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ABSTRACT: Tin-based perovskite solar cells (TPSCs) are a
promising alternative to the traditional lead-based PSCs for lead-
free photovoltaic applications. To further promote the performance
and stability, a tandem type of TPSC is an attractive direction to
pursue. To serve as a low-bandgap TPSC with the bandgap (Eg) of
around 1.4 eV, searching for a high-bandgap TPSC with an Eg in the
range 1.8−2.0 eV is an important task to build a lead-free tandem
TPSC. Herein, we report the first quadruple-cation wide-bandgap
TPSC with the perovskite structure of FA0.55MA0.25Cs0.1PMA0.1SnBr2I
(FA, formamidinium; MA, methylammonium; PMA, phenylmethy-
lammonium) and an Eg of 1.93 eV to give the efficiency of power
conversion of 6.2%. We found that PMA plays a key role in
passivating the grain surface of perovskites and the interface between
the perovskite and the hole-transport layer to give high performance
and great stability for a wide-bandgap TPSC with a quadruple-cation configuration.

Perovskite solar cells (PSCs) are attractive next-
generation solar cells because their best power
conversion efficiency (PCE) has already reached

26.1%.1 To further enhance the device performance for
PSCs, development of all-perovskite tandem solar cells
becomes a promising approach for scientists to pursue.2−4

With the efforts on adjusting bandgaps (Eg) of perovskites,
such as the wide-bandgap lead-based perovskite with an Eg of
∼1.6 eV and the narrow-bandgap tin−lead PSC with an Eg of
∼1.2 eV, the performance of the lead-based tandem PSCs can
now reach the efficiency of power conversion (PCE) of 28%.5,6

Additionally, the wide-bandgap lead-based perovskite can be
effectively combined with narrow-bandgap materials such as
monocrystalline silicon to form perovskite−silicon tandem
solar cells to attain a remarkable PCE as high as 33.9%.1

However, the above-mentioned tandem PSCs contain the toxic
lead element that needs to be replaced by other nontoxic
alternatives like tin.7−10 Therefore, tin-based PSCs (TPSCs)
have emerged rapidly, offering a viable replacement for their
traditional lead-based counterparts.11−17 The efficiency of a
narrow-bandgap single-junction TPSC has increased to
14.8%,18 and the development of lead-free tandem PSCs is
one direction to go.8−10 Differing from traditional lead-based
tandem PSCs, achieving high performance for a fully lead-free
tandem PSC is a challenging task.19 In such a tandem
architecture, because the high-performance narrow-bandgap

perovskite has an Eg of ∼1.4 eV, a suitable wide-bandgap
perovskite should have an Eg of 1.8−2.0 eV. To search for such
a lead-free wide-bandgap perovskite, increasing the bromine
ratio at the X-site is a promising approach.20 Hao et al.21 were
the first ones to investigate a high-bandgap TPSC with varied
X-site halides for the perovskite MASnX3 (MA represents
methylammonium) in a normal (n-i-p) device configuration,
but they encountered significant voltage loss to give a limited
PCE. Nevertheless, the MASnBr2I perovskite has an Eg of 1.75
eV that is close to what we need for a wide-bandgap perovskite
in a tin-based tandem cell. In 2023, Martani et al.22 introduced
an FA/Cs (FA represents formamidinium) wide-bandgap
TPSC, but the small size of Cs+ caused a spectral redshift,
limiting the Eg to around 1.7 eV in an equal bromine−iodine
system with a PCE of 0.59%. Further research indicates that a
bromine to iodine ratio greater than 1.5:1.5 in perovskite often
leads to phase segregation, hindering performance enhance-
ment under Br-rich conditions.20,22 Therefore, the present
study aims to search for a suitable wide-bandgap TPSC with a
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Br-rich X-site (Br2I) and modification of the A-site cations to
stabilize the perovskite phase at the same time to increase the
Eg into the favorable range of 1.8−2.0 eV.

Herein, we introduce a quadruple-cation perovskite system
to solve the problem of phase segregation for the Br2I tin
perovskite that contains 55% FA+, 25% MA+, 10% Cs+, and
10% PMA+ (FA0.55MA0.25Cs0.1PMA0.1SnBr2I, abbreviated as
PMA) with a favorable Eg of 1.93 eV for a high-bandgap TPSC
(PMA, phenylmethylammonium; Figure 1). The selection of

these A-site cations was based on their device performance
optimization procedure starting from the basic perovskite
FASnBr2I. As shown in Figure S1, FA0.75MA0.25SnBr2I

(abbreviated as FAMA), FA0.65MA0.25Cs0.1SnBr2I (abbreviated
as Cs), and PMA were found to have the best performances by
varying the ratios of the cations step by step. The
incorporation of MA in FASnBr2I has the effect to improve
both the VOC and JSC, but both values were still too low.
Introducing a suitable amount of Cs+ in FAMA perovskite
helps to stabilize the phase and thus significantly enhances JSC.
To make a 2D/3D structure, eight bulky cations (Figure S2)
were considered, from which PMA+ stands out to significantly
enhance the VOC of the device (Figure S3). We found that
PMA+ not only binds with iodine vacancies on the surface for
passivation but also forms a quasi-2D structure within the bulk.
Interestingly, we found that PMA+ also accumulates extensively
at the bottom of the perovskite layer, creating a buried
interface that passivates the segregated Br layer and forms a
hole transport layer between perovskite and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS), facilitating hole transport. To further improve
the VOC, indene-C60 bisadduct (ICBA) was used to replace
C60.16,17 However, the ICBA−bathocuproine (BCP) combi-
nation still poses challenges for effective electron transfer.
Replacing BCP with bathophenanthroline (Bphen) markedly
enhances the electron extraction efficiency. Ultimately, we
succeeded in creating a hysteresis-free, quadruple-cation, wide-
bandgap TPSC with an efficiency of 6.2%.

The X-ray photoelectron spectra (XPS) analyses of the
FAMA, Cs, and PMA samples, as illustrated in Figures 2a−2c,
revealed two key components: Sn2+ and Sn4+. The XPS data
suggest that the inclusion of Cs+ and PMA+ in the samples
enhances the stability of the tin perovskite by reducing the

Figure 1. Schematic demonstration of the chemical structure for
quadruple-cation wide-bandgap tin perovskite material
FA0.55MA0.25Cs0.1PMA0.1SnBr2I (abbreviated as PMA).

Figure 2. Characterizations of thin-film samples for the XPS spectra of (a) FAMA, (b) Cs, and (c) PMA showing the Sn2+/Sn4+ proportions;
the SEM and AFM images of (d) FAMA, (e) Cs, and (f) PMA showing the morphological characters; (g) TOF-SIMS distribution plots of the
PMA sample; (h) XRD patterns of the Br2I samples with varied A-site cations; (i) high-resolution transmission electron microscopy
(HRTEM) of the PMA sample; and GIWAXS patterns of (j) FAMA, (k) Cs, and (l) PMA showing the preferred-orientation features of the
crystals.
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oxidation of Sn2+ on the surface. In particular, the PMA sample
demonstrated the highest Sn2+/Sn4+ ratio among the others,
implying its superior performance and stability compared to
those of the other samples. The SEM images reveal that the
FAMA samples (Figure 2d) have larger grains, but their grain
boundaries are indistinct, and there are noticeable holes and
cracks on the surface. However, with the addition of Cs+

(Figure 2e), the grains exhibit distinct boundaries and
improved morphology, suggesting enhanced crystallinity in
the Cs film. Furthermore, the introduction of PMA+ (Figure
2f) results in a flattened surface, with the three-dimensional
perovskite feature becoming less visible, indicative of the
formation of a typical quasi-2D phase on the surface. This
suggests that the PMA sample has a 2D/3D structure in the
perovskite film. Atomic force microscopy (AFM) images
shown in the insets of Figures 2d−2f reflect the surface
roughness of the perovskite films. The surfaces treated with
FAMA and Cs exhibited comparable levels of roughness, giving
roughness RMS values of 14.0 and 14.6 nm, respectively.
However, upon further incorporation of PMA, the surface
morphology significantly improved, becoming flatter and
smoother, with the roughness of RMS reducing to 7.5 nm.

Time-of-flight secondary-ion mass spectroscopy (TOF-
SIMS) analysis reveals a particularly intriguing structural
composition aspect for the PMA sample. In principle, the
bulky organic cation PMA+ should not insert into the A-site of
the 3D perovskite structure but instead form the 2D phase on
the surface. In contrast, our findings show that PMA+ is
thoroughly involved in the A-site position, which FA+ and MA+

cations occupy in the middle of the 3D perovskite film while
Cs+ appears to occupy in the whole place of the film. As shown
in Figure 2g, PMA+ exhibits a strong signal on the surface of
the perovskite, suggesting its significant role in modifying the
surface of the film to form the 2D structure (Figure 2f).
Looking deeper into the perovskite film, PMA+ does not
occupy the middle of the film but a strong signal of PMA+ can
be found in bottom of the film, indicating the strong effect of
penetration of the PMA+ cation into the bottom interface of
the film to form the 2D structure in the bottom of the
perovskite film, as schematically demonstrated in Figure 1. The
TOF-SIMS results lead us to infer that under certain
conditions PMA+ can insert deeply into the A-site position
to form a 2D phase in the bottom of the perovskite structure.
The engagement of the PMA+ cation is believed to potentially
reduce the movement of unstable bromine ions, thereby
improving the stability of the perovskite film. Furthermore,
effects such as passivation and modification are thought to
modify the interface between the perovskite and the hole
conductive layers. Consequently, our findings suggest that the
involvement of PMA+ could enhance the efficiency and
stability of a TPSC, although further research is required for
conclusive evidence.

X-ray diffraction (XRD) analysis revealed that the
incorporation of Cs+ and PMA+ significantly enhances the
cubic phase orientation in the perovskite film. The XRD
patterns of the FAMA, Cs, PMA, and other quadruple-cation
mixed-halide perovskites were analyzed using the total pattern
solution (TOPAS) software. This analysis was conducted to
determine the lattice parameters of the perovskite crystals, with
the results presented in Figures S4−S9. The calculated lattice
parameters derived from these simulations are summarized in
Table S1. Incorporating Cs+ and PMA+ into the perovskite
films results in a more pronounced perovskite diffraction peak,

as evidenced by the greatly enhanced XRD intensities (Figure
2h). This suggests that both cations play a significant role in
the crystal structure arrangement and enhance the overall
crystallinity, thereby contributing to stabilization of the PMA
(or Br2I) structure. Additionally, a minor shift in angle was
noted on the x-axis. For a clear comparison, the location of the
main peak was magnified and superimposed, as depicted in the
inset of Figure 2h. The XRD and TOPAS results are consistent
with the sizes of all of the perovskites, according to the lattice
parameters shown in Table S1. In summary, for the Br2I
perovskites, incorporation of the Cs+ cation reduces the size of
the unit cell in comparison with the FAMA sample. However,
further incorporation of the PMA+ only increases the size of
the unit cell to a small extent, indicating that the PMA+ cation
is not involved in the 3D bulk phase of the perovskite
structure. This is consistent with the TOF-SIMS results that
the PMA+ cation only involves the perovskite surface and the
bottom interface between the perovskite and HTM layers. A
high-resolution transmission electron microscopy (HRTEM)
image of the PMA sample in a 5 nm scale is shown in Figure 2i
with clear Bragg diffraction spots consistent with the XRD and
TOPAS results.

We further delved into the crystallographic alignment of the
preferred orientation of the perovskite films using the grazing-
incidence wide-angle X-ray scattering (GIWAXS) technique.
As depicted in Figures 2j−2l for the FAMA, Cs, and PMA
samples, respectively, we observed normal 3D signatures of the
ringing patterns for the FAMA and Cs samples. In contrast,
distinct and sharp Bragg diffraction spots were observed for the
PMA sample. In addition, the Bragg diffraction spots such as
the (100), (010), (110), and (200) facets align almost parallel
to the in-plane momentum transfer vector (qxy). This
alignment underscores the well-ordered crystal structure of
the 1D perovskite arrays. The PMA cation thus plays an
important role to exhibit a preferred orientation along the
cubic (100) plane, which is advantageous for enhanced carrier
transport inside the perovskite layer.

Figure 3a shows a slight increase in the visible light
absorption following the addition of Cs+ and PMA+, providing
further support for the efficiency enhancement of the PMA
device. The absorption spectra show also a minor red-shift
with the addition of Cs+ and PMA+, corresponding to a slight
decrease in Eg. The Tauc plot method was employed to
determine the values of Eg, as shown by the results in Figure
3b. The PL spectra reveal that the introduction of Cs+ and
PMA+ causes a slight red-shift in the emission spectra of the
three samples, which agree well with the Eg values determined
from the Tauc plot shown in Figure 3b. The optimal perovskite
has the PMA composition with a suitable bandgap of 1.93 eV.
Through ultraviolet photoelectron spectroscopy (UPS) studies
(Figure S10), we determined the energy levels of the valence
band maximum (VBM) in this series of perovskites.14 As
shown in Figure S10, the binding energy of valence band
electrons shows a slight decrease with the addition of Cs+ and
PMA+, but this change is insignificant in influencing the VBM
levels. There is a noticeable downward shift in the samples’
work functions upon adding Cs+ and PMA+, suggesting an
elevated position of the Fermi energy level, but the scale of
energy level elevation is rather small (Figure S10). To
determine the conduction band minimum (CBM) values, the
Eg values obtained from Tauc plots were added to the VBM
values for each perovskite sample. Figure 3c shows the VBM
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and CBM levels for the three perovskites to compare with
those of the other charge transport layers and electrodes.

To further investigate the recombination times of photo-
excited electron−hole pairs of this series of perovskites, we
carried out time-correlated single photon counting (TCSPC)
measurements to determine the PL lifetimes for the FAMA,
Cs, and PMA samples.14 The TCSPC results were fitted with a
single exponential decay function (Figure 3d) and the fitted
time coefficients are listed in Table S2. The PL lifetimes of
FAMA, Cs and PMA perovskites were fitted to be 1.8, 5.3, and
4.9 ns, respectively. The increase of PL lifetime between Cs

and FAMA can be attributed to improved grain sizes with
fewer defect states, whereas a slight decrease of the PL lifetime
of PMA compared to that of Cs is because of quasi-2D
structure induced by the PMA cation that might lead to an
efficient charge separation for the PMA sample. An increased
PL lifetime suggests that the electrons remained in the CBM
for a longer duration. Therefore, the charge recombination
between electrons and holes was retarded to enhance the
device performance for the Cs and PMA devices compared to
the FAMA device.

Femtosecond transient absorption spectra (TAS) of the
FAMA, Cs, and PMA samples with PEDOT:PSS as an
underlayer were investigated; a detailed description and
discussion of the TAS results are given in Figures S11 and
S12. In summary, the optical properties estimated from both
TCSPC and TAS together suggest that inferior performance of
the FAMA sample is due to rapid carrier recombination, which
can be improved by the addition of Cs cations, but the charge
transport properties of the latter are shown to be modest, and
they can be further improved by the addition of PMA cations
as their TAS results show efficient hot-hole injection to the
PEDOT:PSS layer (Figure S12).

After optimizing the chemical structures for the quadruple-
cation wide-bandgap tin perovskites with cations FA/MA/Cs/
PMA and anions Br2I, we fixed the quadruple-cation cation
composition (PMA) but varied the halide cations with Br3,
Br2I (as a reference), BrI2, and I3 and performed their film
characterizations and corresponding device optimizations. The
detailed descriptions and related discussion on these halide
samples are given in Figures S13−S27 and Tables S3−S10.
Basically, replacing Br with I decreases the bandgap of the
perovskite and vice versa, giving the bandgaps 2.38, 1.93, 1.60,
and 1.34 eV for Br3, Br2I, BrI2, and I3, respectively. All the
measurements shown in the Supporting Information indicate
that the Br2I perovskite has the best optoelectronic character-
istics suitable for a wide-bandgap TPSC.

Figure 3. (a) UV−vis absorption and PL; (b) Tauc plots of the
FAMA, Cs, and PMA samples; (c) energy level diagram of different
perovskites and other charge transport layers in a TPSC;14 (d) and
TCSPC decay profiles of the FAMA, Cs, and PMA films.

Figure 4. (a) J−V characteristic curves and (b) IPCE spectra of the FAMA, Cs, and PMA devices; (c) J−V measurements of TPSC with BCP
and Bphen as hole block layer; (d) PL decay profiles of TCSPC of perovskite (PMA) only, PMA with ICBA (ICBA), PMA with ICBA+BCP
(BCP), and PMA with ICBA+Bphen (Bphen); (e) Nyquist plots from EIS measurements; and (f) normalized plots of PCE vs shelf-storage
period showing the long-term stability of the FAMA, Cs, and PMA devices.
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The devices were fabricated according to the structure of
ITO/PEDOT:PSS/perovskite/ICBA/Bphen/Ag. Figure 4a
shows the J−V characteristics of the devices made of FAMA,
Cs, and PMA perovskites. The PCE of the FAMA device
shows poorly 0.13%, and with addition of Cs+, the PCE of the
Cs device increases to only 0.43%. However, when both Cs+

and PMA+ were added to FAMA, the PCE of the PMA device
was enhanced to a remarkable value, 6.2%. Figure 4b shows
IPCE spectra, for which their integrated current densities agree
well with those obtained from the J−V measurements. ICBA
was selected as an electron transport layer because its energy
level matches with the CBM levels of those Br2I perovskites
(Figure 3c); thus, it can reduce the voltage loss to improve the
VOC of the device.16−18 Nevertheless, in the Br2I system, the
ICBA−BCP combination faced challenges in efficiently
extracting electrons from the perovskite. As shown in Figure
4c, when Bphen was used as a barrier layer for this series of
TPSCs, the electron extraction became much more efficient
than BCP to enhance the JSC and overall device performance
for the former than for the latter. We therefore demonstrate for
the first time a wide-bandgap lead-free TPSC (Eg = 1.93 eV)
with a quadruple-cation cationic and mixed-halide structure to
give a PCE exceeding 6%.

To gain a deeper understanding of electron transfer
dynamics between the electron conducting layer (ICBA) and
the hole blocking layer (Bphen), TCSPC measurements were
performed on the four samples (PMA, PMA+ICBA, PMA
+ICBA+BCP, and PMA+ICBA+Bphen), with the PL decay
profiles shown in Figure 4d. The data were analyzed using the
single exponential decay function, and the fitted time
coefficients are listed in Table S3. The PL lifetime of PMA
is 4.9 ns, and it decreases to 4.3 ns when PMA was in contact
with ICBA, indicating electron extraction by ICBA alone has a
poor effect. When both ICBA and BCP were added on PMA,
the lifetime decreased to 3.1 ns, indicating a certain effect on
hole blocking from perovskite to the Ag electrode. When ICBA
and Bphen were added on PMA, the lifetime significantly
decreased to 1.0 ns, indicating the great power of hole blocking
for the PMA+ICBA+Bphen film to improve the electron
extraction from perovskite to the Ag electrode.

Electrochemical impedance spectroscopy (EIS) studies were
conducted to analyze the charge recombination characteristics
for this series of TPSCs. These EIS measurements were carried
out in dark conditions at a bias voltage of 0.5 V. As depicted in
Figure 4e, Nyquist plots of all devices featured only a single
semicircle, which was modeled using a simple RC equivalent
circuit model. The derived impedances show a trend with the
order PMA > Cs > FAMA, indicating that the ability to retard
the charge recommendation should follow the same order. The
EIS results reasonably explain the great performance on VOC,
JSC, and PCE of the PMA device compared to those of the
other two devices.

The reproducibility of the device performance is shown as
boxplots in Figure S28 with 30 devices for each sample
(FAMA, Cs, and PMA) under identical experimental
conditions; the photovoltaic parameters of these devices are
summarized in Tables S11−S13. Figure 4f shows the shelf-
storage stability for each device stored in a glovebox for 2000
h. It clearly shows that the PMA device retains over 95% of the
initial performance, which outperforms the other two devices
with much poorer device performances. The PMA device with
a film thickness of the perovskite layer of 190 nm (Figure S30)
also displays little effect of hysteresis (Figure S29 and Table

S6), making it a suitable candidate as a high-bandgap TPSC for
future application in a lead-free all-perovskite tandem solar cell.

In conclusion, we developed a wide-bandgap TPSC system
with a quadruple-cation perovskite configuration involving four
A-site cations (FA/MA/Cs/PMA) and two X-site anions
(Br2I) to give a bandgap of 1.93 eV. The Br2I structure is
crucial to adjust the bandgap to the desired range of 1.8−2.0
eV. However, light-induced halide segregation resulted in
bandgap instability,22 as the PL spectra of the three samples
(FAMA, Cs, and PMA) after light irradiation for 5 min (Figure
S31) have shown. The addition of MA and Cs can help to
improve phase separation, but their film morphology and
crystallinity were not good enough to enhance their device
performances. The addition of PMA plays a pivotal role in
forming a quasi-2D structure not only on the surface of the
perovskite but also in the bottom interface between perovskite
and PEDOT:PSS based on the evidence obtained from XPS,
SEM, GIWAXS, and TOF-SIMS measurements. Therefore,
PMA had the effect to passivate the surface defects, to avert
Sn2+/Sn4+ oxidation, and to prevent migration of bromine
anions for keeping phase stability of the Br-rich system.
Moreover, TCSPC and TAS measurements ensure that the
PMA film has a longer PL lifetime with fewer defect states and
rapid hot-hole injection from perovskite to PEDOT:PSS. As a
result, the PMA device with ICBA as an electron-extraction
material and Bphen as hole-blocking material attained a PCE
of 6.2% with shelf-stability retaining over 95% of initial
performance for 2000 h. This is the first wide-bandgap TPSC
with a quadruple-cation composition reported to be suitable
for future lead-free perovskite tandem solar cell applications.
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