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Abstract— Reflection losses and soiling of photovoltaic devices
are well known challenges that suppress their full operational
potential. Multifunctional self-cleaning light management foils
offer a concurrent solution to both subjects. Here we demonstrate
a simple processing method to fabricate a lotus leaf textured
fluoropolymer foil by nanoimprint lithography and hot
embossing. We employ nanoimprinted molds for hot embossing,
bypassing the conventional electroforming process to enable facile
prototyping. Light management qualities as well as
superhydrophobic properties are investigated by comparing non-
textured foils with lotus leaf structured and random micro-
pyramid foils. One dimensional optical simulation verified the
anti-reflective properties of the lotus texture. Implementing the
lotus leaf textured foil to the sun facing air-glass interface of liquid-
phase-crystallized silicon thin-film solar cells was found to induce
a broadband antireflective effect and increase the short-circuit
current density Jsc up to 3.4% (relative). At the same time, the
water contact angle of the planar glass superstrate was improved
from 47° to superhydrophobic 157° by the attached lotus foil.

Index Terms—Fluoropolymer foil, hot embossing, light
management, lotus effect, nanoimprint lithography, silicon, thin-
film solar cell.

[. INTRODUCTION

HE primary light collection potential of a photovoltaic

(PV) device is essentially determined by the property of its

sun- and weather-facing surface. Appropriate design of the

surface texture is necessary to fulfill multiple functions

simultaneously. In the ideal case, the front surface consists of a

weather-stable and industrially relevant material, exhibits self-
cleaning abilities, and allows minimizing optical losses.

Dust accumulations on photovoltaics modules can cause
considerable optical and electrical losses, with the consequence
of reduced power generation, if not treated in time[1]-[3]. This
issue has been addressed by various approaches ranging from
active measures such as manual cleaning, robot cleaners to
passive self-cleaning solutions like anti-soiling spray coatings
or implementation of superhydrophobic textures [4]-[7]. Latter
are characterized by large water contact angles (CA) (>150°)
and small roll-off angles (RA) (<10°), forming a highly water-

This work was supported by the European Regional Development fund and
the state government of North Rhine-Westphalia in the framework of the Up-
LLPC Project (grant nos. EFRE-0800580 and EU-1-2-037C)

D. Yoo, S. Garud, C. T. Trinh, D. Amkreutz, C. Becker are with Helmholtz-
Zentrum Berlin fiir Materialien und Energie GmbH, D-12489 Berlin, Germany

repellent surface that enables dust particles to be flushed down
with the help of water [8], [9]. Especially the RA is an essential
factor for self-cleaning function, as it determines the critical
tilting angle, upon which the water droplet begins to slide down
a surface. Therefore, the RA of a self-cleaning PV surface must
be designed to be smaller than the tilt angle of the module.

The described surface properties can be found in many
organic surfaces of plants which naturally develop hierarchical
structures, a  thoroughly studied prerequisite  for
superhydrophobic  surfaces [10]. On superhydrophobic
surfaces, water droplets are in the Cassie-Baxter regime, in
which the structural cavities underneath the droplet are filled
with air, minimizing the contact area between liquid and surface
[11]. This enables the droplets to easily roll-off the surface and
form a fundamental component for self-cleaning.

In addition, these organic textures were reported to not only
exhibit excellent self-cleaning, but also to reduce reflection
losses and hence significantly improve the optical performances
when employed to solar cells [12], [13]. For this reason, various
types of bio-inspired [14]-[18] and bio-replicated [19]-[21]
textures have been investigated in the context of photovoltaics.
Some studies investigated bio-replicated plant leaf structures on
solar cells solely for optical reasons [22], [23]. Among bio-
inspired structure templates lotus leaves (Nelumbo nucifera) are
especially attractive due to their hierarchical double-texture,
which excels in both optical properties as well as self-cleaning
function, providing a multifunctional solution for PV [12], [19],
[24]-[29]. Inspired by the Ilotus texture, various
microfabrication processes were developed to create an
artificial double-texture and exploit its light-scattering ability
for anti-reflection as well as anti-wetting properties [28], [30],
[31]. Furthermore, its abundance and the leaves reaching
diameters of up to 80 cm, create an optimal platform for large
scale reproduction in photovoltaics [32].

To become a relevant solution for PV, multifunctional
textures must be present in a material, which can withstand the
demanding environmental and operational conditions of the real
world. Efficient light management foils on various PV
technologies have been proposed but the industrial applicability
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of the investigated materials is often times neglected [33]-[36].

In this context, thermoplastic fluoropolymers foils have
become increasingly the material of choice, as they offer
application flexibility, excellent chemical and mechanical
durability, as well as optical properties, highly suitable for PV
application [14], [16], [20], [37]-[40]. Even simple
fluoropolymer nano-coatings on glass were shown to be anti-
reflective due to their low refractive indices, softening the
optical transition in the air/glass interface [41], [42].
Additionally, non-textured fluoropolymers were reported that
exhibit hydrophobic contact angles (>90°) arising from their
low surface energy [16], [41], [43]-[45]. Implementing textures
was described not only to improve anti-wetting properties but
also to improve broadband anti-reflection due to light scattering
[14], [37]. Furthermore, being already established materials in
the construction industry, the availability and reliability of
fluoropolymers are also assured [46]

To date, the conventional method of micro replication in
thermoplastic fluoropolymers is based on hot embossing, a
compression molding process in which a polymer film is heated
to its melting range and compressed into a microstructured
mold. Starting from the basic plate-to-plate setup to high
throughput modifications such as roll-to-plate or roll-to-roll
embossing, a variety of technologies have emerged [47].

However, conventional hot embossing machines involve the
use of large embossing forces combined with electroformed
metal mold inserts, which can withstand the exposed forces.
Electroforming of microstructures is a delicate process that
requires precisely controllable electroplating equipment for
reliable results and long deposition times, especially for the
macroscopic thickness (several millimeters) needed [48]-[53].
Alternative molds, so called “intermediate mold inserts” in
polymer materials have been reported to enable rapid
prototyping in research applications [54]-[56].

A faster and accessible mold replication process, avoiding
long-lasting electroforming processes and the option to work
with reduced forces would greatly facilitate research and
development of bioinspired foils for photovoltaic modules.

In this work, we demonstrate a facile fabrication process,
replicating the texture of lotus leaves and random pyramidal
textures to fluoropolymer foils with areas up to 36 cm? by
means of nanoimprint lithography (NIL) and hot embossing. By
employing reusable nanoimprinted glasses as alternative mold
inserts, we provide a time-efficient and simple processing
method for prototyping structured fluoropolymer foils for PV
application. Via contact angle measurements we demonstrate
superhydrophobic behavior of the lotus leave structured
fluoropolymer foils. We further investigate light management
qualities of lotus leaf and random pyramidal microstructures in
optical simulations as well as in experiment. We modularly
attach the microstructured foils to liquid-phase crystallized
silicon (LPC-Si) solar cells and analyze their reflectance,
external quantum efficiency and current-voltage characteristics.
The fundamental experimental characteristics were studied in a
previous conference proceeding [57]. The present work
complements the foregoing study with detailed information on
the processing scheme and analysis of the replication process.
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Fig. 1 Schematic illustration of the illuminated glass superstrate configuration
of the solar cell with THV lotus foil attached with PDMS. The detailed layer
stack of the solar cell is given in the grey inset. Note that the colored layers
are highlighted due to their relevance in the optical simulation (cf. Fig. 7)

Moreover, optical simulations are performed to quantify the
optical performance of the lotus structure. The experimental
data is expanded with supplementary characterization of
additional solar cells to demonstrate the modular nature and
flexibility of the light management foils.

II. METHODS

A. Solar Cell Fabrication

High performance LPC-Si solar cells require buffer layers
between silicon and the glass substrate, appropriate
crystallization conditions and an optimized contacting scheme.
In this work, two different solar cells with varying doping levels
of the silicon absorber are fabricated, which are referred to
device A and B. First, a layer stack of 220 nm SiOy /65 nm
SiNyx/10 nm SiO.Ny is deposited on Eagle XG glass substrates
(Corning) via plasma-enhanced chemical vapor deposition
(PECVD). This multifaceted layer stack has been discussed in
[58]. Secondly, electron-beam evaporation is used to deposit
intrinsic silicon of the desired thickness (15 - 17 pm in this
work) at a high rate of deposition (600 nm/min). Next, the
desired doping is introduced by the deposition of a dopant
source via PECVD, which is 80 nm of phosphorous doped a-
Si:H(n+) layer in this case. Doping of the bulk silicon occurs
during the liquid-phase crystallization and is measured to be 7.7
+2.7x 10" cm™3 and 1.0 + 0.6 x 10'° cm™ for device A and B,
respectively. Previous studies have demonstrated the
significance of doping levels on vital device properties [59].
Finally, 100 nm of SiOy is deposited as a capping layer, which
prevents agglomeration and dewetting during the crystallization
process. The silicon bulk is crystallized with a line-shaped,



|. Stamp Fabrication

Flatten lotus leaf

Cast PDMS and cure at 25 °C

Peel off negative PDMS stamp
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Fig. 2 Schematic illustration of lotus leaf texture replication with via soft lithography and subsequent pattern inversion. I. Fresh lotus leaf is flattened on a glass
substrate and replicated with PDMS. II. PDMS stamp is immersed in Sigmacote to form antiadhesive layer on the surface. Subsequent PDMS casting on the
silanized PDMS stamp and thermal curing process results in a positive stamp. III. Nanoimprinted mold fabrication sequence via UV-NIL. An even layer of
Ormocomp is applied to the glass substrate. The inverted positive stamp is then placed on the resist and cured under UV exposure. After thermal curing, the

negative lotus imprint is a ready-to-use mold insert.

continuous-wave diode laser with a wavelength of 808 nm and
power density of 1.48 kW/cm?. Details of all chemical cleaning,
texturing and etching steps can be found in [60]. The contacting
layers are based on a silicon heterojunction interdigitated back
contact architecture (SHJ-IBC). It requires two PECVD steps
and three photolithography steps. Cells with a designated
illumination area of 1 cm x 0.6 cm were made on 5 cm X 5 cm
substrates. Some areas of the electron contact were laser-fired
to reduce contact resistance [61]. For more details on contact
fabrication and laser firing, the reader is referred to [60], [62].

B. Nano-imprint Lithography and Structure Inversion

Multifunctional lotus light management foils are fabricated
by first replicating the biotexture via nano-imprint lithography
(NIL) and subsequently transferring the structure via hot
embossing to the target material. Fig. 2 displays the initial
stamp fabrication process, in which a freshly cut leaf of
Nelumbo nucifera (Botanischer Garten Berlin) is flattened on a
glass substrate using a double-adhesive tape.

A layer of liquid poly-dimethyl siloxane (PDMS) (Wacker),
mixed in a matrix to crosslinker ratio of 9:1, is cast to the
prepared lotus leaf and cured for 24 h at room temperature. The
PDMS stamp carrying the negative lotus texture is peeled off
and cut to a 6 x 6 cm? square. To fabricate a lotus foil carrying
the positive structure via hot embossing, a negative of the
master structure is required, as the structure is inverted during
the process. Therefore, the cast lotus stamps are inverted via
solution based silanization and subsequent soft lithography to
fabricate a negative lotus imprint. The lotus stamp is first
surface activated with an oxygen plasma provided by an
inductively coupled reactive ion etcher (ICP-RIE) (Plasmalab
8000, Oxford Instruments). Following processing parameters
were used: ICP power of 100 W, RF-power 200 W and a
forward bias of 100 V, 7 = 1 min.

The surface activated PDMS stamp is then immersed in the
siliconizing solution Sigmacote (Sigma-Aldrich) until fully
saturated and air-dried in a fume hood. Sigmacote is a solution
of heptane and 1,7-Dichloro-1,1,3,3,5,5,7,7 octamethyl-
tetrasiloxane. In the last step, a liquid PDMS mixture (9:1 ratio)
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Fig. 3 Confocal laser scanning microscope images of THV lotus foils (A) in laser image and (B) overlayed with height information. Incomplete, “cut off”
structure of FEP lotus foils (C) in laser mode and (D) overlayed with height information. Pyramid structure recorded with 150x magnification in (E) THV and
(F) FEP.
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is cast onto the silanized PDMS stamp and cured for 20 min at
70 °C. A covalent thin-film anti-adhesive layer is formed and
the positive PDMS stamp can be separated from the silanized
stamp.

In the third stage the UV curable NIL-resist Ormocomp
(microresist technology) is applied to a 10 x 10 cm? Eagle XG
(Corning) glass substrate and evenly distributed with a custom-
made blade coater. The inverted PDMS stamp is then carefully
applied to the resist and illuminated with UV light for 10 min.
It is crucial to avoid any formation of air bubbles at this stage.
After the exposure, the lotus imprint (negative texture) is
thermally cured for 20 min at 130 °C. The fabricated artificial
lotus leaf serves as mold insert in the final hot embossing step.

C. Hot Embossing
Fluoropolymer

foils are hot embossed with the

Fig. 4 A Schematic illustration of embossing stack clamped between two
metal plates with 100 N load and resulting embossed fluoropolymer with
positive lotus structure. B Photograph of 5 x 5 cm? lotus foil in THV.

-,

nanoimprinted lotus mold inserts. The foils are heated close to
the melting point and the texture is transferred by applying a
loaded force. In this work, two variations of fluoropolymers are
investigated, namely fluorinated ethylene propylene (FEP)
(refractive index n = 1.34) (DuPont) (d = 127 pm) and the
terpolymer of tetrafluoroethylene, hexafluoropropylene and
polyvinylidenefluoride (THV) (nowofol) (refractive index n =
1.36) (d = 150 pm).

The texture transfer is carried out with a custom-made
embossing setup, which allows clamping the embossing stack
between two metal plates as shown in Fig. 4A. The imprinted
negative master is placed on the lowest level, followed by the
fluoropolymer and a layer of planar PDMS on top. Latter
ensures an even distribution of the loaded force and levels out
the naturally occurring waviness of the lotus leaf (especially at
the leaf veins). Beginning at a material specific starting
temperature (Table I), the clamped embossing stack is heated
on a conventional laboratory hot plate at a ramping rate of 12.5
°C/min and loaded with a force of 100 N and held for 5 min
upon reaching the target embossing temperature. Note that the
small load preserves the simplicity and feasibility of the process
with imprinted mold inserts using standard laboratory
equipment. The setup is then cooled down for a minimum of 30
min before the embossed foils are peeled off the master. In the
final step, the embossed foils are reinserted in the embossing
setup clamped between two planar PDMS layers to flatten the
foil for 5 min at elevated temperatures (Table I) [45].

Pretests suggested that the adjusted temperature of the hot
plate deviated by approx. 40 °C from the experimentally
determined melting temperatures. This effect can be attributed
to heat dissipation in air and the metal plates. The specified
embossing temperatures are therefore according to the hotplate
display.



VARIOUS PROCESSING TEMPERATURES FOR HOT EMBOSSING FEP AND THV

TABLE I

Melting Starting Embossing Flattening
Temperature] Temperature | Temperature | Temperature
FEP 270 °C 100 °C 330 °C 125°C
THV 125 °C 75 °C 175 °C 90 °C

D. Characterization

The surface topography of the NIL-replicated and embossed
lotus textures was investigated with a Keyence VKX400
confocal laser scanning microscope. The morphological
properties of the microscopic images were determined with the
software MultiFileAnalyzer (Keyence). Using the drop shape
analyzer DSA25B (Kriiss) water contact angles were
determined with the Young-Laplace equation. To determine the
corresponding water roll-off angles, a digital protractor
Acromaster 40 (Laserliner) was mounted to the sample stage.
RA was then analyzed depositing 13 ul water droplets and
tilting the protractor at a tilting rate of ca. 3° per second until
the droplet started to creep down the surface. For solar cell
characterization, the embossed fluoropolymers were adhered
with a thin layer of PDMS on the sun facing glass superstrate
of the LPC-Si solar cells, which is schematically illustrated in
Fig. 1. Current-voltage characteristics were measured with a
WXS-156S-L2 class AAA solar simulator of Wacom
Electronic Company under one sun AMI1.5g illumination.
Transmission and reflectance properties were analyzed with a
PerkinElmer Lambda 1050 photo-spectrometer. External
quantum efficiency (EQE) was measured with a custom-made
setup with an illumination area of 10 x 10 cm?.

E. Simulation

The simulation software GenPro4 was used to perform
optical loss simulations. Textured surfaces are considered by
implementing ray and wave-optics to generate a scatter matrix
from the height profile of the lotus structure. The photon
absorption profile in the absorber material is treated as a 1-D
cross-section. Refractive indices were adapted from the native
database of GenPro4 and from ellipsometry studies [63][64].

III. RESULTS & DISCUSSION

A. Fabrication Process

In the first step we evaluate the results of the embossing
process by microscopic analysis of the replicated textures. To
assess the relative performance of the fabricated lotus foils,
both materials were additionally embossed with micropyramid
imprints. The micropyramids were imprinted from potassium
hydroxide etched silicon wafers.

Fig. 3A-D displays the microscopic topography for both
lotus embossed materials. The embossed lotus texture in THV
(Fig. 3A, B) is characterized by randomly distributed bio-cones,
each greatly varying in size and shape. The structural properties

FEP planar (114°) THV planar (97°)

D

FEP Lotus (154°) THV Lotus (157°)
Fig. 5 Water contact angles approximated by Young-Laplace equation for (A)
planar glass, (B) FEP planar, (C) THV planar, (D) FEP Pyramid, (E) THV
Pyramid, (F) FEP Lotus (incomplete, “cut off” structure), (G) THV Lotus.

are conformal to previously taken images of lotus leaves,
underlining a successful replication of the lotus texture. In
contrast, the FEP lotus foils in Fig. 3C, D show a significant
structural deficiency compared to the master structure.
Although the basic features of the lotus structure are
recognizable, it is noticeable that the sharp tips of the bio-cones
are predominantly missing. Feature size analysis (peak to
valley) on the investigated surface area show the average height
of bio-cones in the lotus master structure to be 11.1 ym. A
corresponding analysis reveals that THV lotus foils reach 91%
(8.3 um) of the average height, while the average size in FEP is
found to reach only 75% (7.3 um). The replicated
micropyramids depicted in Fig. 3E, F show similar trends to the
prior measurements. A large part of the pyramids in FEP (Fig.
3F) are replicated with incomplete formation of the tips.
Equivalent feature size analysis shows the pyramid master
structure average height to be 0.9 um. This value is reached by
95% (0.85 pm) in THV foils, while the FEP pyramids reach
88% (0.79 um) of the original height. A high comparability of
the morphology was ensured by introducing scratch marks to
the master structures prior to hot embossing and enabling the
analysis of identical sample areas. Therefore, the described
statistical evaluation provides a good orientation for the



reproduction quality. Based on the microscopic analysis of the
fabricated foils we conclude that our processing setup is well
suited to transfer the lotus and pyramid structure to THV with
surface areas of up to 6 x 6 cm?, but not sufficient to fully
replicate same structures in FEP. Due to the high melting point
of FEP and considering the aspect ratio of the lotus structure,
an embossing force several magnitudes higher is suggested
[65].

B. Contact Angle & Roll-off Angle Measurements

To investigate lotus foils as potent multifunctional module
cover sheets we assess the wetting property by static contact
angle and roll-off angle measurements. The contact angle of
both materials FEP and THV with varying surface structures
are depicted in Fig. 5 and selected roll-off angle measurements
in Fig. 6. The glass surface of the planar reference cell shows
hydrophilic property in which the CA is 48°. Non-textured
THYV foils exhibit hydrophobic CA of 97° and large RA of 84°.
In comparison, non-textured FEP foil is intrinsically more
hydrophobic with a higher CA of 115° and RA of 43°. This
strongly emphasizes the importance of the intrinsic surface
energy of the chosen material, but the RA measurements also
illustrate that hydrophobic contact angles are not necessarily
associated with small roll-off angles. With the introduction of
pyramid textures, the CA improves to 130°, but increases RA
>90°. Here, the droplet is pinned to the surface and remains
stable in this state beyond 90°. The same structure increases the
CA in FEP to 127° and reduces the RA to 31°. This is an
improvement of the RA by 10° compared to non-textured FEP.
Finally, by implementing the lotus texture in THV results in a
superhydrophobic CA of 157° but also leads to pinning of the
water droplet and hence a RA >90° (Fig. 6D). FEP textured with
cut off lotus texture, also exhibits a superhydrophobic contact
angle of 154° and RA >90°.

The phenomenon of pinned droplets can be explained by a
wetting transition from the Cassie-Baxter state to the Wenzel
state, in which water penetrates the cavities of the underlying
texture. Structuring THV, which intrinsically exhibits large RA,
lowers the wetting transition barrier, favoring the Wenzel state
and thereby worsening the RA [66].

However, to test the effect of a fully replicated lotus structure
in FEP, the embossing temperature was increased from 330 °C
to 350 °C, while the force was kept constant. As shown in Fig.
6F the adjusted processing temperature results in a low RA of
8° along with a high CA of 158°. These values are comparable
to fresh lotus leaves in nature [67], [68]. These results are also
in line with the observations from [45], which reports the
correlation of roll-off angle and embossing temperature, as this
contributes significantly to the quality of the structure
replication.

To assess the actual self-cleaning function, extensive tests are
required to simulate the soiling and cleaning behavior with
realistic environmental conditions. These tests will be the
subject of future work.

C. Optical Simulations
The lotus surface profile measured with confocal laser

FEP planar (43°) THV planar (84°)

FEP Lotus ,cut off* (>90°) THV Lotus (>90°)

FEP Pyramid (32°) FEP Lotus (8°)

Fig. 6 Water roll-of angle measurements with 13 pl droplet for (A) FEP planar,
(B) THV planar, (C) FEP Lotus (incomplete, “cut off” structure), (D) THV
Lotus, (E) FEP Pyramid, (F) FEP Lotus.

scanning microscope was used to approximate the textured
interface and generate an optical scatter matrix. This allowed us
to calculate absorption, reflection, and transmission in the LPC-
Si solar cell layer stack (Fig. 1). To quantify the optical solar
cell performance, we calculated implied photocurrents /,, by
integrating the corresponding reflection, transmission, and
absorption in the absorber and supporting layers over the
AM1.5 solar spectrum.

1200 nm

Joni = € f ®pvirs () A:(2) dA €
300 nm

where e is the elementary charge, ®ami.s(A) the spectral
photon flux under AM1.5 illumination, A; the absorption in the
i layer in the device. For detailed information on the modelling
theory, please refer to [63], [69]-[71].

The simulation of the planar reference and lotus foil attached
device are illustrated in Fig. 7. Implementing the lotus foil, a
significant improvement is observed in the blue area, in which
the absorptance of the LPC-Si absorber layer is enhanced by 2.2
mA/cm? compared to the reference device. The increased
absorption can be attributed to three factors improving the light
in-coupling at the front surface. The first fundamental
antireflective effect arises from using a stack of low index
materials. Due to the lower refractive index of THV (n = 1.36)
relative to the underlying layer of PDMS (n=1.43) and glass (n
= 1.51), a graded index effect is introduced. The second
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Fig. 7 1-D simulation optical loss analysis for (A) planar reference and (B) lotus
foil attached LPC-Si solar cell. The insets show photocurrent generation and
loss profiles derived from the absorption spectra.

contribution comes from the presence of scattering structures,
which increase the probability of reflected photons to be
redirected to the surface, rather than being backscattered to the
air. The third factor is light trapping, in which photons are
scattered at the lotus structure giving rise to light path
enhancement in the solar cell absorber layer.

D. Solar Cell Characteristics

After calculating the potential optical loss reduction, we
experimentally assessed the light management effect of the
structured fluoropolymer foils laminated on LPC-Si solar cells.
Due to the better structural fidelity in THV with the fabrication
method presented here and highly comparable optical
properties of THV and FEP, LPC-Si solar cells were assembled
and characterized with THV. For comparability and validation
of the foils, we employ two different LPC-Si solar cells referred
to devices A and B. For detailed information on both devices
the reader is referred to section II.A. For quantification of the
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Fig. 8 J-V characteristics of LPC-Si solar cells A (solid lines) and B (dashed
lines) in planar configuration without foil (black), attached with lotus (red),
pyramid (blue) and planar THYV foil (gray). The inset shows a detailed view of
Jsc for better clarification.

antireflective effect solely arising from the low index material,
untextured THV foils were incorporated. To assess the relative
performance of lotus foils in comparison to already established
light management structures, THV was also embossed with
micropyramids, imprinted from potassium hydroxide etched
silicon wafers. Due to the modular nature of the foils, the
measurements were performed each time on the identical cell
by reversibly attaching 1.5 x 1.5 cm?foils, sufficiently large to
cover the active area, with PDMS to the sun facing glass
superstrate of the solar cell. This ensured the best possible
comparability. First, the effect of each foil on the electrical
performance is analyzed by recording current density-voltage
(J-V) characteristics. Fig. 8 shows J-V characteristics for each
foil variation implemented to both devices A (solid lines) and
B (dashed lines). Improvements of the current density Jsc and
the corresponding increase in power conversion efficiency
(PCE) are observed for all set of foils compared to the planar
reference without foil in both measured devices. For device A,
implementing the planar THV foil already increases Jsc from
26.4 mA/cm?to 26.8 mA/cm?, corresponding to a gain of 1.5%.
By texturing the foil Jsc is further increased to 27.3 mA/cm?
(3.4%) and 27.5 mA/cm? (4.2%) for the lotus and pyramid
structure, respectively. Detailed device properties are
summarized in Table II. For the second device B, which has an
intrinsically higher Jsc of 30.6 mA/cm? the planar THV foil
improves the current density from 30.6 mA/cm?to 30.9 mA/cm?
(1%), whereas employing the lotus and pyramid foils enhance
Jsc to 31.3 mA/cm® (2.3%) and 31.7 mA/cm? (3.6%),
respectively. In both devices a significant gain in device
performance can be attributed to the implemented surface



textures. The structure dependent antireflective effects, as
discussed in section III.C, are quantified by the relative Jsc gain
of both structured foils to the planar THV devices.

The relative gain achieved in similar works employing textured
fluoropolymer foils, is in the same order of magnitude. Despite
of using different PV architectures such as CIGS and
multicrystalline silicon modules, the relative gain of short-
circuit current and current density were ranging from 3.1 —4.6%
[14], [37].

To further resolve enhanced light in-coupling and improved
device characteristics, 1-Reflectance (1-R) and EQE
measurements are presented in Fig. 9. All employed foils
promote broadband antireflective effects as concluded from the
1-R measurement. The highest reduction of reflection is
achieved by the pyramidal textured foil, closely followed by the
lotus textured foil. As expected, even the planar THV foil
records a small reduction of reflection. Furthermore, the
broadband antireflective effect translates to improved EQE in
all devices compared to the planar reference (without foil). The
optical measurements coincide with the observations from the
current-voltage characteristics (Fig. 8) in which the pyramid
structure is performing marginally better than the lotus foil. A
substantial difference between both structured foils and the
non-textured foil underlines the additional optical enhancement
solely arising from the structures.

The experimentally quantified device improvements also
agree with the 1-D optical simulations shown in Fig. 7. Note
that absolute values from experiment and simulations may
differ as latter is a purely optical model to calculate the
maximum achievable short circuit current, neglecting electrical
device properties such as charge carrier collection and thereby
assuming an internal quantum efficiency of unity.

A comprehensive study on the angle dependent optical
performance of the lotus foil and the resulting device
performance is in progress and will be the subject of our future
work.

TABLE II
SOLAR CELL PARAMETERS OF LPC-SI SOLAR CELLS DEVICE A AND B WITH
MODULAR AR FOILS ATTACHED TO THE AIR-GLASS INTERFACE.

. Jsc A Jsc Voc Fill Factor PCE
Device (mA/em?] | [%] | (V] %] (%]
Reference 264 - 0.63 71.6 11.9

A Planar Foil 26.8 1.5 0.63 71.7 12
Lotus Foil 273 34 0.63 71.8 12.3

Pyramid Foil 27.5 4.2 0.63 71.6 124
Reference 30.6 - 0.63 62 11.9

B Planar Foil 30.9 1 0.63 61.7 12.1
Lotus Foil 313 2.3 0.63 61.5 12.3

Pyramid 31.7 3.6 0.63 61.2 124

IV. CONCLUSION

In this work we have demonstrated the fabrication and
integration process of fluoropolymer foils with bio-replicated
lotus leaf structure to LPC-Si solar cells. We showed that the
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Fig. 9 External quantum efficiency and 1-Reflectance of (A) device A and (B)
device B, both attached with lotus (red), pyramid (blue) and planar (grey) foil
- the reference device is represented by the black line.

multifunctional properties by optically enhancing device
performances and forming superhydrophobic surfaces. We
specifically configured the processing setup to enable hot
embossing with nanoimprinted mold inserts for fast
prototyping bio-replicated light management foils. To match
such conditions, the applied force was fixed to 100 N,
sufficient to replicate foils of up to 6 x 6 cm? Structural
analysis via CLSM revealed that the lotus structure was
replicated with much higher fidelity in THV than in FEP,
where the structural features were predominantly cut off.
Attaching the THV lotus foil led to a broadband reduction
of reflection and increased the short-circuit current density of
solar cell devices up to 3.4% (relative). This is slightly below
the performance of pyramid structured foils used as reference,
which increased the short-circuit current by 4.2%. Optical loss
analysis using the 1-D simulation software GenPro4 confirmed
the antireflective effect of lotus structured fluoropolymers,



predicting a theoretically higher potential gain by 6.2%.

Contact angle and roll-off angle measurements have revealed
the importance of the interplay between material and structure:
The lotus textured foils reached superhydrophobic contact
angles of 157° in THV as well as 154° in FEP, despite the
structural deficiency of the latter. Nevertheless, we could not
initially reproduce the small roll-off angles of the lotus leaf in
either material and observed pinning of the water droplets.

Although the lotus texture was replicated with high structural
resolution in THV, superhydrophobic roll-off angles could not
be achieved. However, by increasing the embossing
temperature, we succeeded in replicating the complete lotus
texture also in FEP, which resulted in the desired
superhydrophobic properties i.e., large contact angle (>155°)
and small roll-off angle (8°). The increase of the process
temperature was crucial, as it governs the structure resolution,
especially at moderate embossing forces [48].

From this observation, we conclude that perfect patterning
does not necessarily correlate with small RA, but also strongly
depends on the intrinsic material properties.

Hence, lotus foils offer optical enhancements comparable to
state-of-the-art light management textures, while exhibiting
large self-cleaning potential if an appropriate material is
chosen. Moreover, our method proved to be a facile processing
routine of light management foils and offers great flexibility
due to the simple setup. The investigated process can be easily
adapted to a various range of bio-structures and scaled up to
intermediate module sizes (30 x 30 cm?), providing a platform
for the technological transition to industrial production. Finally,
based on our present findings we intend to conduct outdoor tests
under real world conditions to quantify the effective
multifunctional performance.
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