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Perovskite solar cells (PSCs) continue to grapple with efficiency and long-term stability limitations stemming
from crystalline defects (such as halide vacancies, undercoordinated Pb?* defects, etc.) and interfacial
energy-level misalignments. To mitigate these challenges, we design and introduce Bis(3-fluorophenyl)
disulfide (SF) as a multifunctional interfacial modifier at the perovskite (PVK) and electron transport layer
(ETL) interface. The SF molecule engages in a dual-site synergistic passivation mechanism: sulfur atoms
form robust Pb—S bonds with undercoordinated Pb?* ions, while fluorine atoms occupy iodine vacancies
and form hydrogen bonds with FA*/MA™ cations. This dual interaction suppresses ion migration and
halide volatilization, significantly reducing surface defect density and trap states, thereby improving
carrier transport. Stroboscopic scattering microscopy (stroboSCAT) reveals superior long-term carrier
dynamics in SF-treated films, which retain ~86% of their initial maximum carrier diffusion coefficient
after 2000 hours in ambient air, far surpassing control devices (~41%). Notably, after three months of
ambient storage, SF-modified perovskite film exhibits an approximately threefold higher average carrier
Received 12th June 2025 diffusion coefficient (0.0247 + 0.0028 cm? s™Y) than the control group (0.0079 + 0.0017 cm? s,
Accepted 1st August 2025 underscoring perovskite film quality enhancement. This sustained diffusion coefficient improvement
directly correlates with elevated device stability and performance retention. Correspondingly, blade-
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coated PSCs incorporating SF, fabricated under ambient conditions, reach a peak power conversion

rscli/materials-a efficiency (PCE) of 24.60% with an open-circuit voltage (Voc) of 1.17 V. Furthermore, the hydrophobic
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nature of SF's fluorinated aromatic rings provides an effective barrier against moisture, enabling devices to
maintain 96.8% of their initial PCE after 2000 hours under 30—-40% relative humidity, far exceeding the
control's 60% (after 1200 hours) retention. Collectively, these findings demonstrate that SF enables

a robust, scalable strategy for concurrently enhancing efficiency and environmental durability in PSCs,

while also offering valuable molecular design insights for future multifunctional interfacial engineering

using bidentate passivating agents.

Introduction

Perovskite has emerged as a leading contender in next-
generation photovoltaics due to its exceptional optoelectronic
properties, including high absorption coefficients, long carrier
diffusion lengths, and bandgap tunability.'> With solution-
processable fabrication at low temperatures, perovskites offer
a scalable pathway toward cost-effective utilization of solar
energy.® The record certified power conversion efficiency (PCE)
of single-junction perovskite solar cells (PSCs) has exceeded
27%,"' making them highly competitive with traditional silicon
technologies. However, this peak performance is typically ach-
ieved under well-protected inert conditions (e.g., glovebox
fabrication), which raises cost and scalability concerns.” To
transition perovskite technology toward commercial viability, it
is critical to develop efficient ambient fabrication techniques,
such as air-blade coating. Although this method has yielded
efficiencies up to 25%,' films produced under ambient condi-
tions are more susceptible to defects that impair carrier trans-
port and device stability.**

The performance and longevity of PSCs are fundamentally
tied to charge carrier dynamics within the perovskite layer.****
Efficient carrier diffusion ensures that photo-generated elec-
trons and holes can traverse the film without encountering non-
radiative recombination centers, maximizing light harvesting
and charge extraction."**> Unfortunately, the polycrystalline
nature of perovskite films, especially those processed in
ambient conditions, makes them vulnerable to grain bound-
aries, vacancies, and interfacial defects that trap carriers and
accelerate ionic migration.’*> These defects, such as uncoor-
dinated Pb>* sites®® and halide or organic cation vacancies, not
only diminish carrier diffusion coefficient but also initiate
degradation pathways, limiting long-term operational stability.
Hence, defect passivation has become a focal strategy in PSC
research.®**”** Among various passivation approaches, the use of
multifunctional molecules capable of addressing both shallow
and deep traps simultaneously presents a promising route to
boost both device efficiency and stability.'®***°

In this study, we report a dual-site synergistic defect passiv-
ation strategy using bis(3-fluorophenyl) disulfide (SF), a multi-
functional small molecule featuring both sulfur and fluorine
atoms. The sulfur atoms in SF form strong coordination bonds
with undercoordinated Pb**, yielding robust Pb-S interactions,
while the fluorine atoms fulfill a dual role: they passivate halide
vacancies and form hydrogen bonds with FA'/MA® organic
cations, thereby suppressing cation volatilization. Furthermore,
the aromatic fluorinated structure acts as a hydrophobic
barrier, significantly enhancing resistance to environmental
degradation. To elucidate the impact of SF on carrier dynamics,
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we employ stroboSCAT, a non-invasive, time-resolved optical
technique capable of visualizing carrier diffusion with nano-
meter spatial and sub-nanosecond temporal resolution.** SF-
modified films exhibit notably enhanced carrier transport
properties, with a sustained long-term carrier diffusion coeffi-
cient. Strikingly, after 2000 h of storage under ambient condi-
tions, the average carrier diffusion coefficient of SF-treated
devices increased by a factor of ~3 (from 0.0079 + 0.0017 cm?
s to 0.0247 + 0.0028 cm” s™'), underscoring the intrinsic
improvements in film quality and defect passivation stability
over time. This exceptional enhancement in charge transport
directly contributes to the superior device performance, as
demonstrated by a certified power conversion efficiency (PCE)
of 24.60% and a high open-circuit voltage (V,.) of 1.17 V. These
findings highlight the critical role of interfacial molecular
engineering in optimizing charge dynamics and stability,
offering a promising pathway toward the development of highly
efficient and durable perovskite solar cells.

Results and discussion

Fig. 1a shows the molecular structure of bis(3-fluorophenyl)
disulfide (SF), which consists of two phenyl rings connected
by a disulfide bond, with one fluorine atom attached to each
phenyl ring. This molecule is utilized for passivating the surface
defects as well as modifying the PVK/ETL interface (Fig. 1b). To
investigate the effect of SF interface modification on the
photovoltaic performance of the devices, the light J-V curves of
PSCs treated with different concentrations of SF were recorded
(Fig. S3 and S4). The experimental results indicate that the
optimal concentration of SF is 0.50 mg mL™"'. The specific
photovoltaic parameters optimized for this concentration are
recorded in Table S1. For ease of comparison, subsequent
characterization tests related to SF were conducted under the
aforementioned optimal conditions.

First, the interaction between SF molecules and perovskite
was analyzed using X-ray photoelectron spectroscopy (XPS). As
observed in Fig. le, the peaks at 140.1 and 145.0 eV for the
control perovskite film correspond to the Pb 4f,, and Pb 4f;),
levels,®® respectively. Upon the introduction of SF molecules to
the film surface, the Pb 4f peaks exhibited varying degrees of
shift towards lower binding energy, specifically to 138.9 and
143.8 eV, respectively. The shift of the Pb 4f peaks towards lower
binding energy for the passivated films can be attributed to the
highly electronegative F atoms occupying the I vacancies in the
perovskite lattice, re-establishing coordination with Pb*" ions.
Additionally, this shift can also be attributed to the S atoms in
the disulfide bonds contributing their lone pair electrons to the
empty orbitals of Pb>*, forming Pb-S coordination bonds that

J. Mater. Chem. A, 2025, 13, 30140-30150 | 30141


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta04703j

Open Access Article. Published on 09 2025. Downloaded on 09/11/25 03:41:23.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

(a) (b)
2074 B

Dipole=3.09 Debye

(d)

FA Overlay of Pb, MA, and FA

Fig. 1

View Article Online

Paper

—_
(2]
-

(100)
(200)

) (110) (111) 210 o

Intensity(a.u.)

__Control|

A J

T T

10 20 30 40
2 Theta(°)

(e)

Pbafy,|  Pb 4f,,

Intensity (a.u.)

— —

\ \
i i
| i
! ' Control

148 144 140 136
Binding energy (eV)

(@) The electrostatic potential (as shown in the color bar, unit: a.u.), dipole moments and molecular structure of SF. (b) Schematic

illustration of a perovskite solar cell with a post-treated SF passivation between perovskite and Ceq layers. (c) XRD patterns for the control and SF-
treated perovskite films. (d) 3D form TOF-SIMS spectra of SF-treated PVK films. (e) XPS spectra of the control and SF-treated perovskite films.

anchor the Pb*" defects.®** It is speculated that the synergistic
effect between the fluorine atoms and the disulfide bonds
results in a stronger passivation effect. Meanwhile, the energy
dispersive spectroscopy (EDS) characterization of perovskite
film to verify the inclusion of SF, as shown in Fig. S5, the
distribution of S and F elements on the perovskite film surface
is homogeneous.* This result reveals S and F elements
distributed throughout the perovskite interface. Fourier-
transform infrared (FT-IR) spectroscopy was performed to
confirm the coordination effect. In Fig. S6, the C=N stretching
vibration of FA*, originally observed at 1716 cm ', shifts to
1712 cm™ " upon addition of SF.** The shifts indicate that SF
molecule enhances hydrogen bonding with FA".

In order to better grasp the electron density distribution, the
electrostatic potential (ESP) of the molecule SF was analyzed by
the density functional theory method.?® As shown in Fig. 1a, the
negative ESP (reddish-orange region) is mainly distributed on
the -F group due to its strong electron-withdrawing property,
which is beneficial for the coordination with the under-
coordinated Pb** ions.® Meanwhile, the highly electronegative
disulfide group induces the electron to run away from the
benzene ring, in turn, presenting a positive ESP (blue region) on
the benzene ring. This uneven electron distribution is quanti-
fied by a large dipole moment in the direction of the disulfide
bond by calculations. This large molecular polarity with
a strong electron delocalization further enhances the interac-
tion between SF and undercoordinated Pb*" ions.>**”

Through time-of-flight secondary ion mass spectrometry
(TOF-SIMS) testing, it was observed (Fig. 1d and S7) that the
control group devices exhibited an outward migration of FA" at
the top of the perovskite layer.'**® In contrast, the SF-treated

30142 | J Mater. Chem. A, 2025, 13, 30140-30150

devices did not show this phenomenon: the distribution of
the components MA, ,FA,;Pbl; in the SF-treated perovskite
layer, including MA*, FA", and Pb*’, was very uniform. This
could be attributed to the coordination effects of the highly
electronegative fluorine atoms and the lone pair electrons from
the disulfide groups in the SF molecules, which effectively
suppress the volatilization and migration of iodide ions and
organic cations through dual-site synergistic passivation of
deep and shallow defects at the surface of the perovskite.

From XRD patterns (Fig. 1c), no systematic peak shifts rela-
tive to the control film were observed, indicating the identical
crystal structure of perovskite. The main peak (100) for the SF-
treated film becomes stronger and sharper, reflecting either
an expansion of the mean size of perovskite crystallites or
a reduction in crystal disorders/defects. The superior photo-
voltaic performance observed in devices incorporating the (100)
facet can be attributed to its favorable electronic properties,
including higher charge carrier diffusion coefficient, reduced
density of trap states, and decreased exciton binding energy,
which collectively facilitate more efficient charge transport and
extraction.*

Based on the aforementioned characterization and analysis,
the schematic diagram of the interaction between SF and
perovskite is illustrated in Fig. 2a. The synergistic effects of the
two functional groups in SF can be summarized as follows: the
sulfur atoms with lone pair electrons on the disulfide bond of SF
can anchor to uncoordinated Pb** in the perovskite lattice,
forming Pb-S coordination bonds (denoted as III in the figure).
The highly electronegative fluorine atoms can, on one hand, fill
the I vacancy defects (denoted as I in the figure), anchoring
uncoordinated Pb** in the perovskite lattice to form Pb-F

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Schematic illustration of the interaction between SF and
perovskite (partial magnification of I, Il, Ill, and IV). (b) Optimized struc-
tures of the FAPbI3z surface (left) and a SF molecule (right) adjacent to the

FAPbI3 surface. (c) Formation energy of a surface FA vacancy in the clean
FAPDbIs (FA), and in the SF (FA-SF) species incorporated surfaces.

coordination bonds (denoted as II in the figure). On the other
hand, they can also form hydrogen bonds with organic cations
such as FA"/MA" (denoted as IV in Fig. 2a, with theoretical
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calculation results illustrated in Fig. 2b), effectively suppressing
ion migration. The two functional groups could work syner-
gistically to passivate both deep and shallow defects at the
surface and grain boundaries of the perovskite.**** Further-
more, the fluorinated compounds exhibit excellent moisture
resistance and thermal stability (with the water contact angles
of PVK films rising markedly from 72.0° to 85.2°, see Fig. S8),
which can enhance the long-term stability of the films and the
corresponding devices.

The introduction of SF modifies local surface bonding,
inducing a reorientation of FA" cations toward -F to maximize
N-H---F hydrogen bonding (Fig. 2b). This strong fluoride-
organic cation interaction markedly stabilizes the perovskite
surface.®® Therefore, SF incorporation raises the formation
energy (Fig. 2c) of FA vacancies from 3.62 eV to 4.33 eV,
demonstrating its role in suppressing vacancy generation.
These effects collectively explain the enhanced stability of SF-
treated perovskite films.

To directly investigate the passivation effect of SF molecules
on the perovskite layer and the carrier transport dynamics,
Photoluminescence (PL) and time-resolved photoluminescence
(TRPL) tests were conducted (sample configuration: glass/ITO/
Poly-4PACz/PVK/with or without SF). As observed in Fig. 3g,
the fluorescence intensity of the perovskite films significantly
increases after surface modification, indicating a reduction in
nonradiative recombination within the films. The fluorescence
peak position of SF-modified perovskite films shifts from 808 to
791 nm, indicating the radiative process may shift from band-
to-defects to possible band-to-band radiative recombination
due to passivated shallow and deep traps (defects) by SF
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(@) UPS spectra of control, SF-treated perovskite films' surfaces. (b) Energy level scheme for the control, SF-treated perovskite films'

surfaces extracted from UPS data. (c) flatten KPFM images of the perovskite films without and (d) with SF surface treatment (with the structure of
glass/ITO/Poly-4PACz/PVK and glass/ITO/Poly-4PACz/PVK/SF, respectively) with the extracted work function and average Contact Potential
Difference (Vcpp), Root Mean Square (RMS) of Vpp. (e) Dark J-V curves of the control and (f) SF-treated PVK with the structure of glass/ITO/
SnO,/PVK/Cgp/Cu and glass/ITO/SnO,/PVK/SF/Ceo/Cu, respectively. (g) Steady-state and (h) time-resolved PL spectra for the control and SF-
treated perovskite films with the structure of glass/ITO/Poly-4PACz/PVK and glass/ITO/Poly-4PACz/PVK/SF, respectively.
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molecules. The SF-modified perovskite shows PL intensity 2.43
times compared to that of the control sample, showing the
decent effectiveness of using SF to passivate the defects and
suppress the non-radiative recombination. Combined with the
essentially unchanged absorption edge in the UV-vis absorption
spectra (Fig. S9), this blue shift suggests a reduction in band tail
states within the perovskite. From the TRPL decay curves shown
in Fig. 3h, it is evident that all modified perovskite films exhibit
a markedly extended carrier lifetime 7,,,. The TRPL decay curves
were fitted using a biexponential model, with the fitting
parameters summarized in Table S2. The average lifetime 7,4
for the SF-treated films is 1691.0 ns, which is 2.6 times longer
than the 662.6 ns observed for the control films. The increased
carrier lifetime in the SF-modified films compared to the
control films indicates a significant improvement in film
quality, with a reduction in nonradiative recombination sites
within the films. In summary, the passivation process effectively
suppresses interfacial nonradiative recombination processes,
thereby enhancing the overall performance of the perovskite
films. The average lifetime 7, reflects the overall recombina-
tion processes, where 7, corresponds to surface recombination
and 1, corresponds to bulk recombination. The ratio of 7; and 7,
in SF-treated PVK film decreased significantly (Table S2), indi-
cating that the surface non-radiative recombination was
reduced, which was also consistent with the increase of PLQY
(see Fig. S12 and Table S3) at the interface.*

Optimal energy level alignment plays a critical role in
determining device performance. To systematically characterize
the electronic structure, ultraviolet photoelectron spectroscopy
(UPS) measurements were conducted to precisely determine the
valence band energy levels of the different PVK thin-film
samples.

Compared to the control film, the valence band maximum
(VBM) of the SF-treated film decreases from —5.22 eV to
—5.53 eV, while the work function (W) changes from 3.79 eV to
4.23 eV. The energy level diagram of the perovskite thin films'
surfaces is illustrated in Fig. 3a and b. The downward shift of
the VBM results in a more favorable energy level alignment at
the PVK/Cq, interface, which can reduce the interface non-
radiative recombination and enhance the open-circuit voltage
of the device.***

As shown in Fig. S10, the AFM results indicate that surface
modification leads to a lower surface roughness. Compared to
the control film with a roughness (R,) of ~8 nm, the SF-treated
film is reduced to ~6 nm. The decreased surface roughness
improves interfacial contact, demonstrating that SF post-
treatment produces a smoother and more homogeneous
surface, which enhances carrier extraction and transport
efficiency.*®

Furthermore, Kelvin probe force microscopy (KPFM) was
employed to analyze the surface potential distribution of PVK
films. The surface potential was quantified by measuring the
electrostatic interaction between the conductive atomic force
microscopy (AFM) tip and the film surface. A reduction in Vepp
corresponds to an increase in the Wy of the surface, indicative of
diminished n-type defects at the film interface.” The spatial
variation of surface potential across the KPFM-mapped regions

30144 | J Mater. Chem. A, 2025, 13, 30140-30150
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is illustrated in Fig. 3c and d. Notably, the SF-treated sample
exhibited a significantly lower Vcpp (117 mV on average)
compared to the untreated control film (555 mV on average),
along with a reduced RMS surface potential fluctuation (from
559 mV to 151 mV; see Fig. S8). These findings suggest that SF
treatment effectively suppresses n-type contributing defects and
enhances surface homogeneity in PVK films.***> Furthermore,
the Wy differences between the two samples, as derived from
UPS spectral analysis (0.440 eV), exhibit excellent consistency
with the corresponding values obtained via KPFM measure-
ments (0.438 eV).” This strong correlation between indepen-
dent characterization techniques further validates the reliability
and accuracy of the experimental data.

Owing to its strong dipole moment (3.09 debye, Fig. 1a), SF is
more likely to induce a stable interfacial dipole layer at the PVK/
Ceo interface, which enhances carrier transport, thereby facili-
tating enhanced electron transport at the PVK/Cg, interface.>
Consequently, the dual-site passivation effect of SF promotes
a more uniform surface potential distribution across the PVK
layer. The observed reduction in surface potential heterogeneity
and improved morphological uniformity imply a decrease in
defect density, which is expected to enhance charge transfer
efficiency at adjacent charge-selective contacts.

To evaluate the trap density of the PVK films, we performed
space-charge limited current (SCLC) measurements using
a glass/ITO/SnO,/PVK/Ceo/Cu device structure. The corre-
sponding dark j-V characteristics are presented in Fig. 3e and f.
The trap density (N, was calculated using the following
equation:*

N, = 2 VTFL;r€0
qL

where L is the thickness of the perovskite film, g is the
elementary charge, ¢, is the relative dielectric constant of the
perovskite, and ¢, is the vacuum permittivity. The trap-filled
limit voltage (Vrp) corresponds to the transition point
between the low-bias ohmic response and the high-bias expo-
nential region, indicating the complete filling of trap states. As
shown in Fig. 3e and f, Vg, for the control and SF-treated PVK
films was measured to be 0.92 V and 0.67 V, respectively. The
corresponding defect densities (N,) for these films were calcu-
lated to be 8.63 x 10" cm ™ and 6.22 x 10" cm 3, respectively.
The significant reduction in defect state density after SF treat-
ment demonstrates that the synergistic passivation effect of the
disulfide group and the two fluorine groups in the molecule can
effectively passivate charged defects in the perovskite.* This is
a key factor contributing to the achievement of an open-circuit
voltage of 1.17 V, which is consistent with the results obtained
from TRPL measurements.

To quantitatively evaluate voltage losses, we employed pho-
toluminescence quantum yield (PLQY) to compare charge-
carrier recombination rates in the presence and absence of an
interlayer, both before and after Cq, deposition (Fig. S12). The
unpassivated perovskite exhibited a PLQY of 0.91%, whereas
surface functionalization SF treatment increased the PLQY to
2.25% (See Table S3). The voltage loss difference between
samples with and without the Cy, was 77 mV for the control

This journal is © The Royal Society of Chemistry 2025
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device, but decreased to 60 mV for the SF-treated device. This
reduction demonstrates that the introduction of the SF inter-
layer effectively mitigates non-radiative recombination at the
interfacial region.'>%-%°

The overall evidence supports a dual-passivation mechanism
introduced by SF molecules: sulfur atoms coordinate with
under-coordinated Pb** via Pb-S bonding, while fluorine atoms
form hydrogen bonds with organic cations (FA'/MA') and
suppress halide vacancies. This action not only reduces trap
densities and enhances charge transport but also improves
environmental durability. The hydrophobic fluorinated phenyl
rings in SF further act as a moisture barrier.

PL spectra (Fig. 3g) reveal that the emission peak of the
control sample is red-shifted by 17 nm compared to the SF-
treated film, corresponding to a shallow trap energy level E, =
E. — 0.033 eV. This suggests that in the control sample, photo-
generated carriers undergo comparatively more significant
trap-assisted (band-to-defect) recombination.®* Upon the intro-
duction of SF molecules, this trap-assisted recombination is
suppressed, indicating effective passivation of shallow traps
and suppression of non-radiative pathways (Fig. 4b).

To further substantiate this, stroboSCAT measurements were
conducted to resolve carrier diffusion behavior in real time.*>* In
Fig. 4a, We present a diagram illustrating the investigation of
carrier migration dynamics in perovskite thin films.** Here we
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excited the sample with a 440 nm light pulse (~100 ps pulse)
focused to a 209 nm (the pump reflection size) spot size (full
width at half maximum). The pump laser fluence is 2.2 or 4.2 1J
cm 2 for all measurements. To confirm that both fluences are
within the linear regime, i.e., we don't see the effect of strong
carrier-carrier interactions in Fig. S14. The resulting excited
carrier profile was imaged using a time-delayed widefield 705 nm
probe light pulse (~100 ps pulse). The image contrast is
proportional to the carrier induced changes to the material's
refractive index. Comparing images at different pump-probe
time delays to dark reference images gives the spatiotemporal
transient reflectance images, AR/R. We fit the radial expansion of
the carrier distribution to a Gaussian profile of width ¢ over time
t to find the mean-squared expansion, ¢>(t) — ¢>(0). The spatial
broadening of the photo-generated carrier distribution was
analyzed using the diffusion model:*®

aX(t) — a(0) = 2D~

where ¢°(f) represents the variance of the Gaussian spatial
profile at time ¢, D is the diffusion coefficient, and « is
a constant characterizing the carrier diffusion behavior (« = 1
indicates a diffusive model while « < 1 indicates a subsidffusive
model).*® From the sequential stroboSCAT images shown in
Fig. 4c, time-resolved Gaussian fitting of the carrier distribution
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Fig. 4 Carrier diffusion in perovskite films. (a) Schematic diagram of how stroboSCAT studies carrier transport. (b) Schematic illustration of the
carrier diffusion and recombination processes in perovskite films. (c) Representative stroboSCAT time series about the carrier transport process
from in control and SF-modified perovskite films. (d) Mean squared displacement (m.s.d.) for the data shown in panel (c), obtained through
Gaussian fits to the expanding carrier distribution. Error bars represent standard deviations derived from Gaussian fits. (e) Representative stro-
boSCAT time series about carrier transport process for perovskite films with and without SF modification, stored for more than 2000 hours.
Maximum intensities are normalized to 1 by multiplying with the factors shown in the images. (f) m.s.d. for the data shown in panel (e) obtained
through Gaussian fits to the expanding carrier distribution. Error bars represent standard deviations derived from Gaussian fits. Scale bar in panel

(c) and (e): 500 nm.
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was performed, and the results are presented in Fig. 4d. Fitting
the experimental data yields a diffusion coefficient (D) of 0.0325
+ 0.0033 cm® s~ for the SF-treated films, representing a 37%
enhancement compared to the control group (0.0238 + 0.0021
cm?® s~ '), This improvement indicates enhanced carrier diffu-
sion coefficient and reduced defect density. The results from
multiple characterization techniques demonstrate that SF
passivation effectively reduces defect density (SCLC measure-
ment), leading to enhanced carrier transport. Key improve-
ments include reduced trap density, increased PL intensity,
extended carrier lifetimes, smoother surface potential, and
improved PLQY, all of which support the conjecture of more
efficient material performance.

Gaussian fitting of the time-resolved carrier distribution was
conducted based on the sequential stroboSCAT images in Fig. 4e,
with the fitting results illustrated in Fig. 4f. To evaluate long-term
operational robustness, samples were stored under ambient
conditions for over 2000 hours. The carrier diffusion coefficient
in the control group decreased from 0.0238 + 0.0021 cm” s~ ' to
0.0097 £ 0.0011 cm” s, retaining only 41% of its initial value
(Fig. 5a). In contrast, the SF-modified films maintained 86% of
their initial maximum diffusion coefficient (0.0325 % 0.0033 cm?*
s~ t0 0.0279 + 0.0020 cm?® s~ ') (Fig. 5a). Three months later, the
maximum carrier diffusion coefficient of the SF sample was 2.88
times higher than that of the Control sample (0.0279 £+ 0.0020
em? s vs. 0.0097 & 0.0011 cm® s~ '), showeasing excellent carrier
transport stability (Fig. 4c—f). This is well correlated with PCE

View Article Online
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retention: the SF device retained 96.8%, while the control device
dropped to 60% after aging (Fig. 5e).

In the previous section, we focused on the maximum carrier
diffusion coefficient of the samples. To further validate the
reliability of our carrier diffusion coefficient measurements and
their consistency with the overall stability of device parameters
in perovskite solar cells, we conducted an extensive set of
stroboSCAT experiments (Fig. 5a). For each listed sample, five
independent measurement of carrier diffusion at different
sample locations were performed with stroboSCAT, and the
resulting diffusion coefficient is summarized in Fig. 5a. In this
context, the average carrier diffusion coefficient provides a more
comprehensive evaluation of transport behavior, as it is derived
from 20 independent measurements, each based on the mean
of three time-resolved scans. This multi-trial approach
enhances the statistical reliability of the data and offers
a representative characterization of the overall carrier transport
properties of the material. We compared the average diffusion
coefficient values of SF-treated and control perovskite films,
both initially and after 2000 hours of ambient storage. Initially,
the SF sample exhibited an average diffusion coefficient of
0.0289 4 0.0028 cm® s~ ', which is 35.0% higher than that of the
control sample (0.0214 & 0.0013 cm?® s~ ). After 2000 hours, this
difference became even more pronounced: the SF film retained
a diffusion coefficient of 0.0247 + 0.0028 cm? s, while the
control sample declined significantly to 0.0079 + 0.0017 cm?
s~'. This means the SF sample preserved 85% of its initial
diffusion coefficient, in stark contrast to only 37% retention in
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(a) Statistical distribution of diffusion coefficients in perovskite films, extracted by fitting time-series carrier diffusion profiles from 20 sets

of stroboSCAT measurements. The data can represent the average carrier diffusion coefficient levels of the whole perovskite films: SF-treated
and untreated films, both before and after 2000 hours of storage. (b) /-V curves of the campion perovskite solar cells with and without SF
treatment. (c) EQE spectra and the corresponding integrated Js. of the champion PSCs. (d) Statistical distribution of performance for PSCs
integrated with and without SF-treated perovskite films. (e) Operational stability of control, and SF-treated perovskite solar cells, and the inset

shows the control and SF-treated corresponding stabilized PCE.
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the control. Notably, the average carrier diffusion coefficient of
the SF sample after three months was ~3 times that of the
control sample, underscoring the long-term transport stability
conferred by the SF modification.

This pronounced enhancement in carrier transport stability
is closely aligned with the superior device performance
observed in SF-treated solar cells. As shown in Fig. 5¢, the EQE
spectra and integrated current density curves reveal stronger
photoresponse in surface-modified devices. The integrated
current densities of the control and SF-treated devices were
24.48 mA cm 2 and 25.01 mA cm 2, respectively, in good
agreement with the light J-V characteristics.

To further assess the effect of surface modification on device
stability, we subjected both control and SF-treated cells to
maximum power point (MPP) tracking under continuous AM
1.5G illumination (100 mW cm?). The SF-treated devices
exhibited outstanding operational stability, retaining 96.8% of
their initial power conversion efficiency (PCE) after 2000 hours
of light soaking. In contrast, the control devices experienced
a >40% efficiency drop after just 1200 hours (Fig. 5e), confirm-
ing the effectiveness of SF passivation in stabilizing p-i-n PSCs.
The outstanding stability was attributed to the SF-treated
devices' enhanced humidity stability, driven by a significant
reduction in defect state density and the presence of hydro-
phobic functional groups (e.g., fluorine and phenyl rings).*
Additionally, improvements in perovskite film orientation and
strong hydrogen bonding interactions*® (N-H---F) effectively
anchored the organic cations, leading to a marked increase in
device stability. In addition, it was observed that the SF-treated
perovskite film still shows a stable black phase after being
placed under ambient condition for 3 months (Fig. S15).

To further investigate the impact of surface modification on
the photovoltaic performance of the devices, a series of perov-
skite solar cells with the structure ITO/Poly-4PACz/MA, ;FAq 30-
PblI;/SF/Ceo/BCP/Cu were integrated. Fig. 5b, d and Table 1
summarize the light -V curves and corresponding detailed
photovoltaic parameters of perovskite film integrated PSCs
before and after SF modification. The champion efficiency of
the control group device is 22.95%, with an open-circuit voltage
(Vo) of 1.14 V, a short-circuit current density (Js.) of 24.84 mA
cm %, and a fill factor (FF) of 80.96%. After SF surface treat-
ment, the device performance improved, achieving a champion
efficiency of 24.60%, with V., Js., and FF values of 1.17 V, 25.01
mA cm %, and 84.07%, respectively. In p-i-n devices fabricated
by blade coating under ambient air using Cu as the counter
electrode, both PCE and V,. are a decently high levels. The

Table 1 Photovoltaic parameters of the perovskite solar cells inte-
grated with control and SF-treated perovskite films. The average
parameters and standard deviation values were calculated based on
measurements from 16 devices

Device Voe (V) Jse (MA cm™2)  FF (%) PCE (%)

Control 1.14 £+ 0.04 24.55 £ 0.40 78.88 +£1.49 22.14 + 0.47
(1.14) (24.84) (80.96) (22.95)

SF-treated 1.16 + 0.006 24.98 + 0.16  83.37 4+ 0.44 24.20 4 0.11
(1.17) (25.01) (84.07) (24.60)

This journal is © The Royal Society of Chemistry 2025
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enhanced device performance stems from effective interface
engineering, where the SF treatment reduces interfacial defect
recombination and optimizes energy alignment, suppressing
non-radiative recombination. This yields a 20 mV V,, increase
(1.16 V on average) due to improved quasi-Fermi level splitting
(from 1.134 V to 1.149 V, Fig. S12), while simultaneously
boosting /. and FF through more efficient charge transfer. The
collective improvements in V,., FF, and Js. - attributed to
superior defect passivation, recombination suppression, and
energy level matching - synergistically enhance the overall PCE.

The champion device further shows a stabilized PCE of
24.14% (SF-treated), while the control device achieves 21.74%
(Fig. 5e). The SF-treated solar cell exhibits negligible hysteresis
(Fig. 5b), with the hysteresis index (HI) decreasing from 0.06
(control solar cell) to 0.02 (SF-treated solar cell), attributed to
suppressed ion migration and interfacial trap states,' better-
matched energy levels reducing charge accumulation, along
with improved interfacial connectivity and carrier extraction.*?

Conclusion

This study demonstrates bis(3-fluorophenyl)disulfide (SF) as
a multi-functional passivator for planar perovskite solar cells
(PSCs), effectively addressing interfacial defects and energy-level
mismatches at the PVK/ETL interface. The disulfide-linked
bifunctional structure of SF enables dual-site passivation: sulfur
atoms coordinate with undercoordinated Pb®>" via Pb-S bonds,
while fluorine atoms occupy iodine vacancies and form hydrogen
bonds with FA'/MA" cations. This reduces both deep and shallow
trap states, as well as suppresses ion migration. Notably, this
defect suppression leads to significantly improved carrier trans-
port efficiency and stability. StroboSCAT and TRPL measurements
reveal that SF-modified films retain 86% of their initial carrier
diffusion coefficient (0.0325 £ 0.0033 cm® s~ to 0.0279 % 0.0020
em?® s71) after 2000 h in ambient air, while controls retain only
41%. This enhancement in the carrier diffusion coefficient directly
contributes to the long-term operational robustness of PSCs. As
a result, devices incorporating SF (ITO/Poly-4PACz/MA, ;FA, 30-
PbI;/SF/Ce0/BCP/Cu) achieve a high power conversion efficiency
(PCE) of 24.60% and a V,,. of 1.17 V. Encapsulated SF-based devices
retain 96.8% of initial PCE after 2000 hours at 30-40% relative
humidity, outperforming control devices (60% retention after 1200
hours). The hydrophobic fluorinated aromatic rings in SF further
contribute to moisture resistance. The proposed SF enables effi-
cient and stable carrier transport by reducing trap densities and
suppressing ion migration, thereby facilitating durable and high-
efficiency PSCs, demonstrating a promising strategy for stable
and efficient ambient-air blade-coating fabrication.
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