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In recent years, perovskite solar cells (PSCs) have shown rapid devel-

opment, bringing them closer to commercialization. Surface passivation

has proven critical in enhancing device performance due to the higher

defect density at the film surface compared to the bulk. Introducing 2D

perovskite layers is a widely adopted passivation strategy; however, the

penetration of large organic cations into the underlying 3D perovskite

layer can hinder charge transport and damage the film structure. In this

work, we modified the commonly used ammonium salt PEAI by

introducing fluorine atoms at various positions on the benzene ring

(o-FPEAI, m-FPEAI, and p-FPEAI) and investigated their effects on

passivation and stability. Our results show that m-FPEAI effectively

inhibits the penetration of the 2D phase, improving charge transport and

device stability due to a strong steric effect. Photoluminescence (PL) and

transient absorption (TA) spectroscopy confirmed thatm-FPEAI-treated

films exhibited superior suppression of non-radiative recombination and

enhanced stability under ambient conditions. Devices incorporating

m-FPEAI achieved a maximum power conversion efficiency (PCE) of

24.63% and retained over 80% of their initial efficiency after 1750 hours

of continuous illumination. This study demonstrates the critical role of

fluorine positioning in optimizing surface passivation and offers valuable

insights for further improving PSC performance and stability.

Introduction

In the past decade, perovskite solar cells (PSCs) have achieved
remarkable development, with certied efficiencies now
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reaching 27%, showing great potential for
commercialization.1–7 Various techniques, including composi-
tion engineering, interface engineering, passivation engi-
neering, etc., have been developed to boost their
performance.8–13 Among these, surface passivation has proven
critical, as defect densities are signicantly higher at the lm
surface than in its interior.14 The introduction of a 2D perov-
skite modication layer has been widely recognized as an
effective passivation strategy for several reasons.15,16 Firstly, the
amino group can passivate lead dangling bonds through
interactions between its lone pair of electrons and the perov-
skite. This interaction helps reduce the density of electronic
trap states at the surface. Secondly, the hydrophobic nature of
large cations plays a crucial role in protecting the perovskite
lms from moisture-induced degradation. Thirdly, the intro-
duction of 2D perovskite as a modication layer could regulate
the interfacial-energy-level alignment between perovskite and
adjacent layers and facilitate charge separation. Lastly, the
incorporation of a 2D layer at the interface acts as a barrier
inhibiting ion migration across the layers, enhancing the
operational stability of the device.10,17–19

Generally, a 2D layer is formed by coating a solution of large
organic ammonium salt onto the perovskite lm surface.
However, during this process, large cations may penetrate into
the underlying 3D perovskite layer, damaging the structure of
the lm and impeding charge transport. This penetration trig-
gers the formation of a 2D phase within the 3D layer, which
compromises the structural and electronic integrity of the 3D
perovskite and causes a loss of efficiency to some extent.
Therefore, suppressing interfacial diffusion between the 2D and
3D layers is highly desirable.20–22

To address this issue, Jiang et al. developed a transfer-
imprinting-assisted growth method, which uses the solid-state
transfer technique to deposit the 2D layer onto the 3D layer.23

This solution-free method effectively avoids interfacial diffu-
sion. However, it requires additional imprinting steps, which
require careful optimization of heat and pressure. In compar-
ison, suppressing the reaction between large-cation salts and
J. Mater. Chem. A, 2025, 13, 12097–12103 | 12097
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the 3D perovskite through modications to the salts themselves
offers a simpler and more practical approach. In this work, we
modied the widely used ammonium salt, phenyl-
ethylammonium iodide (PEAI), by introducing uorine (F) at
different positions on the benzene ring and studied the inu-
ence of F location on interfacial diffusion. Our ndings reveal
that m-FPEAI effectively suppresses the penetration of the 2D
perovskite phase, leading to improved charge transport and
enhanced device stability, which is primarily attributed to its
strong steric effects. Photoluminescence (PL) and transient
absorption (TA) spectroscopy demonstrated that the m-FPEAI-
modied lms exhibit signicantly reduced non-radiative
recombination and remarkable stability under ambient condi-
tions. PSCs incorporating m-FPEAI achieved an impressive
maximum power conversion efficiency (PCE) of 24.63% and
retained over 80% of their initial efficiency aer 1750 hours of
continuous illumination. This work highlights the critical role
of uorine positioning in optimizing surface passivation and
provides valuable insights for advancing the performance and
stability of PSCs.
Results and discussion

The molecular structures of PEAI and o/m/p-FPEAI are pre-
sented in Fig. 1, illustrating the impact of uorine atom posi-
tioning on the molecular properties of these compounds. The
position of the uorine (F) atom plays a crucial role in deter-
mining both the molecular size and steric hindrance. These
structural variations signicantly inuence the diffusion
behavior of the molecules into the 3D perovskite layer. Among
these uorinated derivatives, m-FPEAI exhibited the largest
steric hindrance due to its unique molecular conguration,
which effectively limited its penetration into the 3D perovskite
layer. This restricted diffusion behavior is a key factor in its
enhanced device performance, as it prevents excessive inter-
mixing with the 3D phase, thereby preserving the structural
integrity and stability of the perovskite lm.

The photoluminescence (PL) spectra of the perovskite lms
were measured and are shown in Fig. 2a and b. To investigate
carrier recombination kinetics, we compared the PL intensity of
the control (CT) lm with those of lms treated with PEAI,
o-FPEAI, m-FPEAI, and p-FPEAI. The steady-state PL intensity of
the perovskite lm treated with PEAI was comparable to that of
the CT lm, indicating minimal differences in non-radiative
recombination for these samples. However, the PL intensities
Fig. 1 Molecular structures of PEAI, o-FPEAI, m-FPEAI, and p-FPEAI.

12098 | J. Mater. Chem. A, 2025, 13, 12097–12103
of the perovskite lms treated with o-FPEAI, m-FPEAI, and
p-FPEAI were signicantly enhanced, suggesting a substantial
reduction in non-radiative recombination. This improvement
highlights the critical role of uorine (F) incorporation in
passivating defects and mitigating non-radiative recombination
pathways within the perovskite lms. The presence of uorine
likely strengthens the chemical interactions at the grain
boundaries and interfaces, leading to improved emission
properties. The PL intensity of o-FPEAI- and p-FPEAI-treated
lms increased by about 20% compared to the CT lm, while
the PL intensity of the m-FPEAI-treated lm increased by 60%
compared to the CT lm. This indicates that non-radiative
recombination is most effectively suppressed in the m-FPEAI-
treated lm, possibly due to m-FPEAI not being able to pene-
trate the lm. As a result, these molecules remain primarily on
the surface, where the trap density is highest. By localizing at
the surface, they effectively passivate defects and reduce trap-
mediated charge recombination, contributing to improved PL
emission.

Owing to their long organic chains, 2D perovskites generally
exhibit high hydrophobicity. The incorporation of uorine
further improves this hydrophobicity, which is benecial for
enhancing perovskite stability against moisture. To validate the
stability, the surface wettability of different treated perovskite
lms was evaluated by measuring the water contact angle, as
shown in Fig. 2c. Aer surface treatment with o/m/p-FPEAI, the
contact angles of the samples were signicantly larger than
those of the untreated sample and the PEAI-treated sample.
Among them, the m-FPEAI-treated sample has the largest
contact angle. A larger contact angle indicates greater hydro-
phobicity, which helps reduce interactions with the external
environment and enhances sample stability. To further evaluate
ambient stability, the samples were stored in air with a relative
humidity (RH) of about 60% and a temperature of about 25 °C.
Fig. 2d shows photographs of the samples aer 120 days of
storage. The CT sample fully degraded to a yellow phase, indi-
cating severe degradation. In contrast, all samples with PEAI
and o/m/p-FPEAI modication retained some of their dark
phase. Among them, the m-FPEAI-modied sample exhibited
the largest dark area, conrming its superior stability. X-ray
diffraction (XRD) analysis was employed to verify this conclu-
sion. As shown in Fig. 2e, fresh samples showed a sharp peak at
13.9°, which is assigned to the (100) plane of FA-based perov-
skite. Aer 120 days, this peak disappeared in the CT sample,
conrming complete degradation. For PEAI-, p-FPEAI- and o-
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) The structure of the samples used for PL measurement. (b) The PL intensity of the control film, PEAI-treated film, and o/m/p-FPEAI-
treated films. (c) Water contact angle measurements of the control perovskite film, PEAI-treated film, and o/m/p-FPEAI-treated film. (d–f)
Stability comparison of the control sample, PEAI-treated sample, and o/m/p-FPEAI-treated samples. (d) Visual appearance of the samples after
120 days of storage in air at 25 °C and 60% RH. (e) XRD spectra of the samples prior to storage. (f) XRD spectra of the samples after 120 days of
storage.
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FPEAI-treated samples, the (100) peak exhibited varying degrees
of degradation, as evidenced by the appearance of peaks at 11.8°
and 12.6°, which are assigned to d-FAPbI3 and PbI2, respectively.
In contrast, the m-FPEAI-treated sample retained its original
diffraction pattern, conrming its superior stability under an
ambient atmosphere.

XRD analysis (Fig. S1a†) revealed that perovskite lms
treated with PEAI, o-FPEAI, m-FPEAI, and p-FPEAI all exhibited
a distinct diffraction peak at 5.7°, corresponding to the
(PEA)2PbI4 phase.10 Additionally, the o-FPEAI-treated sample
showed an additional peak near 4°, which can be attributed to
the (PEA)2FAPb2I7 phase.24 Among the samples, the m-FPEAI-
treated lm exhibited the weakest and least complex 2D
diffraction features, suggesting a lower degree of 2D phase
formation. XPS analysis in Fig. S1b† further highlighted
differences in passivation behavior. The m-FPEAI-treated
perovskite lm exhibited the most pronounced Pb core-level
shi, indicating the strongest surface passivation effect. In
contrast, other passivation agents (PEAI, p-FPEAI, and o-FPEAI)
showed deeper penetration into the 3D perovskite structure,
leading to reactions within the bulk. The Pb core-level shi in
the o-FPEAI-treated sample was in the opposite direction,
aligning with the XRD results, which suggest the formation of
a disordered 2D structure. This disorder contrasts with the bulk
2D structural information induced by PEAI and p-FPEAI, which
may negatively affect lm quality.25 Moreover, Fourier trans-
form infrared spectroscopy (FTIR) analysis in Fig. S1c† reveals
that upon introducingm-FPEAI, the N–H stretching vibration of
This journal is © The Royal Society of Chemistry 2025
FA+/MA+ shied from 3261 cm−1 to 3255 cm−1 and the C]N
stretching vibration of FA+ shied from 1710 cm−1 to
1706 cm−1. These spectral shis suggest the formation of
hydrogen bonds between m-FPEAI and organic cations,
contributing to enhanced stability and passivation effects.25

However, the UV-vis spectra of all perovskite lms, as shown in
Fig. S2,† appeared nearly identical, indicating that the surface
modications had no signicant impact on the absorption
properties of the treated lms.

Transient absorption (TA) spectroscopy was employed to
reveal the phase distribution and charge carrier dynamics in the
lms. Fig. 3 and S3† display the TA spectra of the various
samples. The CT lm, without surface modication, showed
a single bleaching peak at 765 nm, characteristic of the 3D
perovskite phase. In contrast, the other samples showed two
dominant bleaching peaks at 555 nm and 765 nm, corre-
sponding to the 2D and 3D phases, respectively.26 Among these,
the m-FPEAI-treated lm showed the weakest 2D peak, indi-
cating a suppressed 2D phase. The decay curves of the bleaching
peak at 765 nm were tted with multi-exponential models.
Perovskite lms with PEAI and o/m/p-FPEAI modications
showed much longer carrier lifetimes than the CT perovskite
lm, as summarized in Table S1.† This improvement is attrib-
uted to the passivation of surface defects, a widely reported
phenomenon.10 However, the formation of 2D phases can
inhibit charge transfer, and their penetration into the 3D
perovskite layer reduces carrier lifetimes. Among these lms,
the m-FPEAI-modied lm delivered the longest carrier
J. Mater. Chem. A, 2025, 13, 12097–12103 | 12099
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Fig. 3 (a–c) Contour plot TA spectra; (d–f) TA spectra at various decay times; (g–i) decay curves of the bleaching peak at 765 nm for (a, d and g)
the control perovskite film and perovskite films modified with (b, e and h) PEAI and (c, f and i) m-FPEAI.

Fig. 4 Surface morphology characterization of perovskite films. (a–e) AFM images of (a) control film, (b) PEAI-treated film, (c) o-FPEAI-treated
film, (d) m-FPEAI-treated film, and (e) p-FPEAI-treated film. (f–j) Top-view SEM images of (f) control film, (g) PEAI-treated film, (h) o-FPEAI-
treated film, (i) m-FPEAI-treated film, and (j) p-FPEAI-treated film.

12100 | J. Mater. Chem. A, 2025, 13, 12097–12103 This journal is © The Royal Society of Chemistry 2025
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lifetime, further conrming the suppressed penetration of 2D
phases. In addition, we deposited PEAI and m-FPEAI onto the
PbI2 lms and explored the formation of 2D perovskites with TA
characterization. As shown in Fig. S3,† the 2D signal of the
sample with m-FPEAI was signicantly weaker than that of the
PEAI-treated sample. This result indicates that m-FPEAI effec-
tively protects the 3D perovskite lm by suppressing the
formation of 2D phases.

The surface morphology of the perovskite lms was investi-
gated with scanning electron microscopy (SEM) and atomic
Fig. 5 (a) The photovoltaic-parameter distribution of control PSCs, PEAI
Cs0.05FA0.88MA0.07PbI2.79Br0.21. (b) J–V characteristics of the control PS
composition. (c) The best J–V characteristic of the five groups of PSCs
charge-limited current (SCLC) curves for (d) control PSC, (e) PEAI-treated
light soaking for the control PSC, PEAI-treated PSC, and m-FPEAI-treate
tracking (MPPT) of normalized power output for control, PEAI-treate
illumination.

This journal is © The Royal Society of Chemistry 2025
force microscopy (AFM), as shown in Fig. 4. The results showed
that all four groups of samples with surface modication
exhibited small particles adhering to the surfaces of the
perovskite grains. Among the samples, the lm modied with
m-FPEAI displayed the lowest surface roughness and uniform
grain size. This enhanced morphology facilitates the formation
of ohmic contact with the metal electrode interface, reducing
series resistance. SEM images further conrm that PbI2 crystals
are present on the surfaces of the CT, PEAI-treated, and p-FPEAI-
treated lms. These crystals appear as bright regions in the SEM
-treated PSCs, and o/m/p-FPEAI-treated PSCs with the composition of
C, PEAI-treated PSC, and o/m/p-FPEAI-treated PSCs with the same
with the composition of Cs0.05FA0.92MA0.03PbI2.91Br0.09. (d–f) Space-
PSC, and (f)m-FPEAI-treated PSC. (g) Normalized PCE evolution during
d PSC under one-sun AM 1.5 G illumination. (h) Maximum power point
d, and m-FPEAI-treated PSCs under continuous one-sun AM 1.5 G

J. Mater. Chem. A, 2025, 13, 12097–12103 | 12101
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micrographs, indicating the accumulation of excess PbI2 on the
lm surfaces. Notably, the p-FPEAI-treated lm exhibits
a signicantly rougher surface compared to the CT and PEAI-
treated lms. The SEM images reveal dark, uneven regions on
the surface of the p-FPEAI-treated lm, which can be attributed
to increased surface roughness and possible structural damage.
This observation suggests that the p-FPEAI solution may have
a corrosive effect on the perovskite thin lm, potentially altering
the surface morphology and disrupting the uniformity of the
lm. In contrast, the SEM image of the m-FPEAI-treated lm
reveals a much smoother and more uniform surface
morphology compared to the CT, PEAI-treated, and p-FPEAI-
treated lms. These observations indicate that m-FPEAI is
more effective in improving the quality of perovskite crystals
and may enhance the performance of photovoltaic devices.

Based on the above lms, PSCs were fabricated with the
structure of ITO/SnO2/perovskite/spiro-OMeTAD/Au. Their
photovoltaic-parameter distributions are shown in Fig. 5a, and
representative values are shown in Table 1. Among these
devices, the m-FPEAI-incorporated PSCs exhibited the highest
average PCE of 24.63% as shown in Fig. 5b, primarily attributed
to a high short-circuit current density (Jsc) of 25.52 mA cm−2.
The suppressed formation of 2D phases in the m-FPEAI-treated
perovskite lm, which would otherwise hinder charge transport
due to their lower conductivity, facilitated efficient extraction of
photo-generated charge carriers. The forward and reverse scan
curves in Fig. S6† revealed that the m-FPEAI-treated PSCs
exhibited the smallest hysteresis among all samples, indicating
the most effective defect passivation and improved charge
transport. This suggests that m-FPEAI not only passivates
defects but also suppresses ion migration, enabling more stable
and efficient charge extraction. Furthermore, space-charge-
limited current (SCLC) measurements (Fig. 5d–f and S7†)
conrmed that the m-FPEAI-treated perovskite lm showed the
best carrier transport properties and the lowest defect density.
Aer optimizing the perovskite composition, the PCE of the m-
FPEAI-treated PSC was further enhanced, reaching 25.69%, as
shown in Fig. 5c.

To evaluate the device stability, PSCs were stored under
continuous AM 1.5 G illumination and tested every 5 days. As
shown in Fig. 5g, only the devices modied with m-FPEAI
maintained 90% of their initial efficiency aer 1080 hours. The
devices modied with o-FPEAI and p-FPEAI surfaces showed
slightly better stability than the control group. Additionally, the
uctuation in the stability curves was attributed to the initial
Table 1 The representative parameters of the control PSCs, PEAI-
treated PSCs, and o/m/p-FPEAI-treated PSCs with the composition of
Cs0.05FA0.88MA0.07PbI2.79Br0.21

Voc (V) Jsc (mA cm−2) FF PCE (%)

CT 1.13 22.43 0.79 19.92
PEAI 1.18 23.33 0.78 21.38
oF 1.18 23.70 0.78 21.93
mF 1.18 24.48 0.80 23.22
pF 1.17 23.58 0.80 22.07

12102 | J. Mater. Chem. A, 2025, 13, 12097–12103
oxidation of spiro-OMeTAD, which temporarily enhanced
performance before degradation became dominant.27

Maximum power point tracking (MPPT) was also tested and
is shown in Fig. 5h. Aer surface modication with m-FPEAI,
the device exhibited signicantly improved long-term stability,
maintaining 80% of its initial efficiency aer approximately
1750 hours. The consistency between the stability tests further
highlights the role of m-FPEAI in improving the stability of
PSCs. These results further validate the importance of molec-
ular design in optimizing surface passivation strategies, paving
the way for the development of more robust and efficient
perovskite photovoltaic devices.

Conclusion

In conclusion, we substituted the widely used PEAI with o/m/p-
FPEAI to modify the surface of perovskite lms and investigated
its effects. Our ndings reveal that all o/m/p-FPEAI variants are
capable of passivating surface defects on perovskite lms,
thereby improving their initial performance. However, the
position of the uorine (F) atom on the benzene ring plays
a crucial role in determining the extent of penetration into the
3D perovskite layer. A detailed investigation demonstrates that
m-FPEAI, due to its strong steric effect, effectively minimizes the
formation of the 2D phase and preserves the integrity of the 3D
layer. As a result, the m-FPEAI-based PSC achieved the highest
PCE of 24.63%. The champion device maintained over 80% of
its initial efficiency aer 1750 hours of MPPT testing. This work
illustrates the inuence of passivator structures on penetration
behavior and provides guidance for the further optimization of
PSC performance.
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