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ABSTRACT: We demonstrate high-performance polymer
solar cells using the plasmonic effect of multipositional silica-
coated silver nanoparticles. The location of the nanoparticles is
critical for increasing light absorption and scattering via
enhanced electric field distribution. The device incorporating
nanoparticles between the hole transport layer and the active
layer achieves a power conversion efficiency of 8.92% with an
external quantum efficiency of 81.5%. These device efficiencies
are the highest values reported to date for plasmonic polymer
solar cells using metal nanoparticles.
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olymer solar cells (PSCs) have attracted a lot of interest

due to their many advantages, includin% low cost, solution
processability, and mechanical flexibility." > Although the
intensive development of new materials and device architec-
tures has improved power conversion efficiencies (PCE) up to
8% in single-junction bulk heterojunction (BHJ) PSCs,° !
further improvement is still necessary for commercialization.
Strategies to maximize photovoltaic parameters, including
short-circuit current density (Jsc), open-circuit voltage (Voc),
and fill factor (FF), have included bandgap engineering of
conjugated polymers,**~'" introduction of buffer layers>'>'?
and morphology control using processing additives or post
fabrication treatments, and so forth.'*™'” Among many
strategies for improving Jsc, one simple approach is to increase
light absorption in the active layer using thick BHJ films.
However, the thickness of the active layer is limited by the low
carrier mobilities of BHJ materials.”'*™° Therefore, it is
necessary to find ways to minimize the thickness of BHJ films
while maximizing the light absorption capability in the active
layer.

The surface plasmon resonance (SPR) effect of metal
nanoparticles (NPs) can be an effective way to store incident
light energy in localized surface plasmon modes and enhance
the photogeneration of excitons.”** Excitation of surface
plasmons by light at specific wavelengths at which resonance
occurs can result in strong light-scattering with the appearance
of intense surface plasmon absorption bands and an enhance-
ment of local electromagnetic fields.”>** There have been many
reports on the SPR effect not only that incorporate metal NPs
into the hole transport layer (HTL),>*™*7 active layer,'®'"*%*°
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or at the anode/HTL interface,””3%*! but also that utilize two
different metal NPs or combinations of metal NPs and metal
nanograting electrodes.””**

To maximize the SPR effect on device performance, it is
essential to control the distance between metal NPs and the
active layer. When the distance is too close, exciton quenching
181930 However, the
interaction between surface plasmons and excitons exponen-
tially decreases as the distance between metal NPs and the
active layer increases.®> Therefore, metal NPs have been
introduced at the interface of indium tin oxide (ITO) and
poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid
(PEDOT:PSS) or embedded in PEDOT:PSS layer. To date,
there have been no reports in which metal NPs have been
introduced between the PEDOT:PSS and active layers. In spite
of a few successful reports on direct mixing of metal NPs in the
active layer,"®'”*” there is always a concern about poor device
performance caused by exciton quenching. Furthermore, it is
difficult to uniformly disperse metal NPs within the active layer
while maintaining control of the morphology.

Here, we report high-performance PSCs employing the SPR
effect via multipositional silica-coated silver NPs (Ag@SiO,).
The silica shell in Ag@SiO, preserves the SPR effect of the Ag
NPs by preventing oxidation of the Ag core under ambient
conditions and also eliminates the concern about exciton

occurs by nonradiative energy transfer.
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Figure 1. (a) HR-TEM image and (b) UV—vis absorption spectrum of Ag@SiO, The inset of part a shows a magnification of the SiO, layer, which

has an average thickness of 10 nm.
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Figure 2. (a) Device structures and (b) reflectance spectra of PTB7:PC,;BM-based PSCs with different spatial locations of Ag@SiO,. The inset

shows the absorption enhancement (Aa) caused by Ag@SiO,.

quenching by avoiding direct contact between Ag cores and the
active layer. The multipositional property refers to the ability of
Ag@SiO, NPs to be introduced at both ITO/PEDOT:PSS
(type I) and PEDOT:PSS/active layer (type II) interfaces in
polymer:fullerene-based BHJ PSCs due to the silica shells. The
type II structure shows strong light absorption and scattering
via enhanced electric field distribution compared to the type I
structure, resulting in remarkable enhancement in Jsc and thus
PCE.

Results and Discussion. Silver nanoparticles (Ag NPs)
were prepared by the polyol reduction of silver nitrate with
ethylene glycol at a high temperature in the presence of
poly(vinyl pyrrolidone) (PVP). The use of PVP allowed Ag
NPs with uniform size and shape to be synthesized and stably
dispersed in solution. The PVP covered Ag NPs with were then
encapsulated with silica via a sol—gel process. Figure 1a shows a
high-resolution transmission electron microscopy (HR-TEM)
image of Ag@SiO, NPs. It can clearly be seen that the Ag@
SiO, NPs were successfully synthesized with a well-defined
core—shell structure.

As-prepared Ag NPs were spherical and had relatively
uniform diameters of about 50 nm. The silica shell uniformly
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and completely coated the surface of the individual Ag NPs
with an average thickness of 10 nm. For clarity, a magnified
TEM image of Ag NPs is shown in the inset of Figure la. The
distinct boundary between Ag NPs and silica is clearly visible
due to a large difference in electron density between the
crystalline Ag core and the amorphous silica shell. Uniform
films of Ag@SiO, NPs could be formed on silicon substrates
via spin-coating, confirmed by scanning electron microscope
(Figure S1), demonstrating the well-dispersed behavior of the
NPs. Figure 1b shows the UV—vis absorption spectrum of an
Ag@SiO, solution dispersed in ethanol. Compared to bare Ag
NPs with the same size (about S0 nm), Ag@SiO, NPs exhibit a
red-shifted SPR peak at 450 nm, caused by the silica shell
(Figure S2). This implies that the SPR peak can be tuned by
engineering the dielectric constant of the surrounding
matrix.”"** To investigate changes in absorption, we performed
reflectance measurements using two device configurations, as
shown in Figure 2a. For the active layers, we used a blend
solution of poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,S-
b’]dithiophene-2,6-diyl][ 3-fluoro-2-[ (2-ethylhexyl)-carbonyl]-
thieno-[3,4-b]thiophenediyl]] (PTB7) as an electron donor
and [6,6]-phenyl-C,, butyric acid methyl ester (PC,,BM) as an
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Figure 3. (a) Device structures, (b) J—V characteristics, and (c) EQE of PTB7:PC,,BM-based PSCs with type I and type II architectures. Type I:
ITO/Ag@SiO,/PEDOT:PSS/PTB7:PC,,BM/Al, and type II: ITO/PEDOT:PSS/Ag@SiO,/PTB7:PC,,BM/AL

Table 1. Device Characteristics of PTB7:PC.,BM-Based PSCs with Different Ag@SiO, Locations

device configuration Jsc (mA/cm?) Voc (V) FF average PCE (%) best PCE (%) Jsc (Calc.) (mA/cm?)
reference 14.64 + 0.14 0.74 + 0.01 0.67 + 0.01 7.26 7.51 14.55
Type I 16.10 + 0.21 0.74 + 0.01 0.67 + 0.01 7.98 8.20 16.19
Type 1 16.65 + 0.12 0.74 + 0.02 0.68 + 0.02 8.49 8.92 17.14

electron acceptor. Two structures were used; type I and II
consisting of ITO/Ag@SiO,/PEDOT:PSS/PTB7:PC,,BM/Al
and ITO/PEDOT:PSS/Ag@SiO,/PTB7:PC,,BM/A], respec-
tively. A device without Ag@SiO, was used as a reference. Due
to the insolubility of PEDOT:PSS in ethanol, the Ag@SiO,
solution can be directly spin-coated on top of PEDOT:PSS
layer without removing the underlying PEDOT:PSS. Reflec-
tance measurements were carried out to elucidate total light
absorption using different device architectures. Figure 2b shows
reflectance spectra of PTB7:PC,iBM-based PSCs with type I
and type II architectures, compared to the structure without
Ag@SiO,.

The type II device exhibits greater light absorption than type
I'in the range of 400—700 nm, showing a noticeable SPR peak
at 450 nm, which is in good agreement with UV—vis absorption
spectrum of the Ag@SiO, solution.

To investigate the effect of different spatial locations of Ag@
SiO, NPs on light absorption, we calculated absorption
enhancement (Aa) from reflectance measurements based on
following equation,

ld)h’ll: I out (x) :|

2 Ly(x) (1)
where d is the thickness of active layer, I is the intensity of the
reflected light from the device without Ag@SiO,, and I',,,; is the
intensity of the reflected light from the device with Ag@SiO,.
Although we used same concentration and spin-coating

condition for depositing Ag@SiO,, type II showed a 4-fold
increase in light absorption at the SPR peak of 450 nm and a

a(x) = —(
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broader absorption band ranging from 400 to 700 nm,
compared to the device with type I architecture (inset, Figure
2b). These results are in good agreement with simulated
electric field distributions and extinction spectra of Ag@SiO,
with different surrounding matrices (Figure S3).

Based on the plasmonic effect of Ag@SiO, at both ITO/
PEDOT:PSS (type I) and PEDOT:PSS/active layer (type II)
interfaces, we fabricated PTB7:PC,,BM-based PSCs to evaluate
the ability of Ag@SiO, to enhance device performance, as
shown in Figure 3a. The device without Ag@SiO, is used as the
reference. Figure 3b and ¢ shows current density versus voltage
(J=V) characteristics and external quantum efficiency (EQE) of
the devices without Ag@SiO, and with type I and II structures.
Detailed device parameters are listed in Table 1. More than 150
devices were fabricated to optimize the device efficiency by
controlling the concentration of Ag@SiO, in PTB7:PC,BM-
based PSCs with type I and II (Figure S4 and Table S1). The
best reference device had a short-circuit current density (Jsc) of
14.80 mA cm™!, an open-circuit voltage (Vo) of 0.75 V, a fill
factor (FF) of 0.68, and PCE of 7.51%. These device
characteristics are comparable to other reports using
PTB7:PC,oBM blend films as the active layer.”*” For the
device with type I architecture, we obtained an improved PCE
of 8.20%, resulting from an enhancement in Jgc (16.31 mA
cm™'). Surprisingly, the device with type II architecture
exhibited an even greater improvement in Jic (16.77 mA
cm™'), leading to a higher PCE of 8.92%. To the best of our
knowledge, this PCE is the highest value reported to date in
plasmonic PSCs using metal NPs (Table S2). The optimized
devices with type I and II architectures show ~10% and ~19%
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increase in the PCE values, respectively, compared to that of
reference device. The highest PCE from type II is attributed to
a stronger coupling effect due to the close distance between the
Ag NPs and the active layer (Figure S3a). It is important to
note that the type II device architecture is possible because the
silica shell prevents exciton quenching and charge recombina-
tion which would occur if there was direct contact between Ag
NPs and the active layer.

The inset of Figure 3b shows the effect of Ag@SiO, location
on dark J-V characteristics. The three types of device exhibit
negligible differences in dark J—V characteristics, implying no
significant influence of Ag@SiO, NPs on charge transport
characteristics. This is also confirmed by the work function of
the PEDOT:PSS films as measured by ultraviolet photo-
emission spectroscopy, which remains constant regardless of
the presence of Ag@SiO, (Figure SS). These improvements in
PCE using Ag@SiO, originate from increases in Jsc, which are
consistent with EQE enhancement, as shown in Figure 3c,
whereas Vo and FF remain almost constant. The device
without Ag@SiO, exhibits a maximum EQE of 69.4%, while
devices with type I and type II architectures exhibit enhanced
EQEs of 77.3% and 81.5%, respectively. High and broad EQE
enhancements ranging from 400 to 700 nm result from the
combination of light absorption and scattering caused by Ag@
SiO, NPs. Additional light absorption from 400 to 600 nm
contributes to improvements in EQE in this spectral region,
while EQE enhancement in the range of 600—700 nm may also
be attributed to light scattering by Ag@SiO, NPs, which render
the surface of the active layer rougher (Table S3 and Figure S6)
and increase the effective path length of light penetrating into
the polymer matrix.

To investigate the relationships among EQE enhancement
(AEQE), absorption change (Aabsorption), and Ag@SiO,
location, we calculated the absorption (A) from total reflection
(R) and transmission (T) using A = 1 — R — T,> and
calculated the EQE difference by subtracting the EQE of the
device without Ag@SiO, from that of the device with Ag@
SiO,. Because metal deposited on the active layer is considered
a perfect mirror, we ignored transmission in real devices. The
difference in EQE enhancement by Ag@SiO, NPs in type I and
IT architectures correlates well with absorption enhancement in
both cases (Figure S6).

To compare the effect of Ag@SiO, and bare Ag NPs on
device performance, PTB7:PC,,BM-based PSCs were fabri-
cated in which Ag@SiO, NPs were replaced with bare Ag NPs
in both type I and II device architectures. The type I devices
with bare Ag NPs showed a 10% enhancement in Jsc and PCE
(Figure S7a and Table S4). This enhancement originates from
additional light absorption by Ag NPs but not from light
scattering effects (Figure S8). Although additional light
absorption contributed to EQE enhancement ranging from
350 to 550 nm in type II devices with bare Ag NPs, we
observed poor device performance, likely caused by exciton
quenching from direct contact between Ag NPs and the active
layer (Figure S7b). This result confirms that the silica shells are
critical to the successful utilization of plasmonic NPs in type II
architectures, where they prevent exciton quenching while
enabling light absorption and scattering effects for enhanced
device performance.

In summary, we demonstrate high-performance PSCs using
multipositional Ag@SiO, NPs as plasmonic materials. The
change of Ag@SiO, location leads to different surrounding
matrices for Ag@SiO, and enhancement of electric field
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distribution, giving rise to significant differences in light
absorption and scattering. The incorporation of Ag@SiO,
into the PTB7:PC;,BM-based PSCs remarkably improves
device performance in both type I and II structures. Particularly,
the type II structure employing Ag@SiO, at the PEDOT:PSS/
active layer interface resulted in a PCE of 8.92% and EQE of
81.5% via additional light absorption and scattering effects over
a broad spectral range of 400—700 nm. These device
efficiencies are the highest values reported to date for
plasmonic PSCs using metal nanoparticles. Furthermore, this
is the first report introducing metal NPs between the hole
transport layer and active layer for enhancing device perform-
ance. The multipositional and solution-processable properties
of our SPR materials offer the possibility to use multiple
plasmonic effects by introducing various metal nanoparticles
into different spatial locations for high-performance optoelec-
tronic devices via mass production techniques.
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A detailed description of the synthetic procedures and device
fabrication, as well as SEM image, AFM images, absorption
spectra, photoelectron spectra, additional J—V characteristics,
and tables. This material is available free of charge via the
Internet at http://pubs.acs.org.
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