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IN BRIEF

Inspired by nature, Li et al. develop colorful and whitish solar panels using quasi-ordered photonic pigments that
selectively scatter visible light. This scalable technology yields diverse non-iridescent, natural hues for solar
panels while maintaining high efficiency, showing great potential to enable seamless building integration for a
more sustainable built environment.
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BROADER CONTEXT

Integrating solar panels into buildings can greatly boost the use of renewable energy. However, their dark and unattractive appearance often
limits acceptance by architects and homeowners. Adding color to solar panels is not straightforward, as it requires balancing light absorp-
tion for power generation with light reflection for color. By combining insights from physics, material science, and engineering, this work
proposes a bird-feather-like optical design for solar panels, which separates visible light scattering from light absorption. More importantly,
this work demonstrates that, by using eco-friendly materials and scalable fabrication techniques, such optical design can be easily inte-
grated with solar panel production processes, enabling naturally colorful solar panels that retain high efficiency. By blending into building
surfaces without drawing attention, this technology could accelerate the adoption of solar energy in the built environment and support the

transition to a more sustainable future.

ABSTRACT

Solar photovoltaic (PV) modules that are non-black but visually appealing can enhance their integration with roofs, facades, and vehicles. Inspired
by the blue feather combing a keratin-air network with black melanin to create structural color, we herein demonstrate the coloring of PV modules
by placing quasi-ordered photonic pigments atop solar cells. These pigments, composed exclusively of silica microspheres and polyacrylates,
enable selective and diffuse reflection of visible light while negligible absorption of solar radiation. When incorporated into the encapsulation
layers of industrial-grade silicon solar cells, they yield PV modules with non-iridescent and vibrant colors reminiscent of natural hues, such as
sky blue and grayish-white. The colored PV modules exhibit power conversion efficiencies ranging from 19.4% to 21.2%, representing more
than a 50% improvement compared with conventional pigments. When applied to building facades, they can boost the power generation potential
of building-integrated PVs by 33%—54% across densely populated regions worldwide.

INTRODUCTION

Buildings currently account for over 30% of global energy consumption
and CO, emissions." Although passive technologies, such as radiative
cooling,”® smart windows,* and thermal insulations,>® effectively
reduce energy intensity, the rising global energy demand in buildings
necessitates on-site renewable generation.” Solar photovoltaics (PV)
offer a promising solution, but its widespread deployment in built
environments is constrained by limited land availability. This
limitation motivates the development of integrated PV technologies,
intending to incorporate PV modules into building envelopes
(building-integrated PV [BIPV] systems), vehicles (VIPV), as well as
infrastructures such as noise barriers and road fences.® ' However,
the limited esthetic appeal and the incongruity with the urban
landscape of conventional PV modules greatly hinder that.'"'?

PV modules are typically black due to their highly light-absorptive na-
ture for achieving high power conversion efficiency (PCE). To modify
them with colored or white appearance while preserving high PCE, a
coloring layer that reflects (or emits) a part of visible light (1 ~ 400-
700 nm) while being transparent for other sunlight is required (Note
S1).'°7"° Despite many efforts, the coloring material that meets such
optical properties while being cost-effective in PV colorization
process remains a significant challenge.'® For example, multilayer
dielectric thin films such as Bragg reflectors, capable of selectively
reflecting visible light, have demonstrated potential for colorizing PV
modules with less than 10% relative PCE loss.'”"'° However, their
inherent iridescence, glare, and higher manufacturing costs may limit
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scalability and practical use.?° ?? Alternative materials, such as
silver plasmonic nanoparticles,”® cholesteric liquid crystals,>* and
photoluminescent quantum dots,>® also face challenges related to
scalability and color performance.

Nature offers various color strategies to learn, especially those using
special micro-nanostructures to create structural color without dyes
or pigments.?® For example, bird feathers realize blue color by their
spongy layer composed of p-keratin and air, combined with an
underlying melanin layer (Figure 1A).>"?® The spongy layer,
characterized by a nanoporous structure with short-range order while
long-range disorder, selectively scatters short-wavelength light.
Since the light transmitted is subsequently absorbed by melanin
granules beneath, a non-iridescent vibrant blue color is displayed,
which can also be tuned by the thickness and structure of the
spongy layer. Inspired by this natural mechanism, in this work we
propose an optical design for colored PV modules. As depicted in
Figures TA and 1B, this design integrates a transparent glass cover
(analogous to the cortex layer), a structural coloring layer with quasi-
ordered photonic structures (analogous to the spongy layer), and
high-efficiency black solar cells (resembling melanin granules).
Although colored PV modules and bird feathers appear totally
unrelated, in this context they share nearly identical optical structures.

A distinguishing feature of this design is the decoupling of partial scat-
tering and residual visible light absorption. This not only ensures that
the combined effect still achieves a natural color appearance compa-
rable with traditional pigments but also strategically leverages the
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Figure 1. Bio-inspired optical design of the colored PV module
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(A and B) Schematic showing (A) the cross-sectional structure of blue feather barbs of the Eurasian jay>’ and (B) the colored PV module. With a coloring layer involving
quasi-ordered photonic structures for selective scattering of visible light, the colored PV module exhibits identical optical structures with the blue bird feather.
(C) The simulated external quantum efficiency (EQE) of colored PV modules made by coloring layers with different optical properties. They all show a pigeon blue color

(RAL 5014).

(D) The simulated loss rate of PCE when using different coloring layers for the colorization of PV modules.

intrinsic requirement of solar cells to be highly absorptive for optimal
power generation. In contrast, conventional pigments simultaneously
scatter and absorb light.?° If they were used to colorize PV modules,
the external quantum efficiency (EQE) and PCE would be
significantly reduced (Figures 1C and 1D; see details in Note S2).
This explains why colored PV modules using conventional pigments
are commonly dark and have PCEs typically below 15%.°°7%? In
contrast, when the coloring layer has no absorption but just
selectively reflects visible light, the PCE loss rate is less than 10% for
a pigeon blue coloration and is still below 20% in the case of papyrus
white coloration (Figure 1D; Table S1). In this regard, some other
well-developed structural color materials, such as multilayer films or
optical metasurfaces,®> can also achieve similar functionality.
However, their distinctive color effects are not well suited for the
esthetic and practical requirements of most integrated PV
applications. As comparison, a quasi-ordered photonic structure as
found in the spongy layer of blue feathers, is particularly favored as
it enables more diffuse reflection,®**® promising a structurally
coloring appearance similar to most daily objects while avoiding
iridescence and glare effects.

To validate this design and ensure that the quasi-ordered photonic
structure can be seamlessly integrated into PV modules without
relying on high-cost or scalability-limited methods, in this work we
further develop a distinctive type of photonic pigment, i.e., silica-poly-
acrylate structural color (SPSC) pigment. The pigment features a sta-
ble quasi-ordered photonic structure assembled from colloidal silica
microspheres, with easy-adjustable structural coloration and high
transparency to solar radiation. We then demonstrate that SPSC pig-
ments enable originally black PV modules to achieve variously colored
or white coloration, with significantly lower PCE losses compared with
conventional pigments. Finally, we underscore the potential of these
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highly efficient and visually appealing PV modules to boost solar power
generation in densely populated urban regions worldwide.

RESULTS
SPSC pigments

Employing a structural coloring layer poses great challenges in the
fabrication scale and cost. In contrast, pigment color can be easily
applied onto PV modules using screen printing or inkjet printing, which
is a commonly used coloring technique in industry.>® % Inspired by
that, we propose to first process structural color materials into
pigments and then apply them for coloring PV modules. To fabricate
such quasi-ordered photonic pigments for structurally coloring PV
modules, here we have developed a preparation strategy different
from reported methods.*° *' We exploited the densely packed silica
microspheres as the precursors for creating structural color
(Figure S2). By infiltrating acrylates and ultraviolet (UV) curing them
to stabilize the dense-packing structure, we then prepared the
pigment particles by mechanical grinding (refer to methods and
Figure S3 for details). This significantly simplifies the preparation
process and facilitates its scaling up.

As shown in Figure 2A, these SPSC pigments particles have random
shapes and various sizes since they are made by a mechanical
grinding process. By using a 150-mesh screen for sorting, the pigment
particles primarily range from tens to 100 pm. Higher magnification im-
ages show that each pigment particle comprises densely packed mi-
crospheres of nearly identical size (Figure 2A, right). Despite the non-
flat pigment surface resulting from the mechanical grinding process,
most microspheres are arranged regularly, with polyacrylates
filling the gap and adhering to each other. As a typical feature of
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Figure 2. Characterization of SPSC pigments
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(A) SEM images of the SPSC pigments at 200x, 5kx, and 50k x magnification, respectively. The pigment particles have various shapes and sizes, formed by regularly
arranged monodispersed silica microspheres and polyacrylate jointing the microspheres.

(B) Photograph of the SPSC pigments dispersed in clear resins. Inset: dry pigment powder in white.

(C and D) (C) Fourier transform infrared spectroscopy and (D) thermogravimetric analysis of the SPSC pigments, with comparison of pure silica microspheres.

(E) SEM image of a pigment surface.

(F and G) (F) Small-angle X-ray scattering pattern and (G) azimuthal X-ray intensity as a function of scatter vector (g), obtained from a piece of film made by the SPSC

pigments with blue color. Scale bar, 0.05 nm™".

non-absorbing structural color pigments, SPSC pigments appear
entirely white as dry powders in the air. However, when dispersed in
a clear liquid such as water, ethanol, or acrylate to suppress random
multiple scattering of light, the color effect becomes immediately
apparent (Figure 2B). Besides, they exhibit vivid reflection colors
against a black background, but appear colorless and translucent in
transmitted light, demonstrating very high transparency (Figure S4).

Polyacrylates were utilized to stabilize the assembled structure of
silica microspheres, enabling the pigments to be processed with a me-
chanical grinding method and thus promoting the scalability of produc-
tion. Without this stabilization, the orderly arrangement of micro-
spheres could be easily disrupted (Figure S5). Fourier transform
infrared spectroscopy (FTIR) manifests the abundance of silicon
hydroxyl groups on silica microspheres and carboxyl groups from
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the infiltrated acrylates (Figure 2C). These groups can establish
hydrogen bond interactions, which elucidates why the acrylate resin
and silica microspheres can form a stable structure post UV
curing.>* According to thermogravimetric analysis, about 20% of the
weight of SPSC pigments was lost at approximately 400°C, which is
attributed to the pyrolysis of polyacrylates (Figure 2D). This indicates
that ~30% of the pigment volume is occupied by polyacrylates,
which has essentially filled the interstices among densely packed
silica microspheres.

The assembly structure of colloidal microspheres plays a pivotal
role in determining optical properties. In the case of SPSC pigments,
silica microspheres are typically arranged in a regular pattern,
similar to colloidal photonic crystals,*> while different crystal planes
are randomly exposed, such as <111> and <100> planes of a
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Figure 3. Modifying structural color by microsphere size and refractive index of acrylates
(A) Dark-field optical microscopy images of the SPSC pigments made by silica microspheres of different diameters d and different types of acrylates, including
ethoxylated trimethylolpropane triacrylate (ETPTA), 2-phenoxyethyl acrylate (PEA), and O-phenylphenoxyethyl acrylate (OPPEA). The pigments are observed when

impregnated within ETPTA. Scale bars, 100 pm.

(B and C) (B) Photographs of the films composed of different SPSC pigments and their (C) spectral reflectivity, showing different reflection intensity and different

characteristic reflection peaks.

face-centered cubic structure (Figure 2E). Additionally, there are
numerous hollows and hanging microspheres randomly distributed
on the surface. These factors make the overall photonic structure of
the SPSC pigments unclear through microscopic observation. For
this reason, we used small-angle X-ray scattering (SAXS) to quantify
the average structural correlations of SPSC pigments when they are
dispersed in coloring coatings.**** The measured 2D SAXS data of a
blue film containing the pigments exhibits a ring-like pattern with
only minor variations in different directions (Figure 2F). This
suggests that the structure is nearly isotropic and quasi-ordered,
similar to colloidal photonic glass and the photonic structure present
in blue bird feathers.***® The azimuthal-averaged scattering intensity
as a function of scattering vector (qg) is plotted in Figures 2G and S6,
with the first main peak located at gpeax = 0.037 nm~'. Given that the
full-width at half-maximum of this peak (Ag) is about 0.019 nm~', the
spatial order range is estimated to be & = 2r/Ag ~ 331 nm, which is
only about two times the diameter of silica microspheres. The
disruption of long-range order can restrain the angular dependence
of structural color.*®

Modification of structural color

For photonic structures self-assembled by monodisperse micro-
spheres, when the assembly protocol remains identical, the wave-
length of the reflection peak Apea« is determined by the microsphere
diameter d and effective refractive index ns i.e.,*’

Apeak = k'neffd

where k is a coefficient determined by the assembly structure. Addi-
tionally, the reflection intensity is influenced by the contrast in refrac-
tive index between microspheres and the matrix. Therefore, the optical
properties and structural color of SPSC pigments can be easily
adjusted. Various types of structural color pigments were fabricated
using silica microspheres with different diameters (Figure S7)
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and different acrylates with distinct refractive indices, namely
ethoxylated trimethylolpropane triacrylate (ETPTA) (n = 1.471),
2-phenoxyethyl acrylate (n = 1.515), and O-phenylphenoxyethyl acry-
late (OPPEA) (n = 1.577). As dry powders, all SPSC pigments derived
from diverse materials appear colorless and are thus indistinguishable
(Figure S8). However, when impregnated in a liquid medium, they
display varying color effects under dark-field optical microscopy,
indicating the selective scattering of different visible light (Figures
3A and S9). Increasing microsphere size leads to color change from
blue to red, while transitioning from ETPTA to OPPEA leads to a ten-
dency for the color to become brighter and less saturated.
Subsequently, we mixed these SPSC pigments with polyurethane acry-
lates and UV-initiating agents, producing UV-curable structural color
resins (Figure S10). Figure 3B presents the films (~300 um thick)
cured by the resins containing different pigments, showing different
colors against a black background. Except for the pigments made of
ETPTA, the displayed colors remain almost unchanged when the
observed angle increases (Figure S11). The reflectance spectrum
presented in Figure 3C clearly indicates that A,.q increases with d,
thereby leading to different color hues. Using acrylates with a higher
refractive index slightly enlarges Ap..r, While significantly enhancing
reflection intensity and thus rendering the color brighter and less
saturated. It is noteworthy that, for microspheres with d of 247 nm,
the resulting color appears so unsaturated that it closely resembles
white. Therefore, the SPSC pigments could achieve a wide range of
colors within the blue and green color families by modifying the
microsphere size, acrylate materials, and pigment usage. Gray and
white are also realizable at a low near-infrared (NIR) reflectivity, but
an angle-independent red color is restricted, which is an intrinsic
limitation of quasi-ordered photonic materials.*’*

Colored PV modules

The SPSC pigments exhibit a predominant reflection of visible light and
a rapid decrease in reflectivity toward NIR wavelengths. Besides, both
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Figure 4. Colored PV modules enabled by SPSC pigments

Color lightness L’

(A) Illustration comparing the optical characteristics of absorbing pigments and structural color pigments.

(B) The structure and components of the small-sized PV modules.

(C) Photograph of the small-sized PV modules appearing in different colors (ref. nos. of pigments: a1, 174-ETPTA; a2, 174-OPPEA; b1, 195-ETPTA; b2, 195-OPPEA; c1,

247-ETPTA,; c2, 247-OPPEA).
(D) Spectral reflectivity of those PV modules.
(E) Spectral EQE of those PV modules.

(F) Loss of short-circuit current density (Js) compared with the black PV module (ref.), divided into different wavelength range: UV light, visible (vis) light, and near-

infrared (NIR) light. Calculated based on EQE data.

(G) Relative loss rate of Js, compared with the reference black PV module. The data of colored PV modules using absorbing pigments are from Kutter et al.* and the

dashed lines are determined by the method provided in Note S3.

silica and polyacrylates are inherently transparent for visible-to-NIR
light, resulting in high transmittance (Figure S12). Therefore, when
applying the pigments in a coloring coating, most of the incident
light will be transmitted to substrates (Figure 4A). This makes them
ideal for coloring PV modules. To demonstrate that, we have
fabricated PV modules with 52 x 52 mm? silicon solar cells and
double-glazed structures. UV-curable resins, made by dispersing the
SPSC pigments in aliphatic polyurethane acrylates, were used as an
adhesive layer to simultaneously encapsulate and color the
underlying solar cell (Figure 4B and methods). Compared with
the black PV module encapsulated by a clear resin (Figure 4C, ref.),
the other PV modules display a range of colors enabled by different
SPSC pigments (see also Figure S13). By using pigments composed
of ETPTA, the PV modules (a1, b1, and c1) show vivid colors with mod-
erate brightness and distinct reflection peaks in visible wavelengths
(Figure 4D), while their spectral reflectivity at NIR wavelengths is
only slightly increased. Displayed colors get noticeably brighter for
the PV modules using pigments made of OPPEA (a2, b2, and c2), orig-
inating from their higher and broader reflection peaks. Note that sam-
ple c2 appears grayish-white and the solar cell is almost invisible. How-
ever, counter-intuitively, it still exhibits very low NIR reflection.

Because of the increase in reflectivity, the EQE for these colored PV
modules inevitably declines, but as desired, such a decrease primarily
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occurs at visible wavelengths (Figure 4E). We calculated theoretical
short-circuit current (Js;) under standard AM1.5G solar illumination
based on the EQE data. As presented in Figure 4F, the Js. loss for sam-
ples a1, b1, and c1 is found to be within 2.1 mA/cm?, representing a
remarkably low loss rate within 5% compared with the black PV mod-
ule. With brighter colors, samples a2, b2, and c2 exhibit slightly higher
Jsc loss, but the majority (75%) still come from reflecting visible light.
We further performed current-voltage measurements under standard
test conditions (Figures S14 and S15). As results show, the open-
circuit voltage (V,) and fill factor (FF) have negligible differences be-
tween different PV modules, and the loss of PCE is primarily governed
by Jsc (Table S2). Compared with the reference black PV module with a
PCE 0f 22.1%, samples a1, b1, and c1 show 1.9%—5.2% relative loss and
have a PCE of approximately 21%. Notably, the brightly colored PV
modules still demonstrate respectable PCE values of 19.6% (a2),
19.4% (b2), and 17.8% (c2), respectively.

The high PCE of colored PV modules originates from the low Jg loss
during the coloring process using SPSC pigments. The loss is close
to the theoretical minimum achieved by selectively reflecting only
visible light within 400—760 nm (the lower dashed line in Figure 4G;
see also Note S3). In contrast, using traditional absorbing pigments
leads to a significantly larger loss rate in Js; and PCE, even up to 10
times larger.°>°%4° Moreover, the rapid decline in reflectivity for NIR
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Figure 5. Potential for BIPV application

(A) Photograph showing the black, light blue, light cyan, and grayish-white PV modules, with the color originating from the SPSC pigments printed on the backside of

glass covers. Scale bar, 5 cm.

(B) The current-voltage curves of the PV modules in (A). Inset: a table listing short-circuit current (Is;), open-circuit voltage (V,), maximum power (P,,), fill factor (FF),

and PCE ().

(C) The yearly energy yield of a BAPV system on rooftops and colored BIPV systems on both rooftops and different facades, normalized over the value of the rooftop

BAPV system.
(D) lllustration of two different building PV systems, as simulation cases.

(E) Comparison of the yearly energy yield for the two different building PV systems installed on a typical four-story midrise apartment building in 10 large cities all over

the world.

light also enables lower Jg; loss compared with non-absorbing interfer-
ence pigments. The resulting colored PV modules exhibit a remarkable
enhancement of over 50% in PCE compared with modules employing
traditional absorbing pigments, showcasing an even more vibrant co-
lor (Table S3). When compared with non-absorbing pigments such as
white pigments and interference pigments, a notable improvement of
10%—-30% is also observed. In the case of colored PV modules
employing multilayered thin film coatings, those utilizing SPSC
pigments achieve higher PCE levels than commercially available
products,' °° and demonstrate comparable performance with those
colored PV modules incorporating well-designed thin film stacks
(Table $3).2°

DISCUSSION
Potential for BIPV application

To demonstrate the potential for practical applications, we proceeded
to manufacture colored PV modules employing a standard industrial
process. This process involved laminating cover glass, ethylene vinyl
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acetate (EVA), solar cells, and a black backsheet together (Figure
S16). The only additional step introduced was the application of
SPSC pigments via printing on the inner side of the glass covers.
Additionally, we utilized interdigitated back contact (IBC) solar cells
that lack metal grids on the front side. Consequently, the PV
modules depicted in Figure 5A look nothing like conventional ones,
presenting a uniform and esthetically pleasing appearance. In
comparison with the black module with a PCE of 22.40%, the light
blue, light cyan, and grayish-white PV modules achieved PCEs of
21.21%, 20.25%, and 19.99%, respectively (Figure 5B; Table S4).

Based on these results, we believe that conventional PV modules can
be transformed into visually appealing ones at an average relative PCE
loss within 10%. In this regard, although a BIPV using such colored PV
modules exhibits lower PCE and higher operating temperature, when
deployed on a flat rooftop it can still generate over 87% of the annual
energy yield of a rooftop building-adapted PV system (BAPV)
(Figure 5C; Note S5). Besides, conventional black PV modules are
mostly restricted on rooftops, while the potential of facades has not
been well tapped due to higher esthetic demand. The esthetically
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pleasing PV modules can promote BIPV deployment on facades, thus
greatly increasing the building PV capacity to be installed. As the
simulation results show (Figure 5C), the colored PV modules
integrated with the south (or north) facades can provide nearly 79%
energy yield in high-latitude regions such as Beijing and London. In
low-latitude regions such as Hong Kong and Sao Paulo, it remains
above 50%. Colored BIPV systems on east and west facades also
have 40%-60% of power generation capacity (Figure S17; Table S5).

Further, we simulated the yearly energy yield of two different building
PV systems as illustrated in Figure 5D, i.e., a black BAPV system on
a rooftop and a colored BIPV system on both the rooftop and
facades, in a typical four-story midrise apartment building (Figure
S18; Note S5). We compared performance across 10 large cities
worldwide to assess the potential benefits of widely employing
colored BIPVs in different densely populated urban regions
(Figure 5E). Thanks to the esthetically pleasing PV modules
integrated with building facades, the energy yield of building PV
systems can be significantly improved by over 50% in high-latitude
regions and over 33% in low-latitude regions. If a high-rise building
such as a ten-story apartment building is considered, the increasing
rate of energy yield will be much larger, about 200% in most urban
regions (Figure S19).

Further performance improvement

The primary objective of the colored PV samples presented in this work
is to investigate the impact of SPSC pigments on the color appearance
and I-V characteristics of PV modules, and to demonstrate their ease of
integration in PV module colorization. As revealed by our theoretical
analysis and confirmed by experimental results, applying a colored
layer atop solar cells primarily reduces EQE and Js. depending on the
optical properties of colorants. Therefore, further enhancements in
PCE can be easily realized through using solar cells with higher inter-
national quantum efficiency, V,, and FF. Notably, state-of-the-art com-
mercial black c-Si PV modules have achieved PCEs ~26%.°" Based on
this, colored modules incorporating our photonic pigments are
projected to reach PCEs above 23%. Further performance gains
can be realized by using multijunction solar cells with higher
theoretical efficiency limits—such as perovskite-silicon tandem
cells.>? Importantly, integrating such tandem cells into colored PV
modules may offer a mutually beneficial strategy: the colorization
can reduce the stringent bandgap requirements for the perovskite
top cell, facilitating more stable® and esthetically versatile designs.

Further improvement of the coloring layer's optical properties remains
an important objective. For instance, the SPSC pigments developed in
this study result in a notable reduction in EQE within the UV range,
owing to the strong UV scattering induced by their quasi-ordered pho-
tonic structures. Additionally, reducing reflectance in the NIR region
could help mitigate further PCE losses. Nonetheless, we emphasize
that achieving non-iridescent structural colors inevitably entails
certain optical trade-offs, as isotropic light scattering is intrinsically
more broadband. One promising strategy to address these limitations
may involve the integration of downshifting photoluminescent mate-
rials, which absorb high-energy photons and re-emit in visible (vis)
and NIR light.>* Given that the current design already demonstrates
favorable optical characteristics, including negligible parasitic
absorption and low NIR reflection, the key challenge moving forward
is not the pursuit of an ideal reflectance spectrum, but rather the
optimization of practicality and cost-effectiveness for real-world
deployment, as will be discussed in the following.

Toward practical implementation

Itisrecognized that the colored PV modules based on industrial-mature
coloring technology, such as inorganic pigments and multilayer thin
film coatings, have already been implemented in real buildings.'®*"
To further unlock the vast potential of colored PVs in integrated
applications, new technologies must combine the strengths of
existing approaches while avoiding their shortcomings—achieving
natural coloration, high efficiency, and low cost simultaneously. This
study demonstrates that the proposed bird-feather-inspired
optical design successfully fulfills the first two criteria. As for the
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cost-effectiveness and manufacturing compatibility, we propose a
solution based on pigmenting quasi-ordered photonic structural color
materials. This approach offers excellent flexibility for integration into
PV module fabrication: the pigments can be printed onto glass
surfaces or incorporated directly into encapsulation polymers.
Furthermore, paints containing these pigments can also be applied to
already-installed PV modules for coloration, without requiring any
complex processing steps.

To this end, materials innovation is of critical importance. The SPSC
pigments proposed in this work are composed solely of two widely
used, sustainable industrial materials—silica and polyacrylate—and
are fabricated through scalable processes at regular environments.
These features lay a solid foundation for their low-cost, large-scale
application. Moving forward, refining the material design and
manufacturing methods, as well as conducting field tests under prac-
tical environmental conditions, will be essential for advancing toward
real-world implementation.

METHODS
Synthesis of monodisperse silica microspheres

All chemicals were purchased commercially and used as received. The
monodispersed silica microspheres are synthesized by a two-step
method. In a typical process, 5.5 mL tetraethyl orthosilicate (TEOS)
was dissolved with 0.087 g of arginine in 87 mL of water and stirred
at a constant temperature of 70°C for 24 h to obtain the silica seed so-
lution. Next, 600 mL ethanol, 24 mL water, and 42 mL ammonia (28%),
together with 0.7 mL seed solution, were mixed homogeneously. After
that, 48 mL TEOS was slowly added dropwise to the solution, which
was constantly stirred at 25°C. 12 h after, the final solution was centri-
fuged (4,000 rpm, 15 min) and the precipitate was dried at 70°C for 6 h
to get the final products. The microsphere size was modified by chang-
ing the usage of the seed solution. In this study, the silica micro-
spheres with diameters around 174, 195, and 247 nm were obtained
by using 0.7, 0.5, and 0.23 mL seed solutions, respectively.

Preparation of SPSC pigments

The pigments were prepared using a process referred to as the C
(centrifugation) 1 (infiltration) C (curing) G (grinding) method. In this
study, the centrifugation process was completed in the final step of
synthesizing silica microspheres. Then, the dried silica microspheres
were infiltrated in a solution of acrylate monomer (such as ETPTA).
Note the solution had added 1% photo-initiator 1173 (2-hydroxy-2-
methyl-1-phenyl-1-propanone). Generally, several hours were enough
for the silica microspheres to be completely infiltrated with acrylate
monomer, and heating could be used to accelerate this process.
Then, the additional acrylates were removed by suction filtration, which
could be collected for recycling use. Immediately after, the silica micro-
spheres were placed under an LED UV lamp (365 nm) for 10 s, causing
the acrylate to be polymerized and forming the precursors of the SPSC
pigments. Finally, these precursors were ground into powder by a ro-
tary blade pulverizer. A 150-mesh screen was used to sort the pigment
size.

Fabrication of colored PV modules

The small-sized PV modules in Figure 4C were made of five layers, i.e.
(from top to bottom) a 2-mm-thick ultra-clear glass, UV curing resins
with SPSC pigments, a 52 x 52 mm? silicon solar cell, clear UV curing
resins, and a 2-mm-thick ultra-clear glass (Figure 4B). In detail, the
glass has an average transmittance of nearly 92%; the colored resins
were made by dispersing the pigments in aliphatic polyurethane
acrylates diluted with an appropriate amount of isobornyl acrylate,
together with 1 wt % photo-initiator 184 (1-hydroxycyclohexyl phenyl
ketone) and 0.5 wt % organic silicon defoamer; the silicon solar cells
were obtained by laser cutting from industrial-sized PERC solar cells,
and they were soldered with tinned copper tapes on their busbars.
The colored resins were blade coated onto the cover glass, and then
a solar cell was placed on it and vacuumed to eliminate air bubbles.
The resin was then cured under UV light to bond the solar cell to the
glass. Subsequently, the backside of the solar cell was coated with
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clear resins, followed by covering the backside glass and UV curing the
resins.

The PV modules in Figure 5A were made of all industrial raw materials,
including 3.2-mm-thick ultra-white tempered glasses, EVA adhesive
films, IBC solar cells (SunPower Maxeon), and black backsheets. To
make the colored and grayish-white PV modules, the glass was blade
coated with the colored resins containing SPSC pigments, which
were subsequently UV cured using a 365 nm LED UV light. The coated
glass and the other materials were laminated together by a typical so-
lar lamination machine to make the PV modules.

Characterization

A field emission SEM (Sigma 500, Zeiss) was used to observe the
morphology of the silica microspheres and SPSC pigments, which
were directly attached to the conductive adhesive and coated with
Au. The SEM images were operated at an acceleration voltage of
5 kV and a working distance of 6.1 mm.

FTIR spectroscopy was performed on SPSC pigments, pure silica mi-
crospheres, and polymerized ETPTA, which were pressed tablets
together with KBr. The samples were directly placed over the window
of the spectrometer (Nicolet 6700, Thermo Fisher Scientific) to mea-
sure transmittance. Each spectrum results from 16 scans on one loca-
tion of each sample.

TGA was performed using a simultaneous thermal analyzer (STA
449F3, Netzsch) within a nitrogen flow. The temperature range was
30°C—900°C with a heating rate of 10°C/min.

SAXS was measured by a Xeuss 3.0 UHR SAXS/WAXS beamline sys-
tem (Xenocs). The sample was a 300-um-thick film, which was made
by dispersing the SPSC pigments (174-ETPTA) in a polyurethane acry-
late (with T wt % photo-initiator 1173) and then UV curing it. The scat-
tering data were collected using a Cu Ka radiation source with a wave-
length of 1.54 A, and an in-vacuum Eiger2 R 1M detector 4.6 m from the
sample.

Optical micrographs were taken by a digital microscope (VHX-7000,
Keyence) equipped with a fully integrated head lens (VHX-E20 and
VHX-E100). Prior to imaging, the structural color pigments, either
interference pigments or SPSC pigments, were spread out on a
black plate, and some acrylate (ETPTA) was added dropwise to
the plate to fully saturate the pigments. This would eliminate the
broadband scattering from the silica microsphere-air interface.
Before imaging it, the white balance was calibrated with white pa-
per. During imaging, the structural color pigments were illuminated
by circular lighting.

The spectral reflectivity and transmissivity of the PV glass covers, PV
modules, and the color films made by SPSC pigments were character-
ized by using a UV-vis-NIR spectrophotometer (Lambda 950,
PerkinElmer), which was equipped with a 150 mm diameter inte-
grating sphere to measure the total reflection and transmission
spectra at 8° incidence. A standard white diffuser was used as a
reflectance standard. The exposure area of the samples was larger
than 7 cm? and the data were collected with a 3 nm interval. Note
that a part of busbars on silicon solar cells was also included in the
measured region.

The EQE spectrum of PV modules in a wavelength range of 300-
1,100 nm was measured using a QEX10 Solar Cell Quantum Efficiency
Measurement System (PV Measurements), with a beam size of
1 x 5 mm and a 10 nm measurement interval. For each sample, three
different positions on the surface were measured and then averaged
as the result. The current-voltage characteristics of PV modules were
measured using the Moduletest3 IV measurement system (h.a.l.m.).
All measurements were conducted under standard test conditions
(25°C, 1,000 W/m?). During the measurement, the whole surface of
PV modules was illuminated without using any mask. All the current-
voltage curves were obtained in forward scan, with a sample time of
about 40 ms. Note for the PV modules made by IBC solar cells, both for-
ward scan and reverse scan were performed to eliminate capacitive ef-
fects on FF measurement.
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Further information and requests for resources should be directed to and will be
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Materials availability

The photonic pigments generated in this study will be made available upon
reasonable request.

Data and code availability
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e All data are available in the main text and supplemental information.
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