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l light capture in PERC solar cells
enhanced by stamping hierarchical structured
silicone encapsulation that mimics leaf epidermis†

Min Ju Yun, a Yeon Hyang Sim,ab Dong Yoon Leea and Seung I. Cha *ab

Conventional crystalline silicon solar cell photovoltaic module technology requires much more

development due to the challenges of efficiency loss and reliability problems such as browning damage.

As an alternative to conventional ethylene-vinyl acetate (EVA)-glass encapsulation, silicone-based

encapsulation is a promising innovation. Added to the many advantages of silicone based encapsulation

for Si solar cells, here we present surface modification of silicone encapsulation with hierarchical

structures inspired by leaf epidermis structures that improve light capture and hydrophobicity of the

module surface using a simple, large-area silane and ozone treatment technique. The hierarchical

structures comprise tens-of-micrometer-scale hills, valleys, and bump structures and sub-micrometer-

scale wave patterns; the combination of these surface structures improved light transmission, light haze,

and the wetting angle. These synergistic structures improve efficiency under vertical illumination

compared to a bare cell, which is significant considering the efficiency loss in conventional EVA-glass

encapsulation from those of bare cells. Furthermore, the enhancement increased the angle of incidence

and improved the omni-directional performance so that electrical energy was generated more

efficiently. We demonstrated that the modification of module surfaces by mimicking leaf epidermis

structures yields considerable benefits, and further studies are expected to optimize this structure and

identify the underlying principles for technological innovations based on silicone encapsulation.
1. Introduction

Photovoltaics have been the mostly widely used renewable
source of electrical energy for several decades due to societal
and technological developments. Crystalline silicon (Si) solar
cells are the dominant photovoltaic technology, and develop-
ments in recent years include back surface eld (BSF) cells,
bifacial solar cells that incorporate a heterojunction with
intrinsic thin layer (HIT), passivated emitter and rear cell
(PERC) technology, and interdigitated back-contact (IBC) solar
cells.1–15 Despite the continuous development of crystalline Si
solar cells, the design of Si solar cell modules has changed very
little in recent decades.16,17 The limitations of current module
technologies are reported regularly; it is our opinion that new
crystalline Si solar cell modules could be designed with
enhanced energy conversion efficiency and improved reliability
in the eld.16,17 For example, conventional ethylene-vinyl acetate
(EVA) lms that are used as an encapsulation material between
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the solar cell and glass attenuate short-wavelength light, and
prolonged exposure to solar radiation can cause browning
effects and alter the mechanical stiffness of module struc-
tures.16–19 Furthermore, new crystalline Si cell technologies such
as bifacial and exible solar cells require new module designs if
they are to be fully exploited in module or array arrangements.20

Silicone-encapsulated modules were introduced as a solu-
tion to these problems.21–26 Transparent and mechanically
exible silicone materials can be used to encapsulate solar cells
without attenuating short wavelengths, and textured surfaces
can be used to improve the efficiency of bare Si solar cells by re-
capturing light that is randomly reected from the cell. Casting-
based fabrication processes using silicone enable the use of
diverse module designs that would be almost impossible to
produce using conventional EVA-glass-encapsulation where
hot-press processes are required. Moreover, silicone-based
encapsulation methods that we have proposed in the past27

allow novel surface-structure modications for efficient light
capture that is coupled with the crystalline Si solar cell surface
texture.

Here, we mimic leaf epidermis structures on the surface of
silicone-encapsulated PERC solar cells to increase the efficiency
of electronic generation. Leaf epidermis structures vary widely,
and have adapted well to the growing environment as light is
captured and guided toward the palisade cells where
RSC Adv., 2020, 10, 34837–34846 | 34837
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Table 1 Silane treatment condition depend on five variation PDMS
stamp structures

Samples

Silane treatment (concentration (ml), time (h))

1st mold 2nd mold

Struct. 1 — —
Struct. 2 0.4 ml, 5 h 0.4 ml, 5 h
Struct. 3 0.4 ml, 5 h 0.04 ml, 1 h
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photosynthesis takes place. Silicone can be easily patterned
with hierarchical structures using simple processes such as
silane treatment to produce tens-of-micrometer-scale patterns,
and ozone treatment to create sub-micrometer wave patterns.
Through the introduction of hierarchical structures inspired by
leaf epidermis structures, the efficiency of solar cells is
improved when exposed to vertical and oblique incident light,
showing that omni-directional light is captured.
Struct. 4 0.04 ml, 1 h 0.04 ml, 1 h
Struct. 5 0.4 ml, 5 h —
2. Experimental details
2.1 Fabrication of PDMS stamps

Polydimethylsiloxane (PDMS, Sylgard 184A and 184B, Heesung
STS) was used to produce a 25 � 25 � 5 mm stamp mold (1st

mold). A 10 : 1 (v/v) mixture of PDMS pre-polymer (Sylgard 184A)
and curing agent (Sylgard 184B) were poured in frame of mold
then it was cured in an oven for 40 minutes at 70 �C. The cured
stampmold was ozone-treated using an UVO (UV Ozone cleaner
AT-6, AhTech LTS) for 10 minutes, followed by treatment with
trichloro(1H,1H,2H,2H-peruorooctyl) silane (Sigma Aldrich) in
a vacuum oven.

The 1st mold was replicated using PDMS (Sylgard 184A and
184B) with the same curing process. The replicated mold (2nd

mold) was ozone-treated for 10 minutes and then silane-treated
with the same solution in a vacuum oven. 1st mold and 2ndmold
fabrication process schematic was shown in Fig. 1(a) shortly. As
a composite of processes, hill-valley combined wave pattern
(Structure 2), surface-bump combined wave pattern (Structure
3) and only wave pattern (Structure 4) were created. Structure 5
(hill-valley structure) was created by treating the 1st mold with
ozone for 10 minutes then keep it at room temperature to
released wave patterns and then silane-treated in a vacuum
oven for 4 hours. Five different structures were created by
Fig. 1 (a) Schematic of hierarchical structured mold fabrication proce
surface and (b) encapsulation process of passivated emitter and rear cel

34838 | RSC Adv., 2020, 10, 34837–34846
varying the silane solution concentration and treatment time;
the conditions are listed in Table 1.
2.2 PDMS encapsulation of a Si solar cell

PERC (LWM5BB, Lightway) solar cells were encapsulated using
a hard-PDMS (SR-580A and SR-580B, Heesung STS) casting
process. A 1 : 1 (v/v) mixture of pre-polymer (SR-580A) and
curing agent (SR-580B) were coated on a masked Si solar cell by
bar coating method (No 2, RDS) for patternless structure
(Structure 1), and the encapsulated hard-PDMS was cured in an
oven for 1 hour at 70 �C.

The structured encapsulated Si solar cell were stamped mold
on masked area with hard-PDMS and curing for 1 hour at 70 �C.
Aer curing, the stamp was removed so that the solar cells were
encapsulated with the patterned structure. Encapsulation
process by stamping were shown in Fig. 1(b) by schematic.
2.3 Characterization

The surface and cross-section of all molds and encapsulated
solar cells were evaluated by analyzing the images obtained
ss with ozone and silane treatment on polydimethylsiloxane (PDMS)
l (PERC) solar cell using mold.

This journal is © The Royal Society of Chemistry 2020
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using eld-emission scanning electron microscopy (FE-SEM;
S4800; Hitachi). The photovoltaic performance of the encapsu-
lated solar cells was measured by rst calibrating a solar
simulator (Sun 2000, 1000 W Xenon source; Abet Technologies;
2400 Keithley source meter) with a KG-3 lter and an NREL-
certied reference cell, and then setting the simulator to 1
sun, 1.5 AM conditions. The photovoltaic performance was
measured with respect to the Angle of Incident (AOI) using
a custom jig that was designed to accurately tilt the plane.

Water-wetting angle measurements were conducted using
a contact-angle system (Phoenix-300, SEO). Haze-effect images
produced by red laser light were captured using a camera
(Mightex, CCE-C013-U) that was focused using a lens (Azure-
1214 mm). The light source was transmitted through the
PDMS lms and illuminated a white screen located 47 cm
behind the PDMS lm. The measurement was conducted in
blackout conditions.

The incident photon to current conversion efficiency spec-
trum was measured using an Oriel (IQE-200TM, Newport Corp.)
instrument equipped with a 250 W quartz tungsten halogen
lamp light source, a monochromator, optical chopper, lock-in
amplier, and calibrated Si photodetector. The spectral
response and intensity of the lamp were calibrated using
a mono-Si detector.

3. Results and discussion
3.1 Hierarchical structure

Epidermis structures on leaf surfaces play several roles, such as
super-hydrophobic self-cleaning, and guiding light into cylin-
drical palisade cells that contain a high concentration of chlo-
roplasts for photosynthesis, as illustrated in Fig. 2(a).28 Leaf
epidermis structure designs range from micrometer- to
millimeter-scales depending on plant species and environment.
As shown in Fig. 1(a), these structures can be applied to crys-
talline Si-based photovoltaic cells by encapsulation with
silicone-based materials that are cast using molding or surface
modication techniques. It would be highly challenging to
create similar structures in EVA-glass encapsulating lms.

This study used silane and ozone surface treatments to
pattern siliconematerials, as bothmethods are relatively simple
to use for the fabrication of large-area homogeneous patterns.
Polydimethylsiloxane (PDMS) was patterned by evaporating
silane solution to generate tens-of-micrometer-scale patterns on
the silicone surface according to treatment time and silane
solution concentration, as shown in Fig. 2(b). By controlling the
treatment parameters, several morphologies can be obtained.
By high concentration and longer treatment time, rst surface-
bump are formed and then increased number of sharp bumps,
aer that continuous sharp bumps make hill-valley surface
(Fig. S1†). Ozone treatment of PDMS results in sub-micrometer
wave patterns that are a function of treatment time and ozone
power as shown in Fig. 2(c) and S2.†29–31 From ozone treatment,
sub-micrometer wave patterns are formed from the center of
spiral. With the small amount of treatment time, the wave
patterns start to form of a spiral and with increasing of treat-
ment time, the wave patterns are clearly formed and meet with
This journal is © The Royal Society of Chemistry 2020
other wave patterns that are formed from other center of spiral.
Then forgathered wave patterns are arranged nally. Both
treatments create a thin layer of relatively stable silica on the
PDMS surface, reliable silicone encapsulation process is
possible with PDMS curing and peeling off from the other
surface of PDMS. The patterns produced using each technique
are of different length scales, so they can be combined into
hierarchical structures.

Five surface structures were prepared by stamping a PDMS
encapsulation layer on the surface of PERC solar cells using
a PDMS stamp-during-curing process. The PDMS stamps
included a combined or single pattern generated using silane
and/or ozone treatment. The reference case, referred to as
Structure 1, was fabricated using an unpatterned PDMS
encapsulation layer. Structure 2 comprised large hill-valley and
submicron wave patterns, as shown in Fig. 3(a). Similarly,
Structure 3 comprised surface-bump and submicron wave
patterns, as shown in Fig. 3(b). Structure 4 was fabricated using
only wave patterns, as shown in Fig. 3(c), and Structure 5 only
featured hill-valley patterns, as shown in Fig. 3(d). The micro-
graphs show that the combined structures were well con-
structed on the PDMS surface to be used for the encapsulation
of PERC solar cells, so that the structure mimicked leaf
epidermises.
3.2 Characteristic of hierarchical structured surface

The PDMS encapsulation patterns modied the beam path of
incoming light and surface-wetting properties, as shown in
Fig. 4. As shown in Fig. 4(a), the PDMS lm surface structure
altered light transmission behavior. The hill-valley structure
with submicron wave patterns (Structure 2), and the pattern
with only hill-valley structures (Structure 5), produced some
light haze. Only the submicron wave pattern (Structure 4)
enabled clear light transmission without haze. These effects can
be expressed quantitatively by the parallel and diffuse trans-
mission of each structured PDMS lm, as shown in Fig. 4(b).
The transmission of Structure 5 was 90.7%, whereas the trans-
mission of each of the other lms ranged from 94.5–95.5%. As is
most clearly illustrated by Structure 5, the large-scale patterns
induced backward scattering and decreased light transmission.
However, Structure 4 shows that the submicron wave pattern
did not have a notable effect. It is interesting to note that the
combination of submicron wave patterns and large-scale
patterns restored the light transmission, such that the total
transmission of Structures 2 and 3 were similar to the untreated
Structure 1. Therefore, the submicron wave pattern synergizes
with the large-scale hill-valley or surface-bump patterns to
improve transmission. The surface patterns further synergize
with regard to haze effects. Structure 4 produced a similar
degree of haze to the unpatterned reference structure, but
Structures 2, 3, and 5 produced signicant haze. These obser-
vations suggest that large-scale patterns produce haze, while
submicron wave patterns do not. The amount of haze or
diffused light differed according to the specic large-scale
pattern, and the hill-valley structures appeared to create
a stronger haze effect. Structures 2 and 5 used the same large-
RSC Adv., 2020, 10, 34837–34846 | 34839
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Fig. 2 (a) Schematic of the concept of mimicking leaf epidermis structures for PDMS encapsulation of PERC solar cells using hierarchical
structures. Scanning electron microscope (SEM) micrographs of PDMS film surfaces after (b) silane treatment with 0.4 ml of tri-
chloro(1H,1H,2H,2H-perfluorooctyl) silane for 5 hours in vacuum and (c) ozone treatment for 10 minutes.
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scale pattern, but featured different submicron wave patterns
that resulted in a substantial difference in light diffusion.
Therefore, it can be concluded that tens-of-micron or submi-
cron patterns have a synergistic effect on light haze, and that
submicron patterns play a signicant role in hazing on
a serrated surface. PDMS light diffusing patterns were esti-
mated by measuring the intensity of transmitted laser light, as
shown in Fig. 4(c). The similar patterns produced by Structures
3 and 5 indicate that large-scale patterns dictate scattering
behavior, while Structure 4 produced a diffraction-like pattern,
suggesting a synergistic effect between transmission and
hazing.

The PDMS surface patterns do not only affect the capture of
light, but also surface wetting capabilities, as shown in Fig. 4(d).
Flat PDMS lms were measured to have a wetting angle of 111�,
which was decreased to 105� by the introduction of a submicron
wave pattern. The large-scale hill-valley pattern (i.e., Structure 5)
increased the wetting angle to 114�, and the combination of the
two patterns that dened Structure 2 increased the wetting
angle to 125�, as shown in Fig. 4(d). It is interesting to note that
the hierarchical structures inspired by leaf epidermis struc-
tures, which comprised large-scale and submicron wave
patterns, resulted in synergistic enhancement of haze, trans-
mission, and surface wetting properties. This implies that
34840 | RSC Adv., 2020, 10, 34837–34846
encapsulation by silicone materials, with surfaces that can be
modied chemically and geometrically using low-cost
processes, has signicant potential to improve the perfor-
mance of crystalline Si-based solar cell modules, and further
studies are required and expected in this eld.
3.3 Performance of hierarchical structure encapsulated solar
cell

Hierarchical patterns can be applied during crystalline Si-based
solar cell module encapsulation using simple casting-based
processes. Each structured PDMS surface patterns were prin-
ted using a PDMS mold on the surface of Si solar cell. Fig. 5(a)
reveal modications to haze, light transmission, and wetting
properties, which are identical to the PDMS lms with the
hierarchical patterns. The performance of PERC solar cells
encapsulated using patterned PDMS lms under a vertically
incident light source (1 sun, 1.5 air mass (AM) coefficient) are
shown in Fig. 5(b), (c) and (d). Fig. 5(b) presents current density
as a function of applied voltage, which reveals that unpatterned
PDMS encapsulation improved the efficiency of solar cells when
compared to bare cells. The different surface morphologies
yielded some improvements, but these were not signicant
under vertical illumination. In contrast, conventional encap-
sulation using an EVA-glass layer on a bare cell reduced
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03378b


Fig. 3 SEM images of PDMS surfaces with patterns created by a combination of silane and ozone treatment. (a) Hill-valley structures with
submicron wave patterns (Structure 2), (b) surface-bump structures with submicron wave patterns (Structure 3), (c) submicron wave patterns
(Structure 4), and (d) hill-valley structures without submicron patterns (Structure 5).
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efficiency.16–19 Whereas EVA-glass layers absorbed short-
wavelength radiation, the PDMS layer allowed transmission of
the wider spectrum, as shown in Fig. 5(e). Additionally, light
scattered and reected by the PERC cell surface can reportedly
be captured by internal reection from the PDMS layer.21,27 The
combination of these effects results in an improved efficiency of
the PDMS-encapsulated solar cell. Considering that conven-
tional encapsulation of solar cells reduces their efficiency,
PDMS encapsulation provides clear benets as a substitute for
EVA-glass. Furthermore PDMS is not affected by radiation
browning, can be fabricated with a hydrophobic surface, and is
easier to form into more complex designs.

When exposed to vertical light, submicron wave patterns
yielded greater efficiency enhancement than hierarchical
structures, as shown in Fig. 5(c) and (d). This implies that the
hazing of incident light is not benecial to energy conversion
under vertical illumination. Furthermore, the higher current
density of Structures 4 and 5 does not guarantee an increase in
efficiency due to open circuit voltage and ll-factor effects, as
listed in Table 2. Considering the increasing value of current
density of structure 2 and structure 5, hill-valley structure could
play a micro-lens on the solar cell for focusing the incident
light. In case of structure 2 that has hill-valley structure same
shows little lower than structure 5 because that submicron wave
patterns scatter the incident light. Relating with our assump-
tion it needs analysis further with theoretical consideration.
This journal is © The Royal Society of Chemistry 2020
The effects of hierarchical surface patterns are most notable
when PDMS-encapsulated devices are illuminated at oblique
angles, as shown in Fig. 6(a) and (b) (see ESI Fig. S3 and S4† for
efficiency and current density variation as a function of AOI for
all surface patterns tested). The efficiency of the bare PERC cell
decreased as the AOI was increased, as shown in Fig. 6(a) and
(b).32–34 Similarly, the efficiency of the unpatterned PDMS-
encapsulated sample also decreased, but maintained a higher
efficiency than the bare sample at all AOIs. The difference in
conversion efficiency between the bare cell and Structure 2
increased as a function of AOI, demonstrating that the encap-
sulated device performed signicantly better for a high AOI. Of
all structures fabricated for this study, the PDMS-encapsulated
devices had an enhanced efficiency for all AOI measured, as
shown in Fig. 6(c). However, the amount of enhancement
differed according to the PDMS surface structure. The conver-
sion efficiency of the unpatterned PDMS sample was greater
than that of the bare PERC cell until the AOI exceeded 50�. The
conversion efficiency of Structure 2 increased up to a 60� AOI,
where the enhancement was 7%. The hill-valley surface of
Structure 5 has an increased conversion efficiency up to a 40�

AOI, with a similar enhancement to Structure 2. From these
results, introducing submicron wave patterns on the surface
enhances solar cell performance at high AOI. However, submi-
cron wave patterns alone did not increase conversion efficiency
for large AOIs. These results indicate that the improved omni-
directional light capture by hierarchical structures is a result
RSC Adv., 2020, 10, 34837–34846 | 34841
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Fig. 4 (a) Photographs of PDMS films with hierarchical or single patterns. (b) Haze measurement of each PDMS film with the indicated value of
total and diffuse transmission. (c) Photographs of the red laser light after transmission through PDMS film patterns that arrived at a screen 47 cm
behind the PDMS films. (d) The measured wetting angle of water droplets on the different PDMS films.
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of the synergistic effects of different patterns with sub- and tens-
of-micrometer length scales. Fig. 6(d) presents the expected
total electricity production of each PDMS surface pattern.
Assuming that all incident light has the same 1 sun intensity,
the most energy was produced by the hierarchical PDMS-
encapsulated structure due to its excellent omni-direction
light-capture behavior. If obliquely incident light has a weaker
intensity that follows the cosine law, the submicron wave
pattern would produce the greatest energy due to its superior
34842 | RSC Adv., 2020, 10, 34837–34846
performance under vertically incident light. Therefore, pattern
structures should be selected according to expected use.

The silicone-encapsulation of crystalline Si-based solar cells has
many obvious benets when compared to conventional EVA-glass
encapsulation. This study demonstrated an additional advantage
of silicone-based encapsulation, specically surface modications
that improve light-trapping and hydrophobicity. Hierarchical
patterns inspired by leaf epidermis structures comprising tens-of-
micrometer and submicron patterns were fabricated on PDMS
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Photographs of the PDMS-encapsulated PERC cells with a single water droplet. (b) The relationship between current density and
applied voltage (I–V curve) of PDMS-encapsulated PERC cells with different surface structures and bare PERC cells. (c) The efficiency of the PERC
solar cells before and after PDMS-encapsulation under vertical illumination (1 sun, 1.5 AM). (d) The efficiency and current density enhancement of
bare cells by PDMS-encapsulation with different patterns. (e) Incident photon to current density efficiency (IPCE) of PDMS-encapsulated PERC
solar cells.

Table 2 Performance of PERC solar cells before and after PDMS encapsulation with various surface structures

Samples

Bare cell PDMS encapsulated

Jsc (mA cm�2) Voc (V) Fill factor Efficiency (%) Jsc (mA cm�2) Voc (V) Fill factor Efficiency (%)

Struct. 1 58.895 0.559 0.747 24.587 60.367 0.557 0.741 24.929
Struct. 2 59.467 0.556 0.740 24.485 60.710 0.556 0.733 24.749
Struct. 3 59.604 0.555 0.738 24.403 60.381 0.554 0.734 24.561
Struct. 4 59.971 0.550 0.736 24.273 60.434 0.556 0.742 24.977
Struct. 5 59.985 0.557 0.730 24.383 61.163 0.556 0.731 24.870
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surfaces, using low-cost silane and ozone treatments, for the
encapsulation of PERC solar cells. These bio-inspired structures
have an increased wetting angle of 125� and improved solar cell
This journal is © The Royal Society of Chemistry 2020
performance at all AOI due to omni-direction light capture.
However, further studies should be conducted to better optimize
the structures from theoretical and process perspectives.
RSC Adv., 2020, 10, 34837–34846 | 34843
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Fig. 6 Energy conversion efficiency according to the angle of incidence (AOI) for (a) unpatterned PDMS and (b) hierarchical structures with hill-
valley and submicron wave. (c) Efficiency enhancement and current density of bare cells and PDMS-encapsulated cells with various surface
patterns and (d) the expected energy production enhancement of each structure.
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4. Conclusion

Photovoltaic modules based on crystalline Si solar cells require
innovation, and silicone-based encapsulation methods are
considered to be a promising improvement over conventional
EVA-glass-based encapsulation. The use of silicone materials
such as PDMS allows the surface of the photovoltaic module to
be easily modied so that light can be better captured, and
hydrophobicity can be increased. Hierarchical patterns inspired
by leaf epidermis structures were applied to PDMS prior to the
encapsulation of PERC solar cells. The patterns comprised tens-
of-micrometer and submicron patterns produced using ozone
and hill-valley or surface-bump morphologies produced using
silane treatment, respectively. The synergistic effects of the
combination two type of patterns length scales improved light
transmission, haze, and wetting angle to an extent that cannot
be achieved with a single pattern. Furthermore, the photovol-
taic performance of cells encapsulated by these hierarchical
patterns exhibited synergistic efficiency improvements when
exposed to vertical and oblique light, resulting in omni-
directional electricity production enhancement. Considering
the efficiency losses when EVA-glass encapsulation is used, we
suggest that PDMS encapsulation with easily fabricated hier-
archical structures presents new possibilities for advanced
34844 | RSC Adv., 2020, 10, 34837–34846
photovoltaic module developments. More efficient structures
and cost-effective processes should be researched further.
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