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ABSTRACT: We propose the biomimetic moth-eye nanoarchitec-
tures as a novel plasmonic light-harvesting structure for further
enhancing the solar-generated photocurrents in organic photovoltaics
(OPVs). The full moth-eye nanoarchitectures are composed of two-
dimensional hexagonal periodic grating arrays on surfaces of both the
front zinc oxide (ZnO) and rear active layers, which are prepared by a
simple and cost-effective soft imprint nanopatterning technique. For
the 380 nm period ZnO and 650 nm period active gratings (i.e.,
ZnO(P380)/Active(P650)), the poly(3-hexylthiophene-2,5-diyl):in-
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dene-Cy, bis-adduct (P3HT:ICBA)-based plasmonic OPVs exhibit

an improvement of the absorption spectrum compared to the pristine OPVs over a broad wavelength range of 350—750 nm,
showing absorption enhancement peaks at wavelengths of ~370, 450, and 670 nm, respectively. This leads to a considerable
increase of short-circuit current density (J,.) from 10.9 to 13.32 mA/cm?, showing a large J,. enhancement percentage of ~22.2%.
As a result, the strongly improved power conversion efficiency (PCE) of 6.28% is obtained compared to that (i.e., PCE = 5.12%)
of the pristine OPVs. For the angle-dependent light-absorption characteristics, the plasmonic OPVs with ZnO(P380)/
Active(P650) have a better absorption performance than that of the pristine OPVs at incident angles of 20—70°. For optical
absorption characteristics and near-field intensity distributions of plasmonic OPVs, theoretical analyses are also performed by a
rigorous coupled-wave analysis method, which gives a similar tendency with the experimentally measured data.
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1. INTRODUCTION

Development of thin film-based photovoltaic (PV) cells grown
on inexpensive substrates (ie., glasses and polymers) is
considered as one of the most promising strategies to reduce
the cost of solar power generation for a wide range of potential
applications from windows and claddings for building-
integrated PV generation to automotive and portable power
sources.' > Especially, organic photovoltaics (OPVs) have
attracted enormous attention as one of the most promising
alternative renewable energy sources because of their light-
weight, high throughput, conformability, and low-temperature
facile solution processability.”> The recent progress in
achieving solar power conversion efficiencies (PCEs) surpass-
ing 10% of OPVs is a milestone in fields of solar energy devices
for prospects of commercialization."” Ideally, a photoactive
layer in OPVs should be sufficiently thick to absorb most of the
incoming sunlight. However, the quantum efliciency of OPVs
with thicker photoactive layers is still limited by the
comparatively low carrier mobility, which may cause charge-
recombination losses.”” Therefore, it is necessary to increase
the PCE of OPVs with a limited photoactive layer thickness in
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an effective light-harvesting way including light-trapping and
photon-management techniques in the photoactive region. In
this respect, recently, several concepts have been studied on
thickness optimizations of thin film,®’ grating structures by
nanopatterning techniques,'®™"” surface treatment by addi-
tives, ®'? textured surface structures as antireflection coat-
ings,n’zo and localized surface plasmons using metallic
nanoparticles and quantum dots.”'~>* Among these ap-
proaches, particularly, using simple, inexpensive, and large-
scalable soft imprint nanopatterning techniques, periodic
grating structures at the front (ie, zinc oxide (ZnO)/active
layer) or rear (ie., active/metal layer) electrode of OPVs lead
to reduced reflection losses and enhanced optical path lengths
by scattering and diffraction of lights reflected from the rear
metal layer in the device over a wide wavelength range of solar
spectrum and thus effectively enhance the light absorption in
the active layer, resulting in the PCE improvement of
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Figure 1. (a) Schematic of the fabrication sequence for plasmonic OPVs with a full moth-eye configuration: (i) Preparation of ITO substrates, (ii)
spin coating of sol—gel derived ZnO precursor layers, (iii) nanopatterning process of ZnO layers via PDMS stamps, (iv) moth-eye architecture on
ZnO layers, (v) nanopatterning process of photoactive layers via PDMS stamps, (vi) moth-eye architecture of photoactive layers, (vii) thermal
evaporation of MoOj; with Ag electrodes on active layers, (b) cross-sectional view of OPV device architecture, and (c) cascade energy level diagram
of constituent materials in OPVs including the HOMO and LUMO energies.

OPVs.'®™'7 In addition, these nanopatterned OPVs at inside
layers can contribute to more effective carrier transport because
of the increase of the interfacial area.’*™>° Besides, the
nanoscale grating structures at the interface between the
photoactive and rear metal layers produce strong electro-
magnetic fields, that is, surface plasmon resonances (SPRs),
which can increase photocurrents in the active layer of OPVs at
some waveleng.;ths.u*13 Also, the OPVs with biomimetic moth-
eye corneal nipple structures, which consist of two-dimensional
(2D) periodic grating arrays at the rear electrode, show a better
device performance than ones with one-dimensional (1D) line
grating patterns.10 Optical properties (e.g, transmission,
reflection, diffraction, etc.) of the light strongly depend on
the period of grating structures.”’~>° Thus, it is very meaningful
to investigate the optical and device characteristics of OPVs by
varying the period of gratings with 2D hexagonal pattern arrays.
Although there are many studies on the PCE enhancement of
OPVs with the 1D line or 2D grating patterns at the front or
rear electrode,'"'**%¢ very little or no work has been
reported on the use of moth-eye architectures with 2D grating
patterns at both the front and rear electrodes in OPVs for
different periods, together with a theoretical analysis. In this
work, we fabricated the poly(3-hexylthiophene-2,5-diyl):in-
dene-Cq, bis-adduct (P3HT:ICBA) photoactive material-
based OPVs, which consist of ZnO/P3HT:ICBA/MoO;/Ag
structures, with full moth-eye grating architectures (ie., both
the front ZnO and rear P3HT:ICBA active layers) via a soft
imprint nanopatterning. Their device performances with optical
properties were investigated, including a long-term stability.
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Using a rigorous coupled-wave analysis (RCWA) method, the
effect of moth-eye gratings on near-field intensity distributions
and the resulting enhanced optical absorbance in the plasmonic
OPV structures were studied. The angle-dependent optical
characteristics were also explored.

2. EXPERIMENTAL AND OPTICAL SIMULATION
DETAILS

2.1. Materials and Methods. Figure 1 shows the (a) schematic
illustration of the fabrication sequence for plasmonic OPVs with a full
moth-eye configuration, (b) cross-sectional view of OPV device
architecture, and (c) cascade energy level diagram of OPV constituent
materials including the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energies. As can be
seen in Figure la, first, to fabricate the OPVs with moth-eye grating
architectures, indium tin oxide (ITO)-coated glass substrates (13€2/
square, Samsung Corning Corp.), which were cleaned successively by
ultrasonication in detergent, acetone, ethanol, and deionized water for
15 min and finally dried in an oven (110 °C) for 3 h, were used as a
front electrode. The sol—gel-derived ZnO precursor, which was
prepared by dissolving zinc acetate dihydrate (Zn(C,H;0,),-2H,0,
ie, Zn(OAc),2H,0, 220 mg, 0.5 M) and methanolamine (0.5 M) in
2-methoxyethanol (CH;O0CH,CH,OH, 2 mL) with vigorous stirring
for 12 h for the hydrolysis reaction at ambient conditions,®® with a
thickness of ~30 nm was spin-coated on the surface of ITO/glass
substrates and sintered. Then, it was imprinted using the poly-
(dimethylsiloxane) (PDMS) stamps with negative grating arrays.
PDMS stamps with four periods of 380, 500, 650, and 840 nm were
prepared from silicon (Si) master molds with conical gratings
consisting of 2D periodic hexagonal patterns that were fabricated by
laser interference lithography and dry etching processes. For both the
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Figure 2. (a) 40°-tilted oblique-view SEM images and (b) measured transmittance spectra of ZnO moth-eye gratings for different periods (P) of 380,
500, 650, and 840 nm. (c) AFM image of the ZnO moth-eye gratings (PS00). For comparison, the transmittance spectrum of flat ZnO layer is also

shown in (b).

Si molds and PDMS stamps used in this experiment, the detailed
fabrication method and information can be found in our previous
works.>*! After detaching the PDMS stamps from the ZnO layer, the
200 nm thick P3HT:ICBA (RIEKE metals) photoactive layer was
spin-coated on the top surface of the ZnO gratings/layer and
subsequently imprinted by the PDMS stamps. Then, the thermal
annealing was carried out at 85 °C for 10 min. After annealing, the
PDMS stamps were carefully separated from the photoactive layer
without cracks or any defects. Lastly, as a rear electrode, the
molybdenum trioxide (MoO;, S nm)/silver (Ag, 100 nm) layers were
deposited on the samples by using a thermal evaporation system,
respectively, under the interconnected high vacuum (8 X 1077 Torr)
with a shadow mask, and the device area (9 mm?) was defined as the
active area of the corresponding OPVs, creating the plasmonic OPVs
with a full moth-eye grating configuration, as shown in Figure 1b. In
Figure lc, the energy flow diagram exhibits the Ejyyo and Eyonmo
values of polymers with each component. Herein, the ZnO layer acts
as an electron (e”)-transporting and hole-blocking layer in the device.
The bound exciton (ie., electron—hole pair) is generated by the
incoming light, and then it is facilitated to be charge recombination
and segregation at the interface of P3HT:ICBA-based interpenetrated
percolating networks. Thus, electrons shift toward the front ITO
electrode through the ZnO layer, and holes (h*) move toward the rear
Ag electrode.

2.2. Characterization of Samples. Structural and morphological
properties of the fabricated samples were observed by using a scanning
electron microscope (SEM; LEO SUPRA S8, Carl Zeiss) and focused
ion-beam (FIB; Quanta 3D FEG, FEI) system. For the surface
morphology of ZnO gratings, tapping-mode atomic force microscope
(TM-AFM) analysis was carried out by tapping mode at room
temperature with a Dimension 3100 SPM equipped with Nanoscope
IV devised by Digital Instruments. The total reflectance and
transmittance were measured by using a UV—vis—near-IR spectropho-
tometer (Cary 5000, Varian) with an integrating sphere at near normal
incidence of ~3°. A spectroscopic ellipsometry (V-VASE, J. A.
Woollam) was used for the measurement of angle-dependent optical
characteristics at incident angles of 20—70° in nonpolarized light and
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for the characterization of refractive index and extinction coefficient of
ZnO and active materials. Linearly polarized diode laser beam
(intensity of 3.3 mW) with a wavelength (1) of 635 nm was used as
the probe light source for light-trapping experiment at incident angles
of 15—60°. The incident laser ray is irradiated to a sample through the
pinhole, and then the reflected zeroth-order ray is detected in the
photodetector as a light intensity. Current density—bias voltage (J—V)
curves were measured using a Keithley 2400 source measurement unit
under illuminated conditions at an intensity of 100 mW/ cm? using a 1
kW Oriel solar simulator with an air mass (AM) 1.5 G filter. For
accurate measurements, the light intensity was calibrated using a
radiant power meter and reference silicon solar cells certified by the
National Renewable Energy Laboratory (NREL). Incident photon to
current conversion efficiency (IPCE) spectra of devices were obtained
using Oriel IQE 200 model, which combined monochromator and
lock-in amplifier by comparison to a calibrated Si photodiode.

2.3. Theoretical Modeling and Calculations. Optical analyses
(ie., absorption, reflection, transmission, near fields) of plasmonic
OPVs were performed using an RCWA method in a commercial
software package (DiffractMOD, Rsoft Design Group). It was assumed
that the incident light entered from air into the device at incident
angles of 0—70°. To design the simulation models, gratings on both
the ZnO and active layers were represented by a periodic geometry
with a 2D hexagonal pattern in the Cartesian coordinate system by a
scalar-valued function of three variables, f(x,,z), for simplicity. The
shape of gratings can be defined by the following equations:*°

— 1/0 2 2
r= Rgrating X [(ngating - Z) /ngating] B and X"+ y
2
=r (O <z< ngating) (1)
where the r is the radius of circle in xy plane, H yying Ryrating and Or is

the height, the bottom radius, and the order of taper of gratings,
respectively. In calculations, the heights, orders of taper, and ratios of
the bottom diameter of gratings to the period between gratings were
kept at 30 and 130 nm, 1 and 1.5, and 0.8 and 0.8 for ZnO(P380) and
Active(P650) gratings, respectively.
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Figure 3. (a) 40°-tilted oblique-view SEM images of plasmonic OPVs with active gratings for different periods of 380, 500, 650, and 840 nm at the
ZnO (P380) gratings. (b) Cross-sectional SEM image of plasmonic OPVs with ZnO(P380)/Active(P650). (c) 1-reflectance (R)-transmittance (T)
(i.e., absorption) spectra of pristine OPVs, ZnO (P380) gratings OPVs, and the corresponding plasmonic OPVs. (d) Absorption enhancement ratio
of ZnO (P380) gratings OPVs and plasmonic OPVs compared to the pristine OPVs.

3. RESULTS AND DISCUSSION

Figure 2 shows the (a) 40°-tilted oblique-view SEM images and
(b) measured transmittance spectra of ZnO moth-eye gratings
for different periods of 380, 500, 650, and 840 nm. In addition,
the transmittance behavior of flat ZnO layer was demonstrated,
as shown in Figure 2b. For the ZnO moth-eye gratings with a
period of 500 nm (ie, PS00), topographic images were
investigated by using a TM-AFM, as shown in Figure 2c. From
both the SEM (Figure 2a) and AFM (Figure 2c) images, it can
be observed that the moth-eye gratings with 2D periodic sixfold
hexagonal pattern arrays were well-formed on the surfaces of
imprinted ZnO layers by the PDMS stamps. For all the
samples, the average height of ZnO gratings and the average
thickness of remaining ZnO layers were approximately 30 nm
and 10 nm, respectively. As shown in Figure 2b, the
transmittance is strongly dependent on the period of ZnO
moth-eye gratings. As the period is increased, the transmittance
is gradually decreased. Also, it is observed that the trans-
mittance spectra start to drop at wavelengths close to the
grating periods, especially, for the samples with periods of 380
and 500 nm, because of their diffraction losses caused by
higher-order diffracted waves.””*> This drop behavior can be
also found in previous reports.””**~>* But, the diffraction losses
are not large due to the very low height (ie, ~30 nm) of
gratings.>* Nevertheless, the ZnO moth-eye gratings with a
period of 380 nm (P380) exhibited a higher transmittance than
that of the flat ZnO layer over a wide wavelength of 430—750
nm, which is attributed to the only allowed zeroth-order wave
at wavelengths much higher than the period of 380 nm as well
as the gradient effective refractive index profile via conical

gratings, that is, “moth-eye effect”3¥% Its solar weighted
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transmittance (Ty,), which can be estimated by normalizing the
measured transmittance spectrum with the solar spectral
photon flux (ie, AM1.5G®) integrated over a wavelength
range of 350—750 nm,*® of ~99.5% is higher than those of the
other samples (ie., T, &~ 99, 98.9, and 98.5% for the ZnO
moth-eye gratings with periods of 500, 650, and 840 nm,
respectively) as well as the flat ZnO layer (ie, Ty, ~ 99.1%).
Furthermore, the front electrode with gratings can enhance the
trapping or scattering of reflected lights from the rear metal
electrode in the active region of OPVs, which leads to the larger
photocurrent.”*** Besides, the moth-eye gratings on the surface
of ZnO layer can reduce the electron-transfer distance between
the active layer and electrodes due to the increased interfacial
surface area and thus decrease the exciton recombination
losses.** ™% Thus, the ZnO moth-eye gratings with a period of
380 nm can help to enhance the light harvesting and the travel
of photogenerated carriers into electrodes compared to the flat
ZnO layer in the active layer of OPVs.

Figure 3a shows the 40°-tilted oblique-view SEM images of
plasmonic OPVs with active gratings for different periods of
380, 500, 650, and 840 nm at the ZnO (P380) gratings. As
shown in Figure 3a, it can be observed that, using the PDMS
stamps, the corrugated surface morphologies with 2D
hexagonal periodic pattern arrays are well-formed on the
imprinted active layer for different periods, resulting in the
OPVs with a full moth-eye configuration (i.e., gratings on both
the front ZnO and rear active layers). From the cross-sectional
SEM image characterized by the FIB cutting in Figure 3b, for
the plasmonic OPVs with 650 nm period active gratings (ie.,
ZnO(P380)/Active(P650)), all the constituent materials are
well-multistacked on the ITO/glass substrate. For the
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Figure 4. (a) Calculated absorption (1-R-T) spectra and enhancement ratio for pristine OPVs and plasmonic OPVs with ZnO(P380)/Active(P650)
and (b) near-field intensity distributions in plasmonic OPVs with ZnO(P380)/Active(P650) at different wavelengths of (i) 380 nm, (ii) 460 nm, and

(iii) 670 nm for TM polarized light.

imprinted gratings on the active layer, the average height was
~130 nm, and the average thickness of the remaining active
layer was ~100 nm, respectively. As can be seen in Figure Sla
(see the Supporting Information), the heights of the other
plasmonic OPVs were estimated to be ~100, 120, and 150 nm
for periods of 380, 500, and 840 nm, respectively, indicating
remaining active layer thicknesses of ~120, 90, and 60 nm for
the corresponding OPVs. Also, the uniformly well-ordered
gratings on the surface of OPVs can be observed over a large
area in the low-magnification SEM image of Figure S1b (see the
Supporting Information). To investigate the light-trapping
nature of OPVs with full moth-eye gratings, the absorption (i.e.,
1-R-T) was extracted by the measured reflectance (R) and
transmittance (T) (see Figure S2 of the Supporting
Information). Figure 3c shows the extracted absorption (1-R-
T) spectra of pristine OPVs, ZnO (P380) gratings OPVs, and
plasmonic OPVs. Compared with the pristine OPVs, the
absorption of OPVs with the only ZnO (P380) gratings was
slightly increased. However, the introduction of gratings on the
active layer into OPVs exhibited a further significant improve-
ment on the absorption spectra over a wide wavelength range
of 350—750 nm. For all the OPV devices, to explore the
percentage of the absorbed solar energy in the active layer, the
solar weighted absorption (A,,) was also evaluated. The A, is
given by the following equation

/: O L()S(A)dA

S0nm

sw 750nm
/3 S(A)dA 2)

SOnm

where a(4) is the absorption spectrum in Figure 3c and S(4) is
the solar irradiance spectrum (i.e, AM1.5G). The plasmonic
OPVs with ZnO(P380)/Active(P650) had a larger estimated
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A,,, value of ~82% compared to those of the other plasmonic
OPVs (ie, A, ~ 71.8, 752, and 74.5% at P380, P500, and
P840, respectively, for the active gratings) and the pristine
OPVs (ie., Ay, = 57.8%). To clarify the increased absorption of
plasmonic OPVs compared to the pristine OPVs, an enhance-
ment ratio was calculated in Figure 3d. Among the plasmonic
OPVs with full moth-eye architectures, especially, the
absorption enhancement of the device with ZnO(P380)/
Active(650) is remarkable. This is ascribed to the enhanced
light trapping caused by the increased transmittance and
scattering effects of lights reflected from the rear metal layer as
well as the improved photogenerated charge transport due to
the larger interfacial surface area induced by gratings at both the
ZnO and active layers.""™'#**72%% When periodic gratings are
provided on the active/metal layer in OPVs, incident light
reaching the gratings can be diffracted in a backward
direction.'”'**! The angle of the diffracted light can be
determined from the following equation:'’

MA = N P(sin 6, + sin 6)) (3)

where n,,. denotes the refractive index of the P3HT:ICBA, P
is the grating period, m specifies the order of the diffracted light,
A is the wavelength of the incident light, and 6, and 8 designate
the incidence and diffraction angles, respectively. At normal
incidence (6, = 0), for 350 nm < A < Por P < A < 750 nm (i.e.,
P =380, 500, and 650 nm), a diffracted light can have m values
of 0, =1, and +2 or 0 and +1, respectively. At higher m values,
the 0y of the diffracted light can be bent by 90°, which cannot
be absorbed through the active layer. Actually, although an
exact amount of diffracted lights in a backward direction from
the active gratings/metal layer in OPVs cannot be directly
explored since the photoactive layer absorbs both the front
incident and back reflected lights, the diffraction (ie., diffuse
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Figure 5. (a) Measured absorption (1-R-T) spectra and (b) contour plots of variations of calculated absorption spectra of (i) pristine OPVs and (ii)
plasmonic OPVs with ZnO(P380)/Active(P650) at different incident angles (6,,.). For both the OPVs, the absorption enhancement ratio is also

shown in (iii) of (a) and (b), respectively.

light scattering) effect at wavelengths close to the grating period
can be found in our previously published papers.**** Our group
reported the light-diffraction behaviors of transparent polymers
(i.e., Norland Optical Adhesive (NOA) 63 and SUS8) with a
grating surface, which were prepared by the soft imprint
lithography using the same Si master molds and PDMS stamps
used in this work. The NOAG63 gratings/glass with a period of
650 nm showed a gradual increment in the reflectance
spectrum at wavelengths shorter than 650 nm.”* Similarly, for
the gratings on SU8 film/sapphire, a progressive rise in diffuse
transmittance spectra toward the wavelengths lower than the
grating periods, which were also confirmed in optical
theoretical analyses using RCWA simulations, was observed.**
In this point, considering that the P3HT:ICBA mostly absorbs
the incident sunlight in the wavelength region of 350—650 nm,
moth-eye active gratings with the period of 650 nm are most
suitable for efficient light trapping in plasmonic OPV devices.
This relation between the material and period in active gratings
of OPVs can be also found in other previous report.'” In

6711

addition, the diffracted lights reflected from the metal layer can
be also recaptured in the active layer due to the total internal
reflectance caused by the refractive index (n) contrast between
the high-n P3HT:ICBA and low-n ZnO layers (see Figure S3 of
Supporting Information).'® Besides, nanoscale gratings at the
interface between the active and metal layers induce the SPRs,
exhibiting the enhancement excitation peaks at wavelengths of
~450 and 670 nm."' ™" In particular, note that the gratings can
effectively capture the light in the active layer though the
absorption of the P3HT:ICBA is relatively very low at
wavelengths around 670 nm, which enhances the light
absorption. At wavelengths close to ~370 nm, on the other
hand, the enhancement is due to the resonant waveguide
mode.""'* Meanwhile, for the period of 840 nm, the absorption
enhancement ratio is relatively lower than that of OPVs with
ZnO(P380)/Active(P650). This may be the reason why the
number of gratings that can generate the SPR is relatively lower
in the same device area though the OPVs with the 840 nm
period active gratings have the m values of 0, +1, +2, and +3 at
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Figure 6. (a) J—V curves, (b) enhancement percentage of device characteristics, (c) IPCE spectra, and (d) stability by elapsed time including the
mean and standard deviation values of plasmonic OPVs with active gratings for different periods of 380, 500, 650, and 840 nm at the ZnO (P380)
gratings. (a—d) For comparison, the J—V curves, enhancement percentage of device characteristics, IPCE spectra, and stability of pristine OPVs and

ZnO (P380) gratings OPVs are also shown.

wavelengths of <500 nm and the interfacial surface area is also
reduced compared to the other plasmonic OPVs with active
grating periods lower than 840 nm.

To further elucidate the absorption enhancement of OPVs
with full moth-eye architectures, their absorption and near-field
characteristics were theoretically calculated by the RCWA
method. Figure 4 shows the (a) calculated absorption (1-R-T)
spectra and enhancement ratio for pristine OPVs and
plasmonic OPVs with ZnO(P380)/Active(P650) and (b)
near-fleld intensity distributions in plasmonic OPVs with
ZnO(P380)/Active(P650) at different wavelengths of (i) 380
nm, (ii) 460 nm, and (iii) 670 nm for transverse-magnetic
(TM) polarized light. As shown in Figure 4a, over an entire
wavelength range, the calculated absorption spectra and
enhancement ratio results reasonably provide a similar
tendency with the measured data in Figure 3c,d. As expected,
the absorption spectrum of plasmonic OPVs is higher than that
of pristine OPVs in a wide wavelength range of 350—750 nm.
The pyramid- or cone-like gratings with gradient effective
refractive index profiles in the active layer of photovoltaic cells
cause a better optical impedance matching, which can improve
the light trapping by the self-enhanced absorption through the
coupling of normal incident light adiabatically with laterally
scattered light, compared to the planar structure with an abrupt
refractive index change.'® Especially, the significant absorption
enhancement occurs at wavelengths around 380, 460, and 670
nm, respectively. These absorption enhancement peaks are
relatively well-matched with the measured results, though there
is a slight discrepancy due to the difficulty in matching exactly
the geometric simulation model to the actual fabricated sample.
From the calculated near-field results in Figure 4b, at (i) 4 =
380 nm, it can be observed that the TM field is distributed over
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the active layer. This is due to the excitation of waveguide
mode, which can be characterized by the traveling waves
constructively interfering with each other, forming standing
waves.''™'* On the other hand, at (i) 4 = 460 nm in Figure 4b,
the SPR occurs in the flat interface (region A) between active
and metal (ie, MoO;/Ag) layers, together with the excitation
of waveguide mode. At (iii) A = 670 nm, however, the TM
fields with a much stronger intensity are distributed at both the
flat (region A) and grating sidewall (region B) interfaces
between active and metal layers as well as the center (region C)
in the active layer over a broad area. At both the regions of A
and B, the strong TM-field intensity is attributed to the SPR,
while it is caused by the diffracted lights reflected from the rear
active/metal gratings at the region C. From these results, the
corrugated gratings with periods, which are matched with the
absorption edge wavelength of active materials, in the rear
electrode (i.e., active/metal layer) can efficiently boost the light
absorption in the active layer due to the increase of optical path
length and the plasmonic effect as well as the reduced charge-
recombination losses, and thus the PCE of OPVs can be
considerably improved.

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 incident
light angle-dependent optical characteristics of OPV devices are
also important. Figure S shows the (a) measured absorption (1-
R-T) spectra and (b) contour plots of variations of calculated
absorption spectra of (i) pristine OPVs and (ii) plasmonic
OPVs with ZnO(P380)/Active(P650) at different incident
angles (0,,.). For both the OPVs, the absorption enhancement
ratio is also shown in (iii) of Figure Sa,b, respectively. As shown
in (i) and (ii) of Figure Sa, for both the OPVs, the absorption
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spectra were reduced, and their minimum values were slightly
shifted toward the shorter-wavelength region in the wavelength
range of 350—600 nm when the 6, is increased from 20 to 70°.
As a result, the absorption enhancement peak also moved into
the shorter wavelength region with increasing the 8, as shown
in (iii) of Figure Sa. However, the plasmonic OPVs with
ZnO(P380)/Active(P650) exhibited the higher absorption
values compared to those of pristine OPVs at each 8, over a
wide wavelength range of 350—750 nm, indicating the higher
average A, value of ~83.9% at 6,,= 20—70° (ie., average A,
~ 63% for pristine OPVs). In Figure Sb, the calculated
absorption results of both the devices also show a similar trend
with the measured data, including the absorption enhancement
ratio. The angle-dependent absorption characteristics of
plasmonic OPVs can be also confirmed in the light-trapping
efficiency of Figure S4 (see the Supporting Information). The
plasmonic OPVs with ZnO(P380)/Active(P650) show a lower
intensity for the reflected light at each 6,,. To compare the
quantity of absorption at different 6, values, the efficiency of
light-trapping effect was calculated by the given equation:*®

E=1- Iref/Io (4)

where E is the light-trapping efficiency, and I, and I, are the
intensities of reflected and incident lights, respectively. At 0, =
15—60°, the plasmonic OPVs had an average light-trapping
efficiency of ~94.4%, which is a much higher value than that
(ie, ~59.2%) of pristine OPVs. Consequently, the use of
gratings on the surfaces of both the front ZnO and rear active
layers in OPVs can further improve the solar power generation
for the entire day and season.

The effect of ZnO and active gratings on the performance of
OPV devices was investigated. Figure 6 shows the (a) J-V
curves, (b) enhancement percentage of device characteristics,
(c) IPCE spectra, and (d) stability of plasmonic OPVs with
active gratings for different periods of 380, 500, 650, and 840
nm at the ZnO (P380) gratings. For comparison, the J—V
curves, enhancement percentage of device characteristics, IPCE
spectra, and stability of pristine OPVs and OPVs with the only
380 nm period ZnO gratings are also shown in Figure 6a—d.
The device characteristics of the corresponding OPVs are
summarized in Table 1. For both the pristine and plasmonic
OPVs, the open-circuit voltage (V,.) and FF values are
generally similar in spite of the electrode with corrugated
gratings, which indicates no significant degradation on the
electrical properties of the device. On the other hand, the ]

Table 1. Device Characteristics of Corresponding OPVs

VOC
OPVs* V]

J.e [mA/cm?] FF [%] PCE® [%)]
pristine 0.76 10.90 + 0.06 61.8 + 0.5 5.12 + 0.04
ZnO(P380) 0.76 11.17 £+ 0.08 619 + 0.7 5.25 + 0.06
ZnO(P380)/ 075 1184+ 016 603+ 10 535 + 0.10
Active(P380)
ZnO(P380)/ 076  12.80 £ 0.15 606 +09 590 + 0.12
Active(P500)
ZnO(P380)/ 076 1332+012 620+ 06 628 + 0.08
Active(P650)
ZnO(P380)/ 076 1253 £0.15 612 +08 583 +0.11
Active(P840)

“For each OPV structure, five devices or more were fabricated in the
same fabrication facilities. All the OPV devices were characterized by
solar simulator under 1 sun AM1.5G illumination. “Mean value +
standard deviation.

and PCE values are changed. For the ZnO (P380) gratings
OPVs, the slightly increased J. value of 11.17 mA/cm® was
obtained compared to the pristine OPVs (i.e., 10.9 mA/cm?).
However, the ], values of the plasmonic OPVs were
significantly enhanced when the gratings were incorporated
into the surfaces of front ZnO and rear active layers. In Figure
6b, it can be observed that the PCE enhancement is mainly due
to the increased J. In particular, the plasmonic OPVs with
ZnO(P380)/Active(P650) exhibited the J,. value of 13.32 mA/
cm?, which is a higher value than those of the other plasmonic
OPVs (ie, J, ~ 11.84, 12.8, and 12.53 mA/cm? for periods of
380, 500, and 840 nm in active gratings, respectively), showing
a large J,. enhancement percentage of ~22.2% compared to the
pristine OPVs. As a result, an improved PCE of 6.28% was
obtained with a considerable PCE enhancement percentage of
~22.7% compared to the pristine OPVs (ie., PCE = 5.12%).
For the plasmonic OPVs, the increased photocurrets can be
also verified in IPCE data of Figure 6c. The plasmonic OPVs
with ZnO(P380)/Active(P650) showed a higher IPCE
spectrum compared to the other OPV devices over a wide
wavelength range of 350—750 nm. This ], enhancement is
attributed to the efficient light-trapping and plasmonic effects as
well as the improved photogenerated carrier transport due to
the larger interfacial surface area caused by the gratings at
surfaces on both the ZnO and active layers in OPVs, as
mentioned above.'' 71324726 For all the fabricated OPVs, the
device performance was also studied for 20 days, as shown in
Figure 6d. The performance of all the devices was slightly
degraded with increasing the time. Nevertheless, the PCE
values of most OPVs were maintained above 95% compared to
their initial values during 20 days, which reveals excellent device

stability.

4. CONCLUSION

We demonstrated the efficiency enhancement of plasmonic
OPVs with a full moth-eye configuration consisting of front
ZnO and rear active gratings fabricated by the soft imprint
nanopatterning. The introduction of ZnO (P380) and active
(P650) gratings into OPVs led to the considerably enhanced
photocurrents compared to the pristine OPVs due to the
efficient light harvesting, such as the improved light path length,
strong light scattering of reflected lights from the metal layer,
and SPR effects, and the reduced recombination losses. As a
result, the noticeably enhanced PCE of 6.28% was obtained
compared to that (i.e, PCE = 5.12%) of the pristine OPVs,
exhibiting a PCE enhancement percentage of ~22.7%. For the
angle-dependent absorption characteristics, the plasmonic
OPVs had a better performance than those of pristine OPVs.
All the OPVs also indicated excellent device stability.
Experimental and theoretical results showed that the light-
absorption enhancement effect was induced from stronger near-
field intensity distributions at the interface between the active
and metal layers as well as the center region of active layer.
These results have shown that the plasmonic effect has a great
potential in applications of OPVs. Also, using the simple and
inexpensive fabrication procedure, the proposed full moth-eye
architectures can be easily implemented in various organic
materials and offer new opportunities in the fabrication of high-
performance organic optoelectronic devices for efficient light-
harvesting purpose.
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