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ABSTRACT: Optical losses in photovoltaic (PV) systems cause
nonradiative recombination or incomplete absorption of incident
light, hindering the attainment of high energy conversion efficiency.
The surface of the PV cells is encapsulated to not only protect the
cell but also control the transmission properties of the incident light
to promote maximum conversion. Despite many advances in
elaborately designed photonic structures for light harvesting, the
complicated process and sophisticated patterning highly diminish the
cost-effectiveness and further limit the mass production on a large
scale. Here, we propose a robust/comprehensive strategy based on
the hybrid disordered photonic structure, implementing multifaceted
light harvesting with an affordable/scalable fabrication method. The spatially segmented structures include (i) nanostructures in the
active area for antireflection and (ii) microstructures in the inactive edge area for redirecting the incident light into the active area. A
lithography-free hybrid disordered structure fabricated by the thermal dewetting method is a facile approach to create a large-area
photonic structure with hyperuniformity over the entire area. Based on the experimentally realized nano-/microstructures, we
designed a computational model and performed an analytical calculation to confirm the light behavior and performance
enhancement. Particularly, the suggested structure is manufactured by the elastomeric stamps method, which is affordable and
profitable for mass production. The produced hybrid structure integrated with the multijunction solar cell presented an improved
efficiency from 28.0 to 29.6% by 1.06 times.
KEYWORDS: light harvesting, disordered structure, antireflection, encapsulation layer, photovoltaic, solar cell

■ INTRODUCTION
The ever-increasing advances of the photovoltaic (PV)
industry facilitate the utilization of solar light as a next-
generation energy source due to its sustainability and
renewability. Over the past years, as the installed PV capacity
is doubling, the cost of PV panels (per power generation, PG)
has continuously decreased by 40%.1 In the streamlined
research, several technical improvement methods have been
suggested to achieve highly affordable and efficient solar energy
conversion. A significant factor to reduce the installation costs
of PV (per PG) is to increase the energy conversion efficiency
of the solar cells itself.2 For all PV systems, optical loss is a
major factor that hinders the attainment of the Shockley−
Queisser limit: (1) a certain amount of sunlight is reflected off
the cell surface, (2) absorbed by the inactive layer of the PV
module, or (3) incompletely trapped inside the semi-
conductor.3 All these phenomena reduce the photocurrent
that can be achieved in cells.4−6 To overcome the limitations, a
strategy to reduce the inactive area of the solar cell and
efficient light delivery to the active area is highly required,
eliminating losses from nonradiative recombination or
incomplete absorption.7,8 The incorporation of properly

designed nanostructures to control the flow of light reduces
the aforementioned optical losses and mitigates optical
absorption, increasing the photocurrent, particularly through
encapsulation layers.9−11 Encapsulation is the final step in the
modularization of solar cells, and it covers the surface of the
cell and controls the transmission properties of the incident
light to promote maximum conversion in the primary cell
without affecting its intrinsic behavior.12 Based on the design
of the photonic structure to deliver sunlight into the active
area, structural approaches such as the use of prisms,13

randomly scattered pyramid structures,14,15 tapered struc-
tures,16,17 diffraction gratings,18,19 correlating nanostructure,20

and periodic/nonperiodic array21,22 have been reported.
Fundamentally, focused on either antireflection (AR) or light
redirection, its designing and processing results are successfully
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presented.23−25 However, to address the entailing issues from
optical losses,3 a more robust/comprehensive strategy is
necessary, which can simultaneously control the incident
light to achieve AR,26 light collection,27 and complete light
trapping.28,29 Furthermore, to maximize the light harvesting
performance with satisfactory cost-effectiveness of modulariza-
tion of the PV system and scalability, simple-processed and
affordable photonic structures are required. However, the
complicated process and the sophisticated pattering still highly
diminish the cost-effectiveness and further limit the mass
production on a large scale.30−33

Here, we present a hybrid photonic encapsulation layer
based on scalable and lithography-free nano-/microstructures
as a simple and facile approach to simultaneously control the
sunlight, enabling AR and light capturing. Even with an
ultrathin and lightweight configuration, the encapsulation layer
efficiently collects the unused light into the cell area and
significantly reduces surface reflection, thereby enhancing the
photocurrent and conversion efficiency. A lithography-free
hybrid disordered structure (HDS) is fabricated by the thermal
dewetting method to construct a large-area photonic structure
with uniform metal nanoparticles over the entire area.34−37

The degree of disorder, the size of the nano-/microrod, and
thickness are elaborately controlled. For numerical confirma-
tion, we suggest a computational model based on a real
fabricated structure, considering its configuration and scale for
optical calculation. In the process, rigorous coupled-wave
analysis (RCWA) is performed by sweeping the dimension of
the structure and the wavelength of incident light. From the

results, we optimized the best structures by characterizing the
transmittance, absorption of cell, and interaction between
electric field and structures. Furthermore, the suggested
photonic structure is manufactured by the elastomeric stamps
method,38 which is repeatedly replicable and transferable, thus
resulting in an affordable manufacturing cost. Empowered by
the suggested design flows, the fabricated structure facilitates
the realization of a high-performance, scalable, and cost-
effective light harvesting platform.

■ RESULTS AND DISCUSSION
Encapsulation Layer and Light Harvesting. Figure 1a

shows a schematic of the encapsulation layer according to the
proposed strategy to enhance the optical energy collection
integrated on the multijunction solar cells (MJSCs). The layer
comprises a HDS, which is divided into two types of area: (1)
nanostructure and (2) microstructure. The behavior of the
light passing through HDS is briefly represented in Figure 1b
by irradiating a collimated light beam (SLS400, Thorlabs, Inc.,
Germany) into nano-/microstructures. Each part is placed on
the active cell area and inactive edge area as a function of AR
to reduce surface reflection and scattering (SC) for light
delivery into the cell area. In this step, we fabricated different-
sized random structures with the nano-/microscale by
controlling the thickness of the metal (Ag) layer (see the
Experimental Section for the detailed process). As presented in
Figure 1c, the fabricated random nanostructure, that is, AR
layer, shows a subwavelength structure with a disordered
pattern, with a clear image without surface reflection.

Figure 1. (a) Schematic of an encapsulation layer with HDS integrated on a MJSC. (b) Schematic views and photographs of two types of
disordered structures (i.e., nano-/microstructures) with a collimated light source. (c) SEM image of the optimized nano-/microstructure at top view
and cross-sectional view (left). Scale bar is 500 nm. Photographs of AR and scattering (SC) structure. SC (i) and (ii) refer to the vertical distance of
0 and 5 mm, respectively (i.e., the distance represents the gap between printed paper and SC-PDMS). Scale bar is 1 cm. (d) Calculated specular
transmittance of AR-PDMS for tAg = 5, 10, and 15 nm (top) and diffuse transmittance spectra for tAg = 40, 50, and 60 nm (bottom). (e) Calculated
electric field distribution of SC-PDMS according to the nanostructure (i.e., tAg 10 nm) and microstructure (i.e., tAg 60 nm) at wavelengths of 500
and 1500 nm.
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Contrarily, the scanning electron microscopy (SEM) image of
the random microstructure, that is, the SC layer, represents a
relatively large-scale rod shape than the wavelength regime
with a hazed optical microscope image. To understand the
light−matter interaction between sunlight and HDS, we
conceived structural modeling and optical simulation. From
the realized sample, we extracted geometrical information (i.e.,
distribution and rod shape) obtained from SEM images for
numerical analysis. In the computational model, we set the
height (h) of the AR/SC structure as 400 nm/800 nm (see
Figure S1, Supporting Information). Using the addressed
analytical model, we calculated the transmittance passing
through each structure (Figure 1d). Among the zeroth-order
transmittance of the AR structures, 10 nm of Ag thickness (tAg)
shows the highest average transmission of 97.0% in the
wavelength region of 300−1800 nm. To enable a highly
antireflective condition, a gradient refractive index and an
effective medium without higher order diffraction should be
satisfied.39−41 With the increase of tAg, the rod size is widened,
producing higher diffraction order (see Figure S2, Supporting
Information). The transmission characteristics were also
expressed by solar weighted transmittance (SWT), which is
the ratio of usable photons to the total transmitted photons.
The SWT is evaluated by normalizing the transmittance
spectra with the solar spectral photon flux (i.e., AM 1.5 G)
integrated over a wavelength range,42 and eq 1 is given by

=
I T

I
SWT

( ) ( )d

( )d
s

s (1)

where Is(λ) is the spectral irradiance (in this study, we used
AM 1.5 G) and T(λ) is the total transmittance. As expected,
the SWT of tAg 10 nm shows the highest value (97.05%),
which is extracted from the specular transmittance spectra in
Figure 1d (see Table S1, Supporting Information). In the case
of the scattering medium, to confirm efficient light delivery
into the cell area, diffusive transmittance was considered. With
tAg 40, 50, and 60 nm, the optical simulation results based on
the analytic model show that the transmission peaks are placed
at the wavelengths of 350, 420, and 520 nm, respectively. We
note that the peak position of diffusive transmittance of tAg 60
nm closely corresponds to the highest solar intensity in the
solar spectrum (near λ = 550 nm). Likewise, the SWT of tAg 60
nm shows the highest value (70.03%) from the diffusive
transmittance in Figure 1d (see Table S1, Supporting
Information). Comprehensively, we selected the best con-
ditions for HDS (tAg 10 nm and 60 nm for AR and SC,
respectively). Furthermore, the electric field (e-field) distribu-
tions were calculated at the wavelengths of 500 and 1500 nm,
respectively. The used computational model is extracted from
the geometrical shape/distribution from the fabricated samples
(i.e., for nanostructure, tAg 10 nm/h 400 nm, and for
microstructure, tAg 60 nm/h 800 nm) (see Figure S1,
Supporting Information). As a result, with the AR structure,
the plane wave of incident light passes through the layer
without any other diffraction. However, the e-field passing
through the SC structure is partially redirected and diffused at
the microstructure from the normally incident light on the
surface.

Figure 2. (a) Schematic of the fabrication process of the HDS with PDMS (left) and different optical functions of the disordered structure (right).
(b) SEM images of the AR structure (i.e., tAg = 5, 10, and 15 nm). (c) SEM images of the scattering structure (i.e., tAg = 40, 50, and 60 nm). (d)
Measured specular transmittance of the AR structure. (e) Averaged transmittance of (d). (f) Solar irradiance spectrum and measured diffusive
transmittance of the scattering structure. (g) Averaged haze ratio derived from (f).
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Manufacturing and Structural Optimization of HDS.
As a replication medium, we selected polydimethylsiloxane
(PDMS) as a medium material for fabricating HDS due to its
affordable (i.e., reproducible) and efficient (i.e., low surface
reflection for AR) properties. To realize a hybrid structure with
nano-/microdimensions, we first fabricated the spatially
segmented rods divided into the AR and SC region. Then,
the Ni stamp was fabricated as a replication mold. Finally, the
PDMS was cured and detached (see the Experimental Section
and Figure S2, Supporting Information). Figure 2a (left) shows
the brief schematic of the fabrication process of the HDS-
PDMS layer from structure formation to PDMS replication. As
the Ni mold is fabricated with a reverse shape from the nano-/
microstructure of glass, the replicated PDMS has the same
shape as the original structures. As depicted in Figure 2a
(right), each part of HDS represents a different function.
Therefore, to characterize the physical/optical property, we
fabricated the AR (tAg = 5, 10, and 15 nm) and SC structures
(tAg = 40, 50, and 60 nm), respectively. From the realized
sample, we conducted structural analysis and optical measure-
ments. First, structural analysis was performed with the SEM
image to examine the surface morphology of the nano/
microstructures achieved from the glass substrate. Figure 2b
presents the nanostructures, representing the diameter
information with different sizes of tAg. The measured average
diameters of the nanostructures (for tAg = 5, 10, and 15 nm)
are 44 ± 12, 68 ± 25, and 130 ± 47 nm, respectively (see
Figure S3, Supporting Information). For a PDMS medium
(refractive index, n ∼ 1.43), a grating period below 200 nm is
necessary to remove the higher order diffraction.39,43 There-
fore, in the case of tAg 15 nm, an additional diffraction order is

generated, causing reduction of specular transmittance (see
Figure S4, Supporting Information). Among the various
mechanisms of AR, our suggested structure follows the
antireflective structure with having the gradient refractive
index (see Figure S5, Supporting Information).44,45 For the
scattering layer, Figure 2c shows microstructures, representing
relatively large dimensions. Corresponding to the metal layer
(tAg = 40, 50, and 60 nm), the measured average diameters are
690 ± 313, 1024 ± 371, and 1506 ± 755 nm, respectively (see
Figure S3, Supporting Information). This tendency is well
matched with the previously reported results (i.e., as tAg
increases, the size of the randomly distributed particles
increases).35 Subsequently, the optical measurement was
performed with spectroscopy to confirm the specular and
diffusive transmittances to examine the optical property of the
nano/microstructures achieved by PDMS replication. Fur-
thermore, to evaluate the influencing factor between structural
parameter (e.g., size, height, and distribution of rods) and
optical output (e.g., diffusive/specular transmittance), we
calculated the transmittance by changing the parameters (see
Figure S6, Supporting Information). First, in the case of
antireflective structures, the size of the rod significantly
influences to the overall transmittance intensity. However,
the height of rod is less sensitive.46 Second, the diffusive
structures show the high dependency with respect to both the
size and height of the rod. As the size and height of rods
increase, the peak of diffusive transmittance was moving
toward longer wavelength. As described in the Figure S6,
various transmittance spectra show a similar property, which is
extracted from a single fabricated sample, because the thermal
dewetting process make a uniform distribution of nano-/

Figure 3. (a) Simulated absorption profiles of the MJSC combined with AR-PDMS for three different active layers (i.e., InGaP, GaAs, and Ge) with
the spectrum range from 300 to 1800 nm. (b) Calculated absorptance and comparison of the integrated absorption intensity in three active layers
(i.e., In0.5Ga0.5P, GaAs, and Ge) by applying the AR-PDMS layer. (c) Calculated absorption spectra of the AR-PDMS layer on a solar cell with the
solar irradiance spectrum. (d) Schematic of the measurement setup for SC-PDMS using laser beams (λ = 450, 532, and 635 nm). (e) Photographs
of three diffused areas with wavelengths of 450, 532, and 635 nm. (f) Schematic of the MJSC with the HDS-PDMS layer (left). Calculated
absorption profiles of the MJSC combined with the HDS-PDMS layer for three wavelengths (i.e., 500, 750, and 1200 nm).
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microparticles. As represented in Figure 2d, each specular
transmittance shows different intensities, and among them, the
nanostructure achieved with 10 nm of tAg shows the highest
transmittance value. To evaluate the accurate specification of
optical properties of nanostructured PDMS, specular trans-
mittance and diffusive transmittance have been considered for
the wavelength range from 300 to 800 nm, which has a major
influence on SWT (see Figure S7, Supporting Information).
The average specular transmission of the bare PDMS over a
wide wavelength range of 300−800 nm is considerably
increased from 92.7 to 94.4% (Figure 2e). Furthermore, the
SWT shows the highest value (95.27%) for tAg 10 nm, which
shows a good agreement with simulated results (see Table S2,
Supporting Information). Likewise, we identified the sup-
pressed surface reflection through the optimized nanostructure
(i.e., tAg = 10 nm), and the average reflection of the bare PDMS
is reduced from 7.3 to 5.6% (see Figure S7, Supporting
Information). As shown in Figure 2f, the diffusive trans-
mittance spectra are represented with peak intensity at the
wavelengths (360, 430, and 530 nm) for microstructures (tAg =
40, 50, and 60 nm). To quantitatively identify the light
diffusion for each microstructure, we measured the diffusive
transmittance and calculated the optical haze ratio (H) based
on eq 247,48

= ×H
T
T

(%) 100d

t (2)

where Td and Tt are the diffusive transmittance and total
transmittances, respectively, and the calculation has been
conducted for the wavelength range from 300 to 800 nm (see
Figure S8, Supporting Information). As represented in Figure
2g, the scattering structure with a tAg of 60 nm has a higher
average haze ratio of 76.2% than the cases with a tAg of 40 and
50 nm (i.e., 63.4% and 71.1%). Furthermore, the peak intensity
of tAg 60 nm is placed at the highest intensity range of the solar
spectrum, resulting in effective high-powered sunlight delivery
into cell area. Furthermore, the SWT shows the highest value
(78.84%) for tAg 60 nm, which shows a good agreement with
simulated results (see Table S2, Supporting Information).
Considering the characterization results, we selected tAg 10 and
60 nm as the AR and SC media, respectively.

Optical Calculation and Experimental Character-
ization of AR-/SC-PDMS. Figure 3a (left) presents the
conceptual cross-sectional view of AR-PDMS attached to the
MJSC, which is composed of In0.5Ga0.5P (0.7 μm), GaAs (3.65
μm), and Ge (150 μm). Figure 3a (right) shows the absorption
profiles corresponding to the broad spectral range (λ = 300−
1800 nm) with AR-PDMS. When compared to absorption of
flat PDMS, the MJSC shows higher absorption intensity for all
active layers (see Figure S9, Supporting Information).

Figure 3b shows that absorption in the three active layers
combined with AR-PDMS is relatively high by 1.15 times
compared to the bare MJSC. Furthermore, to confirm the
antireflective effect corresponding to the wavelength, we

Figure 4. (a) Schematic illustration of the measurement setup for light capturing. Photograph of HDS-PDMS laminated on the cover glass of the
CMOS image sensor. Scale bar is 1 cm. (b) Captured photographs with light intensity distribution for different structures (i.e., bare PDMS, AR-
PDMS in the center area, SC-PDMS in the edge area, and HDS-PDMS). Scale bar is 0.5 cm. (c) Measured light intensity profile corresponding to
the types of structure. (d) Measured current density−voltage (J−V) curves of the MJSC integrated with bare-/AR-/SC-/HDS-PDMS, respectively.
(e) Illumination angle dependency according to the measured short-circuit current (JSC) and power conversion efficiency (η).
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conceived optical calculation by applying the AR-PDMS layer
on a solar cell (Figure 3c). In the spectral range indicated as
Ge (λ = 900−1600 nm), the spectrum has a fringe pattern.
This phenomenon is originated from the interference of light
at the transparent layers (i.e., InGaP/GaAs). Since there is no
absorption in the top two layers beyond the wavelength of 900
nm, the interference occurred corresponding to the Swanepoel
model,49 which have fluctuation shape with having maxima and
minima absorptance. The absorptance spectra were calculated
based on the normal incidence of light. From the spatial (i.e.,
absorption profile) and spectral (i.e., absorptance spectrum)
calculation result, we confirmed that the AR-PDMS layer
efficiently promotes light harvesting by eliminating unneces-
sary surface reflection at the encapsulation coating. To measure
the quantitative specifications of SC-PDMS, the light scattering
presented by SC-PDMS is experimentally demonstrated under
three wavelengths of 450, 532, and 635 nm corresponding to
blue, green, and red light, respectively (Figure 3d). The
distance between the SC-PDMS layer and the screen was fixed
at 10 cm, and the angle of the diffused light of wavelengths
450, 532, and 635 nm passing through the SC-PDMS layer is
21.7, 27.7, and 30.0°, respectively (see Figure S10, Supporting
Information). Figure S8 illustrates the measurement setup and
the calculation method used to derive the diffraction angle.
The measurement results indicate that a light with a longer
wavelength is dispersed with a larger angle than the light with a
shorter wavelength, which helps redirect the light reaching the
inactive area to the cell area. From the results, we confirmed
that the SC-PDMS layer of tAg 60 nm spreads the light widely
on the screen (Figure 3e). The optical path length along with
the wavelength was evaluated using the projected images.
From the simulation and experiment results, to confirm the
light harvesting effect, we made the computational design of
the integrated HDS-PDMS and MJSC. Figure 3f (left)
illustrates the conceptually modeled scheme to identify the
enhancement of absorptance. As shown in Figure 3f (right),
the absorption layers are changed corresponding to the
wavelength, and all the layers of the HDS-PDMS on the
MJSC present stronger absorptions than those of bare PDMS
and AR-PDMS (see Figure S11, Supporting Information with
the comparison of integrated absorption intensity).

Experimental Confirmation of Light Harvesting with
the MJSC. From the optimized conditions, we experimentally
fabricated the hybrid structures, which have separated area, and
the dimension was addressed from the scale of cell and edge
region. The HDS-PDMS layer was replicated using a soft
lithography method from the Ni mold (see the Experimental
Section and Figure S2, Supporting Information). Figure 4a
represents the configuration of light capturing the measure-
ment setup, which consists of white light source (light-emitting
diode), aperture, lens, and image sensor. The aperture acts as a
point source and is located at the focal length of the lens to
produce collimated light illumination. The HDS-PDMS is
laminated on the cover glass of the complementary metal oxide
semiconductor (CMOS) imaging sensor (inset; Figure 4a).
Figure 4b shows the captured photographs of irradiance
distribution for the different structures (i.e., bare PDMS, AR-
PDMS in cell area, SC-PDMS in edge area, and HDS-PDMS).
In the case of HDS-PDMS layer, the brightness of the cell area
indicates the amount of light transmitted into the image sensor
plane. For more detailed analysis on the quantitative light
intensity according to structures, we compared the pixel
intensity in the center position of the captured image. Figure

4c represents the light intensity profile corresponding to the
types of the attached PDMS. The white-/gray-colored region
indicates the center/edge area. As shown in the profile of the
AR-PDMS layer, the intensity is slightly high compared to the
no-patterned bare PDMS layer due to the enhanced
antireflective effect. Moreover, in the case of SC-PDMS
layer, the light intensity sharply increases near the interface
between the cell and edge area due to light scattering. The
HDS-PDMS layer combined with the AR-PDMS and SC-
PDMS has the highest intensity profile at both the interface
and cell area. Therefore, by combining the AR effect and light
scattering effect, the HDS-PDMS layer efficiently delivers the
incident light to the center area. For practical device
applications, the fabricated structures (i.e., bare PDMS, AR-
PDMS in the center area, SC-PDMS in the edge area, and
HDS-PDMS) were employed in the cover glass of the
encapsulation MJSC. To characterize the solar cell parameters,
Figure 4d shows the measured current density−voltage (J−V)
curves of the MJSC integrated with bare-/AR-/SC-/HDS-
PDMS, respectively, by using a solar simulator with AM 1.5 G
(Oriel Sol3A, USA) and 1 sun illumination (100 mW/cm2) at
25 °C. The measured MJSC parameters are short-circuit
current (JSC), open-circuit voltage (VOC), fill factor (FF), and
power conversion efficiency (η), which are summarized in
Table 1. η was calculated using eq 3

=
× ×J V

P

(mA cm ) (V) FF (%)

(mW cm )
sc

2
oc

light
2

(3)

where Plight represents the power density of the incident light.
As the measurement is performed using the bare MJSC, we
conducted cross-validation to ensure the uncertainty of the
bare MJSC (see Figure S12, Supporting Information). In
addition, we performed statistical analysis on several types of
encapsulation layers with cross-validation (see Table S3,
Supporting Information). As a reference, the JSC MJSC
encapsulated by flat glass was measured as 14.0 mA/cm2.
Further, we confirmed that the efficiency (η) of MJSC with flat
PDMS was improved by the enhanced JSC (14.2 mA/cm2)
owing to the reduced refractive index variation between the
outer environment (air, n ∼ 1) and the PDMS polymer (n ∼
1.43) than glass (n ∼ 1.5). In particular, the MJSC integrated
with the HDS-PDMS layer exhibited a drastic improvement of
JSC from 14.0 to 14.8 mA/cm2 due to increased cell absorption.
From the experimental results, the efficiency is increased by
1.06 times from 28.0 to 29.6%. To analyze the illumination
angle dependency of the HDS-PDMS layer on the MJSC, the
J−V measurement was performed with varying incident angle
(θ) from 0 to 70°. As θ is increased, JSC and η are gradually

Table 1. Averaged Solar Cell Parameters for Five Different
Types of MJSCsa

device
JSC

(mA/cm2) VOC (V) FF (%) η (%)

bare MJSC 14.0 (0) 2.5 (0) 79.68
(0.07)

27.96
(0.05)

bare-PDMS/MJSC 14.2 (0) 2.5 (0) 79.3 (0.12) 28.2 (0.05)
AR-PDMS/MJSC 14.4 (0.04) 2.5 (0) 79.4 (0.05) 28.6 (0.04)
SC-PDMS/MJSC 14.7 (0) 2.5 (0) 79.1 (0.10) 29.1 (0)
HDS-PDMS/MJSC 14.8 (0.05) 2.5 (0) 79.4 (0.01) 29.6 (0.06)
aThe standard deviations for each parameter are stated in parentheses
(see Table S3, Supporting Information).
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decreased (Figure 4e). Because the absorption intensity is
decreased with the increase of incident angle,50 the JSC was
reduced due to the lowered absorption intensity in the
semiconductor layer, resulting in low exciton generation rate.51

Consequently, it reduces the total η following eq 3. However,
in the case of the configuration with HDS-PDMS, the
reduction is less than that of the bare MJSC with incident
angle variation due to the enhanced absorption intensity in
active area thanks to the optical effect due to the HDS-PDMS
(see Figure S13, Supporting Information).

■ CONCLUSIONS
This study presented an effective strategy for designing a
hybrid photonic structure, in which randomly dispersed nano-/
microstructures promote antireflective and light scattering,
respectively. The suggested structure clearly demonstrated the
incident light control, enhancing the light trapping at the cell
active layers originated at the AR (surface of active area) and
light delivery (from the unused area to the active area). The
thickness of the Ag layer determines the scale of the randomly
dispersed structures, which affects the optical function of the
encapsulation layer. For the best light harvesting performance,
tAg 10 nm was selected as an antireflective function due to its
subwavelength scale and gradient refractive index. In the case
of the scattering medium, tAg 60 nm showed high diffusive
transmittance and light scattering angle. For the theoretical and
experimental analysis, an MJSC (In0.5Ga0.5P/GaAs/Ge) was
selected and integrated with the HDS (optimized config-
uration), presenting an improvement in the solar gain in the
active area, resulting in an efficiency increase by 1.06 times
(from 27.96 to 29.6%). Particularly, as the suggested scheme
can be manufactured by the elastomeric stamps method, which
can be repeatedly replicated, it is suitable for mass production.
In our manuscript, PDMS had been used as a polymer medium
for replication. Although PDMS shows great optical property
(i.e., no absorption) and replicability, they are exposed to harsh
applications in outdoor environments, which could cause
degradation of the polymer. Nowadays, there are many
alternative strategies to overcome ultraviolet (UV)/thermal
degradation of polymers (e.g., polyurethane/ZnO compo-
site).52,53 Based on the suggested anti-UV/thermal degradation
polymer, as a future work, additional research for robust
replication method is needed.

As a result, in this work, the design process for the
lithography-free/hybrid photonic structure has been suggested,
and based on the customized computational model, the optical
behavior has been elaborately evaluated. From the result, we
experimentally realized the HDS-PDMS and characterized the
enhancement of solar cell efficiency. Furthermore, the
possibility of large-area fabrication will promote the utilization
diverse range of optoelectronic devices,54,55 such as light
harvesting system, photoelectric sensors, or water splitting
system (see Figure S14, Supporting Information).

■ EXPERIMENTAL SECTION
Optical Simulation. The optical spectra and the absorption

profiles were obtained using the commercial software (DiffractMOD,
RSoft; USA) based on the RCWA method. In all simulation results,
the fifth diffraction order and a grid size of 1 nm were set to
numerically stabilize and for accurate results. In electrical field
simulations, the finite-difference time domain method was used, and
perfectly matched layer domains were considered for horizontal/
vertical direction. To achieve accurate calculation results, material

dispersions and extinction coefficients were considered. The complex
refractive indices of the PDMS polymer were obtained from the
existing literature,56 and semiconductors such as Ge, GaAs, and
InGaP were achieved from the literature.57−59

Optical and Structural Characterization. The specular and
diffusive transmittance spectra were characterized by using an
ultraviolet−visible−near-infrared spectrometer (Lambda 950, Perki-
nElmer, Inc., USA). To measure the light intensity profile passing
through HDS, the customized measurement setup was composed of a
white light source (MCWHL6, Thorlabs, Inc., Germany) with a
collimated lens (SM2F32-B, Thorlabs, Inc., Germany), an aperture,
and a CMOS image sensor (Grasshopper G33-U3-23S6C-C, FLIR,
USA). Structural analyses were also performed using a scanning
electron microscope (JSM-7500F, JEOL, Japan).

Fabrication of HDS Layer. A clean bare glass substrate with
acetone, methanol, and deionized (DI) water was prepared. After
dividing the active area and edge area with a shadow mask, Ag was
deposited to a thickness of 10 and 60 nm on a substrate using an
electron beam evaporator (KVE-E2000, Korea Vacuum Tech, Ltd.,
Korea) under a high vacuum (≈10−6 Torr). To fabricate the
disordered Ag particles, a thermal dewetting process was conducted at
600 °C for 5 min in the active area and 700 °C for 10 min in the edge
area by using a rapid thermal annealing system (KVR-4000, Korea
Vacuum Tech, Ltd., Korea) under a nitrogen environment. The
thermal dewetting process occurred by the energy competition
between destabilizing energy (long-range attractive forces, van der
Waals interaction) and stabilizing energy (surface tension of the metal
film−substrate) (see Figure S13, Supporting Information).60 There-
fore, the annealing temperature controls the morphology of dewetted
particle shape/distribution. In the initial state, the annealing process
promotes the formation of elongated islands; sequentially, they make
it a round-shaped island. As the thickness of the film is thicker, the
required temperature/time is higher to make a round-shaped island;
in total, the thickness of the metal film, temperature, and annealing
time determine the morphology of the dewetted surface.35 Therefore,
we applied different temperatures and times to obtain well-dispersed
and rounded nano-/microparticles. Subsequently, the Ag layers were
patterned by a reactive ion etch system (PLASMA LAB80, Oxford
Instruments, UK) using CF4 (50 sccm) at a RF power of 65 W for 10
min (active area) and 5 min (edge area). The samples were dipped
into nitric acid (HNO3) to remove the residual Ag at room
temperature (25 °C) for 3 s. Sequentially, the reverse-shaped Ni
master mold was fabricated. On the glass hybrid structure, the seed
layer (i.e., Cu) was sputtered and the electroplating process is taken.
After process, the back plane of Ni was planarized; then, the Ni stamp
was released from the glass structure. To fabricate the HDS-PDMS
layer, the PDMS was mixed with a base elastomer with a cross-linking
agent ratio of 10:1 (Sylgard 184, Dow Corning, USA). The blended
polymer was placed in a vacuum chamber for 30 min to eliminate the
air bubbles. Subsequently, the PDMS was spin-coated on the self-
assembled monolayer-coated patterned Ni mold at 500 rpm for 30 s
and annealed at 60° for 12 h. The cured HDS-PDMS layer was
detached from the patterned Ni mold.

PV Characterization of Solar Cells. The current density−
voltage curves were plotted by using a solar simulator with AM 1.5 G
(Oriel Sol3A, Newport, USA) and 1 sun illumination (100 Mw/cm2).
For accurate measurements, the light intensity was calibrated with a
silicon reference cell (Oriel SRC-1000 TC KG5-N, Newport, USA).
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