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ABSTRACT
Global energy challenges establish building-integrated photovoltaics as a pivotal decarbonization frontier, where semitransparent
organic photovoltaics (ST-OPVs) represent a promising technology for simultaneous power generation and daylight transmission.
However, their widespread application is constrained by a fundamental efficiency and transparency trade-off governed by complex
photon management. Herein, we introduce a physics-enhanced deep learning (PDL) framework that embeds optical physical
priors into neural network, significantly reducing the reliance on extensive experimental datasets while enhancing predictive
accuracy beyond conventional simulation and purely data driven methods. Building on a novel halogen-additive engineering
strategy, that enables opaque devices with a power conversion efficiency exceeding 20%, our PDL-guided optimal optical design
delivers corresponding ST-OPVs with a record light utilization efficiency of 6.09%. When scaled to large-area manufactured
modules, multi-scale building energy modeling demonstrates that the nationwide deployment of such ST-OPVs could meet up
to one-fifth of China’s total energy demand, highlighting their transformative potential in advancing sustainable energy systems
and supporting global carbon neutrality goals.
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Introduction

ith worldwide electricity demand projected to double by 2050
1], buildings – accounting for nearly one-third of global energy
onsumption and CO2 emissions – represent a critical frontier [2–
]. Building-integrated photovoltaics (BIPVs) thus offer a crucial
olution by transforming facades into active power generators,
acilitated by recent advances in solar window technologies [5,
]. Among these, semitransparent organic photovoltaics (ST-
PVs) are particularly attractive due to their dual functionality
aozhong Deng and Xiaokai Zhang contributed equally to this work.
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of selective visible light transmission for daylighting and efficient
near-infrared (NIR) photon harvesting for power generation,
alongside inherent flexibility and aesthetic versatility [7–10].
However, maximizing their decarbonization potential requires
resolving the fundamental trade-off between power conversion
efficiency (PCE) and average visible transmittance (AVT). Opti-
mal light utilization efficiency (LUE = PCE×AVT) calls for a
synergistic approach: on one hand, developing a highly effi-
cient device platform through material innovation to ensure
superior power conversion capability; and on the other hand,
1 of 19
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mplementing advanced optical engineering to manage photon
istribution. Both strategies are indispensable for pushing the
erformance limits of ST-OPVs. This complex photonic multi-
bjective optimization involving intricate interactions among
aterial properties, layer architectures, and photonic pro-
esses, remains an intractable challenge for conventional design
aradigms.

n answer to this challenge lies in artificial intelligence (AI)
s a transformative approach to accelerate the discovery and
ptimization of next-generation energy systems like ST-OPVs
11–14]. Indeed, traditional ST-OPV development is built on
terative experimental trial-and-error, which is a prohibitively
low process for exploring the vast, high-dimensional design
arameter space [15–17].While physics-based optical simulations,
uch as the transfer matrix method (TMM), can predict device
erformance, they become computationally intractable for global
ptimization undermultiple constraints. Purely data-driven deep
earning (DL) models have the potential to transcend these
imitations by learning complex patterns directly from data
18–21]. However, their effectiveness for novel materials and
evice optimization is severely limited by a critical constraint:
he scarcity of large-scale, high-quality experimental datasets
equired for robust training and generalization [22–24]. This data
carcity poses a major impediment for applying standard DL
ethods in ST-OPV development.

o overcome such a critical data barrier and fully harness
he power of AI, we introduce a novel physics-enhanced deep
earning (PDL) framework. Our core innovation lies in the
rchitectural integration of fundamental physical principles
nto the DL structure, creating a synergistic physics-AI frame-
ork. This methodology uniquely combines physics-informed
epresentation, which embeds optical prior knowledge (e.g.,
avelength-dependent absorption/transmission physics) into a
nified network, with physics-enhanced multi-stage learning.
he latter leverages large-scale pre-training on extensive TMM-
imulated datasets, followed by physics-guided fine-tuning on
imited experimental data. By transcending the limitations of both
ure simulation and pure data-driven DL, this PDL framework
rastically reduces dependency on scarce experimental data
hile accurately capturing the intricate photonics governing
T-OPV performance. Consequently, it enables highly accurate
rediction of PCE, AVT, and LUE across the vast design space and
acilitates efficient global optimization.

everaging state-of-the-art opaque OPVs with a PCE
xceeding 20% enabled by a novel halogen additive, 3,4,5-
richlorobromobenzene (TCBB), our PDL-optimized optical
esign further pushes ST-OPVs to reach a record LUE of
.09%. Furthermore, translating laboratory-scale breakthroughs
nto quantifiable macro-scale energy impacts is essential for
valuating their practical applicability. The successful transfer
f the optical structure to a large-area module allows, using a
uilding energy modeling [25], to assess the viability of such
T-OPVs as power-generating transparent facades. Employing
DL segmentation model to extract building areas from high-
esolution satellite imagery and scaling the model nationally,
e predict that a nationwide deployment could meet one-fifth
f China’s total electricity demand in 2024, demonstrating
he critical role of high-performance ST-OPVs in enabling
of 19
net-zero energy buildings and reducing building-related carbon
emissions. Our work establishes physics-enhanced AI as a
transformative paradigm for accelerating the development of
sustainable energy technologies essential to meet global carbon
neutrality imperatives.

2 Results and Discussion

2.1 Physics-Enhanced Deep Learning-Guided
Optical Design for ST-OPVs

Achieving high-performance ST-OPVs necessitates a synergistic
approach integrating material innovation with optical engineer-
ing. While advancements in non-fullerene acceptors (NFAs) have
propelled OPV efficiencies beyond 20% [26–30], the intrinsically
low charge carrier mobility of organic photoactive materials
fundamentally limits the active layer thickness. This limitation
poses a persistent challenge in simultaneously maximizing light
absorption and visible transparency for ST-OPVs, underscoring
the need for advanced light harvesting strategies beyond mate-
rial development [31–34]. However, the multi-objective, multi-
variable nature of ST-OPV optical design, balancing PCE and
AVT, makes conventional methods like the TMM computation-
ally prohibitive for global optimization. Therefore, we developed
a PDL framework, called PhyOptiNet to enable precise and
efficient optical design, fully realizing the performance potential
of ST-OPVs.

As illustrated in Figure 1a, this framework incorporates prior
physical knowledge and enables precise modeling of material
properties (detailed in Experimental Section). It includes a neural
network training methodology for material property embedding
and prediction specifically tailored for data-scarce scenarios. The
training process comprises two phases. (1) A physics-informed
representation: we explicitly encode fundamental optical proper-
ties – the wavelength-dependent complex refractive index (n,k) –
as intrinsic constraints directly into the vector representation of
materials. This method restricts the model’s representation space
to physically meaningful regions, reinforcing a strong correlation
between embedding and the governing physical principles. This
ensures that model predictions maintain high physical plausi-
bility and adhere to fundamental optical constraints, addressing
a key weakness of purely data-driven DL approaches. (2) A
physics-enhanced multi-stage training: This phase combines
simulated and experimental knowledge. It involves extensive
pre-training with large-scale simulated data generated by our
TMM-based opticalmodel (Figure S1), which establishes rigorous
mathematical relationships between (n,k) and device optical
outputs (transmission, absorption) [35]. While TMM predictions
are inherently limited in capturing the complexities of real
fabricated devices (e.g., interfacial roughness, non-ideal layer
uniformity), pre-training the deep neural network model on
this physics-based simulated data instills foundational physical
accuracy and significantly boosts the model’s generalization
capability. Subsequent fine-tuning leverages experimental ST-
OPV performance data, extracted from the reported ST-OPV
literature (see Experimental Section for details), to transfer the
physics-informed knowledge learned from simulation to the
experimental domain. This critical step calibrates the model
to account for real-world deviations, substantially enhancing
Advanced Materials, 2026
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FIGURE 1 Architecture and Performance of the PhyOptiNet PDL framework. (a) Schematic diagram of the PhyOptiNet architecture integrating
physics-informed representation and physics-enhanced multi-stage learning. (b) PCA visualization of optical material representations incorporating
optical physics priors, revealing distinct clustering by material category: HTL (green), BHJ (blue), ETL (purple), metallic (gray), and dielectric (yellow).
(c) Enhanced learning efficiency and accuracy through physics priors: Comparison of training (left, single epoch) and validation (right, full training)
loss convergence for models without (dashed) and with (solid) physical prior fusion. (d) Accurate prediction of complex material behavior: Comparison
of predicted versus ground truth n and k values of Ag. (e) Performance metrics (MSE, MAE, Pearson correlation coefficient, Spearman correlation
coefficient) comparison of different algorithms for the physics-enhanced multi-stage training. Darker color indicates better performance (i.e., lower
MSE andMAE, higher Pearson and Spearman correlation coefficients). (f) High-fidelity device performance prediction: Predicted versus experimentally
measured AVT and JSC values for the optimized PhyOptiNetmodel across diverse material combinations.
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redictive accuracy, particularly under the limited experimental
amples. This physics-enhanced approach facilitates the effective
ntegration of physical priors, computational simulation data, and
uthentic experimental data within a unified DL framework.

ithin the physics-informed representation stage, we propose
universal vector embedding method for material properties

hat seamlessly integrates optical physics with DL. This approach
ddresses two fundamental challenges in computationalmaterial
esign: (i) the effective representation of material properties, and
ii) the unification of categorical and numerical feature embed-
ing. Specifically, we train an independent material embedding
etwork to map discrete material categories to their continuous,
avelength-dependent complex refractive indices. The weights
rom this optimized network are then used to initialize the
mbedding layer of the main device performance prediction
odel. This latent space acts as a physical prior, restricting the
odel’s searching space to physically meaningful boundaries
nd ensuring that materials with similar optical properties are
ositioned closely in the vector space. Our framework estab-
ishes a unified representation scheme for material properties,
nabling the incorporation of arbitrary physical properties prior
o task-specific model training. Following this stage, distributed
ector representations of optical materials were generated. These
epresentations were subsequently reduced to two dimensions
sing principal component analysis (PCA) for visualization
Figure 1b), revealing distinct and physically interpretable clus-
ering boundaries among material categories: hole transporting
aterials (green), bulk heterojunction (BHJ) photoactive mate-
ials (blue), electron transporting materials (purple), metallic
aterials (gray), and dielectric materials (yellow). Figure 1c
emonstrates the benefit of physical priors on learning efficiency
nd accuracy by comparing the convergence behavior of models
ith and without physical prior fusion. The left panel displays
raining loss reduction within a single epoch, highlighting accel-
rated convergence due to the incorporation of prior physical
nowledge. The right panel tracks validation loss throughout
he training process, revealing consistently lower validation
rrors and superior prediction accuracy for the physics-enhanced
odel. Figure 1d compares the ground truth andmodel-generated
-k dispersion curves of Ag, demonstrating excellent agreement
nd validating the model’s ability to accurately model complex
aterial physical properties.

hyOptiNet consists of an embedding layer, a feature fusion
ayer, and a prediction layer, specifically designed to fuse and
xtract material category features and predict relevant physical
roperties. The feature fusion layer for physics-enhanced multi-
tage training was optimized through a comparative evaluation
f Transformer encoders [36], long short-term memory (LSTM)
etworks [37], feedforward neural networks (FNNs), and con-
olutional neural networks (CNNs) [38]. Model performance
as rigorously assessed using four metrics: mean squared error
MSE), mean absolute error (MAE), Pearson correlation coeffi-
ient, and Spearman’s rank correlation coefficient. As shown in
igure 1e, the multi-head attention-based Transformer encoder
howed superior overall performance across all metrics, which
an be attributed to its enhanced ability to model complex,
ong-range dependencies inherent in optical physics, LSTM,
NN, and CNN exhibited relatively poor results. Consequently,
he Transformer encoder was selected as the feature fusion
of 19

a

layer for subsequent experiments, yielding strong agreement
between predicted and experimentally measured values of AVT
and short-circuit current density (JSC) after training (Figure 1f).
The close alignment observed across diverse material combi-
nations further validates the effectiveness and robustness of
our proposed PDL framework. Furthermore, ablation studies
(Figure S2) confirm that physical prior fusion, simulation-based
pretraining, and experimental fine-tuning are all indispensable
for achieving highly accurate predictions. Therefore, the core
scientific contribution of the PDL framework lies in its unique
ability to bridge the gap between the physical rigor of first-
principles optical simulations and the empirical reality captured
by experimental data. This synergistic integration effectively
mitigates the pervasive simulation-to-reality gap, resulting in a
superior predictive capability. Specifically, the trained PhyOptiNet
demonstrates high predictive accuracy for JSC and AVT. By
leveraging these high-fidelity, physics-constrained predictions,
we can efficiently identify optimal device configurations that
maximize LUE, thereby significantly accelerating the experimen-
tal validation cycle and outperforming purely physics-based or
data-driven approaches.

Building on PDL’s foundational capability to accurately predict
key device performancemetrics (JSC, AVT), the framework proves
powerful for tackling the intricate light management challenges
in ST-OPVs, essential for balancing PCEandAVT. To demonstrate
its practical utility in ST-OPV optical design, we applied PDL
to optimize the device performance following a typical device
structure comprising a 150-nm indium tin oxide (ITO) anode,
a 30-nm PEDOT:PSS hole transport layer (HTL), a 100-nm
BHJ active layer (PM6:BTP-eC9), a 10-nm PNDIT-F3N electron
transport layer (ETL), a 10-nm transparent Ag electrode, and
a bilayer optical coupling layer (OCL) (Figure 2a). Within this
configuration, we focused specifically on enhancing photon dis-
tribution by engineering the OCL atop the transparent electrode.
The OCL exploits optical interference effects to manipulate light
propagation, with its material composition and layer thicknesses
serving as critical design parameters governing photonharvesting
and exciton generation. While high-throughput (HT) optical
modeling has advanced OCL design as reported in our previous
works [15, 16, 32, 34], its predictive accuracy remains constrained
by complex real-world optical non-idealities and computational
complexity. Compared to the pureHTmodel, the PDL framework
significantly reduces absolute prediction errors (MSE and MAE)
and achieves a higher Spearman’s rank correlation coefficient
(Figure S3), which demonstrates that PDL provides a more
accurate relative ranking of candidate designs. Therefore, PDL
overcomes the limitations of HT optical modeling by integrating
physical priors with data-driven learning, delivering enhanced
predictive accuracy and design capability for complex optical
systems even under limited experimental data constraints.

Figure 2b provides a comparative analysis of predicted JSC-AVT
performance for optimal optical material designs generated by
four distinct approaches: HT optical modeling (blue), a DL
model trained solely on experimental data (ED, green), a DL
model trained purely on simulation data (SD, yellow), and our
PDL hybrid model (red). For the ED, SD, and PDL models, we
represent the top 50,000 data points ranked by descending LUE.
Refractive indices and extinction coefficients are provided in
Figure S4. The results highlight limitations of existing methods:
Advanced Materials, 2026
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FIGURE 2 PDL-guidedOptical Design in ST-OPVs. (a) Schematic device structure of the ST-OPV featuring a bilayer OCL engineered for enhanced
light management. (b) Predicted JSC-AVT results obtained by high-throughput optical modeling (HT, blue), experimental data-only trained DL (ED,
green), simulation data-only trained DL (SD, yellow), and the PDL model (red). For the ED, SD, and PDL models, only the top 50,000 data points,
ranked by descending LUE, are shown. The blue square and the red circle are performance obtained for HT-guided device with an OCL of LiF(140
nm)/ZnS(80 nm) and PDL-guided device with an OCL of HfO2(114 nm)/TiO2(36 nm), respectively. (c) Physics-driven material representation: PCA
visualization of material embeddings learned by ED (left, poor separation), SD (middle, partial differentiation), and PDL (right, distinct categorical
boundaries and physics-aligned organization) models. Material categories area defined as: HTL (green), BHJ (blue), ETL (purple), metallic (gray), and
dielectric (yellow). (d) Interpretable attention mechanisms: Visualization of attention weights in the fusion layer for ED (left, localized/imbalanced),
SD (middle, imbalanced), and PDL (right, globally balanced) models, reflecting comprehensive consideration of material interactions. Simulated optical
field distributions for (e) the control device without OCL, (f) the HT-guided device with an OCL of LiF(140 nm)/ZnS(80 nm) and (g) the PDL-guided
device with an OCL of HfO2(114 nm)/TiO2(36 nm). (h) Exciton generation rate profiles within the photoactive layer for the control, HT-guided, and
PDL-guided devices. (i) Differential enhancement in exciton generation rate relative to the control device, highlighting the superior photon harvesting
of the PDL-guided design. (j) EQE and transmittance spectra for the PDL-guided device and control, exhibiting simultaneous enhancement in visible
transmission and NIR EQE, and their corresponding difference spectra.
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D predictions exhibit scattered distributions, failing to establish
obust structure-property relationships due to data scarcity. SD
redictions largely overlap with HT results. As expected, its
raining data originate directly from theHT simulator, offering no
redictive advantage beyond the simulator itself. Strikingly, PDL
enerates predictions that consistently surpass HT benchmarks,
emonstrating superior feature extraction and generalization
nabled by its physics-enhanced learning paradigm. Specifically,
DL-guided optimal devices are predicted to achieve a ∼10%
elative improvement in LUE (an absolute increase of ∼0.5%)
ompared to HT-guided designs. Moreover, comparative analysis
onfirms that PDL outperforms conventional global optimization
trategies under identical computational budgets (Figure S5).
hile traditional search algorithms are fundamentally capped
y the predictive limitations of the physical models they rely
n, PDL successfully discovers a distinct, higher-performance
arameter space that overcomes the simulation-to-reality gap.
igure 2c reveals the transformative impact of physical priors
n material representation learning. ED models yield overlap-
ing clusters with poor categorical separation (left), indicative
f inadequate learning. SD models show partial differentia-
ion (middle). In contrast, the PDL approach (right) achieves
oth physically accurate representations and distinct categorical
oundaries. Notably, red points exhibit directional alignment
long the principal component 1 axis, strongly indicating a
hysics-driven organization of the embedding space. The mirror-
ymmetric distributions between SD and PDL confirm that
hysical priors introduce anisotropic scaling to enhance sepa-
ability without disrupting the underlying covariance topology,
key insight enabled by PDL. Figure 2d analyzes attention
echanisms, crucial for understanding material interactions.
he EDmodel develops localized patterns due to data limitations
left), while the SD model exhibits similar imbalances (middle).
ltimately, PDL achieves globally uniform and interpretable
ttention distributions (right), enabling holistic evaluation of
elevant material interactions for optimal design. The balanced
ttention weights demonstrate the effective integration of physi-
al domain knowledge with data-driven learning within the PDL
ramework.

o validate the AI-guided design, we further simulated light
ield distributions for three ST-OPV configurations: the con-
rol ST-OPV without OCL, the HT-guided ST-OPV (using an
CL of LiF(140 nm)/ZnS(80 nm), as suggested by the HT
odel), and the PDL-guided ST-OPV (using an OCL of HfO2(114
m)/TiO2(36 nm), as suggested by the PDL model). Figure 2e–
illustrate the OCL’s impact on light management, revealing
ignificantly enhanced optical fields in both HT- and PDL-guided
evices compared to the control. This enhancement is spec-
rally selective and spatially optimized, manifesting as enhanced
ight transmission across the visible spectrum in the external
egion, directly contributing to improved visible transmittance.
imultaneously, it achieves concentrated and efficient absorption
f strong NIR fields within the photoactive layer, paramount
or maximizing photon harvesting. Quantitative analysis of the
xciton generation rate profiles (Figure 2h) and their differential
nhancement maps (Figure 2i) confirms the superior photon
arvesting capabilities of the PDL-guided device. This design
ffectively channels incident NIR photons into the active layer,
eading to a substantial increase in exciton generation specifically
n the spectral range beyond human visual perception. Most
of 19
importantly, the calculated external quantum efficiency (EQE)
and transmission spectra presented in Figure 2j demonstrate
the PDL-guided optical design’s achievement of simultaneous,
optimized enhancement in both visible light transmission and
NIR EQE. This dual improvement is essential for ST-OPVs,
directly enabling an optimal balance between AVT and PCE,
to maximize the LUE. These comprehensive optical simulations
establish that our physics-enhanced AI not only learns effectively
from limited experimental data but also rigorously adheres to
fundamental optical principles, yielding interpretable, physically
coherent, and high-performance designs for next-generation
ST-OPVs.

2.2 PDL-Guided Optimization of
High-Performance ST-OPVs

While the PDL framework provides an advanced solution for
optical design, achieving high-performance ST-OPVs fundamen-
tally relies on the efficiency of their opaque counterparts. To
establish a foundation for PDL-guided ST-OPV optimization, we
first developed high-efficiency opaque OPVs through a halogen
additive engineering strategy by introducing a novel additive,
TCBB, into the active layer. A series of opaque devices were fab-
ricated with the following structure: ITO/2PACz (self-assembled
monolayer)/BHJ (120 nm)/PNDIT-F3N (10 nm)/Ag (100 nm),
as illustrated in Figure 3a. The BHJ active layer comprises
the ternary blend of PM6:BTA-3:L8-BO. The control device was
prepared using the conventional additive 1,3,5-trichlorobenzene
(TCB), as reported in our previous work.16 The incorporation
of TCBB induces a slight redshift in the absorption peak of the
acceptor (L8-BO), suggesting enhanced intermolecular packing
(Figure S6). Importantly, this modification does not compro-
mise the visible transmittance of the active layer (Figure S7),
which is highly advantageous for the subsequent development of
semitransparent devices. Furthermore, atomic force microscopy
(AFM) characterization (Figure S8) reveals that the TCBB-
processed film exhibits reduced surface roughness compared to
the filmprocessedwithTCB. To provide direct structural evidence
of the molecular packing, we performed grazing-incidence wide-
angleX-ray scattering (GIWAXS)measurements (Figure S9). Both
films exhibit a preferred face-on orientation. The 1D line-cut
profiles reveal that the TCBB-processed film exhibits a tighter
out-of-plane π−π stacking distance and a narrower full width at
half maximum (FWHM) for the (010) diffraction peak compared
to the control film. This corresponds to an increased crystal
coherence length (CCL), confirming that the TCBB additive
promotes more ordered molecular crystallization and enhances
intermolecular π−π interactions. The electrostatic potential map
in Figure 3a highlights prominent σ-holes on the halogen atoms
of TCBB, which are expected to facilitate strong halogen-bonding
interactionswith theBHJmolecules, leading to optimized crystal-
lization kinetics andmolecular orientation during film formation
[39–42]. Consequently, the TCBB-based opaque device achieves
a significantly improved PCE of 20.36%, with an open-circuit
voltage (VOC) of 0.891 V, a short- circuit current density (JSC) of
28.31 mA cm−2, and a fill factor (FF) of 80.73%, outperforming
the TCB-based control device (PCE of 19.32%), as shown in
Figure 3b. The concentration of the TCBB additivewas optimized,
as detailed in Figure S10 andTable S1. CorrespondingEQE spectra
(Figure 3c) further confirm the enhanced performance.
Advanced Materials, 2026
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FIGURE 3 Opaque device optimization leveraging TCBB additive. (a) Device architecture of opaque OPVs with TCBB additive, the molecular
structure and electrostatic potential distributions of TCBB. (b) J–V characteristics and PCE distributions. (c) EQE spectra, and (d) JSC-I and VOC-I
characteristics measured for the control OPVs and TCBB-based OPVs. (e) 2D TA images and (f) Charge transfer dynamics probed at 620 and 882 nm for
the control and TCBB-based BHJ films. (g) Marcus fitting, (h) EQEEL spectra, and (i) energy loss analysis for the control OPVs and TCBB-based OPVs.
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o elucidate the enhancement mechanism, we systematically
nvestigated exciton dissociation, charge recombination, and
harge collection dynamics. Detailed characterization and cal-
ulation methods are provided in the Experimental Section.
he exciton dissociation and charge collection dynamics were
irst quantified by analyzing the photocurrent density (Jph)
s a function of the effective voltage (Veff) (Figure S11). The
CBB-based device exhibits a higher exciton dissociation prob-
bility (Pdiss) and charge collection efficiency (Pcoll), respectively
Table S2), indicating that the refined morphology induced by
CBB effectively facilitates geminate and non-geminate charge
eparation. Mott-Schottky analysis derived from capacitance–
oltage (C–V) measurements (Figure S12) reveals a lower trap
ensity (Nt) in TCBB-based devices, which suggests suppressed
tructural disorders and electronic traps within the BHJ [43].
o further evaluate the charge transport kinetics, we employed
he space-charge-limited current (SCLC) method (Figure S13).
he TCBB-based films show significantly enhanced hole (µh)
nd electron (µe) mobilities, with a more balanced transport
atio (µh/µe) compared to the control device, which can be
dvanced Materials, 2026
attributed to the more ordered molecular packing and optimized
phase separation, which provide efficient percolating pathways
for charge carriers and thus suppress bimolecular recombina-
tion. The recombination mechanisms were further scrutinized
through light-intensity dependent JSC and VOC measurements
(Figure 3d). The TCBB-based device yields an α value closer to
unity and a reduced VOC slope (Table S2), signifying effective
suppression of bimolecular and trap-assisted monomolecular
recombination. Finally, femtosecond transient absorption (fs-TA)
spectroscopy was performed to probe the energy and charge
transfer dynamics within the BHJ blends. Figure 3e displays the
2D TAmaps for both control and TCBB-based films. A prominent
photoinduced absorption signal is observed at 882 nm, which
is assigned to the local excited (LE) state of the acceptor. The
decay of this LE signal coincides with the concomitant rise of the
donor ground-state bleaching (GSB) signal at 620 nm, providing
direct evidence of efficient hole transfer from the acceptor to
the donor [44]. Notably, the TCBB-processed film exhibits a
significantly faster donor GSB rise and an accelerated decay of the
acceptor LE state compared to the control film (Figure 3f). These
7 of 19
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inetic traces reveal that the incorporation of TCBB promotes
ore rapid exciton harvesting and efficient charge separation
t the donor/acceptor interfaces, which correlates well with the
bserved improved JSC and FF.

o further understand the origin of the enhanced VOC in TCBB-
ased devices, a detailed energy loss analysis was conducted
sing electroluminescence (EL) and Fourier-transform photocur-
ent spectroscopy EQE (EQEFTPS) measurements (Figure 3g).
y fitting the sub-gap tail of the EQE spectra and the EL
mission, the charge-transfer (CT) state energy (ECT) was deter-
ined. The TCBB-based device exhibits an ECT of 1.416 ± 0.002
V, which is closer to the bandgap (Eg = 1.445 eV, defined
y the intersection of the normalized EQE and EL spectra)
ompared to the control device (1.412 eV). The reduced Eg-
CT offset suggests that the TCBB additive promotes a more
avorable energetic alignment at the donor/acceptor interfaces,
hereby minimizing the driving-force loss (ΔE2). Moreover, the
lectroluminescence external quantum efficiency (EQEEL) of
he TCBB-based device is significantly higher than that of the
ontrol device (Figure 3h), indicating suppressed non-radiative
ecombination. As summarized in Figure 3i and Table S3,
nd further supported by the statistical data obtained from
5 independent devices (Figure S14), the total energy loss is
ecomposed into three components: radiative loss above the
andgap (ΔE1), radiative loss below the bandgap (ΔE2), and non-
adiative recombination loss (ΔE3). These results clearly show
hat the TCBB-based device achieves a reduction in both ΔE2 and
E3 [45–47]. Whereas the reduction in ΔE2 is small, the reduction
or ΔE3 is stronger. The sum of the reduced energy losses aligns
ell with the observed VOC improvement of approximately 0.011
. Therefore, we conclude that the significant suppression of
on-radiative recombination, together with the enhanced and
ore balanced charge carrier mobilities (µh/µe) accounts for the
nhanced VOC and FF. This mitigation of energy loss aligns
ell with our earlier observations of suppressed bimolecular
ecombination and accelerated charge-transfer dynamics. In
ummary, the TCBB additive leverages strong halogen-bonding
nteractions to template molecular crystallization, resulting in a
efined BHJ morphology and reduced energetic disorder. This
eads to significantly improved charge collection, faster charge
eparation, and suppressed bimolecular andnon-radiative recom-
ination, ultimately providing a high-efficiency opaque founda-
ion (PCE > 20%) for subsequent semitransparent photovoltaic
evelopment.

aking advantage of the high-performance opaque platform, we
abricate ST-OPVs by replacing the 100 nm-thick opaque Ag
lectrode with a 10 nm-thick Ag semitransparent electrode, as
eported previously [14, 15, 33]. To achieve an optimal balance
etween PCE and AVT, the donor-to-acceptor ratio and BHJ
hickness were systematically optimized. As the donor polymer
M6 primarily absorbs light in the visible region (500–650 nm),
educing its weight ratio is a direct strategy to enhance AVT.
owever, a significant reduction in donor content can lead to
nsufficient photon harvesting and disrupted charge transport
athways, thereby compromising PCE. As shown in Figure S15
nd Table S4, we evaluated various D:A ratios and identified
.6:0.1:1.2 (PM6:BTA-3:L8-BO) as the optimal composition. This
ormulation preserves efficient charge extraction while signifi-
antly improving transparency. Subsequently, the BHJ thickness
of 19
was tuned to further refine the light management (Figure S16
and Table S5). An optimized thickness of 80 nm was selected to
maximize the LUE. Additionally, we incorporate a laser-induced
hierarchical antireflection (AR) coating (Figure 4a) to mitigate
parasitic reflection at the glass-air interface (see Experimental
Section) [48–50]. This AR coating reduces the average reflectance
from 9.0% (bare glass) to 4.9% (AR-coated glass) across the
400–900 nm wavelength range (Figure S17). Finite-element sim-
ulations confirm enhanced light intensity within the ITO and
active layers, demonstrating superior photon harvesting (Figure
S18). The AR-enhanced device, exhibiting a LUE of 4.19% (Table
S6), is used as the control ST-OPV for subsequent comparative
studies.

The pivotal demonstration of PDL’s power lies in its guidance
for OCL design. The OCLs were designed and optimized for
the aforementioned device using HT and PDL (with the iter-
ative optimization process illustrated in Figure S19). The J–V
characteristics, EQE, and transmission spectra measured for the
control ST-OPV, the HT-guided ST-OPV with an OCL of WO3
(90 nm)/ZnS (70 nm), and the PDL-guided ST-OPV with an
OCL of TeO2 (110 nm)/ZnSe (33 nm), are shown in Figure 4b,c.
Corresponding photovoltaic parameters are listed in Table 1.
To ensure the practical viability of the PDL-guided design, the
optimized OCL of TeO2 (110 nm)/ZnSe (33 nm) was deposited
via high-vacuum thermal evaporation. As confirmed by X-ray
photoelectron spectroscopy (XPS) and AFM measurements, the
evaporated TeO2 and ZnSe films maintain their correct chem-
ical stoichiometry (Figure S20) and exhibit uniform, smooth
surface morphologies with low roughness (Figure S21), which
are crucial for minimizing optical scattering and realizing the
designed thin-film interference effects. Remarkably, the PDL-
guided device achieves an excellent LUE of 6.09%, with a PCE
of 14.97% and an AVT of 40.70%, significantly outperforming
both the control ST-OPV and the HT-guided device (LUE =
5.39%). Figure S22 presents the quantum utilization efficiency
(QUE = EQE+T) spectra for all devices. Importantly, all QUE
values remain consistently below the bare substrate transmission,
confirming the reliability of our results. Beyond efficiency, aes-
thetic integration is paramount for BIPV applications. The CIE
1931 chromaticity coordinates (Figure 4d) and the corresponding
device photographs (Figure 4b, inset) reveal that the PDL-
guided device maintains an excellent neutral color perception.
Figure 4e benchmarks our PDL-guided ST-OPV against state-of-
the-art devices, highlighting its top-tier performance enabled by
the physics-AI synergy intrinsic to the PDL framework. Scala-
bility was further validated via a 100-cm2 PDL-guided module
(Figure 4f). The ST-OPV module achieved a PCE of 9.85% and an
AVT of 40.7%, demonstrating the potential of our PDL-optimized
architecture from laboratory devices to large-area manufactured
components. Finally, a maximum power point tracking aging test
was performed to monitor the performance decay of the different
ST-OPVs under room-temperature ambient condition. The PDL-
guided device exhibits longer T80 life time (80% of the initial PCE)
of 1030 h compared to that of the control device (220 h) (Figure
S23), indicating improved stability attributed to the built-in
encapsulation effect provided by the dielectric stacks of OCL for
preventing the permeation of moisture and oxygen into the BHJ
active layer. To summarize this part, PDL-guided optical engi-
neering, by fusing physical priors with data-driven optimization,
enabled unprecedented optical design precision that effectively
Advanced Materials, 2026
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FIGURE 4 PDL-guided device optimization of high-performance ST-OPVs. (a) Device structure of the ST-OPV featuring a PDL-guided OCL and
a laser-induced hierarchical AR coating. (b) J–V characteristics, (c) EQE and transmission spectra, and (d) CIE chromaticity coordinates for the control,
HT-guided, PDL-guided ST-OPVs. (e) Comparison of the PCE, AVT, and LUE values between the optimal PDL-guided ST-OPVs demonstrated in this
work and those reported in the literature. (f) J–V characteristics of the 100-cm2 PDL-guided ST-OPV module. Inset in Figure 4b: Photographs of the
control ST-OPV and PDL-guided ST-OPV devices. Inset in Figure 4f: Photograph of the 100-cm2 PDL-guided ST-OPV module.

TABLE 1 A summary of photovoltaic parameters measured for the opaque control OPV processed by TCB additive, the opaque OPV processed
by TCBB additive, control ST-OPV, HT-guided, and PDL-guided ST-OPV. Semitransparent devices are denoted with a “-ST” suffix. The results were
averaged from the measurements of 15 devices.

Device VOC [V] JSC [mA cm−2]
Jcal [mA
cm−2]a) FF [%] PCE [%] AVT [%] LUE [%]

Control 0.880 ± 0.002 27.59 ± 0.17 27.11 79.58 ± 0.54 19.32 ± 0.15 − −
TCBB 0.891 ± 0.002 28.31 ± 0.25 27.62 80.73 ± 0.33 20.36 ± 0.22 − −
Control-ST 0.891 ± 0.002 19.72 ± 0.34 19.45 79.41 ± 0.36 13.95 ± 0.27 30.03 4.19
HT-ST 0.892 ± 0.002 19.49 ± 0.68 19.09 79.35 ± 0.26 13.79 ± 0.49 39.11 5.39
PDL-ST 0.891 ± 0.001 20.94 ± 0.26 19.83 80.21 ± 0.37 14.97 ± 0.19 40.70 6.09

a)Integrated current densities from the EQE spectra.
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ranscends the inherent efficiency-transparency trade-off in ST-
PVs. This accomplishment not only validates PDL’s superiority
ver conventional simulation-based approaches but establishes a
ew technical benchmark for practical BIPV applications, posi-
ioning our ST-OPVs as scalable solutions for sustainable built
nvironments.

.3 Quantifying BIPV Energy Potential of
T-OPVs at Multi-Scale

hile achieving aLUEexceeding 6% throughdevice optimization
epresents a significant advance in ST-OPV performance, trans-
ating this laboratory breakthrough into practical contributions
dvanced Materials, 2026
to global decarbonization requires rigorous quantification of its
real-world engineering potential. To bridge the gap between
microscopic materials discovery and macroscopic application,
we developed a multi-scale energy estimation framework. This
framework enables comprehensive assessment of BIPV poten-
tial for ST-OPVs at both individual building and regional
scales, providing critical insights into their capacity to support
national renewable energy transitions and carbon neutrality
goals. Although full nationwide deployment may not be prac-
tically achievable, estimating the theoretical maximum energy
generation potential under ideal conditions serves as a valuable
benchmark for evaluating the ST-OPV technology’s scalability
and its relative contribution to the energy mix, guiding strategic
planning and policy decisions.
9 of 19
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he energy estimation is first performed at the single-building
cale (Figure 5a). To ensure high fidelity in our estimations,
e developed a comprehensive building energy model, param-
terized with the performance metrics of our experimentally
alidated large-area ST-OPV module (PCE = 9.85%, AVT =
0.70%). The model integrates critical variables including local
limate (e.g., solar irradiance, ambient temperature), building
haracteristics (e.g., shape, height, wall-to-window ratio), and
eospatial positioning (e.g., orientation, shading). As a case
tudy, we apply the framework to the library building (31◦19’N,
21◦24’E) at Shanghai University (SHU) with a stacked triangular
lliptical geometry (Figure S24). After modeling this architec-
ural form, we quantify the energy yield achievable through
ull retrofitting of all window surfaces with ST-OPV modules
Figure 5b). Comparative energy analysis reveals that this instal-
ation couldmeet∼13% of the building annual electricity demand
Figure S25). For provincial-scale simulations, we adopted a
tandardized building model (Figure S26), with parameter set-
ings detailed in Experimental Section. Building height data,
rimarily sourced from China’s Seventh National Population
ensus (Figure S27), serve as key inputs for region scale building
haracterization. Simulated energy yields for a representative
uilding across various provincial-level divisions are presented in
igure 5c, offering an intuitive visualization of the spatial vari-
bility in BIPV performance under diverse climatic conditions
Figures S28).

o facilitate national-scale estimation, our framework incorpo-
ates regional analysis of the building coverage using a stratified
ampling-based spatial searching method (Figure 5d), and a
L segmentation model for accurate building area extraction
rom high-resolution satellite imagery (for details of the model
rchitecture and training process, see the Experimental Section).
entral to this approach is a U-Net-based semantic segmenta-
ion model (Figure 5e) that classifies land cover into distinct
ategories: buildings, vegetation, water, barren land, and arti-
icial surfaces (e.g., roads, playgrounds) [51]. A case study on
he SHU campus illustrates the model’s effectiveness in accu-
ately identifying and delineating building areas, confirming
ts reliability for urban feature segmentation. This successful
xtraction of building areas at the campus scale, characterized
y diverse architectural styles and dense landscaping, highlights
he model’s robustness. Such a high-precision mapping ensures
hat the subsequent scaling to the national level is built upon
reliable quantification of available building surfaces, mini-
izing spatial uncertainty in the overall BIPV energy potential
ssessment.

ur national-scale analysis encompasses 3,100 samples spanning
ll 31 provincial-level administrative divisions of the Chinese
ainland. By multiplying this coverage ratio by the total geo-
raphical area of each respective division, we quantified the
bsolute building coverage area across the Chinese mainland
Figure 5f and Figure S29). Building upon this building coverage,
igure 5g presents China’s nationwide assessment of annual BIPV
nergy generation potential. Derived by integrating building
rea data with region-specific solar energy conversion parame-
ers, the map uses darker hues to delineate regions of greater
ield. Our calculations indicate that full ST-OPV deployment
n all building windows could yield 8.16 × 1018 J (2.26 × 1012
Wh) annually, sufficient to satisfy nearly one-fifth of China’s
0 of 19
total energy demand (9.85 × 1012 kWh, China National Energy
Administration 2024), and potentially eliminate 1.22 × 109 tons
of CO2 emissions. Details of these calculations are provided in
Experimental Section. Figure 5h further shows the BIPV self-
sufficiency ratio, defined as the ratio of BIPV energy yield to
provincial energy demand across China. It reveals that provinces
with high self-sufficiency ratios can achieve significant energy
autonomy. To avoid overestimating the deployment potential
due to the assumption of stable device performance, we further
conducted a sensitivity analysis to evaluate the impact of long-
term module degradation on energy generation (Figure S30
and Table S7). We evaluated annual degradation rates ranging
from 0.5% to 3%, covering the operational benchmarks of both
commercial silicon-based and thin-film photovoltaics. While
higher degradation rates inevitably shorten the operational ser-
vice life before reaching the industry-standard T80 end-of-life
threshold, the annual energy contribution of ST-OPVs during
their operational lifespan remains significant. Concurrently,
regions with substantial absolute BIPV generation, even if self-
sufficiency is lower, are critical for national renewable energy
integration, grid stability, and urban decarbonization, including
urban heat island mitigation. Moreover, vertically deployed solar
harvesting systems circumvent the land scarcity constraints
inherent to conventional solar farms, while distributed gen-
eration from building envelopes enhances grid resilience and
reduces transmission losses. Given that coal remains the pre-
dominant source of China’s electricity, accounting for more
than half of the national power generation according to the
National Bureau of Statistics of China, the widespread imple-
mentation of such ST-OPVs could theoretically offset nearly
40% of the nation’s coal consumption for power. Such sub-
stantial substitution potential underscores the importance of
ST-OPVs as a low-carbon technology in reshaping the national
energy mix and accelerating the transition away from fossil
fuels. By quantifying decarbonization potential geospatially, ST-
OPVs provide policymakers with an actionable roadmap to
support China’s 2060 carbon neutrality goal, positioning them
as essential urban infrastructure beyond mere photovoltaic
innovation.

3 Conclusion

In summary, we introduce PhyOptiNet, a PDL hybrid model that
overcomes the predictive limitations of conventional approaches
to modeling ST-OPVs. By integrating physics-informed data
processing through embedding fundamental optical properties
as priors with physics-enhanced training via the combination of
simulation-based pre-training and experimental fine-tuning, the
PDL framework effectively addresses both the data scarcity con-
straints in deep learning and the computational intractability in
physics-based simulations. This approach is pivotal for optimiz-
ing ST-OPV devices and advancing the efficiency-transparency
trade-off frontier. Building on a TCBB-based halogen addi-
tive engineering strategy that elevates opaque device efficiency
beyond 20%, our PDL-guided optical design further enables
ST-OPVs to achieve a record LUE of 6.09%. Virtual building
integration analysis conducted using an experimentally validated
ST-OPV module projects that such advanced photovoltaic sys-
tems hold significant energy-saving potential, capable of meeting
up to one-fifth of China’s total energy demand, which could offset
Advanced Materials, 2026
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FIGURE 5 Multi-scale estimation of BIPV energy generation potential using ST-OPVs. (a) Schematic of the single-building scale BIPV energy
model. (b) Predicted single-building scale ST-OPV-based BIPV energy yield for the SHU library. (c) Predicted single-building scale ST-OPV-based BIPV
energy yield across provincial-level administrative divisions. (d) Schematic of the stratified samplingmethod for national-scale estimation. (e) Schematic
of the DL segmentation model for building area extraction, using SHU campus as example. (f) Spatial distribution of building coverage area across the
Chinesemainland’s provincial-level administrative divisions. (g) Annual ST-OPV-based BIPV energy generation potential across the Chinesemainland’s
provincial-level administrative divisions. (h) BIPV self-sufficiency ratio across the Chinesemainland’s provincial-level administrative divisions. Column
width indicates annual BIPV energy generation.
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pproximately 40% of the nation’s coal consumption for power
eneration. This work highlights the transformative potential of
hysics-enhanced AI in promoting sustainable urban infrastruc-
ure and global decarbonization, paving theway toward a net-zero
nergy future.

Experimental Section

.1 Material

M6, BTA-3, L8-BO, and PNDIT-F3N were purchased from
rgantec Ltd. PDMS and its curing agent (Sylgard 184) were
urchased from Dow. TCB, TCBB, ZnS, WO3, TeO2, and ZnSe
ere purchased from Adamas. All chemicals and reagents were
sed as received.

.2 Device Fabrication

he ITO/glass substrates (15 Ω sq−1) were cleaned using ultra-
onication sequentially with detergent, deionized water, acetone,
nd isopropyl alcohol, each for 30 min. After wet cleaning, the
TO/glass substrates were exposed to plasma treatment (200
) for 2 min prior to device fabrication. The substrates were

hen quickly transferred into a nitrogen-filled glove box with
2 and H2O levels < 0.01 ppm. A 2PACz HTL, dissolved in
thanol (0.3 mgmL−1), was deposited on the ITO/glass substrates
sing spin-coating at a rotation speed of 3000 rpm for 30 s,
ollowed by annealing at 110◦C for 10 min. The PM6:BTA-3:L8-
O mixture solutions (16 mg mL−1) with different weight ratios
f PM6 to BTA-3:L8-BO, dissolved in chloroform and with a
0 mg mL−1 TCB or TCBB additive, were stirred at 60 ◦C for
h to prepare the ternary BHJ active layer. The weight ratio
f BTA-3 was kept at 0.1. PM6:BTA-3:L8-BO BHJ active layer
as then deposited on the 2PACz HTL by using spin-coating at
rotation speed of 6000 rpm for 30 s, followed by annealing
t 120◦C for 10 min. Subsequently, a 10 nm-thick PNDIT-F3N
TL (0.95 mg mL−1 in methanol with 5 v% acetic acid) was
eposited on the BHJ active layer by spin-coating at a rotation
peed of 3000 rpm for 30 s. An Ag (10 nm) upper electrode
as deposited by thermal evaporation in a vacuum system (<5
10−4 pa). The evaporation rate for Ag was 1.0 Å s−1. The
CL layers were deposited on the upper electrode via high-
acuum thermal evaporation in a chamber with a base pressure
elow 5×10−4 Pa. To prevent undesired redox reactions and
aintain stoichiometry, TeO2 and ZnSe were evaporated from
nert ceramic crucibles. The evaporation rate was maintained at
.0 Å s−1 for both materials, with the film thickness monitored
y a quartz crystal microbalance and subsequently verified by
pectroscopic ellipsometry. The hierarchical AR coating was
inally stuck upon the front side of the glass substrates. The
ctive area of the ST-OPVs is 3.74 mm2, defined by an aperture
ask.

he 100-cm2 ST-OPV module were fabricated with an archi-
ecture similar to that of the small-area devices. The module
omprised 12 sub-cells connected in series. The series intercon-
ection was realized through laser-patterned P1, P2, and P3 lines.
pecifically, the P1 line, which defines the isolation between
TO electrodes, had a width of 100 µm. The P2 line, serving to
2 of 19
isolate the HTL/BHJ/ETL stack, was set to 120 µm. Finally, the
P3 line, defining the separation between the Ag/OCL layers, was
patterned with a width of 90 µm.

4.3 Characterization

The J–V characteristics of the ST-OPVs were measured using an
AM1.5G solar simulator (Newport Oriel Sol3A) (100 mW cm−2)
and a source meter (Keithley 2420). The solar simulator was
calibrated using a standard monocrystalline silicon reference
cell with a KG5 filter. The EQE spectra were measured using
a 7-SCSpec solar cell measurement system (7-STAR Co.). The
stability of the as-prepared ST-OPVs was monitored in a N2-
purged glove box with moisture and oxygen levels below 0.1 ppm
at 25◦C. All transmission, absorption, and reflection spectra were
measured using a UV-vis spectrophotometer (MAPADA UV-
1800PC). AFM measurements were performed in tapping mode
using a BrukerDimension Icon scanning probemicroscope under
ambient conditions. C–V characteristics were measured using an
electrochemical workstation (Corrtest CS2350H) at frequencies
ranging from 1 kHz to 1 MHz. Scanning electron microscopy
(SEM) images were obtained using a ZEISS GeminiSEM 300
microscope. TA spectroscopy was performed using a pump-probe
system. The amplifier generated a 1030 nmpulsewith a repetition
rate of 50 kHz, a duration of 300 fs and an energy of 50 mJ
per pulse. The pulse was then divided into two parts using
a beam splitter. One was introduced to an optical parametric
amplifier to produce a certain wavelength for the pump beam
(780 nm, 1.26 mW), and the other was focused onto a YAG
plate to generate a white light continuum as the probe beam.
The transmitted probe light from the sample was collected
by a CCD sensor. EQEFTPS was measured using a Fourier-
transform photocurrent spectrometer (PECT600, Enlitech). The
EL, EQEEL spectra were obtained using an Enlitech REPS
Ultra integrated system. XPS measurements were carried out
on a Thermo Scientific K‑Alpha instrument equipped with a
monochromatic Al Kα source (1486.6 eV, 400 µm spot), operated
at 12 kV/6 mA with a 60◦ take‑off angle. The work function
was set to 4.2 eV, and Ar+ clusters sputtering was employed for
surface preparation. GIWAXS measurements were carried out at
beamline 1W1A of Beijing Synchrotron Radiation Facility with
an incident beam energy at 8 keV (the fixed grazing angle is
0.2◦). The beam center and sample-to-detector distance were
calibrated with LaB6. The samples were directly prepared on
clean Si substrates with the same conditions as the device
preparation.

4.4 Energy Loss Analysis

ΔE1 is calculated by Δ 𝐸1 = 𝐸g − 𝑞𝑉
SQ
OC, where 𝑉

SQ
OC is the

Shockley-Queisser limit VOC. ΔE2 is calculated by Δ 𝐸2 = 𝑞𝑉
SQ
OC −

𝑘𝑇ln(
𝑞 ∫∞

0 EQE(𝐸)∅AM1.5G(𝐸)d𝐸

𝑞 ∫∞
𝐸0

∅𝐵𝐵(𝐸)d𝐸
+ 1), where ∅𝐵𝐵 (𝐸) =

2𝜋

ℎ3𝑐2
𝐸2𝑒

− 𝐸

𝑘𝑇 . ΔE3

is calculated by Δ 𝐸3 = −𝐾𝑇

𝑞
lnEQEEL. 𝑉

SQ
OC, k, T, ∅AM1.5G, ∅BB

are the Shockley-Queisser limit VOC, the Boltzmann constant,
the temperature, solar irradiation, and the black body spectrum,
respectively. ECT was extracted by fitting the sub-gap tail of
the EQEFTPS spectra and the EL emission spectra based on the
Advanced Materials, 2026
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arcus theory. The fitting equation is expressed as 𝐸𝑄𝐸(𝐸) ∝
1

𝐸
√
4𝜋𝜆𝑘𝑇

𝑒
−(𝐸−𝐸CT+𝜆)

2

4𝜆𝑘𝑇 , where E is the photon energy and λ is the
eorganization energy.

.5 Charge Transfer Dynamics Analysis

xciton dissociation, charge recombination, and charge collec-
ion dynamics were investigated using the followingmethods. Jph
s defined as the difference between the current density under
M1.5G illumination (Jl) and in the dark (Jd), i.e., Jph = Jl –Jd. Veff
s given by Veff = V0–Vappl, where V0 is the voltage at which Jph
0, and Vappl is the applied bias. Pdiss and PCC were derived from

he resulting Jph–Veff curves. Jsat was extracted under high reverse
ias (Veff = 2.5 V), where all photogenerated charges are assumed
o be fully dissociated and collected without recombination. Pdiss
s then calculated as Pdiss = JSC /Jsat, evaluating bulk exciton
issociation, while PCC is determined as PCC = Jpower / Jsat, where
power is the current density at the maximum power output
oint, quantifying charge collection capability. Trap density (NA)
as estimated from Mott–Schottky plots extracted from the C–
data, using the following equation: 𝑁A = −2

𝑞𝜀r𝜀0𝐴2
(

d𝑉

d𝐶−2
), where

is the elemental charge, εr is the relative dielectric constant
f the BHJ (assuming εr = 3), ε0 is the vacuum permittivity,
nd A is device area. These measurements accounted for dipole
lignment and energy barrier effects induced by the interfa-
ial modifications. Charge transport properties were evaluated
sing the SCLC method. Electron-only and hole-only devices
ere fabricated with the structure of ITO/ZnO/BHJ/PNDIT-
3N/Ag and ITO/2PACz/BHJ/MoO3/Ag, respectively. Here, J–V
urves were recorded in the dark, and mobility values were
alculated by using the Mott–Gurney equation: 𝐽 = 9

8
𝜀r𝜀0𝜇

𝑉2

𝑑3
,

here d is the thickness of the active layer. Light intensity-
ependent JSC and VOC measurements were performed under
M1.5G illumination with varying light intensities (I) from 0.1
o 100 mW cm−2. The ideality factor (n) and recombination
oefficient (α) were determined from linear fits to the VOC-
and JSC-I, respectively, using the following equations: JSC =

α , 𝑉OC = 𝑛(
𝑘𝑇

𝑞
)ln(𝐼), where k is the Bolzmann constant, T is

emperature.

.6 Laser-Induced Hierarchical AR Coating

olished 316 stainless steel substrates, dimensions: 20 mm (L) ×
0mm (W) × 2 mm (T), were processed via ultrafast laser etching
ystem (Nanjing Trizlaser). The system employs a picosecond
aser (Amber NX IR model) from Suzhou Bellin Laser Co.,
td. The laser employed has a wavelength of 1064 nm, a pulse
uration of 10 ps, and an operational frequency of 100 kHz.
uring the lithography process, the line spacing was 20 µm.
EM images of the processed steel substrates are presented in
igure S31. PDMS solution, formulated using a mixture of the
uring agent and base resin with a weight ratio of 1:10, was
pin-coated at 500 rpm for 30s onto the structured steel mold
nd cured at 60◦C for 24 h. A ∼150 µm-thick cured PDMS
ierarchical AR coating was carefully peeled off from the steel
old and attached to the front side (glass-side) of the device
Figure S32).
dvanced Materials, 2026
4.7 Optical Model

Wavelength-dependent transmission, T(λ), absorption, A(λ), pro-
file of the electric field, E(x, λ), and exciton generation rate in the
BHJ,G(x, λ), were calculated using the transfer matrix method
over the wavelength range from 300 to 1000 nm. The materials
used of the device structure ITO/HTL/BHJ/ETL/Ag are ITO,
2PACz, PM6:BTA-3:L8-BO, PNDIT-F3N:TBA, Ag, respectively.

In the simulation, considering an incoming light normal to the
device, the functional layers are considered as a homogeneous
media with wavelength dependent optical constants. Within a
multilayer thin-film optical system, the transfermatrix for the j-th
layer is as follows:

𝑴𝑗 =
1

𝑡𝑗

[
𝑒𝑖𝛿𝑗 𝑟𝑗𝑒

𝑖𝛿𝑗

𝑟𝑗𝑒
−𝑖𝛿𝑗 𝑒−𝑖𝛿𝑗

]
(1)

where 𝑟𝑗 =
𝑛𝑗−1−𝑛𝑗
𝑛𝑗−1+𝑛𝑗

is the interface reflection coefficient; 𝑡𝑗 =
2𝑛𝑗−1

𝑛𝑗−1+𝑛𝑗
is the interface transmission coefficient; 𝛿𝑗 =

2𝜋

𝜆
𝑛𝑗𝑑𝑗𝑐𝑜𝑠𝜃𝑗

is the phase retardation; 𝑛𝑗 = 𝑛𝑗 + 𝜅𝑗 is the complex refractive
index of the j-th layer (njis the refractive index, κj is the extinction
coefficient); dj is the thickness of the j-th layer; θj is the angle
of incidence within the j-th layer. For an m-layer structure, the
overall transfer matrixMtotal is the product of the individual layer
matrices:

𝑴total = 𝑴1 ⋅ 𝑴2⋯𝑴𝑚 =
[
𝑚11 𝑚12

𝑚21 𝑚22

]
(2)

Within layer j (at position zj, 𝑧𝑗 ∈ [(0, 𝑑𝑗)]), the electric field
Ej(zj) can be decomposed into forward (+) and backward (−)
propagating waves:

𝑬𝑗

(
𝑧𝑗
)
= 𝑬+

𝑗 𝑒
𝑖𝑘𝑗𝑧𝑗 + 𝑬−

𝑗 𝑒
−𝑖𝑘𝑗𝑧𝑗 (3)

where + denotes the forward wave (propagating in the + z
direction); − denotes the backward wave (propagating in the −
z direction); 𝑘𝑗 =

2𝜋

𝜆
𝑛𝑗 is the complex wave vector within layer j.

The transfer matrixMj for layer j relates the input electric fields
(incident side) to the output electric fields (exit side):[

𝑬+
𝑗−1

𝑬−
𝑗−1

]
= 𝑴𝑗

[
𝑬+
𝑗

𝑬−
𝑗

]
(4)

Therefore, Mj encapsulates both interface reflection/trans-
mission effects and phase propagation through the layer. The
boundary conditions for them-layer structure are: 1. No backward
wave in the exit medium: 𝑬−

𝑚 = 0; Incident field amplitude
normalized to 1 in the incident medium: 𝑬+

0 = 1. Applying these
conditions leads to the matrix equation:

[
1

𝑬−
0

]
= 𝑴total

[
𝑬+
𝑚

0

]
(5)

Solving this system yields:

𝑬+
𝑚 = 1

𝑚11

, 𝑬−
0 = 𝑚21

𝑚11
(6)
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tarting from the known amplitudes (𝑬+
𝑚 and 𝑬−

0 ) and recur-
ively applying the inverse matrix relationship back through the
ayers:

[
𝑬+
𝑗

𝑬−
𝑗

]
= 𝑴−1

𝑗+1

[
𝑬+
𝑗+1

𝑬−
𝑗+1

]
(7)

here𝑴−1
𝑗+1 is the inversematrix ofMj. This recursive calculation

ields 𝑬+
𝑗 and 𝑬

−
𝑗 for all layers.

ccording to Poynting’s theorem, the absorbed power density
abs(zj) within layer j at position zj and wavelength λ is:

𝑃abs

(
𝑧𝑗
)
= 1

2
𝜔𝜀0Im

(
𝑛𝑗

2
) |||𝑬𝑗

(
𝑧𝑗
)|||2 (8)

he absorption, A(λ), of layer j is obtained by integrating Pabs(zj)
ver its volume and normalizing to the incident power flux
Pin):

A𝑗 (𝜆) =
∫
𝑑𝑗

0
𝑃abs(𝑧𝑗)d𝑧𝑗
𝑃in

=

2𝜋

𝜆𝑛0
Im

(
𝑛𝑗
) 𝑑𝑗

∫
0

(|||𝑬+
𝑗

|||2𝑒−2𝛽𝑗𝑧𝑗 + |||𝑬−
𝑗

|||2𝑒2𝛽𝑗𝑧𝑗 + 2Re
[
𝑬+
𝑗
𝑬−
𝑗
× 𝑒2𝑖𝛼𝑗𝑧𝑗

])
d𝑧𝑗

(9)
here 𝛼𝑗 =

2𝜋𝑛𝑗

𝜆
, 𝛽𝑗 =

2𝜋𝜅𝑗

𝜆
, the third term represents the standing

ave interference contribution.

ssuming every absorbed photon is converted to electron, the
imulated JSC is calculated by integrating A(λ) of the BHJ:

𝐽SC = 𝑒

hc
∫ 𝐴 (𝜆) 𝐹 (𝜆) 𝜆d𝜆 (10)

here e is the elementary charge, h is the Plank constant, c is the
peed of light, and F(λ) is the AM1.5G radiation.

(λ) is calculated from the forward wave amplitude in the exit
edium (m+1):

𝑇 (𝜆) = ||𝑬+
𝑚+1

||2 Re(𝑘𝑧,𝑚+1)
Re(𝑘𝑧,0)

(11)

VT is then calculated as follows:

AVT = ∫
780

380
𝑇(𝜆)⋅𝑉(𝜆)⋅𝐹(𝜆)d𝜆

∫
780

380
𝑉(𝜆)⋅𝐹(𝜆)d𝜆

(12)

here V(λ) is the photopic function.

he exciton generation rate G(x, λ) at position xwithin the active
ayer is given by:

𝐺 (𝑥, 𝜆) = 2𝜋𝜀0𝑛𝜅𝐹(𝜆)

ℎ
|𝑬 (𝑥, 𝜆)|2 (13)

here ε0 is the vacuum permittivity, F(λ) is the AM1.5G solar
rradiation, E(x, λ) is the modulus of the electric field at posi-
ion x within the active layer and wavelength λ, h is Planck’s
onstant.
4 of 19
4.8 Physics-Enhanced Deep Learning Hybrid
Model, PhyOptiNet

PhyOptiNet comprises an embedding layer, a feature fusion layer,
and a prediction layer, enabling the fusion and extraction of
material category features 𝑥𝑚 ∈ RM and material physical quan-
tities 𝑥𝑞 ∈ R, as well as the prediction of other relevant physical
quantities yq ∈ R. The fundamental building block of PhyOptiNet
is a two-layer feedforward neural network, consisting of two
linear layers with ReLU activation, as expressed in (Equation 14).
Here, W1 andW2 denote learnable linear transformation weights,
while b1 and b2 represent learnable biases.

FFN (𝑥) = max (0, 𝑥𝑊1 + 𝑏1)𝑊2 + 𝑏2 (14)

The embedding layer consists of a Material Embedding Net-
work (MEN) and a Physical Quantity Embedding Network
(PQEN), which jointly transform materials and their associ-
ated physical quantities into unified vector representations.
The MEN, constructed using the fundamental unit defined in
(Equation 14), processes the one-hot encoded material category
xm ∈ RM through the first linear layerWMEN

1 ∈ RM×dmodel , bMEN
1 ∈

Rdmodel to obtain a distributed vector representation x
′

m ∈ Rdmodel .
Subsequently, x′

m passes through a ReLU activation function
and the second linear layerWMEN

2 ∈ Rdmodel×dmodel , bMEN
2 ∈ Rdmodel ,

yielding the final material embedding x
′′

m ∈ Rdmodel . Similarly,
the PQEN employs the same fundamental unit to process the
physical quantity xq ∈ R via the first linear layer W

PQEN
1 ∈

R1×dmodel , bPQEN1 ∈ Rdmodel , ReLUactivation, and second linear layer
W

PQEN
2 ∈ Rdmodel×dmodel , bPQEN2 ∈ Rdmodel , resulting in the distributed

embedding x′′

q ∈ Rdmodel . The concatenation of x′′

m and x
′′

q produces
the joint embedding xe ∈ R2dmodel , representing the distributed
embedding representation of materials associated with specific
physical quantities.

The feature fusion layer extracts and combines material charac-
teristics with their associated physical quantities while modeling
complex mappings between materials and their properties. We
implement this layer using a Transformer Encoder with self-
attentionmechanisms, where each block comprises self-attention
layers and the fundamental unit defined in (Equation 14). The
input xe ∈ R2dmodel is transformed into a fused representation x′

e ∈

R2dmodel through this layer.

The prediction layer, built upon the fundamental unit in (Equa-
tion 14), processes x′

e ∈ R2dmodel via the first linear layer WPL
1 ∈

R2dmodel×dmodel∕4, bPL1 ∈ Rdmodel∕4, ReLU activation, and second lin-
ear layer WPL

2 ∈ Rdmodel∕4×1, bPL2 ∈ R, ultimately generating the
predicted physical quantity yq ∈ R.

For physics-informed data processing, we first incorporate prior
knowledge of n-k characteristics. The training samples are
obtained by sampling n-k curves of optical materials, yielding
datasets {(𝑥(𝑖)

𝑚 , 𝑥
(𝑖)
𝑞𝑤
, 𝑦

(𝑖)
𝑞𝑛
)}
𝑖 =1 and {(𝑥

(𝑖)
𝑚 , 𝑥

(𝑖)
𝑞𝑤
, 𝑦

(𝑖)
𝑞𝑘
)}
𝑖=1, where M rep-

resents the number of optical materials and N denotes sampling
instances per material. The neural network parameters are
optimized to minimize the sum of mean squared errors between
predicted values 𝑦̂𝑞 and ground truth yq for each physical quantity,
as formalized in (Equation 15).
Advanced Materials, 2026
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𝜃 = argmax
𝜃

1

𝑁

∑𝑁

𝑖=1

(
𝑦𝑞𝑛 − 𝑦𝑞𝑛

)2
+
(
𝑦𝑞𝑘 − 𝑦𝑞𝑘

)2
(15)

here θ denotes the network parameters, with 𝑦𝑞𝑛 =
ℎ𝑦𝑂𝑝𝑡𝑖𝑁𝑒𝑡 − 𝑛(𝑥𝑚, 𝑥𝑞𝑤 ; 𝜃) and 𝑦𝑞𝑘 = 𝑃ℎ𝑦𝑂𝑝𝑡𝑖𝑁𝑒𝑡 −
(𝑥𝑚, 𝑥𝑞𝑤 ; 𝜃). The prediction networks PhyOptiNet-n and
hyOptiNet-k share weights in both the embedding and feature
usion layers. Upon completion of training, the material
mbedding network of PhyOptiNet yields x

′′

m ∈ Rdmodel, which
epresents the embedded representation of optical materials
ith respect to their n and k physical properties. This derived
mbedding representation of optical materials for specific
hysical properties can be directly applied to various downstream
asks. Furthermore, by sampling multiple physical properties of
aterials and training the model with these samples, we can
chieve a joint embedded representation that simultaneously
aptures multiple physical characteristics of optical materials.

or physics-enhanced training, we employ the optical model to
enerate a simulated dataset comprising random combinations of
aterials and thicknesses for all functional layers. The simulated
ataset contains over 600 000 data points. The optical model
ombines material types 𝑥𝑚 ∈ R𝑘×𝑀 with thickness parameters
𝑞𝑑

∈ R𝑘, where each composite material consists of k con-
tituent materials. The optical model calculates the AVT and
SC for these material combinations, yielding pretraining datasets
(𝑥

(𝑖)
𝑚 , 𝑥

(𝑖)
𝑞𝑑
, 𝑦

(𝑖)
𝑞AVT

)}
𝑖 =1 and {(𝑥

(𝑖)
𝑚 , 𝑥

(𝑖)
𝑞𝑑
, 𝑦

(𝑖)
𝑞𝐽SC

)}
𝑖 =1

.

ollowing a similar approach to the physical prior embedding
rocess, the pretraining phase optimizes neural network param-
ters by minimizing the sum of mean squared errors between
redicted values ŷq and ground truth yq for each physical quantity,
s formalized in (Equation 16).

𝜃 = argmax
𝜃

1

𝑁

∑𝑁

𝑖=1

(
𝑦𝑞AVT − 𝑦𝑞AVT

)2
+
(
𝑦𝑞𝐽SC

− 𝑦𝑞𝐽SC

)2

(16)

here θ represents the network parameters, with
𝑞̂AVT

= 𝑃ℎ𝑦𝑂𝑝𝑡𝑖𝑁𝑒𝑡 − AVT(𝑥𝑚, 𝑥𝑞𝑑 ; 𝜃) and 𝑦𝑞𝐽SC
=

ℎ𝑦𝑂𝑝𝑡𝑖𝑁𝑒𝑡 − 𝐽SC(𝑥𝑚, 𝑥𝑞𝑑 ; 𝜃). The prediction networks for
VT (PhyOptiNet-AVT) and JSC (PhyOptiNet-JSC) share weights
n both the embedding and feature fusion layers. Prior to
retraining, we initialize the weights of the material embedding
etwork using those obtained from the physical property prior
mbedding phase, thereby effectively incorporating physical
rior knowledge into the pretraining process. Building upon the
retrained model, we fine-tune it using real experimental data –
ontaining 295 data points extracted from 135 ST-OPV literature
ources – covering key attributes such as materials used, device
onfiguration, transmission spectra, EQE spectra, AVT, and
SC values, to adapt it to specific task scenarios. This phase
aintains the same data format and optimization objectives as
he pretraining stage, with the only difference being the source
f training data (real experiments instead of simulations).

ll training procedures were conducted on a workstation
quipped with an AMD Ryzen 9 5900X CPU and GeForce RTX
090 GPU. The embedding dimension dmodel was set to 64 for all
odels. For the physical prior embedding phase, we configured
maximum of 2000 epochs with a batch size of 512 and learning
ate of 10−3. The pretraining phase employed 200 epochs, batch
dvanced Materials, 2026
size 512, and learning rate 10−3, while the fine-tuning phase used
100 epochs, batch size 64, and learning rate 10−4. In both the
physical prior embedding and fine-tuning stages, all available
data were allocated to the training set for loss minimization.
During pretraining, the simulated data were split into training
and validation sets at a 95:5 ratio.

To identify optimal architectures for optical material property
prediction, we comparatively evaluated four feature fusion lay-
ers: Transformer encoder, Long Short-Term Memory network,
feedforward neural network, and convolutional neural network.
The Transformer encoder implementation utilized multi-head
attention (4 heads) with 3 stacked encoder layers. We carefully
adjusted the hidden layer dimensions of Transformer encoders,
LSTMs, and FNNs, as well as the channel numbers in CNNs,
to maintain approximately 0.5M trainable parameters across all
architectures.

PhyOptiNet generates optimal top-k material design proposals
through a physics-enhanced deep neural network, with its
training process in Algorithm 1.

The first stage involves the embedding of physical prior knowl-
edge, where the algorithm initializes all weight parameters of the
neural network before commencing the physical prior learning
phase. During this stage, the model undergoes multiple training
iterations on a dataset incorporating physical laws, aiming to
enable the neural network to learn specific optical properties
of materials. Figure S33 demonstrates the model’s capability in
physics-informed embedding, showing its effectiveness in mod-
eling optical material properties, whether they exhibit smooth
variations or abrupt changes.

The second stage constitutes the pre-training phase on simulated
data. Here, the algorithm reinitializes most of the network’s
weights while preserving the previously learned material embed-
ding weights. This approach ensures that the model retains
the acquired physical prior knowledge while allowing other
parameters to adapt to the new training objectives. Subsequently,
the model undergoes iterative optimization on the simulated
training dataset. After each training epoch, the current model’s
loss value on the test set is computed, and the best-performing
weight parameters are recorded.

The third stage involves fine-tuning with experimental data,
where the model is further optimized using real-world experi-
mental datasets. This phase aims to bridge the gap between sim-
ulation and reality, thereby enhancing the model’s performance
in practical applications.

Upon completion of these three training stages, the algorithm
invokes the get_selection function to extract the top-k optimal
material design proposals from the fully optimized model.

We conducted ablation studies on the three-stage training
approach and analyzed its effectiveness through visualization
of attention matrices, as shown in Figure S34. When using
only a single-stage training scheme (i.e., training solely on
simulated or experimental data), the attention weights exhibited
an imbalanced distribution, making it difficult for the model
to integrate global information for decision-making. This issue
15 of 19
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ALGORITHM 1 PhyOptiNet training.

Input: PhyOptiNet: physics-enhanced deep neural network;
datasets: training data.
Output: top_k_proposal: Top k material design proposal.
1: Initialize PhyOptiNet weights
2: epoch← 0
3: while epoch <MAX_EPOCH do
4: Optimize PhyOptiNet on datasets.physical_prior
5: end while
6: weight← PhyOptiNet.mater_embedding_weight
7: Initializing PhyOptiNet weights
8: PhyOptiNet.mater_embedding_weight← weight
9: epoch← 0
10: best_loss← get_loss(PhyOptiNet,

datasets.simulated_data_test_set)
11: best_weight← PhyOptiNet.weight
12: while epoch <MAX_EPOCH do
13: Optimize PhyOptiNet on

datasets.simulated_data_train_set
14: loss← get_loss(PhyOptiNet,

datasets.simulated_data_test_set)
15: if loss < best_loss then
16: best_loss← loss
17: best_weight←PhyOptiNet.weight
18: end if
19: end while
20: PhyOptiNet.weight← best_weight
21: epoch← 0
22: while epoch <MAX_EPOCH do
23: Optimize PhyOptiNet on datasets.experimental_data
24: end while
25: top_k_proposal← get_selection(PhyOptiNet, K)
26: return top_k_proposal
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ersisted even in two-stage training. After incorporating physical
rior knowledge and implementing the full three-stage training,
he attention distribution became more uniform. The model
emonstrated enhanced focus on global information, leading to
ecisions that approach the global optimum.

.9 BIPV Energy Generation Estimation

he energy generation model was developed in OpenStu-
io (https://openstudio.net/) and simulated using EnergyPlus
https://energyplus.net/). For simulations at the provincial level,
standardized building model with a base measuring 30 m×60
was constructed for each of the Chinese mainland’s 31

rovincial-level administrative divisions. The number of floors
n each model was set to the median value for buildings in
he respective province, as derived from the China Population
6 of 19
Census Yearbook 2020 (Volume III, Section 9). The first floor
height was 7.3 m, while subsequent floors were 4.5 m each. The
window-to-wall ratio was 0.55, which corresponds to the median
value within the range of 0.4 to 0.7 as stipulated by the design
standard for energy efficiency of public buildings (GB 50189–
2015). The initial baseline simulations established a theoretical
maximum by assuming a constant module DC efficiency of 9.85%
and a visible light transmittance of 40.70% without temporal
decay. The simulations utilized standalone building models with
typical meteorological year weather data for respective locations,
assuming unshaded local environments. They did not account for
specific balance-of-system losses (Figure S35). The relationship
between solar altitude and the incidence angle on vertically
oriented façades was inherently accounted for by EnergyPlus.
The program automatically calculates the solar position and inci-
dence angle throughout the year using geographical parameters
(latitude, longitude, etc.) from the weather file. The Photovoltaic
Performance:Simple model was adopted, which incorporates
angle-dependent effects on solar radiation collection.

During the training of the segmentation model, the training set
was a hybrid dataset (LoveDA [52] + OpenEarthMap [53]) com-
prising 7,691 rigorously annotated images with pixel-level masks
(Figure S36). All labels were systematically remapped tomaintain
consistent semantic correspondence across datasets, resulting in
six unified land cover categories: (1) buildings, (2) vegetation
(including farmland), (3) waters, (4) barren, (5) artificial surfaces
(roads and other), and (0) unlabeled regions. The original image
resolution was preserved during preprocessing, with all samples
resized to 512 × 512 pixels (downsampled from 1024 × 1024) to
balance computational efficiency and feature preservation, rig-
orously annotated to ensure comprehensive geographic coverage
and adaptability across multiple resolutions (0.5–1 m pixel−1).
Data augmentation pipelines were applied during the processing.
The segmentation model employed a UNet-like architecture
with a ResNet50 backbone serving as the encoder, initialized
with ImageNet pre-trained weights (Figure S37a). The decoder
featured a symmetrical structurewith skip connections enhanced
by convolutional block attention modules (CBAM). Each CBAM
module sequentially processed features through both channel
attention (using global average pooling and multi-layer percep-
trons) and spatial attention (employing 7 × 7 convolutional
filters), effectively highlighting semantically important regions
across different scales (Figure S37b). The model incorporated
deep supervision [54] through auxiliary outputs from layer3 and
layer4, whichwere upscaled using bilinear interpolation tomatch
the input resolution (Figure S37c).

Themodelwas trainedusing a composite loss function combining
focal loss (α = 0.75, γ = 2) to address class imbalance, dice loss
(smoothing factor = 10−6) for improved boundary alignment,
and boundary loss (kernel size = 3) specifically enhancing edge
precision. The deep supervision branches contributed additional
focal and dice losses with reduced weights (0.5 for layer3 output
and 0.3 for layer4 output). The Adam optimizer was employed
with an initial learning rate of 10−5 and implemented ReduceL-
ROnPlateau scheduling (factor = 0.5, patience = 2 epochs).
Training utilized mixed-precision acceleration with gradient
scaling and clipping. The model was trained on a workstation
equipped with an Intel Core i9-12900 CPU and Nvidia RTX
A4500 GPU. Training employed a batch size of 16, with fivefold
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ross-validation to ensure robust performance evaluation. Early
topping was implemented (patience = 10 epochs) based on
alidation loss improvement tolerance of 10−4, with a maximum
raining duration of 100 epochs per fold. Quantitative assessment
ia confusion matrix analysis reveals strong per-class precision.
urther evaluation using intersection over union and pixel
ccuracy for buildings demonstrated high segmentation accuracy
Figure S38).

he stratified random sampling algorithm begins by loading
nd validating the input geospatial data (GeoJSON format),
onverting it to a projected coordinate system (EPSG:3857) when
ecessary. A dynamic grid-based approach was employed where
he study area is progressively divided into increasingly finer
rids (starting from

√
𝑛 ×

√
𝑛, where n is the desired sample

ize) until the target number of non-overlapping samples is
chieved. Within each grid cell, random sampling locations were
enerated and validated against geometric constraints (complete
ontainment within study boundaries) and spatial requirements
minimum distance between samples). The sampling process
ncorporates adaptive parameters, including variable sample
quare sizes (6144 m for Shanghai, 8192 m for the rest divisions)
nd an adjustable maximum grid density multiplier to handle
arying spatial distributions. Each valid sample is exported as a
eoJSON file in WGS84 coordinates (EPSG:4326). A total of 100
amples were collected from each provincial-level administrative
ivision. Finally, the corresponding high-resolution (1 m pixel−1)
atellite images were manually obtained from Google Maps and
ing Virtual Earth.

he annual BIPV energy generation (noted asWBIPV) is obtained
sing the following Equation (17):

𝑊BIPV = 𝑊single × 𝑅B × BF × 𝐾 (17)

hereWsingle is the BIPV energy generation of the single building,
B is the building cover ratio, BF is the block-scale availability,
nd K is the deployable ratio (0.4) [55].

o account for module aging in the sensitivity analysis, annual
egradation rates of 0.5%, 1%, 2%, and 3% were applied to the
nitial PCE. These values were selected to represent the optimistic
0.5%) and conservative (1%) estimates for commercial silicon
hotovoltaics, as well as the optimistic (2%) and conservative
3%) estimates for thin-film photovoltaics (e.g., CdTe, CIGS).
he operational service life was defined by the T80 metric,
epresenting the duration until the module efficiency degrades
o 80% of its initial value. The average annual energy generation
as calculated by integrating the decaying energy yield over the
ervice life up to T80.
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