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ABSTRACT

High-efficient light-management nanostructures are critical to various optical applications.
However, in practical implementation, these structures have been limited by the needs to resist
mechanical abrasion, erosion, chemical exposure, ultraviolet radiation, and performance
deterioration by dust accumulation. To address these critical technological gaps, we herein report
a conceptually different approach, employing a hierarchical nanostructure embedded with
multilayer LightScribe-etched graphene (LSEG), capable of omnidirectional broadband light
management with both high optical transparency (>90%) and high haze (~89%), ideal for
photovoltaics, which simultaneously demonstrates extraordinary robustness to various
environmental challenges ranging from mechanical abrasion, UV exposure, corrosions, outdoor

exposures, to resistance to dust accumulation. The reported nanostructures can be readily



combined to any optoelectrical devices’ surface and the practical tests on coated amorphous silicon
(a-Si) solar cells show that it outperforms the state-of-art commercial coating by maintaining both
10% efficiency improvement along with the prevention of dust accumulation in contrast to 56.2%

efficiency degradation with the commercial coating after the one-month outdoor test.

KEYWORDS: multifunctionality, ordered-disorder nanostructures, omnidirectional light
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1. Introduction

Broadband light-management nanostructures have been developed and investigated as a
versatile component by both academic research and industrial development for broad technological
applications ranging from thin-film photovoltaics, photoelectric sensors, photoelectrochemical
cells, and solar-to-thermal technologies.!”> Most of these light-management nanostructures are
made from polymer due to low cost, excellent mechanical flexibility, and simple scale-up
production.’ However, the lack of robustness and poor dust tolerance under various environmental
challenges impose the critical challenges for the practical implementation, in particular, for
flexible or portable photovoltaic systems where the conventional protection glass or other package
layers are not desirable, because many of the characteristics, giving rise to the extraordinary light-
management properties, also simultaneously cause the durability issue. For example, the dedicate
nanostructures that lead to light trapping can be easily damaged by mechanical abrasion,
conditions commonly encountered in outdoor with dust intrusion.” Once damaged, the light
trapping effect deteriorates. Excellent chemical resistance is also important in terms of acid rain
and other harsh environments. In addition, the polymer can degrade when exposed to prolonged

ultraviolet. The durability clearly cannot be trade-offs in even a substantial efficiency enhancement



promised by nanostructures. Finally, just as importantly, the capability of preventing dust
accumulation that can obscure light management and significantly decrease efficiency is another
critical issue for practical applications. Therefore, despite enormous progress, durable light-
management nanostructures have remained elusive.

Learning from Nature
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Figure 1. (a) The image of the Viola tricolor petal at the different scales; (b) The schematic
view of the hierarchical structure of our Viola tricolor inspired design; (¢) The light-trapping
mechanisms possessed by the Viola Tricolor.
To tackle this critical technological gap, we resort to nature where a billion years of evolution
provides us ideas. To maximize the attractiveness for pollinators, petals adapted to trap more lights
in both visible and the UV spectral range. The more light strikes on a pigment, the more intense

the color signal will be.®? In particular, Viola tricolor petals, which live in the harsh environments

including uncultivated areas in gardens, barren ground, waste areas with sparse vegetation in



partial shade, exhibit both exceptional durable light trapping effects and the prevention of dust
accumulation under harsh environments (Figure 1).!°

The exceptional light-trapping capability of Viola tricolor petal can be attributed to two main
mechanisms related to its evolved hierarchical structure (ordered-disorder),''"!* which includes
papillate epidermal cells (ordered structure), cuticular folding, and the outer layer of wax
pruinosity (Figure 1b). Due to the irregular arranged transparent stacked wax pruinosity featuring
with random height (disordered structure), the undesired Fresnel reflection can be effectively
suppressed over a broad range of wavelengths, and the petal exhibits the omnidirectional light
trapping property by velvet-like sculptures (Figure 1¢).'*'* Moreover, the light can be effectively
diffusely scattered inside the petal epidermal cells, increasing the path of transmitted light. In this
way, ambient light can be more efficiently collected omnidirectionally by Viola tricolor petal in a
shady environment. Recently by coating the structures directly replicated from the Viola flowers
on crystalline silicon solar cells, a 6% percent improvement in power conversion efficiency was
observed due to the broadband enhancement from the optical properties of the Viola texture with
a hierarchical structure.'®

Even more interestingly, Viola tricolor does not exhibit the typical petal effect (water droplets
do not roll off when tilted).!®!” Instead, it possesses water-repellency capability like the lotus
leaves, which is attributed to the epidermal cells with the fine cuticular folding (surface roughness)
and the hydrophobic wax layer (hydrophobic surface chemistry). The surface roughness and the
hydrophobic layer are the two essential factors responsible for water repellency that can effectively
prevent dust accumulation.'® The durability of Viola tricolor surviving in harsh environments is
due to the continuous dense wax-flake layer excreted by epidermal cells which effectively reduces

the damage and protects the surface from harsh environmental stresses such as solar irradiation,



mechanical abrasion, and corrosion.!® Furthermore, the intracuticular wax layer that is stably

embedded with cutin into the cuticle?® %2

provides additional durability against the damages of
friction and over-irradiation exposure.??

In summary, the integration of papillae and cuticular folding with the embedded continuous
dense wax-flake layer (ordered disorder) in Viola tricolor petal is identified for the exceptional
omnidirectional broadband light management and the prevention of dust accumulation with robust
durability and longevity.

Rational for multilayer graphene

Learning from Viola tricolor petals, we, herein, report a method to fuse the multilayer graphene
(disordered) with papillae-like nanostructures (ordered) to achieve the aforementioned exceptional
properties of Viola tricolor petal for durable light-management (Figure 1b). We chose the
multilayer graphene based on the following criteria: (1) graphene, itself has the excellent chemical
resistance (acid/base/salt), impermeability to gases, superb mechanical strength, thermal stability,
and high specific surface areas;** ¢ (2) the multilayer graphene can be self-assembled into folding
structures that can mimic the cuticular foldings; (3) the multilayer graphene itself is dense and
continuous and can be embedded into the underneath structures, similar to the wax-flake layer as
shown in Figure 2a and Figure 2b via our fabrication process. Even more interestingly, recent
studies discovered that thin conductive carbon materials could induce hot electron effects that may
increase the scattering much stronger than traditional Rayleigh scattering and lower the
absorption.?”-?® In addition, the rough and porous multilayer surface can also effectively decrease
the reflection.?” In other words, the multilayer graphene can go beyond their natural counterpart,
Viola tricolor petals, by taking advantage of the exceptional properties such as the hot electron

effects in graphene, to further improve the efficiency.



2. Results and Discussions
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Figure 2 (a) The SEM images of the bioinspired LSEG-enabled ordered-disorder
nanostructure; (b) The SEM image of the embedded intracuticular wax-liked graphene
layer.

Figure 3 describes the schematics of the fabrication process. Detailed procedures can be found
in the experimental section. Here, we briefly highlight the key steps. First, a thin layer of
poly(dimethylsiloxane) (PDMS), which includes the designed ordered papillate-like structures, is
made by the soft lithography.*° Next, a graphene oxide layer is dispersed onto the PDMS layer by
spin-coating, which is attached to a LightScribe optical disc. By burning process under laser
irradiation, the well-formed graphene oxide layer is successfully reduced to LightScribe-etched
graphene (LSEG) layer.’! Finally, calcination at 400°C can remove surface contamination and
improve the transparency (Figure S1).3

To examine if oxygen is effectively removed in LSEG, Figure 4 shows the EDS spectra, WDS
spectra and Raman spectra of the graphene layer before and after the laser scribing. All three
measurements suggest that the graphene oxide has been successfully reduced to graphene. For
example, in Raman spectra, both the increase of the intensity ratio of D/G and the blue shift of the

D band peak are due to the successful reduction of graphene oxide.*—¢
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Figure 3. The schematics of the LightScribe etching process.

Our method is an all-solid-state one that prevents the restacking of graphene sheets caused by
strong van der Waals interaction forces. This restacking commonly happens during traditional wet-

chemical graphene reduction methods. In contrast, the LightScribe etching induces the
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Figure 4 (a) The EDS spectra; (b) the wavelength-dispersive X-Ray spectra (WDS); and
(¢) the Raman Spectra of the graphene layer before and after the LightScribe etching.

simultaneous reduction and exfoliation of graphene oxide sheets and creates more open pores.
Those open pores can trap air, increase roughness, and promote water repellency. Also, the
multilayer LSEG traps additional air among the graphene layers.’” These additional air films
among the various types of graphene layers can resist water intrusion to further improve the

durability (Figure Sa).



We must emphasize that our presented bioinspired strategy is conceptually different from other
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Figure 5 (a) The schematics of trapped air bubbles between mismatched lattice graphene
layers to prevent water intrusion; (b) The transmittance haze as a function of the wavelength
for various surfaces; (c¢) The light scattering effects with a 532nm (left side), and a 671nm
(right side) laser sources;

synthetic bioinspired methods which mainly focus on the structural aspect that does not truly
capture the main features of natural petals. In contrast, by implanting a thin layer of LSEG into the
underneath PDMS papillated structures before completely cured under the high-vacuum
environment (~1077 Pa), the graphene layer is embedded into the PDMS and result in an
“intracuticular” graphene layer to make the LSEG layer similar to the natural wax layer (Figure
2b). Because the LSEG layers only have a thickness of tens nm, the original structure on the
PDMS, which has a hundreds-nm size (subwavelength), can be maintained (Figure 2a).

Optical properties



As discussed before, for Viola tricolor petals, the incident light scatters as it propagates through,
leading to excellent light trapping effects. It is, therefore, worthwhile to investigate whether the
fabricated multilayer LSEG with a refractive index of 2.3%® can effectively scatter the light and
increase the diffuse paths. To quantify the light scattering, the optical haze measurements were
carried out by the Jasco V670 with the integrated sphere.>” The transparent haze describes the
amount of light scattering when light passes. It is defined as the percentage of transmitted light by
forwarding scattering. Figure Sb plots the transmittance haze as a function of the wavelength. A
transmission haze close to 89% is demonstrated over a broad range of wavelength. High
transmission haze can effectively increase light scattering, improve the light absorption and solar
cell efficiency. For comparison, in Figure 5b, we also measured the transmission haze over a flat
PDMS layer coated with LSEG, which is around 47%, and the transmission haze over a structured
PDMS layer without LSEG, around 24%. Evidently, the high transmission haze is due to the
unique integration of the ordered and disordered nanostructures.

The light scattering effect can also be visualized by lasers with a wavelength of 671 nm and 532
nm with a beam diameter of 0.3 cm that pass through the designed ordered-disorder nanostructure
and form a larger illuminated circular area with a diameter of 8 cm on the target surface which is
50 cm away (Figure 5c¢). The same experiments were also applied to a flat PDMS and a structured
PDMS without the LSEG. The illuminated areas did not change that much, shown in Supporting
Information Figure S2. The increased scattering can be attributed to the mismatched lattice
multilayer graphene, which can effectively scatter and trap the light,** and airs trapped inside

LSEG, which act like adaptive focus lenses to collimate the incident light.*!
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Figure 6 The transmittance of the LSEG-enabled order-disorder nanostructure as a
function of wavelength (a) and under a wide range of the incident light angle (b).

Finally, Figure 6 shows the transmittance as a function of wavelength and the total transmittance
as a function of incident angle. Evidently, the LESG-enabled nanostructure also maintains the high
transmission (>90%) over a broad range of angle, suggesting the omnidirectionality. In other

words, our LSEG-enabled structured layer achieves both high transmittance and high transmission
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haze simultaneously, crucial to photovoltaic applications.
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Figure 7 (a) The I-V curves of a thin-film solar cell with (the solid line with black circles)
and without (the dashed line with red squares) the designed coating with 10% improvement;
(b) The angular dependence of a normalized photocurrent with (dashed and dot-dashed lines)
and without (solid line) the designed coating, showing omnidirectional optical properties. The
blue dashed line and the red dot-dashed line represent two different horizontal positions of the
solar cell, with 90° of separation.



Now as an example to demonstrate its light-management capability, we attach the LSEG-enabled
ordered-disorder nanostructure with a thin-film amorphous silicon solar cell module manufactured
by PowerFilm Inc (Figure S3). We recorded the I-V curves of the solar cell as well as for the same
cell with the LSEG-enabled nanostructure and computed the efficiency under a solar simulator
with 1 Sun AM 1.5-G illumination. Figure 7a shows that the nanostructure can enhance efficiency
by 10% due to the increase in the short-circuit current by reducing the reflection (see Figure S4)
and capturing diffuse illumination. The photocurrents were recorded under illumination from
various incident angles by rotating the device gradually. Figure 7b shows the measured angular
dependence of short-circuit photocurrent. Here, the incident angle is defined as the one between
the incident light and the normal direction of the device. For illustration purposes, the short-circuit
current was normalized with the value from the solar cell without the nanostructure under zero-
incident-angle illumination. Figure 7b indicates that a larger photocurrent improvement of over
10% was observed in a wide incident-angle range of 0°-80°, suggesting an omnidirectional
distribution of redirected incident lights. The blue dashed line and the red dot-dashed line represent
two different horizontal positions of the solar cell, with 90° of separation. The collapse of the two

lines suggests that our nanostructured coating was uniformly distributed with little defect.



Water repellency
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Figure 8 (a) The water droplet wipes the dirt away from the surface with a titled angle of 2°.
The insert shows that the droplet has a contact angle of 158°; (b) The I-V curves before and
after 200 and 400 bending times. The insert shows the photograph of the bended solar cell
coated with the LSEG-enabled ordered-disorder nanostructure.

It is recognized that dust accumulation not only significantly affects the optoelectronic systems’
efficiency but also can permanently damage their surface.*? Therefore, a water-repellency surface
becomes a key towards durable optoelectronic systems. Here we deposit a 5 uL droplet over the
LESG-enabled surface and demonstrate that similar to Viola tricolor petals, our LSEG-enabled
nanostructured surface exhibits the lotus effect with a contact angle of 158° degree and roll-off
angle about 2° degrees as shown in Figure 8a and Figure S5. In addition, to demonstrate self-
cleaning, Figure 8a also shows that the water droplet effectively picked up the dirt due to the
stronger adhesion force between the dirt and the water in comparison with the one between the dirt
and the synthesized surface and carried them away (detailed shown in Figure S6).

Moreover, considering the flexibility is a crucial feature of the soft optoelectronic devices, it is

worthwhile to examine whether the LSEG-enabled ordered-disorder nanostructure changes the



bendability and influences efficiency. Figure 8b shows the photograph of the flexibility of our
LSEG-enabled coating. Evidentially, our LSEG coating does not modify the bendability after
hundreds of bending tests. We recorded the I-V curves after bending by the mechanical force. The
effect of the bending cycles on the photovoltaic performance is presented in Figure 8b. The results
show that the short circuit current and open circuit voltage almost remain the same during the
bending tests. We also measured the contact angles after bending, showing that the contact angle
stays almost the same (shown in Figure S7).
Various durability tests

Finally, we carried out a series of well-designed durability tests to systematically characterize
the robustness. The durability tests here can be categorized into: (1) resistance to the dynamic
impact; (2) resistance to UV; (3) resistance to corrosion; (4) resistance to harsh outdoor natural
desert conditions. In the following, we described them, one by one.

Solid particle test: An essential category of durability test is under the dynamic impact of the
solid phase. The test was designed for testing the feasibility of the LSEG-enabled ordered-disorder
nanostructure in outdoor applications where they have to face harsh weather conditions and

contamination or degradation by dynamic collision with dust particles. Two types of sand grains
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Figure 9 (a) I-V curves and (b) contact angles after various controlled durable tests, including
mechanical abrasion, a 72-hr UV test under a LED UV lamp, and immersion in different NaCl
solutions

ranging from 10 pm to 5 pm impinged the surface released from a height from 10 to 20 cm. Each
run lasted five minutes. The surface retained their water-repellency and light trapping effects (I-V
curves) after multiple runs from different-sized grains (Figure 9a and 9b). Detailed information
can find in Figure S8a and S8c¢. In comparison, the contact angle over the structured PDMS surface
without LSEG decreases to 84.3% and the solar cell efficiency also decreases significantly (Figure
S8b). The multilayer graphene film can effectively strengthen and toughen the surface and transfer
the stress throughout the structure, making it superior against mechanical wear.*

UV degradation test: Most polymer-based nanostructures are prone to be damaged by the UV
light. For the long-time usage, i.e., photovoltaics, the nanostructure needs to be continuously
exposed to solar irradiation for a long period.** If the nanostructure degrades due to UV exposure,
it limits its usage for the aforementioned application. Therefore, UV stability is the key. Here, for
our ordered-disorder nanostructures, we exposed the surface to UV lamps following the ASTM
D4587 standard for 72 hours, equivalent to the one-year daylight UV exposure in Arizona. The
surface maintained its water-repellency and light management capability (Figure 9a and 9b),

showing its resistance to UV. In Figure S9 we also measured the transmittance of the LSEG-



enabled layer before and after the UV exposure, showing UV resistance. Graphene with high
mechanical strength and chemical inertness also has an outstanding anti-irradiation capacity.*’
Hence it is not surprising that the LSEG coating can adequately protect the solar cell from UV
exposure.

Corrosion test: The patterned nanostructure can trap air within the surface structures,
minimizing the contact with the liquid and leading to non-wetting and anti-corrosion. In order to
use air as the corrosion passivation layer, the surface must maintain a Cassie state (trapping air).
In other words, the durability in harsh chemical environments such as acid rain or dust dissolved
alkaline solution becomes necessary for the successful implementation. In this part, we immersed
the surface into two different concentration sodium solution (3% and 5% wt) similar to salt water
for three days. Figure 9a and 9b show that the designed LSEG-enabled ordered-disorder
nanostructure retained its water repellency and light management. Besides graphene’s resistance
to corrosion, the PDMS layer is also stable in sodium solutions as shown in Figure S10. Therefore,

the chemical resistance can be attributed to both the graphene and PDMS.
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Complex real ambient condition impact: Finally, to demonstrate that our designed LSEG-
enabled ordered-disorder nanostructure is capable of real-world applications, we conducted
outdoor tests. The complex harsh outdoor conditions are a combination of mechanical (dust),
chemical (rain), thermal (large daily temperature difference), radiation (UV exposure) durability
tests. We left both the solar cell and that coated with our multifunctional nanostructure without
caring during the summer of 2017 in Las Vegas. The historical weather data are shown in the
supplemental file (Figure S11 and Table S1). After the month-long exposure, we measured the
current-voltage curve again. Remarkably, the current-voltages curve and the contact angle after
outdoor exposure were almost the same as before testing (Figure 10), highlighting that our
designed coating not only is robust in regarding preserving water repellency but also is extremely
durable for light management. For comparison, Figure 10 shows that the efficiency of the solar
cell without the multifunctional coating decreased by 56.2% due to severe degrading when
exposed to harsh environments, a common problem for flexible thin film solar cells, significantly
limiting its practical applications. The damage caused by environmental degrading is so severe
that it can even be witnessed under the microscope (Figure S12). In stark contrast, there is no
damage observed with our designed LSEG-enabled coating. In other words, besides enhancing the
solar cell efficiency, our coating also can serve as the protective layer for thin-film solar cells.
Briefly, comprehensive outdoor tests particularly suggest that the thin-film photovoltaic cells,
coated with the LSEG-enabled ordered-disorder nanostructure, possess the required mechanical,
chemical, thermal, and radiate durability.

3. Conclusion
In summary, the unique fusion of the papillae-like structures (ordered) and multilayer LSEG

(disordered), mimicking as many as key characteristics of Viola tricolor petals, not only possessed



the broadband omnidirectional light management with high transmittance and high transmission
haze and the prevention of dust accumulation, but also demonstrated exceptional robustness and
durability by retaining them under mechanical abrasion, UV exposure, corrosion, and long-time
outdoor exposure. Our studies can bridge the critical technological gap and uplift light-
management nanostructured materials to the next performance levels by simultaneously improving
the durability, longevity, and water repellency.

Finally, we need to point out that our work is bio-inspired. We did not directly replicate or
faithfully mimic Viola Tricolor. Instead, by understanding the main physics that makes Viola
Tricolor petals possess the exceptional durable light trapping and the prevention of dust
accumulation under harsh environments, we employed a hierarchical nanostructure embedded with
multilayer LightScribe-etched graphene, capable of omnidirectional light management, which
simultaneously demonstrates environmental robustness and resistance to dust accumulation.
Because of the bio-inspiring nature of our work, we can go beyond Viola Tricolor and optimize or
engineer the performance by changing the design parameters like the underneath pattern and LSEG
thickness. Since the underneath pattern can be changed, we can readily replicate other surface
patterns including rose petals, random pyramids, inverted pyramid, moth eye and add LSEG layers
on top to further improve the efficiency. ¢
Experimental Section

Synthesizing the LSEG-enabled nanostructures: PDMS was used to fabricate the transparent
nanostructures, mimicking the papillae cell sculptures, with the commercial optic disc as the mold.
Here we chose the 5:1 PDMS gel for the following reasons: (1) a higher percentage of the curing
agent makes the surface stiffer, and the stiffer PDMS has a higher replication fidelity;>’ (2) it is

thermally stable; (3) it swells less due to smaller thermal expansion.



The process was shown in Figure 3. In step 1, the PDMS gel was poured onto the Lightscribe
optical disc. We need to assure that the PDMS film was perfectly flat and did not cover up the
silver ring of the barcode on the LightScribe disc. In addition, the PDMS film should not have
stray ends that may interfere with the disc rotation. Then another regular DVD disc as the mold
was pressed onto the PDMS gel. In step 2, the PDMS was cured at 70°C for 45 minutes. Next, the
DVD mold is removed, and the DVD structure was replicated on the PDMS (step 3). 100 mg of
graphene oxide was dissolved in 27 mL of DI water and ultrasonicated for an hour until the solution
was well mixed. In step 4, dipped 15 mL of the dispersion onto the structured PDMS surface and
waited for the film to dry at room temperature for 24 hours (step 5). Next, the optical disc was
inserted into a standard DVD player and was burned for at least six cycles to effectively reduce
the graphene oxide to LSEG (step 6). Finally, the LightScribe disc was removed.

Solar cell attaching process: Thin PDMS gel (~10um) was spin-coated on the solar cell before
attaching the LSEG-enabled PDMS film to eliminate the possible air layer between the PDMS and
the solar cell’s surface.

Optical characterization: The solar cell and that with the LSEG-enabled ordered-disorder
nanostructures were tested in the Newport Sun simulator (940X1 Oriel instrument) with the AM
1.5G sunlight spectrum filter. The current-voltage relations were recorded with the Agilent
34405A and Keithley 6514 system by gradually adjusting the external resistance from 0 to 200
ohms with an interval of 10 ohms. For each resistance, we recorded the current and voltage until
they reached a steady state. We measured the [-V curves for different samples of amorphous silicon
solar cells in Figure S13, showing that there is little variation among them. Also, Figure S14
shows the I-V curves of three independent measurements of the same solar cell under the same

conditions, indicating that the measurement errors are negligible.



Solid particle test: For the mechanical friction test, 20 grams of two types of commercial sands
(Caribbean live sand 50pm~150pum and Aragonite sand 0.3mm~1mm) were released to impinge
the ordered-disorder nanostructure with a tilted angle 45° from the heights between 10 and 20 cm
for three times.

UV test: A 3D UV test chamber was used for the UV tests (shown as Figure S15). The test
chamber was equipped with four 9 watts UV lamps distributed around the chamber wall. The

specification of this test platform was listed in Table S2.

Supporting Information

The supporting information is available free of charge on the ACS publication website.

It contains: Photograph of multiple droplets deposited on the surface; The illumination of the flat
PDMS and the structured PDMS without the LSEG with lasers; The image of the solar cell with
the LSEG-enabled coating; The reflectance of the solar cells with and without the LSEG-enabled
coating; The photographs demonstrating that the water droplet slide on the coated layer at a low
roll-off angle of 2°; Water droplet wipes the dirt away from the surface with a titled angle of 2°;
The contact angles before and after the bending test; The contact angles and the I-V curves before
and after the mechanical abrasions; The transmittance before and after the UV test; The
transmittance before and after immersion in the NaCl solution; The historical weather data; The
images of solar cells before and after the environmental degradation and after mechanical abrasion;
The I-V curve of the two different solar cell samples; The I-V curves of three independent
measurements; The UV exposure test chamber; The detailed historical weather data; The

specifications of the UV test chamber.
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