate Pb-free WBG perov
skites. Previous studies on Sn perovskite fabrication with two-step 
method revealed that the sequential deposition method is more 
competitive to gain superior device performance and highly reproduc
ible. The two-step deposition technique avoids the severity to control 
over antisolvent dripping, control the morphology of individual layers in 
sequential processing of perovskite and organic molecule layer, which is 
suitable to develop large scale device [43,44]. (2) Control over perov
skite precursor stoichiometry: For instance, Sn WBG perovskite can be 
formed by tuning mixed halide ratio and hence the precision in 
compositional engineering and perovskite precursor stoichiometry plays 
a critical role. The accuracy in iodine to bromine ratio needs to follow 
perfectly, as the addition of excess bromine content may enhance the Voc 
but results in deprived Jsc. 

Vapor-assisted solution process. 
Solution processing methods for Pb-free WBG perovskite underwent 

several advances to create a state-of the art processing technique. 
Several strategies have been implemented such as Lewis’s acid-base 
adduct formation, solvent engineering, and organic molecule addition 
to retard the crystal growth and produce films with low defect density. 
Even self-p doping during film fabrication in Sn perovskites leads to poor 
device efficiencies. Yokoyama et al. used low-temperature vapor assis
ted solution process (LT-VASP) to fabricate MASnI3-xBrx WBG perovskite 
[45]. Surprisingly SnBr2 film leads to the formation of MASnBr3 and at 
elevated temperature of phase formation, MAI supplies only MA gas 
during perovskite formation and hence a more prominent difference in 
bandgaps was observed. Consequently, extra Sn2+ source was supposed 
to be the part of final perovskite films in LT-VASP, helps in regulating Sn 
vacancies, which suggested low self p-doping level. The performance of 
one-step assisted PSCs did not show any extraordinary device perfor
mance i.e., PCE ~ 0.14%, whereas, LT-VASP based devices showed 
diode like behavior. This finding may help in determining how one can 
control self p-doping in Sn perovskites [45]. Jung et al. reported 
sequential-evaporation technique to deposit MASnBr3 on top of TiO2, 
with reduced oxidation. Adopting this technique, the upper MABr layer 
helps in protecting the oxidation of perovskite when exposed to air. The 
obtained film showed high crystallinity and high optical absorption with 
PCE of 1.12% for WBG PSCs [46]. 

Vapor assisted solution method by subjecting BiI3 film to MAI vapors 
push the PCE to 3.17% (Jsc ~ 4.02 mA.cm− 2, Voc ~ 1.01 V and FF ~ 

0.78) for MA3Bi2I9 (Eg ~ 1.87 eV) WBG PSC [47]. S. M. Jain et al., 
exploited vapor assisted method to develop uniform and compact 
MA3Bi2I9 perovskite film. In the typical procedure, the BiI3 solution was 
spin-coated and kept under MAI vapors during annealing. Solid MAI at 
higher temperature dissociates into methylamine and hydrogen iodide 
gas that further reacts with BiI3 to form MA3Bi2I9. Compared to one-step 
solution processing which forms non-uniform Bi perovskite film [48], 
fabrication through VASP method is more successful as BiI3 grains in the 
first step act as nucleation sites which later react with MAI vapors to 
develop homogeneous film with better surface coverage. With further 
modifications in VASP method, J. Li et al. fabricated MA3Bi2I9-2xSx 
perovskite through the low pressure-VASP method [49]. As shown in 
Fig. 5(d), Bi(xt)3 (xt = ethyl xanthate) solution was spin-coated and film 
was kept in a covered petri plate under 10 kPa pressure at 150 ◦C. Here 
MAI powder was scattered uniformly. High temperature annealing is 
necessary to develop Sb perovskite, however straightforward annealing 
at more than 200 ◦C is not feasible, as it leads to the decomposition of 
perovskite. F. Li et al. explored a modified technique to reduce the 
chance of Rb3Sb2I9 decomposition even at higher annealing temperature 
by keeping SbI3 powder in the closed vicinity of as-spun film [42]. In this 
high temperature vapor annealing method of SbI3 powder with a low 
melting point (170 ◦C) was kept under covered atmosphere with the as 
spun perovskite film at an elevated temperature of 225 ◦C, to compen
sate the loss of SbI3 during annealing. 

4.1.2. Sequential vacuum deposition 
Sequential deposition of CsBr (58.5 nm)/SnBr2(133 nm)/CsBr(58.5 

nm) under 10-6 torr followed by a solid-state reaction at 230 ◦C under 
nitrogen atmosphere for 60 min inside glove box resulted in the for
mation of thick perovskite film of 250 nm. To avoid the handling of 
solvents and associated degradations of perovskite film, Fang et al., re
ported sequential vacuum deposition of WBG CsSnBr3 in a planar het
erojunction device with PCE ~ 1.5% [50]. Such deposition procedure is 
beneficial to avoid solvent and air instability related issues for Sn WBG 
perovskites and may help in technological advancement in the future. 

4.2. Compositional engineering 

4.2.1. Cation substitution 
Compositional engineering is an effective strategy to tune optoelec

tronic properties by modifying the Eg. It is interesting to understand the 
phenomenon behind Eg modulations via cation substitution, since VB 
and CB of OIHPs formed due to metal-halide interaction, where VBM is 
associated to metal s-halogen p antibonding orbital overlapping and 
CBM formed with metal p-halogen p orbital interaction in non-bonding 
states. Apart from this fact, A site cation counterbalance the whole 
structure, however the substitution with smaller ionic radii cation leads 
to a different phenomenon in Pb and Sn-based perovskites. In Pb halide 
perovskite large A site cation substitution with a smaller one leads to 
octahedral tilting, on the other hand in Sn perovskites large cation 
replacement with a smaller cation result in lattice contraction. Due to 
different phenomenon of octahedral-tilting and lattice contraction, the 
opposite trends in Eg modulation have been observed. In the former 
condition it results in Eg enhancement, although in the latter case Eg may 
shift towards the lower energies by substituting large A site cation with 
the smaller cations such as Cs+ or MA+ and so on [51]. In 3D Sn pe
rovskites, the incorporation of ethylenediammonium cation “en” forms 
hollow perovskite without hampering the crystal dimensionality. The 
3D hollow Sn perovskite was first introduced by kanatzidis group who 
figured out the concept of “hollow perovskite” based on formation of 
Schottky defects [52]. With non-periodicity reduction in molecular 
orbital overlapping between Sn-I atoms, it leads to the reduction in VB 
and CB widths, and increases the Eg from 1.4 to 1.9 eV [52]. Tsai et al., 
[53] synthesized HEAxFA1-xSnI3 with Eg modulation from 1.34 eV (x =
0) to 2.07 eV (x = 1) and a significant shifting in VBM from − 4.91 eV (x 
= 0) to − 5.50 eV (x = 1) was observed (Fig. 6(a)). Here HEA0.6FA0.4SnI3 
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and HEA0.8FA0.2SnI3 PSC displayed the PCE of 2.1% (Jsc ~ 10.68 mA. 
cm− 2 and Voc ~ 0.38 V) and 1.3% (Jsc ~ 6.61 mA.cm− 2 and Voc ~ 
0.40 V), respectively. Song et al. reported the PCE of 5.4% for 
GA0.2FA0.8SnI3:EDAI2(15%) WBG (Eg = 1.61 eV) [30]. It was found that 
gradual addition of EDAI2 in GA0.2FA0.8SnI3 widen Eg from 1.39 to 1.61 
eV for 15% EDAI2 added perovskite, and further increased to 1.65 eV 
with 20% EDAI2 addition. Hayase group explored Sn WBG perovskite by 
incorporating formamidinium (FA+) and guanidinium (GA+) in 
CsSnI2Br and reported a respectable PCE of 7.0% for 
GA0.06(FA0.8Cs0.2)0.94SnI2Br [54]. The investigation revealed a signifi
cant Eg widening from 1.41 to 1.68 eV with increasing FA+ ratio in 
FAxCs1-xSnI2Br and the best PCE of 4.80% was achieved for 

FA0.8Cs0.2SnI2Br (Eg ~ 1.6 eV) as compared to CsSnI2Br device (PCE ~ 
1.68%). Furthermore, the incorporation of GA+ in triple-cation perov
skites helps in modulating the CB and VB, developing proper alignment 
with transport layers. The PCE of 5.93% was reported for fresh device of 
GA0.06(FA0.8Cs0.2)0.94SnI2Br, while aging the device showed impressive 
PCE ~ 7.0% (Fig. 6(b-c)) [54], due to the reduced carrier recombination 
between perovskite and HTL. 

Experimentally, Ge perovskites exhibit a direct bandgap in the range 
of 1.6–2.5 eV. In past few years, limited research groups utilized Ge in 
PSCs, where very poor device performance of 0.11% and 0.2% was re
ported for CsGeI3 (Eg ~ 1.63 eV) and MAGeI3 (Eg ~ 2.0 eV) PSCs [55]. In 
another approach for enhancing the PCE of MAGeI3, Br- incorporation 

Fig. 6. (a) Energy band diagram for HEAxFA1-xSnI3 in carbon PSC architecture with illustrating the effect of cation doping on CB and VB shift. [53]. (b-c) Energy 
band alignments of GAx(FA0.8Cs0.2)1− xSnI2Br in p-i-n PSC and corresponding J-V characteristics. Reproduced with permission from American Chemical Society. 
Copyright (2021) [54]. (d-f) Energy band diagram of MASnI3-xBrx n-i-p PSC. J-V characteristics and IPCE graphs for CH3NH3SnI3-xBrx PSCs (x = 0, 1, 2, 3). 
Reproduced with permission from Springer Nature. Copyright (2014) [29]. 

Table 1 
Photovoltaic parameters for cation and halide substituted WBG PSCs.  

Material Bandgap 
Eg (eV) 

Device structure Jsc (mA.cm-2) Voc (V) FF PCE 
(%) 

Ref. 

Cation substitution 
HEA0.6FA0.4SnI3 1.77 Carbon PSC 10.68 0.38 0.49 2.1 [53] 
HEA0.8FA0.2SnI3 1.97 6.61 0.40 0.47 1.3  
GA0.2FA0.8SnI3 

SnF2 (20%) EDAI2 (15%) 
1.61 FTO/TiO2/perovskite/Al2O3/ITO 17.8 0.51 0. 58 5.4 [30] 

GA0.06(FA0.8Cs0.2)0.94SnI2Br 1.60 FTO/PEDOT:PSS/perovskite/PC61BM/C60/BCP/Ag 15.16 0.64 0. 72 7.00 [54] 
Cs1.99Li0.01 AgBiBr6 1.82 FTO/TiO2/perovskite/carbon 3.15 1.17 0.69 2.57 [57] 
Cs2AgBiBr6 (PEA + 6%) 2.27 ITO/PEDOT:PSS/Cs2AgBiBr6/PCBM/BCP/Al 2.76 1.06 0.61 1.78 [58] 
Rb0.15Cs2.85Sb2ClxI9− x 2.07 FTO/Nb2O5/Pero /P3HT/carbon 4.91 0.88 0.57 2.46 [59]  

Halide substitution 
CsSnIBr2 1.65 FTO/TiO2/perovskite/spiro-OMeTAD/Au 11.57 0.31 0.43 1.56 [60] 
CsSnBr3 1.75 3.99 0.41 0.58 0.95 
Cs2SnI2Br4 1.63 FTO/TiO2/Pero HTM/LPAH/FTO 3.41 0.57 0. 54 1.08 [61] 
MASnIBr2 1.75 FTO/TiO2/perovskite/Spiro-OMeTAD/Au 12.30 0.82 0.57 5.73 [34] 
MASnBr3 2.15 8.26 0.88 0.59 4.27 
FASnI3 (Br~25mol%) 1.63 FTO/bl-TiO2/mp-TiO2/perovskite/Spiro-OMeTAD/Au 19.8 0.41 0.66 5.5 [62] 
MASnIBr1.8Cl0.2 1.97 FTO/TiO2/Al2O3-perovskite/Carbon 13.99 0.38 0.57 3.11 [63] 
Cs3Bi2I6Br3 1.74 ITO/NiOx/Cs3Bi2I9− xBrx/PC61BM/C60/BCP/Ag 3.15 0.64 0.57 1.15 [65] 
Cs2AgBiBr5.8S0.1 2.32 Electrode/HTM/Cs2AgBiBr6-2xSx/m-TiO2/c-TiO2/FTO 3.2 0.93 0.65 1.9 [66] 
Cs3Sb2I9-xClx (x = 0.71) 2-2.1 ITO/PEDOT:PSS/perovskite/PC60BM/Al 6.39 0.72 0.47 2.2 [67]  
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slightly increased the PCE ~ 0.68% for MAGeI2.7Br0.3 (Eg ~ 2.1 eV) 
[56]. Poor Jsc in Bi double PSCs is one of the serious issues, which 
severely affects the device performance. It has been observed that ‘A’ 
site doping with Li+ and Rb+ in double-perovskites controls the grain 
growth, reduces defects, and helps in PCE enhancement by increasing 
the Jsc to 3.15 mA⋅cm− 2 for Cs1.99Li0.01AgBiBr6 (Table 1) as compared to 
the controlled Cs2AgBiBr6 (Jsc ~ 2.43 mA⋅cm− 2) PSCs [57]. PEABr 
addition in perovskite precursor also helps in improving device perfor
mance, intrinsic defects and self-trapped exciton reduction was observed 
by the addition of PEA+ cation which brings cation ordering and 
improved charge conduction [58,59]. Furthermore, substitution of Rb+

at A site suppress the formation of 0D phase and passivate surface de
fects, which contributed attaining the best PCE of 2.46% (Voc ~ 0.88 V) 
for Rb0.15Cs2.85Sb2ClxI9-x. 

4.2.2. Halide substitution 
Halide substitution brings ambient stability as well as enhancement 

of the Eg for desired WBG PSCs. Mhaisalkar group investigated in detail 
the Eg broadening in CsSnI3 by Br- incorporation [60]. The Eg transition 
observed from 1.27 eV (CsSnI3) to 1.37 eV (CsSnI2Br), 1.65 eV 
(CsSnIBr2) and 1.75 eV (CsSnBr3). The variation in film color was also 
observed from black-brown and then light brown, which affects the PSC 
performance. The PCE of 1.66% achieved for CsSnI3 with low Voc ~ 
0.20 V, however with increasing Br- concentration, reduction in Jsc was 
observed from 22.72 to 15.06 mA⋅cm− 2 (CsSnI2Br), which was further 
reduced to 11.57 mA.cm-2 (CsSnIBr2) and 3.99 mA⋅cm− 2 (CsSnBr3). The 
Eg enhancement with Br- incorporation and reduction in background 
carrier-densities, suppressed the charge recombination and increased 
Voc from 0.20 V (CsSnI3) to 0.41 V (CsSnBr3). Lee et al., fabricated 
Cs2SnI6-xBrx mixed anion perovskite by electro-spraying deposition with 
Eg tuning. With formation of CsI clusters and dendrites, better-quality 
film was found. A prominent Eg modulation was observed for I- to Br- 

incorporation (Eg ~ 1.30–2.85 eV) and PCE of 1.08% was achieved for 
Cs2SnI2Br4 WBG PSC [61]. 

Similarly, Eg adjustment in MASnI3 can also be achieved by partial or 
complete replacement of I- with Br-, result in gradual broadening of Eg 
(1.30–2.15 eV) [34]. In a very first report on MASnI3-xBrx WBG PSCs, the 
respectable PCE of 4.27% was reported for MASnBr3 (Eg ~ 2.15 eV). 
Schematic representation of band alignment of MASnI3-xBrx with TiO2 
and spiro-OMeTAD shown in Fig. 6(d) [29]. CB shifted from − 4.17 eV 
(MASnI3) to − 3.78 eV (MASnIBr2) and − 3.39 eV (MASnBr3), where Eg 
broadening caused due to CB shifting towards higher energies while VB 
remains unchanged. With increased Br- ratio, Jsc reduced from 16.30 
mA.cm-2 (MASnI3) to 12.30 mA⋅cm− 2 (MASnIBr2) and 8.26 mA⋅cm− 2 

(MASnBr3), however Voc followed opposite trend, increased from 0.68 V 
(MASnI3) to 0.82 V (MASnIBr2) and 0.88 V (MASnBr3) (Fig. 6(e)). The 
Voc enhancement with increasing Br- ratio may be ascribed to CB 
upshifting, whereas reduction in Jsc value is directly related to blueshift 
of absorption onset shown in IPCE spectra (Fig. 6(f)). The addition of Br- 

in FASnI3 uplifted the CB edge and eased the way for electron transport. 
The best PCE of 5.5% for 25 mol% Br doped FASnI3 (Eg ~ 1.63 eV) was 
demonstrated [62]. 

Tsai et al. investigated the effect of varying SnBr2/SnCl2 concentra
tion on device performance by mixing various ratios of SnBr2/SnCl2 with 
MAI precursor [63]. In the absence of SnCl2, the Eg was 1.81 eV, which 
further increased to 1.97 eV with the addition of SnCl2. The PCE of 
3.11% observed for MASnIBr1.8Cl0.2. However, with increasing Cl- ratio 
for MASnIBr1.5Cl0.5, the PCE reduced to 1.87% indicating that only small 
ratio of Cl- in Sn WBG perovskites contributes in reducing carrier 
recombination. Photovoltaic parameters for compositional engineering 
in Pb-free WBG PSCs summarized in Table 1. Incorporation of PEAI or Sn 
(SCN)2 in CsSnI2Br leads to Eg widening from 1.59 eV (CsSnI2Br) to 1.64 
eV (CsSnI2Br-PEA) and the reduction to 1.48 eV was observed for CsSnI2- 

xBr(SCN)x and CsSnI2-xBr(SCN)x-PEA perovskite. However, very poor 
PCE of 0.71% was realized for CsSnI2Br-PEA WBG PSC [64]. 

Halide mixing in Bi perovskites modulates Eg from 1.84 eV (Cs3Bi2I9) 

to 1.74 eV (Cs3Bi2I6Br3), which tends to increase PCE to 1.15% [65]. The 
substitution at X site by sulfur in double-perovskites leads to Eg tuning 
from 2.37 eV (x = 0) to 2.30 eV (x = 0.15) in Cs2AgBiBr6-2xSx and slight 
upshifting of VB edge was observed from − 5.56 eV (x = 0) to − 5.48 eV 
(x = 0.15) [66]. Unlike halide exchange of I- to Br- in Sb perovskite, the 
strategy of exchanging I- with Cl- improves the electronic properties, 
which contributes in passivating the deep defects and improving grain 
size. It was observed that the device PCE increased from 1.4% (Cs3Sb2I9) 
to 2.2% [Cs3Sb2I9-xClx (x = 0.71)] in the WBG layered PSC [67]. 

4.3. Additive engineering 

The rapid crystallization issue in Pb-free WBG perovskite severely 
affect perovskite properties, resulted in the formation of surface and 
bulk defects. In addition, Sn perovskites suffer from instability when 
exposed to ambient atmosphere. This unavoidable issue leads to self p- 
type doping, which confines carrier diffusion length. SnF2 additive acts 
as a reducing agent for Sn perovskite and has been using to upsurge the 
formation energy of Sn vacancy to mitigate self p-doping. It can reduce 
background carrier densities by neutralizing defect states. The PCE of 
2.1% was observed for CsSnBr3 (Eg ~ 1.75 eV) WBG PSC [28]. The 
investigation further revealed that SnF2 as an additive assist in 
decreasing the ionization potential and work function of CsSnBr3 so that 
it can match well with the HOMO level of HTL in PSCs. Xiao et al. 
investigated the addition of SnF2 in perovskite precursor solution that 
plays a critical role in facilitating the formation of heterogeneous 
nucleation sites and enabling uniform crystal growth (Fig. 7(a)) [68]. 
They examined various ratios of SnF2 and its effect on the morphology as 
shown in SEM micrographs (Fig. 7(b)). The film without SnF2 showed 
non-uniform surface coverage which improved by adding SnF2. At the 
optimized SnF2 of 30%, complete coverage with uniformity was 
observed in the perovskite film with the PCE ~ 3.70% (Jsc ~ 13.77 
mA⋅cm− 2, Voc ~ 0.45 V and FF ~ 0.59) for MASnIBr2 (Eg ~ 1.70 eV) 
WBG PSC. Additional investigations suggest that 20 mol.% SnF2 in 
CsSnBr3 WBG perovskite reduces the oxidation rate of Sn2+, and sup
presses the formation of multiple phases. Furthermore, it promotes the 
rearrangement of Sn 5 s orbitals, resulted in VBM shift more towards 
fermi level [69]. SnF2 doping certainly reduces defect densities in Sn 
WBG perovskites as investigated by Zhang et al. Time resolved PL 
observation showed prolonged bimolecular-lifetime component for SnF2 
doped FASnI2Br and the PCE of 10% SnF2-doped FASnI2Br realized 7.6% 
in p-i-n configuration [70]. Li et al. explored the addition of small 
amount of hypophosphorous acid (HPA) as a co-additive in CsSnIBr2 
precursor solution to increase the nucleation rate and control further 
oxidation [71]. The PCE was improved to 3.0% with enhanced stability 
at higher temperature as compared to the controlled device PCE ~ 1.7%. 
Kanatzidis group introduced hydrazine vapor as strong reducing agent 
before spin-coating, which improved film quality (Fig. 7(c)) [72]. 
Through the plausible reaction 2SnI62− +N2H4 → 2SnI42− +N2 + 4HI, Sn2+

vacancies get suppressed in CsSnBr3 (Eg ~ 1.80 eV) with longer lifetime 
of 3.01 ns, which indicates reduced trap densities and defect passivation. 
Therefore, the device PCE of 3.04% was achieved. 

Previous studies suggest that hydrophobic organic cations e.g., 
EDAI2, BAI or PHSCN can effectively suppress the trap densities [43,73]. 
Chen et al. investigated that the optoelectronic properties of 
GA0.06(FA0.8Cs0.2)0.94SnI2Br WBG (Eg ~ 1.62 eV) perovskite can be 
improved by exploring GeI2 and EDABr2 addition [74]. Furthermore, 
they observed PCE enhancement to 7.50% (Voc ~ 0.60 V) for ethyl
enediamine passivated EDA0.01(GA0.06(FA0.8Cs0.2)0.94)0.98SnI2Br PSC. 
The excess organic additives help in regulating crystal growth in halide 
perovskites. H. Wu et al. used MABr volatile additive to control crys
tallization process in Cs2AgBiBr6 double perovskite, achieved PCE of 
2.53% (Voc ~ 0.99 V and Jsc ~ 3.07 mA⋅cm− 2) [75]. MABr additive can 
control the perovskite crystallization and improves film morphology 
(Fig. 7(d)). To control the crystallinity and film uniformity in MA3Sb2I9 
(Eg ~ 1.95 eV) and Cs3Sb2I9 (Eg ~ 2.0 eV), hydroiodic acid (HI) as an 
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additive in perovskite precursor assists in reducing porosity and further 
improving film morphology [76]. F. Umar et al. employed hydrochloric 
acid (HCl) as intermediate additive in perovskite precursor [77]. It has 
been observed that the HCl coordinates with Cs3Sb2I9 to control the film 
morphology. P. Karuppuswamy et al. employed chlorobenzene anti- 
solvent treatment and introduced perylene/pyrene hydrophobic scaf
fold in (MA)3Sb2I9 during film fabrication process to speed up hetero
geneous nucleation in order to achieve perovskite film with large grain 
size [78]. With improved film morphology, MA3Sb2I9 PSC delivered the 
PCE of 2.77% (Voc ~ 0.70 V and Jsc ~ 6.64 mA⋅cm− 2). It has been further 
investigated that the crystallization rate can be regulated by using 
Lewis’s base adducts strategy in D-Cs3Sb2I9. Thiourea (S-donor) and 
NMP O-donor Lewis’s base helps in retarding crystal growth and 
developing good morphology of perovskite film [79,80]. Indacenodi
thiophene (ITIC) with C = O and C≡N functional groups forms Lewis’s 
acid-base adduct with Cs+ and Sb3+ during pre-annealing at 60 ◦C, that 
retards perovskite crystallization (as shown in Fig. 7(e)) and contributes 
to improve film morphology. It also acts as CTL to facilitate better charge 
extraction and thus the PCE ~ 3.25% (Voc ~ 0.91 V and Jsc ~ 6.45 
mA⋅cm− 2) was achieved in Cs3Sb2I9/ITIC heterostructure based PSC 

[81]. Nazeeruddin group demonstrated that introducing Li-TFSI in 
MA3Sb2I9-xClx leads to the formation of intermediate phase of 0D MAI- 
SbCl3-Li-TFSI which slower down the dimensional transformation to 2D 
structure and stabilize Eg to 2.0 eV [82]. The best PCE of 3.34% (Voc ~ 
0.70 V and Jsc ~ 7.38 mA⋅cm− 2) was reported, which retained up to 90% 
after 1400 h in ambient atmosphere. 

4.4. Interfacial modifications 

With multiple advancement through compositions and defect 
passivation, Pb-free WBG PSCs successfully reached to respectable PCEs. 
However, to implement such device technology in TSCs as potential 
WBG front sub-cells, it is crucial to overcome Voc deficit issue. A recent 
report investigated the role of interfacial modification at perovskite/ 
HTL interface by introducing 2PACz as monolayer (approx.1 nm). The 
conductivity and charge carrier concentration improved in PEDOT:PSS/ 
2PACz bilayer HTL, where the existence of S+ in PEDOT contributed to 
conductivity enhancement (Fig. 8(a)). The concepts of bilayer can also 
help in reducing the valance band offsets down to − 5.73 eV for PEDOT: 
PSS/2PACz as compared to PEDOT:PSS (-5.10 eV), which affects Voc 

Fig. 7. (a) Schematics of nucleation and growth procedure of Sn WBG perovskite without and with SnF2 additive, (b) SEM micrograph (3 µm scale) of as fabricated 
perovskite films with different concentrations of SnF2 additive i.e., without SnF2 (0%), with SnF2 20%, 30% and 40%. Reproduced with permission from John Wiley 
and Sons. Copyright (2017) (c) Top: Schematic representation for fabricating MASnI3, CsSnI3 and CsSnBr3 (top to bottom in image) films in reduced vapor atmo
sphere and related device architecture. Bottom: Plausible mechanism to depict the reaction between hydrazine and Sn perovskites (d) Graphical representation of 
double perovskite processing with MABr as additive and SEM micrographs for controlled and MABr additive assisted Cs2AgBiBr6 double perovskite [75] Reproduced 
with permission from John Wiley and Sons. Copyright (2021) (e) Pictorial representation of fabricating Cs3Sb2I9 with ITIC. Reproduced with permission from 
Elsevier. Copyright (2021) [81]. 
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enhancement from 0.69 V to 0.74 V for the champion device [37]. In 
another recent report, Cao et al. demonstrated the bottom surface 
passivation approach by introducing potassium thiocyanate (KSCN) in 
FA0.75MA0.25SnI2Br (Eg ~ 1.63 eV) perovskite (Fig. 8(b)) [32]. The 
fabricated device on p-i-n architecture, where ICBA used as electron 
transport layer (ETL) showed better band energy match with perovskite/ 
KSCN. With multiple engineering strategies Voc for the champion device 
reached to 0.82 V with the PCE of 11.17% for FA0.75MA0.25SnI2Br WBG 
PSC. 

Bi and Sb WBG perovskites suffer from poor charge extraction and 
deprived Jsc. X. Yang et al. realized Jsc enhancement from 4.49 mA.cm-2 

to 5.31 mA⋅cm− 2 in Cs2AgBiBr6 PSCs by introducing N719 dye between 
Cs2AgBiBr6/Spiro-OMeTAD interface [83]. The N719 dye molecule 
assisting suitable band alignments between perovskite and Spiro- 
OMeTAD accelerates charge extraction, and sunlight absorption capac
ity was also enhanced, which collectively increased the PCE to 2.84%. 
Another study demonstrated that Jsc can be improved by applying MoO3 
as energy gradient between P3HT/PTAA in Cs2AgBiBr6 n-i-p device 
[84]. To resolve the issue of poor Jsc, B. Wang et al. introduced Zn- 
Chlorophyll photoactive HTL, which showed Jsc improvement from 
3.02 mA⋅cm− 2 (ITO/SnO2/Cs2AgBiBr6/Spiro-OMeTAD/Ag) to 3.83 
mA⋅cm− 2 (PCE ~ 2.79%) for ITO/SnO2/Cs2AgBiBr6/Zn-Chl/Ag [85]. 
One of the recent studies reported highest Voc ~ 1.18 V in planar 
Cs2AgBiBr6 PSC by incorporating PEABr in perovskite precursor solution 
and realizing the formation of 2D/3D double perovskite with maximum 
PCE boosted up to 2.5% [86]. The enhancement in Voc is attributed to 
better energy level matching that leads to improved hole extraction. 

Typically, Sb WBG PSCs suffer from poor Voc and to enhance both Jsc 
and Voc in Cs3Sb2I9 PSC A. Hiltunen et al. replaced conventional Spiro- 
OMeTAD (HTL) with P3HT in planar device [87]. The VBM of Cs3Sb2I9 
and P3HT lies at − 5.16 eV and − 5.0 eV respectively. P3HT with better 
band alignment with perovskite may reduce the issue of Voc deficit. A 
record PCE of 3.57% (Voc ~ 0.78 V and Jsc ~ 7.65 mA⋅cm− 2) was ach
ieved for bulk heterojunction of 0.5Cs3Bi2I9-Ag3Bi2I9 PSC, executed by 
controlled crystal growth and better band-alignments that resulted in 
efficient charge carrier transport [88]. Charge extraction using transi
tion metal dichalcogenides (TMD) at perovskite/ETL interface can be 
also used as an effective strategy to improve device performance. The 
PCE of 3.42% (Jsc ~ 7.37 mA⋅cm− 2) was attained for PEDOT:PSS/ 
Cs3Sb2ClxI9-x/PMMA/TMD(WS2)/PCBM as compared to the controlled 
device (PCE ~ 2.85% and Jsc ~ 6.55 mA⋅cm− 2) without TMD [89]. 

4.5. Stability enhancement strategies 

Another major challenge here is related to the poor stability of Sn 
WBG perovskite films which restrict the operational conditions and is 
considered as a serious issue that needs to be resolved urgently to 
develop Pb-free PSCs technology. As discussed earlier fast crystallization 
leads to uncontrolled and non-uniform perovskite morphology. That 
associates with the formation of excessive grain boundaries which is one 
of the ways for moisture penetration and hence degrade the perovskite 
film in seconds. In addition, more active s electrons in Sn perovskites 
ease further oxidation of Sn2+ to Sn4+ state which is unavoidable. 
Considering these facts enormous efforts have been made till date for 
stability enhancement by opting several strategies. Such as grain engi
neering strategies directly control the nucleation and growth of perov
skites only to a certain extent, which includes solvent engineering and 
annealing temperature optimizations as discussed earlier. Even addi
tives and compositional engineering strategies play a critical role in 
controlling the grain formation and reducing the oxidation of Sn 
perovskite. 

In this line Liu et al. fabricated CsSn0.6Ge0.4I3 (Eg greater than 1.62 
eV) nanocrystal (NCs) PSC [90]. The stability of both perovskite NCs was 
investigated in detail using XPS after 10 min exposure to air (Fig. 9(a)). 
In only CsSnI3, Sn4+ peak at 487.4 eV was observed, while CsSn0.6Ge0.4I3 
remained stable. The stability of CsSn0.6Ge0.4I3 is higher with t = 0.90 as 
compared to its Sn counterpart (t = 0.84), suggesting that involvement 
of Ge2+ cation leads to better stability and even barrier for the infiltra
tion of moisture. Ge2+ cation helps to protect Sn2+ cation in alloy system 
and suppresses further oxidation of Sn2+ (Fig. 9(b)) [90]. Photophysical 
study further validated the mechanism of filling effect of Ge2+ cation in 
CsSn0.6Ge0.4I3 perovskite NCs, where the quenching time is extended 
from 490 ps and 4200 ps, with PCE of 4.9% (Fig. 9(c-d)). Ethyl
enediammine (EDA) not only contributes to the surface passivation, but 
it also contributes to the stability enhancement of Sn perovskites. Chen 
et al. reported the device stability of (GA0.06(FA0.8Cs0.2)0.94)0.98SnI2Br 
with 3% GeI2 increased with the addition of EDA (EDA0.10) surface 
passivator. Also retaining 80% of device efficiency even after 25 days 
kept without encapsulation in N2 atmosphere was found (Fig. 9(e)) [74]. 
Incorporating hydrophobic organic cations can help in maintaining 
perovskite stability by restricting moisture penetration because it either 
leads to the formation of 2D/3D bilayer or 2D/3D heterostructure. 

Replacement of Li-salt doped Spiro-OMeTAD with hydrophobic p- 
type conjugated polymer poly[(5-fluoro-2,1,3-benzothiadiazole-4,7- 

Fig. 8. (a) Structural representation of PEDOT:PSS/2PACz/perovskite and relative J-V characteristics for Sn WBG PSC [37] (b) Schematics shows preferential 
orientation of FA0.75MA0.25SnI2Br perovskite with KSCN, band energy alignments of perovskite with respect to HTL/ETL in p-i-n architecture, J-V characteristic 
comparison for without and with KSCN treated perovskites with 11.17% PCE. Reproduced with permission from Elsevier. Copyright (2022) [32]. 
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diyl)(4,4-dihexadecyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6- 
diyl)(6-fluoro-2,1,3-benzothiadiazole-4,7-diyl)(4,4-dihexadecyl-4H- 
cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-diyl)] (PCDTFBT) as a HTL in 
Cs2AgBiBr6 planar n-i-p device not only provides efficient hole extrac
tion due to proper band alignment with Cs2AgBiBr6, but it also enhanced 
environmental and light stability of device over 120 h [91]. Cs3Sb2I9 
layered perovskite polymorph with direct Eg ~ 2.0 eV as compared to 0D 
phase (indirect Eg ~ 2.50 eV) is speculated to be an efficient photo- 
absorber in PSCs with high operational stability [77]. HCl additive 
assisted perovskite growth forms pure phase layered perovskite where 
the operational stability of more than 50 h in ambient atmospheric 
condition was observed. Detailed analysis revealed that trap densities 
significantly reduced from 5.19 × 1015 (0D) to 1.10 × 1015 cm− 3 for 
layered Cs3Sb2I9 with enhancement in carrier mobility to 6.81 cm2V- 

1s− 1 and thermal stability. Long term device stability over 30 days under 
N2 atmosphere was also observed for D-Cs3Sb2I9 WBG PSC. It has been 
observed that formation of Lewis acid base adducts of CsI/SbI3 
⋅DMF⋅DMSO precursor solution with NMP or thiourea (TU) leads to the 
formation of adduct complex which controls crystallization rate. Ther
mal stability was studied using thermogravimetric analysis (Fig. 9(f)), 
where the initial dip was observed at 150 ◦C for Cs3Sb2I9-TU. On the 
other hand, Cs3Sb2I9-NMP film experienced no decomposition up to 
350 ◦C, indicating high operational and thermal stability of Cs3Sb2I9- 
NMP PSC [79]. 

5. Conclusion and prospects 

The PCE enhancement in TSCs is highly demanding, as photo- 

absorbers with suitable bandgaps in TSCs stack together that effi
ciently harness maximum solar radiation by reducing thermalization 
loss. The selection of photo-absorber in a particular range of bandgap is 
very crucial specially for 2T-TSCs. The photons of short wavelengths are 
absorbed through WBG front sub-cell, which delivers high Voc in TSCs. 
Under constant research and development Pb-OIHPs are near to 
approach S-Q limit for SJ solar cells, although Pb-toxicity and opera
tional instability over time needs replacement of Pb which is highly 
demanding from eco-friendly prospect. By understanding the serious 
issue, in the present review we have systematically discussed the exist
ing challenges and issues related to Pb-free WBG perovskites in terms of 
fast crystallization, defect formation, instability, and the ways followed 
hitherto to overcome these issues and enhance PCE in Pb-free WBG 
PSCs. In our knowledge, this review is critical in that it will accelerate 
more research efforts in developing Pb-free WBG PSC technology to
wards high efficiency achievement. Hence based on existing techno
logical developments and above discussions, we conclude here with a 
perspective that might be useful to a broad readership to enhance Pb- 
free WBG PSCs efficiency and their application in TSCs, which is high
ly challenging to be achieved. Schematic illustration (Fig. 10) depicts 
the development of high quality Pb-free WBG perovskite by following 
multiple strategies and enlightening the major challenges that requires 
focused efforts. 

1. High performance device. The PCE in Pb-free WBG PSCs is not 
satisfactorily high as compared to its Pb counterpart. Hence for further 
boosting the efficiency, it is crucial to focus collectively on all the factors 
such as Jsc, Voc and FF of the device. 

Jsc and Voc enhancement. The reduced Jsc in Pb-free WBG PSCs is 

Fig. 9. (a) Comparative XPS core spectra of Sn 3d transition states for CsSn0.6Ge0.4I3 and CsSnI3 NCs after 10 min air exposure, (b) Representation of Ge filling effect 
within Sn vacant states and the substitution of Sn through Ge atoms, (c) TRPL decay curve and (d) J-V characteristics for CsSnI3 and CsSn0.6Ge0.4I3 PSCs. Reproduced 
under the terms of Creative Commons CC BY license. Copyright (2020) [90]. (e) Stability comparison data for EDA0.10 and EDA0 with respect to the storage time of 
25 days. Reproduced with permission from Elsevier. Copyright (2022) [74]. (f) Long term stability comparison over 30 days and thermogravimetric analysis (TGA) of 
controlled Cs3Sb2I9 with Cs3Sb2I9-NMP and Cs3Sb2I9-TU. Reproduced with permission from American Chemical Society. Copyright (2020) [79]. 
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one of the major parameters, which should be further reinforced for 
achieving high performance in WBG PSCs. For instance, in Sn WBG 
perovskites, it is suggested to focus more on film crystallinity and carrier 
diffusion lengths, while more strategic advancement is needed to 
fabricate highly uniform and smooth film for Bi and Sb WBG perovskites. 
The thickness of perovskite absorber is a significant parameter for effi
cient charge carrier generation. In the case of Sn PSCs, the Jsc increases 
with increasing film thickness from 100 to 175 nm, which shows drop in 
Jsc and Voc with gradual increase in film thickness to 200–250 nm. This 
indicates short diffusion length in 200–250 nm thick perovskite film 
[92]. Hence, we expect that prolonged carrier diffusion length within 
perovskite film will be critical for better charge transport properties and 
can further enhance the Jsc. Proper combinations in compositional, ad
ditive engineering as well as solution/vacuum processing might further 
enhance film crystallinity of Sn-based perovskites with less defects for
mation. The study on WBG Pb-free PSCs is still at initial stage, hence the 
newly developed, specific materials and processing to control perovskite 
grain growth needs to be further integrated as a single processing. 

As for Bi or Sb based perovskites, they have appropriate WBGs with 
comparatively less Voc deficit compared to the case of Sn based ana
logues. However, intrinsic defects form due to rapid crystallization and 
uncontrolled growth that leads to poor morphology, which severely 
hampers the charge transport properties of device and reduce Jsc. Hence, 
regulation of crystal growth and proper grain size can be an essential 
approach. Furthermore, it is believed that grain engineering strategies 
such as improving grain size with preferential orientation and reducing 
surface/bulk defects by introducing additives, ionic liquids, or surface 
passivating layers, will be useful to develop highly uniform Pb-free WBG 
perovskite film. In addition, the conductivity of perovskite can be 
further enhanced by introducing pseudohalide ions in Pb-free WBG 
perovskites. Insertion of charge extraction layers may benefit to enhance 
the charge extraction processes such as carbides/nitrides owing to their 
surface functionalities and high surface area. By increasing overall 
conductivity in perovskites and controlling crystal growth, these kinds 
of strategies might be advantageous in enhancing PCE in Pb-free WBG 
PSCs. 

Reduce Voc deficits. In addition, to achieve high performance WBG 
PSCs, it needs to critically focus on Voc enhancement strategies. As 

compared to Pb PSCs, Pb-free PSCs suffers from Voc deficits, which is 
ascribed to the intrinsic defects and band level mismatch. Fabricating 
high quality perovskite film may reduce the intrinsic defects, increase 
recombination lifetime by passivating bulk defects, which can be ach
ieved by introducing organic cations and molecules for passivation. 
Additionally, poor band alignments of WBG perovskites with CTLs re
sults in Voc deficits. We suppose this can be resolved by opting following 
strategies such as (i) Cation compositional engineering in Pb-free WBG 
perovskites with organic molecules, which leads to either constructing 
bilayer or quasi 2D/3D perovskites. It can further facilitate desirable CB 
upshift that can match well with CTL due to quantum confinement effect 
of 2D perovskites. (ii) Doping CTL with traces of small molecules can 
further help in tunning the band energy levels. (iii) Interfacial modifi
cation between perovskite/ETL using self-assemble molecules (SAMs) 
can be beneficial to enhance the molecular coupling and tune the energy 
levels. 

2. Stability enhancement. 
Bi and Sb WBG perovskite are more robust under constant device 

operation and light illumination than Sn WBG perovskites. However, till 
now these (Bi or Sb) perovskites are not a capable to deliver high device 
performance due to poor Jsc. On the other hand, environmental/thermal 
instability brings extra limitation for the long-term utilization of Sn WBG 
PSCs. Further research need to be conducted in this direction by intro
ducing hydrophobic organic ligands like ethylenediamine, propylamine, 
or phenylethylamine etc. for 2D/3D perovskite which helps in reducing 
moisture penetration, photo-degradation and improving the stability of 
Pb-free WBG perovskites. 

3. Tandem device and scalability. 
The overall efficiency enhancement in Pb-free WBG PSCs is essential 

as it can be further utilized as front sub-cells in non-toxic perovskite 
TSCs to maximize the PCEs. In addition, for further commercialization 
point of view, one needs to focus on developing large area devices which 
is of equal importance. Since the already established solution processing 
techniques are not suitable enough to develop large area perovskite film 
with high uniformity, hence it is essential to develop new strategies of 
utilizing deposition units such as thermal evaporation for such Pb-free 
WBG perovskites. Also as a solution approach, establishing slot die, 
doctor blading, roll to roll method and etc. for homogenous and large 
area perovskite film fabrication will be required. The given perspective 
will be helpful in providing more clarity and innovative ideas for broad 
scientific reader and paving a way in future advancement in efficiencies 
of Pb-free WBG PSCs. The future device technology should be progressed 
eco-friendly and hence we have targeted to provide this extensive in
formation that can be helpful to overcome the existing challenges. 
Though it is difficult to bring Pb-free device technology to commercial 
level in current status, we speculate that the current awareness and 
enormous efforts may push it to next level on technological grounds. 
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Fig. 10. Graphical illustration proposing future high performance Pb-free WBG 
perovskite device technology evolving through multiple defect passivation 
strategies and relationship with device stability, scalability and devel
oping TSCs. 
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