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ABSTRACT 

Perovskite solar cells (PSCs) with inverted structures have garnered considerable attention in photovoltaic research due to their 
high scalability and efficiency. However, challenges at the interface between the electron transport layer (ETL) and cathode, 
including energy level mismatch, halide ion migration, and metal degradation, limit performance and stability. In this study, 
we introduce a quinoxaline-based high-dipole material (MQPPO) as a novel cathode interlayer (CIL) for p-i-n structures. MQPPO 

improves energy level alignment, charge extraction, and interfacial stability through its strong dipole moment and hydrophobic 
properties. The superior performance of MQPPO-incorporated devices was reflected in their power conversion efficiency (PCE), 
achieving 21.65% under 1 sun illumination. Additionally, MQPPO-based PSCs demonstrated exceptional long-term stability, 
maintaining over 80% of their initial efficiency after 1440 h. These results demonstrate that MQPPO is an effective CIL material 
for high-performance and stable PSCs, advancing their potential for sustainable energy technologies. 
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 Introduction 

rganic–inorganic hybrid perovskites have rapidly emerged
s a high-performance photovoltaic (PV) material due to
heir exceptional optoelectronic characteristics, including
igh absorption coefficient, tunable bandgap, long carrier
iffusion length, and high charge mobility [ 1–5 ]. The power
onversion efficiency (PCE) of single-junction perovskite
olar cells (PSCs) has risen dramatically from 3.8% to 27.0%,
ighlighting their potential to compete and even surpass
onventional silicon-based PV technologies [ 6, 7 ]. Among the
arious device configurations, the inverted p-i-n structure has
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
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attracted considerable attention because of its low-temperature
processability and scalability, particularly in tandem solar cells
[ 8–11 ]. Unlike the conventional n-i-p structure, which often
employs doped hole transport layers (HTLs) such as 2,2’,7,7’-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene 
(Spiro-OMeTAD), inverted PSCs eliminate the use of hygroscopic
charge transport layers that are susceptible to degradation,
thereby improving their long-term operational stability [ 12 ]. 

Despite these advantages, inverted PSCs still face critical inter-
facial challenges at the electron transport layer (ETL)/cathode
junction that limit both efficiency and durability. The energy
its use, distribution and reproduction in any medium, provided the original work is properly 
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evel mismatch between phenyl-C61-butyric acid methyl ester
PC61 BM), a widely used ETL material, and the Ag cathode
esults in charge accumulation and interfacial recombination
osses [ 13, 14 ]. Furthermore, halide ion diffusion through the ETL
nd subsequent reaction with Ag forms insulating AgI, severely
ompromising PCE and device stability [ 15, 16 ]. To mitigate
uch interfacial deterioration, cathode interlayers (CILs) have
een studied to optimize energy alignment, facilitate electron
xtraction, and block ion migration [ 17 ]. Bathocuproine (BCP)
s one of the most commonly used CILs owing to its simple
rocessing and dipole-tuning capabilities [ 18, 19 ]. However, its
endency to aggregate often results in incomplete coverage of the
TL, insufficient ion blocking, and metal corrosion, which collec-
ively degrade long-term device performance [ 20 ]. Consequently,
lternative materials, such as small organic molecules [ 21, 22 ],
olymers [ 23 ], and metal oxides [ 24 ], have been investigated.
hese materials not only enhance charge extraction but also form
niform layers that improve operational stability. However, most
eported CILs focus primarily on passivation, and only a few
xhibit chemical interactions capable of suppressing interfacial
eactions between halide ions and metal electrodes [ 25, 26 ]. 

o address these limitations, here, we introduce a
uinoxaline-based dipolar small molecule (4-(2,3-bis(4-
ethoxyphenyl)quinoxalin-5-yl)phenyl)diphenylphosphine 
xide (MQPPO), as an effective CIL in inverted PSCs [ 27 ].
QPPO establishes favorable interfacial energy alignment,
romoting efficient charge extraction and reducing interfacial
ecombination, resulting in a high PCE of 21.65% from p-i-n
SCs. Moreover, MQPPO forms uniform, pinhole-free interfacial
ilms and exhibits stronger binding affinity toward Ag than BCP,
ffectively suppressing halide diffusion and AgI formation. As a
esult, the devices retain over 80% of their initial PCE after 1440 h
nder ambient conditions, underscoring the excellent long-term
tability enabled by the MQPPO CIL. 

 Results and Discussion 

n this study, a quinoxaline-based dipolar molecule, MQPPO,
as employed as the CIL in inverted p-i-n PSCs, replacing the
onventional BCP used as the control. The devices were fabricated
ith an FTO/MeO-2PACz/perovskite/PC61 BM/CIL/Ag architec-
ure, where MQPPO or BCP was inserted between PC61 BM and Ag
s CILs (Figure 1a ). To elucidate the interfacial role of MQPPO, we
erformed density functional theory (DFT) calculations and elec-
rostatic potential surface (ESP) analyses. As shown in Figure 1b ,
QPPO exhibits a highly polarized dipole distribution compared
o BCP. The ESP mapping reveals particularly stronger electron-
ich and electron-deficient regions around the phosphine oxide
oiety, indicating a larger dipole moment. Such a pronounced
ipole is expected to facilitate favorable interfacial energy level
lignment and enhance charge extraction across the PC61 BM/Ag
nterface [ 28, 29 ]. 

olecular interaction simulations were conducted using C60 , a
epresentative model for PC61 BM, to evaluate interfacial binding
ffinity (Figure 1c ). MQPPO showed a stronger binding inter-
ction with C60 ( − 15.74 kcal/mol) than BCP ( − 15.26 kcal/mol),
uggesting enhanced molecular contact that can promote inter-
acial charge transfer [ 30 ]. To further assess the chemical
of 11
passivation capability, interactions with Ag+ ions were examined
(Figure 1d ). MQPPO displayed a notably stronger binding energy
of − 93.65 kcal/mol through coordination between nitrogen and
oxygen atoms in its quinoxaline and phosphine oxide moieties,
compared to − 73.85 kcal/mol for BCP. This strong interaction
is expected to suppress Ag ─I bond formation, thereby prevent-
ing electrode corrosion and enhancing interfacial stability in
MQPPO-based PSCs [ 31 ]. In addition, the electron reorganization
energy (ERE) of both CILs was calculated based on Marcus theory
[ 32 ]. MQPPO exhibited a lower ERE (0.41 eV) than BCP (0.43 eV),
indicating a more favorable electronic configuration for charge
transfer. The reduced ERE of MQPPO is therefore conducive to
more efficient and faster electron transfer across the PC61 BM/Ag
interface [ 33 ]. 

To further elucidate the interaction between MQPPO and
PC61 BM, we performed Fourier-transform infrared spectroscopy
(FTIR) measurements for MQPPO, PC61 BM, PC61 BM/MQPPO
mixture, and PC61 BM/BCP mixture (Figure S1 ). From the
PC61 BM/MQPPO mixture, the characteristic stretching vibration
of the ester (C ═ O) group in PC61 BM exhibited a more noticeable
shift (3.9 cm− 1 ) than that of the PC61 BM/BCP mixture (0.7 cm− 1 ).
These results indicate that the oxygen atom in the phosphine
oxide (P ═ O) group of MQPPO, acting as a strong Lewis base
site, forms a significant chemical interaction with the electron-
def icient fullerene core of PC61 BM (a Lewis acid) [ 34, 35 ]. This
chemical coordination not only improves the interfacial contact
between the PC61 BM and MQPPO layer but also effectively
passivates interfacial trap sites [ 20 ]. 

We conducted ultraviolet photoelectron spectroscopy (UPS) to
evaluate the work function (WF) of Ag electrodes modified with
different CILs (Figure S2 ). The WFs of pristine Ag, Ag/BCP,
and Ag/MQPPO were determined to be 4.45, 4.30, and 3.95 eV,
respectively. Based on the LUMO level of PC61 BM (3.84 eV),
the electron extraction barrier ( ΔEe = | ΦAg —LUMOPC61BM 

|) was
significantly reduced from 0.61 eV (Ag) to 0.11 eV (Ag/MQPPO).
This shift facilitates Ohmic-like contact, promoting efficient
charge transfer at the interface (Figure S3 ) [ 36 ]. The larger dipole
moment of MQPPO (7.46 D) compared to BCP (3.31 D) [ 27, 37 ]
induces a more pronounced WF shift of Ag, promoting favorable
energy level alignment and facilitating electron extraction at
the interface [ 38–40 ]. Furthermore, the larger barrier (2.03 eV)
between Ag and MQPPO confirms hole-blocking capability,
effectively suppressing interfacial recombination (Figure S3 ).
Additionally, as shown in Figure S4 and Table S1 , lower photo-
luminescence (PL) intensity and shorter average decay lifetime
of perovskite on MQPPO ( τave = 56.32 ns) compared to that on
BCP ( τave = 63.77 ns), indicate more efficient charge extraction
at the interface and reduced non-radiative carrier recombination
[ 41 ]. 

To investigate the dipole effect of MQPPO, we measured the
current density ( J )–voltage ( V ) characteristics under AM 1.5G 1
sun illumination. The dependence of the performances of M-
PSCs on MQPPO concentrations is summarized in Figure S5 . The
BCP-based PSC (B-PSC) exhibited a PCE of 20.73% with an open-
circuit voltage ( VOC ) of 1.12 V, short-circuit current density ( JSC ) of
22.30 mA cm− 2 , and fill factor (FF) of 0.83 (Figure 2a ). In contrast,
the MQPPO-based device (M-PSC) achieved an enhanced PCE
of 21.65% with a VOC of 1.16 V, JSC of 22.49 mA cm− 2 , and FF
Advanced Science, 2026
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FIGURE 1 (a) Device architecture and chemical structures of cathode interlayers (BCP and MQPPO). (b) Simulated electrostatic potential (ESP) 
maps of BCP and MQPPO, with potential values shown on a color scale in electron volts (eV). (c,d) Molecular interactions of CILs with C60 and Ag, 
showing the optimized structures, calculated interaction energies, and corresponding interaction distances. Atoms are color-coded as follows: carbon 
(gray), oxygen (red), phosphorus (orange), nitrogen (blue), and hydrogen (white). 

TABLE 1 Performance parameters of the PSCs using various CILs under 1-sun illumination. 

Devicesa Scan direction VOC (V) JSC (mA cm− 2 ) FF PCE (%) 

B- 
PSC 

FS 1.13 22.54 0.76 19.36 
RS 1.12(1.13) 22.30(22.28) 0.83(0.81) 20.73(20.25) 

M- 
PSC 

FS 1.16 22.49 0.80 20.80 
RS 1.16(1.15) 22.49(22.48) 0.83(0.82) 21.65(21.25) 

a The average photovoltaic parameters of PSCs were obtained for 15 devices. 
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f 0.83 (Figure 2b ). The average PV parameters are summarized
n Table 1 . Both VOC and FF were improved for the M-PSCs
ompared to those of B-PSCs (Figure S6 ). Furthermore, the
xternal quantum efficiency (EQE) spectra confirmed that the
ntegrated JSC values were consistent with those obtained from
he J–V curves (Figure 2c ). The stability of the PV output was
alidated via steady-state power output (SPO) measurements
dvanced Science, 2026
(Figure 2d ), confirming the reliability of the PV properties of both
PSCs. 

We also evaluated the J–V characteristics under varying indoor
low-light conditions (400, 600, 800, and 1000 lux) using the
LED light sources (Figure 2e,f and Table 2 ). In indoor environ-
ments, where illumination levels are significantly lower than
3 of 11
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FIGURE 2 J–V curves for the (a) B-PSC and (b) M-PSC under AM1.5G 1-sun illumination. (c) EQE spectra and (d) SPO measurement results of 
the B-PSC and M-PSC. J–V curves for the (e) B-PSC and (f) M-PSC under various LED illumination intensities (400, 600, 800, 1000 lux). 

TABLE 2 Performance parameters of the PSCs using various CILs subjected to varying LED illumination intensities (400, 600, 800, and 1000 lux). 

Devicesa Indoor light Light intensity (lux) VOC (V) JSC ( µA cm− 2 ) FF iPD ( µW cm− 2 ) iPCE (%) 

B- 
PSC 

LED 400 0.94(0.91) 45.93(46.84) 0.72(0.69) 31.09(29.49) 25.91(24.58) 
600 0.96(0.93) 68.67(68.51) 0.71(0.70) 46.81(44.85) 25.87(24.79) 
800 0.97(0.95) 89.70(90.11) 0.73(0.72) 63.52(61.31) 26.61(25.68) 
1,000 1.00(0.97) 117.16(113.30) 0.71(0.73) 83.18(79.58) 27.73(26.53) 

M- 
PSC 

LED 400 0.99(0.95) 48.78(47.57) 0.79(0.78) 38.15(35.44) 31.79(29.54) 
600 1.00(0.97) 71.73(70.21) 0.81(0.79) 58.10(53.95) 31.55(29.82) 
800 1.01(0.99) 94.34(92.73) 0.81(0.80) 77.18(73.11) 32.01(30.62) 
1,000 1.02(1.00) 119.01(116.87) 0.82(0.81) 99.54(94.66) 33.18(31.55) 

a The average photovoltaic parameters of PSCs were measured in seven devices. 
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utdoor conditions, trap-assisted recombination significantly
ffects device performance due to the limited photo-generation of
harge carriers [ 42 ]. Therefore, the incorporation of MQPPO was
xpected to suppress non-radiative recombination while enabling
fficient charge extraction through its strong interface dipole
ffect, preventing charges from being trapped in defects [ 43 ]. The
ndoor PCE (iPCE) of M-PSCs increased from 25.91%, 25.87%,
6.61%, and 27.73% (for B-PSCs) to 31.79%, 31.55%, 32.01%, and
3.18% at 400, 600, 800, and 1000 lux, respectively. Notably, the
-PSCs exhibited an increased VOC and FF compared to BCP. 

he high dipole moment of MQPPO effectively shifts the WF
f the Ag electrode, an effect which is consequently expected
of 11
to enhance electron extraction and suppress non-radiative
recombination [ 31 ]. To further investigate the recombination
dynamics and charge transport, transient photocurrent (TPC),
transient photovoltage (TPV), and photo-CELIV measurements
were performed. M-PSCs showed faster photocurrent decay
(1.35 µs) and longer photovoltage decay (3.88 µs) than B-
PSCs (2.03 µs and 2.73 µs, respectively), indicating enhanced
charge extraction and suppressed recombination (Figure S7 ) [ 44 ].
Photo-CELIV analysis revealed a comparable carrier mobility of
1.60 × 10− 3 cm2 V− 1 s− 1 for M-PSC and 1.57 × 10− 3 cm2 V− 1 s− 1 for
B-PSC, confirming efficient charge transport at the ETL interface
(Figure S8 ). For a deeper understanding of recombination, we
characterized JSC and VOC depending on light intensity and
Advanced Science, 2026
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etermined α and n values using the relationship of J sc ∝ I
and VOC = ( nkB T / q )ln( I ), where α, I , n , kB , T , and q are
ower factor, light intensity, ideality factor, Boltzmann constant,
emperature, and elementary charge, respectively. Comparable
values close to 1.0 of both devices (0.98 and 0.97 for M-PSC
nd B-PSC, respectively) and the higher n value of the B-PSC
1.68) compared to that of M-PSC (1.48) imply that the observed
ecombination suppression in M-PSC originated from effectively
educed trap-assisted charge recombination by incorporating
QPPO (Figure S9 ) [ 45–47 ]. Furthermore, intensity modulated
hotocurrent spectroscopy (IMPS) and intensity modulated pho-
ovoltage spectroscopy (IMVS) analyses confirmed a faster charge
ransport time ( τct ) and slower recombination time ( τrec ) for M-
SCs (Figure S10 ). These results collectively support that delayed
rap-assisted recombination and facilitated charge extraction
fficiency improved VOC and FF in M-PSCs under both 1 sun and
ow-light intensity illuminations [ 48–50 ]. 

he versatility of MQPPO for different electrodes was evaluated
sing a gold (Au) cathode, which is typically unsuitable for
lectron extraction due to its deep work function ( ∼ 5.3 eV) [ 51 ].
s shown in Figure S11 , the M-PSC with an Au cathode achieved
 superior PCE of 21.58% based on higher FF (0.80) and VOC
1.15 V) compared to the B-PSC (PCE: 20.25%, FF: 0.78, and
OC : 1.13 V) due to its high interface dipole. This confirms that
QPPO effectively tunes the energy levels even for high-work-
unction metals to form Ohmic-like contact. Additionally, we
abricated p-i-n PSCs using a different perovskite composition
FA0.825 Cs0.175 Pb(Br0.125 I0.875 )3 ) via an anti-solvent-free vacuum
rystallization method [ 52 ] (Figure S12a ). As shown in Figure
12b and Table S2 , the M-PSC achieved a PCE up to 23.18%
ith a high VOC of 1.17 V and FF of 0.82, which is higher than
hat of the B-PSC ( VOC : 1.10 V, FF: 0.80, and PCE: 21.31%). In
igure S12c ), the EQE spectra yielded integrated JSC values of
3.39 mA cm− 2 for the M-PSC and 23.35 mA cm− 2 for the B-
SC, which are in good agreement with the values obtained
rom the J–V measurements. These results clearly demonstrate
hat the MQPPO strategy is not limited to a specific efficiency
ange and serves as a versatile platform for achieving competitive
erformance in high-efficiency p-i-n PSCs. 

he long-term stability of the unencapsulated devices was evalu-
ted under various stress conditions to investigate the protective
ffect of the MQPPO interlayer. All aging experiments were per-
ormed in a temperature- and humidity-controlled environmental
hamber to ensure constant environmental conditions. Detailed
perational procedures, including the specific environmental
arameters for ambient, moisture, and accelerated thermal sta-
ility tests, are provided in Note S1 . To examine the effect of
he modified cathode interface on device stability, PSCs were
tored under ambient conditions (25◦C, relative humidity (RH)
f 40%) without encapsulations, and we measured their PCE
ith time (Figure 3a,b ). The B-PSCs exhibited a rapid decrease
n efficiency, retaining 80% of their initial PCE after 60 and
0 h under 1-sun and 1000 LED lux illumination, respectively.
n sharp contrast, the M-PSCs maintained 80% of their initial
erformance even after 1440 h under 1-sun illumination and 800 h
nder 1000 lux LED exposure, demonstrating superior ambient
perational stability under versatile illumination conditions. In
ontrast to the substantial (45%) decrease in recombination
esistance in B-PSCs during stability tests, M-PSCs exhibited a
dvanced Science, 2026
negligible change (0.4% decrease), suggesting the instability of the
interfaces of B-PSCs (Figure S13 and Table S3 ) [ 53 ]. 

To further evaluate moisture stability, we performed stability tests
for unencapsulated devices under harsh humidity conditions (RH
70%) at 25◦C. As shown in Figure 3c , the B-PSCs showed severe
degradation, retaining less than 40% of their initial efficiency
after 600 min of storage. However, the M-PSCs demonstrated
much enhanced moisture resistance, maintaining over 70% of
their initial PCE during the same period. Thermal stability was
subsequently assessed under accelerated stress conditions by
performing MPPT measurements at 85 ◦C (RH 40%) without
encapsulation (Figure 3d ). The B-PSCs degraded within 40 min,
while M-PSCs maintained 80% of their initial efficiency for up to
190 min, demonstrating superior thermal and operational robust-
ness. These results indicate that MQPPO provides enhanced
resistance to both moisture and thermal degradation, ensuring
more reliable operation under various environmental conditions
[ 54 ]. 

To elucidate the mechanisms underlying the enhanced stability of
M-PSCs through examination of changes in surface potential and
interfacial electrical properties, we carried out Kelvin probe force
microscopy (KPFM) measurements on perovskite/PC61 BM/CIL
(BCP or MQPPO) films (denoted as BCP-based film or MQPPO-
based film) under dark and halogen lamp illumination envi-
ronments at a RH 70% condition (Figure 4a ) [ 55 ]. Through
the measurements of time-dependent dark contact potential
difference (CPDdark ) distributions (Figure 4b,c ), we monitored
the changes in their maximum peak positions for each film
(Figure 4d ). BCP-based films exhibited a rapid decrease in peak
position with time; however, the peak positions of MQPPO-
based films were well maintained. These results demonstrate
that, in contrast to BCP, MQPPO maintains a strong interfacial
dipole. Attributed to a robust interfacial dipole, the MQPPO-
based film showed much more stable surface photovoltage (SPV
= CPDlight − CPDdark , CPDlight : CPD under illumination) with time,
compared to that of the BCP-based film, indicating stable and
efficient charge extraction of photoexcited charge carriers. These
results directly evidence improved operational stability of M-PSCs
under various environmental conditions (Figure 4e ; Figure S14 ). 

Additionally, as shown in Figure 4f , a larger contact angle (85◦)
of the MQPPO-based film compared to the BCP-based film (57◦)
demonstrates its superior hydrophobicity and improved resis-
tance to moisture ingress. Furthermore, atomic force microscopy
(AFM) was used to monitor the morphological changes by
comparing fresh and 5-day-aged films under ambient condi-
tions (25◦C, RH 40%) (Figure 4g ). Over time, the BCP-based
films developed pronounced dark spots, as a result of BCP
aggregation, which fails to passivate the PC61 BM surface and
thereby leads to pinhole formation [ 56 ]. Specifically, such mor-
phological non-uniformity and pinholes in BCP films impair
electrical contact and increase series resistance, leading to a
decline in FF as previously reported [ 58, 59 ]. Furthermore,
these structural defects serve as facilitated pathways for halide
ion migration toward the Ag electrode, which accelerates elec-
trode corrosion via AgI formation and ultimately undermines
operational stability [ 60–62 ]. In contrast, MQPPO-based films
showed negligible morphological degradation, maintaining a
uniform and compact surface even after five days. Addition-
5 of 11
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FIGURE 3 Ambient stability of the B-PSC and M-PSC without encapsulation under (a) 1-sun and (b) 1000 lux LED illumination at 25◦C/RH 40%. 
(c) Moisture stability of unencapsulated B-PSC and M-PSC was measured at 25◦C/RH 70%. (d) MPPT measurement results for the B-PSC and M-PSC 
under accelerated thermal stress at 85 ◦C/RH 40%. 

FIGURE 4 (a) Schematic illustration of the KPFM measurement under illumination at RH 70%. CPD distribution curves in dark conditions for 
perovskite films with (b) BCP and (c) MQPPO. Time-dependent maximum (d) CPD values under dark conditions and (e) SPV values of the films with 
BCP and MQPPO. (f) Water contact angle measurements of the films based on BCP and MQPPO. (g) AFM topography images of the films with BCP and 
MQPPO in fresh and after 5-days of storage in ambient conditions. 

6 of 11 Advanced Science, 2026

 21983844, 2026, 29, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202524338 by Pusan N

ational U
niversity, W

iley O
nline L

ibrary on [24/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 5 (a) Ag 3d XPS spectra of Ag and Ag/CILs. (b) Ag 3d and (c) I 3d XPS spectra of fresh and after 36 days storage 
FTO/Perovskite/PC61 BM/CIL/Ag films with BCP or MQPPO layers. (d) ToF-SIMS depth profiles of the PSCs after thermal aging at 110◦C for 24 h. 
(e) Schematic illustration of the interface degradation and Ag corrosion protection mechanisms for PSCs with different CILs. 
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lly, x-ray diffraction (XRD) analysis (Figure S15 ) revealed
uppressed PbI2 formation in MQPPO-based films, further evi-
encing reduced moisture-induced decomposition of perovskite
 63 ]. Collectively, these results suggest that MQPPO effectively
einforces interfacial stability by maintaining dipole effects,
reventing moisture penetration, and suppressing interfacial
ggregation, ensuring superior morphological and electrical
urability. 

ubsequently, to investigate the interactions between Ag and
he CIL, X-ray photoelectron spectroscopy (XPS) measurements
dvanced Science, 2026
were conducted on Ag/CIL films (Figure 5a ). For pristine Ag, the
binding energies of Ag 3d3/2 and Ag 3d5/2 were observed at 375.5
and 369.5 eV, respectively. Compared to Ag/BCP, Ag/MQPPO
exhibited a more noticeable shift of both peaks toward lower
binding energies, indicating a stronger chemical interaction
between MQPPO and Ag, which is also consistent with ESP
results [ 64 ]. To further evaluate the long-term stability of the
Ag electrode, XPS measurements were carried out on fresh
and aged (36 days) FTO/perovskite/PC61 BM/CIL/Ag films. In
all fresh films, Ag 3d peaks appeared at 368.48 and 374.48 eV,
confirming the presence of metallic Ag0 with no detectable
7 of 11
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econdary species (Figure 5b ; Table S4 ). After 36 days of aging,
ilms without a CIL exhibited a binding energy shift to a 0.2 eV
ower position, corresponding to the formation of insulating AgI
aused by halide ion diffusion from the perovskite layer [ 14,
5 ]. In contrast, MQPPO-based films exhibited negligible shifts
n binding energy ( < 0.1 eV), indicating that MQPPO effectively
uppresses halide penetration into the Ag electrode (Figure S16 ).
he inhibition of halide diffusion was further corroborated by
 3d peaks analysis (Figure 5c ). No iodide peaks were detected
n the fresh films, whereas aged films without a CIL exhibited
istinct I 3d peaks (619.33 and 630.78 eV), confirming AgI
ormation at the electrode. In contrast, MQPPO-based samples
howed the weakest iodide signal, which indicates effective
uppression of AgI formation and supports improved long-term
perational stability of M-PSCs [ 66 ]. Moreover, to investigate
he halide migration behavior under accelerated conditions, the
evices were subjected to thermal aging at 110◦C for 24 h and
haracterized by time-of-flight secondary ion mass spectrometry
ToF-SIMS). The analysis revealed a significant accumulation
f iodide ions in the Ag electrode of the B-PSC after thermal
tress, whereas the M-PSC exhibited minimal halide migra-
ion across the interface, as indicated with a black circle in
igure 5d . This confirms that MQPPO serves as an effective
arrier against halide-induced corrosion through robust chemical
oordination with the Ag electrode [ 67 ]. The progression of
lectrode corrosion was further corroborated by the surface
orphology of the devices (Figure S17 ). After 1,920 h of aging,
evere corrosion was evident on the Ag cathode of the BCP-
ased film, while the MQPPO-based film exhibited no visible
eterioration, maintaining its original metallic luster [ 68 ]. This
xceptional stability is primarily attributed to the inhibition of
gI-induced interfacial degradation through effective blocking
f halide diffusion by MQPPO. This enabled M-PSCs to preserve
igh recombination resistance and efficient charge extraction
uring long-term storage in ambient, high-moisture, and high
emperature environments. 

ased on these findings, the distinct role of MQPPO in stabilizing
SC operation is schematically summarized in Figure 5e . As
videnced by energy level change, BCP forms a relatively weak
nterfacial dipole, which is insufficient to effectively suppress
harge recombination and limits photovoltaic performance [ 69 ].
dditionally, self-aggregation of BCP molecules results in a non-
niform interfacial coverage. Such morphological inhomogeneity
ccelerates perovskite degradation by moisture penetration and
alide ion diffusion through the BCP/Ag interface [ 70 ]. Moreover,
he relatively weak Ag ─N interaction between BCP and Ag is
nsufficient to suppress the formation of insulating AgI, resulting
n a substantial loss of device stability [ 71 ]. 

n contrast, the M-PSCs achieve improved photovoltaic perfor-
ance primarily owing to the energy-level optimization driven
y the strong interfacial dipole of MQPPO. Furthermore, their
nhanced operational stability arises from two synergic mecha-
isms: 

1. Inhibition of moisture penetration, mitigating perovskite
decomposition 

2. Formation of stronger Ag–N interactions, suppressing AgI
formation 
of 11
3 Conclusion 

In summary, we demonstrated the successful implementation
of MQPPO as a multifunctional CIL for high-performance and
stable p-i-n structured PSCs. With its strong and persistent
interfacial dipole, MQPPO significantly enhances PV perfor-
mance, achieving PCEs of 21.65% and 33.18% under 1-sun and
1000 lux LED illumination, respectively. These improvements
are attributed to reduced interfacial energy barriers, suppressed
recombination, and more efficient charge extraction. Moreover,
MQPPO substantially improves the long-term operational device
stability of PSCs, retaining over 80% of their initial efficiency
after 1440 h, markedly outperforming B-PSCs. The superior
durability originates from the hydrophobic and morphologically
stable interfacial layer formed by MQPPO, which effectively
inhibits moisture ingress and halide ion diffusion. In addition,
strong interfacial Ag ─N coordination prevents the formation
of insulating AgI by suppressing interfacial reactions between
Ag and halide species. Collectively, these synergistic effects,
dipole-induced energy level alignment, interfacial morphological
stability, and chemical passivation of the Ag electrode, enable
MQPPO to serve as a multifunctional CIL that simultaneously
delivers high efficiency and exceptional long-term stability,
underscoring its potential for practical and scalable perovskite
photovoltaic applications. 

Acknowledgements 

D.H.L., S.W.L., and M.J.C. contributed equally to this work. This work
was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT) (RS-2024-00436187, RS-
2024-00336557, and RS - 2023 - 00220748) and was also supported
by the Korea Planning & Evaluation Institute of Industrial Technol-
ogy funded by the Ministry of Trade, Industry, and Energy (MOTIE,
Korea) (RS-2024-00433146). This research was also supported by NRF
(2022R1A6A1A03051158). 

Conflicts of Interest 

The authors declare no conflicts of interest. 

Data Availability Statement 

The data that support the findings of this study are available from the
corresponding author upon reasonable request. 

References 

1 . S. Sun, T. Salim, N. Mathews, et al., “The Origin of High Efficiency
in Low-Temperature Solution-Processable Bilayer Organometal Halide
Hybrid Solar Cells,” Energy & Environmental Science 7 (2014): 399–407,
https://doi.org/10.1039/C3EE43161D . 

2 . S. D. Stranks, G. E. Eperon, G. Grancini, et al., “Electron-Hole Diffusion
Lengths Exceeding 1 Micrometer in an Organometal Trihalide Perovskite
Absorber,” Science 342 (2013): 341–344, https://doi.org/10.1126/science.
1243982 . 

3 . E. M. Hutter, M. C. Gélvez-Rueda, A. Osherov, et al., “Direct–indirect
Character of the Bandgap in Methylammonium Lead Iodide Perovskite,”
Nature Materials 16 (2017): 115–120, https://doi.org/10.1038/nmat4765 . 

4 . L. M. Herz, “Charge-Carrier Mobilities in Metal Halide Perovskites:
Fundamental Mechanisms and Limits,” ACS Energy Letters 2 (2017):
1539–1548, https://doi.org/10.1021/acsenergylett.7b00276 . 
Advanced Science, 2026

tive C
om

m
ons L

icense

https://doi.org/10.1039/C3EE43161D
https://doi.org/10.1126/science.1243982
https://doi.org/10.1038/nmat4765
https://doi.org/10.1021/acsenergylett.7b00276


5  

D  

a  

(

6  

H
J  

d

7  

w

8  

i  

h

9  

S  

(

1  

M  

(

1  

F  

C

1  

F  

&  

D

1  

C  

S

1  

D  

E  

1

1  

S  

(

1  

t  

S  

1

1  

P  

P  

j

1  

V  

T  

3

1  

E  

P  

o

2  

f  

M

2  

M
A  

a

2  

C  

E  

1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 21983844, 2026, 29, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202524338 by Pusan N

ational U
niversity, W

iley O
nline L

ibrary on [24/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

re
 . P. Yan, D. Yang, H. Wang, S. Yang, and Z. Ge, “Recent Advances in
opant-Free Organic Hole-Transporting Materials for Efficient, Stable
nd Low-Cost Perovskite Solar Cells,” Energy & Environmental Science 15
2022): 3630–3669, https://doi.org/10.1039/D2EE01256A . 

 . A. Kojima, K. Teshima, Y. Shirai, and T. Miyasaka, “Organometal
alide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells,”
ournal of the American Chemical Society 131 (2009): 6050–6051, https://
oi.org/10.1021/ja809598r . 

 . Best Research-Cell Efficiency Chart, (accessed: July 2025), https://
ww.nrel.gov/pv/cell-efficiency.html . 

 . X. Zhang, S. Wu, H. Zhang, A. K. Y. Jen, Y. Zhan, and J. Chu, “Advances
n Inverted Perovskite Solar Cells,”Nature Photonics 18 (2024): 1243–1253,
ttps://doi.org/10.1038/s41566-024-01541-9 . 

 . B. Li and W. Zhang, “Improving the Stability of Inverted Perovskite
olar Cells Towards Commercialization,” Communications Materials 3
2022): 65, https://doi.org/10.1038/s43246-022- 00291- x. 

0 . R. Wang, T. Huang, J. Xue, J. Tong, K. Zhu, and Y. Yang, “Prospects for
etal Halide Perovskite-Based Tandem Solar Cells,” Nature Photonics 15
2021): 411–425, https://doi.org/10.1038/s41566- 021- 00809- 8 . 

1 . H. Zhao, C. Li, Y. Zhang, et al., “Defect Suppression via Tailoring
unctionalized Additives for Efficient and Stable CsPbI3 Perovskite Solar
ells,” Carbon Energy e70107, https://doi.org/10.1002/cey2.70107 . 

2 . F. M. Rombach, S. A. Haque, and T. J. Macdonald, “Lessons Learned
rom Spiro-OMeTAD and PTAA in Perovskite Solar Cells,” Energy
 Environmental Science 14 (2021): 5161–5190, https://doi.org/10.1039/
1EE02095A . 

3 . Y. Cheng and L. Ding, “Pushing Commercialization of Perovskite Solar
ells by Improving Their Intrinsic Stability,” Energy & Environmental
cience 14 (2021): 3233–3255, https://doi.org/10.1039/D1EE00493J . 

4 . H. Lee and C. Lee, “Analysis of Ion-Diffusion-Induced Interface
egradation in Inverted Perovskite Solar Cells via Restoration of the Ag
lectrode,” Advanced Energy Materials 8 (2018): 1702197, https://doi.org/
0.1002/aenm.201702197 . 

5 . H. Back, G. Kim, J. Kim, et al., “Achieving Long-Term Stable Perovskite
olar Cells via Ion Neutralization,” Energy & Environmental Science 9
2016): 1258–1263, https://doi.org/10.1039/C6EE00612D . 

6 . J. Li, Q. Dong, N. Li, and L. Wang, “Direct Evidence of Ion Diffusion for
he Silver-Electrode-Induced Thermal Degradation of Inverted Perovskite
olar Cells,”Advanced Energy Materials 7 (2017): 1602922, https://doi.org/
0.1002/aenm.201602922 . 

7 . C. Yu, J. Yang, Z. Bing, et al., “Insight Into Air Degradation of Inverted
erovskite Solar Cells with Different Cathode Interlayers,” The Journal of
hysical Chemistry Letters 15 (2024): 105–112, https://doi.org/10.1021/acs.
pclett.3c03087 . 

8 . J. F. Butscher, S. Intorp, J. Kress, et al., “Enhancing the Open-Circuit
oltage of Perovskite Solar Cells by Embedding Molecular Dipoles Within
heir Hole-Blocking Layer,”ACS Applied Materials & Interfaces 12 (2020):
572–3579, https://doi.org/10.1021/acsami.9b18757 . 

9 . C. Chen, S. Zhang, S. Wu, et al., “Effect of BCP Buffer Layer on
liminating Charge Accumulation for High Performance of Inverted
erovskite Solar Cells,” RSC Advances 7 (2017): 35819–35826, https://doi.
rg/10.1039/C7RA06365B . 

0 . N. Liu, J. Xiong, Z. He, et al., “Multifunctional Anti-Corrosive Inter-
ace Modification for Inverted Perovskite Solar Cells,” Advanced Energy
aterials 13 (2023): 2300025, https://doi.org/10.1002/aenm.202300025 . 

1 . T. Nguyen, D. Yeo, R. K. Chitumalla, et al., “Tailor-Made Buffer
aterials: Advancing Uniformity and Stability in Perovskite Solar Cells,”
dvanced Energy Materials 15 (2025): 2403633, https://doi.org/10.1002/
enm.202403633 . 

2 . J. O. Obila, D. H. Ryu, S. Oh, et al., “Tin-Based Perovskite Solar Cells
ontaining a Perylene Diimide Cathode Interlayer with a Copper Top
lectrode,” ACS Energy Letters 9 (2024): 1090–1096, https://doi.org/10.
021/acsenergylett.3c02795 . 
dvanced Science, 2026

a

23 . Y. Dong, R. Yu, G. Su, et al., “Interface Reactive Sputtering of
Transparent Electrode for High-Performance Monolithic and Stacked
Perovskite Tandem Solar Cells,” Advanced Materials 36 (2024): 2312704,
https://doi.org/10.1002/adma.202312704 . 

24 . A. Lan, H. Lu, B. Huang, et al., “Toward Commercial-Scale Perovskite
Solar Cells: The Role of ALD-SnO2 Buffer Layers in Performance and
Stability,” ACS Applied Materials & Interfaces 16 (2024): 64825–64833,
https://doi.org/10.1021/acsami.4c14954 . 

25 . S.-H. Li, Z. Xing, B.-S. Wu, et al., “Hybrid Fullerene-Based Electron
Transport Layers Improving the Thermal Stability of Perovskite Solar
Cells,”ACS Applied Materials & Interfaces 12 (2020): 20733–20740, https://
doi.org/10.1021/acsami.0c02119 . 

26 . H. Li, G. Xie, J. Fang, et al., “Holistic Dielectric and Buffer Interfacial
Layers Enable High-Efficiency Perovskite Solar Cells and Modules,”
Nano Energy 124 (2024): 109507, https://doi.org/10.1016/j.nanoen.2024.109
507 . 

27 . S. W. Lee, X. Fan, D. R. Whang, et al., “Contr olling the Interfacial
Dipole via Functionalization of Quinoxaline-Based Small Molecules for
Electron Transport Layer in Organic Light Emitting Diodes,” Journal of
Information Display 24 (2023): 189–198, https://doi.org/10.1080/15980316.
2023.2171145 . 

28 . L. Gregori, D. Meggiolaro, and F. D. Angelis, “Quantifying the Effect
of Interfacial Dipoles on the Energy Level Alignment of Metal-Halide
Perovskites,” ACS Energy Letters 9 (2024): 5329–5333, https://doi.org/10.
1021/acsenergylett.4c01876 . 

29 . K. Dong, G. Yang, M. Wang, et al., “Impact of Dipole Effect on
Perovskite Solar Cells,” Chemsuschem 17 (2024): 202301497, https://doi.
org/10.1002/cssc.202301497 . 

30 . F. Wang, T. Wang, C. Ge, et al., “Interface Regulation via an
Organometallic Ferrocene-Based Molecule Toward Inverted Perovskite
Solar Cells,” ACS Energy Letters 9 (2024): 4283–4292, https://doi.org/10.
1021/acsenergylett.4c01433 . 

31 . Y. Li, X. He, R. Zhu, et al., “Enhanced Corrosion Resistance of Ag Elec-
trode through Ionized 2-Mercaptobenzothiazole in Inverted Perovskite
Solar Cells,” Advanced Functional Materials 35 (2025): 2413245, https://
doi.org/10.1002/adfm.202413245 . 

32 . C. Hsu, “Reorganization Energies and Spectral Densities for Electron
Transfer Problems in Charge Transport Materials,” Physical Chem-
istry Chemical Physics 22 (2020): 21630–21641, https://doi.org/10.1039/
D0CP02994G . 

33 . R. Li, K. Maeda, K. Kameda, M. Ihara, and S. Manzhos, “Exploring
the Electronic Properties of Carbon Nanoflake-Based Charge Transport
Materials for Perovskite Solar Cells: A Computational Study,” Physical
Chemistry Chemical Physics 27 (2025): 7611–7628, https://doi.org/10.1039/
D4CP04608K . 

34 . J. Xia, C. Liang, H. Gu, et al., “Surface Passivation Toward Efficient
and Stable Perovskite Solar Cells,” Energy & Environmental Materials 6
(2023): 12296, https://doi.org/10.1002/eem2.12296 . 

35 . X. Chen, J. Huang, F. Gao, and B. Xu, “Phosphine Oxide Additives for
Perovskite Light-Emitting Diodes and Solar Cells,” Chem 9 (2023): 562–
575, https://doi.org/10.1016/j.chempr.2023.01.002 . 

36 . J. Tao, N. Ali, K. Chen, et al., “Enhanced Efficiency in Perovskite
Solar Cells by Eliminating the Electron Contact Barrier Between the
Metal Electrode and Electron Transport Layer,” Journal of Materi-
als Chemistry A 7 (2019): 1349–1355, https://doi.org/10.1039/C8TA10
630D . 

37 . S. J. Shin, G. Alosaimi, M. J. Choi, et al., “Strategic Approach for
Frustrating Charge Recombination of Perovskite Solar Cells in Low-
Intensity Indoor Light: Insertion of Polar Small Molecules at the Interface
of the Electron Transport Layer,” ACS Applied Energy Materials 5 (2022):
13234–13242, https://doi.org/10.1021/acsaem.2c01557 . 

38 . Q. Chen, C. Wang, Y. Li, and L. Chen, “Interfacial Dipole in Organic
and Perovskite Solar Cells,” Journal of the American Chemical Society 142
(2020): 18281–18292, https://doi.org/10.1021/jacs.0c07439 . 
9 of 11

tive C
om

m
ons L

icense

https://doi.org/10.1039/D2EE01256A
https://doi.org/10.1021/ja809598r
https://www.nrel.gov/pv/cell-efficiency.html
https://doi.org/10.1038/s41566-024-01541-9
https://doi.org/10.1038/s43246-022-00291-x
https://doi.org/10.1038/s41566-021-00809-8
https://doi.org/10.1002/cey2.70107
https://doi.org/10.1039/D1EE02095A
https://doi.org/10.1039/D1EE00493J
https://doi.org/10.1002/aenm.201702197
https://doi.org/10.1039/C6EE00612D
https://doi.org/10.1002/aenm.201602922
https://doi.org/10.1021/acs.jpclett.3c03087
https://doi.org/10.1021/acsami.9b18757
https://doi.org/10.1039/C7RA06365B
https://doi.org/10.1002/aenm.202300025
https://doi.org/10.1002/aenm.202403633
https://doi.org/10.1021/acsenergylett.3c02795
https://doi.org/10.1002/adma.202312704
https://doi.org/10.1021/acsami.4c14954
https://doi.org/10.1021/acsami.0c02119
https://doi.org/10.1016/j.nanoen.2024.109507
https://doi.org/10.1080/15980316.2023.2171145
https://doi.org/10.1021/acsenergylett.4c01876
https://doi.org/10.1002/cssc.202301497
https://doi.org/10.1021/acsenergylett.4c01433
https://doi.org/10.1002/adfm.202413245
https://doi.org/10.1039/D0CP02994G
https://doi.org/10.1039/D4CP04608K
https://doi.org/10.1002/eem2.12296
https://doi.org/10.1016/j.chempr.2023.01.002
https://doi.org/10.1039/C8TA10630D
https://doi.org/10.1021/acsaem.2c01557
https://doi.org/10.1021/jacs.0c07439


3  

a  

I  

h

4  

B  

E  

C  

0

4  

E  

T
4

4  

P
N  

1

4  

L  

&  

C

4  

A  

o  

h

4  

C  

F  

h

4  

C  

S  

2

4  

E  

7

4  

P  

O  

a  

(

4  

I  

3

5  

d  

C  

a

5  

U
J  

d

5  

F  

P  

h

5  

T  

t  

o

5  

l  

E  

M

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

chemmater.1c00773 . 

1

 21983844, 2026, 29, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202524338 by Pusan N

ational U
niversity, W

iley O
nline L

ibrary on [24/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

rea
9 . F. Zhang, W. Hou, H. Wang, and J. Song, “Improving the Performance
nd Stability of Inverted Perovskite Solar Cell Modules by Cathode
nterface Engineering,” Chemical Engineering Journal 490 (2024): 151805,
ttps://doi.org/10.1016/j.cej.2024.151805 . 

0 . D. Wang, C. Kang, T. Ye, et al., “A Novel Perylene Diimide-
ased Ionene Polymer and its Mixed Cathode Interlayer Strategy for
fficient and Stable Inverted Perovskite Solar Cells,” Journal of Energy
hemistry 82 (2023): 334–342, https://doi.org/10.1016/j.jechem.2023.03.
32 . 

1 . E. Aydin, J. Liu, E. Ugur, et al., “Ligand-Bridged Charge Extraction and
nhanced Quantum Efficiency Enable Efficient n–i–p Perovskite/Silicon
andem Solar Cells,” Energy & Environmental Science 14 (2021): 4377–
390, https://doi.org/10.1039/D1EE01206A . 

2 . M. H. Ann, J. Kim, M. Kim, et al., “Device Design Rules and Operation
rinciples of High-Power Perovskite Solar Cells for Indoor Applications,”
ano Energy 68 (2020): 104321, https://doi.org/10.1016/j.nanoen.2019.
04321 . 

3 . J.-H. Lee, J. Kim, G. Kim, et al., “Introducing Paired Electric Dipole
ayers for Efficient and Reproducible Perovskite Solar Cells,” Energy
 Environmental Science 11 (2018): 1742–1751, https://doi.org/10.1039/
8EE00162F . 

4 . B. Jiang, B. Yu, Y. Zhang, et al., “Blade Printing of Low-Melting-Point
lloys as Back Electrodes for High-Efficiency and Stable Inverted Per-
vskite Solar Cells,” Energy & Environmental Science 18 (2025): 4142–4152,
ttps://doi.org/10.1039/D5EE00269A . 

5 . X. Li, X. Wu, B. Li, et al., “Modulating the Deep-Level Defects and
harge Extraction for Efficient Perovskite Solar Cells with High Fill
actor Over 86%,” Energy & Environmental Science 15 (2022): 4813–4822,
ttps://doi.org/10.1039/D2EE02543D . 

6 . E. C. Chae, Y. Seo, B. J. Kang, et al., “PTAA-Infiltrated Thin-Walled
arbon Nanotube Electrode with Hidden Encapsulation for Perovskite
olar Cells,” EcoMat 6 (2023): 12495, https://doi.org/10.1002/eom2.1
495 . 

7 . X. Zhang, Y. Luo, X. Wang, et al., “Locking Surface Dimensionality for
ndurable Interface in Perovskite Photovoltaics,”Carbon Energy 7 (2025):
18, https://doi.org/10.1002/cey2.718 . 

8 . A. Pockett, G. E. Eperon, T. Peltola, et al., “Characterization of
lanar Lead Halide Perovskite Solar Cells by Impedance Spectroscopy,
pen-Circuit Photovoltage Decay, and Intensity-Modulated Photovolt-
ge/Photocurrent Spectroscopy,” The Journal of Physical Chemistry C 119
2015): 3456–3465, https://doi.org/10.1021/jp510837q . 

9 . H. Chen, C. Liu, J. Xu, et al., “Improved Charge Extraction in
nverted Perovskite Solar Cells with Dual-Site-Binding Ligands,” Science
84 (2024): 189–193, https://doi.org/10.1126/science.adm9474 . 

0 . W. Xu, G. Min, F. U. Kosasih, et al., “Unveiling the Role of Guani-
inium for Enhanced Charge Extraction in Inverted Perovskite Solar
ells,” ACS Energy Letters 10 (2025): 2660–2669, https://doi.org/10.1021/
csenergylett.5c00469 . 

1 . J. Wang, J. Li, Y. Zhou, et al., “Tuning an Electrode Work Function
sing Organometallic Complexes in Inverted Perovskite Solar Cells,”
ournal of the American Chemical Society 143 (2021): 7759–7768, https://
oi.org/10.1021/jacs.1c02118 . 

2 . S.-J. Kim, S. Hong, D.-G. Kwun, et al., “Uniform Monolithic Perovskite
ilms for Scalable Modules: Anti-Solvent-Free Crystallization via Seed
riming and Vacuum Processing,” Advanced Energy Materials e06521,
ttps://doi.org/10.1002/aenm.202506521 . 

3 . J. Torres, I. Zarazua, D. Esparza, et al., “Degradation Analysis of
riple-Cation Perovskite Solar Cells by Electrochemical Impedance Spec-
roscopy,”ACS Applied Energy Materials 5 (2022): 12545–12552, https://doi.
rg/10.1021/acsaem.2c02161 . 

4 . B. Liu, X. Ren, R. Li, et al., “Stabilizing Top Interface by Molecu-
ar Locking Strategy with Polydentate Chelating Biomaterials Toward
fficient and Stable Perovskite Solar Cells in Ambient Air,” Advanced
aterials 36 (2024): 2312679, https://doi.org/10.1002/adma.202312679 . 
0 of 11
55 . X. Huang, C. Zhang, L. Cao, et al., “Enhancing Inverted Perovskite
Solar Cells via Dipole-Moment-Tuned Self-Assembled Monolayers with
Efficiency of 25.75%,” Chemical Engineering Journal 511 (2025): 161967,
https://doi.org/10.1016/j.cej.2025.161967 . 

56 . M. J. Choi, S. W. Lee, M. Lee, et al., “Strategic Approach for Achieving
High Indoor Efficiency of Perovskite Solar Cells: Frustration of Charge
Recombination by Dipole Induced Homogeneous Charge Distribution,”
Chemical Engineering Journal 454 (2023): 140284, https://doi.org/10.1016/
j.cej.2022.140284 . 

57 . D. H. Ryu, B. J. Kang, N. Khan, et al., “Morphologically Uniform
Electron Transport Layer Incorporating Conjugated Polymer for Efficient
Charge Extraction in Tin Perovskite Solar Cells,” Carbon Energy , e70123,
https://doi.org/10.1002/cey2.70123 . 

58 . H. Xiong, B. Li, H. Qiu, et al., “PEIE-Mediated Strategies for Highly
Efficient and Stable Perovskite Solar Cells Overcoming BCP Thermal
Aggregation,” Journal of Materials Chemistry A 13 (2025): 28189–28199,
https://doi.org/10.1039/D5TA03658E . 

59 . C.- C. Lee, W.- C. Su, J.- C. Huang, C.-F. Lin, and S.-W. Liu, “Degradation
Mechanism of Organic Photovoltaic Devices with Bathocuproine Buffer
Layer,” Journal of Photonics for Energy 1 (2011): 011108, https://doi.org/10.
1117/1.3555079 . 

60 . C.-T. Lin, S. Pont, J. Kim, et al., “Passivation Against Oxygen and Light
Induced Degradation by the PCBM Electron Transport Layer in Planar
Perovskite Solar Cells,” Sustainable Energy & Fuels 2 (2018): 1686–1692,
https://doi.org/10.1039/C8SE00095F . 

61 . D. Kim, C.-S. Huang, W. Xu, et al., “Molecular Dipole Buffer
Layer Enabling Compact Interfaces in Perovskite Solar Cells,” ACS
Energy Letters 10 (2025): 4712–4721, https://doi.org/10.1021/acsenergylett.
5c02004 . 

62 . Y. Li, L. Li, H. Zeng, et al., “Cross-Linked Multifunctional Bilayer
Polymer Buffer for Enhanced Efficiency and Stability in Perovskite Solar
Cells,” Nature Communications 16 (2025): 6038, https://doi.org/10.1038/
s41467- 025- 61294- z . 

63 . M. Li, C. Zhao, Z. K. Wang, et al., “Interface Modification by
Ionic Liquid: A Promising Candidate for Indoor Light Harvesting and
Stability Improvement of Planar Perovskite Solar Cells,”Advanced Energy
Materials 8 (2018): 1801509, https://doi.org/10.1002/aenm.201801509 . 

64 . N. Yantara and N. Mathews, “Toolsets for Assessing Ionic Migration
in Halide Perovskites,” Joule 8 (2024): 1239–1273, https://doi.org/10.1016/
j.joule.2024.02.022 . 

65 . H. Li, Z. Yan, M. Li, et al., “Probing the Stability of Perovskite
Solar Cell Under Working Condition Through an Ultra-Thin Silver Elec-
trode: Beyond the Halide Ion Diffusion and Metal Diffusion,” Chemical
Engineering Journal 458 (2023): 141405, https://doi.org/10.1016/j.cej.2023.
141405 . 

66 . Y. Kato, L. K. Ono, M. V. Lee, S. Wang, S. R. Raga, and Y. Qi, “Silver
Iodide Formation in Methyl Ammonium Lead Iodide Perovskite Solar
Cells with Silver Top Electrodes,” Advanced Materials Interfaces 2 (2015):
1500195, https://doi.org/10.1002/admi.201500195 . 

67 . X. Li, S. Fu, W. Zhang, S. Ke, W. Song, and J. Fang, “Chemical Anti-
Corrosion Strategy for Stable Inverted Perovskite Solar Cells,” Science
Advances 6 (2020): abd1580, https://doi.org/10.1126/sciadv.abd1580 . 

68 . X. Meng, C. H. Y. Ho, S. Xiao, et al., “Molecular Design Enabled
Reduction of Interface Trap Density Affords Highly Efficient and Stable
Perovskite Solar Cells with over 83% Fill Factor,” Nano Energy 52 (2018):
300–306, https://doi.org/10.1016/j.nanoen.2018.07.063 . 

69 . Q. An, Q. Sun, A. Weu, et al., “Enhancing the Open-Circuit Voltage
of Perovskite Solar Cells by up to 120 mV Using π-Extended Phospho-
niumfluorene Electrolytes as Hole Blocking Layers,” Advanced Energy
Materials 9 (2019): 1901257, https://doi.org/10.1002/aenm.201901257 . 

70 . W. Chi and S. K. Banerjee, “Achieving Resistance Against Moisture
and Oxygen for Perovskite Solar Cells with High Efficiency and Stability,”
Chemistry of Materials 33 (2021): 4269–4303, https://doi.org/10.1021/acs.
Advanced Science, 2026

tive C
om

m
ons L

icense

https://doi.org/10.1016/j.cej.2024.151805
https://doi.org/10.1016/j.jechem.2023.03.032
https://doi.org/10.1039/D1EE01206A
https://doi.org/10.1016/j.nanoen.2019.104321
https://doi.org/10.1039/C8EE00162F
https://doi.org/10.1039/D5EE00269A
https://doi.org/10.1039/D2EE02543D
https://doi.org/10.1002/eom2.12495
https://doi.org/10.1002/cey2.718
https://doi.org/10.1021/jp510837q
https://doi.org/10.1126/science.adm9474
https://doi.org/10.1021/acsenergylett.5c00469
https://doi.org/10.1021/jacs.1c02118
https://doi.org/10.1002/aenm.202506521
https://doi.org/10.1021/acsaem.2c02161
https://doi.org/10.1002/adma.202312679
https://doi.org/10.1016/j.cej.2025.161967
https://doi.org/10.1016/j.cej.2022.140284
https://doi.org/10.1002/cey2.70123
https://doi.org/10.1039/D5TA03658E
https://doi.org/10.1117/1.3555079
https://doi.org/10.1039/C8SE00095F
https://doi.org/10.1021/acsenergylett.5c02004
https://doi.org/10.1038/s41467-025-61294-z
https://doi.org/10.1002/aenm.201801509
https://doi.org/10.1016/j.joule.2024.02.022
https://doi.org/10.1016/j.cej.2023.141405
https://doi.org/10.1002/admi.201500195
https://doi.org/10.1126/sciadv.abd1580
https://doi.org/10.1016/j.nanoen.2018.07.063
https://doi.org/10.1002/aenm.201901257
https://doi.org/10.1021/acs.chemmater.1c00773


7  

I  

C  

s

S

A  

I
S
S

A

 21983844, 2026, 29, D
ow

nloaded from
 https://advanced.onlinelibrary
1 . S. Wu, R. Chen, S. Zhang, et al., “A Chemically Inert Bismuth
nterlayer Enhances Long-Term Stability of Inverted Perovskite Solar
ells,” Nature Communications 10 (2019): 1161, https://doi.org/10.1038/
41467- 019- 09167- 0 . 

upporting Information 

dditional supporting information can be found online in the Supporting
nformation section. 
upporting File 1: advs74802-sup-0001-SuppMat.docx. 
upporting File 2: advs74802-sup-0002-DataFile.zip. 
dvanced Science, 2026 11 of 11

.w
iley.com

/doi/10.1002/advs.202524338 by Pusan N
ational U

niversity, W
iley O

nline L
ibrary on [24/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41467-019-09167-0

	Reinforcement of Cathode Interface Using a Dipolar Small Molecule for Enhancing Operational Stability of Perovskite Solar Cells
	1 | Introduction
	2 | Results and Discussion
	3 | Conclusion
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


