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ABSTRACT: Light trapping by nanostructures featuring high ,
transmittance and high haze represents a viable strategy to boost solar %, .y 8 #*
cell efficiency via enhanced light absorption. However, low-cost, large- - ¥ ' X %
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area, and eco-friendly fabrication approaches for such light trapping
structures remain elusive. Herein, we demonstrate a new design of film fiden, tant
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with multiply indented, hybrid three-dimensional (3D)-nanobowls, s \ / W\f”""gh
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T~

\
(e
N/

Solar cells

light scattering, transmittance, and haze. This kind of nanostructures is
generated via roll-to-roll (R2R) UV-nanoimprint process, where the
critical template is fabricated by taking advantage of metal
displacement reaction between aluminum and zinc ions. The as-
fabricated light-trapping film shows ultra-high haze of 98% while
keeping favorable transmittance of 87%. Therefore, this light-trapping
film, adhered onto polysilicon solar cells, enhances the short-circuit
current (Jsc) from 4.26% at solar illumination angle of 0°, up to 65.95% at large angle of 85°, as well as 14.29% onto organic
solar cells (OSC) under indoor light. To validate practical feasibility, day-time (13-hour) outdoor large-format polysilicon cells
experiments reveal that the Js; was enhanced by 5.68% under the sunny condition and 13.6% under the cloudy condition.
Furthermore, this film exhibits self-cleaning performance with a water contact angle (WCA) of up to 140°. More importantly,
this kind of high-performance film can be fabricated up to more than 25 m within 1 min using our R2R process,
demonstrating the high throughput and low cost capability, well meeting the demand for solar cell industry.

KEYWORDS: nanoimprinting, light trapping, transmittance, haze, solar cells

based solar cells, organic solar cells (OSCs), dye-sensitized solar
cells, and perovskite solar cells. How to reduce light reflection of
solar cells and enhance light scattering inside them has increasingly
become a research focus for improving the performance of solar

1 Introduction

As a renewable energy source that can be found everywhere, solar
energy can provide people with inexhaustible energy to meet energy

consumption needs. In the past few decades, great efforts have been
devoted to the research of photovoltaic devices, such as silicon-
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cells. Traditional anti-reflective and light trapping microstructure
fabricated on the silicon surface such as silicon nanowires (SINW)
[1-3], silicon pyramids [4-6], and silicon corrugation [7-9] have
been confirmed that they can improve the photovoltaic conversion
efficiency of solar cells. The current mainstream preparation
methods are chemical etching, chemical growth, or laser grooving
techniques. While highly effective, these methods inevitably damage
the active layer and simultaneously introduce chemical instability,
causing environmental pollution.

Nano Research, 2026, 19, 94908395
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Anti-reflective (AR) coatings [10], designed to reduce light
reflection and enhance transmittance via light interference
cancellation, are fabricated through diverse techniques categorized
into three main types: physical vapor deposition (PVD) [11, 12],
chemical vapor deposition (CVD) [13, 14], and wet chemical
methods [15-17]. Despite advancements, these techniques have
inherent drawbacks: PVD and CVD demand expensive vacuum
equipment; wet chemical films lack durability [18]. Most methods
struggle with balancing uniformity on complex substrates, and
some (e.g, CVD) pose environmental concerns, while large-scale
production often faces trade-offs between cost, efficiency, and film
performance.

With the advancement of micro/nanofabrication technologies,
there has been a growing interest in light-trapping techniques for
the front surfaces of solar cells. Front-surface light-trapping films,
characterized by high haze, high transmittance, and low reflectance,
enable effective light management at the external interface of solar
cells, thereby avoiding damage to the internal active layers.
Nanostructures such as nanospheres [19-21], nanocones [22, 23],
nanopyramids [24-26], and nanobowls [27] can significantly
increase the optical path length and reduce interfacial reflection,
thereby playing a crucial role in enhancing the external quantum
efficiency (EQE) and Ji: of solar cells.

Nanoimprinting, a microstructure fabrication technology with
the advantage of high-throughput production, has not yet become
the mainstream in front-surface light trapping mainly due to the
difficulties in fabricating nanostructured metal templates: the
fabrication of master templates primarily relies on silicon interface
etching [28], making it difficult to achieve large-area R2R
production [29]. Electroforming technology [30], as a processing
method capable of large-area synchronous microstructure
replication, can meet the demand for R2R nanoimprinting
technology. Currently, the main metal microstructure generation
technologies include electrochemical deposition [31-33], heat
treatment [34, 35], chemical etching [36, 37], laser processing
[38-40], etc. However, large-area microstructure generation-
replication technologies that can fabricate nanostructures with
consistent visible light wavelength scales (300-700 nm) in a large-
area and environmentally friendly manner still remain to be
developed.

To tackle the long-standing challenges in large-area light
management for photovoltaic applications, we report the
development of a scalable fabrication methodology for hybrid three-
dimensional (3D)-nanobowls structures based on metal
replacement reactions.Experimental studies demonstrate that
submicron-scale morphological features generated via aluminum-
zinc metal displacement reactions exhibit dimensional features
matching the visible light spectrum. After removing zinc deposits
from the aluminum substrate, a highly hybrid 3D-nanobowls
topography is induced on the initially planar aluminum foil-
evidenced by its macroscopic snow-white appearance, which
indicates strong light scattering behavior. The polymer films
embedded with this hierarchical structure exhibit remarkable
optical properties, achieving an ultra-high haze of 98% and a
transmittance of 87%, respectively. To enable R2R nanoimprinting,
electroforming was employed for template fabrication, and a
custom electroforming system was developed to produce large-
format metal templates suitable for Al foil-based template
replication. Integration of this large-format electroforming setup
with  R2R nanoimprinting equipment enabled continuous
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manufacturing of hybrid 3D-nanobowls polymer films. When
attached to the front surface of solar cells, the hybrid 3D-nanobowls
film drove substantial performance enhancements across diverse
solar cell types, attributed to its superior light-trapping capability.
Under 0°-85° solar illumination, polysilicon solar cells and OSCs
exhibited Ji. enhancements of 4.26%-65.95% and 14.29% (indoor-
light), respectively. These results underscore the negligible angular
dependence and scalable fabrication capability of hybrid 3D-
nanobowls, thus marking a significant breakthrough for front-
surface light harvesting in large-area distributed photovoltaic
systems.

2 Results and discussion

21 Hybrid 3D-nanobowls

characterization

film preparation and

Given the selection of R2R nanoimprinting as the scalable
manufacturing approach, the fabrication of the hybrid 3D-
nanobowls polymer films was systematically partitioned into two
sequential modules: (i) microstructure generation and (ii) template
replication. A schematic illustration of the complete process flow is
presented in Fig. 1(a).

After ultrasonic cleaning of aluminum foil substrates in ethanol,
a commercial zinc immersion solution was used for surface
modification at a controlled temperature of 20 °C. Within 60 s of
immersion, a densely packed layer of black zinc particles was
observed to form spontaneously via displacement reaction.
Scanning electron microscopy (SEM) analysis revealed the
polyhedral morphology of these zinc particles, with dimensions
ranging from 500 nm to 2.5 pum. Subsequently, rinsing with
deionized water to remove the sacrificial zinc layer resulted in the
formation of hybrid 3D-nanobowls with radius of 500-1000 nm on
the aluminum substrate. The characteristic dimensions of these
hierarchical structures, matching the visible light spectrum,
imparted pronounced optical scattering effects. Macroscopically,
the treated surface exhibited a uniform snow-white appearance,
consistent with enhanced broadband Mie scattering at the
subwavelength features.

Due to the insufficient hardness of aluminum substrates for
direct use as nanoimprint templates, an electroforming process was
developed to fabricate robust metallic templates. However, the high
flexibility of aluminum foil means ordinary rack electroforming
equipment fails to meet manufacturing requirements. To address
this limitation, a custom-designed electroforming apparatus was
engineered, featuring a metal cathode backplate-assisted
configuration for ultrathin foil processing (Fig. Sl(a) in the
Electronic Supplementary Material (ESM)), with its schematic
workflow shown in Fig. S1(b) in the ESM. The aluminum master
was selectively etched using 25% NaOH solution, producing an
80 cm x 30 cm nickel template with 3D-nanospheres (Fig. 1(b)(i)).
SEM confirmed the replicated structures retained hierarchical
randomness, close-packing in the x-y plane, and distinct z-axis
heterogeneity-morphological complexity expected to enhance
broadband light scattering across the visible spectrum.

In early nanoimprinting trials, plate-to-plate processing caused
frequent damage to polymer microstructures due to mechanical
interlocking and anti-demolding forces (Fig. S2(c) in the ESM).
Notably, transitioning to R2R nanoimprinting mitigated this issue
significantly, as evidenced by reduced defect density in Figs. S2(a)
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Figure1 Preparation process, physical pictures and SEM images of hybrid 3D-nanobowls. (a) Schematic diagram of film preparation. (b) Physical pictures and SEM
images: (i) metal template, (i) R2R nanoimprinting process, and (iii) 3D-nanobowls. (c) Outdoor picture.

and S2(b) in the ESM. SEM analysis of the metal template and
replicated polymer films at tilt angles of 0° 20° 40° and 80°
confirmed faithful replication of the z-axis topography, exhibiting
characteristic wavy microstructures responsible for the observed
high haze (Fig. S3 in the ESM). Leveraging the custom R2R
nanoimprinting system, continuous production of large-area hybrid
3D-nanobowls films was achieved, as shown in the laboratory tests
(Fig. 1(b)(ii) and 1(b)(iii)) and outdoor photographs (Fig. 1(c)).
Figure S4 in the ESM offers a detailed view of the industrial-scale
imprinting  process, highlighting the scalability of this
manufacturing approach.

2.2 Finite-difference  time-domain (FDTD) optical

simulation and experimental verification

To systematically characterize the optical properties of hybrid 3D-
nanobowls and clarify their interaction mechanisms with incident
light, FDTD simulations were conducted to model the electric field
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distribution within the films. Front-surface light management in
photovoltaic devices encompasses two critical processes: (i)
interface photon acceptance and (ii) internal light trapping.

In conventional planar solar cells, the abrupt refractive index
mismatch at the air-polymer interface results in significant Fresnel
reflection, leading to considerable light loss during photon
acceptance and directly limiting device performance. Introducing
nanobowls at the interface enables pronounced light-matter
interactions: Owing to the matching of nanobowl diameters with
visible light wavelengths, Mie scattering is triggered, manifesting as
enhancement of light scattering. In this scenario, each nanobowl
functions as an effective nano-concentrator, focusing incident
sunlight onto the substructure region (Fig. 2(a)(i)).

However, the light-scattering effect of a single nanobowl
structure remains limited. To expand the structure’s scattering cross-
section, we added an additional nanobowl along the z-axis. At this
point, the light distribution inside the thin film is clearly more
uniform (Fig. 2(a)(ii)), demonstrating that the hierachically stacked

Nano Research, 2026, 19, 94908395
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Figure2 Optical simulation and experimental verification. (a) FDTD simulations of five different structural distributions: (i) single distribution, (ii) z-axis packed
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representative studies in recent years. (c) Scattering efficiencies of five different structures. (d) Optical properties of hybrid 3D-nanobowls films. (e) Optical properties of

flat UV-curing films.

structure along the z-axis exerts a stronger light-scattering
homogenization effect.

The distribution of nanobowls in the x—y plane also significantly
impacts scattering efficiency. By comparing simulation results of
two-dimensional ~ (2D)-array and 2D-packed distributions
(Figs. 2(a)(iii) and 2(a)(iv)), we found that nanobowls with 2D-
array distribution exhibit a distinct light-concentrating effect, while
their scattering efficiency matches that of a single nanobowl. This
indicates that the scattering efficiency is not affected by the number
of structures but only dependent on structural characteristics.
Notably, when the structures are stacked in x—y plane, the stacked
regions exhibit an enhanced scattering effect, resulting in higher
scattering efficiency; here, the overlapping parts of nanobowls can
be regarded as multiple nano-concentrators. This finding highlights
that the highly close-packed stacking distribution of the nanobowl
structure in the x—y plane will greatly facilitate the improvement of
the film’s scattering efficiency.
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We further added a power monitoring analysis group to the
original FDTD simulation model for backscattering ratio analysis. It
can be seen from Fig. S5(a) in the ESM that within the spectral
range of 200 to 1000 nm, the backscattering ratio of the nanobowl
structures with z-axis stacked characteristics is significantly lower
than that of the single nanobowl structures. This phenomenon is
more pronounced in the x—y plane (Fig. S5(b) in the ESM). Due to
the high similarity in the microstructural characteristics between
close-packed and array-distributed nanobowls, their backscattering
ratio trends exhibit a certain consistency. However, attributed to the
secondary scattering effect of the overlapping regions, the close-
packed nanobowl structures in the x-y plane show better
suppression of backscattering ratio. Meanwhile, this is consistent
with the scattering efficiency simulation results presented before.

By integrating the above-mentioned optimization strategies, we
modeled the nanobowls that are highly randomly distributed both
in the z-axis direction and x-y plane. As shown in Fig. 2(a)(v) in

@i

¥ 4 4 whir

gh ity Pre:

| Sci®pen


https://www.sciopen.com/article/10.26599/NR.2026.94908395
https://www.sciopen.com/article/10.26599/NR.2026.94908395
https://www.sciopen.com/article/10.26599/NR.2026.94908395
https://www.sciopen.com/article/10.26599/NR.2026.94908395
https://www.sciopen.com/article/10.26599/NR.2026.94908395
https://www.sciopen.com/article/10.26599/NR.2026.94908395
https://www.sciopen.com/article/10.26599/NR.2026.94908395
https://www.sciopen.com/article/10.26599/NR.2026.94908395

Nano Research | Vol. 19, No. 5

Zhang et al.

the ESM, as light passes through the hybrid 3D-nanobowls, it
undergoes multiple scattering and is strongly concentrated directly
beneath the structures. Analysis of the scattering cross-sections of
structures with different distributions reveals that hybrid 3D-
nanobowls exhibit the highest scattering efficiency in the high-
energy band of sunlight (500-900 nm) show in Fig. 2(c) in the
ESM.

To validate the simulated optical responses, optical
characterization was performed. Ultraviolet-visible (UV-Vis)
spectrophotometry was used to measure the transmittance and haze
spectra of UV-curable flat films and hybrid 3D-nanobowls films
(Figs. 2(d) and 2(e)). The flat polymer film exhibited a haze value of
only 5% and a transmittance of 90%, approaching that of pure glass.
In contrast, the hybrid 3D-nanobowls polymer film displayed
exceptional optical scattering properties, attributed to its
pronounced 3D structural heterogeneity. Its haze value exceeded
98% in the 400-500 nm spectral range, indicative of intensive
multiple internal reflections that randomize light paths within the
structured film. As the wavelength increased toward the far visible
region, the haze gradually decreased to 97%, reflecting the reduced
scattering efficiency of the nanostructures at longer wavelengths,
which matches the results of FDTD simulation. Remarkably,
despite the high haze (= 97%), the hybrid 3D-nanobowls film
maintained a high average transmittance of 87% above 400 nm, a
result of the synergistic light-concentrating effect of its hierarchical
microstructure. As shown in Fig. 2(b) and Table SI in the ESM, the
optical performance of the film in this work ranks among the
leading positions in studies on high-haze and high-transmittance
optical films over the past ten years; in particular, its haze
performance (98%) in the 400-500 nm spectral range far ahead in
current research [41-55]. This dual characteristic of ultra-high haze
and high transmittance demonstrates the film’s superior
performance in both interfacial light harvesting (via reduced
specular reflection) and internal light trapping (via extended light
lengths), representing an optimal balance for photovoltaic light
management applications.

We employed a 532 nm laser pointer to conduct laser scattering
experiments on the 3D-nanobowls films themselves. The planar
UV-curable thin film has low haze, thus exhibiting almost no
scattering effect on the laser. As can be clearly observed in Fig. S6(a)
in the ESM, the incident point, reflection point, and transmission
point of the laser are distinctly visible. In contrast, the film with 3D-
nanobowls structures possesses ultra-high haze (98%), thereby
demonstrating excellent light homogenization performance (Fig.
S6(b) in the ESM).

2.3 Performance of different solar cells with 3D-
nanobowls

Current research indicates that most 2D anti-reflective
microstructures suffer from angular dependence, severely limiting
their all-day outdoor applicability [56]. Thus, we conducted tests on
the light trapping performance and photoelectric conversion
performance of both polysilicon and OSCs under multi-angle
incidence (0° 30° 60° and 85°) and indoor light to verify the
effectiveness of the 3D-nanobowls in practical application scenarios.

When a laser irradiates the surface of the planar polysilicon solar
cell at a large angle, a significant amount of incident light is directly
reflected (Fig. 3(a)). In contrast, the reflected light of the 3D-
nanobowls-structured solar cells on their surfaces is notably
reduced (Fig. 3(b)). This excellent light-trapping performance is
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attributed to the ultra-high haze and light-concentrating capability
of the 3D-nanobowls films.

Subsequently, we conducted variable-angle photovoltaic
conversion experiments on the two types of solar cells, and the
schematic diagram is shown in Fig. 3(c). From Fig. 3(d), it can be
observed that under large-angle illumination (60°), the surface-
structured polysilicon solar cells exhibit a reduced reflectance across
the entire visible wavelength range. Specifically, at 550 nm, the
reflectance is only 17.7%, representing an 8.8% reduction compared
to 19.4% for the planar polysilicon solar cells. This indicates that the
surface-structured polysilicon solar cells can allow more light to
enter the interior at the light-receiving interface. Observing the
reflectance reduction at 550 nm (Fig. 3(g) and Fig. S7 in the ESM),
it is evident that under multi-angle illumination, the 3D-nanobowls-
structured solar cells consistently achieve a stable reduction in
reflectance. This suggests that the antireflective performance of the
3D-nanobowls structures is insensitive to the incident angle of light.

As shown in Fig. 3(e), under large-angle illumination (60°),
hybrid 3D-nanobowls induced a notable increase (33.02%) in J for
polysilicon cells, from 1587 to 21.11 mA/cm’, attributed to
synergistic photonic concentrating and scattering effects. At other
illumination angles (0°, 30°, 85°), the surface-structured polysilicon
solar cells exhibit stable performance enhancement (Fig. 3(h) and
Fig. S8 in the ESM). Meanwhile, we compared the integrated
current of EQE with the results of J-V curves, and the two showed
a highly consistent improvement ratio.

Due to the decrease in transmittance, the V. of the surface-
structured solar cells exhibits a slight reduction. However,
benefiting from the significant improvement in their Jy, the peak
power (P,,) of the surface-structured solar cells is remarkably
superior to that of the surface-unstructured ones—under 60° solar
irradiation conditions, P, is increased by 26.31%. While both
devices showed a decreasing trend in with increasing illumination
angle, the magnitude of this decrease was far smaller for the surface-
structured polysilicon solar cells-attributed to the excellent light
trapping effect of the 3D-nanobowls. This result confirms that the
3D-nanobowls polysilicon solar cells can achieve considerable
performance enhancement in practical application scenarios
involving all-weather variations in solar illumination angles.

To further explain the enhancement in Jy. of polysilicon cells, we
conducted EQE measurements. From Fig. 3(f), it is evident that
under 60° illumination, the surface-structured polysilicon solar cells
exhibited a substantial enhancement in EQE across the entire
400-1000 nm wavelength range. This result directly verifies that 3D-
nanobowls enable the polysilicon solar cells to improve
photoelectric conversion efficiency across the full high-energy
wavelength spectrum under large-angle solar illumination-
addressing the key challenge of efficiency degradation under off-
normal incidence. Subsequent measurements at other illumination
angles (0°, 30° 85°) further confirmed that this EQE enhancement
remained significant, demonstrating the structure’s robust
performance adaptability to diverse solar incidence conditions
(Fig. 3(i) and Fig. S8 in the ESM).

To verify the versatility of this hybrid 3D-nanobowls across non-
silicon-based solar cells, we further integrated it on the front
surface of OSCs for comprehensive characterization. Distinct from
silicon-based cells, OSCs are commonly deployed for indoor low-
light energy harvesting, eliminating the need for multi-angle optical
measurements. Figure 4(a) illustrates the light-trapping diagram
and laser pen shooting picture: in planar configurations,

Nano Research, 2026, 19, 94908395
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considerable incident light is lost to specular reflection, whereas the
hybrid 3D-nanobowls function as a dual-purpose diffuser and
antireflective layer, reducing reflectance. It can also be observed that
irradiation of planar OSCs produced a distinct specular reflection
path and a compact transmitted spot, indicative of poor light
diffusion. In contrast, the hybrid 3D-nanobowls structured OSC
exhibited negligible specular reflection and a significantly expanded
transmitted spot, directly demonstrating the nanostructure’s
enhanced light-scattering and antireflective capabilities.

Distinct from Si-based solar cells, OSCs require balanced
transparency for tandem applications. As shown in Fig. 4(c), the
hybrid 3D-nanobowls film induced only a marginal transmittance
decrease in the near-infrared region (> 750 nm), while maintaining
nearly unaltered transmittance in the visible spectrum. This
demonstrates that the nanostructure does not compromise the
optical transparency critical for organic device operation.
Concurrently, reflectivity dropped to 5%, representing a 100%
reduction relative to the initial 10% across the visible range
(Fig. 4(d)), further validating the universal efficacy of the hybrid 3D-
nanobowls in enhancing light utilization efficiency across diverse
photovoltaic technologies.

EQE measurements revealed a pronounced reduction in the
300-360 nm UV band for structured OSCs, with EQE dropping
below 0.5%—an order of magnitude lower than planar devices
(Fig. 4(e)). This UV-shielding behavior underscores the universal
applicability of the hybrid 3D-nanobowls in mitigating photo-
induced degradation. Mechanistically, the nanostructure suppresses
UV-induced polymer backbone cleavage and interface defect
formation, thereby extending operational lifespan—a critical
attribute for organic photovoltaic technologies [57]. In the high-
energy spectral waveband spanning 440-640 nm, the structured
OSCs exhibited a 1% absolute increase in EQE, corresponding to a
relative percentage enhancement exceeding 10%. Under 16 W
indoor daylight illumination, the structured OSCs achieved a Ji. of
0.64 mA, representing a 14.29% enhancement relative to planar
controls (Fig. 4(b)). Collectively, these findings validate the
suitability of the hybrid 3D-nanobowls for front-surface light
trapping in organic photovoltaic devices, demonstrating its
universal applicability across diverse solar cell technologies.

24 Outdoor

verification

and weather resistance performance

To address the performance degradation in outdoor distributed
photovoltaic systems caused by dust accumulation and
contamination, we investigated the self-cleaning properties of
hybrid  3D-nanobowls. Current mainstream photovoltaic
encapsulates (glass/resin) exhibit hydrophilic surfaces, leading to
persistent dust adhesion that significantly reduces optical
transmittance. The hybrid 3D-nanobowls, featuring a densely
packed and randomly distributed nanoporous surface, provides a
hierarchical topography conducive to super hydrophobic behavior,
as characterized in Fig. 5(a). Mechanistically, raindrops impacting
the solar cell surface acquire kinetic energy that facilitates dust
removal. Upon contact with the hybrid 3D-nanobowls, liquid
droplets form a Cassie-Baxter state, where air pockets trapped
within the nanostructures support the droplet, resulting in a contact
angle of 140°-notably higher than the 70° contact angle of resin-
sealed planar surfaces (Fig. 5(b)). To quantify this self-cleaning
behavior, we performed dust-removing experiments (Fig. 5(c)):
Dust particles were uniformly deposited on the 3D-nanobowls film,
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and syringe-generated droplets (mimicking raindrops with impact
kinetic energy) were applied. Observations showed that droplets
rapidly rolled off the surface, with the resulting flow efficiently
washing dust onto a collection cloth. This demonstrates that the
hybrid 3D-nanobowls film enables rain-driven self-cleaning via its
super hydrophobic topography, which minimizes liquid-solid
contact area and maximizes roll-off efficiency.

To further validate the outdoor practical performance of hybrid
3D-nanobowls, large-format polysilicon solar cells were chosen for
outdoor all-day characterization. Using UV-curable adhesives as an
intermediate layer, R2R imprinted hybrid 3D-nanobowls films were
laminated onto the cell surfaces, and experiments were conducted
on a rooftop test platform. Figure 5(d) illustrates the all-day light
management principle, where the 3D-nanobowls dynamically
homogenize and concentrate sunlight across diurnal irradiation
angles while reducing interfacial reflection losses. A representative
photograph of the experimental setup is shown in Fig. 5(e).
Figure 5(f) documents Ji. profiles of structured and planar
polysilicon cells from 6 a.m. to 7 p.m. under respective sunny and
cloudy conditions. Under clear-sky illumination (Figs. 5(f) and
5(i)), the structured cells consistently exhibited higher Jg. values.
Although transient cloud cover caused fluctuations, the time-
integrated short-circuit charge of the 3D-nanobowls-integrated
solar cells reached 35.88 Ah, representing a 5.68% enhancement
(1.93 Ah increase) over planar controls. This improvement stems
from the 3D-nanobowls’ angle-insensitive light trapping, which
mitigates the diurnal decrease in effective illumination area. Under
the cloudy condition (Fig. 5(f)(ii)), the Ji. exhibited greater
stochasticity due to random variations in solar intensity and diffuse
light distribution. Notably, surface-structured solar cells exhibited a
13.6% enhancement in time-integrated charge (from 26.19 to
29.75 Ah), with a more significant performance advantage over
control devices than that under direct sunlight. This phenomenon
is attributed to the superior diffuse light management capability of
the hybrid 3D-nanobowls  structure, ~which  converts
omnidirectional incident photons into extended optical paths
within the active layer-a critical advantage for low-intensity, diffuse
illumination scenarios. These findings highlight the dual
functionality of hybrid 3D-nanobowls in enhancing both light
trapping and surface self-cleaning, effectively addressing critical
challenges in practical outdoor photovoltaic deployments.

3 Experimental

3.1 Electrodeposition parameters and power supply

To improve the quality of nickel metal templates, a custom dual-
pulse power supply (ZXT-MC-200) was selected, with a maximum
operating voltage of 15V and a maximum operating current of
200A. The electroplating parameter settings tested are shown in
Table 1. The electroplating solution adopts a commercial nickel
sulfa mate solution. The deposited metal layer exhibits high
resilience and mechanical properties, meeting the application
requirements of nano-imprinting metal templates.

3.2 FDTD simulation model settings

To study the characteristics of electric field distribution, we used
FDTD simulation software to simulate hybrid 3D-nanobowls
structure. On a UV-cured material with a thickness of
50 micrometers and a refractive index of 1.525, a porous structure
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Figure5 Surface self-cleaning performance and outdoor 13-h experiments. (a) Rainy day self-cleaning diagram. (b) Contact angle measurement: (i) flat polysilicon solar
cell and (ii) 3D-nanobowls structured solar cell. (c) Dust-removing experiment: (i) before dust removal and (ii) after dust removal. (d) Schematic diagram of all-day
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Table 1 Electrodeposition parameters

Average current Duty Working frequency
Pulse output (A/m?) ratio (Hz)
Positive electrode 200 80% 2000
Negative 75 50% 2500
electrode

was created using a Boolean operation to subtract a sphere with a
diameter of 700 nm. A nonlinear Total-field scattered-field (TFSF)
light source with a wavelength range of 200 to 1000 nm was
selected to simulate sunlight. Scattering analysis groups and electric
field monitors were set up around the structure to obtain the
electric field distribution data of the structural films.

3.3 Contact angle and self-cleaning characterization

We utilized a contact angle meter (OCA-50EC) to measure the
contact angles of samples. The samples were prepared by attaching
a hybrid 3D-nanobowls film to the surface of a polysilicon solar cell.
Some dosing volume of 3 pL water droplets were dispensed onto
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the sample. Images were captured to document the contact angle
measurements.

3.4 Optical characterization

We used a UV-VIS-NIR spectrophotometer (PE Lambda950) to
test the reflectance of surface-structured solar cells in the
wavelength range of 200 to 1000 nm, and conducted transmittance,
reflectance, and haze tests on hybrid 3D-nanobowls films over a
broad wavelength range of 200 to 2000 nm. The instrument was
equipped with an integrated sphere with a highly reflective inner
surface to collect both diffused and direct light.

3.5 Nanostructure characterization

Since the hybrid 3D-nanobowls are submicron in size, an electron
microscope is required to characterize their specific morphology.
We chose electron microscope (GeminiSEM-500) for the
characterization of the nanostructures.

3.6 Performance characterization of solar cells

EQE measurements of three types of solar cells were conducted
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using a quantum efficiency measurement system across the
300-1000 nm wavelength range, with a circular illumination spot of
1 cm in diameter. The solar simulator (Newport Oriel) employs a
450 W xenon arc lamp as the light source, equipped with an AM
1.5G filter system for J-V curve measurements to obtain device
performance parameters, including Vi, Ji fill factor (FF), and
power conversion efficiency (PCE). EQE measurement system
(1000ADX, USA) characterizes the ratio of charge carriers to
incident photons on the cell surface, reflecting the photovoltaic
response of solar cells to different wavelength spectra.

4 Conclusions

Facing the cross-scale manufacturing challenges for front-surface
nanostructured light-trapping in large-area distributed photovoltaic
systems, we report an innovative microstructure fabrication strategy
based on metal displacement reactions. This approach enables low-
cost production of hybrid 3D-nanobowls metal templates (80 cm x
30 cm) and R2R imprinting of large-format hybrid 3D-nanobowls
films, which exhibit exceptional optical properties: ultra-high haze
of 98% and transmittance of 87%. Experimental characterizations
demonstrate significant performance enhancements across diverse
solar cell technologies. Under all-day field conditions, commercial
large-format polysilicon cells achieve 5.68% and 13.6% increases in
integrated short-circuit charge under sunny and cloudy conditions,
respectively. The hierarchical nanoporous surface morphology
endows the films with a super hydrophobic contact angle of 140°,
enabling rain-driven self-cleaning to mitigate dust accumulation.
Collectively, this work presents a versatile, cost-effective, and
scalable front-surface light management strategy. The hybrid 3D-
nanobowls integrate synergistic light-trapping and self-cleaning
functionalities, showcasing substantial commercialization potential
for next-generation distributed photovoltaic systems.

Electronic Supplementary Material: Supplementary material is
available in the online version of this article at https://doi.org/
10.26599/NR.2026.94908395.
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