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A B S T R A C T   

Wide bandgap (WBG) Sn perovskite solar cells (PSCs) efficiency enhancement is another sought after field and to 
resolve the issues related to fast crystallization, trap density and moisture induced oxidation of Sn2+ state in Sn 
perovskite, we endeavor the benefits of substituting hydrophobic phenylethlammonium (PEA+) cation into WBG 
PEAxFA0.75MA0.25-xSnI2Br through compositional engineering. We have realized that PEA+ substitution in WBG 
Sn perovskite led to form 2D/3D mixed perovskite and execute preferential orientation of 3D perovskite planes 
with controlled crystallinity. Our observation suggests that 2D perovskite phase here helps in merging the grain 
boundaries and reduce the rate of moisture penetration which ultimately controlled further oxidation of Sn2+. 
Also, the substitution of PEA+ in WBG Sn perovskite helps in modulating the band energies and aids to efficient 
electron injection from perovskite to transport layer. Compared to the 3D counterpart, 2D/3D perovskite exhibits 
slow lifetime decay (τavg = 1.25 ns), suppressed trap state density (1.7 × 1016 cm− 3), improved band alignment 
with slower carrier recombination (τ = 1217 μs) and efficient charge extraction. As compared to FASnI2Br (PCE 
of 2.38%) and FA0.75MA0.25SnI2Br (PCE of 3.66%), our champion device PCE of 7.96% (Certified PCE of 7.84%) 
with Jsc of 16.89 mA⋅cm− 2, Voc of 0.67 V and FF of 70.36% was achieved for PEA0.15FA0.75MA0.10SnI2Br, which is 
the highest PCE till date with compositional engineering strategy. The device kept under N2 atmosphere retained 
nearly original PCE after almost 1500 hrs and air stability of 300 hrs without encapsulation, indicating excellent 
stability.   

1. Introduction 

Over the past decades, the ways toward utilizing renewable energies 
especially the solar energy are growing tremendously [1,2]. Competing 
with silicon technology, hybrid halide perovskites (HHPs) have been 
extensively used as efficient photo-absorbers and with continuous 

research and development, they reached to the certified power con
version efficiency (PCE) more than 25% [3] till date. Such tremendous 
improvements in device efficiency enhancement over the years have 
been developed in HHPs due to the existence of extraordinary physical 
and optoelectronic properties, ease fabrication processes, compositional 
engineering for bandgap tuning and stability [4–7]. Either the silicon 

* Corresponding authors at: Department of Energy Systems Engineering, Chung-Ang University, 84 Heukseok-ro, Dongjak-gu, Seoul 06974, Republic of Korea (D.- 
W. Kang). Department of Chemistry, Research Institute for Convergence of Basic Science, and Research Institute for Natural Science, Hanyang University, Seoul 
04763, Republic of Korea (H. Choi). 

E-mail addresses: hschoi202@hanyang.ac.kr (H. Choi), kangdwn@cau.ac.kr (D.-W. Kang).   
1 Contributed equally. 

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2022.137388 
Received 15 March 2022; Received in revised form 1 June 2022; Accepted 3 June 2022   

mailto:hschoi202@hanyang.ac.kr
mailto:kangdwn@cau.ac.kr
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2022.137388
https://doi.org/10.1016/j.cej.2022.137388
https://doi.org/10.1016/j.cej.2022.137388
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2022.137388&domain=pdf


Chemical Engineering Journal 446 (2022) 137388

2

photovoltaic (PV) or HHP solar cells can achieve excellent efficiencies in 
single junction devices, however most of the spectral radiation loss 
limits their performances. However, they are incapable to avoid excess 
thermalization loss and cannot utilize photons with energy lower than 
the bandgap of photo-absorber and hence suffers from limited optical 
response. However, PV technology evolves further to exploit maximum 
solar radiation with tandem solar cells (TSCs) which utilizes maximum 
radiations in lower as well as higher wavelength regions by stacking 
multiple cells as front and rear sub-cells in stacks [8,9]. Progress in 
tandem device technology is highly beneficial to harness maximum 
photons in the broad spectral range and compared to single junction 
solar cells, the TSC technology is useful to achieve enhanced PCEs. In 
TSCs photons with lower wavelengths get absorbed by front wide 
bandgap sub-cell (WBG in the range of 1.6–2.3 eV), whereas photons of 
longer wavelengths get absorbed by rear narrow-bandgap (NBG, in the 
range of 1–1.5 eV) sub-cell [8,10,11] which permits the harnessing of 
maximum photons. Several efforts have been made by pioneering 
research groups to implement HHPs in TSCs [12,13]. Pb perovskites 
exhibit extraordinary properties, the uniqueness in electronic configu
ration 6s2 6p0, and strong spin–orbit coupling are responsible for the 
tremendous growth for developing high efficiency perovskite solar cells 
(PSCs) [14]. In both 2-terminal (2T) and 4-terminal (4T) TSCs, WBG 
front sub-cells are responsible to reach high Voc and at present it’s a part 
of extensive investigation to develop high quality WBG photo absorbers. 
Selecting photo-absorber with appropriate bandgap needs to be accu
rately followed to maximize Jsc in 2T-TSCs, whereas in 4T-TSCs the 
overall power is the sum of PCEs of sub-cells and hence a photo-absorber 
in a wide range of bandgaps can be selected as front sub-cell [15]. The 
theoretical PCE limit of 40% may get achieved by precisely choosing 
suitable narrow and wide band gap materials [11], in this line Pb-HHPs 
with tunable properties can be easily stacked in perovskite/Si, perov
skite/CIGS and all-perovskite TSCs [16–18]. Though loaded with such 
tremendous properties, the commercialization of Pb PSCs is still a 
challenge due to the existence of Pb-toxicity and instability which are 
considered as major drawbacks towards its commercialization [19]. 
Although several efforts have been made till date to reduce the leakage 
and instability issues by adopting recycling and encapsulation strategies 
[20,21], perhaps these approaches are not appropriate to completely 
alleviate the risk of Pb leakage. The toxicity issue is a serious concern 
including Pb poisoning which affect human health, pollute environment 
at an extreme level. Pb have the tendency to mimic other elements such 
as Zn, Ca, Fe etc. and accumulate in the nervous system with neuro
logical disorders, genetical damage, carcinogenic, and so on [19,22]. 
With constant efforts in developing low toxic perovskites, the partial 
replacement of Pb with Sn seems quite successful, which tends to 
bandgap reduction, hence such low toxic materials have been utilized as 
narrow bandgap (NBG) photo-absorbers in TSCs [23,24]. Even the 
complete replacement of Pb with Sn in HHPs reaches to respectable PCEs 
in NBG PSCs with several efforts till date [25]. Nevertheless, to solve the 
issue of Pb toxicity and utilizing maximum solar spectral range, there is 
an urgent demand to develop wide bandgap (WBG) Pb-free perovskites 
with enhanced efficiencies that can be suitable as front sub-cells for Pb- 
free all-perovskite TSCs. Although Sn perovskites can be a suitable 
replacement to Pb, however due to more active s electrons, high Lewis’s 
acidity and high energy of Sn-I bonds, Sn perovskites suffer from certain 
issues such as uncontrolled crystallization, defect formation and poor 
band alignment in device [26]. WBG absorbers are majorly participate 
in Voc enhancement in TSCs, hence the technical challenge in WBG Sn 
perovskites is to develop photo absorber which can have better band 
alignments with the charge transport layers and needs to develop such 
strategies through which the Voc deficit can be reduced. In NBG Sn PSCs, 
the highest PCE has been reached to 14.8% [27], whereas WBG Sn PSCs 
are still lagging in the performance with almost PCE ~11.17% [28] till 
date. Non-radiative recombination which originates through the for
mation of trap densities is responsible for Voc deficit. Intrinsic defects 
form in mixed halide WBG perovskites during nucleation and growth of 

perovskite crystal and depend upon the processing conditions, compo
sitional engineering, and stoichiometry of the precursor in the solution. 
Compositional engineering in WBG perovskites is very critical step, since 
bandgap tuning can be achieved by altering halide ion in perovskites. 
The mixed halide perovskites suffer from light induced phase segrega
tion and results in the formation of iodine rich phase with lower 
bandgap ultimately responsible for Voc deficit in WBG perovskites 
[29,30]. 

In this line various WBG Sn-based all-inorganic and HHPs have been 
explored from past few years to enhance the PCEs. The PCE enhance
ment from 1.7% [31] to 11.17% in 2021 [28] has been achieved for 
FASnI2Br WBG Sn PSCs. Constant efforts have been made in past few 
years to enhance device efficiency in WBG Sn perovskites through 
crystal growth control by annealing temperature optimization, compo
sitional engineering to stabilize Sn2+ state, trap densities reduction by 
adding SnF2, GeI2, EDAI, GAI and interfacial engineering by adding 
small molecules at perovskite/HTL interface [32–35]. Notably the 
highest PCE achieved in WBG Sn PSC was accomplished with multiple 
strategies of material engineering (PCE ~7.6%) as well as interfacial 
modification with KSCN (PCE ~11.17%)[28]. Some of the major issues 
include fast crystallization with non-uniformity results in trap densities, 
moisture penetration from surface and grain boundaries tend to film 
degradation, oxidation of Sn2+ to Sn4+ and so on [36]. Over the years to 
overcome these issues for PCE enhancement, a desirable route is to 
mitigate non-radiative recombination and associated trap densities via 
surface and bulk defect passivation which can be achieved through 
compositional modifications in perovskite or surface treatments. In 
addition, the issue associated to the instability in WBG Sn perovskites 
put another barrier in device efficiency enhancement which collectively 
considered to be the major challenges in this field. Introducing organic 
cation in HHPs which are hydrophobic in nature can effectively reduce 
the rate of moisture penetration, helps in passivating perovskite grain 
boundaries, reduce trap densities, and enhance perovskite stability. 
Different strategies have been previously adopted to get benefits of 
organic cations in Pb based HHPs and Sn based NBG perovskites, 
through compositional engineering results in formation of 2D/3D het
erostructures or even surface treatment leads to the development of 2D 
layer over 3D perovskites [37–40]. In WBG Sn PSC, there were no suc
cessful research on improving the internal characteristics of WBG Sn 
perovskite using PEA. There is only one study that deals with PEA 
substitution in CsSnI2Br however, they have reported very low PCE 
(0.71%) in CsSnI2Br-P and the report did not successfully verify the PEA 
effect [41]. To develop high efficiency Pb-free TSCs it is crucial to focus 
equally on WBG (1.6 eV) Sn PSCs. 

With perovskite compositional engineering, we focused on sorting 
various issues associated such as defect passivation, bandgap tuning for 
efficient charge extraction and stability improvement which collectively 
helps in increasing the PCE in WBG Sn perovskites. Herein we endeav
ored the incorporation of phenylethylammonium (PEA+) cation into 
mixed-cation mixed-halide WBG (Eg ~1.66 eV) Sn perovskite to improve 
the perovskite film uniformity and stability of the device. We are the first 
to achieve the highest PCE with compositional engineering strategy in 
WBG Sn perovskite, the highest efficiency achieved here is 7.96% 
(Certified PCE of 7.84%) for the champion device in p-i-n architecture 
which retained almost equivalent PCE as of initial performance for 
almost 1500 hrs with excellent stability (without encapsulation kept 
under N2 filled glovebox for monitoring and measured in ambient at
mospheric conditions). We further discussed how the introduction of 
PEA+ cation in perovskite precursor during compositional engineering 
forms quasi-2D/3D mixed perovskite and helps to improve the film 
uniformity, device stability and efficiency. PEA+ cation substitution 
forms quasi 2D perovskite traced through XRD and FE-SEM analysis, it 
helps to improve crystallinity and preferential orientation of the 3D 
perovskite grains (as observed from GIWAXS). The grain boundary 
passivation in 2D/3D mixed perovskite film as observed through FE- 
SEM helps in reduced non-radiative recombination. The existence of 
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hydrophobic PEA+ cation reduce the rate of moisture penetration as well 
in 2D/3D WBG Sn perovskite which suppress further oxidation of Sn2+. 
More observations revealed that the existence of 2D perovskite aids to 
quantum confinement and executes bandgap tunning, additionally the 
upshift of conduction band in 2D/3D mixed perovskite helps in better 
alignment of energy levels in the device, which offered efficient charge 
injection from perovskite to electron transport layer. Notably, the 
improved film uniformity suppressed the trap density states and non- 
radiative recombination processes. Also, the proposed method 
executed faster charge injections, and hence collectively supported in 
achieving enhanced PCE in WBG Sn PSC with excellent stability. We 
expect that new interfacial strategies for appropriate band alignments 
and overcoming Voc deficit are much needed to promote it to next level 
at technological grounds and develop more eco-friendly single junction 
and TSCs. 

2. Results and discussion 

We tuned the ratio of PEA+ with respect to MA+ by fixing FA+ ratio 
in the precursor composition of PEAxFA0.75MA0.25-xSnI2Br, where x =
0.05, 0.10, 0.15 and 0.20, details related to film and device fabrication is 

provided in supporting information (SI). To simply differentiate all the 
cases following codes will be used throughout FASnI2Br (FA), 
FA0.75MA0.25SnI2Br (FA0.75MA0.25), PEA0.05FA0.75MA0.20SnI2Br 
(PEA0.05FA0.75MA0.20), PEA0.10FA0.75MA0.15SnI2Br (PEA0.10

FA0.75MA0.15), PEA0.15FA0.75MA0.10SnI2Br (PEA0.15FA0.75MA0.10) and 
PEA0.20FA0.75MA0.05SnI2Br (PEA0.20FA0.75MA0.05). To understand the 
role of PEA+ cation in WBG Sn perovskite, we investigated how PEA+

cation addition helps to control morphology through FE-SEM measure
ment. As shown in Fig. 1(a-b), the FE-SEM micrograph and cross- 
sectional image for FA perovskite, the developed grain size is very 
random and smaller, with several pin holes which reveals poor film 
quality. To further control the film morphology, as per the previous 
reports substitution of certain ratio of MA+ in halide perovskite controls 
the grain growth [42]. With addition of MA+ in FASnI2Br (namely 
FA0.75MA0.25) the crystal growth comparatively improved but not much 
variation was observed, however few pinholes and sharp grain bound
aries can be seen from FE-SEM top view and cross-sectional image (Fig. 1 
(c-d)). With substitution of PEA+ cation in FA0.75MA0.25 perovskite 
(PEAxFA0.75MA0.25-xSnI2Br, where x = 0.05, 0.10, 0.15 and 0.20), as 
shown in Fig. 1 (e-f) for PEA0.15FA0.75MA0.10 FE-SEM micrograph, leads 
to the formation of uniform perovskite film with negligible pinholes. It 

Fig. 1. (a-f) Field emission scanning electron microscopy (FE-SEM) micrographs for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 at a scale of 1 µm and 300 nm (inset 
images), (g) Schematic representation of perovskite film fabrication, compositional engineering through PEA+ cation substitution at A site and how it helps in 
improving the film uniformity. (h) Comparative X-ray diffraction (XRD) patterns of FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 perovskites. 
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has been observed that, the substitution of PEA+ cation in 3D perovskite 
forms 2D phase as well [39,43], so it can be expected that the PEA0.15

FA0.75MA0.10 exhibits both 2D/3D perovskite phase [44,45]. Further
more, the FE-SEM micrograph (Fig. 1(e-f)) depicts the formation of 
smoother and highly compact film. The grain boundaries are not clearly 
visible in PEA0.15FA0.75MA0.10, which may be attributed to existence of 
2D phase (flakes) which helps to fuse 3D perovskite phase and hence 
lessen the visibility of grain boundaries. 

Fig. S1 depicts the FE-SEM micrographs for x = 0.05, 0.10 and 0.20 
added PEAxFA0.75MA0.25-xSnI2Br as well. At the initial concentration, 
the FE-SEM micrograph depicts smooth morphology with several pin
holes, which further reduced with x = 0.10 PEA substituted perovskite. 
The optimized concentration of PEA+ in PEAxFA0.75MA0.25-xSnI2Br is x 
= 0.15 (Fig. 1(e)), beyond this point since the concentration of PEA+ is 
more, it resulted the formation of more flakes like morphology (Fig. S1 
(c)) led to excessive 2D perovskite phase, in addition there are certain 
pinhole that can be seen from the inset graph in Fig. S1(c). The sche
matic for perovskite film fabrication is shown in Fig. 1(g), where all the 
three conditions are depicted pictorially. The initial FA and 
FA0.75MA0.25 resulted in worst film quality, however in comparison 
PEA0.15FA0.75MA0.10 resulted in smooth and uniform perovskite film 
through compositional modification, the above results revealed that the 
addition of hydrophobic organic cation in an optimized ratio helps in 
supporting better film quality with uniformity, and no pinholes. In other 
words, hydrophobic PEA+ cations passivate the grain boundary of 3D 
perovskite to form a 2D/3D perovskite film, thereby reducing pinholes, 
improve uniformity and smoothness to form a better-quality perovskite 
film. 

To further investigate on crystal growth, XRD measurement was 
conducted as shown in Fig. 1(h). Black and red line depicts XRD pattern 
of FA with crystalline peaks at 14.1◦, 24.4◦, 28.4◦, 31.8◦ and 40.47◦

corresponds to (100), (102), (200), (211) and (222) (hkl) planes of 3D 
perovskite, as reported elsewhere in literature [31]]. The substitution of 
FA+ cation with MA+ cation in FA0.75MA0.25 perovskite clearly depicts 
the existence of two major (hkl) planes at (100) and (200) corresponds 
to the 3D perovskite phase and no other impurity peaks were observed. 
In case of PEA0.15FA0.75MA0.10 (blue line), apart from 3D phase the ex
istence of quasi 2D perovskite phase can be clearly observed at lower 
lattice reflections at 4.12◦, 5.4◦ and 8.0◦, attributed to 2D perovskite for 
n = 1 and n = 2 compositions [46–48], additionally the lattice re
flections at 11.8◦, 15.7◦ and 27.0◦ corresponds to (004), (006) and 
(0010) (hkl) planes for quasi-2D perovskite [49,50], which indicates the 
existence of 2D/3D mixed perovskite in PEA0.15FA0.75MA0.10. Notably, 
the diffraction pattern for FA0.75MA0.25 shows a slight shift towards 
higher angle, most likely caused by the substitution of large FA+ cation 
with the smaller one [51,52]. However, the consistency in XRD peak 
positionings was observed with the substitution of PEA+ cation in 
FA0.75MA0.25 perovskite (Fig. 1(h) blue line). Due to comparatively large 
size of PEA+ cation [53] the substitution resulted in the formation of 
quasi 2D phase along with 3D perovskite as can be seen from the XRD 

pattern for PEA0.15FA0.75MA0.10. Substituting PEA+ cation in 3D 
perovskite resulted in the formation of 2D/3D mixed perovskite and 
these 2D perovskite entities help to merge 3D perovskite grains together 
and reduce the grain boundaries. 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measure
ment was performed to investigate the crystal orientation in 2D/3D 
perovskite (PEA0.15FA0.75MA0.10) in comparison with the 3D perovskite 
film (FASnI2Br), instrumental detail is provided in the SI. Fig. 2, depicts 
the 2D scattering spectra of both the samples consisting of ITO/PEDOT: 
PSS/perovskite at an incident angle of 0.12◦. The Debye-Scherrer rings 
in Fig. 2(a) corresponds to 3D perovskite (FASnI2Br) with polycrystalline 
reflections that matches well with the XRD data as presented in Fig. 1(h). 
On the other hand, 2D/3D perovskite (PEA0.15FA0.75MA0.10) scattering 
spectrum depicts intense Bragg spots as shown in Fig. 2(b), where Bragg 
spots located along the qz direction at (100) and (200) at qz ~− 2.0 Å− 1 

and qz ~− 0.5 Å− 1, which corresponds to the preferred orientation of 3D 
perovskite in PEA0.15FA0.75MA0.10 perovskite. The preferred growth in 
PEA0.15FA0.75MA0.10 perovskite as analyzed through GIWAXS corrobo
rates well with the XRD study as discussed above. This has been further 
confirmed with the line cut profile GIWAXS data as provided in the SI as 
Fig. S2, where the preferential growth of h00 reflection planes can be 
noticed in PEA0.15FA0.75MA0.10 as compared to FASnI2Br, confirms the 
preferential growth in 2D/3D mixed perovskite. Notably Fig. 2(b) shows 
Bragg spot just below (100) plane in PEA0.15FA0.75MA0.10 corresponds 
to 2D perovskite phase [54], which is not detected in the scattering 
spectra of FASnI2Br. GIWAXS and line cut profile analysis for 2D/3D 
mixed perovskites mentioned in the previous studies suggest that 
reflection peak positioned at (002) corresponds to the single layer (n =
1) of 2D perovskite [45]. However, it is speculated that PEA0.15

FA0.75MA0.10 is a quasi 2D/3D mixed perovskite, since the quasi 2D 
perovskites not only comprises of single phase, but it contains multiple n 
phases, as reported in the previous studies [47] and observed through 
XRD analysis in the present investigation as well. 

The absorption spectrum for FA is shown in Fig. 3(a) in the wave
length range of 300 nm to 900 nm, with the estimated bandgap (Eg) of 
1.68 eV (Fig. S3), calculated using Tauc plot, closely matched with the 
Eg for FASnI2Br as reported elsewhere [32]. In comparison to FA, 
FA0.75MA0.25 and PEA0.15FA0.75MA0.10 absorption spectra are also 
depicted (red and blue graphs, Fig. 3(a)). The light absorption intensity 
slightly increases in FA0.75MA0.25 perovskite, with a red shift in ab
sorption edge with the estimated bandgap of 1.62 eV (Fig. S3), which is 
almost like the reported literature [28]. Furthermore, we measured the 
absorption spectra for PEAxFA0.75MA0.25-xSnI2Br films (x = 0.05, 0.10, 
0.15 and 0.20) shown in Fig. S3(a), a slight blue shift has been noticed 
with the increasing ratios of PEA. Blue shift in absorption edge for 
PEA0.15FA0.75MA0.10 can be observed in comparison to FA0.75MA0.25 
perovskite with an estimated bandgap in the range from 1.63 to 1.66 eV 
with increasing PEA+ cation ratio (depicted in Fig. S3(b)). Compared to 
FA perovskite the increase in the absorbance signal for FA0.75MA0.25 is 
quite visible, which relates to the improved crystallinity and large grain 

Fig. 2. Grazing-incidence wide-angle X-ray scattering (GIWAXS) images of (a) FASnI2Br and (b) PEA0.15FA0.75MA0.10SnI2Br. GIWAXS patterns were obtained at an 
incident angle of 0.12◦. 
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size [55]. The perovskite crystallinity improved in FA0.75MA0.25 due 
to an effect of MA substitution [51]. While in FA and FA0.75MA0.25 
perovskite the absorbance signals purely indicate the existence of 3D 
phase, in PEAxFA0.75MA0.25-xSnI2Br perovskites we have observed the 
presence of additional signal in the range of 400 to 430 nm range, at
tributes to the formation of 2D/3D perovskite and the intensity variation 
seemed to be executed by the ratio of PEA+ cation substitution (Fig. S3 
(a)). However, the absorption signal shows a dip with further increasing 
ration of PEA+ cation (x = 0.20). As depicted from the FE-SEM micro
graph of PEA0.20FA0.75MA0.05, higher concentration of PEA+ cation led 
to the formation of excess 2D phase that may affect the absorption sig
nals from 3D perovskite probably due to loss of 3D perovskite structure 
[39,56–58], which is quite evident from the absorption spectrum of 
PEA0.20FA0.75MA0.05 perovskite from Fig. S3(a). Fig. 3(b) shows the 
steady state PL (SS-PL) spectra for FA, FA0.75MA0.25 and PEA0.15

FA0.75MA0.10 films coated on glass substrate and measurement was 
conducted from the front side with all the parameters kept constant 
throughout the measurement. The PL peak position 745 nm has been 
observed for FA case, which is in accordance with the PL wavelength as 
reported in the literature [32], soon with the addition of MA+ cation in 
mixed cation perovskite (namely FA0.75MA0.25, red line in Fig. 3(b)) we 
observed a red shift of 22 nm in the PL wavelength with the peak po
sition at around 767 nm, consistent with the shift in absorption spec
trum. With the incorporation of PEA+ cation in mixed cation perovskite 
i.e., PEA0.15FA0.75MA0.10 (Blue line Fig. 3(b)), PL position further shifted 
towards lower wavelength at 758 nm, attributes to increased quantum 
confinement, which relates to the existence of 2D layered perovskite 
structure. The blue shift in absorption edge and PL spectrum for 
PEA0.15FA0.75MA0.10 with respect to FA0.75MA0.25 might be attributed to 
the formation of 2D layered perovskite phase along with 3D perovskite 
[43,59], as evident from the FE-SEM results in prior discussion. Reports 
suggest that improved crystallographic interaction between 2D/3D 
perovskite suppress the charge carrier recombination, resulted in 
enhancement in PL intensity. We may assume that better electronic 
interfacing between 2D/3D perovskite phase and improved crystallinity 
of perovskite (PEA0.15FA0.75MA0.10), which further relates to reduced 
trap densities and increase in PL intensity [60–63]. 

We have further conducted time-resolved PL (TRPL) measurement 
(shown in Fig. 3(c)) for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 
perovskite films on glass substrate to verify the results as observed 
through SS-PL and the average lifetime calculated using the equation (1) 
from supporting information (SI) [64]. Fitting was done biexponentially 
and the related parameters are listed in Table S1 (SI). The average 
carrier lifetimes (τavg) of all the cases determined as 0.10 ns (FA), 0.65 ns 
(FA0.75MA0.25) and 1.25 ns (PEA0.15FA0.75MA0.10), respectively. The 
increased carrier lifetime as observed from TRPL and PL intensity 

enhancement in SS-PL attributes to lower defect density and grain 
boundaries passivation in 2D/3D perovskite relates to perovskite film 
with improved crystallinity [56,65]. These results suggest that adding 
optimal ratio of organic cation in 3D mixed halide perovskites helps to 
develop uniform perovskite film, which is beneficial to attain improved 
device performance in WBG Sn PSCs. 

XPS measurement was carried out to detect the chemical states of Sn 
(Tin), Br (Bromine) and N (Nitrogen) in FA, FA0.75MA0.25 and PEA+

substituted perovskites i.e., PEA0.15FA0.75MA0.10, the survey scan for all 
three perovskites is provided in supporting information (SI) as Fig. S4. It 
has been observed that the binding energy (BE) peak intensity of oxygen 
is reduced for PEA0.15FA0.75MA0.10 as compared to other two cases 
which further confirm that addition of hydrophobic PEA+ cation reduce 
the penetration of moisture/oxygen and may help to enhance perovskite 
stability. Fig. 4 (a–c) depicts the XPS core spectra for Sn 3d, Br 3d and N 
1s respectively, rectified with C 1s calibrated at 284.6 eV ~BE [66]. 
Furthermore, XPS core spectra of Sn 3d was studied to understand the 
inhibition of Sn2+ oxidation with the substitution of PEA+ organic cation 
in 3D perovskite. Two broad peaks in Sn 3d core spectra were detected 
which relates to Sn 3d5/2 and Sn 3d3/2, with an energy separation of 8.4 
eV [67]. For the case of FA and FA0.75MA0.25 the BEs of Sn 3d at 486.6 eV 
(495.1 eV) and 486.4 eV (494.7 eV) corresponds to Sn 3d5/2 (Sn 3d3/2) 
contributions [36,40], as shown in Fig. 4(a). However, a shift of 0.6 eV 
towards lower BEs is observed for PEA0.15FA0.75MA0.10 i.e., 486.0 eV (Sn 
3d5/2) and 494.4 eV (Sn 3d3/2) with respect to FASnI2Br BEs, where the 
BE at 486.0 eV and 494.4 eV in PEA0.15FA0.75MA0.10 corresponds to the 
Sn2+ oxidation state, similar to the reported literature [68]. As previous 
studies suggest that the shift in BE peaks in XPS relates to the change in 
oxidation states of the element, i.e., higher BEs corresponds to the higher 
oxidation state known as chemical shift [69,70]. The calculated per
centages of Sn2+ and Sn4+ are provided in Table S2 obtained from the 
deconvolution of XPS spectra. It has been observed that Sn4+ percentage 
decreased from 64.2% for FA to 16.9% for PEA0.15FA0.75MA0.10. The 
ease oxidation of Sn perovskites relates to the penetration of moisture 
which is the major source of perovskite degradation. Presence of hy
drophobic organic cations with aromatic rings helps in suppressing 
moisture penetration and enhance the stability in perovskites [36,71]. 
Hence, we could expect that the substitution of PEA+ in 3D WBG Sn 
perovskite (PEA0.15FA0.75MA0.10) helps in reducing moisture/oxygen 
penetration and further oxidation to Sn4+ state [40]. In addition, the BE 
signals for Br 3d at 67.9 eV and 68.9 eV in FA and FA0.75MA0.25 corre
sponds to Br 3d5/2 and Br 3d3/2 states, as depicted in Fig. 4(b) [72]. 
However, the deconvoluted spectrum of PEA0.15FA0.75MA0.10 depicted 
slight shift towards higher BEs, might be attributed to hydrogen or ionic 
interactions between halide ions and NH3+ groups of organic cations 
[66,73]. To further evident the existence of PEA+ cation in WBG Sn 

Fig. 3. Comparative (a) UV–vis absorption, (b) steady-state PL and (c) time-resolved PL spectra for FA (Black line), FA0.75MA0.25 (Red line) and PEA0.15FA0.75MA0.10 
(Blue line). 
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perovskite N 1s core spectra for PEABr, FA and PEA0.15FA0.75MA0.10 
were analyzed as shown in Fig. 4(c). The N 1s peak for PEABr located at 
401.5 eV and for FASnI2Br (FA) the peak located at 400.1 eV ascribed to 
the signature peak of C––NH2

+ from FA+ cation [40,74]. On the other 
hand, the deconvoluted N 1s core spectrum of PEA0.15FA0.75MA0.10 
(Blue spectrum Fig. 4(c)) depicted two peaks located at 401.8 eV related 
to N 1s peak from PEABr and at 400.1 eV which resembles to N 1s peak 
from FA, hence evident the presence of PEA+ cation in WBG Sn 
perovskite. 

We have further conducted ultraviolet photoelectron spectroscopy 
(UPS) measurement on FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 pe
rovskites as shown in Fig. 4(d), to elucidate the energy band alignments 
as an effect of MA+ and PEA+ cation substitution in WBG Sn perovskite. 
The left panel in Fig. 4(d) shows the high binding energy (HBE) cut off, 
though which work function ‘ϕ’ of perovskite calculated to be − 4.82 eV, 
− 4.29 eV and − 4.36 eV for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 
respectively, using the equation (2) from SI [75]. Furthermore, the va
lance band maxima (VBM) were obtained by subtracting ϕ with the 
corresponding valance band (VB) edge value as depicted in the right 
panel of Fig. 4(d). The VBM values of − 6.56 eV, − 5.83 eV (consistent 
with the reported literature) [28] and − 5.31 eV were calculated for FA, 
FA0.75MA0.25 and PEA0.15FA0.75MA0.10, respectively. The conduction 
band minima (CBM) were obtained by scaling VBM energies with the 
related bandgaps (calculated using Tauc plots, as shown in Fig. S3(b)), 
hence the corresponding values are − 4.88 eV, − 4.21 eV and − 3.65 eV 
for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 respectively. The band 
alignment of FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 with respect to 
HTL/ETL in a device assembly are depicted in Fig. 4(e), as estimated 
from the approximate values. The mechanism of bandgap modification 
in Sn based perovskites is quite different than Pb based halide perov
skites. Sn s and halogen (I/Br) p antibonding orbitals contributes to the 
formation of VB and Sn p and I/Br p orbitals of more nonbonding par
ticipates in CB formation, hence develop the band structure in Sn pe
rovskites. Whereas A site cation counterbalance the whole perovskite 
structure and have an impact on the overlapping of metal-halide 

molecular orbitals. In Sn perovskites the substitution of large cation with 
the smaller size cation leads to bandgap reduction as can be seen from 
the above results, where the partial substitution of FA+ (2.79 Å) with 
MA+ (2.70 Å) [76] tends to modulate the bandgap from 1.68 eV to 1.62 
eV, so do the relative red shift in PL spectrum was observed. We further 
find the correlation between the bandgap modifications with the UPS 
study, as observed the VBM upshifted for FA0.75MA0.25 in comparison to 
FA perovskite. Since the substitution with smaller size A+ site cation in 
Sn perovskite results in lattice contraction [77], which indicates short
ening of metal-halide bond and hence increased overlapping of orbitals. 
The raise in VBM for FA0.75MA0.25 corresponds to the modifications in 
perovskite lattice which tends to reduction in metal-halide bond. In 
other words, the overlapping between metal-halide increases which 
affect the antibonding orbital states corresponds to shift in VBM to 
higher energy and reduction in bandgap. Furthermore, with the sub
stitution of PEA+ organic cation in 3D mixed cation WBG Sn perovskite 
(namely PEA0.15FA0.75MA0.10) that leads to the formation of 2D/3D 
perovskite, the band energy diagram depicts upshift of CBM energy, 
which enables efficient electron injection from perovskite to ETL. In FA 
perovskite the VBM energy is approx. − 6.56 eV attributes to oxidation of 
Sn as reported elsewhere [51]. Hence it is considered that lowering of 
VBM in Sn perovskites relates to the conversion of Sn2+ to Sn4+. How
ever, the VBM energy values upshifted for FA0.75MA0.25 (-5.83 eV) and 
further upshifting was observed for PEA+ perovskite to − 5.31 eV, 
ascribe to reduced rate of oxidation in 2D/3D perovskite as corroborated 
with the XPS results. It can be supposed that substitution at A site cation 
with appropriate and optimal ratio of hydrophobic organic cation helps 
in modulating the band energy levels for better alignment with ETL/HTL 
in device assembly in order to allow for efficient electron injection 
processes [78]. 

Since our results suggest that optimal PEA+ organic cation here 
reduce the level of phase degradation by controlling the rate of Sn2+ to 
Sn4+ oxidation. To further testify this phenomenon, we have opted the 
stability test through absorbance measurement on FA, FA0.75MA0.25 and 
PEA0.15FA0.75MA0.10 perovskite films on glass substrates. Fig. 5(a) 

Fig. 4. (a-b) Comparative Sn 3d and Br 3d XPS core spectra for FA, FA0.75MA0.25, and PEA0.15FA0.75MA0.10 (c) N 1s core spectra for FA and PEA0.15FA0.75MA0.10 in 
comparison with N 1s core spectra of PEABr (Green line). (d-e) UPS spectra and energy band alignment for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 with respect to 
ETL/HTL in complete p-i-n device architecture. 
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depicts the absorbance spectra for FA, FA0.75MA0.25 and PEA0.15

FA0.75MA0.10 at 0 min, after 10 min and after 1 h exposure in ambient 
atmospheric conditions. Fig. 5(b) displayed the images of FA, 
FA0.75MA0.25 and PEA0.15FA0.75MA0.10 after certain time intervals, 
which revealed clear degradation of FA and FA0.75MA0.25 perovskites, 
however we have not observed such degradation for PEA0.15

FA0.75MA0.10 perovskite. The absorption spectra for FA and 
FA0.75MA0.25 perovskite (Fig. 5(a)) shows slight decrease in the ab
sorption after 10 mins exposure and further loss was very much visible 
after 1 h exposure which suggest the degradation of Sn perovskite due to 
moisture/oxygen penetration. On the other hand, for PEA0.15

FA0.75MA0.10 perovskite no such degradation was observed, which 
suggest that hydrophobic PEA+ cation in 2D/3D perovskite helps in 
protecting the 3D structure and restrict the penetration of moisture/ 
oxygen through grain boundaries. Based on all the above evidence, the 
plausible schematics can be depicted as shown in Fig. 5(c). The 

schematic illustration indicates that the substitution of appropriate ratio 
of PEA+ cation in 3D perovskite precursor benefits in several ways. 
Previous study suggests that diffraction peaks at 5.5

◦

-4.0
◦

corresponds to 
n = 1 and 2 structures of 2D perovskite layers that forms at early stage of 
annealing, however the 3D structure growth keep increasing with 
further annealing. Notably, low dimensional perovskite phase further 
execute the growth of 3D perovskite and act as template [41]. Based on 
GIWAXS analysis we may speculate that 2D perovskite corresponds to n 
= 1 and 2 layers exist in the proximity of the substrate in perovskite film 
as well [39], suggesting that formation of 2D perovskite structure at an 
early stage of annealing further guide the preferential growth of 3D 
perovskite during the annealing process. It also helps in merging 3D 
perovskite grain boundaries which is one of the major causes for mois
ture penetration in perovskite films leads to degradation. The random 
orientation, formation of poor-quality perovskite film and moisture 
penetration can be illustrated for 3D WBG Sn perovskite, however the 

Fig. 5. (a-b) Absorption spectra and images for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 at different interval of time with exposure and related degradation. (c) 
Schematic illustration on how PEA+ cation substitution at A site in a mixed cation 3D perovskite helps in reducing moisture penetration brings ambient stability, 
improve film uniformity, and passivate defects. 
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substitution of A site cation with hydrophobic PEA+ cation in 2D/3D 
perovskite mitigate these issues. Furthermore, as considering one of the 
major issues in WBG Sn perovskites is poor band alignment with CTLs 
and Voc deficit, above observations and analysis through UPS study 
suggest that 2D/3D perovskite exhibit better band alignment for effi
cient charge transfer. 

To elucidate the role of PEA+ cation substitution in 3D WBG Sn 
perovskite we further explored device performance by employing FA, 
FA0.75MA0.25 and PEAxFA0.75MA0.25-xSnI2Br perovskites as WBG photo- 
absorbers in p-i-n device architecture with device structure of glass/ 
ITO/PEDOT:PSS/WBG Sn Perovskite/PCBM/BCP/Ag. Fig. 6(a) and 
Fig. S5 represented the current density (Jsc) vs voltage (Voc) (J-V) 
characteristics for FA, FA0.75MA0.25 and PEAxFA0.75MA0.25-xSnI2Br (x =
0.05, 0.10, 0.15, 0.20) based PSCs. FA based device acquires poor per
formance of 2.38% with Jsc of 8.29 mA.cm− 2 and Voc of 0.46 V (Fig. 6(a) 
black line), which showed slight increase in device performance for 
FA0.75MA0.25 to 3.66% with Jsc of 10.95 mA.cm− 2 and Voc of 0.48 V, 
relates to the above findings. Moving to the PEA+ cation substituted 
WBG Sn perovskite, with initial substitution in PEA0.05FA0.75MA0.20 all 
the device parameters increased (Fig. S5), and the device acquires PCE 

of 6.33%, which slightly increased to 6.56% for PEA0.10FA0.75MA0.15 
with enhanced Voc of 0.64 V and Jsc of 14.36 mA.cm− 2. A significant 
enhancement in device efficiency for PEA0.15FA0.75MA0.10 has been 
achieved with respectably high PCE of 7.96% for the champion device 
with the Jsc of 16.89 mA.cm− 2, Voc of 0.67 V and FF of 70.36% (Shown in 
Fig. 6(a) Blue line) and certified PCE of 7.84% (shown in the SI as 
Fig. S6). To check with the reproducibility aspect, we have tested 27 set 
of devices for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 each case, and 
12 set of devices for PEA0.05FA0.75MA0.20, PEA0.10FA0.75MA0.15 and 
PEA0.20FA0.75MA0.05, respectively. Fig. S7 represents the statistical dis
tribution of device parameters and the best device efficiencies are 
tabulated in Table S3 (SI). Our observations revealed that minimal 
substitution of PEA+ cation in WBG Sn perovskite (PEA0.05FA0.75MA0.20 
and PEA0.10FA0.75MA0.15) suffers from several pinholes which ulti
mately affect the device performance as can be seen from the results. 
Gradually increasing PEA+ ratio up to PEA0.15FA0.75MA0.10 led to the 
formation of uniform, preferentially oriented film with reduced defects 
which seems useful to device efficiency enhancement. Furthermore, the 
device efficiency reduced (Fig. S5) for PEA0.20FA0.75MA0.05, might be 
attributed to the existence of excess 2D perovskite as compared to the 3D 

Fig. 6. (a) Current Density-Voltage (J-V) plots, (b) EQE spectra and the corresponding integrated Jsc graphs, (c) Normalized PCE graphs kept under N2 atmospheric 
conditions without encapsulation for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 based PSCs, respectively (Device performance measured in ambient atmospheric 
conditions). (d) Stabilized power output at MPP for the champion device PEA0.15FA0.75MA0.10 and comparative SPO graphs for FA and FA0.75MA0.25. (e) Dark J-V 
plots to determine leakage current and (f) Hole-only devices for measuring trap-state density for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10, respectively. (g) 
Transient photocurrent (TPC), (h) transient photovoltage (TPV) and (i) Nyquist plots for FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10. 
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component, responsible for device efficiency loss. From these results we 
predict that precise substitution of PEA+ cation promotes highly ori
ented and well crystalline perovskite film with reduced surface defects. 

The external quantum efficient (EQE) measurement further con
ducted as depicted in Fig. 6(b) in the range of 300 to 800 nm. A sig
nificant increase in the EQE with enhanced Jsc (15.87 mA•cm− 2) for 
PEA0.15FA0.75MA0.10 is attributed to the better light absorption and 
charge collection processes [62]. Previous studies suggest that the 
perovskite film crystal quality plays a considerable role in mitigating 
non-radiative recombination losses [79]. Notably our results revealed 
that the substitution of PEA+ cation in 3D perovskite (i.e., PEA0.15

FA0.75MA0.10) significantly helped in controlling the crystal growth and 
led to defect passivation and trap state reduction in final film (as dis
cussed above). On the other hand, for rest of the two cases i.e., FA and 
FA0.75MA0.25, due to the existence of defects originating through un
controlled crystallization it resulted in severe optical losses. We may 
assume that the reduction in light absorption at higher wavelengths is 
due to geometrical losses such as reflections, scattering and waveguiding 
etc. [79,80]. As can be observed from the EQE graphs there is a red shift 
in wavelength position from FA to FA0.75MA0.25 perovskite and further 
blue shift in the EQE wavelength was observed for PEA0.15FA0.75MA0.10, 
that resembles well with the above findings and discussion obtained 
through absorbance and UPS study. It is further noted that the device 
PCE achieved here for the champion device (PEA0.15FA0.75MA0.10) is the 
highest performance achieved till date based on purely compositional 
engineering strategy. To further validate our information, we have done 
extensive literature review on the existing device performances ach
ieved in various reports on WBG Sn perovskites as tabulated in Table S4. 

To confirm the results as discussed in Fig. 5(a), the time dependent 
stability and PCE variation in device was further tested as depicted in 
Fig. 6(c) (stability under N2) and Fig. S8 (Stability in ambient atmo
spheric conditions). Fig. 6(c) depicts the stability comparison of devices 
kept in N2 filled glovebox without any encapsulation and testing was 
done in ambient air atmospheric conditions (i.e., under 25 ◦C, R.H. of 
25–30%). The normalized PCE graphs for FA and FA0.75MA0.25 devices 
tend to degradation with time. However, the device fabricated with 
PEA0.15FA0.75MA0.10 showed excellent stability even after 1500 hrs of 
exposure. 

PCE enhancement over the initial hours was observed in PEA0.15

FA0.75MA0.10 device during stability measurement before 300 hrs 
completion. This spontaneous efficiency improvement relates to the self- 
healing phenomenon which is associated with perovskite layer homog
enization and ease charge extraction and reduced recombination [81]. 
The initial PCE enhancement and further stabilization might be attrib
uted to the ion movement within perovskite/transport layer interface 
under constant light soaking [82]. We suppose it as a general phenom
enon, since the Sn based PSCs do experience the same effect as reported 
in previous investigations [83–85]. Though the halide ion migration is a 
well-established phenomenon in perovskites, however organic cation 
species in halide perovskites develop lattice strain or octahedral tilting 
within the perovskite lattice during the storage, where the organic 
cation in perovskite film might reorganize throughout the film results in 
the improvement in charge carrier extraction with reduced recombina
tion and self-enhancement in PCEs during aging process. Hence cationic 
compositions in halide perovskite also plays a significant role in devel
oping such self-enhancement in PCE [86,87], while the degradation in 
the device stability with time in FA and FA0.75MA0.25 might be attributed 
to the high surface and bulk defects. Additionally, fresh set of devices 
kept under ambient atmospheric conditions to monitor the air stability 
of FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10, as the device stability 
with respect to time is depicted in Fig. S8. It has been observed that FA 
and FA0.75MA0.25 devices under ambient atmospheric conditions tends 
to degradation within 5 hrs (inset Fig. S8), however PEA0.15FA0.75MA0.10 
device showed long term air stability over 300 hrs, which clarifies the 
robustness of device and affirm that such kind of compositional engi
neering in WBG Sn perovskite absorber may benefit to improve overall 

device performance with long term device sustainability. Fig. 6(d) rep
resented the stabilized power output (SPO) at maximum power point 
(MPP) for PEA0.15FA0.75MA0.10 in comparison with FA and FA0.75MA0.25 
devices, illuminated under 1 Sun condition in ambient air. The stabilized 
power output measured is 6–6.5% for PEA0.15FA0.75MA0.10 near to the 
PCE measured from J-V characteristics for the champion device. Fig. 6 
(e) represents the dark J-V curves for FA, FA0.75MA0.25 and PEA0.15

FA0.75MA0.10 (Champion devices), the reverse bias J-V characteristic is 
lower for PEA0.15FA0.75MA0.10 as compared to FA and FA0.75MA0.25, 
suggest the minimum leakage current in PEA0.15FA0.75MA0.10 device. 
The above results as observed from XRD, FE-SEM and absorbance sug
gest that PEA+ substitution benefits to improve overall film quality and 
the 2D perovskite existence helps in preferentially orienting the (h00) 
planes which brings high crystallinity to perovskite, collectively 
responsible for reduced leakage current that correlates to the suppres
sion in trap states and non-radiative recombination [39]. We have 
further conducted spatial charge limit current (SCLC) measurement to 
determine the trap densities in perovskite films (as shown in Fig. 6(f)). 
The measurement was performed on ITO/PEDOT:PSS/perovskite/ 
P3HT/Ag device and related trap densities were calculated using 
equation (3) from SI [88]. The calculated defect densities of FA, 
FA0.75MA0.25, and PEA0.15FA0.75MA0.10 are 3.95 × 1016 cm− 3, 3.4 ×
1016 cm− 3, and 1.7 × 1016 cm− 3, respectively. These calculated results 
clearly indicate the suppression in trap state densities with optimal 
PEA+ cation substitution in WBG Sn perovskite. 

Since these enhancements are related to better charge extraction and 
charge collection processes, transient photocurrent (TPC), transient 
photovoltage (TPV) and electrochemical impedance spectroscopy (EIS) 
measurements have been further used to unravel those enhancements in 
the device performances. Fig. 6(g) depicts the TPC results for FA, 
FA0.75MA0.25 and PEA0.15FA0.75MA0.10 (measurement parameters and 
conditions are provided in SI along with the equation (4) to calculate 
charge-carrier lifetime and extraction time) shows that the charge car
rier extraction time. For FA perovskite the charge extraction time is 3.39 
μs which further reduced to 1.98 μs for FA0.75MA0.25 perovskites and the 
minimized carrier extraction lifetime of 0.76 μs was observed for 
PEA0.15FA0.75MA0.10. In addition, TPV results in Fig. 6(h) depicts that FA 
and FA0.75MA0.25 perovskite devices have larger recombination pro
cesses since the carrier lifetime 30.28 μs and 65.57 μs were observed for 
FA and FA0.75MA0.25, respectively, revealing the fast decay in these 
devices. Moreover, it has been noticed that PEA0.15FA0.75MA0.10 
perovskite device experiences slower charge carrier recombination with 
the average carrier lifetime of 1217 μs. These results further corroborate 
with the above enhanced values of Voc and FF from J-V characteristic 
paraments of PEA0.15FA0.75MA0.10 perovskite device. Fig. 6(i) shows EIS 
Nyquist plots of FA, FA0.75MA0.25, and PEA0.15FA0.75MA0.10 devices 
measured in dark condition in the frequency range of 2 kHz to 1 MHz 
with 0.65 V applied voltage. As shown in Table S5 (SI), the EIS value 
shows the similar trend as for the J-V parameter. The series resistance 
(Rs) values are FA, FA0.75MA0.25 and PEA0.15FA0.75MA0.10 are 32.02, 
26.01, and 18.05 Ω, respectively. These results suggest that substituting 
A-site cation with PEA+ helps in passivating defects in perovskite. 
Additionally, PEA0.15FA0.75MA0.10 perovskite has the highest recombi
nation resistance (Rrec) of 935.19 Ω, suggesting the improved Voc value 
in device by reducing the recombination loss in perovskite. The finding 
in the present work is beneficial for a broad range of research as a future 
perspective in the direction to collectively improve the overall perov
skite film uniformity with negligible pinholes, mitigate trap states, 
brings energy band modulations, and helps in enhancing the stability of 
Sn2+ state by compositional engineering strategy in WBG Sn perovskites 
and can be useful to serve as front sub-cell photo-absorbers in Pb-free all 
perovskite tandem devices. 

3. Conclusion 

We substituted A site cation in 3D WBG Sn perovskite with PEA+
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cation, through precursor compositional engineering, which tends to the 
formation of 2D/3D mixed perovskite. We expect that such composi
tional engineering in Sn perovskites brings multiple advantages such as 
significant improvement in crystallinity, preferential orientation, sup
pressing the trap densities, improved bands alignment between perov
skite and charge transport layer, efficient charge injection and reduce 
Voc deficit, suppress moisture penetration and further oxidation of Sn2+

state. Furthermore, it benefits in improving the band alignments in de
vice assembly resulted in efficient charge extraction process. Based on 
multiple advantages of PEA+ cation substitution to perovskite photo 
absorber, the champion device PEA0.15FA0.75MA0.10SnI2Br reached to 
PCE of 7.96% (with certified PCE of 7.84%) as compared to the FASnI2Br 
(2.3%) and FA0.75MA0.25SnI2Br (3.6%) and reported as the highest 
achieved PCE through compositional engineering in WBG Sn PSCs. The 
champion device shown to maintain almost same device performance as 
of initial PCE with outstanding stability of 300 hrs in air and 1500 hrs 
under N2 atmosphere without encapsulation. This finding provides a 
simplest way to achieve high PCE with enhanced stability in WBG Sn 
perovskites merely with compositional modifications in perovskite and 
can be useful as a future viewpoint in WBG Sn PSCs. 
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