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generation and dissociation in the active layer of organic solar cells. A power o Vi(v)

conversion efficiency of 9.48% is attained by employing gold nanoparticle clusters at the bottom of the organic active layer. This is one of the highest

efficiency values reported thus far for the single active layer organic photovoltaics.
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rganic photovoltaics (OPVs) are
renewable energy conversion de-
vices with distinct potential ad-
vantages, such as solution processability,
mechanical flexibility, and light weight.' >
Over the past decades, enormous research
efforts have been devoted to improve the
device performances of OPVs by synthesiz-
ing new organic semiconductors,®”'? mor-
phological optimization of organic active
layer and developing new device architec-
tures.”>™3! Despite noticeable success in
the different approaches, the power con-
version efficiency (PCE) of OPV still reveals a
large room for improvement due to the
inherent drawbacks, such as poor light ab-
sorption, short exciton diffusion length, and
low carrier mobility in the organic active
|ayers.2°’32735
Metal nanoparticles (NPs) with localized
surface plasmon resonance (LSPR) have at-
tracted tremendous research interest for
the effective enhancement of light absorp-
tion and charge generation of OPVs.273>~>1
To date, light absorption characteristics
of OPVs have been widely explored by
tuning the size, shape, component, and
dielectric environment of plasmonic NPs.

PARK ET AL.

Light scattering and near-field enhance-
ment effects at the plasmonic NPs are prin-
cipal mechanisms for the improved light
absorption. The scattering at NPs increases
optical path length and, thus, effectively
confine light propagation within the or-
ganic active layer, resulting in a promot-
ed exciton generation.>*~** Concurrently,
local enhancement of electromagnetic field
by the plasmonic NPs can facilitate ex-
citon dissociation.**~>8 Presently, plasmo-
nic NPs are principally located in the charge
transport layers or electrodes of OPVs to
avoid unnecessary charge trap or device
short. As typical OPV active layer thick-
ness is 80—100 nm, commonly employed
40—80 nm size NPs for visible absorption
spectrum commonly may cause undesir-
able exciton quenching/trap or device short
within the active layer. In this geometry,
however, the spatial separation between
NPs and active layer is generally considered
less effective for device performance
optimization.>® Moreover, the random spa-
tial arrangement and uncontrolled aggrega-
tion of NPs hardly exploit the localized
plasmonic enhancement by interparticle
coupling.
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Figure 1. (a) Schematic synthesis procedure of Au NPCs. (b) TEM images of Au NPCs and Ag nanoprisms. (c) High-
magnification TEM image of Au NPCs. (d) Size distribution of Au NPs, NPCs, and Ag nanoprisms. (e) Cross-sectional SEM image
of Si/PEDOT:PSS/Au NPCs/PTB7:PC;,BM layer and tilted-view SEM image of Au NPC layers spin-coated onto PEDOT:PSS film.

In this work, we demonstrate high performance
OPVs with Au NP clusters (NPCs) directly incorporated
at the bottom of organic active layer. Triangle-shaped
Au NPCs consisting of laterally assembled small Au NPs
(mean diameter: 21 nm) were synthesized via galvanic
replacement of Ag nanoprisms with Au precursors.
Such nanoscale platelike NPCs could be incorporated
at the bottom of organic active layer without signifi-
cant concern for device short. Owing to the near-field
coupling at the interparticle gaps, NPCs can give rise to
much broader LSPR absorption and enhanced electric
field compared to conventional Au NPs. Consequently,
both exciton generation and dissociation are remark-
ably enhanced in the bulk-heterojunction active layer
of OPVs consisting of PTB7 and PC;oBM. PCE of 9.48% is
achieved for the single active layer OPV.

RESULTS AND DISCUSSION

Figure 1a schematically describes the synthetic pro-
cedure for Au NPC preparation.®® Ag nanoprisms were
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employed as sacrificial templates for galvanic replace-
ment into Au NPCs. Transmission electron microscopy
(TEM) image of the synthesized NPCs is shown in
Figure 1b. Ag nanoprisms are contrasted in the inset.
Each triangular NPC is laterally assembled from Au NPs
with the interparticle spacing of 0.5—2 nm (Figure 1c).
Size distribution histogram (Figure 1d) reveals that
NPCs of 97 & 25 nm lateral size were synthesized from
34 + 8 nm size nanoprisms. The typical size of NPs
constituting NPCs was 21 & 3 nm. Figure 1e shows the
cross-sectional scanning electron microscopy (SEM)
image of Au NPCs embedded between the hole trans-
port layer (poly(3,4-ethylenedioxythiophene):polystyr-
ene sulfonic acid, PEDOT:PSS) and the organic active
layer, which is the bulk-heterojunctions of poly[[4,8-
bis[(2-ethylhexyl)oxylbenzo[1,2-b:4,5-b'1dithiophene-
2,6-diyl][3-fluoro-2-[(2-ethylhexyl)-carbonyl]-thieno-
[3,4-blthiophenediyl]] (PTB7, electron donor) and
[6,6]-phenyl-C;4 butyric acid methyl ester (PC;4BM,
electron acceptor). For the maximized near-field
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Figure 2. FDTD-simulated electric field distribution of (a) single Au NP and (b) Au NPC. (c) UV—vis absorption spectra of Au
NPs and NPCs. (d) Steady-state photoluminescence spectra and (e) photoluminescence decay profile of PTB7 films with and
without Au NPs or NPCs. (f) Schematic diagram of the plasmonic effect of Au NPCs.

enhancement, NPCs could be inserted at the interface.
NPCs finely dispersed in ethanol could be uniformly
deposited on the PEDOT:PSS layer by spin-casting,
maintaining their triangular shape (inset of Figure 1e).
Subsequently, active materials dissolved in chloroben-
zene were deposited by spin-coating. Owing to the
solvent orthogonality, NPCs could be embedded in the
organic active layer without any damage to their own
shape, as shown in Figure 1e. In addition, no significant
fluctuation in the thickness of the active layer was
observed with bottom NPCs.

Plasmonic characteristics of Au NPC and uncoupled
Au NP (mean diameter: 21 nm) were compared by
simulation of electric field distribution using finite-
difference time domain (FDTD) method. Figure 2a,b
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contrasts the FDTD-simulated electric field distribu-
tions at Au NP and NPC. The excitation wavelength of
685 nm was used in the simulation, which is the
maximum absorption peak position of the PTB7 based
organic active layer. Owing to the near-field coupling
among the closely packed NPs (0.5—2 nm spacing),
NPC demonstrates strong enhancement of electric
field intensity not only at the gap between individual
Au NPs but also at the outer surface. Notably, the
maximum field intensity at NPC is about 200-fold
enhanced from that of NP. In addition, NPC exhibits
different light absorption behavior from NPs. As
shown in Figure 2c, UV—vis extinction spectrum of
the NPC dispersion in ethanol exhibited a surface
plasmon resonance (SPR) peak at 568 nm, which was
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Figure 3. (a) Device structure of OPVs with Au NPCs. (b) J—V characteristics of OPVs, (c) UV—vis absorption spectra of PTB7:
PC;0BM film, (d) EQE, and (e) IQE spectra of OPVs with and without Au NPs or NPCs. (f) Percentage enhancement of the

absorption, EQE, and IQE values of the device with Au NPCs.

significantly red-shifted and much broader than that of
NP dispersion.®’

Influence from NP and NPC on the optoelectronic
properties of PTB7 was investigated by the steady-
state and time-resolved photoluminescence (PL) mea-
surements. The steady-state PL spectra of PEDOT:PSS/
PTB7, PEDOT:PSS/Au NPs/PTB7, and PEDOT:PSS/Au
NPCs/PTB7 films are compared in Figure 2d. The films
with NPs or NPCs showed higher PL intensities than
pure PTB7 film, confirming that the plasmonic compo-
nents indeed enhance the exciton generation of PTB7.
Significantly, the PL intensity with NPCs is considerably
higher than that with NPs. The strong interparticle
enhancement of electromagnetic field at NPCs could
effectively enhance the exciton generation, as demon-
strated by FDTD simulation above. Since NPCs are in
direct contact with the PTB7 film in our OPV device
structure, the enhanced local electric field may readily
influence the photoactive polymers in the vicinity of
NPCs. Figure 2e compares the PL intensity decay
profiles measured by time-resolved PL. The exciton
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lifetimes (e,) for PEDOT:PSS/PTB7 film and PEDOT:PSS/
Au NPs/PTB7 film were 0.277 and 0.270 ns, respectively,
signifying that NPs shows no considerable effect on the
dissociation of photogenerated excitons. By contrast,
the 7., for PEDOT:PSS/Au NPCs/PTB7 film was 0.214 ns,
significantly lower than those for other films. The
strong local electromagnetic field around NPCs can
more effectively interact with photogenerated exci-
tons in the neighboring photoactive polymers, as de-
picted in Figure 2f. Such a plasmon—exciton coupling
can accelerate exciton dissociation® and result in a
more efficient charge transfer and shorter .

We fabricated PTB7-based OPVs, as illustrated in
Figure 3a. Alcohol-soluble conjugated polyelectrolyte,
poly[(9,9-bis(3'-(N,N-dimethylamino) propyl)-2,7-fluorene)-
alt-2,7-(9,9-dioctylfluorene)] (PFN), was employed as the
electron transport layer.'® Areal density of the NPCs
located at the interface between PEDOT:PSS layer and
active layer was controlled by the number of repeated
spin-coating. Low coverage (NPC-1, 1.0 x 10” cm™?)
medium coverage (NPC-3, 2.9 x 10" cm?), and high

’
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TABLE 1. Device Characteristics of OPVs with Au NPs and
NPCs with Different Areal Densities

e RA RA
NPs/NPGs  V, [V [mAam2 FF[%] [Qam % [Qam 2 PCE[%]
reference 072 16.39 70.1 55 1558.7 8.29
NP-1 0.73 16.58 70.7 5.2 1180.1 8.63
NP-3 0.73 17.04 718 45 1422.5 8.98
NP-5 0.73 16.80 69.7 5.2 863.6 8.60
NPC-1 0.73 17.35 725 4.1 1277.7 9.14
NPC-3 0.73 17.75 733 35 1573.1 9.48
NPC-5 0.73 17.68 70.6 43 1040.6 9.24

coverage (NPC-5,5.6 x 107 cm~?) of Au NPC layers were
prepared by 1, 3, and 5 times of spin-coatings, respec-
tively. Devices with Au NPs were also prepared by similar
procedure. The device characteristics of all prepared
OPVs are summarized in Table 1 and Supporting In-
formation Figure S1. Figure 3b compares the current
density—voltage (J—V) characteristics of the NP-3 and
NPC-3 devices and the reference device without plas-
monic component. The reference exhibits the open-
circuit voltage (V,) of 0.72 V, short-circuit current
density (Js) of 16.39 mA cm ™2, fill factor (FF) of 70.1%,
and PCE of 8.29%. For NP-3 device, PCE was increased
up to 8.98%, principally due to the J;. improvement to
17.04 mA cm ™2 and the FF to 71.8%. Notably, NPC-3
device showed the highest J,. of 17.75 mA cm 2 and FF
of 73.3%, resulting in the PCE of 9.48%. This remarkable
enhancement in the device performance is attributed
to the synergistic improvement of exciton generation
and dissociation caused by strong LSPR at NPCs. Sub-
sequently, NPC-3 device showed a decrease of series
resistance (Ry) from 5.5 Q cm? (reference device) to
3.5 Q cm? and relevant FF enhancement. The charge
transport behavior with or without NPCs was character-
ized by the hole mobility measurements of PTB7-based
hole-only devices by using space charge limited current
(SCLC) model (Supporting Information Figure S2 and
Table $1).5% The device with NPCs showed a consider-
able increase of hole mobility from 3.30 x 10 #t04.90 x
10~* cm? V™" s~ This additional advantage from NPC
incorporation could stem from the effective enhance-
ment of interfacial area between active organic layer
and hole transport layer by introducing NPCs with well-
matching energy level *®

To further elucidate the J;c enhancement with plas-
monic components, UV—vis absorption spectra of
the organic active layers (Figure 3c), and the external
quantum efficiency (EQE) spectra of OPV devices
(Figure 3d) are compared. While the light absorption
of active layer was enhanced over a broad range from
400 to 700 nm with NPs and NPCs, it exhibits more
pronounced improvement from 600 to 700 nm with
NPCs (Figure 3c). This behavior is consistent with the
UV—vis extinction spectra of the solution dispersions
of pure NPs or NPCs presented in Figure 2c. The EQE
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Figure 4. J—V characteristics of OPVs (a) under illumination
and (b) under dark condition with different areal densities of
Au NPCs. (c) Js. at various light intensities of OPVs with
different areal densities of Au NPCs.

spectra also follow similar enhancement behaviors, as
shown in Figure 3d. The device with NPCs exhibits the
highest improvement in EQE particularly from 500 to
700 nm with the maximum EQE value of 82.4%.
The maximum EQE values for the reference and the
device with NPs are 71.8% and 76.8%, respectively. The
measured EQE enhancements are consistent with
the increased J,. values of the OPVs with plasmonic
components.

We also analyzed the internal quantum efficiency
(IQE) spectra to investigate on the charge carrier
collection of OPV devices with plamonic components.
The IQE spectra in Figure 3e reveal the enhancement
over a broad wavelength range with NPCs, whereas
NPs show no significant influence. The maximum IQE
values are 82.3%, 83.1%, and 88.4% for the reference
device and the device with NPs and NPCs, respectively.
The enhancement of IQE indicates a more efficient
charge collection from the same number of photo-
generated excitons, which should result from the
improved exciton dissociation by strong LSPR field
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around NPCs. Figure 3f summarizes the percentage
enhancement in the absorption, EQE and IQE values of
the device with NPCs from reference device without
plasmonic component. Strong concurrent enhance-
ments of light absorption and IQE from 500 to
700 nm result in the overall ~17% enhancement of
EQE. It is noteworthy that the absorption enhancement
is relatively weak over 400—500 nm, where IQE en-
hancement compensates to result in the EQE enhance-
ment over entire visible range. Taken together, simu-
Itaneous improvements of EQE and IQE verify that
NPCs with LSPR not only enhance the light absorption
but also greatly improve the exciton dissociation in the
active layer of OPVs.

Figure 4a illustrates J—V characteristics of the OPVs
with different areal densities of NPCs at active layer/
hole transport layer interfaces. While all devices with
NPCs exhibited improved PCE over 9% (Table 1), NPC-3
device with medium coverage shows the highest PCE.
The relatively low PCE of NPC-1 is due to the weak
plasmonic effect in the presence of small amount of
NPCs, which can also explain the low Js. of NP-1. By
contrast, NPC-5 device shows a low FF in comparison to
other devices, which could be understood by addi-
tional experiments as follows. Diode characteristic
measurements under dark condition (Figure 4b) re-
vealed the considerable leakage current of NPC-5
device at reverse bias, presumably caused by the
aggregated NPCs of feature size over 200 nm formed
during repeated spin-coating. Such aggregation may
build-up short circuiting paths within the thin active

EXPERIMENTAL METHODS

Synthesis of AuNPs. Spherical Au NPs were prepared as de-
scribed elsewhere.®* A volume of 100 mL of HAuCl,-3H,0
(1 mM) was heated to 100 °C under vigorous stirring in a
250 mL round-bottom flask. Ten milliliters of sodium citrate
(38.8 mM) was injected to this solution. The reaction mixture
was further heated for 10 min, and cooled to room temperature
under stirring.

Au NPC Synthesis. Two milliliters of 10 mg mL™"' PVP, 1 mL of
trisodium citrate (60 mM), and 1 mL of deionized water were
mixed in a glass vial at room temperature. Then, 0.1 mL of
HAuCl, (10 mM) and 0.02 mL of KI (50 mM) were added into the
reaction mixture. Subsequently, 0.2 mL of H,O, (200 mM),
0.1 mL of AA (100 mM), and 0.2 mL of Ag nanoprism solution
were injected. The resultant Au NPCs were thoroughly washed
and collected by centrifugation at 3400 rpm with ethanol three
times.

OPV Fabrication. PEDOT:PSS (Clevios P VP Al 4083) was de-
posited by spin-casting at 3500 rpm onto cleaned ITO-coated
glass substrates (after UVO irradiation for 20 min) and dried for
20 min at 150 °C. On the PEDOT:PSS layers, Au NPs and NPCs
dispersions in ethanol (1 wt %) were spin-cast at 2000 rpm and
dried for 3 min at 50 °C. Organic active layers consisting of
the blends of PTB7 (1-materials) and PC;oBM (1-materials)
(25 mg mL~", 1:1.5 w/w) were spin coated over the Au NP or
NPC layer from the solution in chlorobenzene:1,8-diiodooctane
(97:3 v/v) by spin-casting at 1000 rpm in a N,-filled glovebox.
PFN (1-materials) was dissolved in methanol (2 mg mL~") with
small amount of acetic acid (2 uL ml~"), and spin-coated on the
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layer (Supporting Information Figure S3). In addition,
Jsc measurements at various light intensities (Figure 4c)
illustrate the dependence of Js. on illumination inten-
sity of OPVs with various NPC compositions. All fitted
curves showed similar slopes with the power factors of
1.03—1.06. This confirms that NPC does not increase
charge trap or recombination and, therefore, the re-
duced FF value of NPC-5 device should be due to
leakage current.

CONCLUSIONS

We have presented remarkable performance en-
hancement of OPVs by employing plasmonic NPCs. A
strong enhancement of LSPR field at NPCs is induced
by near-field plasmonic coupling and greatly improved
the exciton generation and efficient exciton dissocia-
tion in the organic active layer consisting of PTB7/
PCBM bulkheterojunction. Direct incorporation of
NPCs at the bottom of organic active layer improved
the PCE from 8.29 to 9.48%. Significantly, this is the first
report for the performance enhancement of OPVs by
using plasmonic metal NP assembly with controlled
morphology. The solution processability of metal NP
assemblies is compatible to conventional low-cost
OPV process. Moreover, this approach can be further
exploited by tuning the shape, dimension and chemi-
cal composition of assemblies, the size of constituting
NPs, and the interparticle gaps. We anticipate that our
approach can be extended to various optoelectronic
devices with judicious optimization of plasmonic prop-
erties for different device systems.

active layer at 4000 rpm. Subsequently, the LiF/Al (0.5 nm/
100 nm) cathode was thermally evaporated. The effective active
area of the unit cell was controlled to be 0.12 cm?. The perfor-
mance of the devices was tested under AM 1.5G irradiation
(100 mW cm™2) with a xenon-lamp solar simulator (Oriel Sol-1A).

Characterization. Morphologies of Au NPs and NPCs were
characterized with field-emission SEM (FEI-INSPECT F50) and
TEM (Tecnai F20, at 200 kV or a FEI Tecnai TF30 Super-Twin TEM
operating at 300 kV). TEM samples were prepared by drop
casting on carbon-coated Cu grids (300 mesh). The extinction
spectra of AuNP and AuNPC were obtained using an UV—vis-NIR
absorption spectrometer (Shimadzu UV-3600).

FDTD Simulation. Electromagnetic field distributions of the
AuNP and AuNPC were simulated by the three-dimensional
FDTD method® with the commercial FDTD-Lumerical simula-
tion package. The refractive index of PTB7:PC;oBM film was esti-
mated using spectroscopic ellipsometer (Woollam). The elec-
tromagnetic field distribution was then obtained with the mesh
size of 0.1 nm at the excitation wavelength of A, =685 nm.The
FDTD model for Au NPC was constructed based on the experi-
mentally observed structural parameters.
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characteristics, J—V characteristics of hole-only devices, hole
mobilities of PTB7-based hole-only devices with Au NPCs, cross-
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