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Abstract

Photonic front-coatings with self-cleaning properties are presented as means to enhance the
efficiency and outdoor performance of thin-film solar cells, via optical enhancement while
simultaneously minimizing soiling-related losses. This was achieved by structuring parylene-C
transparent encapsulants using a low-cost and highly-scalable colloidal-lithography methodology. As a
result, superhydrophobic surfaces with broadband light-trapping properties were developed. The
optimized parylene coatings show remarkably high water contact angles of up to 165.6° and extremely

low adhesion, allowing effective surface self-cleaning.

The controlled nano/micro-structuring of the surface features also generates strong anti-reflection
and light scattering effects, corroborated by numeric electromagnetic modeling, which lead to
pronounced photocurrent enhancement along the UV-Visible-Infrared range. The impact of these
photonic-structured encapsulants is demonstrated on nanocrystalline silicon solar cells, that show
short-circuit current density gains of up to 23.6%, relative to planar reference cells. Furthermore, the
improvement of the devices’ angular response enables an enhancement of up to 35.2% in the average

daily power generation.
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1 Introduction

Accumulation of dust, snow or other particles on solar panels hinders light capture and promotes
faster degradation (e.g. via hot-spot formation),l!! leading to severe unpredictability in the devices’
response and to efficiency losses (e.g. reaching 11% in 3 days and 65% after 6 months in certain power
plants). 2] This represents a significant cost in large-scale photovoltaic (PV) installations, as not only is
the power generated by the dusty panels affected, but periodic cleaning is also mandatory. Several self-
cleaning methods have been introduced to solve this problem.?! As it stands, the preferred approach
uses mechanical techniques, such as brushing, air-blowing, water-blowing and ultrasonic vibration,
which are expensive, require manual labor and have an inefficient, excessive use of water.[?
Electrodynamic screens!® that repel dust particles by applying an electric-field on the panels’ surface
have also been investigated, however, despite improving the resources’ usage efficiency, they require
high voltages (900 V) and additional circuitry, increasing complexity and costs. Other promising
approaches involve the use of super-hydrophobic/philic coatings,”1% through the extreme tuning of
surface wettability. Super-hydrophilicity can be particularly interesting for anti-fogging technologies,
while superhydrophobicity can be preferential for anti-soiling functionalities needed in PV. Inspired by
plant leaves (e.g. Nelumbo nucifera, commonly known as Lotus flower) with self-cleaning capability!*],
superhydrophobic coatings possess conspicuously low surface energy,!*? allowing water droplets to
easily roll down the coatings’ surface, carrying away any existing dust particles, thus producing a
biomimetic self-cleaning effect.[!l Moreover, as explored here, the wavelength-sized nano/micro-
structures required for the geometric-based superhydrophobic behavior are well in range with those
studied for light-trapping purposes, thence permitting improvements in the solar cells’ optical

performance.[t3-16]

The increasing interest in thin-film PV has promoted the development of lighter, flexible cells,
effectively broadening its applicability, while reducing raw material usage and production costs.[16:7]
Nonetheless, the limitations imposed by the thin absorber regions compromise photocurrent
generation due to reduced sunlight absorption. To address this issue, several light-trapping (LT)
mechanisms have been proposed,'3-1% revealing broadband optical enhancements that compensate
for the lower thickness. First, anti-reflection (AR) coatings are mainly used to improve absorption in the

UV-visible range, using gradual refractive-index matching and/or geometric index matching.[141520-22]



Secondly, scattering elements (front and/or rear placed) enable higher near-infrared absorption

through optical path length amplification within the thin absorbers.[20.22.23]

Here, we present a photonic superhydrophobic front-coating that produces a self-cleaning effect and
also enhances the optoelectronic performance of thin-film solar cells. Parylene-C [poly(chloro-p-
xylylene), henceforth parylene] was the preferred coating material, since it is an extremely stable
polymer with excellent barrier properties for encapsulation?*2° and low surface energy. Furthermore,
it benefits from optical transparency® and adequate refractive-index for AR purposes, conjoined with
outstanding flexibility and mechanical strength.!® Moreover, parylene is deposited via chemical vapor
deposition, that allows for the deposition of extremely conformable coatings at room temperature,

thus enabling its use with non-flat temperature-sensitive materials.[243031

The parylene’s hydrophobicity can be controlled by adjusting the surface corrugations (i.e.
roughness, patterned features) and surface chemical composition.[81232-341 Although several surface
treatment methods can be employed, most of them present issues that can result in low surface
uniformity or polymer degradation.! In this work, a low-cost, scalable plasma-based soft-lithography
technique — colloidal-lithography (CL)72%1 — was developed to produce a patterned honeycomb array
of tapered-cone microstructures that enable superhydrophobicity while simultaneously allowing

geometric-based AR and scattering effects.

The overall influence of the corrugations on water contact angle (CA) is described by two well-known
models — WenzelB%! and Cassie-Baxter,3®! depicted in Figure 1. The Wenzel model postulates that there
is total water impregnation within the rough surface (i.e. only a solid-liquid interface occurs at the base
of the droplet) and that introducing surface roughness always intensifies the original wetting
properties. Oppositely, the Cassie-Baxter model assumes that there is no water impregnation, so air
pockets are created in the cavities between the rough solid surface and the liquid. A given surface in
this state exhibits lower adhesive behavior than in the Wenzel state!? and a larger CA than the
corresponding flat surface, 3% allowing an easier droplet roll-off, which enables the desired self-cleaning
capability. Nonetheless, several studies3’-*° have reported the existence of a transitional wetting state,
between the Wenzel and Cassie-Baxter states, where the water droplet partially impregnates the

surface’s texture (see Figure 1).
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Figure 1 — The top sketches illustrate surface wetting in: (a) the Wenzel state, (b) transition state and (c) Cassie-Baxter

(CB) state. The bottom photos of water droplets on a hydrophobic surface show the: (d) static contact angle (CA) and (e)

dynamic CAs (receding, RCA, and advancing, ACA).

Besides surface roughness, further improvements can be achieved by changing the surface chemical
composition. The introduction of oxygen functional groups, via O, reactive-ion etching (RIE), on a
surface enhances its hydrophilicity, whereas fluorinated functional groups, via SFs RIE, intensify the
hydrophobicity.[8123441 |nterestingly, the application of O» RIE activates the surface, due to the
formation of new oxygen-related chemical bonds, which then facilitates the reaction with SFe plasma,

switching the wettability.!®!

2 Results and Discussion
2.1 Surface Modification via Plasma-based Colloidal-Lithography

The patterning approach explored here, via a plasma-based colloidal-lithography (CL) process!t7:20l
(Figure 2), allows the tailoring of surface roughness and chemistry simultaneously. The method
comprises the deposition of a closed-packed honeycomb monolayer of self-assembled polystyrene (PS)
colloidal microspheres which serves as mask for the subsequent surface patterning through RIE. This
procedure enables the precise micro-patterning of parylene with tapered micro-structured features,
having the same periodicity as the PS monolayer used as mask. In this study, two RIE procedures have
been evaluated, using either solely SFs or O, followed by a short (1 min) SFs post-RIE (henceforth O,+SFs
RIE), and the main differences regarding etching rate, microstructure’s geometry (consequently LT

properties) and influence on surface wettability were analyzed.
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Figure 2 — Depiction of the patterning of the photonic-structured parylene coating, on the transparent front contact of the
solar cells, via chemical vapor deposition (CVD) followed by colloidal-lithography (CL). The advantageous wettability and
light-trapping properties provided by the nanostructured parylene are evaluated by comparison with the uncoated (top

image) and flat parylene coated (middle image) cells.

2.1.1 Surface Topography

Using RIE in CL patterning is a particularly attractive approach to alter surface topography due to
both low processing temperature (ambient) and scalability, thus being highly advantageous for
industrial implementation. Moreover, by adjusting the RIE conditions, the selective etching of materials
and the etching directionality/isotropy can be tuned, which is paramount for the fabrication of high
aspect-ratio structures.l'”! Figure 3a,b show SEM images of the structures obtained from CL using SFe
and O2+SFe RIE. Figure S1 in Supporting Information (SI) presents additional SEM images for different
RIE times. Initially, the selectivity and directionality of the RIE process leads to the formation of
cylindrical structures beneath the masking PS microspheres. The microspheres also suffer etching with
exposure to plasma, thus reducing their diameter and progressively uncovering the underneath
structures. This subsequently leads to the lateral etching of the microstructures, ultimately forming the

tapered cone-like structures shown in Figure 3.



Both RIE procedures resulted in honeycomb arrays of tapered structures having a center-to-center
distance equal to the initial diameter (1.6 um) of the PS colloids. The influence of RIE on the
microstructures’ height is plotted in Figure 4a,b. The SEM analysis revealed that the final
microstructures presented an average height of 1.59 and 1.67 um and average base diameter of 1.08
and 1.19 um, respectively with 80 min SFe and 10 min O2+SFe RIE. However, the application of O2+SFs

RIE originated an additional random nano-roughness texture. 82429
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Figure 3 — SEM images of microstructured parylene surfaces after CL patterning with (a) 80 minutes SFs RIE and (b) 10
minutes O2+SFs RIE. (c) XPS experimental spectra and corresponding fitted carbon 1s (C1s) spectra of untreated (top), 9
minutes Oz RIE (middle) and 9 minutes O: followed by 1 minute SFs RIE (bottom) parylene surfaces.

2.1.2 Surface Chemistry Analysis

To understand the chemistry-related changes in wettability, we analyzed parylene samples with
different treatments, representative of each 0,+SFs RIE stage, employing x-ray photoelectron
spectroscopy (XPS). For this characterization, the RIE process was performed directly on the parylene,
without the PS microspheres mask, to solely analyze the chemical effects produced by RIE. Figure 3c
shows the carbon 1s (C1s) spectra and corresponding deconvoluted fitting of three parylene surfaces.

Comparing with the untreated parylene, which mostly revealed the existence of carbon and chlorine
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(C-C and C-Cl bonds at 284.8 and 285.9 eV, respectively), the O;-treated sample predictably led to a
substantial increase in oxygen atomic concentration (C=0 at 286.9 eV, O-C=0 at 287.9 eV and COs at
291.5 eV[*2]), Here, the oxygen functional groups are responsible for the increase in surface free energy,
which subsequently enhances the hydrophilicity. Two low-intensity peaks were also identified at 289.2
(CF) and 290.1 eV (CF2) which may be related to negligible fluorine contaminations in the RIE
chamber.[841421 The 0,+SF¢ RIE sample displayed a significant increase in fluorine atomic concentration
(much stronger CF and CF; peaks, and a new CF3 peak appeared at 293.7 eV[®4142]) and a decrease in
oxygen concentration, suggesting a partial substitution of oxygen by fluorine functional groups,!

mainly CF,.

The Oz plasma provided the activation of the parylene surface, subsequently allowing the reaction of
fluorine with oxygen, when exposed to SFs plasma.l®*!l The chemical inertness of the fluorinated
groups, therefore, contributes to the lowering of the surface energy, which in turn improves the

hydrophobicity.[812

2.2 Contact Angle (CA) Measurements

To enable an effective self-cleaning (water-repealing) effect on PV modules the surface must not only
exhibit superhydrophobicity (i.e. static CA above 150°), but also allow an easy water roll-off which is
assessed by the hysteresis of the dynamic CA (Figure 1).812 As such, the wetting behavior of both
microstructured parylene coatings shown in Figure 3 is evaluated by the static, advancing (ACA) and

receding (RCA) water contact angles presented in Figure 4c,d (see also Figure S2 in Sl).

The untreated parylene (i.e. without RIE application) exhibited a low static CA (95.8°). After applying
0, pre-RIE the parylene surface became superhydrophilic®? (CA<10°), causing water droplets to
completely wet the parylene which consequently precluded the CA measurement.!*! This is due to the
introduction of oxygen polar functional groups,*3°! as indicated by the XPS results (Figure 3c). The
application of 1 min of SFe post-RIE switched the surface wettability from hydrophilic to hydrophobic,
regardless of the previous O; RIE time. As expected, it was observed that increasing RIE time results in

improved static CA, exceeding 150° with 8 min of O,+SFs RIE and 70 min of SFs-only RIE.
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Figure 4 — Static and dynamic (advancing, ACA, and receding, RCA) water contact angles (black curves), together with the
hysteresis (ACA-RCA — red curves), for O2+SFs RIE (c) or SFe RIE (d) structured parylene surfaces, as a function of RIE time.
These wettability properties are compared with the height of the etched microstructures, represented respectively in the
top plots (a) and (b), which can be visualized in the SEMs of Figure 3 and S1. The error bars show the value span of each
measure. The insets in (c) show representative images of water droplets on the structured parylene coating, illustrating
the static (top photos) or dynamic (bottom photos) shape of the droplets on the untreated flat surface (left), in the Wenzel
state (middle) and in the Cassier-Baxter (CB) state (right). Both O2+SFs and SFs treatments attained similar values for the
different contact angles, albeit at quite distinct RIE times. Therefore, the droplet images are only shown in (c) and not in
(d), since they are similar for both cases. Figure S2 in S| shows more detailed droplet profiles on surfaces with different

02+SFs RIE times.

The dynamic ACA and RCA allow a deeper insight on the water droplet state, and the lower their
hysteresis (Hys=ACA-RCA) the easier is the water roll-off. These measurements indicate the presence
of three wettability states indicated in Figure 4. Looking first at the O,+SF¢ RIE treated samples (Figure
4c and S2), the initial state comprises not only the aforementioned untreated flat sample (RIE time=0),
whose wettability is governed solely by its chemical properties, thus displaying relatively low hysteresis
(16.5°), but also the samples with RIE<5 min, that present low aspect-ratio microstructures (<500 nm
height, see Figure S1). Despite showing increased static CA (140°), the hysteresis suffered a striking

increase (up to 57°), due to total water impregnation between the patterned microstructures, which is



characteristic of the Wenzel state. This translates in a pronounced pinning effect (i.e. water droplets
“stick” to the surface), which is not beneficial for self-cleaning. In the second state (RIE from 5 to 10
min), we registered a smooth CA hysteresis decrease that is related to the increasing microstructures’
height (from 500 nm to 1.4 um). In accordance with other studies,*=*? this evidences a transition state
between Wenzel and Cassie-Baxter states where partial water impregnation occurs. The last state
(RIE>10 min) is characterized by the Cassie-Baxter state, where the CA hysteresis saturated with values
below 10°, showing rather low adhesive behavior and extremely high static CA (reaching 165.6° with
12 min O2+SFe RIE). This is due to the increase of the microstructures’ height (>1.4 um), allowing an

easy droplet roll-off and, subsequently, the desired self-cleaning functionality.

Concerning the SFs-only treated surface (Figure 4d), its wettability behavior is very similar to the
previous one, differing only in the much higher RIE exposure time. The desired Cassier-Baxter state was
obtained only after 70 min RIE, however with a lower maximum static CA (155.3° with 80 min) and

higher hysteresis, as compared with the O,+SF¢ RIE of Figure 4c.

2.3 Photonic-enhanced Solar Cells

The optical properties of the microstructured parylene coatings were preliminarily assessed on
transparent substrates (glass, see section S3 of Sl), but their light-trapping (LT) effects can only be
evaluated after application on the PV devices. For that, the super-hydrophobic 10 min O,+SFs RIE
(henceforward 0,+SFs RIE) and 80 min SFe RIE (henceforward SFe RIE) coatings were integrated on
hydrogenated nanocrystalline silicon (nc-Si:H) solar cells with n-i-p (substrate-type) configuration (see
Experimental Section), having the layer structure: 120+60 nm AI+AZO (rear contact)/30+1250+12 nm

n+i+p nc-Si:H (junction)/230 nm 1ZO (transparent front contact).
2.3.1 Spectral Response

The application of the water-repealing photonic coatings on the nc-Si:H cells significantly improved
their optical absorption and external quantum efficiency (EQE) spectra, as shown in Figure 5. At short
wavelengths below 400 nm, the absorption is much higher than the EQE due to the parasitic absorption
at the cell front occurring in the parylenel% and in the transparent conductive contact (TCO) made of
indium zinc oxide (1Z0).5 This performance loss in the UV is easily atoned by the LT gains at longer

wavelengths.
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Figure 5 — Absorption (a,c) and external quantum efficiency, EQE (b,d), spectra of two representative nc-Si:H solar cells
measured before (uncoated reference, in black) and after (flat parylene, in blue) the application of the parylene top layer,
as well as after its colloidal-lithography patterning (LT parylene, in red), to enable LT and self-cleaning functionality, using
02+SFs RIE (a,b) and SFs-only RIE (c,d). The inset tables show the average absorption (a,c) and Jsc (b,d) calculated by

integration of the full measured spectra.

In the visible range (400-600 nm), the simple addition of the flat (unstructured) parylene layer on top
of the device decreases the light exiting the cells, since such layer provides an anti-reflection (AR) effect.
Namely, the refractive-index matching provided by the intermediate index (n=1.6) of parylene,
between that of air and the front I1ZO (n=1.9), provides an increase of the average total absorption,
resulting in 9.6% EQE improvement in this spectral region relative to the reference cell without
parylene. Nevertheless, with the micro-structured coating there is a much stronger suppression of

reflection, as a consequence of the more efficient geometric index matching provided by the patterned
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tapered-cone shape of the microstructures, resulting in an EQE increase of up to 21.8% in the same

wavelength range.

In the red-near-IR range (>600 nm wavelengths) further improvements were obtained from the
scattering effect provided by the photonic-structured parylene coating. Scattering redirects the light
rays away from the illumination direction, therefore disrupting the light-wave interference occurring in
the flat cells which causes the sharp peaks, observed in Figure 5, at longer wavelengths. Besides
attenuating the interference peaks, scattering enhances the optical path length of the rays inside the
absorber,[1>>2 thereby providing improved absorption (yielding up to 31.0% EQE enhancement in this
range). However, the absorption is higher than the EQE, but now mainly due to parasitic absorption in

the rear contact.

Overall, the EQE results show that the sole addition of the flat parylene layer enabled a short-circuit
current density (Jsc) enhancement up to 6.2% relative to the uncoated solar cell. Nevertheless, with the
microstructured parylene, this photocurrent gain rises to 22.8% and 23.6% using SFe RIE and O»+SFs RIE,

respectively, due to the broadband LT effects (AR+Scattering).

2.3.2 Angular Response

The cells’ angular response was analyzed to evaluate the photonic coatings for application in non-
tracking PV installations and/or in flexible thin-film PV modules mounted on curved/bendable
platforms.3! Ideally, an omnidirectional response is desired to enable maximum power output

regardless of the device’s curvature or light incidence angle (LIA).
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Figure 6 — (a,b) 1-Sun J-V curves of the solar cells before (uncoated reference, left curves) and after (right curves) coating
with the photonic-structured parylene, for illumination angles varying from 0° (illumination normal to cell’s surface) to
90° (parallell to surface), corresponding to the samples etched with (a) O:+SFs RIE and (b) SFs RIE. (c) Polar plots
representing the angular response of the cells with O2+SFs and SFes-only RIE parylene coating [labels indicated in (d)] in
terms of efficiency, Jsc, Voc and FF. The solid lines correspond to the cells with the photonic-structured parylene and the
dashed ones to the respective references. (d) Polar plots with the relative enhancements of the quantities represented in

c) with respect to the uncoated references.

Figure 6 shows the angular measurements of the nc-Si:H cells with two different LT coatings obtained
from the 9 min 0;+SFs and 80 min SFs-only RIE procedures during the CL processing. Figure 6a,b display
the J-V curves with LIA ranging from 0° (illumination normal to cell’s surface) to 90°. The first aspect
here reported is the pronounced Jsc enhancement, relative to the uncoated reference, not only for
normal incidence (in accordance with the optical gains analyzed from Figure 5), but even higher for

obligue illumination. As expected, the cells’ power output is negatively affected with increasing LIA due
12



to reflection losses. Nevertheless, the broadband AR effects, provided by the geometrical
microstructuring and refractive-index of parylene, are able to highly reduce such losses.?3! The polar
plots of Figure 6¢ show the influence of LIA on the efficiency, Jsc, fill-factor (FF) and open-circuit voltage
(Voc) of the cells, with and without (reference) the LT parylene coating, while Figure 6d shows the
corresponding relative enhancements. These results reveal that the enhancement in Jsc (and efficiency)
increases with LIA up until 40°, and the gain is considerably higher for the SFs-only etched coating with
a peak enhancement at 50° LIA of 52% (and 61%), against 41% (and 40%) for the O,+SFsetched coating.
In addition, the SFe-treated cells’ efficiency remained practically constant when increasing LIA up to 30°,
registering a decrease below 3% in relation to normal illumination, while the reference cell’s efficiency
decreased above 11%. Both Voc and FF are slightly reduced with increasing LIA, however the application
of the SFe-treated parylene coating enabled a Voc enhancement between 2.1% and 5.9% with increasing
LIA, relative to the reference cell. Consequently, it is estimated that the SFs-RIE and O3+SFs-RIE
photonic-structured coatings allow substantial enhancements of 35.2% and 29.8%, respectively, of the

average daily power supplied by the cells.

2.3.3 Electromagnetic Modelling

To gain a deeper understanding of the optical effects brought forth by the LT nanostructures, a finite-
differences time-domain (FDTD) method®¥ was employed to assess the light-device interaction (Figure
7).12053551 This simulation technique uses the experimentally-measured broadband complex refractive-
index (N=n+ik) of the device’s materials, provided in Figure S4. Here, it should be noted that the
absorption coefficient of the parylene coating was neglected (thus, its k=0), which is in general a good

approximation when simulating thin optically non-absorbent layers.

The front LT features on the micro-structured parylene were modeled as an hexagonal array
(honeycomb) of semi-spheroids with axis of revolution normal to the cell plane. The dimensions
considered in the FDTD model were obtained from a 2-part process. First, the average dimensions of
the photonic structures and composing cell layers were determined from SEM analysis. Subsequently,
an optimization procedure, using the least squares method, was used to vary the device’s dimensions
around the experimentally measured value, thus ensuring the best fitting between experimental and
theoretical measurements. The resulting values of the parameters considered in the simulations are

presented in Table S1 in SI.
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Figure 7a shows the simulated absorption of the solar cell structure coated with the microstructured
parylene and the uncoated reference. Comparing the computed absorption with the corresponding
measured spectra of Figure 5a, the first notable difference appears in the form of higher intensity
interference peaks in the FDTD results.[63 While the theoretical results consider fixed dimensions for
the parylene microstructures and cell layers, the experimental spectra are influenced by small random
variations in all the geometrical parameters of the fabricated cells across the measured area (2.5x2.5
cm). Such variations lead to less pronounced constructive interferences, as there are multiple lower
intensity interferences from the parameter dispersion, thus leading to less intense and broader
interference peaks.['7:20 Apart from this inevitable difference, there is an almost perfect match
regarding the peak positions and overall spectra behavior of the modeled and measured absorption

profiles, thence validating the discussion of section 2.3.1 regarding the optical effects at play.
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Figure 7 — (a) Absorption spectra obtained from the FDTD simulation of the reference solar cell, in black, and of the cell
with the LT layer of parylene, in red. Corresponding photogeneration rate profiles for the reference cell (b) and the LT-
enhanced cell having the structured parylene (not shown) on top of the front 1ZO contact (c).

Considering the transition from the reference to the LT-structured device, the experimental results
are accurately mimicked by the simulation. First, above 600 nm wavelengths there is an overall
absorption increase due to LT, conjoined with a lower magnitude of the interference peaks. It should
be noted that, below 400 nm wavelengths the lower simulated absorption (relative to measured one)
stems from the aforementioned approximation whereby the parylene’s absorption coefficient was kept

at 0. However, since the parylene layer has a relatively large thickness (¥6 um), its total absorption
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creates a small disparity between the experimental and simulated results in the UV range. Figure 7b,c
show the photogeneration rate profiles for the reference and photonic-coated devices, respectively.
Here, the absorption benefits brought forth by the LT structures atop the device are forthwith
evidenced when compared with its non-structured counterpart. Moreover, it is conspicuous the
significant increase in the device’s absorption occurring in the bulk of the silicon layer. Electrically, bulk
absorption is less prone to recombination losses when compared with surface absorption,®>%¢ thus
delineating that these photonic structures are not simply limited to providing optical gains. Lastly, it
should be noted that there is also an increase in the overall parasitic absorption, especially in 1ZO,

however, the aforementioned increases far outweigh these losses and hence they can be vilipended.

3 Conclusions

In this work, we have shown a simple, low-temperature, low-cost and scalable colloidal-lithography
method to engineer parylene-C coatings with encapsulating properties that endow effective light-
trapping and water-repealing functionality when applied in thin-film solar cells. We explored the use of
02 and SFe-based RIE, with masking microspheres, for the controlled patterning of parylene with

photonic structures.

The use of a 2-step 0,+SFs RIE process in the colloidal-lithography patterning allowed the formation
of the desired microstructures with much shorter RIE duration (~8 times) than a 1-step SFe-only RIE.
While the O,+SFs RIE was also advantageous regarding the resulting water-repealing surface properties,
the SFs-only RIE revealed superior light-trapping performance in the cells likely due to the more tapered
(lower aspect-ratio) shape of the resulting features which increases their scattering cross-sections. For
thin-film PV application, in view of its low-cost and high-throughput goals, the 0,+SFs would be the
preferred approach, also supported by the fact that a core value pursued in our research is the strive

for environmentally-friendly processes and solutions.

The experimental results established that surface roughness and chemistry modification from both
approaches effectively provide superhydrophobicity with contact angle of up to 165.6° with extremely
low adhesion, thus fulfilling the requirements for self-cleaning purposes. These micro-structured
parylene coatings also enable outstanding anti-reflection and light scattering properties, as verified via

FDTD simulation, that enhance the solar cells’ photocurrent by up to 23.6% with normal incident light.

15



Furthermore, the improvement of the cells’ angular response resulted in an estimated average daily

power enhancement of up to 35.2% compared with the uncoated reference cells.
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4 Experimental Methods
4.1.1 Solar cell fabrication

Substrates preparation. Glass slides with 10x10 cm were washed with a diluted MICRO-90 cleaning
solution and rinsed with ultrapure water. After sonication in acetone and isopropanol for 15 minutes

each, the substrates were rinsed in ultrapure water. Finally, they were dried under a nitrogen flow.

Deposition of rear contact. The 120 nm aluminum (Al) rear electrode of the solar cells was deposited
on the glass substrates using resistive thermal evaporation, applying a current of 160 A under 10 mbar
vacuum with a deposition rate of 0.3 nm.s™. The Al film was coated with an aluminum zinc oxide (AZO)
layer of 60 nm, deposited by radio frequency (RF) magnetron sputtering for 18 min with the conditions

listed in Table S1 in SI.

Deposition of nc-Si:H layers. The samples were then transferred to an Electtrorava plasma-enhanced
chemical vapor deposition (PECVD) system where the silicon layers were deposited according to the n-
i-p structure. A mixture of SiHs and H; defines the hydrogen dilution parameter (DH
(%)=H2/(H2+SiH4)x100). In the case of the intrinsic silicon thin film a DH=97.3% was used with a
deposition pressure (Pgas) of 1 Torr and a power density (PW) equal to 139 mW.cm™ at 75 MHz. The i-
layer thickness deposited was 1.25 um. Adding trimethylboron (TMB, B(CHs)s) or PH3 to the mixture of
SiH4 and H; produced p- or n-layers, respectively. A p-nc-Si:H layer of 25 nm was deposited with a
DH=99.29%, RTMB=TMB/(H2+TMB+SiH1)=0.56%, a Pgas=2.4 Torr and a PW=90 mW.cm2 at 13.56 MHz.
As for the n-nc-Si:H layer, the parameters were: DH=96.7%, RPH3=PH3/(H2+PH3+SiH4)=1%, Pgas=1 Torr,
PW=69 mW.cm™ at 13.56 MHz and the obtained corresponding thickness was 50 nm.

Deposition of front contact and solar cell area delimitation. Transparent conductive oxide layers,
made of 230 nm thick indium zinc oxide (1ZO), were deposited by RF magnetron sputtering for 80 min

over the nc-Si:H layers, with the conditions listed in Table S1.

To delimit solar cells of 3.5x1.9 mm, the deposition of the 1ZO front electrode was carried out using
a rectangular (PET) plastic mask with those dimensions. To assist in the external connection to the front
TCO contact, an Al pad was deposited using another mask. Finally, an SFs plasma etching treatment was
applied to remove the layer of nc-Si:H of the surrounding area, revealing the AZO—-Al back contact. SFe

was chosen as it does not affect the 1ZO layer in the dry etching process.
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4.1.2 Parylene Deposition

Parylene-C [(C16H14Cl2)n] was deposited through vacuum chemical vapor deposition (CVD), using a

PDS 2010 Labcoter 2 (Specialty Coating Systems). The final layer thickness was verified by profilometer.
4.1.3 Colloidal-Lithography

The surface patterning was performed through the use of a colloidal-lithography (CL) method
involving three steps. The first step consisted in the deposition of a self-assembled monolayer of 1.6
um polystyrene (PS) spherical colloids on the parylene surface through the Langmuir-Blodgett
techniquel®”! employing a KSV NIMA Langmuir-Blodgett deposition trough. We used 200 pL of dispersed
PS microspheres purchased from Microparticles GmbH diluted in 600 uL of ethanol, maintaining a 25
ug/mL concentration.['”! The surface tension threshold value was set to 18 mN/m and the substrate’s
pull speed was 2 mm/min. Subsequently, the parylene surface was patterned via reactive ion etching
(RIE), in @ Trion Minilock Phantom Ill, where the spheres served as physical etching mask. The RIE
conditions are presented in Table 1. In this stage, two approaches were evaluated. The first consisted
of RIE for up to 80 min with SFs and the second was performed for up to 10 min 48 s with O; (to activate
and increase the surface roughness) followed by a fixed 1 min SFs RIE (to provide hydrophobicity). This
process resulted in the formation of tapered cone microstructures on the parylene surface. The last
step is the removal of the PS spheres with IPA and deionized water. The patterned structures were

observed using a Zeiss Auriga CrossBeam Workstation scanning electron microscope (SEM).

Table 1 — Reactive ion etching (RIE) experimental parameters.

Gas Gas flow (sccm) Pressure (mTorr) Power (W)
02 50 45 50
SFs 50 45 50

4.1.4 Surface Characterization

Surface morphology analysis was performed using a Zeiss Auriga CrossBeam Workstation SEM and a
Hitachi TM 3030Plus Tabletop SEM. Surface chemical composition was acquired via x-ray photoelectron

spectroscopy, XPS (Kratos Axis Supra).
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4.1.5 Contact Angle

Both static and dynamic water contact angle (CA) measurements were performed with a DataPhysics
OCA 15 Plus, using 2 pL droplets of deionized water. The side view of the droplet was acquired by the
system and the CA analysis was subsequently performed using the Laplace-Young approximation

model.
4.1.6 Optical Characterization

The optical measurements were performed with a UV-VIS-NIR scanning spectrophotometer (PERKIN
ELMER lambda 950), using a 15 cm diameter integrating sphere to obtain the total reflectance (Ry)
spectra of the solar cells from 300 to 1100 nm. Total absorbance spectra were estimated by using the

general formula: Ar=1-Rr.
4.1.7 Solar Cell Characterization

The photovoltaic response of the test solar cells was evaluated by measuring the current-voltage (I-
V) curves with a LED Sun Simulator (Oriel Vera Sol LSH-7520) composed of 19 LEDs at individual
wavelengths spaced over the relevant spectrum from 400 to 1100 nm, supplying a 1-sun illumination
certified AAA in a 51x51 mm area. The external quantum efficiency (EQE) measurements were
performed using a Newport QuantX-300 system, equipped with a xenon lamp of 100 W, with a nominal

illumination spot size of 0.8x1.1 mm.

5 Supporting Information

Supporting Information is available.
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