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Modelling-guided inverse design strategy for semitransparent
perovskite photovoltaics with customized colors

Seok-Beom Seo'’, Rira Kang?', Eun-Joo Lee'’, So-Yeon Ju?, Min Jae Lee?, Byunghong Lee?* and Sun-Kyung Kim®*

Abstract: Urban architects increasingly seek solar windows that deliver both energy generation and aesthetic value.
However, existing color-engineering strategies rely on absorptive metal layers or lack control over the achievable
colors. Here, we present a modelling-guided inverse design strategy that integrates an all-dielectric (ZnS/MgF,)
multilayer into semitransparent perovskite photovoltaics, enabling user-defined colors with minimal spectral loss.
Leveraging an active learning algorithm, we mapped the attainable color gamut for ZnS/MgF,-coated devices with
distinct perovskite absorber thicknesses and average visible transmittance (AVT) values. As a representative case, a
device with a 110 nm-thick absorber on glass or polyethylene terephthalate (PET), initially exhibiting a reddish-brown
tint, was transformed into vivid cyan using a 600 nm-thick all-dielectric multilayer. This tuning retained high
AVT —6.5% on glass and 5.3% on PET —while enhancing power conversion efficiency by 20.9% and 10.4%, respec-
tively. Real-world imaging confirmed enhanced aesthetics with see-through visibility, underscoring the practical
potential of the inverse-design framework. Moreover, this approach is readily transferable to other thin film photo-
voltaics, providing a versatile route toward color customizable, transmittance-tunable, and high-efficiency solar
windows for buildings, vehicles, and wearable electronics.
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1 Introduction

In densely built urban areas, the deployment of photovoltaic
(PV) systems is constrained by a lack of available space’.
Rooftop- and building-integrated photovoltaics (BIPV) can
only provide limited capacity in city centers, and expanding
these
sustainability goals. Clearing forests or other natural land for

installations often conflicts with environmental

large PV arrays runs counter to the renewable energy ethos,
as it leads to deforestation, habitat loss, and even marine
ecosystem disruption when aquatic surfaces are used**. In
light of these challenges, integrating PV functionality into
the built environment has become a compelling strategy for
scaling up solar energy generation. Burgeoning architec-
tural and automotive trends further amplify the demand for

semitransparent PVs that can be seamlessly integrated into
transparent surfaces®. Modern high-rise buildings and
facades feature expansive glass panels, and next-generation
electric vehicles (EVs) and autonomous vehicles are incor-
porating larger panoramic windows.

Accordingly, a variety of semitransparent PV technologies
are under exploration, including thin-film Cu(In,Ga)Se,,
amorphous silicon, organic, and perovskite (PVSK) PVs>-1°,
Among these options, thin-film PVSK PVs are especially
promising because they can be fabricated via low-cost solu-
tion processing, their thickness (and hence transparency) is
easily tunable, they are amenable to large-area scaling, and
they have already demonstrated high power conversion effi-
ciencies (PCEs) both in single-junction and tandem configu-
rations”*"!"15, However, integrating PVSK PV into windows
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or other see-through applications poses aesthetic challenges.
Semitransparent PVSK films tend to impart a pronounced
reddish-brown tint to transmitted light (as illustrated in Fig.
1(a)) due to the strong absorption of their photoactive mate-
rials at blue wavelengths. This color cast is often undesirable
in architectural and interior settings, where neutral or
specific preset colors are preferred for visual comfort.
Therefore, researchers have attempted to address the
reddish-brown appearance by incorporating additional
spectral-shaping elements into the device stack®!**. For
instance, multilayer coatings incorporating thin (~20 nm)

metals have been used to adjust the transmitted spectrum
toward a more neutral or custom hue”. However, they
inevitably introduce nontrivial absorption loss. Conse-
quently, such approaches tend to reduce the overall external
quantum efficiency (EQE) and also limit the average
visible transmittance (AVT). Other lossy materials-based
devices also have AVT limit due to their inevitable absorp-
tion!7-19:21:23-24283234 - Alternatively, patterning the active
material into microscale stripes or grids increases trans-
parency by leaving parts of the window clear, but this
proportionally reduces photocurrent due to the smaller
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Fig. 1 | Characteristics of semitransparent perovskite (PVSK) photovoltaics (PVs). (a) Applications of semitransparent PVSK PVs in buildings and vehicles. (b)
Photographs of semitransparent PVSK PVs with different PVSK thickness (tpysk), from 57 nm to 620 nm. (c) (Left) Detailed illustration of the PVSK PV stack.
(Right) Measured optical constants of CH3NH3Pbls (MAPbI3) PVSK. (d) Relationship between average visible transmittance (AVT) and tpysk. Colored stars
represent measured AVTs of devices in Fig. 1(b). (e) Measured external quantum efficiency (EQE) and absorptivity for various tpysx. Measurements are
conducted with PVs in Fig. 1(b). (f) Transmissive color coordinates of PVs (depicted in Fig. 1(b)) pinned in CIE 1931 chromaticity coordinates.
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active  area  and additional  fabrication
complexity?31:333,

To address the trade-offs in semitransparent PV design,
we developed a modelling-guided inverse design strategy to
optimize all-dielectric (ZnS/MgF,) color-converting multi-
layer coatings on PVSK devices. These coatings reshape the
spectral response to enable user-defined color tuning with
minimal spectral loss?02427343¢-39 We established an optical
model based on measured refractive indices and thicknesses
of the full PV device stack, from substrate to top electrodes.
To efficiently explore the design space of multilayer coat-
ings, we digitally encoded ZnS/MgF, layer sequences as
binary strings and trained factorization machines (FMs) to
predict the color coordinates of transmitted light through
the PV device. This surrogate model was integrated into a
quadratic unconstrained binary optimization (QUBO)
framework to identify multilayer configurations that best
matched desired color and AVT targets’**~*4. We applied
this inverse-design strategy to exhibit six target colors—red,
green, blue, cyan, magenta, and yellow —across PVSK
absorber thicknesses ranging from 65 to 165 nm, thereby
delineating the achievable color-AVT space. Based on the
optimized configurations, we fabricated ZnS/MgF, multi-
layer-coated PVSK PV devices and verified their transmit-
ted spectrum, visual transparency, and power conversion
efficiency. We further demonstrated mechanical robustness
and flexibility in devices fabricated on PET substrates. Real-
world imaging confirmed enhanced visual appeal while
preserving see-through transparency, highlighting the
potential of our approach for color-customizable solar
windows and wearable PVs.

causes

2 Results and discussion
2.1 Optical characteristics of thin-film PVSK PVs

One of the most critical parameters governing the transmit-
tance of semitransparent PVSK PVs is the thickness of the
photoactive layer (tpysk). Devices with tpyskg exceeding 500
nm exhibit an AVT as low as 0.34%, rendering them practi-
cally opaque in photographic imaging (Fig. 1(b)). Beyond
transparency, the tpysk also determines the perceived trans-
mitted color. As tpysk decreases, the transmitted hue gradu-
ally shifts from a deep reddish-brown to a yellowish-brown.
These transmittances and color characteristics arise mainly
from the inherent optical constants of the photoactive mate-
rial. Specifically, CH3;NH3Pbl; (Methylammonium lead
iodine, MAPbI3) PVSK has a direct bandgap of 1.5 eV
(corresponding to 826 nm), and its extinction coefficient
increases toward shorter wavelengths (Fig. 1(c))*¥%. Conse-
quently, red light is transmitted more efficiently than
shorter-wavelength light, accounting for the characteristic
reddish tint. Photons within MAPDbI; absorption band
undergo substantial attenuation in accordance with
Beer-Lambert law, resulting in an exponential decay of

transmission with increasing tpysk (Fig. 1(d)). Accordingly,
reducing tpysk improves AVT but also diminishes overall
photon absorption and EQE (Fig. 1(e)), revealing a funda-
mental trade-off between transparency and PV performance.
In addition, variations in fpysk subtly modulate the trans-
mitted color. While the hue gradually drifts as a function of
thickness, it remains constrained within a reddish-brown
region of the color space (Fig. 1(f)), limiting the visual
design freedom of uncoated semitransparent PVSK devices.
These observations underscore the need for external spec-
tral management to achieve color-customizable, high-
performance solar windows.

2.2 Modelling-guided inverse design of all-dielectric
coatings

To enable accurate inverse design of all-dielectric coatings
(Fig. 2(a)), we initially established a full optical model of the
semitransparent PVSK PV device stack. This model incor-
porated the thicknesses and complex optical constants from
the glass/ITO substrate, through the SnO, electron trans-
port layer and the MAPbI; photoactive layer, to the
Cg1HgsN4Og (SPIRO-OMeTAD) hole transport layer and
the top MoO,/IGTO electrode. Spectroscopic ellipsometry
provided layer-resolved optical constants (#, k) and physical
thicknesses (Fig. S1(a)), while cross-sectional transmission
electron microscopy (TEM) confirmed the structural
integrity and thicknesses of the multilayer stack (Fig. S2).
This whole-device optical model allows the inverse design
algorithm to generate dielectric coatings that accurately
deliver the desired transmitted color on a real device,
thereby minimizing discrepancies between simulated and
measured data. To validate this optical model, we chose a
reference PVSK device with tpysk = 110 nm. Feeding the
measured optical parameters into a transfer matrix method
(TMM) calculation matched a simulated transmittance spec-
trum that closely matches the measured data of the fabri-
cated PVSK device across the visible range (Fig. 2(b)); the
corresponding sRGB colors were nearly identical (Fig. 2(b),
inset). This high fidelity provides a reliable foundation for
the subsequent inverse optimization of all-dielectric multi-
layer coatings.

To achieve user-defined transmitted color in semitrans-
parent PVSK devices, we digitally encoded all-dielectric
coating positioned on the IGTO anode (Fig.2(c)). Each
coating consisted of 20 elementary layers, each 30 nm thick
(tbit = 30 nm, thin enough to remain below the quarter-wave
condition across the visible spectrum) resulting in a total
stack thickness of 600 nm. Each layer was assigned a binary
digit: 0 for low n MgF, and 1 for high # ZnS. These two
materials can be readily deposited by thermal evaporation
and are mechanically stable when alternated in a multilayer.
Moreover, due to the near-zero extinction coefficients (k ~
0) of both materials in the visible spectrum (Fig. S1(b)), the
multilayer coating modifies the transmitted colors without
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Fig. 2 | Modelling-guided inverse design workflow. (a) Schematic illustration of the workflow. (b) Transmittance spectrum for modelling reliability test
between measurement (black) and simulation (red). Inset: Photograph of the PVSK PV of tpysk = 110 nm which is used for the comparison. (c) lllustration
describing binary representation of a 20-layer ZnS/MgF; stack (tpit = 30 nm) and QUBO matrix formation. (d) Visualization of surrogate model (blue) and
real data (red). (e) Color convergence on the CIE 1931 chromaticity coordinates. During iterations, the color coordinates corresponding to the minimum

FoM access toward the objective color (%).

parasitic absorption. Notably, the proposed inverse design
approach can also identify optimal multilayers composed of
other dielectric pairs (e.g., TiO2/SiO; or SizN4/SiO;) that
achieve comparable performance, provided that they offer a
similar refractive index contrast. The 20-bit digital vector
spans 220 = 1,048,576 possible sequences. Because exhaus-
tive TMM simulation of all combinations is computation-
ally expensive, we implemented an active learning approach
to accelerate convergence. Specifically, we coupled TMM
calculations with an FM model trained to predict the color
output based on layer sequences. The FM learns the interac-
tions between bits in the digital vector to construct a surro-
gate model of the figure of merit (FoM), expressed as a

PAEN n n
1 . pr— T p— 20 . .
quadratic form: fo (x) = x" Q x Zi:l Zj:i Q;ix:x;, where

6} is a symmetric matrix containing both self- and pairwise
interaction coefficients between binary variables®®*-#,
Optimizing this objective function is equivalent to solv-
ing a QUBO problem. To identify optimal configurations,
we used a brute-force tensor search algorithm that itera-
tively flipped individual bits in the digital vector to descend
the surrogate landscape toward the global minimum (Fig.
2(d)). Initially, 25 sets of digital vectors were generated
randomly, while corresponding FoMs were simultaneously
evaluated by TMM calculations. The initial dataset
comprised 25 randomly generated sequences and their
corresponding FoMs evaluated using TMM. Approximately
1,000 active learning cycles were sufficient for convergence.
The FoM was defined as the Euclidean distance between the
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simulated and target chromaticity coordinates in the CIE
1931 diagram: FoM = [(xo—Xca)*+(Yo—Ycal)?]*® “~°'. As the
learning cycles progressed, the lowest FoM in the dataset
steadily decreased. The resulting transmission spectrum
increasingly resembled the target, and the corresponding
color coordinates progressively converged toward the
desired point in CIE space (Fig. 2(e) and Fig. S3). Optical
responses were computed using a transfer-matrix method
implemented in MATLAB (custom code).

2.3 Mapping color-transparency of semitransparent
PVSK PVs

Tailoring the transmitted color of semitransparent PVSK
PVs requires spectral suppression of the wavelengths rele-
vant to the complementary color, inherently reducing the
AVT. The transmittance spectra generated during the
inverse-design learning cycle shown in Fig. S3 hints at this
trade-off; the farther the desired transmitted color deviates
from that of the uncoated device, the greater the reduction
in transparency. To quantify this relationship, we applied
the developed inverse design framework to six primary color
targets—red, green, blue, cyan, magenta, and yellow—using
three representative photoactive thicknesses (tpysk = 65,
110, and 165 nm). The baseline AVT values of the uncoated
devices were approximately 40%, 30%, and 20%, respec-
tively. For each case, the optimized coating yielded a color
output that traced a polygonal boundary in the CIE 1931
diagram, defining the achievable color gamut under
constraints of device architecture (Fig.3(a)). As tpysk
increased, the achievable color gamut narrowed due to
greater intrinsic PVSK absorption. Conversely, thinner
devices (e.g., the device with tpysk = 65 nm) began with a
native yellowish tint and were tuned to reach a broader
chromatic envelope encompassing green and blue hues once
the optimized coating was applied. To further examine the
interplay between AVT and color tuning, we performed a
systematic variation of transparency (from 5% to 20%) for
the tpysk = 110 nm device and mapped the corresponding
color gamut (Fig. 3(b)). The results revealed a clear mono-
tonic trend; reducing AVT enabled broader color modula-
tion. This behavior stems from the increasing freedom to
suppress or reshape specific spectral bands as transparency
constraints are relaxed.

Representative simulated transmission spectra for each
primary color illustrate the selective suppression of targeted
wavelength regions (Fig. 3(c)). The corresponding perceived
colors and resulting AVT values are summarized in Fig. 3(d)
and full ZnS/MgF, binary sequences for each optimized
coating are provided in Fig. S4(a—c). Interestingly, despite
variations in tpysk, coatings optimized for the same target
color frequently converged toward similar binary sequences,
accounting for the fixed spectral requirements for that color.
For example, the cyan coating consistently required suppres-
sion of a broad spectral band centered at 630 nm (Fig. S5).

Notably, the developed algorithm also identified coating
sequences capable of producing a visually neutral gray
output (x = 0.33, y = 0.33 in the CIE 1931 diagram).
However, beyond a certain photoactive thickness (typically
tpysk > 200 nm), the inherent spectral bias of the uncoated
device becomes too pronounced to fully neutralize or redi-
rect toward vivid coloration, even with optimized coatings.
Together, these findings delineate the practical design space
for balancing color tunability, optical transparency, and PV
performance in semitransparent PVSK devices. They also
underscore the utility of inverse design as a versatile strat-
egy for navigating the competing demands of aesthetics and
functionality in solar windows.

2.4 Characterization of colored semitransparent PVSK
PV devices

As discussed earlier, cyan is a particularly stringent test case
for the inverse-design framework because it lies far from the
native reddish-brown tint of uncoated PVSK devices. To
validate the design strategy, we selected a device with tpysk =
110 nm and deposited 600 nm-thick ZnS/MgF, multilayer
designed for cyan color conversion. The uncoated reference
device appeared deep brown under fluorescent lighting,
while the coated device exhibited a vivid cyan appearance,
visually confirming the color transformation (Fig. 4(a)). To
verify structural fidelity, a glass slide was coated in parallel
for cross-sectional scanning electron microscope (SEM)
(Fig. 4(b)) and optical spectroscopy (Fig. S6). The measured
layer thicknesses deviated from the designed values by less
than £10%, confirming the precision of the fabrication (Fig.
S7). Such a deviation range is sufficient to shift the perceived
color of the cyan device toward the green or magenta region;
to mitigate this, the per-layer thickness error needs to be
constrained to approximately < 3 nm (i.e., < 10% of tyit = 30
nm). The measured transmittance spectrum of the coated
glass sample showed good agreement with the designed one
in both spectral shape and amplitude. However, beyond 630
nm, the fabricated coating exhibited higher transmittance
than predicted, resulting in a minor chromatic shift toward
magenta.

The measured transmittance spectra of the PVSK devices
with and without the color-converting coating corroborate
these observations (Fig. 4(c)). The coated device retained a
substantial transmittance plateau below 500 nm, crucial for
cyan appearance and exhibited an AVT of 6.5%, with peak
transmittance reaching 10.4% at 465 nm. For comparison, a
previously reported Ag/ITO/Ag anode achieved only ~2%
peak transmission and 7.6% of power conversion efficiency
(PCE) in analogous blue and green designs. Plotting the
measured color coordinates against the designed values in
the CIE 1931 diagram confirmed a well-controlled but
slightly discernible shift toward the magenta quadrant,
consistent with the minor spectral deviation (Fig. 4(d)).

Beyond aesthetics, the multilayer coating also induced a
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Fig. 3 | Investigation of color gamuts. (a) Color gamut of three PVSK photovoltaics. Markers indicate coordinates of objective six primary colors (R, G, B, C,
M, Y) and a neutral (W). Three hexagons are constructed from six vertices, each optimized for one of the six primaries. (b) Trade-off between transmit-
tance and color within the color gamut of tpysx = 110 nm photovoltaics. (c) Simulated transmittance spectra for six primary and one neutral color target,
from left to right at tpysk = 65, 110, 165 nm. (d) Summary of AVT values and the corresponding transmissive colors shown in (c).

functional enhancement in PV performance. Spectral
reshaping within the visible range redirects a portion of inci-
dent photons into back-reflected light that is reabsorbed by
the PVSK photoactive layer, effectively enhancing sunlight
harvesting. Current density-voltage (J-V) measurements
showed an increase in short circuit current density (Jsc)
from 11.01 to 12.93 mA cm™ (+17.4%) and a corresponding
improvement in PCE from 7.64 to 9.24% (+20.9%) (Fig.
4(e)). Given that the device remained unencapsulated
during the coating deposition and subsequent handling,
further performance gains should be accessible with encap-
sulation and refined coating deposition. Overall, these
results validate the practical feasibility of the modelling-
guided inverse-design framework and demonstrate that
aesthetic color tuning can coexist with, and even enhance,
PV functionality in semitransparent perovskite devices.

2.5 Verification of real-world imaging

The developed modelling-guided inverse-design framework
is readily transferable to devices beyond rigid, glass-based

PVSK PVs. To demonstrate this versatility, we fabricated a
flexible semitransparent PVSK device (tpysk = 110 nm) on a
100-um-thick PET substrate (Fig. 5(a)). In this flexible archi-
tecture, the transparent IGTO electrode was replaced by an
oxide-metal-oxide (OMO) stack composed of ITO/Ag-Pd-
Cu alloy (APC)/ITO*. The optical constant of each layer in
the OMO stack was measured (Fig. S8) and incorporated
into the TMM model. Simulated reflectance spectrum based
on these parameters closely matched the experimental
measurement in Fig. 5(b); the OMO electrode reflected
more strongly in the red region while remaining transmis-
sive to blue and green light, which is advantageous for
achieving a wide transmitted color gamut (Fig. S9). Due to
the metal interlayer in the OMO electrode, the uncoated
PET-based device exhibited a lower transparency (AVT =
21.3%) than its glass-based counterpart (Fig. 5(c)). Nonethe-
less, under the new optical modelling, the inverse design
algorithm  successfully delivered ZnS/MgF, coating
sequences, yielding a similarly tuned AVT (see Fig. 4(d) and
5(c)). With this optimized coating, the PET-based device
exhibited the intended cyan appearance (Fig.5(c), inset).
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Fig. 4 | ZnS/MgF, coated semitransparent PVSK PVs. (a) Photographs of semitransparent PVSK PVs. Left: uncoated, Right: ZnS/MgF,-coated. (b) SEM image
of the ZnS/MgF, coating. (c) Optical spectroscopy of uncoated (brown)/coated (blue) semitransparent PVSK PVs. (d) Color coordinates of uncoated/coated
semitransparent PVSK PVs in the CIE1931 chromaticity coordinates. (e) Current-voltage (J-V) curve measurement of uncoated (brown)/coated (blue) semi-

transparent PVSK PVs.

The corresponding measured transmission spectrum repro-
duced the simulated target, with an AVT of 5.3% and a peak
transmittance of 14.6% at 513 nm (Fig. 5(c)).

While the experimentally derived chromaticity deviated
slightly from the target coordinates, the perceptual match
was visually compelling. This is attributed to the red-reflec-
tive properties of the OMO electrode, which shifted the
transmitted spectrum toward the blue-cyan region (Fig.
5(d)). Applying the inverse design framework across the six
primary color targets, we mapped the achievable color
gamut at fpysg = 110 nm. Notably, although the PET-based
device showed slightly reduced AVT compared to the glass-
based device, the color gamut was significantly extended due
to spectral shaping of the OMO electrode (Fig. S6). In addi-
tion, J-V measurements showed an increase in J from 1.16
to 1.27 mA cm (+9.9%) and a corresponding improvement
in PCE from 5.24% to 5.78% (+20.9%) (Fig. 5(e)). The PET-
based module consisted of multiple cells wired in series and
thus operated at higher voltages (~8.0 V) and lower currents
than the single junction devices discussed earlier (Fig. 4).
Consistent with the photon-recycling pathway in which off-
target spectral bands are back-reflected and re-absorbed in
the PVSK absorber, Fig. S10 shows that the cyan coating
boosts red -band absorptivity with minor changes in the
blue where the perovskite already absorbs efficiently. This
suggests that the all-dielectric coating delivers a PCE gain
that approaches the attainable maximum while keeping the
sacrifice in transmittance minimal.

Since all-dielectric coatings function via optical interfer-
ence, their spectral response is primarily thickness depen-
dent. To examine thickness sensitivity, we progressively
varied tpi¢ in the optimized ZnS/MgF, sequence from 10 to
50 nm. Deviations of approximately £10% around fy;r = 30
nm covered much of the perceptual hue range including
magenta, cyan, and green, while larger deviations eventually
saturated both AVT and chromaticity (Fig. 5(f)). Notably, at
toit = 30 nm, AVT reached a minimum, yielding the most
pronounced color transformation. Similar trends were
observed in the glass-based devices (Fig. S7), confirming the
robustness of the design strategy across different platforms.

Finally, outdoor photographs confirmed the visual qual-
ity of the fabricated cyan-colored PET-based device. Under
direct sunlight, the device appeared as a vivid cyan panel
(Fig. 5(g)). When viewed from behind, the skyline was
rendered with a cool tint without obstructing details (Fig.
5(h)). Hue shifts near the edges originated from oblique
incidence. These effects became more pronounced under
bending. Increased curvature enhanced angular dispersion,
producing a characteristic rainbow fringe at the periphery
(Fig. 5(i)). However, because such bending tests assume
extreme curvature, they are unlikely to pose a major issue in
typical building-and vehicle-glazing environments. Our
analysis of transmitted spectra and color changes over a
range of incidence angles supports this assessment (Fig.
S11). This behavior further confirms that the observed
coloration arises from interference rather than absorption.
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Fig. 5 | Flexible, colored semitransparent PVSK PVs. (a) Photograph of flexible semitransparent PVSK PV module. (b) (left) Detailed illustration of structural
information and (upper right) TEM image & photograph of new ITO/Ag-Pd-Cu (APC)/ITO electrode. (lower right) A modelling-reliability test was conducted
by comparing measured and simulated reflectance. (c—e), Characterization of uncoated/coated flexible semitransparent PVSK PVs by optical spectroscopy
(Fig. 5(c)), CIE 1931 chromaticity coordinates (Fig. 5(d)), and current-voltage curve measurement (Fig. 5(e)). (f) Impact of dielectric thickness (tyit) variation
on AVT and colors, based on tpysk = 110 nm PV module. (g, h) Real-world images of the device without (Fig. 5(g)) and with (Fig. 5(h)) the coating. The inset
in Fig. 5(g) is the photograph of the coated device under direct sunlight. (i) Bending test for the ZnS/MgF, coated flexible semitransparent PVSK PVs.

More importantly, the total thickness of the PVSK stack
(660 nm, excluding the PET) and dielectric coating (600 nm)
sum to only 1.26 pm, affording good mechanical flexibility
and allowing repeated bending without cracking or
delamination.

3 Conclusions

The modelling-guided inverse design framework developed
here enables semitransparent PVSK PVs to display vivid,
user-defined transmitted colors while maintaining or even
enhancing device efficiency. By embedding a TMM optical
model into an active learning loop and restricting the coat-
ing layers to purely dielectric, non-absorbing materials, we
eliminated the need for lossy metallic color filters and over-
came the intrinsic reddish-brown hue characteristic of semi-
transparent MAPbI; PVSK devices. On glass-based devices
employing an IGTO anode, the optimized ZnS/MgF, coat-

ing produced a cyan appearance with a peak transmittance
of 10.4%, an AVT of 6.5%, and a 20.9% gain in PCE. When
the same binary sequence was applied to flexible PET-based
devices with an ITO/APC/ITO anode, it achieved a peak
transmittance of 14.6%, an AVT of 5.3%, and a 10.4% boost
in PCE. All coatings were deposited via thermal evaporation
directly onto working PV devices, confirming the practical
feasibility of integrating color-tunable interference coatings
into real-world modules. To mitigate potential damage from
thermal or plasma processes and further preserve device
integrity, we also examined an alternative lamination strat-
egy using ZnS/MgF, multilayers pre-coated on PET films
(Fig. S12). This lamination-based approach expands the
manufacturing compatibility of our method.

Because our framework relies solely on accurately
measured optical constants, it can be readily adapted to
other semitransparent thin-film PV technologies, including
organic, CIGS, and tandem devices. This generalizability
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presents a universal route toward color-tunable, high-effi-
ciency solar windows suitable for architectural and
consumer applications. Future work will focus on expand-
ing both the aesthetic range and PV performance. Thinning
the PVSK photoactive layer would increase baseline AVT
and enlarge the attainable color gamut. Meanwhile, robust
encapsulation strategies are essential for improving device
stability against photodegradation and moisture ingress,
ultimately enabling higher stabilized efficiencies. On the
computational side, transitioning from a 20-bit digital repre-
sentation to finer discretization, such as 50-100 bits via
simulated annealing, or several hundred bits via quantum
annealing, could enable sharper spectral control, higher
color purity, and access to a broader chromaticity space®-*.
Together, these advances position colored semitransparent
PVSK PVs as a versatile and high-performance solution for
a range of transparent power applications, including BIPV,
vehicle glazing, and adaptive architectural elements. Our
inverse design framework could be further advanced by
incorporating complementary strategies from recent devel-
opments in multilayer thin-film optimization and intelli-
gent metaphotonics®> . In parallel, emerging photovoltaic
manufacturing techniques such as electrospray printing*
offer scalable routes that may enhance the practicality of our
approach for window-integrated applications.

4 Methods

Details on active learning, experimental setup, and fabrica-
tion methods are provided in the Supplementary informa-
tion.
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