Open Access Article. Published on 03 2026. Downloaded on 2026/3/9 16:50:12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

1 ROYAL SOCIETY
Environmental OF CHEMISTRY

Energy & o
Science -

View Article Online

View Journal | View Issue

W) Cheok for updates Multidentate silane bridging for stable and
efficient perovskite—organic tandem solar cells

Cite this: Energy Environ. Sci.,

202619, 1331 Dong Zhang,? Baoze Liu,® Xue Wang,?® Qi Liu,® Danpeng Gao,*® Xianglang Sun,*®

Xin Wu,? Zexin Yu,? Chunlei Zhang, (¢ Ning Wang,® Yan Wang,?

Nikhil Kalasariya, ¢ Francesco Vanin,® Weidong Tian,® Shuai Li,? Jiangiu Gong,®
Lina Wang,? Yang Bai, ©2 ¢ Shuang Xiao, @2 Bo Li,% Martin Stolterfoht,®

Xiao Cheng Zeng,*® Shangfeng Yang {2 *° and Zonglong Zhu @ **"

Perovskite—organic tandem solar cells (POTSCs) offer significant advantages over other perovskite-based
tandem architectures owing to their straightforward processing and broad tuneability. However, the
interfacial energetics disorder and resulting heterogeneous photoactive phase in wide bandgap
perovskite subcells significantly undermine their long-term stability. Here, we develop a multidentate
anchoring-bridging strategy that establishes a periodic passivating array that coordinates with dangling
Pb%* on the perovskite surface to reduce vacancy-mediated halide migration. The network with
fluorinated chains reconfigures the interfacial dielectric landscape, significantly increasing the migration
activation barrier for halide vacancies at the perovskite/electron transport layer interface, suppressing ion
migration and significantly enchancing longevity. Poly-FPTS-treated tandem devices delivered a power
conversion efficiency (PCE) of 26.5%, with a high open-circuit voltage of 2.178 V. A steady-state certified
efficiency of 25.1% was achieved in Japan Electrical Safety & Environmental Technology Laboratories

Received 21st October 2025, (JET), as reported in Solar Cell Efficiency Tables (version 65). Under continuous 1-sun illumination at the
Accepted 22nd January 2026 maximum power point (ISOS-L-1I protocol), these devices retained 92% of their initial efficiency after
DOI: 10.1039/d5ee06253e 1000 hours, and they exhibited an efficiency loss < 5% after 1056 hours of light—dark cycling (ISOS-

LC-1). This work reveals the importance of treating the top perovskite/ETL contact for commercializing
rsc.li/ees perovskite—organic tandem solar cells.

Broader context

Perovskite-organic tandem solar cells (POTSCs) offer a promising path to next-generation photovoltaics, combining the high efficiency of perovskites with the
processing advantages and spectral tunability of organic materials. Despite the enormous potential of POTSCs, their commercialization is impeded by
insufficient operational stability required for practical applications, primarily due to ion migration and interfacial degradation at the top perovskite subcell.
In this study, we develop a multidentate anchoring-bridging strategy that constructs a periodic fluorinated passivating network coordinating with
undercoordinated Pb*’, suppressing vacancy-mediated halide migration, and restructures the local dielectric environment. The resulting devices achieve a
remarkable power conversion efficiency of up to 26.5% and exhibit exceptional operational stability, retaining 92% of their initial efficiency after 1000 hours of
continuous illumination. This study underscores the critical role of top interface engineering in achieving high efficiency and longevity, providing a viable
pathway toward commercializing perovskite-organic tandem photovoltaics.
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Introduction

Perovskite-based tandem solar cells have achieved remark-
able power conversion efficiencies (PCEs), positioning them
as promising candidates for commercialization in sustainable
energy applications.” Among various tandem architectures,
perovskite-organic tandem solar cells (POTSCs) offer distinc-
tive advantages, such as low-cost solution processability and
flexible substrate compatibility.®'® However, their practical
application is limited by insufficient operational stability.'” >
This instability primarily stems from halide vacancy defects-
assisted ion migration within wide-bandgap perovskite bottom
subcells, which predominantly occur at interfaces and contri-
bute significantly to device degradation.>*>® Central to this
deterioration process are the uncoordinated Pb** ions on the
perovskite surface, which act as highly active defect sites,
promote the hopping tendency of neighbouring halide vacan-
cies, and exacerbate lattice relaxation, thereby accelerating the
generation and aggregation of halide ions.*”** While conven-
tional small-molecule passivation agents can partially passivate
Pb dangling bonds, their monodentate coordination introduces
steric hindrance, impeding the passivation of adjacent Pb
defects and resulting in a weak interaction.*” Therefore,
exploring strategies that saturate dangling Pb sites to suppress
interfacial ion migration is crucial for advancing POTSCs.

Herein, we developed a multidentate anchoring-bridging
strategy through the in situ coupling of (3,3,3-trifluoropropyl)
trimethoxy silane (FPTS) at the perovskite surface, effectively
homogenizing interfacial energetics and suppressing mobile
ion migration, ultimately affording efficient and stable POTSCs.
The coupling FPTS network consists of periodic Pb-O coordi-
nation arrays that saturate exposed Pb sites, thereby achieving
interfacial dielectric reconstruction, homogenizing surface
potential and suppressing interfacial phase aggregation. Using
this approach, we fabricated devices with a PCE of 26.5% in the
reverse scan and 25.8% in the forward scan (steady-state
certified efficiency 25.1% in JET), with a high open-circuit
voltage of 2.178 V and 2.169 V, respectively. The optimized
devices exhibited exceptional illumination stability with efficiency
loss less than 8% of their initial efficiency after 1000-hour maxi-
mum power point (MPP) tracking under 1-sun illumination (25 °C,
ISOS-L-11). Additionally, they maintained 95% of their initial
efficiency after 1056 hours of continuous light-dark cycling
(ISOS-LC-1).

Results and discussion
Suppression of ion migration

Effective multidentate anchoring-bridging passivation necessi-
tates ligands exhibiting uniform coordination distances to
exposed Pb>" ions on perovskite surfaces, preserving disordered
packing while facilitating unimpeded charge transfer. To com-
prehensively address these criteria, we adopted a molecule with
a propyl silane motif having three methoxy groups and a
terminal -CF; moiety (Fig. 1a). The proposed coupling reaction
mechanism is shown in Fig. S1 (SI),>>™* corroborated by the

1332 | Energy Environ. Sci., 2026, 19, 1331-1340

View Article Online

Energy & Environmental Science

"H-nuclear magnetic resonance (NMR) spectra (Fig. S2, SI).
Configuration analysis (Fig. 1b) reveals that the O-Si-O bond
distance (~2.19 A) closely matches one-third of the Pb-Pb
lattice spacing (~6.3 A) in FACs-based perovskites (FA: forma-
midinium; Cs: cesium), thereby facilitating oxygen lone-pair
coordination with Pb** to form periodic arrays. The ~CF; group
with potent electronegativity and high polarity amplifies charge
transfer efficiency and engenders interfacial hydrophobicity.*>™>°

Multidentate anchoring-bridging was validated through
Fourier transform infrared (FTIR) spectroscopy (Fig. S3, SI).
Pre-thermal annealing spectra displayed characteristic CF;
(1280 cm™") peaks. Post-thermal annealing, however, a broad
Si-O-Si (1099 cm™') vibration emerged, confirming the for-
mation of a crosslinked siloxane network on the perovskite
surface.®*®> Concurrent X-ray photoelectron spectroscopy
(XPS) unveiled progressive upward shifts in Pb 4f binding
energy by 0.06 eV in FPTS-treated films and 0.13 eV in poly-
FPTS-treated films compared to the untreated films (Fig. 1c).
Mirroring this trend, concomitant shifts in I 3d and Br 3d
spectra signalled diminished electron density around halogens,
characteristic of Pb-O coordination (Fig. S4, SI). The structural
integrity was maintained, with nearly unchanged morphology,
optical properties and crystal quality (Fig. S5-S8, SI).

We then analyzed the halide vacancy energetics in three
systems using density functional theory (DFT) calculations
(VASP 6.4, Fig. S9, SI). Poly-FPTS films exhibited a markedly
elevated formation energy (Ef) of 2.10 eV (V) and 1.93 eV (Vg,),
surpassing FPTS (2.07 eV; 1.38 eV) and untreated films (2.05 eV;
1.03 eV) (Fig. 1d). Migration activation energy (E,) of halide
vacancies exhibited the same trend, with iodide vacancy activa-
tion energies of 0.41 eV (untreated films), 0.58 eV (FPTS-treated
films) and 0.63 eV (poly-FPTS-treated films). Bromide vacancy
migration activation energy also increased from 0.32 eV to
0.61 eV (FPTS films) and 0.79 eV (poly-FPTS films) (Fig. 1e).
These results reveal that coupled FPTS exhibited improved
potential for suppressing defect-mediated ion migration, com-
pared to single-site passivation.

Supporting simulations corroborated that the efficiency
decay is proportional to mobile ion density (Fig. S10, SI).°*%*
Experimentally, bias-assisted charge extraction (BACE) quantified
the mobile ion concentrations 7o, of 1.28 x 10" cm™> (control)
in contrast to 9.10 x 10'® cm™* (FPTS) and 4.15 x 10'® cm ™3 (poly-
FPTS) (Fig. 1f and Note S1, SI). This downward trend is consistent
with space-charge-limited current (SCLC) measurements, which
show attenuated trap densities, whilst Mott-Schottky analysis
revealed suppressed ion-induced field screening (Fig. S11-S13
and Note S2, SI),*® collectively underscoring mobile ion immobi-
lization via enhanced Pb-coordination.

We further investigated ion migration activation energies
(E,) of the three systems through temperature-dependent con-
ductivity measurement. Poly-FPTS-treated perovskite films
exhibited an increased activation energy E, of 0.773 eV com-
pared with 0.666 eV (FPTS films) and 0.204 eV (untreated films)
(Fig. 1g). Moreover, calculated migration rates fell by 10 orders
of magnitude relative to untreated films (Fig. S14 and S15
and Note S3, SI). Practical verification was performed by
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Fig. 1 Suppression of ion migration. (a) The molecular structure of (3,3,3-trifluoropropyl) trimethoxy silane (FPTS). (b) DFT calculated untreated, FPTS,
and poly-FPTS configurations on perovskite films. To more clearly illustrate the surface interactions, the FPTS molecules in the computational model are
presented in their hydrolysed silanol (Si—OH) form. (C) Pb 4f XPS spectra of untreated, FPTS, and poly-FPTS treated perovskite films. (d and e) Calculated
formation energy (d) and migration energy (e) of V,and Vg, in untreated, FPTS, and poly-FPTS on perovskite films. (f) BACE measured mobile ion density in
untreated, FPTS-treated, and poly-FPTS-treated films. (g) The ion migration activation energy (E,) of the untreated, FPTS, and poly-FPTS treated devices

under light conditions.

time-of-flight secondary ion mass spectrometry (ToF-SIMS).
After 200 h of illumination, the untreated devices showed
severe halide electrode accumulation, while the poly-FPTS-
treated devices maintained the initial halogen distribution
(Fig. S16-S18, SI). The multidentate anchoring-bridging strategy
achieved through coupled FPTS significantly reduces vacancy
defect sites and migration pathways, suppressing interfacial
aggregation.

Optoelectronic properties evolution of perovskite films

To investigate the evolution of optoelectronic properties follow-
ing poly-FPTS modulation, we probed perovskite energetics
using ultraviolet photoelectron spectroscopy (UPS) and Kelvin
probe force microscopy (KPFM). UPS revealed a reduced mean
work function (Wg) for poly-FPTS-treated films (5.04 eV) versus

This journal is © The Royal Society of Chemistry 2026

untreated counterparts (5.13 eV), indicating improved interfa-
cial energy alignment (Fig. S19, SI). Crucially, as shown in
Fig. 2a-c, KPFM surface potential imaging revealed markedly
narrower distributions in poly-FPTS films (30.2 + 16.2 mV)
compared to controls (34.6 £+ 18.2 mV). After 200-hour illumi-
nation in a N, chamber, poly-FPTS films maintained excep-
tional homogeneity (36.0 + 19.3 mV), while untreated films
showed pronounced heterogeneity (63.1 + 25.6 mV), suggesting
poly-FPTS-induced electrical stabilization. The attenuated inho-
mogeneity stems from suppressed defect-induced ion accumu-
lation during illumination aging,**>*°> where localized defects
and energetic disorder, primary drivers of halide mobility, are
inhibited by multidentate passivation.

We quantified the surface potential differentials (ACPD =
CPDgg -CPDg;) between the grain boundaries (GBs) and

Energy Environ. Sci., 2026, 19, 1331-1340 | 1333
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interiors (GI) across six sections (Fig. $20, SI).°*’® Poly-FPTS films, conversely, suffered dramatic ACPD expansion, from
films exhibited restrained initial ACPD (25.0 + 2.13 mV), with  31.8 &+ 7.11 mV to 50.4 £+ 6.82 mV (Fig. 2d), revealing rampant
minimal aging-induced increases (26.3 + 6.41 mV). Untreated energetic disorder. This significant reduction highlights the
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Fig. 2 Optoelectronic properties evolution of perovskite films. (a) KPFM of perovskite films without and with poly-FPTS treatment. The scale bar is
500 nm. (b) KPFM of perovskite films without and with poly-FPTS treatment aged after 200 hours of illumination using a white LED. The scale bar is
500 nm. (c) The contact potential difference (CPD) distribution of fresh and aged perovskite films without and with poly-FPTS treatment. The distribution
was fitted by a Gaussian function. (d) Surface potential difference (ACPD = CPDgg — CPDg)) between the grain boundaries (GBs) and grain interior (Gl) of
fresh and aged perovskite films without and with poly-FPTS treatment. (e) PL mapping of fresh and aged perovskite/ETL films without and with poly-FPTS
treatment. The scale bar is 1 um. (f) TRPL spectrum of perovskite/ETL films without and with poly-FPTS treatment. The incident excitation light entered
from the ETL side. The lifetimes for each trace were fitted with a biexponential decay. (g and h) In situ PL spectrum evolution of perovskite films without
(g) and with (h) poly-FPTS treatment under continuous aging. The encapsulated films are exposed to 480 nm laser light for 60 minutes. (i) PL mapping of
perovskite films without (top) and with (bottom) poly-FPTS treatment after 200 hours of illumination aging.
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efficacy of poly-FPTS in homogenizing surface potential and
mitigating the driving force for ion migration. Collectively,
these metrics demonstrate how multidentate anchoring-
bridging homogenizes interfacial energetics to facilitate charge
transfer.

Interfacial charge extraction was evaluated via photolumi-
nescence (PL) on perovskite/electron transport layer (ETL)
stacks. Regarding uniformity, poly-FPTS-treated films exhibited
uniformly quenched PL intensity, indicating improved and
spatially consistent electron extraction, which starkly contrasts
with the patchy emission of the controls (Fig. 2e). The robust-
ness of this interface modulation was further investigated using
steady-state photoluminescence (PL). For fresh films, the PL
intensity decreased after poly-FPTS treatment, indicating
enhanced electron extraction in contrast to untreated films
(Fig. S21, SI). After illumination aging, the poly-FPTS-treated
films maintained similar emission spectra, whereas the control
films showed a significant increase in PL intensity and a
redshift, highlighting the durability of the poly-FPTS passiva-
tion layer. This is also corroborated by time-resolved PL spectra
of perovskite films with transporting layers before and after
illumination aging (Fig. 2f), where the carrier lifetime in poly-
FPTS-modified films rose from 28.2 ns (fresh) to 61.5 ns (aged).
In comparison, untreated films deteriorated from 82.2ns
(fresh) to 135.8 ns (aged) (Table S1, SI). These dynamics confirm
that poly-FPTS modification overcomes the out-of-plane charge
transport barrier by alleviating the ion-induced field screening
effect, thereby enhancing carrier extraction.®®”" In addition to
the measurements under open circuit conditions, we also
characterized the devices using transient photocurrent (TPC)
under short-circuit conditions. The results indicated that the
characteristic decay time t decreased from 1.25 ps for the
untreated perovskite devices to 0.74 ps for the poly-FPTS-
treated devices, confirming that the passivation strategy
enhances electron extraction from the perovskite to the ETL
(Fig. S22 and Note S4, SI).

In situ PL spectroscopy tracked macroscopic phase evolution
under continuous 480-nm laser illumination. Untreated films
showed progressive PL redshift and peak splitting, signifying
halide segregation as carriers cascaded into lower-energy
iodide-rich domains. Spectral centroid analysis quantified this
degradation: untreated films exhibited pronounced bathochro-
mic shifts within 60 minutes (Fig. 2g). However, poly-FPTS-
treated films maintained the homogenous perovskite phase,
withstanding intense illumination (Fig. 2h). The PL mapping in
Fig. 2i validated uniform suppression of phase segregation
across poly-FPTS-treated samples, corroborated with the homo-
geneous surface potential above (Fig. S23, SI). After 200-hour
illumination aging, poly-FPTS-treated films retained original
emission profiles, while untreated films showed severe phase
separation. We attribute this photostability to modified defect-
mediated halide migration dynamics.

Performances of POTSCs

Building on the improvement of a multidentate anchoring-
bridging strategy on perovskite optoelectronic properties, we

This journal is © The Royal Society of Chemistry 2026
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studied a device configuration consisting of indium tin oxide
(ITO)/NiO,/[2-(3,6-dimethyl-9H-carbazol-9-yl)ethyl|phosphonic
Acid (Me-2PACz)/FA, sCs¢.,Pb(1y.55BT.45)3/poly-FPTS/Cy0/2,9-
dimethyl-4,7-diphenyl-1,10 phenanthroline (BCP)/silver (Ag).
Fig. S24 and S25 (SI) show the current density-voltage (J-V)
curves of untreated, FPTS-treated and poly-FPTS-treated PSCs.
The untreated devices exhibit a maximum PCE of 17.33%,
with a Ve of 1.296 V, a Jsc of 16.59 mA cm 2, and a FF of
80.60%. The introduction of poly-FPTS achieves a significant
improvement, as shown in Table S2 (SI). The poly-FPTS-
modified device produces a champion PCE of 19.37%, with a
Voc of 1.366 V, a Jsc of 16.83 mA cm ™2, and a FF of 84.24%. In
addition, the performance of poly-FPTS-modified devices at
various concentrations is summarized in Fig. S26 and Table S3
(SI), as well as the optimal concentration performance
of perovskite devices with different bandgaps (Fig. S27 and
Table S4, SI).

Advancing to tandems, we proceeded to fabricate POTSCs
with the architecture of ITO/NiO,/Me-2PACz/FA,sCsg. ,Pb-
(I.55B10.45)3/poly-FPTS/Ce/BCP/gold (Au)/MoO,/[2-(9H-Carbazol-
9-yl)ethyl]phosphonic acid (2PACz)/PM6:PM7:Y6:PCgBM/Cg/
BCP/Ag (Fig. 3a). The organic subcell employed a quaternary
bulk-heterojunction (BHJ) active layer (PM6: PM7: Y6: PCsBM)
in a ITO/MoO,/BH]J/Ceo/BCP/Ag stack, achieving a PCE of 18.02%
(Voc of 0.843 V, Jsc of 27.88 mA cm > and FF of 76.67%)
(Fig. S28-S30 and Table S5, SI) and exhibiting excellent stability
(Fig. S31, SI). As shown in Fig. 3b and 3c, and Tables S6-S8 (SI),
by integrating these high-performance subcells, the tandem
device achieved a PCE of 26.51% (Voc = 2.178 V, Jsc =
14.52 mA cm 2, FF = 83.83%). This significantly surpasses the
PCE of the untreated device. Meanwhile, negligible hysteresis
and narrow PCE distribution were observed in Fig. S32 and S33
(SI). To assess the practical potential of our surface-control
strategy, we also fabricated devices with a larger active area of
1.05 ¢cm” The champion device exhibited a PCE of 24.52%,
demonstrating the robustness of the strategy upon scaling
(Fig. S34 and Table S9, SI).

Cross-sectional SEM imaging confirmed optimized layer
thicknesses (~400 nm perovskite, ~130 nm BHJ; Fig. S35,
SI), enabling balanced light absorption and current matching, a
conclusion supported by external quantum efficiency (EQE)
spectra yielding a matched Jsc of 14.53 mA cm > (Fig. 3d).
As shown in Fig. 3e, stable power output (SPO) measurements
at MPP revealed consistent performance for poly-FPTS-treated
devices, whereas untreated devices exhibited gradual degrada-
tion. Encouraged by the exceptional performance, we certified
our tandem solar cells through an accredited independent PV
calibration laboratory (Japan Electrical Safety & Environmental
Technology Laboratories, JET), confirming a certified stabilized
PCE of 25.1% after 5 minutes of MPP tracking in ambient
conditions without encapsulation (Fig. S36, SI). This PCE
has been included and published in the solar cell efficiency
tables (version 65).”?

To elucidate the origin of the performance enhancement, we
conducted statistical analyses on the photovoltaic parameters
of 24 individual devices. The PCE improvements for POTSC

Energy Environ. Sci., 2026, 19, 1331-1340 | 1335
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Fig. 3 The performances of POTSCs. (a) Schematic structure of the monolithic perovskite—organic tandem solar cells. (b) J-V curves of the champion
perovskite solar cell (PSC), organic solar cell (OSC), and POTSC. (c) J-V curves of the champion POTSC without and with poly-FPTS treatment. (d) EQE
spectra of the perovskite and BHJ subcells in champion POTSC. (e) Stable power output (SPO) of POTSCs without and with poly-FPTS treatment. (f) Voc
distribution of PSCs and POTSCs without and with poly-FPTS treatment. (g) Voc loss analysis of untreated and poly-FPTS-treated PSCs. (h) QFLS analysis
of untreated and poly-FPTS-treated perovskite films with different stacks of PVK, PVK/ETL, and HTL/PVK/ETL.

devices are mainly attributed to the increased Voc and FF after
incorporating poly-FPTS, as shown in Fig. S37 and Table S10
(SI). Notably, the V¢ increment contributes more significantly
to the PCE augmentation for both POTSCs and PSCs devices,
with contribution rates of 47.3% and 46.6%, respectively, which
improved from an average Vo of 1.276 V (without poly-FPTS) to
1.346 V (with poly-FPTS) for POTSCs and an average V¢ of
2.07 V (without poly-FPTS) to 2.158 V (with poly-FPTS) for PSCs,
as shown in Fig. 3f. Voltage loss analysis was then conducted.””
Fig. S38 and S39 (SI) show that the poly-FPTS-treated device
demonstrates a 0.55% EQE-EL efficiency at device Jsc compared
to 0.015% of untreated perovskite under the same conditions.
The Voc loss was quantitatively analyzed based on the detailed
balance theory.”® The detailed analysis and loss results are
shown in Fig. 3g, Note S5, and Table S11 (SI). Notably, the AV;
value declines from 238 mV to 136 mV after poly-FPTS
treatment, implying effective suppression of non-radiative
recombination. In addition, quasi-Fermi level splitting (QFLS)

1336 | Energy Environ. Sci., 2026, 19, 1331-1340

calculations derived from photoluminescence quantum yield
(PLQY) measurements across different film stacks: neat perov-
skite, perovskite/ETL, and hole transport layer (HTL)/perov-
skite/ETL, revealed reduced interfacial voltage losses (Fig. 3h).
The poly-FPTS-treated devices showed an elevated QFLS, with a
Voc of 1.373 Vversus 1.355 V for PVK film, 1.369 V versus 1.351V
for PVK/ETL film, and 1.367 V versus 1.346 V for HTL/PVK/ETL
film, respectively. These outcomes reflect the suppression of
non-radiative recombination and the favourable QFLS at the
perovskite/ETL interface, both of which are critical for maxi-
mizing photovoltaic performance.

Stability of POTSCs

To assess the long-term stability of POTSCs, we subjected
untreated and poly-FPTS-treated POTSCs to 1000-hour MPP
tracking under ISOS-L-1I protocols (1-sun illumination, room
temperature, N, atmosphere; Fig. 4a).”*’> Remarkably, poly-
FPTS-treated devices retained 92% of their initial efficiency

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 The stability of POTSCs. (a) Continuous MPP tracking of the untreated and poly-FPTS-treated POTSCs under simulated 1-sun illumination in a
N,-filled chamber without temperature control (ISOS-L-1l). (b) Operational stability of poly-FPTS-treated POTSCs operating at 25 °C, 45 °C, 65 °C, 85 °C
(ISOS-L). The encapsulated devices were held at their MPP under simulated 1-sun illumination. The solid lines are a bi-exponential fit to the data.

(c) Natural logarithm of slow degradation rate (ksiow) versus 1/kgT obtained

from biexponential fits, where kg is Boltzmann's constant and T is aging

temperature. The dashed line comes from the linear fits to extract the £, from each exponential. (d) The natural logarithm of AF versus 1/kgT. The standard
operating condition for AF value calculation is 1-sun illumination at 25 °C. (e) Light cycling tests of six encapsulated POTSC devices without and with
poly-FPTS treatment under light on—off cycles test (12 hours-12 hours) using simulated 1-sun illumination at 23 + 4 °C and 47 + 5% RH (ISOS-LC-1).

after 1000 hours, far exceeding untreated devices. Encapsulated
POTSCs were further tested under thermal stress using ISOS-L
protocols (Note S6, SI). Untreated and poly-FPTS-treated devices
were operated for over 1000 hours under 1-sun illumination at
45-85 °C. Initial J-V curves and optical images of encapsulated
devices are provided in Fig. S40 and S41 (SI), respectively.
Untreated devices maintained only 73.9% (45 °C) and 66.9%
(65 °C) of their initial PCE after 400 hours, degrading to 55.4%
at 85 °C within only 269 hours (Fig. 4b and Fig. S42, SI).
In contrast, poly-FPTS-treated devices maintained 89.3%
(45 °C), 83.1% (65 °C), and 68.8% (85 °C) PCE retention after
1000 hours, aligning with their superior thermal resilience.

This journal is © The Royal Society of Chemistry 2026

We then calculated the E, and acceleration factors (AFs)
from temperature-dependent degradation data (Fig. 4c, 4d).”®””
Poly-FPTS-treated POTSCs exhibited higher E, (0.351 =+
0.049 eV) than controls (0.215 £ 0.033 eV), indicating greater
resistance to thermal degradation. Using these AFs, we esti-
mated equivalent operating times at a reference temperature of
25 °C by multiplying aging durations by the respective AFs. This
dataset enabled Ty, lifetime predictions for both tandems
operating at 25 °C. Derived from E,, the lifetime acceleration
factor predicts poly-FPTS-treated devices will retain 80% PCE
for over 4134 hours at 25 °C, significantly surpassing the
482 hours of untreated devices.
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Further, we also investigated the light cycling stability of
untreated and poly-FPTS-treated devices under continuous
1-sun illumination at room temperature by tracking their
MPPs. The encapsulated POTSCs were subjected to light cycling
tests under indoor conditions of 23 &+ 4 °C and 47 + 5% RH.
As shown in Fig. 4e, the poly-FPTS-treated POTSCs show a slight
efficiency decline of 4.7% after 1056 hours, whereas the
untreated POTSCs lost 23.3% of their initial efficiency.

Conclusions

In summary, we demonstrated a multidentate anchoring-
bridging strategy to fabricate highly efficient and stable POTSCs
exhibiting a PCE of 26.5% and operational stability (To, >
1000 h) via interface modification using coupling FPTS.
Through the in-depth analysis of surface interaction, ionic
migration kinetics, and the evolution of optoelectronic proper-
ties, it was elucidated that the poly-FPTS network can suppress
the migration of mobile halide ions and homogenize the
interfacial energy landscape, thereby improving device effi-
ciency and long-term stability. This breakthrough in POTSC
performance reveals the potential of multidentate coordination
strategies toward commercially viable and highly efficient
perovskite-based tandem solar cells.
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