Opto-Electronic Original Article
Advances 2019, Vol. 2, No. 7

DOI: 10.29026/0ea.2019.190010

Enhanced organic solar cell performance:
Multiple surface plasmon resonance and
incorporation of silver nanodisks into a
grating-structure electrode

Thitirat Putnin!2, Chutiparn Lertvachirapaiboon?!, Ryousuke Ishikawal,
Kazunari Shinbol, Keizo Katol, Sanong Ekgasit3, Kontad Ounnunkad?*
and Akira Babal*

In this study, plasmonic nanostructures were examined to enhance the light harvesting of organic thin-film solar cells
(OSCs) by multiple surface plasmon resonance (SPR) phenomena originating from the grating-coupled configuration
with a Blu-ray Disc recordable (BD-R)-imprinted aluminum (Al) grating structure and the incorporation of a series of silver
nanodisks (Ag NDs). The devices with such a configuration maximize the light utilization inside OSCs via light absorp-
tion, light scattering, and trapping via multiple surface plasmon resonances. Different types and sizes of metallic nano-
particles (NPs), i.e., gold nanoparticles (Au NPs), Ag nanospheres (Ag NSs), and Ag NDs, were used, which were
blended separately in a PEDOT:PSS hole transport layer (HTL). The device structure comprised of grat-
ing-imprinted-Al/P3HT:PCBM/Ag ND:PEDOT:PSS/ITO. Results obtained from the J-V curves revealed that the power
conversion efficiency (PCE) of grating-structured Al/P3HT:PCBM/PEDOT:PSS/ITO is 3.16%; this value is ~6% higher
than that of a flat substrate. On the other hand, devices with flat Al and incorporated Au NPs, Ag NSs, or Ag NDs in the
HTL exhibited PCEs ranging from 3.15% to 3.37%. Furthermore, OSCs with an Al grating substrate were developed by
the incorporation of the Ag ND series into the PEDOT:PSS layer. Compared with that of a reference device, the PCEs of
the devices increased to 3.32%—-3.59% (11%—-20% improvement), indicating that the light absorption enhancement at the
active layer corresponds to the grating-coupled surface plasmon resonance and localized surface plasmon resonance
excitations with strong near-field distributions penetrating into the active layer leading to higher efficiencies and subse-
quent better current generation.
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lightweight nature, flexibility, feasible large-area devices,

Introduction and cost-effective roll-to-roll fabrication'. Despite the
Organic solar cells (OSCs) with a bicontinuous interpen- increase in the OSC efficiency to 11% and 13% for single-
etrating network between a polymer donor and a fuller- and tandem-junction structures, respectively®, its power
ene acceptor exhibit potential advantages, including conversion efficiency (PCE) is still less than those of their
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inorganic counterparts, with efficiencies approaching
greater than 20%’. Typically, the PCEs of OSCs are
limited because of the weak absorbance of the thin pho-
toactive layer in the solar spectrum range. To solve this
issue, the active layer thickness should be increased for a
higher absorption of the incoming photons®. However,
because the increase in the series resistance of the device
leads to the limited charge carrier mobility of the poly-
mers, leading to a limited active-layer thickness, it is still
challenging to improve the light harvesting in OCSs.
Hence, several techniques have been developed for, in
turn, governing efficient optical absorption in films ra-
ther than improving the optical absorption depth. Thus,
the surface structures of each OSC component, such as
periodic patterns or rough surfaces, can increase the ef-
fective optical path of incident light inside absorbing ma-
terials via light trapping or scattering.

Recently, several light-trapping methods for OSCs were
investigated following the development of wave optics
and nanotechnology. By scattering light into the active
layers comprising nanoparticles (NPs)>'” or textured sub-
strates'™'?, the considerable enhancement of light absorp-
tion has been reported”. The plasmonic effect for the
enhanced optical absorption has been reported to occur
via the excitation of localized surface plasmon resonance
(LSPR) at metal NPs, propagation of the surface plasmon
polariton modes, and the scattering enhancement'*'°.

In a majority of the imprinting processes, the
nanoimprinting lithography technique (NIL) is one of the
alternative methods due to its simplicity for transferring a
pattern from a master mold to a substrate surface'’.
Moreover, the NIL technique has been reported to be a
rapid imprinting process, affording large nanopatterned
areas'®. Typically, polydimethylsiloxane (PDMS) has been
used as a patterning master mold in this technique'®. The
PDMS mold works with a complete conformal contact
during the patterning of the substrate surface, even for
the substrates with uneven surfaces. Compared to con-
ventional photolithography, soft lithography using the
elastomeric PDMS mold exhibits several advantages, par-
ticularly patterning of sensitive materials, such as poly-
mers, cost-effectiveness, and the absence of an optical
diffraction limit. It permits the control of the chemistry,
patterning of large areas, and scalable production of pat-
terned surfaces. Hence, to improve solar-cell perfor-
mances, this NIL process has been recently employed for
the formation of an irregular nanoscale-featured surface
by using nanoporous anodic aluminum oxide (AAO)
membrane filters®, the formation of ordered
nano/microstructures by using a large-scale nanoporous
Si mold and AAO templates®"*?, and the formation of a
grating structure by Blu-ray movie discs (BD) and Blu-ray
disc-recordable (BD-R)*?. The Ilatter involves the
plasmonic effect at the patterned metallic electrodes. Re-
cently, the nanoimprinting or grating-coupled process to
fabricate a periodic 1-D grating structure at the electrode
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has been demonstrated using BD-R to enhance the elec-
tric field in photoelectric conversion systems*. The grat-
ing-coupled technique is a prism-less, convenient, prop-
agating SPR excitation method®?. In the absence of SP
excitation, light scattering and light trapping can occur on
the grating-structured surface, improving the obtained
photocurrent®®. Hence, the dramatic improvement in
photovoltaic cell performance is expected as the SP field
can be enhanced on the grating substrate, in addition to
light scattering’.

Notably, by utilizing the LSPR effect of metallic nano-
particles (NPs) such as Au nanoparticles (Au NPs) and Ag
nanoparticles (Ag NPs), NPs can be introduced into each
part of the OSC devices for highly improved light har-
vesting”*°. Although some studies have reported the im-
provement of %PCEs by the incorporation of different
metallic NPs into OSCs”*, their effects on the charge
separation and transport related to the high-efficiency of
BHJ OSCs still need to be investigated in detail. Several
research groups have reported that the presence of Ag
NPs in the PEDOT:PSS HTL of OSCs leads to enhanced
light harvesting performance due to their superior scat-
tering efficiencies compared with those of other metallic
NPs*!. Moreover, the incorporation of silver nanodisks
(Ag NDs) in OSCs has been rarely reported. Ag NDs,
which are a type of Ag nanoprisms, have attracted con-
siderable attention due to their extreme degrees of ani-
sotropy, morphologically dependent plasmonic properties,
and a wide range of light absorption and light scattering
from visible to near-infrared region***. The incorpora-
tion of Ag NDs is expected to improve the light absorp-
tion, light scattering, and light trapping in OSCs. Hence,
Ag NDs are selected herein.

Both synergistically performing plasmonic effects,
namely localized plasmon and propagating grat-
ing-coupled SP, are of interest in developing new genera-
tion of plasmonic photovoltaic cells”. The improvement
of light trapping and management of light harvesting in
OSCs can be rendered by plasmonic effects, such as
LSPRs from two metallic NPs (i.e., Ag NPs + Au NPs,
respectively)® or LSPRs from two shapes (ie, Au
nanorods + Au nanospheres, respectively)” and the
LSPR-GCSPR effect from Au NPs + Ag NPs + 1-D grat-
ing-structured Al electrode*. The excitation of free elec-
trons in metal NPs or at metal/dielectric interfaces leads
to the storage and enhancement of energy in the LSPR at
the NPs or in the propagating SPs at the metal/dielectric
interfaces, which can be converted into absorption events

in the active layers via a near-field effect or far-field cou-
47-50

pling

In this study, OSCs based on the imprinted 1-D grating
structures were designed and fabricated on an active layer
of an organic thin film as the support for an Al electrode,
and the Ag ND series were incorporated into the HTL of
a BHJ solar cell for improving the light trapping via the
multiple plasmonic effects of the grating-structured Al
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and metal NPs. The cooperative multiple plasmonic effect
exhibits advantages, including broader light absorption
enhancement, enhanced exciton generation rate and dis-
sociation efficiency, and increased charge carrier density
and lifetime. Moreover, finite-difference time-domain
(FDTD) simulations were performed to investigate the
electric-field distribution around the surfaces of the Ag
ND series and metallic grating, confirming the multiple
plasmonic effect.

Experimental details

Synthesis of Ag nanodisks

Ag NSs and Ag NDs were synthesized according to the
previously reported studies***!. First, Ag NSs were syn-
thesized by chemical reduction using NaBH, (Merck) as
the reductant. The diameters of the Ag NSs ranged from 6
to 7 nm. The Ag NDs were synthesized by the chemi-
cal-shape transformation of Ag NSs. Briefly, 2.272 mL of a
30% w/w H,0, (Merck) solution was injected into 200 mL
of a Ag NS colloid by using a syringe pump at a rate of
13.45 mL-min™ under vigorous stirring. As the H;OxAg
NS molar ratio is the key parameter for controlling the
LSPR wavelengths of the Ag NDs used herein, it was var-
ied from 0 to 15. After the addition of the H,O, solution,
the colloid solution was further stirred for another 10
min to ensure a complete reaction, and the average diam-
eters of Ag NDs ranged from 30 to 70 nm.

Preparation of the PDMS grating mold

The grating structure was duplicated from the BD-R
master template. To obtain BD-R master templates,
BD-Rs were first cut into small rectangles before remov-
ing the dye coating using concentrated HNOs for 20 min.
Second, the BD-R grating substrate was subsequently
cleaned using detergent, distilled water, and deionized
water by ultrasonication for 20 min in each step, followed
by drying the substrate by N, gas. Liquid PDMS was pre-
pared by the mixing of a silicone elastomer base and a
silicone elastomer curing agent in a ratio of 10:1 (13 g) in
a plastic glass under stirring. The liquid PDMS was
poured on the master template, and the air bubble in the
PDMS was removed at 70 °C in a vacuum oven for 3 h.
After cooling to room temperature, the master template
was detached from the PDMS duplicate.

Preparation of solar cell devices

Indium-doped tin oxide (ITO) glass substrates (Furuuchi
Chemical Co., Ltd., 10 Q/cm?*) were cleaned using a de-
tergent, distilled water, and deionized water by
ultrasonication for 20 min for each step, followed by dry-
ing under N, gas. After drying, the substrates were ex-
posed to ultraviolet ozone plasma for 20 min. The
hole-transporting material (HTM) PEDOT:PSS solution
(Clevios, Heraeus Co.) was blended with 20% v/v of me-
tallic NPs. The mixture solution was spin-coated on the
ITO substrate at 1000 rpm for 90 s, and the resultant sub-

strate was dried at 120 °C in a vacuum oven for 10 min.
Poly (3-hexylthiophene) (P3HT) (Sigma-Aldrich) and
phenyl C61-butyric acid methyl ester (PCsBM) (Sig-
ma-Aldrich) were mixed in a weight ratio of 1:0.8 in 1.0
mL of 1, 2-dichlorobenzene (Kanto Chemical Co. Inc.,)
for 24 h. The photoactive layer was spin-coated at 1000
rpm for 15 s and 1500 rpm for 45 s, respectively, and im-
printed with the grating-pattern PDMS mold by thermal
imprinting at 100 °C in a vacuum oven for 60 min. Then,
aluminum film (150 nm) was deposited by vacuum
evaporation. Finally, the device was annealed at 150 °C
for 45 min in a vacuum oven. The active areas of these
devices were 1.0 cm® The devices based on Au NPs (Sig-
ma-Aldrich) and Ag NDs with different diameters, in-
cluding 30, 40, 50 and 70 nm incorporated into the
PEDOT:PSS layer, were prepared using a similar process.
Figure 1 shows the schematic of the fabricated OSC de-
vices. In addition, reference cells were prepared with the
same configuration without NPs and grating.
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Fig. 1 | Schematic of organic solar cell devices.

Characterization

The optical properties of the as-prepared materials and
devices were investigated using a UV-visible spectropho-
tometer (V-650, Jasco). The morphology of the Ag ND
series was observed by transmission electron microscopy
(TEM, JEOL Ltd., USA). The surface morphology of the
prepared films was analyzed by atomic force microscopy
(AFM, SPM-9600, Shimadzu). Under an ambient envi-
ronment, current density-voltage (J-V) curves and im-
pedance spectra of all the fabricated OSCs were recorded
under irradiation by using a solar simulator (HAL-C100,
100-W compact xenon light source, Asahi Spectra)
equipped with a precision source-meter unit (B2901A,
Agilent) and a potentiostat (PARSTAT 4000, Princeton
Applied Research), respectively. The solar cell was oper-
ated under illumination with a light intensity of 75 mW
cm. Incident photon-to-current efficiency (IPCE) prop-
erties were measured using a Merlin monochromator
with a 300-W xenon as the light source.

Results and discussion

To examine the effect of incorporating plasmonic
nanostructures into the solar cell devices, the active layer
was imprinted using a grating structure, and the HTL was
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incorporated with metallic NPs. In addition, the optimi-
zation of the active-layer film thickness, NP content, and
type of NPs was examined. In our experiment, the fol-
lowing cells were designed; (1) reference device:
Al/P3HT:PCBM/PEDOT:PSS/ITO, (2) device with the
grating structure: grating-patterned Al/P3HT:PCBM/
PEDOT:PSS/ITO, (3) device with metallic NPs: Al/P3HT:
PCBM/Au NP, Ag NS, or Ag ND series-PEDOT:PSS/ITO,
(4) device with the grating structure and metallic NPs:
grating-patterned Al/P3HT:PCBM/(Au NP, Ag NS or Ag
ND series-PEDOT:PSS/ITO.

Optical properties and surface morphology

To investigate the particle shapes and sizes of metallic
NPs, TEM images of monodisperse Au NPs and the Ag
NS and Ag ND series were recorded (Fig. S1). Au NPs
were highly dispersed with an average diameter of 5 nm.
In the case of the Ag ND series, after the injection of
H,0O:; into the Ag NS solution, the solution color instan-
taneously changed from yellow to red, pink, violet, or
blue depending on the molar ratio between H,O, and the
Ag NSs. TEM images revealed the good dispersion of the
Ag ND series in deionized water, with average diameters
ranging from 30 to 70 nm, denoted as Ag NDs-30, Ag
NDs-40, Ag NDs-50, and Ag NDs-70, respectively. Figure
2 shows the UV-vis-NIR absorption spectra of Au NP, Ag
NS, or Ag ND series solutions: Plasmon resonance peaks
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Fig. 2 | UV-visible absorption spectra of Ag NSs and AgNDs in
solutions.

04 —o— Flat Yy
Ng —a— BD-R grating "
E 24 @ AuNPs
= —9— Au NPs + BD-R grating
.g ul ;
o
<
2 61 _
o R e o it Ll
O 9223000003990~ 0
'8 ..'... T T T T T T T
-0.2 -0.1 0.0 0.1 0.2 03 04 05 06 0.7
Voltage (V)

corresponding to Ag NSs, Ag NDs-30, Ag NDs-40, Ag
NDs-50, and Ag NDs-70 in the solution phase were ob-
served at 410, 510, 535, 570, and 660 nm, respectively.
The color and spectral changes were directly related to
the morphological transformation of the Ag NPs.

Figure S2 shows the AFM images of PEDOT:PSS HTLs
with and without the metallic NPs. The root-mean-square
(RMS) roughness (R,) of the PEDOT:PSS layer on ITO
glass was calculated to be 1.7 nm (Fig. S2(a)), while those
of PEDOT:PSS blended with Au NPs, Ag NSs, Ag NDs-30,
Ag NDs-40, Ag NDs-50, or Ag NDs-70 were 1.8, 2.4, 2.2,
2.3, 2.4, or 2.4 nm, respectively (Figs. S2(b—g)). This re-
sult indicated that all the metallic NPs slightly increase
the R, of PEDOT:PSS HTL. Figure S3 shows the mor-
phology of the active layer after imprinting with the 1-D
grating. The R, of the active layer on PEDOT:PSS-coated
ITO glass was calculated to be 2.4 nm (Fig. S3(a)) while
that of the active layer after imprinting with the 1-D
grating was calculated to be 4.9 nm (Fig. S3(b)). Moreover,
the R, values for the photoactive layer imprinted with the
1-D grating on PEDOT:PSS HTLs containing Au NPs, Ag
NSs, Ag NDs-30, Ag NDs-40, Ag NDs-50, or Ag NDs-70
were 3.2, 4.8, 4.6, 4.3, 4.1, or 3.6 nm, respectively (Fig.
S3(c-h)). Notably, the active layer imprinted with the 1-D
grating with the metallic NPs exhibited no clear increase
in the R, value compared to the 1-D grating active layer
without the metallic NPs.

Photovoltaic performance of solar cells

To investigate the effect of different metallic NPs in OSCs,
two solar-cell systems based on PEDOT:PSS films con-
taining Au NPs or Ag NDs-30 with similar resonance
plasmonic peaks (i.e., 510 and 520 nm) were prepared,
and their multiple plasmonic effect, including metallic
NPs in the HTL and Al cathode with a grating structure,
was examined. Figure 3 shows the /-V curves for the
control device, device with the Al grating cathode, device
with the Au NPs-incorporated HTL, device with Ag
NDs-30-incorporated HTL, device with Au NPs- blended
HTL on the grating-structured Al cathode, and the device
with Ag NDs-30-mixed HTL on the grating-structured Al
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Fig. 3 | J-V curves of the device systems. (a) Au NPs and (b) Ag NDs-30 incorporated into the PEDOT:PSS layer.
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Table 1 | Photovoltaic performances of OSCs devices from Figure 3.

Devices Jse (MA/cm?) Ve (V) FF PCE (%) Improvement (%)
Control 6.42 0.60 0.58 2.98
Grating 6.99 0.61 0.55 3.16 6.04
Au NPs 6.87 0.60 0.57 3.15 5.70
Au NPs + grating 7.44 0.61 0.55 3.36 12.75
Ag NDs-30 7.01 0.63 0.55 3.27 9.73
Ag NDs-30 + grating 7.32 0.63 0.56 3.42 14.76

cathode. Table 1 summarizes the photovoltaic perfor-
mances of such solar cell devices. The incorporation of
Au NPs in HTL led to the increase in the short-circuit
current densities (Ji) of the device from 6.42 to 6.87
mA/cm?, while significant changes in the open-circuit
voltage (V) and FF were not observed. Hence, PCE is
enhanced from 2.98% to 3.15%. In the same manner, the
incorporation of Ag NDs-30 into the HTL exhibited im-
proved device performance. Enhanced Jic and V.. values
of 7.10 mA/cm?* and 0.63 V, respectively, were observed.
Improved FF and PCE values of 0.55 and 3.27%, respec-
tively, were observed, indicating that the presence of Au
NPs or Ag NDs-30 in the PEDOT:PSS HTL leads to the
enhancement of the solar-cell performance by the LSPR
effect’**. To investigate the effect of the grating structure
on light harvesting, the patterning Al cathode of OSCs
was demonstrated. The grating structure on the OSC ac-
tive layer completed by Al deposition also led to the im-
proved OSC performance (Fig. 3(b)). With the grating
structure, the PCE value increased to 3.16%, which would
involve light scattering by the grating structure, leading to
the increment of the light traveling path inside the active
layer and subsequent increase in the light absorption by
the active layer. Furthermore, the strong electric field
originating from the GCSPR of the metallic grating en-
hanced the generated photocurrent, leading to the in-
crease in the J. and PCE values®. As previously studied,
1-D grating structure exhibits the light polarization de-
pendence for the excitation of propagating-surface plas-
mon in the OSCs™. Moreover, the multiple plasmonic
effect, including the metallic NPs in the HTL and grating
architecture of the Al cathode, was examined: The solar
cell based on the Au NP-incorporated HTL and the im-
printed Al cathode exhibited better performance than
that of the device with the Al grating without Au NPs. The
device with a multiple plasmonic system based on Au NPs
exhibited an increased Ji. value of 7.44 mA/cm?, with sig-
nificant changes in the V.. and FF values and a resultant
enhanced %PCE of 3.36. Similarly, the device based on Ag
NDs-30 in the HTL and grating-imprinted Al electrode
exhibited better performance than the imprinted device
without Ag NDs-30. Enhanced performance, i.e., a J of
7.32 mA/cm?, a Vo of 0.63 V, an FF of 0.56, and a PCE of
3.42%, was observed for this device. Hence, the devices
imprinted with grating and incorporated with metallic
NPs exhibit performance via the light scattering effect

and LSPR of the metallic NPs and GCSPR of the grat-
ing-structured Al cathode****~**. Moreover, the imprinted
device with the Ag NDs-30 incorporated into the HTL
exhibited the best performance, corresponding to the
higher light scattering of Ag NDs-30%. In this study, the
light-harvesting management using the Ag ND series
together with the metallic grating is interesting to achieve
the broadband plasmonic absorption as well as the high-
est device performance.

To examine the effect of the Ag ND series and its mul-
tiple plasmonic configuration on the light-harvesting
ability, the photocurrents of OSCs were measured. Fig-
ures 4(a) and 4(b) show the corresponding J-V curves of
the devices with and without the incorporation of the Ag
ND series, grating-structured Al cathode, and the multi-
ple plasmonic system in comparison with that of the con-
trol device. Furthermore, Figs. S4(a) and S4(b) show the
corresponding IPCE properties. Table 2 summarizes the
performances and properties of such solar cells. Few
studies have reported the use of Ag NPs together with
patterned Al for constructing OSCs. In this study, the
improvement of light harvesting by the incorporation of
the Ag NS and Ag ND series, including Ag NDs-30, Ag
NDs-40, Ag NDs-50, and Ag NDs-70, into the HTL (Fig.
4(a)), as well as with grating-structured Al, was first in-
vestigated (Fig. 4(b)). After the incorporation of the Ag
NS or Ag ND series into the PEDOT:PSS layer, . in-
creased by 7% to 10%, while FF remained nearly constant,
and the PCE slightly increased with the Ag NP diameter.
For devices constructed using Ag NSs, Ag NDs-30, Ag
NDs-40, Ag NDs-50, and Ag NDs-70, their PCE values
increased from 2.98% to 3.22%, 3.27%, 3.29%, 3.33%, and
3.37%, respectively, compared with that of a control de-
vice fabricated under similar conditions.

After the incorporation of the Ag NS and Ag ND series
into the PEDOT:PSS layer, the improved OSC perfor-
mance might result from the following possible factors.
First, the optical path length of the active layer can be
increased because of the trapped light via multiple
high-angle scattering from the Ag NS and Ag ND series.
According to the well-known Mie theory™, the total Mie
extinction is a sum of the contributions from the absorp-
tion and scattering components, and large particles ex-
hibit a large scattering cross section. The sizes of the Ag
NS and Ag ND series ranged from 6 to 70 nm. Moreover,
the density of Ag NS and Ag ND series is relatively low
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Fig. 4 | J-V curves of the devices incorporated with (a) different Ag NDs in the PEDOT:PSS layer and (b) different Ag NDs in the

PEDOT:PSS layer and grating-imprinted Al electrode.

Table 2 | Photovoltaic performances of OSCs devices from Figure 4.

Devices LSPR peak wavelength (hnm) ~ Grating  Jec (MA/Cm?) Ve (V) FF PCE (%) Improvement (%)
Control - - 6.42 0.60 0.58 2.98 -
Grating - i 6.99 0.61 0.55 3.16 6.04
Ag NSs 410 - 6.88 0.60 0.58 3.22 8.05
Ag NSs 410 i 7.08 0.62 0.56 3.32 11.41
Ag NDs-30 510 - 7.10 0.63 0.55 3.27 9.73
Ag NDs-30 510 i3 7.32 0.63 0.56 3.42 14.76
Ag NDs-40 535 - 7.05 0.64 0.55 3.29 10.40
Ag NDs-40 535 + 7.21 0.64 0.56 3.42 14.76
Ag NDs-50 570 - 7.05 0.64 0.56 3.33 11.74
Ag NDs-50 570 + 7.15 0.64 0.56 3.43 15.10
Ag NDs-70 660 - 6.97 0.62 0.59 3.37 13.09
Ag NDs-70 660 i 7.41 0.63 0.57 3.59 20.47

and optimized. Hence, the device performance was not
decreased by the light absorption loss. The efficiency in-
creases in the wide wavelength range shown in Fig. S4(a)
indicates the light scattering effect in the OSCs. Second,
the LSPR of the Ag NS and Ag ND series can produce
large local electromagnetic fields near the nanoparticle
surface, and the resulting local-field enhancement in-
creases the light absorption of organic materials, improv-
ing the overall device efficiency. With the increase in the
particle size, the decay distance of the local field increased,
and the light scattering of OSCs was enhanced. Hence,
the near field extends into the active layer to a large extent,
and the possibility of the interaction coupling between
the near field and incident light in the active layer in-
creases, enhancing the photogeneration of excitons in the
active layer. Hence, the PCEs of plasmonic solar cells in-
crease with the Ag ND particle size. In addition, the
wavelength range for the spectral response enhancement
was consistent with the plasmon resonance peak of the Ag
NS and Ag ND series, indicating that the LSPR excitation
is responsible for the PCE enhancement.

Notably, the combination of both plasmonic
nanostructures, viz. Ag NP/Au NPs and metallic grating,
respectively, into photoelectric conversion systems af-

forded excellent preliminary results”’, suggesting that
solar cells harvest solar light with the synergistic effect of
such plasmonics. To improve their performances, the
multiple plasmonic effect originating from the Ag ND
series and the grating-coupled Al cathode was achieved
herein. The imprinted Al-grating-based OSCs with HTLs
containing Ag NSs, Ag NDs-30, Ag NDs-40, Ag NDs-50,
and Ag NDs-70 exhibited increased Ji values of 10% to
15%, with enhanced PCE values ranging from 2.98% to
3.32%, 3.42%, 3.42%, 3.43% and 3.59%, respectively. This
result indicated that the light absorption enhancement at
the active layer is related to the LSPR excitation with
strong near-field distributions penetrating into the ab-
sorption polymer and GCSPR from the metallic grating,
leading to higher efficiencies due to the increased absorp-
tion and subsequent better current generation.

SPR reflectivity properties

To investigate the propagating SPR excitation on the Al
grating, the reflectivity of the OSCs on the irradiation of
white light from the ITO glass side was measured as a
function of the wavelength at fixed incidence angles from
20° to 70° (Fig. 5). Figures 5(a) and 5(c) show the reflec-
tivity curves of the devices without a grating (flat Al) and
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with/without the incorporation of the Ag NDs into the
HTL in the wavelength region of 400-800 nm. At wave-
lengths of greater than 500 nm, with p-polarized light, the
dip peak at the resonant wavelength was not observed
(Figs. 5(a) and 5(c)). On the other hand, Figs. 5(b) and
5(d) show the SPR reflectivity dips for the devices with
only the Al grating and combination of the Al grating and
incorporation of Ag NDs. In the figures, the reflectivity
decrease caused at the localized plasmon wavelength of
Ag NDs was not observed due to the low density of in-
corporated Ag NDs. The dip peak in each reflection spec-
trum corresponding to the surface plasmon excitation
was observed at 650-750 nm under p-polarized light ir-
radiation. With the increase in the incidence angle, the
dip peak exhibited a red-shift from 650 nm to 750 nm,
confirming the SPR properties of the fabricated Al grating
on the top devices. Although studies have not reported
the SPR reflectivity curve at an incidence angle of 0° due
to the limited experimental configuration, the SPR dip
wavelength at 0° is expected to be located at 580-650 nm
from the trend of the SPR dip wavelength dependence,
revealing that grating-coupled SPR can enhance the gen-
eration of photocarriers in the active layer of OSCs as the
photovoltaic properties are measured under light irradia-
tion at 0°. This result revealed that the improved J of the
devices with the 1-D grating is related to the improved
light absorption due to light scattering and GCSPR.
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Impedance spectroscopy

Figure 6 shows the impedance spectra recorded under
illumination for examining the resistance and charge
transfer of the proposed devices: Semicircles were ob-
served in the Nyquist plots. Table 3 summarizes
the %PCE, Ji, R,, and Ry values for OSCs. Impedance
spectra typically exhibited a large semicircle in the
low-frequency region. Moreover, the values for the real
part (Z') and the imaginary part (Z") of the complex im-
pedance noticeably decreased, in addition to the increase
in the absorption wavelength of the Ag ND series, leading
to the decrease in the semicircle diameter of the
charge-transfer resistance. The semicircle diameter for
the solar-cell devices without the Ag ND series was con-
siderably greater than those of devices with the Ag ND
series, and the semicircle diameter slightly decreased with
the increase in the average Ag ND diameter (Fig. 6(a)).
Moreover, the semicircle diameters for the devices incor-
porated with different Ag NDs were considerably greater
than those of the devices with the incorporated Ag NDs
and imprinted Al-grating electrode (Fig. 6(b)), indicative
of the lowest charge-transfer resistance for multiple
plasmonic devices. Notably, the decrease in the equivalent
resistance by the introduction of the Ag ND series in the
PEDOT:PSS layer and Al grating led to the effective de-
crease in the series resistance of the devices, which is con-
sistent with the enhanced photocurrent. Figures 6(a) and

1.0
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Reflectivity

0.4

0.2

0.0
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Fig. 5 | SPR reflectivity curves of the solar cells with p-polarization at various incidence angles from 20° to 70° for a (a) flat Al electrode,
(b) grating Al electrode, (c) PEDOT:PSS incorporated with Ag NDs, and (d) PEDOT:PSS incorporated with Ag NDs and the grating Al

electrode.
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6(b) show the equivalent circuit of these OSCs, and Table
3 summarizes the series resistance (R;) and
charge-transfer resistance (R.) values. The R, value of the
device with the Al grating decreased from 10.12 Q to 9.37
Q while the incorporation of the Ag ND series into the
HTL further decreased the R, value. With the increase in
the particle size of Ag NDs, the R, value additionally de-
creased. The lowest R; value was observed for the device
with the imprinted Al-grating electrode and incorporated
with the Ag ND series. Similarly, the device with the Al
grating exhibited an R value less than that of the control
device. With the increase in the Ag ND particle size, the
devices incorporated with the Ag ND series exhibited a

slightly decreased R value. The device with the Al grat-
ing and incorporated with the Ag ND series exhibited an
R, value less than those of the devices with only the Al
grating or only incorporation of the Ag ND series into the
HTL, indicating that the Al grating structure and/or Ag
ND series can improve the interfacial contact and
charge-transfer properties of OSCs. Figures 6(c) and 6(d)
show the maximum frequency peaks of the Bode phase
plots for OSCs.

Compared to the control device, the device with only
the Al grating exhibited a higher frequency peak. The
devices incorporated with only the Ag ND series exhibit-
ed frequency peaks that were slightly shifted to higher

Table 3 | Power conversion efficiency (PCE), short-circuit current density (Jsc), average electron lifetime (zavg), maximum
frequency (fmax), contact resistance (Rs), and charge-transfer resistance (R) of fabricated OSCs.

Devices PCE (%) Jse (MA/cm?) & Fax Rs Ret
Control 2.98 6.42 4.80 33.17 10.12 10.13
Grating 3.16 6.99 5.00 31.85 9.37 8.69
Ag NSs 3.22 6.88 4.60 34.62 8.45 10.77
Ag NSs + grating 3.32 7.08 4.60 34.62 8.45 773
Ag NDs-30 3.27 7.10 4.60 34.62 8.34 10.66
Ag NDs-30 + grating 3.42 7.32 4.80 33.17 8.34 7.65
Ag NDs-40 3.29 7.05 4.80 33.17 8.23 10.64
Ag NDs-40 + grating 3.42 7.21 4.60 34.62 8.23 7.63
Ag NDs-50 3.33 7.05 4.80 33.17 8.22 10.35
Ag NDs-50 + grating 3.43 715 4.80 33.17 8.22 7.30
Ag NDs-70 3.37 6.97 4.80 33.17 8.13 10.20
Ag NDs-70 + grating 3.59 7.41 5.00 31.85 8.13 6.80
Sl - 5 o “
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Fig. 6 | Nyquist plots of the devices: (a) incorporated with Ag NDs with different LSPR peaks and (b) incorporated with Ag NDs with different
LSPR peaks and imprinted Al grating. Bode phase plots: (c) corresponding to (a), and (d) corresponding to (b).
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Fig. 7 | Schematic of the simulated structures (a) and electric-field intensity maps of OSCs with Ag NSs (diameter of 6 nm) and Ag NDs
(diameter of 30, 40, 50, and 70 nm and a thickness of 15 nm) in the PEDOT:PSS layer at illumination wavelengths of (b) 400 nm, (c) 500

nm, (d) 600 nm, and (e) 700 nm.

frequencies with the increase in the particle size of the Ag
NDs. In the same manner, the frequency peaks corre-
sponding to the device with the Al grating and the incor-
porated Ag ND series slightly shifted with the increase in
the Ag ND particle size. In addition, the electron or car-
rier lifetime (7ay), which is defined as the average time
taken by an excess minority carrier to recombine®, can be
calculated from the Bode phase plots. Table 3 summarizes
the 7., values. The average carrier lifetimes were not sig-
nificantly different, suggesting that the Al-grating struc-
ture and Ag NDs in the HTL might not significantly affect
the carrier lifetime. Hence, the performances of the de-
signed devices with the grating-coupled configuration
and the incorporation of the Ag ND series into the HTL
are considered to be mainly improved by GCSPR, LSPR,
and light scattering effect.

FDTD simulation

Furthermore, the FDTD simulation was employed to in-
vestigate the enhanced electric fields of the Ag NS and Ag
ND series incorporated into the PEDOT:PSS layer by the
Al-coated grating electrode (Fig. 7). Figure 7(a) shows the
model device structure for the FDTD simulation. The
device comprised Ag NSs with different sizes and the Al
grating cathode. At a wavelength of 400 nm, the result

obtained from FDTD simulations clearly revealed that
compared to the other Ag NDs, Ag NDs-30 exhibits a
higher electric field enhancement, corresponding to the
LSPR absorption spectra shown in Fig. 7(b). In the case of
the incident light at a wavelength of 500 nm (Fig. 7(c)),
the electric-field intensities at Ag NDs-30 and Ag NDs-40
were enhanced, while at 600 nm (Fig. 7(d)), the elec-
tric-field intensities of Ag NDs-40 and Ag NDs-50 were
strongly enhanced, indicative of the good interface of the
active layer/Al-coated grating surface. Moreover, at a
wavelength of 700 nm (Fig. 7(e)), compared to the other
sizes, Ag NDs-70 exhibited the highest electric-field in-
tensity, and the electric field intensity of the active lay-
er/Al interface exhibited strong enhancement. This result
is related to the induction of the electric field surrounding
both components. Hence, large Ag NDs can enhance the
electric-field intensity, leading to the increased absorp-
tion, scattering, and trapping in the OSCs, affording high
light-harvesting performance. Furthermore, the active
layer/grating-structured Al interface enhanced the elec-
tric-field intensity in the range of 600-700 nm due to the
GCSPR excitation, which can lead to coupling with the
electric-field intensity of Ag NDs-50 and Ag NDs-70. This
coupling in turn can lead to the higher photocurrent
compared to the other sizes. This result confirmed the
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synergistic effect of the GCSPR and LSPR simultaneous
excitation. The FDTD simulation results showed good

agreement with the results obtained from the J-V curves 13.
and IPCE.
. 14.
Conclusions
In this study, enhanced OSC performance by exploiting
multiple SPR phenomena originating from the grat- 15.
ing-coupled technique and the incorporation of a series
of plasmonic Ag NDs was successfully achieved. The im-
printing of the grating structure on the P3HT:PCBM ac-
tive layer completed by the Al electrode and/or the in- 16.
corporation of Ag NDs into the HTL of the PEDOT:PSS,
improved the light harvesting and power efficien-
cy/device performances via the induced local-field en- 17,
hancement. The developed plasmonic systems exhibited
better absorption property, better light trapping and light 18.
scattering within the devices. The best OSC with the con-
figuration of Al grating/P3HT:PCBM/PEDOT:PSS- Ag
NDs-70/ITO exhibited improved %PCE of 20.47%.
Moreover, cooperative plasmonic enhancement in OSCs 19.
by the combination of the grating structure and metal
NPs would be exploited for the further development of
. 20.
other enhanced photovoltaics.
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