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PROGRESS AND POTENTIAL Inrecentyears, inverted perovskite solar cells (PSCs) have emerged as a prom-
ising photovoltaic technology, garnering significant attention. Their certified efficiency in single-junction con-
figurations has now surpassed 27.0%. However, stability, an issue closely related to the heterointerface, has
always been a key factor limiting the future commercialization of inverted PSCs. In this work, two novel phe-
nanthroline-based isomers (named J2 and J5) were rationally designed and synthesized to address the het-
erointerface stability in inverted PSCs. The reaction sites at positions 2 and 5 were precisely engineered
through Suzuki-Miyaura coupling, leading to the successful synthesis of J2 and J5. These molecules seam-
lessly adapt to both the top and bottom interfaces, with J2 exhibiting co-directional binding ability and J5
demonstrating opposite-directional binding ability. As a result, the inverted 0.08 cm2-PSCs and 1 cm?-
PSCs achieved power conversion efficiencies (PCEs) of 26.55% and 25.00%, respectively. The device
showed enhanced stability, retaining 92% of its initial PCE after 3,000 h of operation under 1-sun illumination.
This work proposes a new concept and strategy for enhancing heterointerface stability by contextually
designing and synthesizing novel functional materials based on practical heterointerface properties, which
is of great significance for promoting the commercialization of inverted PSCs.

SUMMARY

The commercialization of inverted perovskite solar cells (PSCs) is urgently limited by stability, an issue
closely related to the heterointerface. In this work, we rationally synthesized two phenanthroline-based iso-
mers—2-(3,4-dimethoxyphenyl)-1,10-phenanthroline (J2) and 5-(3,4-dimethoxyphenyl)-1,10-phenanthroline
(J5)—as novel interfacial modifiers to enhance the interface stability. The J2 with co-directional binding sites
was incorporated into [6,6]-phenyl-Ce1-butyric acid methyl ester (PCBM) to interact with it in a -t manner
and coordinate with perovskite, strengthening the interface adhesion. The J5 with opposite-directional bind-
ing sites was incorporated into MeO-4PACz to nt-xt interact with it and coordinate with the FTO substrate and
perovskite, respectively, thus stabilizing MeO-4PACz and reinforcing interface. Owing to the improved inter-
facial mechanical durability and reduced interfacial carrier recombination, the 0.08 cm?-PSC and 1 cm?-PSC
achieved efficiencies of 26.55% and 25.00%, respectively. Moreover, unencapsulated devices can retain
92% of their initial efficiency after operating 3,000 h under continuous 1-sun illumination and 91% after
150 harsh thermal cycles.

INTRODUCTION

Metal-halide perovskite solar cells (PSCs) have reached certified
efficiency exceeding 27.0% in single-junction configurations,
emerging as a leading technology for the next photovoltaic revo-
lution.”~® Specifically, inverted PSCs have attracted extensive in-

terest owing to their simplified fabrication, efficient carrier extrac-
tion, and compatibility with tandem solar cells. In the past few
years, inverted PSCs have achieved significant breakthroughs
in terms of efficiency.®® However, the stability issue is still the
key bottleneck limiting the devices’ practical applications. In a
multi-layered device, the degradation of heterointerfaces

Matter 9, 102525, February 4, 2026 © 2025 Elsevier Inc. 1

All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:hhuang@ncepu.edu.cn
mailto:mcli@ncepu.edu.cn
https://doi.org/10.1016/j.matt.2025.102525

Please cite this article in press as: Qu et al., Contextualized synthesis of phenanthroline-based isomeric linkers at heterointerfaces enables stable in-
verted perovskite solar cells, Matter (2025), https://doi.org/10.1016/j.matt.2025.102525

¢? CellPress

between perovskite and charge transport layers (CTLs) has been
reported to be the main reason for the PSCs’ performance decay
under operation conditions. Considering the massive defect,
complex bonding, and relatively higher chemical reaction at the
heterointerfaces, understanding the interface degradation mech-
anism and enhancing the interface stability compatible with the
efficiency improvement are necessary for achieving efficient
and stable inverted PSCs.% "

The inverted PSCs are inevitably subjected to the external fac-
tors of heat, illumination, electric fields, and their complex func-
tion in the practical applications. Comparing the functional layers
of the perovskite absorber and CTLs, the heterointerfaces be-
tween perovskite and CTLs are more easily impacted due to
the complex bonding from the different materials and potential
chemical reactions. The harmful broken bonding and chemical
reactions at the heterointerfaces result in the non-radiative car-
rier recombination, the initial localized dissociation, and material
degradation sites, affecting both the device efficiency and long-
term chemical stability. For instance, Chen et al. highlighted that
the bond dissociation and chemical reactions at these interfaces
contribute to the formation of trap states, which increase the rate
of non-radiative recombination, thereby reducing efficiency.'?
Furthermore, Tang et al. also identified that defective interfaces
are crucial in triggering recombination losses and hindering
effective charge extraction, especially due to weak interface
bonding, which compromises the mechanical and chemical sta-
bility of the devices.'®

To enhance the interface stability, various interfacial engineer-
ing strategies have been proposed, including buffer layers, inter-
facial defect passivation, bonding enhancement, and so on.'*"®
Among them, enhancing the bonding between the perovskite
and CTL to construct an ordered and robust interface is an effec-
tive approach to impede the interface dissociation and degrada-
tion. For example, Cai et al. designed bifunctional molecular
linkers that markedly strengthened interfacial adhesion while
effectively suppressing ion migration and interfacial degradation
by forming robust chemical bonds at the perovskite/CTL inter-
face.'® Besides directly regulating the interfacing bonding be-
tween perovskite absorber and CTL, introducing the functional
molecular modifiers to serve as linkers is also feasible to
enhance the interface robustness. Zhang et al. proposed a multi-
functional interfacial molecular bridging strategy that realizes
synergistic chemical coordination and n-n stacking at the top
interface, enhancing interface adhesion and defect passiv-
ation."” Due to the rigid planar framework with three fused ben-
zene rings, two vicinal nitrogen atoms with coordination ability,
and modifiable sites for tailored functionalization with substitu-
ents, the phenanthroline is commonly used as building blocks
for functional materials in perovskite devices. This versatile coor-
dination properties make it ideal for enhancing defect passiv-
ation and improving charge transport, thereby boosting the effi-
ciency and stability of PSCs.'®'® For example, Fei et al.
introduced phenanthroline-based chelating molecules into the
hole transport layer, which selectively coordinate with Pb®*
ions in the perovskite, effectively passivating interface defects
and the amorphous regions of the film.?° In addition, Gong
et al. utilized a phenanthroline-based silver-coordination-
induced n-doping strategy in [6,6]-phenyl-Cs:-butyric acid
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methyl ester (PCBM), where the DCBP molecule chelates with
silver, releasing free electrons into PCBM, enhancing electron
extraction, and boosting the efficiency and stability of inverted
PSCs.?" Although the introduction of functional molecules can
effectively enhance interfacial bonding, designing molecular
structure and interfacial bonding based on the fundamental
properties of interfaces remains a key challenge. Moreover,
most studies have focused on optimizing a specific interface or
a single CTL, and achieving simultaneous regulation of both in-
terfaces using custom functional materials still presents sub-
stantial challenges. Therefore, it is highly desired to precisely
design functional materials according to the practical interface
property to concurrently stabilize both top and bottom heteroin-
terfaces, further enhancing the interface and device stability.

In this work, we proposed a rational customized molecular-engi-
neering strategy based on a phenanthroline core structure for
enhancing the stability of both top and bottom heterointerfaces.
Specifically, we designed and synthesized two novel phenanthro-
line-based isomers—2-(3,4-dimethoxyphenyl)-1,10-phenanthro-
line (J2) and 5-(3,4-dimethoxyphenyl)-1,10-phenanthroline (J5)—
by precisely tuning the reactive sites at positions 2 and 5 via the
Suzuki-Miyaura coupling reaction. Benefiting from their t-conju-
gated systems and selective metal coordination, the J2 and J5
molecules can serve as the cross-linker at both heterointerfaces
through simultaneously interacting with the perovskite and CTLs,
which enhances the interfacial mechanical durability and reduces
the interfacial non-radiative carrier recombination. These advan-
tages contribute to highly efficient and highly stable inverted
PSCs, achieving a champion efficiency of 26.55% for a device
with an aperture area of 0.08 cm? and 25.00% for a device with
an aperture area of 1 cm?. Encouragingly, the unencapsulated de-
vices can retain 94% of their initial efficiency after 4,000 h of stor-
age under ambient air conditions, maintain 92% of their initial
efficiency after 3,000 h of continuous operation under 1-sun illumi-
nation, and sustain 91% of their initial efficiency after undergoing
rigorous thermal cycling.

RESULTS AND DISCUSSION

Molecular design and synthesis

Previous studies have highlighted that addressing interface sta-
bility issues is crucial for the photovoltaic performance and long-
term stability of inverted PSCs. As illustrated in Figure 1A, during
the operated condition or harsh aging condition of high temper-
ature, bias voltage, or UV illumination, the heterointerface un-
dergoes defect formation, mechanical dissociation, and mate-
rials degradation, which further induce the photovoltaic
performance decay and device failure.””*® To enhance the de-
vice stability, contextually designing and synthesizing the func-
tional molecules to construct additional bonding in a bridged
manner based on the practical interfacial properties is an effec-
tive strategy. In inverted PSCs, considering the commonly used
n-conjugated CTLs of [4-(3,6-dimethoxy-9H-carbazol-9-yl)bu-
tyllphosphonic acid (MeO-4PACz) and [6,6]-phenyl Cg; butyric
acid methyl ester (PCBM), we selected phenanthroline as the
core scaffold due to its inherent =-conjugation property
(Figure 1B).>* Specifically, 2-bromo-1,10-phenanthroline and
5-bromo-1,10-phenanthroline were selected as the reaction
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Figure 1. Molecular design and synthesis

(A) Interface stability issues in inverted PSCs.

(B) Design strategy for customized phenanthroline-based isomers.

(C) Synthetic routes for J2 and J5 molecules via Suzuki-Miyaura reaction.
(D) Schematic illustration of interface stabilization.

materials, in which the Br site is utilized to decide the substitution
site, allowing the subsequent synthesis of site-selective derivati-
zation. Meanwhile, to enable effective bonding with perovskite
film, 3,4-dimethoxyphenylboronic acid (Figure 1B) was chosen
as a substituent to replace the bromo group of phenanthroline-
based materials, leading to the customized phenanthroline-
based isomers. As shown in Figure 1C, the Suzuki-Miyaura
cross-coupling reaction was employed as the key synthetic
strategy to successfully obtain J2 and J5, which were validated
by nuclear magnetic resonance spectroscopy (NMR; Figures S1
and 82).25 Their NMR spectra were well resolved, with all protons
accounted for, confirming both the success of the coupling and
the integrity of their respective substituents. In detail, the J2
molecule possesses a molecular geometry favorable for n-n
stacking interactions with the electron transport layer of
PCBM, while its terminal methoxy groups enable bridge-con-
necting with the perovskite film. This feature of the co-directional
binding site makes the J2 molecule a modifier at the PCBM/inter-
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face. The J5 molecule is designed to serve as a modifier at MeO-
4PACz/perovskite, considering its feature as an opposite-direc-
tional binding site. The J5 has the potential to simultaneously
form the n-n stacking interactions with the hole transport layer
of MeO-4PACz and the coordination bonding with perovskite
but can also form a coordination bonding with FTO substrate
through N atom in phenanthroline group. The additional bonding
with substrate is supposed to further stabilize the MeO-4PACz
molecule and reinforce the interfacial interaction, thereby
enhancing the stability of MeO-4PACz/perovskite interface.”® A
schematic illustration of the abovementioned interface stabiliza-
tion through two customized novel phenanthroline-based iso-
mers is shown in Figure 1D.

Strengthened interface adhesion

We designed the J2 molecule to reinforce the perovskite/PCBM
interface and the J5 molecule to reinforce the MeO-4PACZ/
perovskite interface, considering their molecular features. In
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Figure 2. Top interface stability

(A and B) KPFM images of the PCBM and PCBM&J2 films.

(C) UPS spectra of the perovskite/PCBM and perovskite/PCBM&J2 films.
(D) DFT calculation of the interaction of J2 with perovskite and PCBM.
(E) Photo of the different solutions.

(F) XPS spectra of Pb 4f from the perovskite/PCBM and perovskite/PCBM&J2 films.

(G) The load-distance curves of the ITO-PEN/PCBM/perovskite films.
(H) TRPL spectra of the perovskite/PCBM and perovskite/PCBM&J2 films.
(I) QFLS data of the devices with an FTO/perovskite/PCBM structure.

our experiments, the device architecture is FTO/MeO-4PACz/
Perovskite/PCBM/2,9-dimethyl-4,7-diphenyl-1,10-phenanthro-
lin (BCP)/Ag. J2 was added to PCBM solution with a concentra-
tion of 5 mM, while J5 was added to MeO-4PACz solution with a
concentration of 1 mM. Here, we first explore the role of the J2
molecule on the perovskite/PCBM interface. Considering that
the J2 molecule was incorporated into the PCBM, we explored
the influence of J2 on the PCBM film before researching the
interfacial property. The Kelvin probe force microscopy (KPFM)
measurement was used to characterize the PCBM with and
without the J2 molecule.?” As shown in Figures 2A and 2B, the
PCBM&J2 exhibits a lower surface potential with a more uniform
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distribution, indicating that J2 molecules may lead to a more or-
dered molecular arrangement of PCBM. The decreased surface
potential after incorporating J2 indicates an upshift of the Fermi
level, which is validated by ultraviolet photoelectron spectros-
copy (UPS) measurements, showing a decrease in the work
function from 4.08 eV to 3.89 eV (Figure 2C). The incorporation
of the J2 molecule into PCBM was designed to enhance the
interaction between PCBM and perovskite, considering its mo-
lecular feature mentioned before. We investigated the interac-
tions of the J2 molecule at the perovskite/PCBM interface. As
shown in Figure S3, density functional theory (DFT) calculations
indicate that the adsorption energies of J2 with PCBM and
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perovskite are —0.34 eV and —1.05 eV, respectively, suggesting
that J2 can bind significantly to each component individually.
Furthermore, the adsorption energy of J2 with both PCBM and
perovskite is —1.65 eV (Figures 2D andS4), indicating a feasible
bridge-linking at the interface. Specifically, the phenanthroline
moiety of J2 forms n-rn stacking interactions with PCBM, while
the methoxy group binds to the perovskite surface through a
Pb-O interaction. To visualize the interaction between J2 and
perovskite, we directly added the J2 into the perovskite precur-
sor, and a faint yellow precipitate can be observed even at a low
concentration of J2 (<0.1 mg mL~"; Figure 2E)."” This formed
precipitate is primarily attributed to the coordination between
Pb2* and J2. To validate this coordination, we directly character-
ized the perovskite/PCBM film using X-ray photoelectron spec-
troscopy (XPS). As shown in Figure 2F, the downshift of the Pb 4f
core levels after incorporating the J2 molecule demonstrates the
interaction between perovskite and J2. Considering the N atom
in the phenanthroline, which can also interact with Pb2* in perov-
skite, we conducted an additional experiment to explore the
preferability of the interaction of Pb—-O or Pb-N.?® We added
Pbl, to a J2 solution (solvent was DMF) and then deposited the
mixed film. The XPS characterization was performed on this
film, with the results showing that the N 1s peaks at 401.30 eV
(C-N) and 398.74 eV (C=N) showed no shift upon the addition
of Pbl,, and the C-O peak shifts from 533.41 eV to 533.70 eV,
indicating that the O in methoxy group coordinates with Pb?*
rather the N in phenanthroline (Figure S5). This preferred interac-
tion of Pb-0 is also consistent with the DFT results. To explore
the influence of J2 on the interface mechanical adhesion, an
experiment to evaluate the adhesion strength was designed.
Specifically, the FTO substrate was replaced with a flexible
ITO-PEN substrate to eliminate the influence of substrate rigidity
on the test results. The PCBM layer was first deposited on the
ITO-PEN, followed by the deposition of the perovskite film. Sub-
sequently, a clean ITO-PET substrate was attached to the top
surface of the ITO-PEN/PCBM/perovskite structure using a
UV-curable adhesive. The assembly was then subjected to a ten-
sile test using a universal mechanical testing machine to peel off
the perovskite film from the ITO-PEN/PCBM structure (the
mechanism is illustrated in Figure S6),'® thereby quantitatively
evaluating the adhesion strength between the PCBM and perov-
skite. As shown by the load-distance curves (Figure 2G), the
target film exhibited a maximum tensile force of 230.7 N, which
is significantly higher than the 100.3 N observed for the normal
film. This result demonstrates the enhanced interface adhesion
strength between the PCBM and perovskite film due to the incor-
poration of J2, which contributes to improving interface mechan-
ical durability. The constructed interfacial cross-linking and opti-
mized PCBM electron transport layer should contribute to the
promoted interfacial electron extraction and reduced interfacial
non-radiative carrier recombination, which were subsequently
explored using measurements of time-resolved photolumines-
cence (TRPL) and quasi-Fermi level splitting (QFLS) anal-
ysis.??* As shown in Figure 2H and Table S1, the TRPL data
reveal that t1 decreases from 7.79 to 4.14 ns, and the average
carrier lifetime (ta.g) decreases from 230.9 to 40.9 ns after incor-
porating the J2 into PCBM, indicating the promoted interfacial
carrier extraction.”>*>¢ Furthermore, devices structured as
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FTO/perovskite/PCBM (PCBM&J2) were fabricated for QFLS
analysis. The results reveal that the sample with PCBM&J2
shows a higher QFLS, which may result from the reduced inter-
facial non-radiative recombination (Figure 2I) and the decreased
work function of PCBM. Based on the above results and discus-
sion, the J2 molecule can construct a cross-linking at the perov-
skite/PCBM interface through interacting with PCBM in a
manner of n-n stacking and interacting with perovskite via
Pb-O bonds, which effectively reduces the interfacial carrier
non-radiative recombination and reinforces the interfacial me-
chanical stability.

After discussing the role of J2 at the perovskite/PCBM inter-
face, we now turn our attention to the role of J5 at the MeO-
4PACz/perovskite interface, which is the buried interface in the
inverted PSCs. We incorporated J5 into MeO-4PACz solution
and revealed that the J5 molecule can homogenize the MeO-
4PACz dispersion, which can be demonstrated by the KPFM re-
sults (Figures 3A and 3B). The modification of MeO-4PACz
dispersion may be due to J5 forming stable n-r stacking interac-
tions with MeO-4PACz (Figure S7), which weakens lateral
SAM-SAM interactions and suppresses aggregation, thereby
promoting a more ordered and uniform monolayer. This opti-
mized MeO-4PACz dispersion can also be validated by the
XPS results (as shown in Figure S8; Table S2; and Note S1).
The optimized MeO-4PACz dispersion also influences its energy
level structure. The average surface potential of MeO-4PACz in-
creases from 0.126 to 0.138 V after incorporating J5 molecules,
which is consistent with the UPS result that the work function
increased from 5.02 to 5.14 eV (Figure S9). This result indicates
that the incorporation of J5 contributes to a more uniform MeO-
4PACz layer with increased work function, which is beneficial for
the interfacial hole extraction. A smooth and ordered SAM
dispersion is expected to be favorable for perovskite film depo-
sition. After J5 modification, the X-ray diffraction (XRD) charac-
terization indicates that the crystallographic orientation of the
perovskite (100 and 200 planes) was enhanced, with no other
secondary phases detected (Figure S10). This optimized perov-
skite crystallization can also be supported by the cross-sectional
SEM images (Figure S11). Except for the MeO-4PACz optimiza-
tion, the J5 molecule was designed to reinforce the interface
through anchoring the MeO-4PACz and cross-linking the inter-
face. We first performed the DFT calculations to explore the
preferred absorption of the J5 molecule on the FTO substrate,
considering the MeO-4PACz deposited earlier than the perov-
skite. As shown in Figures 3C and S12, the J5 molecule pos-
sesses metal-coordinating N and O sites, with adsorption en-
ergies to SnO, of —1.57 and —0.98 eV, respectively, indicating
that the J5 preferentially coordinates with Sn** ions through N
in phenanthroline. Based on this model, we further refined and
extended the DFT calculations on the interaction manner of J5
at the interface. Since the n-n stacking effect between MeO-
4PACz and J5 is relatively weaker than the coordination interac-
tion, we therefore focused on investigating the coordination
interactions of J5 with both FTO and perovskite. As shown in
Figure 3D, the adsorption energy of J5 with SnO, and perovskite
is —2.03 eV, which confirms the feasibility of the interfacial
bridge-linking. In addition, to verify the interaction between J5
and perovskite, a visualized experiment was carried out. As
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(A and B) KPFM images of the MeO-4PACz/perovskite and MeO-4PACz&J5/perovskite films.
(C) DFT calculation results of the interaction between J5 and SnO. (N site and O site).

(D) DFT calculation of the interaction of J5 with SnO, and perovskite.

(E) XPS spectra of Pb 4f from the buried MeO-4PACz/perovskite and MeO-4PACz&J5/perovskite films.

(F) The load-distance curves of the ITO-PEN/MeO-4PACz/perovskite films.

(G and H) GIXRD patterns at different tilt angles of the MeO-4PACz/perovskite and MeO-4PACz&J5/perovskite films at incident angle 0.3° (from top to bottom:

¢ =10°, 15°, 25°, 35°, and 45°).

() PL spectra of the MeO-4PACz/perovskite and MeO-4PACz&J5/perovskite films.

shown in Figure S13, when J5 was mixed with the perovskite
precursor solution, a faint yellow precipitate formed even at
very low J5 concentrations (below 0.1 mg/mL), which demon-
strates the coordination behavior between J5 and perovskite.
Similarly, using our previously reported method,®” we peeled
off the perovskite to expose the buried surface and then per-
formed XPS analysis. An evident downshift of the Pb 4f core
levels was observed, and no Pb° species were detected in the
target film (Figure 3E). The peak shift of Pb 4f should result
from the interaction between J5 and perovskite through the
O-Pb bond, and suppressed Pb° defects may stem from the
passivated undercoordinated Pb>* by J5.

The influence of J5 on the interface mechanics adhesion was
researched by testing the load-distance curves as described
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above (the mechanism is illustrated in Figure S14). When the sub-
strate changed from FTO to ITO-PEN, the J5 was demonstrated to
show a similar effect on the SAM deposition (Figure S15). The de-
vice structured as ITO-PEN/MeO-4PACz (MeO-4PACz&J5)/
perovskite was tested. The results show that the device with J5
possesses a tensile force of 218.9 N, approximately twice that
of device without J5. Based on this interface bridge-linking, we
further characterize the perovskite residual stress, an issue closely
related to the interface property. The grazing-incidence X-ray
diffraction (GIXRD) combined with the 28-sin’p method was em-
ployed to quantify the residual stress at a depth of approximately
200 nm from the perovskite film surface (Figures 3G and 3H).%¢°
The negative slope obtained from the linear fitting of the 26-sin%p
method indicates the presence of residual tensile stress in
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perovskite films on both types of MeO-4PACz (Figure S16).
Notably, the perovskite film on MeO-4PACz&J5 exhibits lower
tensile stress compared to the perovskite flm on MeO-4PACz.
This can be attributed to the more compact and ordered MeO-
4PACz layer, which reduces local shrinkage gradients and film
thickness fluctuations of perovskite film during annealing and
cooling processes. The reduced tensile stress of perovskite film
can further contribute to forming a robust interface, collaboratively
assisting in improving interfacial mechanical durability. The opti-
mized MeO-4PACz dispersion and interface bridge-linking are
supposed to promote the interface carrier transport and reduce
the interface carrier non-radiative recombination, which are
explored by various measurements regarding the film carrier dy-
namics. First, photoluminescence (PL) and TRPL measurements
were performed on the MeO-4PACz/perovskite samples, demon-
strating that the perovskite film on MeO-4PACz&J5 exhibits lower
PL intensity (Figure 3l) and a smaller average carrier lifetime (tayg)
(Figure S17), indicating the promoted interfacial carrier transport.
In addition, QFLS analysis was carried out for the devices of
FTO/MeO-4PACz (MeO-4PACz&J5)/perovskite, with the results
showing that the device with J5 consistently shows a lower
QFLS loss (Figure S18). In short, the J5 can optimize the MeO-
4PACz dispersion and strengthen interface adhesion, which con-
tributes to the reduced interface carrier non-radiative recombina-
tion and enhanced interface mechanical stability.

Photovoltaic performance of PSCs

We have experimentally demonstrated that J2 and J5 can promote
the interfacial carrier transport and enhance interface mechanical
stability for the heterointerfaces of perovskite/PCBM and MeO-
4PACz/perovskite, respectively. We further explore the influence
of J2 and J5 on the photovoltaic performance of the inverted
PSCs. For clarification, the sample with J2 in PCBM and J5 in
MeO-4PACz is named as target, and the sample without J2 and
J5 is named as normal. To explore the impact of J2 and J5 on
the power conversion efficiency (PCE) of PSCs, 25 independently
fabricated devices were prepared for both the normal and
target PSCs. As shown in Figure 4A, both types of devices exhibit
good reproducibility, and the Target devices exhibit higher
average PCE values. Encouragingly, the champion target PSC
(the active area is 0.08 cm?) achieves a PCE of 26.55% (Jsc =
26.21 mAcm 2, Vg = 1.193 V, FF = 84.92%) with negligible hys-
teresis (Figure 4B; Table S3), demonstrating a significant improve-
ment compared to the normal PSC, which shows a PCE of 24.68%
(Usc = 26.03 mA cm 2, Vo = 1.174 V, FF = 80.77%). The target
integrated short-circuit current density derived from the
external quantum efficiency (EQE) spectrum (Figure 4C) is
25.71 mA cm™2, demonstrating only a minor deviation from the
current density obtained from the J-V measurements.

We further scaled up the PSCs to an active area of 1 cm?. As
shown in Figure 4D and Table S4, the champion target device
achieved a PCE of 25.00% (Jsc = 25.71 mA cm™2, Ve = 1.174
V, FF = 82.84%), while the normal device reached only 23.27%
(Usc =25.52 mA cm 2, Ve = 1.147 V, FF = 79.49%). The perfor-
mance parameters of the other 10 target devices are summa-
rized in Table S5 with an average PCE of 24.27%. These results
demonstrated that joint incorporation of J2 and J5 can effectively
improve the photovoltaic performance of PSCs, and this strategy
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shows a universality in fabricating high-efficiency large-area
PSCs. In addition, these novel functional materials can also be
directly served as interfacial modifiers, showing a positive effect
on enhancing the photovoltaic performance of the PSCs
(Figure S19). Finally, we also tested the versatility of J2 and J5
by applying J2 to the Cg layer and J5 to the Me-4PACz layer.
As shown in Figure S20, the target devices showed significant ef-
ficiency improvement, demonstrating that our molecular tailoring
strategy can be broadly applied to various interfacial materials.

Next, we delve deeper into the reasons behind the enhancement
of device performance. Firstly, we conducted dark current mea-
surements on PSCs with the results shown in Figure S21. The
target PSCs exhibited a significantly lower dark saturation current
density (Jo), indicating the suppressed non-radiative recombina-
tion. We examined the correlation between V¢ and light intensity
based on the relation Voc=(nipksT/q)*In(l) (where kg is the Boltz-
mann constant, and g is the elementary charge). The extracted ide-
ality factors (np) are 1.49 for the target PSCs and 1.82 for the
normal PSCs (Figure 4E). A smaller n\p value implies less trap-as-
sisted recombination within the device, which is consistent with
the dark current results. The trap-assisted recombination within
the device can also be explored by the electrochemicalimpedance
spectroscopy (EIS) characterization and electroluminescence (EL)
efficiency (EQEg,). In the EIS spectra (Figure 4F), the target device
exhibits a larger recombination resistance than that of normal de-
vice, indicating the reduced trap-assisted recombination. As for
the EL characterization, the target device exhibits significantly
higher EL intensity than the normal device, reflecting reduced
non-radiative losses (Figure 4G). Under identical injection current
conditions, the EQEg, of the target device shows a marked
improvement over that of the normal device, consistent with its
higher EL efficiency (Figure S22). The characterization results of
Space-charge-limited current (SCLC) and the trap density of
states (tDOS) reveal the reduced density of defect states in
PSCs, which should contribute to the reduced trap-assisted
recombination (Figures S23-S25 and Note S2).*'** These results
regarding the reduced carrier non-radiative recombination mainly
explain the significant increase in Voc. To gain adeeper insight into
the interfacial carrier transport and recombination dynamic, the
measurements of transient photocurrent (TPC) and transient pho-
tovoltage (TPV) were also carried out. The photocurrent decay
behavior reveals the carrier extraction and transport process in
PSCs. The target PSCs exhibita TPC decay time of 5.73 us, shorter
than that (8.57 ps) of normal PSCs, demonstrating the more effi-
cient interfacial carrier extraction and transport (Figure 4H). The
photovoltage decay behavior mainly corresponds to the carrier
recombination process in PSCs. The target PSCs show a longer
TPV decay time of 4.47 ps than 3.01 ps, which indicates the
reduced interfacial carrier recombination (Figure 4l). The tailored
interface optimization through contextually designed phenanthro-
line-based isomeric linkers is demonstrated to promote the interfa-
cial carrier transport and reduce interfacial carrier non-radiative
recombination, synergistically contributing to the enhancement
in the photovoltaic performance of PSCs.

Improved stability of PSCs

The introduction of J2 and J5 effectively strengthens the interface
adhesion, which is expected to show a positive impact on the
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Figure 4. Photovoltaic performance
(A) Distribution of the PCE values of the 25 normal and target PSCs.

(B) J-V curves of champion normal and target PSCs with an active area of 0.08 cm?.

(C) EQE spectra of the normal and target PSCs.

(D) J-V curves of champion normal and target PSCs with an active area of 1 cm?.
(E) Voc of the normal and target PSCs plotted against the logarithm of light intensity.

(F) EIS spectra of normal and target PSCs.

(G) EL spectra of the normal and target PSCs under a 2V bias.
(H) TPC decay curves of the normal and target devices.

(I) TPV decay curves of the normal and target devices.

long-term stability of the inverted PSCs. First, we directly charac-
terize the interface stability. Before stability test, we first demon-
strated that the J2/J5 shows negligible influence on the hydropho-
bicity of PCBM and MeO-4PACz films (Figure S26). The samples
were exposed to a humid air environment with a relative humidity
(RH) of approximately 45% for 240 h. For the perovskite/PCBM
interface, we removed the original PCBM layer by rinsing with chlo-
robenzene and then characterized the perovskite film by scanning
electron microscope (SEM). The chlorobenzene rinsing was
demonstrated to show negligible influence on the perovskite sur-
face morphology and structure (Figure S27). As shown in
Figure 5A, without the J2 in PCBM, the perovskite film exhibited

8 Matter 9, 102525, February 4, 2026

significant decomposition, whereas the perovskite film under
PCBM&J2 showed no obvious signs of decomposition, demon-
strating the improved interface stability. As for the buried interface
of MeO-4PACz/perovskite, the perovskite film was peeled off and
then characterized by SEM. The SEM results also indicate that the
incorporation of J5 in MeO-4PACz can enhance the interface sta-
bility (Figure 5B). We further used XPS to analyze this buried inter-
face. The unmodified sample showed a clear metallic Pb° signal,
while the J5-modified sample exhibited significantly suppressed
Pb® formation (Figure S28). For MeO-4PACz/perovskite/PCBM,
XRD was applied. As shown in Figure S29, unmodified films
showed 8-phase peaks of perovskite, indicating the perovskite
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(A) SEM images of the perovskite/PCBM and perovskite/PCBM&J2 films. Both films were stored under ambient conditions with an RH of 45% for 240 h, and the

PCBM layer was removed by rinsing with chlorobenzene.

(B) SEM images of the buried MeO-4PACz/perovskite and MeO-4PACz&J5/perovskite films. Both films were stored under ambient conditions with an RH of 45%

for 240 h.

(C) Lead ion concentration in the soaking solution after immersing the PSCs for various durations.

(D) In situ EL mapping of normal and target PSCs; the PSCs were under a bias voltage of 2 V.

(E) Long-term stability of unencapsulated devices stored under ambient conditions of 25% RH and 25°C.

(F) Long-term stability of unencapsulated devices at 25% RH, with temperature cycles ranging from 25°C to 85°C and back to 25°C.

(G) Operational stability of the unencapsulated devices under continuous simulated AM1.5 illumination at the maximum power point and approximately 15% RH,

50°C in a glovebox.

decomposition. In contrast, no 8-phase peaks were observed in
films modified with J2 and J5, demonstrating enhanced interface
stability and suppressed perovskite degradation. To further verify
the interface robustness, we quantified the Pb?* concentration of
PSCs in the soaking solution using atomic absorption spectros-
copy, as shown in Figure 5C.*° The analysis reveals a pronounced
difference between the two devices, and this difference gradually
increases as the soaking time extends from 1 to 12 h. The con-
structed robust interface is also experimentally demonstrated to
contribute to the reduced ion migration in the device (Figure S30;
Note S3). This interface stability enhancement should mainly be
attributed to the reinforced interface interaction and suppression
of interface defects.

We further characterize the device stability. First, we moni-
tored the in situ EL of the PSCs to evaluate their operational
stability. As shown in Figure 5D, both types of PSCs exhibited
high initial EL peak intensities, indicating excellent optoelec-
tronic performance, consistent with the J-V results. However,
over time, the EL intensity of the normal PSC decreased
rapidly. In contrast, the target PSC showed only a slight
decrease in EL intensity and maintained significantly greater
stability throughout the measurement period. Secondly, we
systematically monitored the performance evolution of the un-
encapsulated PSCs under various conditions. Under ambient
conditions (25% RH, 25°C), the target device retained 94% of
its initial PCE after 4,000 h of aging, whereas the normal
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device maintained only 75% (Figure 5E). We conducted an
additional critical moisture stability test by placing unencap-
sulated devices on a condition of 25°C and 45% RH. The re-
sults indicate that the target device also shows an enhanced
stability (Figure S31). In addition, under more stringent thermal
cycling conditions (25°C-85°C-25°C, 35 min per cycle), the
target device retained 91% of its initial PCE after 150 cycles,
while the normal device retained only 63% (Figure 5F).
Furthermore, long-term operational stability, a key indicator
for evaluating the reliability of PSCs, was assessed by testing
the unencapsulated devices under continuous 1 sun illumina-
tion in a glovebox maintained at 15% RH and 50°C. The re-
sults show that the target device maintained 92% of its initial
PCE after 3,000 h of continuous operation, whereas the
normal PSC exhibited significant performance degradation af-
ter 2,000 h (Figure 5G). These results clearly demonstrate that
the fabricated devices exhibit excellent stability in terms of
environmental durability, thermal cycling resistance, and
long-term operational reliability. Based on the above stability
analyses, it is evident that enhanced interface stability through
strengthening the interface adhesion plays a critical role in
ensuring the long-term stability of PSCs.

Conclusion

In summary, we have rationally designed and synthesized two
novel phenanthroline-based isomers to specifically address
the heterointerfaces stability in inverted PSCs. We synthe-
sized the J2 and J5 molecules, which adapted seamlessly to
both the top and bottom interfaces by precisely engineering
the 2- and 5-position reactive sites through the Suzuki-
Miyaura coupling. The J2 and J5 significantly strengthen het-
erointerface adhesion, benefiting from the n-n stacking and
selective metal coordination, thus enhancing interfacial me-
chanical durability and facilitating carrier transport. Owing to
this customized strategy, the optimized inverted PSCs
achieve a champion efficiency of 26.55% with an aperture
area of 0.08 cm? and sustain a high efficiency of 25.00% while
enlarging aperture area to 1 cm?. Furthermore, the device can
retain 92% of its initial efficiency after 3,000 h of continuous
operation under 1-sun illumination and maintain 91% of its
initial efficiency after exposure to rigorous thermal cycling,
demonstrating excellent long-term stability. Our work offers
fresh mechanistic insight and a practical molecular strategy
for overcoming the stability bottleneck regarding the heteroin-
terfaces, thereby providing a new approach to achieve highly
efficient and stable PSCs.

METHODS

Materials

All the materials employed in this study were used as received
without any further purification. The main chemicals and sub-
strates include FTO glass substrates (Suzhou ShangYang),
MeO-4PACz (TCI, >99.0%), Pbl, (TCI, 99.999%), PbCl, (Alfa,
99.999%), solvents such as DMF and DMSO (Sigma-Aldrich,
99.9%), chlorobenzene (Sigma-Aldrich, 99.5%), isopropanol
(Acros, 99.9%), as well as FAI, MAI, MACI, Csl, PEAI, PCBM,
and BCP (all from Xi’an Polymer Light Technology Corp).
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Synthesis of J2 and J5 molecules

A mixture of 2-bromo-1,10-phenanthroline (129.5 mg, 0.5 mmol),
3,4-dimethoxyphenylboronic acid (103.9 mg, 0.57 mmol),
Pd(PPhs); (57.7 mg, 0.05 mmol), and Ba(OH), (315.0 mg,
1 mmol) was dissolved in 10 mL of DME solution. The reaction
was carried out under a nitrogen atmosphere, heating to 90°C
and stirring overnight. Afterward, the mixture was cooled to
ambient temperature. The organic components were extracted
using dichloromethane and washed multiple times with brine.
The solvent was dried over anhydrous magnesium sulfate, and
the solution was filtered. The solvent was evaporated under
reduced pressure, and the product was purified by column chro-
matography (using a mixture of methanol and dichloromethane,
1:20) to yield 2-(3,4-dimethoxyphenyl)-1,10-phenanthroline as a
light-yellow solid.

A mixture of 5-bromo-1,10-phenanthroline (129.5 mg,
0.5 mmol), 3,4-dimethoxyphenylboronic acid (103.9 mg,
0.57 mmol), Pd(PPhs), (57.7 mg, 0.05 mmol), and Ba(OH),
(315.0 mg, 1 mmol) was dissolved in 10 mL of DME solution.
The reaction was carried out under a nitrogen atmosphere, heat-
ing to 90°C and stirring overnight. Afterward, the mixture was
cooled to ambient temperature. The organic components were
extracted using dichloromethane and washed multiple times
with brine. The solvent was dried over anhydrous magnesium
sulfate, and the solution was filtered. The solvent was evapo-
rated under reduced pressure, and the product was purified by
column chromatography (using a mixture of methanol and di-
chloromethane, 1:20) to yield 5-(3,4-dimethoxyphenyl)-1,10-
phenanthroline as a light-yellow solid.

Device fabrication

For the fabrication of small-area inverted perovskite solar cells,
FTO substrates were first cleaned by sequential ultrasonic treat-
ment in detergent, deionized water, ethanol, and a second rinse
in deionized water, each for 15 min. Subsequently, a MeO-
4PACz solution (0.7 mg/mL in IPA) was spin-coated onto the
cleaned substrates at 5,000 rpm for 30 s and then annealed at
100°C for 15 min. In particular, the J5 molecule was added at a
concentration of 1 mM. The perovskite film was formed from a pre-
cursor solution containing 1.5 M Csg gsFAg 8sMAg.1Pblz, dissolved
in a mixed solvent of DMSO and DMF (1:4 by volume) and addition-
ally comprising 10 mol % MACI and 5 mol % PbCl,. This solution
was spin-coated in two steps: first at 1,000 rpm for 10 s and
then at 6,000 rpm for 35 s. During the final 7 s, 220 pL of chloroben-
zene was dropped as an anti-solvent. The resulting wet film was
then annealed at 100°C for 25 min. To passivate the perovskite sur-
face, a PEAI solution (2 mg/mL) was spin-coated at 4,000 rpm for
30 s, followed by thermal treatment for 3 min. A PCBM electron
transport layer (20 mg/mL in chlorobenzene) was then deposited
at 2,000 rpm for 30 s, and a BCP interlayer (0.5 mg/mL) was
spin-coated at 4,000 rpm for 30 s. Moreover, J2 was introduced
at a concentration of 5 mM. Finally, a silver electrode (100 nm thick)
was thermally evaporated to complete the device structure.

For the fabrication of inverted perovskite solar cells with an
active area of 1 cm?, the process followed was identical to that
used for small-area devices, except that the amount of chloro-
benzene employed as the anti-solvent was increased from 200
to 320 pL to accommodate the larger substrate size.
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Characterization

The "H NMR spectra of J2 and J5 were recorded on a Bruker 400
MHz spectrometer using DMSO-dg as the solvent. X-ray photo-
electron spectroscopy (XPS, Thermo Fisher Scientific ESCALAB
250Xi) was utilized to analyze the valence band variations of sur-
face elements in the perovskite films. UPS was performed using
an ESCALAB 250Xi system. The surface morphology was exam-
ined using scanning electron microscopy (SEM, Hitachi S-4800).
Photoluminescence (PL) mapping was performed on a Nikon
ARsiMP-LSM-Kit-Legend Elite-USX laser confocal fluorescence
lifetime imaging microscope with a 405 nm excitation wavelength.
Additionally, TRPL measurements were carried out using an
FLS980 system to probe the carrier dynamics. To investigate
the surface potential distribution, KPFM (FMNanoview 1000)
was employed. The migration behavior of Pb?* ions was charac-
terized by time-of-flight secondary ion mass spectrometry (TOF-
SIMS 5-100, IONTOF GmbH). For the in situ electroluminescence
(EL) tests, a commercial dynamic spectrometer (Du-10, Puguang-
weishi Co.) was used. Atomic absorption spectrometry (AAS) was
conducted on a Shimadzu AA7000 instrument, and GIXRD anal-
ysis was performed using a Micromax-007HF system.

The photovoltaic performance of the devices was character-
ized using a Keithley 2400 source meter, with a scan speed of
0.06 V/s under standard AM 1.5 G simulated sunlight and
shadow masks defining active areas of 0.08 cm? and 1 cm?.
The EQE spectra and the corresponding integrated current
were recorded with an Enli Tech QE-R measurement system.
The operational stability of the devices was monitored under
continuous illumination (AM 1.5 G) at a controlled temperature
of 50 + 5°C. For the temperature cycling reliability tests, a PL-
80-2C temperature and humidity chamber (Lab Companion)
was employed to perform thermal cycles between 25°C and
85°C at a relative humidity of 25%.

DFT calculations

DFT calculations were conducted using the Vienna Ab initio Simu-
lation Package (VASP).“®*” The exchange-correlation effects
were treated with the Perdew-Burke-Ernzerhof (PBE) functional
under the generalized gradient approximation (GGA) scheme.*®*°
The interactions between core and valence electrons were repre-
sented by the projector augmented-wave (PAW) method.”® A
plane-wave basis set with an energy cutoff of 400 eV was em-
ployed, and the Brillouin zone was sampled usinga 2 x 2 x 1
Monkhorst-Pack k-point mesh. Structural relaxations were per-
formed until the total energy and atomic forces converged to
thresholds of 1.0 x 10* eV and 0.05 eV A", respectively.

The adsorption energy (E.qs) is defined as:

Eads = Ecomplex - Eslab - Ecluster

where slab and cluster refer to the metal surface and adsorbate
molecule, respectively.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Meicheng Li (mcli@ncepu.edu.cn).
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