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ABSTRACT: We propose two-dimensional periodic conical micro-
grating structured (MGS) polymer films as a multifunctional layer (ie.,
light harvesting and self-cleaning) at the surface of outer polyethylene
terephthalate (PET) cover-substrates for boosting the solar power
generation in silicon (Si)-based photovoltaic (PV) modules. The g
surface of ultraviolet-curable NOA63 MGS polymer films fabricated by
the soft imprint lithography exhibits a hydrophobic property with
water contact angle of ~121° at no inclination and dynamic
advancing/receding water contact angles of ~132°/111° at the
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inclination angle of 40°, respectively, which can remove dust particles

or contaminants on the surface of PV modules in real outdoor environments (i.e., self-cleaning). The NOA63 MGS film coated
on the bare PET leads to the reduction of reflection as well as the enhancement of both the total and diffuse transmissions at
wavelengths of 300—1100 nm, indicating lower solar weighted reflectance (Rgy) of ~8.2%, higher solar weighted transmittance
(Tsw) of ~93.1%, and considerably improved average haze ratio (H Avg) of ~88.3% as compared to the bare PET (i.e,, Rgy ~
13.5%, Tsw ~ 86.9%, and Hy,, & 9.1%), respectively. Additionally, it shows a relatively good durability at temperatures of <160
°C. The resulting Si PV module with the NOA63 MGS/PET has an enhanced power conversion efficiency (PCE) of 13.26% (cf,,
PCE = 12.55% for the reference PV module with the bare PET) due to the mainly improved short circuit current from 49.35 to
52.01 mA, exhibiting the PCE increment percentage of ~5.7%. For light incident angle-dependent PV module current—voltage
characteristics, superior solar energy conversion properties are also obtained in a broad angle range of 10—80°.
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1. INTRODUCTION

Light harvesting in photovoltaic (PV) cells, which convert
incoming solar photons to charge carriers, as an eco-friendly
energy generation device has become crucial with the
continuous improvement of cell design by coupling as much
light as possible into the cell for effective enhancement of
power conversion efficiency (PCE)."™* For this purpose,
efficient broadband antireflection coatings (ARCs) are required
on externally facing surfaces of PV cells to suppress Fresnel
surface reflection losses. Most PV cells are packaged by cover-
substrates (i.e., glasses, plastics, etc.) and adhesive glues for
protection from exposure to external shock, heat, ultraviolet
(UV) irradiation, and corrosive acidic rain in harsh outdoor
environments.>~’ In this respect, the ARCs should be also
considered to reduce the reflection in PV module (panel)
systems. However, conventional thin film ARCs using dielectric
materials, which have some disadvantages such as poor or
reduced substrate adhesion on certain materials, sensitivity to
thickness variations, and material selection as well as narrow
low reflection band for incident wavelengths and angles,*” may
not be suitable in practical harsh environments. As an
alternative of conventional ARCs, over the past few years,
there has been much research on the nano- or microtextured
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surfaces with efficient antireflection and light scattering
properties for the PCE enhancement of PV cells or
modules.'”™"” Particularly, bioinspired micrograting structures
(MGS) with a tapered architecture can reduce the surface
reflection in wide ranges of incident wavelengths and angles
due to the formation of a gradient effective refractive index
profile between air and the bulk surface, and thus the
transmission can be enhanced for transparent substrates.'”’ >
Besides, these microstructures can extend effective optical light-
paths and promote diffuse lights in the absorption layer of PV
modules, while keeping high total transmission (e.g, high
haze).'”"%°

Soft imprint lithography has been widely employed to
transfer nano- or micropatterns onto the UV-curable polymers
from master molds using conformable and elastomeric poly
dimethylsiloxane (PDMS) stamps, which have many advan-
tages including low free surface energy, flexibility, transparency,
and hardness because of its relative simplicity, low-cost, scale
tunability, and high-throughput production®** as compared to
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the other expensive and complicated patterninzg methods such
as electron beam (e-beam),” nanoimprint,***> or photo®®*’
lithography, colloidal spheres,”** metal nanoparticles,*”*" etc.,
for etching mask patterns and subsequent dry etching
processes. Also, once master molds and stamps are fabricated,
they can be repeatedly used for pattern formations. Besides, the
large-scale fabrication techniques of master molds and polymer
stamps with nano- or micropatterns have been developed by
roll-to-roll and roll-to-plate processes using the soft imprint
lithography,>** which would facilitate the mass-production of
large-sized PV panels. However, to realize master molds with
nano- or microarchitectures, in general, various patterning/dry
etching processes are required.” ' Among these patterning
methods, the photo lithography is a relatively simple, fast, cost-
effective, easy-controllable, and large-scale technique without
any post heat or chemical treatments as compared to e-beam or
nanoimprint lithography, colloidal spheres, and thermally
dewetted metal particles.”*’

Meanwhile, polyethylene terephthalate (PET) is widely used
as device substrates and protective covers in rigid or flexible PV
cell and module systems due to its good flexibility, lightweight,
low-cost, and high-tolerance as well as good optical trans-
parency.*>7>® At normal incidence, however, the reflectivity of
~6% for a single-side surface of the PET with the refractive
index (n) of ~1.65 leads to the degradation of the optical
performance in PV modules.®” Recently, to enhance the light
harvesting, many studies have been reported on antireflective
structured polymers, for example, polycarbonate (PC),"
PDMS,*>*** poly(methyl methacrylate) (PMMA),***! and
polyurethane (PU),* with lower refractive indices than npgy ~
1.65 for PV applications. However, these polymers are not
appropriate in silicon (Si)-based PV systems, which absorb the
sunlight at wavelengths of 300—1100 nm, because of their
strong absorption at near-infrared (NIR) wavelengths of 800—
1100 nm."~* On the contrary, a UV-curable Norland Optical
Adhesive (NOA) 63 polymer is very suitable as an ARC due to
its lower refractive index of ~1.56 as compared to the PET as
well as almost no absorption in the wide wavelength region of
350—1100 nm.**~* In addition, the surface patterns are well
formed using the soft lithography method because of its high
Young’s modulus (1655 MPa) including relatively good
mechanical properties (ie., hardness, robustness, and flexi-
bility).** 3! Furthermore, it is reported that there is no
considerable discoloration or deterioration of the NOA
polymer films coated on slide coverglasses, which were age-
tested on UV exposure systems consisting of a rotating
turntable and four 275 W-sunlamps positioned 10 in. away for
7 weeks and heat treatments in an oven at a temperature of 50
°C for 3 years.46 In practice, however, because most of the PV
modules are exposed to air with strong sunlight for a long time,
a thermal durability of polymer films for protection should be
also considered at high temperatures of >50 °C.

Hydrophobic property of textured surfaces is also useful to
self-clean pollutants on the surface of PV modules in practical
external applications.”>>* The hydrophobic surface can be
formed by the increased surface roughness, which can be
explained by the Cassie and Baxter model, although it is also
related to the surface energy of materials.’*>® The highly
transparent substrates with antireflective microstructures
prepared by soft imprint lithography were reported in previous
works,'”** but they just investigated their optical properties
without any applications in PV cell or module systems. Thus, it
is very meaningful to study the performance of PV modules
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incorporated with microstructured polymer films on the outer
surface of PET cover-substrates including their surface wetting
behaviors, thermal durability, and optical properties because
there is very little or no report on the use of the conical MGS
on the surface of polymer films as a light harvesting and
protection layer of PET cover-substrates in PV modules using
the soft imprint lithography.

In this Article, we demonstrated the boost of PCE in
commercially available Si PV modules via the NOA63 MGS
polymer films as the light harvesting and protection layer of
PET cover-substrates. The MGS on NOA63 polymer films/
PET substrates were transferred from conical MG patterned
sapphire master molds via PDMS stamps by the soft imprint
lithography technique. Their wettability, thermal durability, and
optical characteristics were also investigated. The effect of the
incident angle of light on the module performance was
explored. For a theoretical analysis of optical light-propagation
properties, the finite-difference time-domain (FDTD) simu-
lation was also performed.

2. EXPERIMENTAL AND OPTICAL SIMULATION
DETAILS

2.1. Fabrication and Characterization of NOA63 MGS Arrays.
Figure 1 shows the schematic illustration of the fabrication procedure
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Figure 1. Schematic illustration of the fabrication procedure for
conical MGS arrays on the surface of NOA63 polymer film/PET via a
soft imprint lithography method.

for conical MGS arrays on the surface of NOA63 polymer film/PET
via a soft imprint lithography method. To realize the MGS on the
surface of NOA63 polymer films, two-dimensional (2D) periodic
hexagonal tapered microcone array-patterned sapphire wafers (AND
Corp.) with a diameter of 2 in., which were prepared by conventional
photo lithography and subsequent inductively coupled plasma dry
etching process with BCl;/He mixture gases, were used as a master
mold. It is noticeable that master molds can be also fabricated using
various materials or substrates, besides the sapphire, by pattern
formation methods such as e-beam,” imprint,24’ S and photo%‘27
lithography techniques as well as colloidal spheres***” and thermally
dewetted metal particles,*®" etc. In this work, to effectively harvest
the light in the absorption layer of Si PV modules, we chose tapered
microgratings consisting of 2D periodic hexagonal pattern arrays with
an average height of ~1.5 ym and an average period of ~2.9 ym. This
structure had a strong diffuse light scattering in transmission, while
keeping a high total transmission, over a wide wavelength range of
300—1100 nm."” The detailed optical properties can be found in our
previous report.'” As an imprint stamp, elastomeric PDMS templates
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were employed because of their good transparency as well as excellent
formability for micropatterns. Commercial Sylgard 184 (Dow Corning
Co.) mixed PDMS solution, consisting of a silicone “T-resin” cross-
linked by a mixture of vinyl-terminated PDMS and trimethylsilox-
yterminated poly(methylhydro-siloxane) polymers with a ratio of 10:1
(base:agent), was poured on master molds, and then cured at a
temperature of 75 °C for 2 h. PDMS stamps were carefully separated
from the master molds, which produces negative conical MG patterns.
For the light harvesting and protection layer on the surface of PET
cover-substrates, a UV-curable NOA63 (Norland Products Inc.)
polymer solution was spin-coated on the PET at a rotation speed of
3000 rpm for 60 s and subsequently imprinted by PDMS stamps. The
samples (PDMS stamp/NOA63 film/PET) were immediately exposed
by UV radiation for 20 min, and the PDMS stamps were cautiously
peeled off from the NOA63 film/PET, thus forming the NOA63
MGS/PET. The thickness of the remained NOA63 film was estimated
to be ~10 ym. Similarly, to enhance the light harvesting in the
underneath cell absorption layer of commercially available PV
modules, the NOA63 MGS films were also prepared on PET cover-
substrates of square-shaped crystalline Si PV modules with a total
module active area of 7.29 cm? including metal contacts of cells, which
were purchased from SolarCenter Co., Ltd., merged with four cells.
The Si PV cells were completely encapsulated on a printed circuit
board (PCB), together with an ethylene vinyl acetate (EVA) adhesive
and a PET cover-substrate. The total thickness of encapsulants (i.e.,
EVA adhesive and PET cover-substrate) is approximately 1 mm. The
surface morphologies and pattern/depth profiles of the MGS on the
surface of NOA63 film/PET were characterized by using both
scanning electron microscope (SEM; LEO SUPRA S5, Carl Zeiss) and
atomic force microscope (AFM; XE150, psia) measurement systems.
The optical transmittance and reflectance were investigated by using a
UV—vis—NIR spectrophotometer (Cary 5000, Varian) with an
integrating sphere at normal incidence. The water contact angles
were measured and averaged at three different positions on the surface
of samples by using a contact angle measurement system (Phoenix-
300, SEO Co., Ltd.) with ~5 uL droplets of deionized water. The
dynamic advancing and receding water contact angles were also
explored on a precise control tilting stage with an inclination angle of
40°. A solar simulator (WXS-220S-L2, Wacom) was used for current—
voltage measurements of PV modules under 1-sun air mass 1.5 global
(AM1.5G, 100 mW/cm?) illumination at room temperature.

2.2. Numerical Modeling and Simulation of NOA63 MGS
Arrays. The theoretical analysis on optical light scattering behaviors of
the tapered MG patterned NOAG63 polymer film/PET was also carried
out by the FDTD method. To design the theoretical model, in
simulations, the conical MGS on NOA63 polymer films was
represented by a periodic geometry in the Cartesian coordinate
system by a scalar-valued function of two variables, f(x, z), for
simplicity. It was assumed that the incident light enters from air into
the structure at normal incidence. The E,, that is, amplitude of y-
polarized electric field, was calculated for the incident plane wave with
a Gaussian beam profile, which is normalized at a wavelength (1) of
650 nm. The height and period of conical MGS on the NOA63
polymer film were kept at 1.4 and 2.9 um, respectively. The
thicknesses of NOA63 polymer film and PET were set to be 10 and
100 pm, respectively. The refractive index of the PET used in these
calculations was acquired from the index Web site.*” For the NOA63
polymer film, the refractive index was assumed to be 1.56, and the
extinction coefficient was not considered because it can be
negligible.%_48

3. RESULTS AND DISCUSSION

Figure 2 shows the 15 ym X 1S um scan AFM images and
depth profiles of the fabricated (a) PDMS stamp and (b)
NOA63 MGS/PET. As shown in Figure 2a, it can be observed
that the PDMS stamp, which was fabricated from the sapphire
master mold, exhibits microscale grooved structures (i.e.,
negative conical MGS) with 2D periodic hexagonal array
patterns. Using this PDMS stamp, the conical MGS was well
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Figure 2. The 15 gm X 15 pm scan AFM images and depth profiles of
the fabricated (a) PDMS stamp and (b) NOA63 MGS/PET.

transferred on the NOAG63 polymer film/PET without any
deformation and distortion, as can be seen in Figure 2b. For the
formed NOA63 MGS, the average height and average period
are approximately 1.4 and 2.9 um, respectively. The ratio of the
bottom diameter of MGS to the period between MGS is
estimated to be ~0.9. Additionally, the SEM image in Figure
S1(a) (Supporting Information) illustrates that the conical
MGS on the NOA63 polymer film was very uniformly formed
over a large area. From the photograph in Figure S1(b)
(Supporting Information), the flexibility and robustness of
NOA63 MGS polymer film coated on the PET (ie, NOA63
MGS/PET) can be verified, and thus this architecture can be
also used in various flexible device applications.

The dust particles or contaminants on the surface of
protective covers in PV modules are very harmful to the
module performance in external environments because they
interfere with incident light into the cell absorption layer. Thus,
it is necessary to fabricate the light harvesting and protection
layer with a self-cleaning function for outdoor applications.
Figure 3 shows the (a) photographs of a water droplet on the
surface of the (i) bare PET and (ii) NOA63 MGS/PET at no
inclination and (b) sequential photographs of water droplet
cleaning behaviors for the corresponding samples. As shown in
Figure 3a, the bare PET shows a hydrophilic surface with a
water contact angle (6c,) of ~76°. On the contrary, the surface
of the NOA63 MGS has a hydrophobic property, exhibiting the
Oca ~ 121°. This O, value is much higher than that (i.e., Oc, &
78°) of the flat NOA63 film, as can be seen in Figure S2
(Supporting Information). The hydrophobic property of the
NOA63 MGS film mainly originated from the enhanced surface
roughness as proposed by the Cassie and Baxter model,
although it is also related to the surface energy of
materials.>* ¢ Although this Oc, value is relatively lower
than those (i.e,, O, > 150°, superhydrophobicity) reported in
other works,*>® the dust particles on the hydrophobic surface
with the 6, & 121° can be also washed by rainwater droplets
because the NOA63 MGS polymer film has relatively large
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Figure 3. (a) Photographs of a water droplet on the surface of the (i) bare PET and (ii) NOA63 MGS/PET at no inclination and (b) sequential
photographs of water droplet cleaning behaviors for the corresponding samples.

dynamic advancing (05ca) and receding (frca) water contact
angles of 0,5 & 132° and Gpcy ~ 111° at the inclination angle
of 40°, respectively, exhibiting the contact angle hysteresis (i.e.,
Onca — Orca) of ~21° (see Figure S3 in the Supporting
Information). As can be seen in Figure 3b, after dropping water
droplets, the black charcoal dusts on the bare PET were just
relocated by water droplets due to its hydrophilicity (i.e., Ocs &
76°), thus partially remaining with water droplets at its edge.
For the NOA63 MGS/PET, in contrast, the black charcoal
dusts were clearly removed by rolling-down water droplets
without any remained droplets at the surface (ie., self-
cleaning). For this, the further detailed subdivided sequential
photographs can be found in Figure S4 (Supporting
Information). From these results, the NOA63 MGS polymer
films with a hydrophobic surface can be very useful because the
optical interface with an additional self-cleaning effect would
enhance the practical feasibility in outdoor dusty environments.

Figure 4 shows the (a) measured total (specular + diffuse)
transmittance and reflectance spectra, (b) spectral distributions
of the photonic flux density (PFD) for the measured total
transmittance spectra, and (c) measured diffuse transmittance
spectra of the bare PET and NOA63 MGS/PET. For
comparison, the optical properties of a flat NOA63 film/PET
are shown in Figure SS (Supporting Information). The NOA63
film without any patterns slightly increases the total trans-
mission (or decreases the total reflection) of the bare PET at
wavelengths of 300—1100 nm because of the gradient refractive
index distribution in constituent materials of air (n = 1)/
NOA63 (~1.56)/PET (~1.65), while there is almost no
variation in the diffuse transmittance.”” > As can be seen in
Figure 4a, on the other hand, the NOA63 MGS polymer film
further enhances the total transmission (or suppresses the total
reflection) of the bare PET over a broad wavelength range of
300—1100 nm. To investigate the influence of the transmission
properties of NOA63 MGS/PET on the PV module perform-
ance, the solar photon flux-weighted transmittance (Tgy) was
evaluated. The Ty is defined by normalizing the transmittance
spectra with the solar spectral photon flux (ie, AM1.5G
spectrum®) integrated over a wavelength range of 300—1100
nm.*" The Ty, is given by
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where Fyyps6(4) is a spectral irradiance and T(4) is the total
transmittance in Figure 4a. For the NOA63 MGS/PET, the
higher Ty value of ~93.1% was obtained as compared to the
bare PET (ie., Ty ~ 86.9%). For the total reflectance, the
solar photon flux-weighted reflectance (Rgy), which is similarly
estimated from eq 1 by replacing the transmlttance (T) with
the reflectance (R), was also explored.’’ As expected, the Ry
value of the NOA63 MGS/PET was estimated to be ~8.2%,
which is lower than that (Rgy = 13.5%) of the bare PET. This
is also ascribed to the conical MGS, which forms the linearly
gradient effective refractive index profile from air to the NOA63
film and extends effective optical light-paths.'” " © This low
reflectivity can be also confirmed from the photograph of the
inset of Figure 4a. The AR in the inset of Figure 4a is of the
bare PET and NOA63 MGS/PET samples showing antire-
flection properties. For the bare PET, the characters under-
neath it are nearly not seen due to the strongly reflected white
fluorescent light at the surface. However, the NOA63 MGS/
PET exhibits a better legibility for the characters below the
sample due to the weak reflected white fluorescent light
although the characters are slightly blurred, which shows only
modest effects of reflection for the NOA63 MGS/PET.

For the incident sunlight with different intensities at each
wavelength, the transmission property can be also characterized
by the calculation of the PFD, which is the number of solar
photons transmitted across the transparent sample.®*** The
PFD gives information that the PV cell could produce
photocurrents at specific wavelengths of solar spectrum. The
PED is obtained by

FunseT
PED(v) = —2MISC-

)

where Fpysq is a spectral irradiance, T is the total
transmittance in Figure 4a, and hv is a photon energy. In
Figure 4b, the NOA63 MGS/PET exhibits a higher PFD
spectral distribution over a wide wavelength region of 300—
1100 nm as compared to the bare PET, particularly at
wavelengths of 400—600 nm, which are a high intensity range
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Figure 4. (a) Measured total transmittance and reflectance spectra, (b)
spectral distributions of the PFD for the measured total transmittance
spectra, and (c) measured diffuse transmittance spectra of the bare
PET and NOA63 MGS/PET. Photograph of the bare PET and
NOA63 MGS/PET samples for AR properties is shown in the inset of
(a). Photographs of the (i) bare PET (white-dotted line) and NOA63
MGS/PET (red-dotted line) samples for the verification of light
scattering properties and the (i) diffraction phenomenon of the
NOA63 MGS/PET using a laser with 4 = 650 nm are shown in the
insets of (c), respectively. Contour plots of E, distributions for the
incident light propagating from air to the bare PET and the NOA63
MGS/PET at A = 650 nm including the corresponding scale-modified
simulation models used in these calculations are also shown in the
insets of (c).

in the AM1.5G solar spectrum. Therefore, it can be expected
that larger photogenerated currents could be obtained from the
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cell absorption layer of PV modules incorporated with the
NOA63 MGS/PET as compared to ones with the bare PET,
and thus it leads to the efficiency enhancement of Si PV
modules.*>%*

For a periodic grating structure, when a light enters into the
grating with a period of A at normal incidence, the angle of the
transmitted diffraction waves, 0, ,,, in the mth diffraction order
is given by the well-known grating equation:*®

mi

Sin gt,m = A_n

(©)
where A is the incident wavelength of light and # is the
refractive index of the incident medium. For the transparent
materials with low refractive indices including glasses, plastics,
and sapphires, etc, the tapered structures with desirable
microscale periods can lead to the enhancement of total and
diffuse transmittances, simultaneously.'’~° Therefore, sim-
ilarly, the conical MGS polymer film also can increase both the
total and the diffuse transmittances of the bare PET. As shown
in Figure 4c, the NOA63 MGS/PET shows a much higher
diffuse transmittance spectrum at wavelengths of 300—1100
nm, while there exist almost no diffracted lights for the bare
PET. The haze ratio (H), which is given by the ratio of the
diffuse transmission (T) to the total transmission (T), that is,
H(%) = T4/T, X 100, is often used to investigate the light
scattering property of a sample. For the NOA63 MGS/PET, a
much larger average H (H Avg) value of ~88.3% was achieved as
compared to that (Ha, ~ 9.1%) of the bare PET at
wavelengths of 300—1100 nm. In both the transmission and
the reflection properties, high diffraction behaviors (i.e., light
scattering) of the NOA63 MGS/PET can be observed in the
insets of Figure 4c. Photographs in the insets of Figure 4c show
the (i) bare PET (white-dotted line) and NOA63 MGS/PET
(red-dotted line) samples for the verification of light scattering
properties and the (ii) diffraction phenomenon of NOA63
MGS/PET using a laser with 4 = 650 nm, respectively. In
Figure 4c(i), as compared to the bare PET, the obvious light
scattering phenomenon (i.e., rainbow colors) at the surface of
the NOA63 MGS/PET sample is observed with the naked eye.
It also shows higher order diffraction patterns in transmitted
lights for A = 650 nm in Figure 4c(ii). The contour plots of
calculated electric field (E,) distributions for the incident light
propagating from air to the bare PET and the NOA63 MGS/
PET at A = 650 nm including the corresponding scale-modified
simulation models used in these calculations are also shown in
the insets of Figure 4c. From the FDTD simulation results, the
NOA63 MGS with a period of 2.9 um has a strong light
scattering property with a wide angular spread and helps the
light propagation across the interface between air and the
NOAG63 polymer film/PET, while there are no diffraction lights
for the bare PET without any patterns.'”*° It is noted that the
NOA63 MGS polymer film enables one to increase the diffuse
transmittance of the PET, while maintaining high total
transmission, which can lead to the PCE improvement of PV
modules due to the enhanced light harvesting (i.e., AR and light
scattering properties) in the absorption layer of encapsulated
PV devices.

Because most PV modules are exposed to air with strong
sunlight for a long time, the thermal durability of polymers as a
protection film should be considered. Thus, the effect of
temperature on transmittance properties of NOA63 MGS
polymer films was investigated. For this, the samples were
heated in an oven for 10 h over a temperature range of 25—200
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°C. Figure 5 shows the Ty value of the bare PET and NOA63
MGS/PET as a function of temperature in the wavelength
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Figure S. Ty value of the bare PET and NOA63 MGS/PET as a
function of temperature at 4 = 300—1100 nm.

range of 300—1100 nm. For both the bare PET and the
NOA63 MGS/PET, their transmission properties depend on
the temperature. There is no significant variation in Ty values
up to a temperature of 160 °C, while maintaining T’ values of
>86.2% for the bare PET and >91.6% for the NOA63 MGS/
PET, respectively. At temperatures of >160 °C, however, the
Tsw value of the NOA63 MGS/PET is abruptly reduced by
~80.8% at 200 °C, while it is slightly decreased for the bare
PET (ie, Tgw =~ 84.9% at 200 °C). This considerable
degradation in the transmission is attributed to the distortion
and deformation of the NOA63 MGS as well as the bowing of
samples due to the thermal expansion mismatch between the
NOAG3 polymer and the PET caused by the long exposure
time under high temperatures. Nevertheless, the Tgy value of
~91.6% at the high temperature of 160 °C is much larger than
that (ie, Tqy = 86.9%) of the bare PET without heat
treatments. As a result, it is noted that the NOA63 MGS
polymer films have a relatively good durability at temperatures
of <160 °C, which can show a feasibility in practical PV module
systems.

To demonstrate the applicability of NOA63 MGS polymer
films with efficient AR and light scattering effects in PV
modules covered by a PET protection film, the reflection and
device characteristics of PET laminated Si PV modules
employed with the NOA63 MGS were investigated. Figure 6a
and b shows the measured total reflectance spectra and
current—voltage (I—V) characteristics of Si PV modules (four
cells) with the bare PET and NOA63 MGS/PET at normal
incidence, respectively. The schematic of the Si PV module
with the NOA63 MGS/PET is also shown in the inset of Figure
6b. In Figure 6a, the reflectance spectrum of the Si PV module
with the NOA63 MGS/PET is lower than that of the reference
Si PV module with the bare PET over a wide wavelength range
of 300—1100 nm, exhibiting the lower Rgy =~ 6.3% (i.e., Rgw =~
11.2% for the reference Si PV module). This is attributed to the
efficient AR characteristics caused by the formation of gradient
effective refractive index profiles in the structure between air
and the NOAG63 film via the MGS and the constituent materials
of air (n = 1)/NOA63 (~1.56)/PET (~1.65) as well as the
extended effective optical light-paths by the MGS, as
mentioned above.'”72%*775%> This AR property can be also
confirmed in the photograph of the inset of Figure 6a, which
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Figure 6. (a) Measured total reflectance spectra and (b) current—
voltage (I-V) characteristics of Si PV modules (four cells) with the
bare PET and NOA63 MGS/PET at normal incidence. (c) Measured
Isc and PCE of the Si PV modules with the bare PET and NOA63
MGS/PET as a function of light incident angle and the increment
percentage in Isc and PCE for the Si PV module with the NOA63
MGS relative to the reference Si PV module with the bare PET.
Photograph of the corresponding assembled Si PV modules for I-V
measurements for AR properties and schematic of Si PV modules with
the NOA63 MGS/PET are also shown in the insets of (a) and (b),
respectively.

shows the corresponding assembled Si PV modules for I-V
measurements. In the photograph of Figure 6a, the white
fluorescent light is strongly reflected at the surface of the
reference Si PV module with the bare PET. In contrast, the Si
PV module with the NOA63 MGS/PET exhibits a weak
reflected white fluorescent light because of its low reflection
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Table 1. Measured I—V Characteristics of Si PV Modules with Bare PET and NOA63 MGS/PET

Si PV module (4-cells) Vvax (V) Iyax (mA) Pyax (mW) Voc (V) I (mA) FF (%) PCE (%)
Bare PET 2.035 45.00 91.56 2428 49.35 76.35 12.55
NOA63 MGS/PET 2.035 47.49 96.63 2427 52.01 76.58 13.26

properties at visible wavelengths, as shown in the reflectance
spectra of Figure 6a. The measured I—V characteristics of Si PV
modules with the bare PET and NOA63 MGS/PET are
summarized in Table 1. From I-V curves of Figure 6b, by
incorporating the NOA63 MGS into the Si PV module, the
short circuit current (Igc) is improved from 49.35 to 52.01 mA,
while there is no considerable variation for both the open
circuit voltage (Vc) and the fill factor (FF), exhibiting the Igc
increment percentage of ~5.4%. This Isc increment percentage
is similar or superior as compared to the results in PV cells or
modules with various AR structured cover-substrates (i.e., Isc
increment percentage of ~2.2% for the WO;—TiO, nano-
particle photocatalyst-coated coverglass,® ~2.4% for the AR
moth-eye patterned polymer film/coverglass,** ~7% for the
moth-eye patterned SiO, film/coverglass,®® ~3.2% for the
porous SiO, AR-coated coverglass®’ in Si-based PV modules,
~4.7% for the moth-eye structured coverglass in InGaP/GaAs/
Ge triple-junction PV modules,*® ~2.1% for the AR film-coated
indium tin oxide-polyethylene naphthalate (ITO-PEN) film in
encapsulated dye-sensitized solar cells,’ ~2.9% for the
nanostructured PET cover-substrate in encapsulated PV
cells,” and ~2.7% for the moth-eye structured PMMA/
coverglass in encapsulated organic PV cells*®) reported in other
previously published literatures. In these PV systems, the
photocurrent improvement was also mainly caused by the
enhanced transmission (i.e., ~2—3.8%) or suppressed reflection
(ie, ~3—3.5%) as compared to transparent cover-substrates
with a bare surface due to the corresponding AR
structures.”****%~7" As a result, its PCE is enhanced by
13.26% (cf, PCE = 12.55% for the reference PV module with
the bare PET), showing the PCE increment percentage of
~5.7%. This PCE increment percentage also exhibits a similar
or higher value as compared to the results reported in other
works.”***6=7% However, to produce nanostructured trans-
parent cover-substrates, expensive and complicated fabrication
processes might be required.* ' Moreover, the polymers such
as PDMS, PMMA, PC, and PU have a strong absorption in the
NIR wavelength range of 800—1100 nm.*~* This PCE
improvement is ascribed to the increased light absorption in the
absorption layer of Si PV cells due to light harvesting effects of
the NOA63 MGS polymer film including efficient AR and
strong light scattering properties, as mentioned above.

The incident angle of solar irradiance is wide due to the
diffused light scattered by the atmosphere and the positional
variation of the sun in a day and the seasons. Thus, the light
incident angle-dependent performance of PV modules is also
important. Figure 6¢c shows the measured Isc and PCE of Si PV
modules with the bare PET and NOA63 MGS/PET as a
function of light incident angle and the increment percentage in
Isc and PCE for the Si PV module with the NOA63 MGS
relative to the reference Si PV module with the bare PET. As
shown in Figure 6¢, for -V measurements at different light
incident angles, inclined mounts with tilting angles (6;) of 10—
80° were used. As the 6, value is increased, the I values of
both PV modules are dramatically decreased. This is mainly
attributed to the reduction of the projection area where the
incident light enters into the PV module due to the tilted PV
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module from the normally incident light source of the solar
simulator, together with the increased surface reflection losses.
Also, as can be seen in Figure S6 (Supporting Information), the
Vo values are slightly reduced due to the decreased Ic, which
can be found by the following equation:'*

E
s ) - gy
q q

V
ocC @)

where E, is the energy bandgap, n is the ideality factor, kT/q is
the thermal voltage, and I, is the saturation current, related to
the material quality. Meanwhile, the FF is kept at similar values.
As a result, the PCE of the Si PV module is gradually degraded
with increasing 6; value. However, for the PCE, the Si PV
module with the NOA63 MGS/PET exhibits a superior solar
power generation as compared to the reference PV module
with the bare PET over a wide 0, range of 10—80°. The
corresponding increment percentage values of the Si PV
module with the NOA63 MGS/PET against one with the bare
PET in both the Is: and the PCE are higher than 5% at each 6,
value, exhibiting the average increment percentage values of
~6% for the I and ~6.3% for the PCE for 8; = 10—80°. From
these results, for Si-based PV modules covered by PET
protection films, the use of the NOA63 MGS polymer films
with efficient light harvesting can further boost the solar energy
conversion efliciency for the entire day and season without a
costly solar tracking system.

4. CONCLUSION

The solar power generation enhancement of Si PV modules
with the conical MG patterned NOA63 polymer films for an
efficient light harvesting and protection, fabricated by the soft
imprint lithography, on PET cover-substrates was reported.
The black charcoal dusts on NOA63 MGS polymer films with a
hydrophobic surface (ie, 6oy & 121° at no inclination and
Oaca/Orca =~ 132°/111° at the inclination angle of 40°) were
well removed by rolling-down water droplets. More impor-
tantly, the structure led to the considerable improvement of the
total and diffuse transmittances of the bare PET, simulta-
neously, over a wide wavelength range of 300—1100 nm,
exhibiting higher Tgy ~ 93.1% and H,,, ~ 88.3% as well as
lower Rgy ~ 8.2% than those (ie., Tgw = 86.9%, Hpyp & 9.1%,
Rgw = 13.5%) of the bare PET. The light scattering effect of
NOA63 MGS was theoretically studied by the FDTD
calculation. Also, it showed relatively good transmittance
properties after heat treatments, exhibiting the Ty, value of
~91.6% at the high temperature of 160 °C. By employing the
NOA63 MGS polymer layer into the surface of the PET cover-
substrate in Si PV modules as a light harvesting and protection
film, the improved I;c and PCE values were obtained as
compared to the reference PV module with the bare PET in a
wide O; range of 0—80°, showing the average increment
percentage value of ~6.3% in the PCE. Additionally, it is
noticeable that the NOA63 polymer films with conical MG
pattern arrays can be applied to other PV systems as well as
various optical/optoelectronic devices that use transparent
substrates and covers including glasses, plastics, polymers, and
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quartzes. These results can provide a promising potential of
multifunctional NOA63 MGS polymer films, which can be
easily prepared by simple and inexpensive soft imprint
lithography, including efficient omnidirectional broadband
light harvesting (ie, AR and light scattering properties),
high-tolerance, and self-cleaning for high-performance PV
system applications.

B ASSOCIATED CONTENT
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SEM and photograph images of NOA63 MGS/PET, wetting
behavior of the flat NOA63 film/PET and dynamic wetting
behavior of the NOA63 MGS/PET, sequential photographs of
water droplet cleaning behaviors of the NOA63 MGS/PET,
measured total/diffuse transmittance and total reflectance
spectra of the flat NOA63 film/PET, and V¢ and FF of Si
PV modules with the bare PET and NOA63 MGS/PET as a
function of light incident angle. This material is available free of
charge via the Internet at http://pubs.acs.org.
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