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ABSTRACT

A critical perquisite for the commercialization of perovskite photovoltaics lies in the development of high-efficiency perovskite

solar modules (PSMs) with long-term operational stability. Herein, we report in situ dual-stage surface reaction engineering, by

introducing a multifunctional 3-amino-4-mercapto(trifluoromethyl)benzene hydrochloride (ATB), to enhance operational stabil-

ity in high-performance PSMs. Initially, the ATB selectively reacts with surface formamidinium ions, reducing the perovskite

defects and inducing an n-type doping that corresponds to an optimized interfacial energy level match. Subsequently, the thiol

groups with redox properties in ATB initialize a reaction cycle between I, and Pb° generated during the operational aging of

perovskite device, thus suppressing the defect accumulation and enhancing the device operational stability. As a consequence,

the PSMs achieved PCEs of 23.3% (11.2 cm?, aperture area) and 21.2% (694.5 cm?, aperture area), with exceptional operational

stability retaining > 99% of their initial PCE after 2000 h under continuous 1-sun illumination at 25°C and > 90% PCE following

1600 h at 85°C.

1 | Introduction

The metal halide perovskite materials possess optimal photoelec-
trical properties such as high absorption coefficient, long carrier
lifetime, etc. for fabricating high-efficiency solar cells [1]. At pres-
ent, the single junction perovskite solar cells have achieved cer-
tified power conversion efficiencies (PCE) exceeding 27% in lab-
scale devices [2, 3], highlighting the tremendous potential toward
industrialization and commercialization. However, there are
unavoidable challenges that lie in the manufacturing technology
for the large-area perovskite solar modules (PSMs) and prolong
the device operation stability [4-11]. The cell-to-module effi-
ciency gap is evidenced by the markedly reduced PCEs of
small-area devices (>26% for approximately 1cm?®) and large-
area modules (>23% for approximately 100cm?) [12, 13].
Compounding this issue, most perovskite modules lose more
than 20% efficiency per annum [14]. Without a systematic strat-
egy focusing on both PSM efficiency and durability, perovskite
photovoltaics risk remaining laboratory achievements rather
than world-changing energy technologies.

© 2026 Wiley-VCH GmbH.

The efficiency gap is progressively narrowing due to substantial
advancements in light-absorbing layers, charge transport layers,
interfacial engineering, and scalable fabrication techniques
[15-20]. For example, Liu et al. modify the perovskite/ETL inter-
face by nonpolar solvent-soluble non-fullerene acceptor, achiev-
ing certified PCEs of 23.05%, 22.32%, and 21.1% for inverted PSMs
with active areas of 50 cm?, 400 cm?, and 1160 cm?, respectively
[17]. Wang et al. enabled the production of 7200 cm? PSMs that
achieved a certified efficiency of 17.2% through solvent adjust-
ment and a confinement edge-protection strategy [18]. The quan-
tifiable nature of PCE coupled with its rapid advancement
encouraged the academic interest and social attention mainly
focusing on PCE progress, neglecting the challenges posed by sta-
bility to a certain extent [21]. In current, considering that the
PSM efficiency basically meet the industrialization threshold,
operational stability remains a critical issue. Although recent
efforts in the perovskite photovoltaics research community have
begun to focus on degradation mechanisms and durability test-
ing, these efforts remain much rarer than those exploring
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efficiency. Various techniques have been employed to enhance
the stability of PSMs, including composition engineering, defect
passivation, barrier layer fabrication, and stable transport layer
deposition [21-25]. However, the operational durability of
PSMs remains constrained, necessitating further in-depth inves-
tigation and comprehensive resolution. Therefore, it is necessary
to develop novel strategy to effectively enhance the PSC opera-
tional stability which possess a distinct mechanism from the PSM
efficiency improvement, realizing the high-performance and
long-term operational stable PSMs [26, 27].

Herein, we introduced a multifunctional 3-amino-4-mercapto(-
trifluoromethyl)benzene hydrochloride (ATB) on the perovskite
surface to construct a two-stage in situ reaction, attempting to
enhance the PSM operational stability and improve its efficiency.
First, the ATB selectively reacts with surface formamidinium
(FA) ions during the process stage, which can reduce the surface
roughness and passivate the defects. This reaction can also
induce a n-type doping with reduced surface work function, opti-
mizing the interface energy level match. Second, the thiol groups
with redox properties in ATB initialize a reaction cycle between
I, and Pb° during the PSM aging, thus continuously suppressing
the defect accumulation, which effectively enhance the PSM
operational stability. As a result, the PSMs with aperture area
of 11.2 cm? and 694.5 cm? achieved PCEs of 23.3% and 21.2%,
respectively. Moreover, the PSMs possess enhanced operational
stability by retaining > 99% of their initial PCE after 2000 h under
continuous 1-sun illumination at 25°C and > 90% PCE following
1600 h at 85°C.

2 | Results and Discussion
2.1 | Dual-Stage Surface Reaction

One of the reasons for the cell to module efficiency loss is the
increased defect state density during upscaling. In particular,
interfaces exhibit high defect densities, low energy barriers for
ion migration, and susceptibility to moisture- and oxygen-
induced degradation [4, 5]. During the processing of perovskite
film, the film surface is vulnerable to generate defect considering
the escape of volatile species such as organic molecules and
iodine, which makes the top-surface engineering to be particu-
larly important to enhance the performance of the PSMs. We
design an in situ dual-stage surface reaction engineering to reg-
ulate the top surface through introducing a molecule (ATB used
in this work) with active amino and thiol functional groups. We
first describe the surface reaction between FA™ and ATB, which
is mainly occurred during the post-treatment of perovskite film.
Figure 1a illustrates the detailed reaction pathway with the prod-
uct of 4-(trifluoromethyl)-2-thioguanidine (TFPFA). Specifically,
the amino group in ATB initiates the condensation reaction
through nucleophilic attack on the imine carbon of FA, which
is subsequently followed by an intramolecular rearrangement
process, ultimately yielding the target product TFPFA. We car-
ried out the electrostatic potential (ESP) of the ATB molecule
using the calculation of density functional theory (DFT) to ana-
lyze the electron density distribution and reactivity of its active
sites. As shown in Figure S1, the —CF; group displays evident
negative ESP due to its strong electron-withdrawing effect.
The —SH group is located in the position opposite to the
—CF; group. The electron cloud density around the sulfur atom
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is drawn toward the —CF; group, resulting in the absence of sig-
nificant positive ESP on the sulfur atom, while the redox reactiv-
ity of the —SH bond is preserved. This reduces the reactivity of
the —SH group toward surface defects. However, the hydrogen
atoms on the —NH, group exhibit a positive ESP. This positively
charged —NH,—H can be regarded as a potential active site for
reacting with FA™ ions.

As shown in Figure 1b, the thermogravimetric analysis (TGA)
curve evaluates the thermal stability of FAI, ATB, and their mix-
ture (FAI+ ATB) under an inert atmosphere. The mixture of
FAI+ ATB exhibits a distinct thermal behavior compared to
the individual components, indicating a potential interaction
between FAI and ATB [28]. We further performed proton nuclear
magnetic resonance (*H NMR) spectroscopy to demonstrate the
reaction between FA +and ATB with the results shown in
Figure 1c. For pure ATB, a characteristic signal at ~ 7.5 ppm cor-
responds to the aromatic —NH, proton. FAI exhibits distinct
peaks at~ 7.8 ppm and ~ 8.5 ppm, corresponding to its —NH
and imine —CH=protons, respectively [23, 29]. Notably, the mix-
ture of FAI + ATB displays several new peaks that are absent in
the individual components. A new resonance at ~ 5.5 ppm, pos-
sibly assigned to the C—NH—C of the target product TFPFA,
arises from the secondary amine proton within the guanidine
of TFPFA. The peaks at ~ 7.0 ppm and ~ 8.0 ppm are attributed
to the imine —CH=proton and the terminal —NH proton of
TFPFA, respectively. The disappearance of the original ATB
—NH, signal and the shift of FAI —NH resonance further support
the formation of the TFPFA. The Fourier transform infrared
(FTIR) spectra of FAI, ATB, and FAI + ATB at room temperature
are shown in Figure S2. The characteristic —NH and C=N
stretching peaks of FAI exhibit distinct shifts toward higher
wavenumbers after interaction with ATB. In FTIR spectroscopy,
a peak shift to higher wavenumbers corresponds to an increase in
bond strength, indicating that the —NH, group of ATB undergoes
a condensation reaction with FA*. The X-ray photoelectron spec-
troscopy (XPS) analysis shown in Figure 1d reveals that the N 1s
spectrum of FAI exhibits a dominant peak at ~400.0 eV, corre-
sponding to the C=NH of FA*. In contrast, the characteristic
peak in the mixture of FAI + ATB exhibits a minor shift toward
lower binding energy, positioned at approximately 399.5eV,
while an additional peak emerges at around 402.5eV. The
increased binding energy component indicates a reduced elec-
tron density around the specific nitrogen atoms in the newly
formed product, which is consistent with the C—NH—C structure
[23]. This observation further supports that the reaction product
is TFPFA. In the C 1s spectrum (Figure S3), upon the introduc-
tion of ATB, the intensity of the characteristic peak correspond-
ing to C—NH, significantly decreased, which may be attributed to
the strong bonding interaction formed between the —NH, group
in ATB and FA" [30]. The S 2p spectrum shows negligible sig-
nificant binding energy shift, which indicates that the —SH
groups remain chemically inert and do not participate in the
coordination interaction (Figure S4).

Although the —SH group is not involved in the first-stage reac-
tion, its dominates the second-stage redox reaction with the gen-
erated I, and Pb° during device aging. The —SH group is a highly
redox-active moiety, and its representative redox behavior is the
reversible conversion between thiols (R—SH) and disulfide bonds
(R—S—S—R). This reversible conversion can induce a redox reac-
tion cycle to reduce the I, and Pb°. Figure 1e illustrates the redox
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FIGURE1 | (a)The chemical reaction equations for ATB and FA. (b) TGA curves of FAI, ATB, and FAI + ATB. (c) "H NMR spectra of FAI, Pbl,,
FAI + ATB complex. (d) Binding energy of the N 1s of the FAI and FAI + ATB. (e) The chemical reaction equations for ATB + I, and ATB + Pb°. (f) UV-
vis absorption spectra of perovskite precursor solutions with different additives. Subfigure is the optical images showing the functions of MPAA in I,
reduction. (g) ESI mass spectra of ATB and ATB + I, in methyl alcohol. (h) ESI mass spectra of ATB and ATB + I,+Pb in methyl alcohol. (i) Schematic
diagram illustrating the inhibiting perovskite film aging mechanism with ATB.

reaction process between ATB and the Pb® and I, generated after
aging decomposition. Specifically, ATB or TFPFA reduces I, to I~
simultaneously undergoing oxidation to form a disulfide com-
pound. Subsequently, this disulfide compound can oxidize Pb°
to Pb**, while it is reduced back to ATB or TFPFA. The reversible
conversion mechanism between the thiol group and the disulfide
bond enables the redox mediator to regenerate itself while elimi-
nating I, and Pb’. We use the ATB as the example to detailly
demonstrates this redox reaction cycle. Figure 1f supports that
the ATB can reduce iodine. Initially, I, was added to the perov-
skite precursor solution at a 1:1 molar ratio relative to Pb**. After
stored for 30s, the solution shows a distinct color change from
yellow to dark brown, indicating the presence of molecular I,.
Subsequently, ATB was introduced into the solution at a 1:2
molar ratio relative to I, and upon continued shaking, the solu-
tion rapidly reverted to its original yellow color. This observation
aligns with the UV-vis spectral evolution of the perovskite
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precursor solution. Upon introduction of I, into the perovskite
solution, significant shifts in the absorption band within
500-700 nm were observed. Notably, the ATB restored the absorp-
tion profile to nearly identical characteristics of the fresh solution.
Figure S5 further demonstrates that the solution of ATB, I,, and Pb
changes from the deep reddish-brown to a light-yellow color after
stirring for 30s, with formed yellow precipitates which is evi-
denced to be Pbl, at the bottom (Figure S6), further validating
the reaction among the ATB, I,, and Pb°. Moreover, we employed
the mass spectrum to validate this reaction process. As shown in
Figure 1g, a single peak at m/z = 191.92 corresponds to the proton-
ated ATB molecule C;H¢F;NS (H™). For the mixture of ATB+1,,a
peak at m/z=382.82 is assigned to a dimer bridged by a disulfide
bond Cy4H;,F¢N,S, (H™), confirming oxidation of the —SH group
to form —S—S— bonds. Figure 1h shows the spectrum of
ATB + 1,+Pb, where peaks at m/z=191.92 (ATB monomer)
and m/z = 382.82 coexist. This supports the redox cycling process
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where ATB monomers be oxidized to disulfide dimers, which are
subsequently reduced back to monomers by Pb°. Based on the
mentioned dual-stage surface reaction, Figure 1i illustrates the
mechanism by which ATB inhibits the degradation of perovskite
films. Initially, the ATB selectively reacts with surface FA™ to
reduce the perovskite defects. Subsequently, the thiol groups with
redox properties in ATB initialize a reaction cycle between I, and
Pb° generated during the operational aging of perovskite device,
thus suppressing the defect accumulation and enhancing the
device operational stability.

2.2 | Optimization of Perovskite Film

To explore the influence of ATB treatment on perovskite film, we
firstly performed the measurement of the scanning electron
microscopy (SEM). Figure 2a,b shows the surface morphology
of perovskite films without and with ATB passivation, respec-
tively. The surface of the ATB-treated perovskite film appears
somewhat blurred and a much smoother surface, suggesting that

(b)

@ontro?
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ATB molecules have formed a uniform coating on the surface
and reconstructed the surface through reaction, which effectively
passivates defects and enhances surface uniformity, considering
the latter reaction of dual-stage reaction is associated with
decomposition species of I, and Pb’. Therefore, the reaction
for the surface reconstruction and optimization should be the
reaction between ATB with FA™. The results of atomic force
microscopy (AFM) reveal that the root-mean-square roughness
(Rq) values are 15.9 nm for the untreated film and 12.2 nm for
the ATB-treated film, confirming a moderate smoothing effect
induced by surface reaction (Figure S7). To characterize the pho-
toelectrical property of perovskite films, we performed PL map-
ping (Figure 2c) of perovskite films using a 520-nm laser by CCD
camera. Compared to the control sample, the ATB-treated film
exhibited stronger PL emission. We further employed point-
by-point scanning on a large scale (6 X 6 cm?) to test PL mapping
(Figure S8). The perovskite film treated by ATB shows more
stronger PL emission, which is consistent with the results of the
previous test. This enhancement supports that the ATB can effec-
tively reduce defect density and suppress the non-radiative
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FIGURE 2 | SEM images of the perovskite film without (a) or with ATB (b). (c) PL mapping images of perovskite films without (top) or with ATB

(bottom). Scale bars, 5 pm. (d) Histogram of surface potential distribution for the perovskite film without (control) or with ATB. (e) UPS spectra for
perovskite films without and with ATB. (f) The energy band alignment diagram of perovskite without and with ATB, C60. (g) XPS spectra of Pb in the
perovskite films without (control) and with ATB after 30 min of ultraviolet illumination. In situ PL light stability of perovskite film without (h) and with

ATB (i) by a 405 nm laser.
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recombination. The results of time-resolved photoluminescence
(TRPL) also validate the reduced defects density by ATB treat-
ment (Figure S9).

In addition to reducing defect density, the ATB treatment also
optimize the band energy alignment. The measurement of
Kelvin probe force microscopy (KPFM) was performed to char-
acterize the surface potential of perovskite films. As shown in
Figure S10 and Figure 2d, the ATB-treated film displayed a more
homogeneous surface potential distribution and a reduced sur-
face potential compared to control film, indicating the induced
reduction of surface work function [31]. The energy band struc-
tures of the perovskite films with or without ATB treatment and
C60 were systematically investigated using ultraviolet photoelec-
tron spectroscopy (UPS) with the results shown in Figure 2e and
Figure S11. The UPS measurements revealed that ATB treatment
reduces the work function of the perovskite film from 4.82 eV
(control) to 4.52eV. This reduction induces favorable energy
band bending at the interface, which facilitates electron trans-
port. The corresponding conduction band minimum (CBM)

values were —4.49eV and —4.26 eV for the control and ATB-
treated films, respectively. By integrating these CBM values with
the bandgap data obtained from external quantum efficiency
(EQE) measurements which we mentioned in later parts, we con-
structed an energy band alignment diagram (Figure 2f). This dia-
gram illustrates that the energy level difference in CBM between
the ATB-treated perovskite film and the C60 film is diminished,
indicating that the ATB significantly enhances the electron trans-
fer at the perovskite/C60 interface.

We also characterized the stability of perovskite films.
Considering the latter reaction of dual-stage reaction of ATB with
perovskite film is associated with the I, and Pb°, the species
mainly generated after aging, we performed a harsh aging test
on perovskite films wunder ultraviolet light irradiation.
Figure 2g presents XPS spectrum of perovskite films after
30 min of ultraviolet illumination. The Pb° signal is nearly absent
in the ATB-treated film, whereas a distinct peak persists in the
control sample, supporting that ATB can effectively suppress
metallic lead. In situ PL light stability of the perovskite film
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FIGURE3 |

Photoelectronic performance characterization of PSMs with or without ATB. (a) Schematic of device structure and laser scribing. (b) I-V/

curve of PSMs fabricated by ATB or control on a 6.7 X 6.7 cm? substrate. (c) The forward and reverse scans of the PSMs treated by ATB. (d) EQE spectra
and integrated current density for the PSM treated by ATB. (e) Statistical distribution of module photovoltaic parameters (Voc, Jsc, FF, and PCE) on the
6.7 X 6.7 cm? substrate. (f) I-V curve of PSMs fabricated by ATB on a 30 x 30 cm” substrate. (g) The EL images of PSMs on the 30 X 30 cm® FTO substrates

without (g) and with ATB (h).
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by a 405 nm laser was further tested, as shown in Figure 2h,i. The
ATB-treated film shows superior stability compared to control,
which also validate the enhanced stability of perovskite film.

2.3 | Photovoltaic Performance of PSMs

Building on the above studies of defect passivation and band
energy alignment, we fabricated PSMs on 6.7 6.7 cm® and
30 % 30 cm?® FTO substrates to verify its practicability. As shown
in Figure 3a, the device architecture is FTO/NiOy/SAMs/PVK/
C60/Sn0O,/Cu. The laser scribing dead zones (P1-P3) are
0.15 mm, resulting in a geometric fill factor (GFF) of 97%. All
reported photovoltaic parameters correspond to encapsulated
modules based on the perovskite composition Csg g7 MAg 0sFAg ss
Pbl;. Figure 3b displays the current-voltage (I-V') curves for the
6.7 x 6.7 cm® optimal devices under standard AM 1.5G illumina-
tion at 100 mW cm™2. Impressively, the ATB devices exhibited a
relatively high efficiency of 23.26%, whereas the control devices
show lower efficiencies of 20.52%, primarily due to the decrease

in open-circuit voltage (Voc) and fill factor (FF). The champion
PSM treated by ATB exhibits an V¢ of approximately 1.17 V and
an FF exceeding 83.09%, with a steady-state efficiency of 23.26%
(Figure 3c). In contrast, the control PSM shows a slight reduction
in Voc (1.10 V), a moderate decrease in FF (78%), and a reduced
PCE (Figure S12). The EQE spectra in Figure 3d show that the
champion PSM treated by ATB exhibits strong photo response
over a wide absorption rang. The integrated Jsc values derived
from the EQE curves are 24.13 mA/cm?, which is consistent with
the measured Jsc (24.63 mA/cm?) in the I-V curves. Figure 3e
shows the statistical distribution of PSM photovoltaic parameters
(Voc, Isc, FF, and PCE). The average PCE, Isc, Voc, and FF of
PSMs processed by ATB are higher than those of control, and the
distribution is more concentrated, indicating better process
reproductivity. We characterize the ideal factor and dark current
of PSMs to analyze the reason for the efficiency improvement.
The ATB-treated device exhibited an ideality factor of 1.27 kT/
g, markedly lower than the 1.56 kT/q obtained from the control,
which indicates the reduced non-radiative carrier recombination
in the PSMs (Figure S13). This reduced non-radiative carrier
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FIGURE 4 | Long-term light stability of encapsulated PSMs evaluated via MPPT under 1-sun equivalent illumination at 25°C (a) and 85°C (b). (c)

The stability of encapsulated PSMs under 85°C/85% RH.

6 of 8

Solar RRL, 2026



recombination can also be validated by the dark current suppres-
sion (Figure S14).

To evaluate the performance of ATB in larger-area devices, PSMs
with an aperture area of 694.5 cm? were fabricated via slot-die
coating on 30 x 30 cm® FTO substrates. Figure 3f presents the
I-V curves of the champion PSM fabricated by ATB. The PSM
exhibits an Vo of approximately 1.11V, a current of around
403 mA, and an FF exceeding 80.63%, yielding a PCE of
21.17%. The PCE for forward scan is 21.09%. The hysteresis index
calculated based on the I-V measurements from forward and
reverse scans is 0.38%. In contrast, as shown in Figure S15,
the PCE of the control PSMs decreases to 18.23%, which is pri-
marily attributed to the reduction in Vpoc (1.03V) and FF
(78.61%). Concurrently, the hysteresis effect of the control perov-
skite module becomes increasingly prominent. Figure 3g,h shows
the electroluminescence (EL) images of PSMs on the 30 x 30 cm?
FTO substrates. The PSMs treated by ATB exhibit brighter and
more homogeneous EL than the control device. This perfor-
mance enhancement may be attributed to the optimized band
energy alignment and improved interfacial electron transfer.
Figure S16 presents the PCE of PSMs for different module areas.
The red five-pointed star represents the efficiency obtained by
ATB, and the blue sphere represents the efficiency reported in
existing literature. The champion PSM exhibits a PCE close to
the National Renewable Energy Laboratory (NERL) certified
value of 21.1% at 843.5 cm?. Moreover, the efficiency shows only
a minor decline as the device area is scaled from 11.2cm?
(23.26%) to 694.5cm® (21.17%), demonstrating outstanding
scalability.

To further evaluate the operational stability of the devices, we
conducted light-soaking aging tests on commercially encapsu-
lated PSMs under maximum power point tracking (MPPT). As
shown in Figure 4a, the ATB-treated devices exhibit excellent
photostability under continuous 1-sun LED illumination at room
temperature, retaining 99% of their initial PCE after 2000 h. Some
studies have shown poor stability of 2D:3D mixed perovskites
and 2D/3D stacking structure at a high temperature of 85°C,
despite their promising stability at a lower temperature of
55°C [11]. To accelerate the operational aging process, the
PSMs were subjected to simultaneous illumination and heat at
85°C (Figure 4b). Under these harsh conditions, the devices
retained 90% of their initial PCE after 1600 h of operation.
These results demonstrate that ATB can significantly improve
the operational stability of PSMs. Simultaneously, the stability
of encapsulated PSMs under 85°C/85% RH conditions was exam-
ined. As shown in Figure 4c, the ATB-treated device retained >
95% of its initial efficiency after 2000 h of damp-heat testing.

3 | Conclusion

In summary, we have realized high-efficiency perovskite modules
with enhanced operational stability through adopting the func-
tional ATB on perovskite surface to induce the in situ dual-stage
reaction. We demonstrated that the first reaction between the ATB
with formamidinium ions can effectively reduce surface defects
and induce a n-type doping, which mainly attributes to improving
PSM efficiency. The second cycled reaction mediated by thiol
groups in ATB can continuously eliminate the I, and Pb° gener-
ated during the PSM aging, which mainly attributes to enhancing
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PSM operational stability. Consequently, the resulting PSMs
achieved PCEs of 23.3% (11.2cm’ aperture area) and 21.2%
(694.5 cm?, aperture area), with exceptional operational stability
retaining > 99% of their initial PCE after 2000 h under continuous
1-sun illumination at 25°C and > 90% PCE following 1600h at
85°C. Our novel surface reaction engineering provides guidelines
for the step-wisely and continuously regulate the perovskite sur-
face to achieve high-performance and long-term stable PSMs,
offering more opportunity to their commercialization.
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