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In brief

Designing functional materials for high-
performance perovskite solar cells is
often slow and a trial-and-error process.
Here, we use surrogate-assisted multi-
objective evolutionary algorithms to
design molecules that improve both
efficiency and stability at device
interfaces. The approach identifies new
molecules that enable perovskite solar
cells to reach 26.9% efficiency with
strong thermal stability. This work
highlights how Al can accelerate the
discovery of functional materials for next-
generation energy technologies.
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CONTEXT & SCALE Inverted perovskite solar cells (PSCs) have achieved rapid efficiency improvements, but
the design of molecule-based hole-selective contacts (HSCs) still relies heavily on experimental trial and er-
ror. Identifying molecules that simultaneously improve efficiency and operational stability remains chal-
lenging because device performance depends on multiple coupled interfacial properties. Here, we develop
a data-efficient Al-guided strategy for HSC design. By combining modular molecular encoding with surro-
gate-assisted multi-objective evolutionary algorithms, we optimize the power conversion efficiency (PCE)
and stability of the devices while minimizing the number of density functional theory calculations. The iden-
tified WU-series molecules deliver PCEs above 26%, with WU-1 reaching 26.9% and retaining 87% of its
initial efficiency after 980 h of maximum power point tracking at 85°C under third-party tests. This work dem-
onstrates that multi-objective Al optimization can accelerate interfacial molecule discovery and help connect
molecular properties with device performance in perovskite photovoltaics.

SUMMARY

Inverted perovskite solar cells (PSCs) have advanced rapidly, with molecule-based hole-selective contacts
(HSCs) emerging as key transport materials for forming relatively stable and uniform interfaces. However,
summarizing the properties of well-performing molecules requires extensive experimental data. Here, we
introduce an Al-guided strategy to identify promising molecules, minimizing the need for large-scale density
functional theory calculations. We employ surrogate-assisted multi-objective evolutionary algorithms to
simultaneously optimize the power conversion efficiency (PCE) and stability of the devices. The three mole-
cules identified through this method demonstrate competitive PCEs exceeding 26% as hole-selective layers.
Notably, the (4-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)butyl)phosphonic acid (WU-1)-based so-
lar cells achieved an impressive PCE of 26.9%. Under third-party tests, the WU-1-based device maintained
87% of its initial efficiency after 980 h of maximum power point tracking at 85°C. This multi-objective optimi-
zation framework provides a powerful tool for exploring the relationship between molecular properties and
device performance, offering a new avenue for designing next-generation HSCs.

INTRODUCTION inverted structures.’™ In these devices, transport layer materials

are essential for modulating interfacial charge transport and
Over the past decade, metal halide perovskite solar cells (PSCs)  enhancing both efficiency and long-term stability.*> Among
have achieved remarkable progress, with certified power conver-  them, molecule-based hole-selective contacts (HSCs) have
sion efficiencies (PCEs) reaching up to 27% in state-of-the-art  gained increasing attention because of their ability to form
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uniform and stable interfaces.®® At present, the development
of new HSCs largely relies on labor-intensive synthesis and
characterization, guided by trends observed in high-performing
molecular structures.”""  First-principles calculations are
often employed to screen candidate materials, but these
methods are computationally expensive, limiting the number of
molecules that can be feasibly evaluated.'”'® Alternatively,
descriptor-based approaches, focusing on features such as
dipole moments or energy levels, have shown potential for
predicting device PCEs through structure-performance correla-
tions.'*'> However, these frameworks typically prioritize effi-
ciency alone, require extensive experimental validation, and offer
limited insight into long-term stability. While machine learning
models are often used for prediction, they typically lack mecha-
nisms for balancing multi-competing objectives during the
design exploration and usually require large datasets'® to
achieve reliable performance.

To address these challenges, we present a data-efficient,
Al-guided strategy that simultaneously optimizes multiple per-
formance metrics, namely, PCE and operational stability of de-
vices, based on the HSCs. We specifically investigate how the
highest occupied molecular orbital (HOMO) level affects PCE
and whether hydrophobicity correlates with improved opera-
tional stability, framing the problem as a multi-objective opti-
mization (MOP)."” To this end, we introduce surrogate-assis-
ted multi-objective evolutionary algorithms (SA-MOEAs), '-2°
as a class of optimization techniques within Al tailored to set-
tings with limited labeled data, which have recently emerged
as powerful optimization frameworks for navigating large
chemical spaces in functional materials discovery and inverse
molecular design.”'>* To further enhance synthetic accessi-
bility, we develop a modular molecular encoding approach
that decomposes HSCs into functionally meaningful frag-
ments. Using two different SA-MOEA methods, we identified
three promising HSC candidates, (4-(3,6-bis(4-(diphenylami-
no)phenyl)-9H-carbazol-9-yl)butyl)phosphonic acid (WU-1),
(3-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)propyl)-
phosphonic acid (WU-2), and (8-(3,6-bis(4-(diphenylamino)-
phenyl)-9H-carbazol-9-yl)octyl)phosphonic acid (WU-3), with
fewer than 200 density functional theory (DFT) evaluations.
All three candidates yielded PCEs above 26% in device inte-
gration, with WU-1 achieving a peak efficiency of 26.9%.
Notably, WU-1-based PSCs maintained 93% of their initial ef-
ficiency after 2,000 h of maximum power point (MPP) tracking
(MPPT) at 60°C. Under third-party testing at 85°C and 1-sun
illumination, the same device retained 87% of its initial effi-
ciency after 980 h. These results highlight a generalizable
and data-efficient framework for molecular design in optoelec-
tronic applications. While chemical intuition has played a cen-
tral role in molecular design, it is also worth noting that our sur-
rogate-based method alleviates the limitations of purely
heuristic approaches by providing an optimization framework
to assess which molecular properties contribute to PCE and
operational stability. Our approach turns this into a well-
defined optimization problem, allowing us to find experimen-
tally validated candidates by using a limited number of DFT
calculations. It offers a complementary and reproducible strat-
egy that does not rely on subjective heuristics, and it not only
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accelerates the discovery of functional HSCs but also provides
insight into key structure-performance relationships, offering a
new path toward stable, high-efficiency PSCs.

RESULTS

Workflow of Al-guided multi-objective HSC design
We began by collecting 46 reported carbazole-based HSCs
rather than directly selecting molecules from large databases
such as PubChem.?” Each molecule is decomposed into four
modular fragments in a puzzle-like scheme, with each fragment
assigned a distinct identifier for unique encoding. Using this en-
coding system, we adopt Latin hypercube sampling (LHS) to
generate 51 additional virtual HSCs, ensuring a more uniform
exploration of the chemical space. The final dataset consists of
97 HSCs, including both the reported and newly generated
structures (Figure 1A). Direct experimental evaluation of these
targets for hundreds of candidates is time-consuming, requiring
multi-step synthesis reactions, purification, and impractical de-
vice fabrication for each molecule. Therefore, we adopted the
HOMO level and hydrophobicity, quantified by calculated logP
(Cal-logp), as computationally accessible surrogate objectives
that are expected to correlate with PCE and long-term stability,
respectively. While these descriptors do not capture all aspects
of device performance, they represent meaningful handles for
molecular design. The difference in HOMO levels between
HSCs and indium tin oxide (ITO)/perovskite interfaces is respon-
sible for the hole injection efficiency of PSCs; HSCs with a suit-
able HOMO level that matches the perovskite valence band
would significantly promote the charge extraction and reduce
non-radiative recombination losses.?® Meanwhile, recent
studies have shown that interfacial modification can influence
surface hydrophobicity in PSCs,??*° highlighting its role in tuning
interfacial properties relevant to operational stability. These two
keys, the HOMO level and Cal-logP values, are computed using
DFT®" and the Crippen surrogate model®” in RDKit, respectively.

To investigate how the HOMO level influences PCE and
whether hydrophobicity (as measured by Cal-logP) correlates
with operational stability, we frame the molecular design as a bi-
objective optimization problem. SA-MOEA is then applied to iden-
tify promising candidates. The process involves: (1) constructing
surrogate models from the existing dataset, (2) performing a bi-
objective evolutionary search based on model predictions, and
(3) actively selecting new candidate molecules for DFT evaluation
through a model management strategy. After the optimization, all
evaluated molecules are ranked using non-dominated sorting,
and top-ranking solutions are retained as potential molecules for
synthesis (Figure 1B). Three candidate HSCs are selected from
the archive of non-dominated solutions and synthesized. They
are spin-coated onto ITO substrates and integrated into inverted
PSCs with the structure ITO/HSC/perovskite/electron transport
layer (ETL)/bathocuproine (BCP)/Ag. Among them, the best-per-
forming device achieves a PCE of 26.9% and retains 87% of its
initial efficiency after 980 h of MPPT at 85°C (Figure 1C). These
experimental results validate the effectiveness of the entire Al-
guided workflow and support our hypothesis regarding the rela-
tionships between the HOMO level and PCE and between hydro-
phobicity and operational stability.
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Figure 1. Overview of the Al-guided design approach for HSCs

(A) Reported carbazole-based HSCs are decomposed into structural fragments, enabling a modular digital encoding. LHS is used to generate additional HSCs to
expand the dataset. The HOMO level values are computed via DFT, while Cal-logP values are estimated using the Crippen model, forming the basis for MOP.
(B) SA-MOEA is employed to optimize the HOMO level and Cal-logP values simultaneously. The process includes three iterative stages: surrogate model
construction, evolutionary search, and model management. These steps are repeated to approach the true non-dominated front with minimal DFT evaluations. All
evaluated molecules are stored and ranked via non-dominated sorting, and top-ranked candidates are selected for synthesis.

(C) Selected HSCs are synthesized and spin-coated onto ITO substrates to fabricate inverted PSCs, resulting in favorable device performance, including high
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efficiency and operational stability.

Step 1: Dataset construction and encoding of molecules
The first step in the Al-guided design of HSCs is the construction
of an initial dataset based on modular encoding. Among known
HSC candidates, carbazole-based molecules are the most
widely reported®* and have demonstrated superior performance
in PSCs.%*° To enable effective data-driven molecular design,
the carbazole-based phosphonic acid molecules remain the
main family with a relatively extensive experimental dataset,
while alternative anchoring groups such as boronic acids®° and
carboxylic acids®” have limited device performance data and
fewer validated molecular designs, making them unsuitable for
data-driven exploration at this stage. We curated a set of high-
performing carbazole-based HSCs from recent literature to
serve as the seed for further exploration and optimization
(Table S1).

In conventional molecular design of HSCs, molecules are
commonly described using a three-part architecture consisting
of anchoring, spacer, and terminal groups.”**®*° The anchoring
group binds the molecule to the metal oxide substrate and deter-
mines interfacial stability and work function (WF). The spacer
group connects the anchoring and terminal groups, influencing
molecular packing and charge extraction characteristics. The
terminal group directly interfaces with the perovskite layer, gov-
erning energy-level alignment for efficient hole extraction and
defect passivation. While this structural description provides
useful intuition for HSCs, it does not translate into a representa-
tion that can be directly used for data-driven exploration. To
enable bi-objective optimization, we introduced a modular en-
coding strategy in which the carbazole unit serves as the core,
with three fragments—fragment A, fragment B1, and fragment

Joule 70, 102497, October 21, 2026 3
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Figure 2. HSCs encoding and dataset construction

(A) HSCs are decomposed into three functional fragments—A, B1, and B2 —and represented using a modular node-based encoding scheme. Each molecule is
encoded as a three-digit numerical vector. To expand the dataset and improve chemical space coverage, new HSC candidates are generated via LHS, with

synthetic feasibility constraints applied.

(B and C) Common fragments for A, B1, and B2 are summarized and assigned sequential indices to enable structured encoding.
(D) Feasibility map of fragment pairings (B1 and B2), illustrating regions that are chemically viable vs. synthetically challenging.
(E and F) Distribution of the HOMO level and Cal-logP values in the initial and LHS-augmented datasets, showing broader coverage after sampling.

B2—assembled around it (Figure 2A). Fragment A includes
phosphonate groups with alkyl chains of varying lengths,
typically providing anchoring functionality and connecting to
the nitrogen atom of the carbazole ring. Fragments B1 and
B2 correspond to substituents at the 2,7- and 3,6-positions
of the carbazole, respectively,”’ both of which significantly
influence the HOMO level and Cal-logP values. For example, in
the (2-(2,7-dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic acid)

4 Joule 70, 102497, October 21, 2026

[DC-PA] molecule,”’ methoxy groups are present at the 2,7-
positions, while in (2-(3,6-diphenyl-9H-carbazol-9-yl)ethyl)phos-
phonic acid (Ph2PACz),*? phenyl groups are linked at the
3,6-positions. Substituents at other positions on the carbazole
ring are ignored because of their lower reactivity. Only
HSCs with a symmetric substituent at either the 2,7-position,
3,6-position, or both are considered. All known phosphonate-
containing fragments and substituents are summarized and
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Figure 3. K-RVEA optimization workflow and experimental validation of HSC candidates
(A) Schematic of the K-RVEA-based surrogate-assisted MOP framework, consisting of GP model construction, GP-guided evolutionary search, and model

management.
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extended into a standardized node pool (Figures 2B and 2C),
providing a systematic framework for encoding and decoding.

In certain cases, the phosphonate groups with alkyl chains are
attached directly to carbon (e.g., 2,7- or 3,6-) rather than nitrogen
positions.*® These fragments affect both anchoring and molecu-
lar properties and are treated as part of B1 or B2 accordingly.
Based on this encoding scheme, we constructed a node pool
with 15 options for fragment A and 31 options each for fragments
B1 and B2. Each molecule is uniquely encoded as a three-digit
code (A, B1, B2), where a zero denotes the absence of a given
fragment. Conversely, any combination of these integers can
be decoded into a valid molecule. This modular system creates
a combinatorial space of over 16,000 possible HSC structures.
However, many of these are synthetically infeasible due to steric
hindrance or chemical incompatibility between B1 and B2 frag-
ments. To address this, we define feasible and infeasible regions
within the (B1, B2) substitution space, based on literature knowl-
edge and expert judgment (Figure 2D).”***° The detailed feasi-
bility criteria are summarized in Methods S1. Despite the curated
fragment library, the number of reported HSCs is limited and
insufficient to span the entire decision space. Therefore, we
applied LHS across the encoded fragment space to generate
51 additional virtual HSCs (Table S2). The detailed dataset
curation and filtering procedure is provided in Methods S1.
This strategy ensures broad coverage of the chemical space,
with high sampling efficiency. The HOMO level and Cal-logP
values for these sampled molecules are computed using DFT
and the Crippen model, respectively.

As shown in Figures 2E and 2F, the sampled HSCs broaden
the distribution of both the HOMO level and Cal-logP values,
compared with the initial set, indicating improved coverage of
the search space. The resulting dataset, consisting of 97 HSCs
(46 reported and 51 sampled), serves as the foundation for
downstream optimization, using the SA-MOEA framework, spe-
cifically the Kriging-assisted reference vector-guided evolu-
tionary algorithm (K-RVEA).

Step 2: Workflow of the K-RVEA algorithm

Based on the constructed dataset, we employed K-RVEA to
identify molecules that exhibit favorable trade-offs between the
HOMO level and Cal-logP values, while minimizing the number
of costly DFT evaluations. The K-RVEA framework consists of
three main phases: (1) building a Gaussian process (GP) surro-
gate model for each objective, (2) performing a bi-objective
evolutionary search guided by the GP predictions, and (3) imple-
menting a surrogate model management strategy to balance
exploration and exploitation through active infill of new solutions,
as illustrated in Figure 3A.

We began by training two independent GP models, using the
encoded molecular representations as their inputs: one for pre-
dicting the HOMO level values and another for Cal-logP values.
These surrogate models allow for fast estimation of molecular

Joule

properties, significantly reducing the computational cost
compared with direct DFT calculations. The predictions from
these GPs are then fed into a RVEA to carry out the bi-objective
search within the K-RVEA framework. After each search itera-
tion, a model management strategy selects a small set of prom-
ising molecules for real evaluation, where the HOMO level and
Cal-logP values are computed via DFT and the Crippen model
in RDKit, respectively. These new data points are added to the
training set, and the GP models are retrained to refine their accu-
racy. This process, i.e., GP training, evolutionary search, and
model updating, is repeated over ten rounds.

A key component of the surrogate management strategy is the
selection of solutions based on prediction uncertainty and angle-
penalized distance values. Solutions with a high degree of uncer-
tainty are prioritized to enhance exploration of under-sampled
regions, while those with high-angle-penalized distance values
typically indicate better trade-offs between the HOMO level
and Cal-logP values. By considering both uncertainty and per-
formance, this strategy ensures a balanced search across the
vast molecule search space. A schematic illustration of the
adaptive infill selection mechanism is provided in Methods S1
and Figures S3 and S4. In each round, five representative individ-
uals are selected for real DFT calculation and incorporated into
the GP training set. After ten rounds, all evaluated molecules
are archived, and non-dominated sorting is applied to obtain
the final candidate set. These candidates are then analyzed to
explore correlations between the HOMO level and PCE and be-
tween Cal-logP and operational stability. Final HSC candidates
are chosen based on their computed performance and synthetic
feasibility and are subsequently synthesized and tested experi-
mentally. This iterative, surrogate-assisted workflow greatly im-
proves design efficiency and reduces resource waste due to un-
productive synthesis.

To evaluate the robustness and versatility of the optimization
strategy, we conducted three independent runs under different
conditions, including modifications to the initial search space
and replacement of K-RVEA with another SA-MOEA algorithm,
the relation model-based multi-objective evolutionary algorithm
(REMO). Details of both algorithms; their comparison; and the
systematic validation of predictive accuracy, uncertainty quanti-
fication reliability, and structural preference learning are
provided in the supplemental information (Methods S1;
Figures S1-S9; Tables S3-S5). Across the three optimization
runs, six non-dominated molecules populate the final non-domi-
nated front. From these, three molecules differing only in alkyl
chain length are selected for synthesis (Figure 3B). These three
molecules, named WU-1, WU-2, and WU-3, exhibit very similar
HOMO level and Cal-logP values, confirming the algorithm’s
ability to repeatedly identify high-quality candidates. All three
were successfully synthesized (see Methods S2 and
Figure S10) and subjected to characterization for validation
(Figures S11-S19). For comparison, 2PACz, a widely used

(B) Results from three independent optimization runs (two using K-RVEA and one using REMO), all yielding structurally similar candidate molecules that differ only

in alkyl chain length.

(C) Energy band diagrams of 2PACz, MeO-3PACz, WU-1, WU-2, and WU-3 thin films, derived from UPS measurements.
(D) Optical images and contact angle measurements of water and perovskite precursor solution droplets on the surfaces of the HSC films, showing enhanced

hydrophobicity in the WU-series candidates.
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Figure 4. The enhanced efficiency and stability of the devices based on Al-assistedHSCs

A) The c-AFM images of 2PACz films and WU-1 films before and after thermal aging in air at 120°C and 55% relative humidity (scale bars: 2 pm).
B) Temperature-dependent Raman spectra of WU-1 recorded between 173 and 273 K.

C) Temperature dependence of the Raman linewidth for the indicated vibrational modes of WU-1.

E) The statistical distribution of the PCEs based on 2PACz, MeO-3PACz, and WU-1.
F) The stability of the PCEs of WU-1- and 2PACz-based devices under MPPT at 60°C.

(
(
(
(D) The J-V curve of the best-performing cell fabricated by 2PACz, MeO-3PACz, and WU-1.
(
(
(

G) The stability of the PCEs of the WU-1- and 2PACz-based devices under MPPT at 85°C.

benchmark HSC, and MeO-3PACz, a previously reported mole-
cule located on the non-dominated front of the initially reported
HSCs, were included as experimental references linking the pre-
dicted non-dominated front to experimentally validated HSC
performance. To further demonstrate the generality of the frame-
work, we also applied both K-RVEA and REMO to other objective
sets under modified constraints. In all cases, final non-domi-
nated fronts were obtained (Figure S20), indicating that the opti-
mization workflow is adaptable to different but meaningful target
definitions. As long as the objectives are formulated and
computable, the SA-MOEA framework can effectively guide mo-
lecular design.

Ultraviolet photoelectron spectroscopy (UPS) was used to
determine the surface energy levels of thin films deposited on
ITO substrates (Figure S21). The WF values extracted from the

UPS spectra are summarized in Figure S22, with values of 4.57
eV (2PACz), 4.41 eV (MeO-3PACz), 4.47 eV (WU-1), 4.45 eV
(WU-2), and 4.48 eV (WU-3). The Fermi levels of 2PACz, MeO-
3PACz, WU-1, WU-2, and WU-3 were —4.57, —4.41, —4.47,
—4.45, and —4.48 eV, respectively; while the valence band
maximum (VBM) values were —5.62, —5.29, —5.22, —5.20, and
—5.17 eV (Figure 3C). Compared with 2PACz and MeO-3PACz,
the WU-series molecules exhibit smaller gaps between the Fermi
level and VBM, indicating enhanced p-type character. This
observation aligns with the HOMO-shifting trend observed
throughout the optimization and suggests improved hole extrac-
tion properties. The more favorable energy-level alignment
between the WU-series and the perovskite valence band is ex-
pected to reduce the hole extraction barrier at the interface,
thereby facilitating hole transport and suppressing interfacial
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non-radiative recombination.“® Additionally, the increased Cal-
logP values in WU-1, WU-2, and WU-3, achieved through SA-
MOEA optimization, correlate with enhanced hydrophobicity.
Contact angle measurements (Figure 3D) show reduced water
and perovskite solution spreading on the WU-series films,
compared with those formed by 2PACz and MeO-3PACz. Scan-
ning electron microscopy (SEM) images and X-ray diffraction
(XRD) patterns of perovskite films deposited on different HSCs
(Figures S23 and S24) show comparable grain sizes and nearly
identical diffraction features across all samples, indicating that
the choice of HSC has a limited impact on perovskite crystalliza-
tion under the current processing conditions. Therefore, the
enhanced device performance is unlikely to originate from differ-
ences in film morphology or crystallinity but rather from improved
interfacial properties, including optimized energy-level align-
ment and enhanced charge transport at the HSC/perovskite
interface. To further elucidate the interfacial mechanisms, addi-
tional DFT calculations were performed, including both HSC/
perovskite interface models and packed monolayer configura-
tions. The results confirm stronger interfacial coupling and stable
molecular packing for WU-1, supporting its favorable charge
extraction properties and interfacial assembly (Figures S25 and
S26; Methods S3). Together, these results confirm that the
Al-guided optimization successfully identified HSCs that
meet both electronic and interfacial performance targets and
that the molecular structures discovered through K-RVEA
and REMO translate reliably into experimentally observable
improvements.

Photovoltaic performance

The conductive atomic force microscopy (c-AFM) monitoring of
the current signals during the aging tests was conducted to
examine the correlation between the Al-guided objectives and
the stability of the perovskite devices. As shown in Figure 4A,
thermal aging at 120°C in air (55% relative humidity) led to a
notable drop in surface current for 2PACz films, while WU-1 films
remained nearly unchanged, indicating enhanced stability.
Improved stability was also observed for the WU-2 and WU-3
films (Figure S27). These results demonstrate that films formed
using the Al-guided molecules possess significantly different
stability characteristics, compared with those based on pre-
optimization structures. This provides direct experimental evi-
dence connecting molecular design strategies with device
performance.

To investigate the vibrational dynamics of the assembled mo-
lecular structures, which are related to dynamical stability, tem-
perature-dependent Raman spectroscopy was employed. As
shown in Figure 4B, the ring folding-coupled modes of WU-1
near 734 and 766 cm ™" are highlighted. Very slight peak broad-
ening was observed in WU-1 as the temperature increased from
173 to 273 K, a behavior attributed to anharmonic couplings be-
tween vibrons and phonons that became thermally populated
upon heating.”*° The temperature-dependent linewidths of
the scattering patterns are summarized in Figure 4C. All given
linewidths represent the full width at half-maximum correspond-
ing to Lorentzian line shapes. The temperature-dependent
Raman linewidth behavior was simplified using a first-order
linear approximation, where the slope reflects the coupling coef-
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ficient yc. In the case of the reference molecule 2PACz, the yc
value was calculated as 3.1 x 1072 cm ™' K~'.°° By comparison,
the ring vibrational mode of WU-1 showed much weaker temper-
ature-induced peak broadening (yc = 8.7 x 1072 cm~' K™7),
indicating suppressed anharmonic vibrational coupling and
enhanced molecular rigidity under thermal perturbation.*® The
reduced thermal sensitivity of the Raman linewidth suggests
that the vibrational structure of WU-1 remains comparatively sta-
ble upon heating, providing a plausible microscopic basis for the
improved device stability observed at elevated temperatures.
Given that interfacial instability and structural fluctuations can
facilitate defect formation and promote ion migration pathways,
the enhanced structural robustness of WU-1 is expected to sup-
press these degradation processes.

To evaluate the performance of WU-1, WU-2, and WU-3 em-
ployed as the HSCs in PSCs, we fabricated the devices based
on the inverted structure ITO/HSC/FAg g5Cso.05Pbls/ETL/Ag,
while the corresponding 2PACz- and MeO-3PACz-based de-
vices were investigated in parallel for comparison. A champion
PCE of 26.93% was achieved in the WU-1-based device (a sta-
bilized PCE of 26.7%, Figure S17) for an aperture area of
0.075 cm? with an open-circuit voltage (Voc) of 1.183 V, a
short-circuit current density (Jsc) of 26.52 mA cm~2, and a fill
factor (FF) of 85.76% (Figure 4D). The external quantum effi-
ciency (EQE) spectrum of the WU-1-based device is provided
in Figure S28. The current density-voltage (J-V) curve shown in
Figure 4D was obtained from the reverse scan; the correspond-
ing forward scan J-V characteristics are provided in the
supplemental information (Figure S29). The forward scan yields
a PCE of 26.51%, with a Voc of 1.184 V, Jgc of 26.56 mA
cm~2, and FF of 84.26%. The close agreement between the
two scan directions indicates negligible hysteresis, suggesting
low defect density and minimal interfacial ion accumulation.
Dark J-V measurements (Figure S30) show a reduced reverse
saturation current for WU-1, indicating suppressed interfacial
recombination. Electrochemical impedance spectroscopy (EIS)
measurements (Figure S31) reveal a smaller semicircle for
WU-1-based devices, corresponding to reduced charge transfer
resistance and improved interfacial charge transport. For the
2PACz- and MeO-3PACz-based devices in the same batch,
we obtained, respectively, a PCE of 24.31% and 25.94% (stabi-
lized 23.94% and 25.42%, Figure S32), Voc 0f 1.155and 1.163V,
Jsc 0f 25.39 and 26.32 mA cm 2, and FF of 82.88% and 84.76%.
Within the same batch, we fabricated the WU-2- and WU-3-
based devices and achieved PCEs of 26.34% and 26.40%
(Figure S33). These results highlight that the bi-objective
(HOMO and Cal-logP) Al-guided design leads to HSC molecules
with superior photovoltaic performance. Insights into the corre-
lation between HSC molecules and photovoltaic performance
can be developed through a systematic analysis of the selected
design objectives. According to the statistical distribution of the
PCEs (Figure 4E), the WU-1-based PSCs exhibited higher
average values, verifying the superiority of WU-1 in achieving a
high PCE (Figure S34 and Table S6 for detailed photovoltaic
parameters).

To understand the improvement in the PCEs, we conducted
the transient photocurrent (TPC) measurement under a short-cir-
cuit condition to delineate the carrier dynamics at the interface.
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The WU-1-based devices showed faster TPC decay, compared
with the control devices, which suggests facilitated charge
extraction at the interface (Figure S35). We measured the time-
resolved photoluminescence (TRPL) of the perovskite film
deposited on the molecular layers at a low laser fluence and
derived the differential lifetime as shown in Figure S36. The first
interval in the differential lifetime profile, which is dominated by
the charge transfer, was shorter for WU-1, verifying its superior
interfacial charge extraction, compared with 2PACz and MeO-
3PACz.°"%?

The stability of the perovskite devices was assessed under
accelerated aging conditions according to the International Sum-
mit on Organic Photovoltaic Stability (ISOS) protocols.”® We
measured the devices in MPPT under simulated 1-sun illumination
at ~60°C. The control device retained only ~70% of its initial PCE
after 2,000 h of operation, whereas the WU-1-based device re-
tained over 93% of its initial PCE (Figure 4F). Devices based on
molecules pre- and post-machine learning optimization exhibited
different stability performances, suggesting that the selected opti-
mization objectives are in some way linked to enhanced device
stability. We also performed the test at a higher temperature of
85°C; our target device retained over 93% of its initial PCE after
1,000 h of operation, and the 2PACz-based device retained about
84% after only 410 h (Figure 4G). We sent our device to a third-
party organization for certification of the MPPT test at an elevated
temperature of 85°C. As shown in Figure S37, the PCE of the de-
vice based on WU-1 remained over 87% after 980 h, justifying the
potential of the long-term stability of the device. The devices
based on pre- and post-optimization molecular structures
showed remarkable differences in PSC performance. Such a clear
contrast confirms the ability of our Al algorithm to relate the
selected molecular design objective to device performance.

DISCUSSION

In this work, we developed an Al-guided, data-efficient multi-
objective design framework for molecule-based HSCs in inverted
PSCs by jointly optimizing the HOMO level and Cal-logP as
computationally accessible surrogate objectives for efficiency
and operational stability. A modular fragment-based encoding
scheme, combined with LHS, enabled systematic expansion
and exploration of the chemical space. Using SA-MOEA, we iden-
tified three candidates with fewer than 200 DFT evaluations.
Experimentally, all three HSCs delivered PCEs above 26%, with
WU-1 achieving a champion efficiency of 26.9% alongside
improved interfacial charge extraction and film robustness. WU-
1-based devices retained 93% of their initial efficiency after
2,000 h of MPPT at 60°C and 87% after 980 h of MPPT at 85°C
in a third-party test. This MOP strategy links molecular properties
to device performance in a practical and reproducible manner,
providing a general workflow to discover stable, high-efficiency
interfacial molecules for perovskite photovoltaics.

METHODS
Materials

All materials used in this work were obtained commercially and
used without further purification, unless otherwise specified.

¢? CellPress

The transparent ITO glass (10 Q per square, transmittance
88%) was purchased from Shenzhen Huayu United Technology.
The perovskite raw materials including lead iodide (Pbl,, purity
99.999%, perovskite grade), formamidinium iodide (FAI, purity
99.99%), methylammonium chloride (MACI, purity 99.9%),
lithium fluoride (LiF, purity 99.99%), Ceo (purity 99.9%), and
Al>,O3 dispersions (with a hydrated diameter of 30 nm, dispersed
in ethanol) were all purchased from Advanced Election Technol-
ogy. BCP (purity 99%), cesium iodide (Csl, purity 99.999%),
MeO-3PACz (purity 99%), and oleylammonium iodide (OAmI,
purity 99.5%) were purchased from Xi’an Yuri Solar. 2PACz (pu-
rity 98%) was obtained from Tokyo Chemical Industry. The
required solvents including N,N-dimethylformamide (DMF, extra
dry, purity 99.8%), dimethyl sulfoxide (DMSO, anhydrous,
>99.9%), isopropanol (IPA, extra dry, purity 99.5%), methanol
(extra dry, purity 99.8%), and chlorobenzene (CB, extra dry,
purity 99.5%) were purchased from Sigma-Aldrich. Ag
(purity 99.99%) was purchased from LiaoNing JiaYun High
Technology.

Preparation of molecule solutions

For the preparation of molecule solutions, the molecule powders
were fully dissolved in a mixed solvent of methanol and DMF at
a volume ratio 3:1 at room temperature. The concentrations
of 2PACz, MeO-3PACz, WU-1, WU-2, and WU-3 solutions
are 2 mM.

Preparation of perovskite precursors and films

For the preparation of perovskite films with a composition
FAo.905Cso.05Pbls, 1.65 M perovskite precursor solution was pre-
pared by dissolving Csl, FAI, and Pbl, in 1 mL mixed solvent of
DMF and DMSO at a volume ratio 5:1. Additional 5 mol % Pbl,
and 10 mol % MACI were added to the precursor solution, and
the solution was stirred overnight. The filtered perovskite precur-
sor was then spin-coated on substrate at 1,000 rpm for 10 s and
5,000 rpm for 40 s in nitrogen glovebox. 200 pL of CB anti-sol-
vent was dropped quickly at 25 s during the second spinning
step. Afterward, the film was annealed at 125°C for 30 min.

Fabrication of inverted PSC devices

The pre-patterned ITO glasses (20 x 20 mm) were washed with
detergent solution, deionized water, acetone, and IPA, each un-
der 30 min of sonication, followed by drying with a pure nitrogen
flow. The cleaned and dried ITO substrates were then treated
with ultraviolet-ozone for 30 min before being transferred into
glovebox filled with nitrogen. The molecule solution was spin-
coated (Jiangsu Lebo Science Instrument) at 1,000 rpm for
10 s and 3,000 rpm for 40 s in the nitrogen glovebox. Afterward,
the film was annealed at 115°C for 20 min. After cooling down to
room temperature, 50 pL Al,O3 dispersion (diluted by 100 times)
was spin-coated onto the molecular layers through the same
recipe. Then perovskite films were coated on these layers
following the abovementioned method. For the surface passiv-
ation layer, OAmIl was dissolved in IPA with a concentration of
0.33 mg mL~" and stirred at room temperature for 2 h. The
OAml solution was spin-coated on top of the as-prepared perov-
skite at 5,000 rom for 30 s and then transferred to the hotplate
and annealed at 100°C for 5 min.
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After cooling down to room temperature, the whole device was
transferred to a vacuum chamber under a base pressure of
<5.0 x 107 Pa. 1.0 nm LiF at a rate of 0.1 A s—1, 30 nm Cgo
at a rate of 0.3 A s—1, and 6 nm BCP at a rate of 0.2 A s—1
were thermally evaporated on the perovskite thin film sequen-
tially (Angstrom Engineering, Beijing Technol Science), without
breaking the vacuum. Finally, a 100-nm-thick Ag electrode at a
rate of 1.5 A s—1 was deposited to complete the devices for
J-V measurements or stability tests.
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