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Strain regulation for phase-pure and stable
wide-bandgap FAPbBr3 perovskite solar cells
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Wide-bandgap lead bromide perovskites are ideal candidates for perovskite solar cells (PSCs) requiring high

open-circuit voltages (VOC), particularly as front absorbers in multiple-junction architectures. However, the

formation of a photoinactive non-perovskite d-phase (d-FAPbBr3) is a critical issue that inhibits the

photovoltaic performance of the devices. In this work, we introduce sodium 4-chlorobenzenesulfonate

(4Cl-BZS) to inhibit the formation of the d-phase and release lattice strain, thus preparing perovskite thin

films with a pure phase. Consequently, inverted FAPbBr3 solar cells achieve a champion power conversion

efficiency (PCE) of 10.57% and a high VOC of 1.63 V, representing one of the best performances for this

configuration. Furthermore, unencapsulated devices retain over 90% of their initial efficiency after 1400 h of

aging under 50% relative humidity, demonstrating excellent environmental stability.

Introduction

Hybrid organic–inorganic metal halide perovskite solar cells
(PSCs) have become one of the most promising photovoltaic
technologies with the record breaking gains in power conver-
sion efficiency that has already reached around 27% in a short
period.1–5 Composition changes can alter the optical and
physical properties of lead halide perovskites with the general
ABX3 structure,6–8 where the A site is usually occupied by a
monovalent cation, usually methylammonium (MA+),9,10

cesium (Cs+),11–14 or formamidinium (FA+),15,16 whereas the B
site is occupied by a divalent metal cation (typically Pb2+ or
Sn2+),17 and the X site is occupied by a halide anion (Br� or
I�).18 A relatively easy method of changing the bandgap is to
change the halide component. For instance, replacing iodide
with bromide leads to a wider band gap. Bromide-based wide-
bandgap perovskites exhibit high VOC and superior chemical,
phase, and humidity stability compared to their iodide-based
counterparts, rendering them ideal wide-bandgap top absor-
bers for multiple-junction solar cells.15,16,19–21 These bromide
based wide band-gap perovskites are most notably useful in
perovskite based multiple-junction solar cells.19 These archi-
tectures are critical for transcending the Shockley–Queisser

efficiency limit (B33%) of single-junction devices by efficiently
harvesting high-energy photons.20

FAPbBr3 is particularly promising among wide-bandgap
(B2.3 eV) absorbers.21–23 Various strategies have been explored
in the recent past in order to improve the performance of
FAPbBr3 perovskite solar cells. For example, Xu et al. proposed
the use of guanidinium bromide (GABr) to control the crystal-
lization process and to minimize the density of defects in
FAPbBr3 films, which led to improved film quality and device
performance.24 The surface passivation technique was reported
to reduce nonradiative recombination and have an effect on the
stability of the FAPbBr3 devices.25 Additionally, Zhu et al.
reported a carbazole based self-assembled monolayer at the
hole selective interface to improve energy level alignment and
charge extraction in FAPbBr3 devices.26

Despite these efforts, FAPbBr3 films suffer from a persistent
issue: the spontaneous formation of the d-phase.24 The photo-
active a-phase consists of a three-dimensional corner-sharing
[PbBr6]4� octahedral network, whereas the thermodynamically
stable d-phase adopts a non-perovskite, edge-sharing hexagonal
structure. This phase impurity severely degrades film crystallinity
and introduces non-radiative recombination centers.27,28 Recent
research reveals that accumulated lattice strain destabilizes the
photoactive structure, directly inducing the transition to the
undesirable d-phase.29–31 Therefore, stress management is cru-
cial for fabricating phase-pure and stable FAPbBr3 films.

In this study, we unveil that the incorporation of 4Cl-BZS
effectively mitigates residual tensile strain throughout the film
depth. Besides, the 4Cl-BZS additive is verified to chemically
anchor onto the perovskite surface through strong coordination
interactions of its sulfonate and chlorine functional groups with
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undercoordinated Pb2+, effectively passivating surface defects.
The incorporation of 4Cl-BZS also enlarges the perovskite grain
size and plays a pivotal role in facilitating efficient carrier
transport while suppressing non-radiative recombination. Con-
sequently, p–i–n based phase pure FAPbBr3 devices using
1 mg mL�1 of 4Cl-BZS were successfully fabricated with a
champion efficiency of 10.57% and a VOC of 1.63 V. In addition,
the 4Cl-BZS modified devices maintained 90% of their initial
efficiency after 1400 hours of ambient storage, suggesting good
long-term stability.

Results and discussion

Sodium 4-chlorobenzenesulfonate (4Cl-BZS) was directly added
to the FAPbBr3 perovskite precursor solution prior to film
deposition. X-ray diffraction (XRD) was used to study the effect
of the additive on the phase formation of FAPbBr3 perovskite
films. Fig. 1a demonstrates that the control and 4Cl-BZS treated
films have the typical diffraction peaks of the photoactive
a-phase at about 15.01 and 30.01 (2y), corresponding to the
(001) and (002) planes.27,28,32 Conversely, the control film exhi-
bits a broad diffraction peak at B12.51 (2y) that is generally
attributed to the non-perovskite d-phase, not PbBr2 (Fig. S1).33,34

Besides, this characteristic is highly repressed in the 4Cl-BZS
treated film, which means that the additive prevents the
formation of the d-phase during crystallization and promotes
the stabilization of the a-phase. Moreover, the 4Cl-BZS treated
film has a higher diffraction intensity and lower peak broad-
ening, which indicates a better crystalline coherence. No other
diffraction peaks related to the secondary phases or crystalline
additive species are detected, which means that 4Cl-BZS does
not enter the bulk lattice but affects the crystallization of the
perovskite film. The inhibition by the introduction of 4Cl-BZS
of the d-phase formation in FAPbBr3 films can be explained by
a strain controlled crystallization process.35 To further vali-
date the structural and chemical specificities of 4Cl-BZS,
control experiments using sodium benzenesulfonate (BZS)
and sodium 4-chlorobenzoate (4Cl-BZA) were performed
(Fig. S2). BZS only partially suppresses the d-phase, indicating
that the lack of the para-chlorine atom results in a molecular
length that fails to precisely match the Pb–Pb lattice distance,
leading to incomplete strain relaxation. The films treated with
4Cl-BZA still exhibit a severe formation of the photoinactive d-
phase, similar to the untreated control films. These all
demonstrate the necessity of the strong coordination environ-
ment provided by the sulfonate group and Cl.

Fig. 1 (a) XRD patterns of the control and 4Cl-BZS modified FAPbBr3 films; (b) and (c) GIXRD patterns with different instrumental c values of control and
4Cl-BZS perovskite films; (d) linear fit of 2y–sin2c for control and 4Cl-BZS perovskite films; (e) high-resolution Pb 4f XPS spectra of the control and 4Cl-
BZS modified films; (f) high-resolution Cl 2p XPS spectra of pure 4Cl-BZS and 4Cl-BZS modified FAPbBr3 films; (g) TOF-SIMS results of the perovskite film
with 4Cl-BZS; (h) and (i) XRD patterns of the control and 4Cl-BZS treated perovskite film at different annealing times.
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In FA based perovskites, the corner sharing perovskite
structure is destabilized by residual lattice strain during film
growth, which promotes the formation of a non-perovskite d-
phase structure.29,36,37 Specifically, 4Cl-BZS has a molecular
length of B6.37 Å, which perfectly matches the distance
between two adjacent Pb2+ ions (B6.3 Å) in the perovskite
lattice.38 Driven by this dimensional matching, 4Cl-BZS in the
crystallization is expected to assist in alleviating the lattice
strain of the perovskite phase that ultimately inhibits the
formation of the d-phase and stabilizes the photoactive perovs-
kite structure.29–31 To further validate the mechanism of strain-
induced phase stabilization and quantitatively evaluate the
residual stress, we performed X-ray diffraction measurements
at various sample tilt angles (c). Fig. 1b and c show the
corresponding XRD peak evolutions for the control and
4Cl-BZS-treated FAPbBr3 films, respectively. As the c increases
from 101 to 501, the diffraction peak of the control film shifts
noticeably toward lower angles, indicating the presence of
substantial tensile strain. In contrast, the 4Cl-BZS-treated film
exhibits a much weaker dependence of the peak position on
the tilt angle. The slope of the 2y–sin2 c fitting curve served as
an estimation of the residual stress release in the perovskite
film. As shown in Fig. 1d, the extracted slope for the control
film is �0.199, and the 4Cl-BZS-treated film displays a signifi-
cantly reduced slope to �0.097. According to the equation:

dR ¼ �
E

1þ v

� �
hklf g

P
180

cot y
@ð2yÞ
@ sin 2c

,39 where dR is the residual

stress, E is the Young’s modulus of perovskites (11.5 GPa), n is
the Poisson’s ratio (0.33), and y0 is half of the scattering angle
2y0 for stress-free perovskite, the tensile stress values of the
control perovskite film and the 4Cl-BZS treated film are
calculated to be 51.0 and 24.8 MPa, respectively. This pro-
nounced reduction in residual tensile stress provides evidence
that the 4Cl-BZS additive effectively alleviates the lattice strain
accumulated during crystallization, which consequently sup-
presses the strain-induced phase transformation to the unde-
sired d-phase and stabilizes the photoactive structure.36,40

These observations suggest that the presence of 4Cl-BZS
affects the crystallization process, which results in a more
homogeneous lattice structure, and offer structural evidence
of the proposed mechanism that explains the improved phase
stability of the additive treated films. To further quantify the
magnitude of the residual strain, a Williamson–Hall (W–H)
analysis based on the standard XRD patterns is shown in Fig.

S3. The W–H equation is given by bhkl cos y ¼
Kl
D
þ 4e sin y. bhkl

is the full width at half maximum (FWHM) of the diffraction
peak, y is the Bragg angle, K is the shape factor, l is the X-ray
wavelength, D is the crystallite size, and e is the strain factor.41

As shown in Fig. S3, the extracted microstrain (e) of the 4Cl-
BZS treated film is significantly reduced to 1.16 � 10�3,
compared to 4.32 � 10�3 for the control film. This quantita-
tive reduction firmly substantiates that 4Cl-BZS effectively
alleviates the tensile microstrain within the perovskite lattice.

X-ray photoelectron spectroscopy (XPS) was used to examine
the chemical environment of FAPbBr3 films on the surface and

to examine the interaction between the perovskite and the 4Cl-
BZS additive. The high resolution Pb 4f spectra of the control
and 4Cl-BZS treated films are presented in Fig. 1b. The two
samples have the typical Pb 4f7/2 and Pb 4f5/2 doublet that is
related to Pb2+. The Pb 4f peaks of 4Cl-BZS treated films exhibit
a shift towards a lower binding energy of approximately 0.2 eV
than the control film, indicating effective passivation of under-
coordinated Pb sites.42 The interaction between the Cl and Pb
on the 4Cl-BZS additive perovskite surface is also confirmed by
the Cl 2p XPS spectrum (Fig. 1c), where the Cl 2p peak of the
treated film has a slight shift to higher binding energy than that
of the pristine 4Cl-BZS. To further corroborate this interaction
mechanism, Fourier transform infrared (FTIR) spectroscopy
was conducted (Fig. S4). The characteristic SQO stretching
vibrations of 4Cl-BZS at 1349 and 1189 cm�1 exhibit distinct
blue shifts to 1355 and 1193 cm�1 upon mixing with PbBr2,
confirming the formation of a strong coordination bond
between the sulfonate oxygen and Pb2+. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
measurements were further performed to examine the thermal
stability of 4Cl-BZS. As shown in Fig. S5, no obvious decom-
position occurs below the annealing temperature used for
perovskite film formation, indicating that 4Cl-BZS remains
stable during the annealing process.

To ascertain the precise spatial distribution of 4Cl-BZS and
further elucidate the strain regulation mechanism, Time-of-
Flight Secondary Ion Mass Spectrometry (TOF-SIMS) depth
profiling was conducted, as shown in Fig. 1g. The characteristic
ion signals SO3

� associated with 4Cl-BZS showed that the 4Cl-
BZS molecules are highly concentrated near the top surface of
the FAPbBr3 perovskite film, rather than being uniformly dis-
tributed in the bulk. During the spin-coating and crystallization
process, the top surface undergoes rapid solvent evaporation,
making it highly susceptible to the accumulation of severe
residual tensile strain. By enriching at this critical upper inter-
face, 4Cl-BZS specifically targets and alleviates the localized
tensile strain. Moreover, the ex situ time-dependent XRD pat-
terns were used to investigate the process of tensile strain
alleviation. As shown in Fig. 1h, the control film exhibits a
prominent diffraction peak at B12.51 corresponding to the
photoinactive d-phase immediately upon annealing. This phase
impurity persists throughout the entire 12-minute heating pro-
cess, indicating that the rapid, uncontrolled crystallization kine-
tically traps the lattice in the undesirable non-perovskite
structure. In contrast, the 4Cl-BZS treated film (Fig. 1i) displays
a fundamentally different phase evolution. While a trace amount
of the d-phase is initially observed at the 1-minute mark, it is
rapidly and completely consumed by the 3-minute mark, yielding
a highly crystalline, pure a-phase that remains exceptionally
stable thereafter. It is highly plausible that the coordination
between 4Cl-BZS and Pb2+ acts as an intermediate-phase regu-
lator during the early heating stage, facilitating the swift struc-
tural transition from the d-phase to the desired corner-sharing
a-phase. Ultimately, this modulated crystallization process helps
to prevent the accumulation of lattice strain, ensuring a phase-
pure perovskite film.
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The surface morphology of the FAPbBr3 films with and
without the 4Cl-BZS additive was observed using top view
scanning electron microscopy (SEM), as shown in Fig. 2a and
b. The control film is composed of relatively smaller grains,
whereas the film treated with 4Cl-BZS has larger grains with
clearly defined grain boundaries. Fig. 2c and d summarize
grain size distributions obtained using the SEM images. The
average grain size of the control film is about 300.6 nm, but the
4Cl-BZS treated film has a higher average grain size of about
341.4 nm. These results suggest that 4Cl-BZS affects the crystal-
lization of FAPbBr3, which results in a greater growth of grains.
Specifically, the impact of 4Cl-BZS on spin crystallization
dynamics is clearly visualized in the in situ PL maps. After
dropping the anti-solvent, while the control film (Fig. S6a)
undergoes a rapid phase transition evidenced by the sharp rise
in PL intensity, the addition of 4Cl-BZS (Fig. S6b) results in a
prolonged growth window. The time to reach the peak PL
intensity is delayed, and the intensity slope is gentler compared
to that of the control. This observation aligns well with the
intermediate phase mechanism, where the 4Cl-BZS additive
regulates the reaction kinetics, suppressing excessive nuclea-
tion and promoting orderly crystal growth.40 The optical
absorption properties of the FAPbBr3 films were analyzed by
measuring the UV-vis absorption spectra. Fig. 2e demonstrates
that the control and 4Cl-BZS treated films have a similar
absorption profile with a distinct absorption edge, which
suggests that the films have a similar light harvesting activity.
The 4Cl-BZS treated film exhibits slightly increased intensity of
absorption in the visible range as compared to control, indicat-
ing that the 4Cl-BZS treated films can generate more charge
carriers when exposed to the same light intensity. Tauc plots

based on the absorption data were also used to further estimate
the optical bandgap (Fig. 2f). The optical bandgap in both films
is nearly identical (2.27 eV), which proves that the introduction
of 4Cl-BZS does not alter the band structure of FAPbBr3.43

To assess radiative recombination behavior of FAPbBr3

films, steady state photoluminescence (PL) measurements were
carried out, as shown in Fig. 3a. The PL intensity of the 4Cl-BZS
treated film is much higher than that of the control film,
indicating that non-radiative recombination is effectively sup-
pressed in the presence of the additive.44 Time-resolved photo-
luminescence (TRPL) measurements (Fig. 3b) reveal a longer
average carrier lifetime of the 4Cl-BZS treated film compared to
that of the control film. The prolonged carrier lifetime stems
from the improved perovskite film quality induced by 4Cl-BZS,
which effectively suppresses non-radiative recombination. The
TRPL decay profiles are analyzed using a bi-exponential model
of fast and slow decay components, with the extracted average
carrier lifetime being higher in the case of the 4Cl-BZS treated
film (Table S1).

Space charge limited current (SCLC) measurements were
employed to quantify the trap states using electron-only ITO/
SnOx/perovskite (with or without 4Cl-BZS)/PCBM/Ag. The dark
current density–voltage ( J–V) curves (Fig. 3c) exhibit the typical
transition from the ohmic to the trap-filled limit (TFL) regime.
The trap density (Ntrap) was calculated using the equation

Ntrap ¼
2ee0VTFL

qL2
:45 Upon the incorporation of 4Cl-BZS, the VTFL

decreased from 0.56 V to 0.43 V for electron-only devices.
Additionally, the electron trap densities Nt of control and 4Cl-
BZS devices are 1.87 � 1016 cm�3 and 1.43 � 1016 cm�3,
respectively (Table S2). Specifically, the suppression of non-

Fig. 2 (a) and (b) Top view SEM images of the control and 4Cl-BZS-modified FAPbBr3 films; (c) and (d) histograms of the grain size distributions of the
control and 4Cl-BZS modified films; (e) UV-vis absorption spectra of the control and 4Cl-BZS modified films; and (f) Tauc plots of the control and 4Cl-
BZS modified films.
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radiative recombination is a synergistic outcome of strain
regulation, improved crystallinity, and chemical passivation.
By mitigating the lattice strain gradient and passivating defects
by 4Cl-BZS, we fundamentally suppress the formation of trap
states, thereby minimizing non-radiative recombination and
promoting charge transport. Consequently, Mott–Schottky
measurements (Fig. S7) show an increased built-in potential
(Vbi) from 1.35 V to 1.48 V after 4Cl-BZS treatment, providing a
stronger internal electric field to drive charge separation and
enhance the VOC.26

Furthermore, the reduced dark saturation current density in
the 4Cl-BZS device suggests fewer bulk defects within the
perovskite layer and suppressed non-radiative recombination
(Fig. 3d).46 These results indicate that the incorporation of 4Cl-
BZS effectively mitigates trap-assisted recombination and facil-
itates charge transport, ultimately contributing to the improved
VOC of the modified devices. In order to examine the interfacial
charge transfer behavior of the devices, electrochemical impe-
dance spectroscopy (EIS) measurements were conducted under
dark conditions, as shown in Fig. 3e. The results indicate that
the device containing 4Cl-BZS has a higher recombination
resistance (Rrec) than the control device. The improvement in
Rrec with the 4Cl-BZS device is in line with the reduction in trap
states, lower charge recombination and better carrier extrac-
tion. The recombination characteristics of the devices were also
examined by evaluating how open-circuit voltage (VOC) varies
with the light intensity (Fig. 3f). The fitting slope of the 4Cl-BZS
film is lower compared with that of the control device, 3.49 to
2.08kT/q (where k is the Boltzmann constant, T is the tempera-
ture and q is the elementary charge). The lower slope is an

indicator of repressed trap assisted recombination in the 4Cl-
BZS modified device, which implies that the recombination
kinetics are more favorable because of the enhanced defect
passivation in the perovskite film.47

We fabricated p–i–n PSCs with a structure of ITO/NiOx/SAM/
FAPbBr3(4Cl-BZS)/PCBM/SnOx/Ag(Fig. 4a); the cross-view SEM
images of the device with 4Cl-BZS are shown in Fig. S8.
Through device optimization, the concentration of 4Cl-BZS
was determined to be 1 mg mL�1 (Fig. S9) to achieve the best
efficiency. Fig. 4b shows the comparison between the J–V
characteristics of the control and the best concentration of
4Cl-BZS treated FAPbBr3 perovskite solar cells under optimized
conditions with the photovoltaic parameters. The 4Cl-BZS
treated device provides a power conversion efficiency (PCE) of
up to 10.57%, along with a VOC of 1.63 V, a short circuit current
density ( JSC) of 7.76 mA cm�2 and a high fill factor (FF) of
83.73%. As illustrated in Fig. S10, 4Cl-BZS effectively mini-
mized the hysteresis behavior of the devices. The calculated

hysteresis factor HF ¼ PCEReverse � PCEForward

PCEReverse

� �
decreased

from 3.23% for the control to 1.99% for the 4Cl-BZS treated
device. This suppression of hysteresis is a direct macroscopic
reflection of the improved structural robustness. This reduced
hysteresis is mainly due to the improved structural stability of
the FAPbBr3 film. By effectively suppressing the yellow phase
and relieving the internal strain, 4Cl-BZS makes the perovskite
crystal lattice more stable. As a result, ion migration is largely
restricted, leading to minimized hysteresis. External quantum
efficiency (EQE) spectra of two devices are shown in Fig. 4c. The
higher integrated short circuit current density of the 4Cl-BZS

Fig. 3 (a) Steady-state PL spectra and (b) TRPL decays of the perovskite films deposited on ITO; (c) electron only device current density–voltage J–V
curves used to analyze space charge limited current (SCLC) of the control and 4Cl-BZS devices; (d) J–V curves of the control and 4Cl-BZS devices; (e)
Nyquist plots obtained by electrochemical impedance spectroscopy (EIS) measurements based on the control and 4Cl-BZS devices; and (f) the influence
of light intensity on VOC of control and 4Cl-BZS devices.
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treated device is in line with the improved light to current
conversion in the J–V characteristics. Statistical analysis of data
from 30 individual devices reveals that upon the incorporation

of 4Cl-BZS, the average PCE increased from 8.95% to 9.98%,
accompanied by significant improvements in VOC, JSC and FF
(Fig. 4e and Fig. S11).

Fig. 4 (a) Schematic representation of the p–i–n device architecture. (b) AM 1.5G illuminated J–V curves. (c) EQE spectra along with the cumulative
current densities. (d) Statistical distribution of the power conversion efficiency (PCE) of control and 4Cl-BZS devices.26,27,48–53 (e) Comparison of the
open-circuit voltage (VOC) obtained in this study with that of the devices reported before on the basis of FAPbBr3. (f) Stabilized power output (SPO) at the
operating point.

Fig. 5 (a) and (b) XRD stability curves of control and 4Cl-BZS modified films. (c) Evolution of unencapsulated devices in ambient air at around 25 1C and
50% relative humidity at the normalized PCE. (d) PCE evolution of unencapsulated devices in a nitrogen atmosphere at 25 1C.
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Fig. 4f and Table S3 compare the VOC obtained in this work
to previously reported values of FAPbBr3 perovskite solar cells,
indicating that the current device performance is among the
higher values reported. Fig. 4c demonstrates the steady state
power output (SPO) of the control and 4Cl-BZS treated devices
at the maximum power point (MPP) over 600 s. The 4Cl-BZS
treated film has a stabilized current density of 7.17 mA cm�2,
which is greater than that of the control device (6.81 mA cm�2).
Also, the treated and control devices are found to have stabi-
lized power conversion efficiencies of 10.33% and 9.20%,
respectively, which suggests that the operational stability of
the devices improves when 4Cl-BZS is incorporated.

Given that 4Cl-BZS effectively inhibits the formation of the d-
phase, we further investigated its impact on the long-term
stability of both the thin films and the corresponding devices.
Fig. 5a and b compare the XRD patterns of FAPbBr3 films after
5 days of aging. The control film exhibits a prominent peak
corresponding to the d-phase, indicating significant degrada-
tion. In contrast, the 4Cl-BZS treated film suppresses d-phase
formation and retains the crystallinity of the photoactive
a-phase, demonstrating superior phase stability. Meanwhile,
Fig. 5c illustrates the long-term storage stability of unencapsu-
lated devices under ambient conditions (25 1C, approximately
50% relative humidity). The control device shows a continuous
efficiency degradation during aging, which loses over 40% of its
original PCE in 1500 h. The 4Cl-BZS treated devices, however,
exhibit a significantly slower degradation rate and retain 90%
of their original efficiency after the same time. In addition, after
1300 h of storage in an inert N2 atmosphere at 25 1C, the 4Cl-
BZS treated device retains nearly 95% of its original efficiency
after aging of approximately 1300 h, whereas the control device
is able to retain over 80% (Fig. 5d). Fundamentally, the superior
long-term stability of the 4Cl-BZS-treated devices is governed by
enhanced phase thermodynamics. The effective relief of resi-
dual tensile strain inherently eliminates the thermodynamic
driving force for the spontaneous a–d phase transition, thereby
preventing the formation of the photoinactive yellow phase.
Furthermore, the strong chemical anchoring of 4Cl-BZS at the
surfaces and grain boundaries acts as a robust molecular
shield, contributing to the excellent moisture tolerance
observed during ambient aging.

Conclusions

Overall, this study demonstrates that the residual strain can be
controlled as an effective method to inhibit the formation of
the photoinactive d phase and stabilize the photoactive d phase
in wide bandgap FAPbBr3 perovskites. The 4Cl-BZS during the
film formation inhibits the accumulation of strain and prevents
the strain induced formation of non-perovskite structures, thus
promoting the formation of a stable, corner sharing perovskite
lattice. Consequently, inverted p–i–n FAPbBr3 solar cells have
been reported to show a power conversion efficiency of 10.57%
and a VOC of 1.63 V, placing this work among the higher-
performing reports for this material system. In addition, the

treated devices remain highly stable over time, retaining more
than 90% of their initial efficiency after extended aging in both
humid air and inert environments.
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of black perovskite phase in FAPbI3 and CsPbI3, ACS Energy
Lett., 2020, 5, 1974–1985.

30 M. Liu, Y. Chen, C.-S. Tan, R. Quintero-Bermudez,
A. H. Proppe, R. Munir, H. Tan, O. Voznyy, B. Scheffel,
G. Walters, A. P. T. Kam, B. Sun, M.-J. Choi, S. Hoogland,
A. Amassian, S. O. Kelley, F. P. Garcı́a De Arquer and
E. H. Sargent, Lattice anchoring stabilizes solution-
processed semiconductors, Nature, 2019, 570, 96–101.

31 J.-W. Lee, S. Tan, T.-H. Han, R. Wang, L. Zhang, C. Park,
M. Yoon, C. Choi, M. Xu, M. E. Liao, S.-J. Lee, S. Nuryyeva,
C. Zhu, K. Huynh, M. S. Goorsky, Y. Huang, X. Pan and
Y. Yang, Solid-phase hetero epitaxial growth of a-phase
formamidinium perovskite, Nat. Commun., 2020,
11, 5514.

32 Y. Numata, N. Shibayama and T. Miyasaka, FAPbBr3 per-
ovskite solar cells with VOC values over 1.5 V by controlled
crystal growth using tetramethylenesulfoxide, J. Mater.
Chem. A, 2022, 10, 672–681.

33 A. A. Sutanto, V. I. E. Queloz, I. Garcia-Benito, K. Laasonen,
B. Smit, M. K. Nazeeruddin, O. A. Syzgantseva and
G. Grancini, Pushing the limit of Cs incorporation into
FAPbBr3 perovskite to enhance solar cells performances,
APL Mater., 2019, 7, 041110.

34 Y. Zhang, Y. Liang, Y. Wang, F. Guo, L. Sun and D. Xu,
Planar FAPbBr3 Solar Cells with Power Conversion Effi-
ciency above 10%, ACS Energy Lett., 2018, 3, 1808–1814.

35 L. Zheng, M. Wei, F. T. Eickemeyer, J. Gao, B. Huang,
U. Gunes, P. Schouwink, D. W. Bi, V. Carnevali, M. Mensi,
F. Biasoni, Y. Zhang, L. Agosta, V. Slama, N. Lempesis,
M. A. Hope, S. M. Zakeeruddin, L. Emsley, U. Rothlisberger,
L. Pfeifer, Y. Xuan and M. Grätzel, Strain-induced rubidium
incorporation into wide-bandgap perovskites reduces
photovoltage loss, Science, 2025, 388, 88–95.

36 C. Zhu, X. Niu, Y. Fu, N. Li, C. Hu, Y. Chen, X. He, G. Na,
P. Liu, H. Zai, Y. Ge, Y. Lu, X. Ke, Y. Bai, S. Yang, P. Chen,
Y. Li, M. Sui, L. Zhang, H. Zhou and Q. Chen, Strain
engineering in perovskite solar cells and its impacts on
carrier dynamics, Nat. Commun., 2019, 10, 815.

37 G. Kim, H. Min, K. S. Lee, D. Y. Lee, S. M. Yoon and
S. I. Seok, Impact of strain relaxation on performance of
a-formamidinium lead iodide perovskite solar cells, Science,
2020, 370, 108–122.

38 H. Chen, C. Liu, J. Xu, A. Maxwell, W. Zhou, Y. Yang,
Q. Zhou, A. S. R. Bati, H. Wan, Z. Wang, L. Zeng, J. Wang,
P. Serles, Y. Liu, S. Teale, Y. Liu, M. I. Saidaminov, M. Li,
N. Rolston, S. Hoogland, T. Filleter, M. G. Kanatzidis,
B. Chen, Z. Ning and E. H. Sargent, Improved charge
extraction in inverted perovskite solar cells with dual-site-
binding ligands, Science, 2024, 384, 189–193.

39 H. Wang, C. Zhu, L. Liu, S. Ma, P. Liu, J. Wu, C. Shi, Q. Du,
Y. Hao, S. Xiang, H. Chen, P. Chen, Y. Bai, H. Zhou, Y. Li
and Q. Chen, Interfacial Residual Stress Relaxation in

Perovskite Solar Cells with Improved Stability, Adv. Mater.,
2019, 31, 1904408.

40 J. Zhao, Y. Deng, H. Wei, X. Zheng, Z. Yu, Y. Shao,
J. E. Shield and J. Huang, Strained hybrid perovskite thin
films and their impact on the intrinsic stability of perovs-
kite solar cell, Sci. Adv., 2017, 3, eaao5616.

41 S. Jung, Y. Choi, Y. Kim, Y. Jang, H. Jung, H. Jeon, J. Kim,
E. Son, S. Jeong, J. M. Baik, J.-Y. Kim, J. Lu and H. Park,
Strain engineering in vapor-deposited perovskites enables
self-healing and stable solar cells, Nano Energy, 2025,
145, 111482.

42 H. Yang, Z. Guo, Z. Xu, W. Cai, S. M. H. Qaid and Z. Zang,
Crystallization Modulation Through Electron Transport
Layer Surface Reconstruction Enables High-Performance
Full-Air-Processed Perovskite Solar Cells, Adv. Mater., 2025,
37, e10967.

43 Q. Du, S. Feng, Y. Liang, B. Yu, J. Liu, Y. Li, W. Hong,
L. Wang, G. Xing, J. Chen and D. Ma, Collaborative passiva-
tion of defects and enhancing crystallization enabled by an
additive with multiple active sites for inverted perovskite
solar cells, Chem. Eng. J., 2025, 521, 166733.

44 S. Tao, I. Schmidt, G. Brocks, J. Jiang, I. Tranca, K. Meerholz
and S. Olthof, Absolute energy level positions in tin- and
lead-based halide perovskites, Nat. Commun., 2019,
10, 2560.

45 C. Gong, H. Li, Z. Xu, Y. Li, H. Wang, Q. Zhuang, A. Wang,
Z. Li, Z. Guo, C. Zhang, B. Wang, X. Li and Z. Zang, Efficient
and stable inverted perovskite solar cells enabled by homo-
genized PCBM with enhanced electron transport, Nat. Com-
mun., 2024, 15, 9154.

46 Y. Cai, J. Cui, M. Chen, M. Zhang, Y. Han, F. Qian, H. Zhao,
S. Yang, Z. Yang, H. Bian, T. Wang, K. Guo, M. Cai, S. Dai,
Z. Liu and S. (Frank) Liu, Multifunctional Enhancement for
Highly Stable and Efficient Perovskite Solar Cells, Adv.
Funct. Mater., 2021, 31, 2005776.

47 Y. Wang, L. Li, Z. Wu, R. Zhang, J. Hong, J. Zhang, H. Rao,
Z. Pan and X. Zhong, Self-Driven Prenucleation-Induced
Perovskite Crystallization Enables Efficient Perovskite Solar
Cells, Angew. Chem., Int. Ed., 2023, 62, e202302342.

48 S. B. Shivarudraiah, N. Tewari, M. Ng, C.-H. A. Li, D. Chen
and J. E. Halpert, Optically Clear Films of Formamidinium
Lead Bromide Perovskite for Wide-Band-Gap, Solution-
Processed, Semitransparent Solar Cells, ACS Appl. Mater.
Interfaces, 2021, 13, 37223–37230.

49 S. Li, C. Deng, L. Tao, Z. Lu, W. Zhang and W. Song,
Crystallization Control and Defect Passivation via a
Cross-Linking Additive for High-Performance FAPbBr3

Perovskite Solar Cells, J. Phys. Chem. C, 2021, 125,
12551–12559.

50 Q. Li, Y. Zheng, X. Guo, G. Zhang, G. Ding, Y. Shi, F. Li,
M. Sun and Y. Shao, Interface Engineering Enhances the
Photovoltaic Performance of Wide Bandgap FAPbBr3 Per-
ovskite for Application in Low-Light Environments, Adv.
Funct. Mater., 2023, 33, 2303729.

51 A. S. Subbiah, N. Mahuli, S. Agarwal, M. F. A. M. van Hest
and S. K. Sarkar, Towards All-Inorganic Transport Layers for

Materials Chemistry Frontiers Research Article

Pu
bl

is
he

d 
on

 1
1 

A
pr

il 
20

26
. D

ow
nl

oa
de

d 
on

 2
9.

05
.2

02
6 

17
:5

3:
31

. 
View Article Online

https://doi.org/10.1039/d6qm00236f


Mater. Chem. Front. This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

Wide-Band-Gap Formamidinium Lead Bromide-Based Pla-
nar Photovoltaics, Energy Tech., 2017, 5, 1800–1806.

52 A. S. Subbiah, S. Agarwal, N. Mahuli, P. Nair, M. Van Hest
and S. K. Sarkar, Stable p–i–n FAPbBr3 Devices with
Improved Efficiency Using Sputtered ZnO as Electron Trans-
port Layer, Adv. Mater. Interfaces, 2017, 4, 1601143.

53 A. Dolgormaa, Y. Wu, Z. Xu, H. Zhu, Y. Zhang, S. Lian,
W. Wu, B. Li, H. Zhan, L. Wang and C. Qin, High-
Efficiency and Stable FAPbBr3 Perovskite Solar Cells
Enabled by 3,7-POPA: A Multifunctional Phenoxazine-
Based Self-Assembled Monolayers, Adv. Funct. Mater.,
2026, 36, e16065.

Research Article Materials Chemistry Frontiers

Pu
bl

is
he

d 
on

 1
1 

A
pr

il 
20

26
. D

ow
nl

oa
de

d 
on

 2
9.

05
.2

02
6 

17
:5

3:
31

. 
View Article Online

https://doi.org/10.1039/d6qm00236f



