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O
rganic solar cell (OSC) has much
potential for the realization of the
next generation of solar cells be-

cause they can be fabricated by roll-to-roll
processes and havemany potential applica-
tions, such as building-integrated photovol-
taics (BIPV), semitransparent solar cells, and
flexible devices. Recently, low-bandgap
photoactive materials have drawn a great
deal of attention due to their ability to
absorb a wider solar spectrum and achieve
higher power conversion efficiency (PCE)
ratings.1�4 However, many low-bandgap
photoactive materials still show relatively
low levels of external quantum efficiency
(EQE) of less than 60%, necessitating effec-
tive approaches that can boost the EQE. One
of the many interesting approaches to en-
hance the EQE is the use of the localized

surface plasmon resonance (LSPR) effect of
metal nanoparticles (MNPs) in devices.
The LSPR effect is a wavelength-depen-

dent optical property of metal nanoparti-
cles. The most attractive aspect of metal
nanoparticles is that the optical properties
of these particles are controllable by tun-
ing their size, shape and surroundings.5,6

Therefore, metal nanoparticles have been
widely used in many applications, such as
photonics,7 catalysis,8 chemical and bio-
logical sensing9 and surface-enhanced
Raman scattering (SERS).10 In particular,
gold (Au) and silver (Ag) NPs have received
attention due to their remarkable LSPR op-
tical properties. Moreover, many research-
ers have tried to synthesize various types
of NPs to improve the performance levels
of Au and Ag. Examples include cube,11
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ABSTRACT In this report, we propose a metal�metal core�shell nanocube (NC) as an

advanced plasmonic material for highly efficient organic solar cells (OSCs). We covered an Au core

with a thin Ag shell as a scattering enhancer to build Au@Ag NCs, which showed stronger scattering

efficiency than Au nanoparticles (AuNPs) throughout the visible range. Highly efficient plasmonic

organic solar cells were fabricated by embedding Au@Ag NCs into an anodic buffer layer, poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), and the power conversion effi-

ciency was enhanced to 6.3% from 5.3% in poly[N-9-hepta-decanyl-2,7-carbazole-

alt-5,5-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)] (PCDTBT):[6,6]-phenyl C71-butyric acid methyl

ester (PC70BM) based OSCs and 9.2% from 7.9% in polythieno[3,4-b]thiophene/benzodithiophene

(PTB7):PC70BM based OSCs. The Au@Ag NC plasmonic PCDTBT:PC70BM-based organic solar cells

showed 2.2-fold higher external quantum efficiency enhancement compared to AuNPs devices at a wavelength of 450�700 nm due to the amplified

plasmonic scattering effect. Finally, we proved the strongly enhanced plasmonic scattering efficiency of Au@Ag NCs embedded in organic solar cells via

theoretical calculations and detailed optical measurements.
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A
RTIC

LE



BAEK ET AL. VOL. 8 ’ NO. 4 ’ 3302–3312 ’ 2014

www.acsnano.org

3303

wire,12 plate,13 bimetallic,14 hollow,15 and core�
shell16,17 structures.
The LSPR effect of metal nanoparticles has great

potential to enhance the absorption of organic solar
cells by means of the plasmonic light scattering
effect.18,19 In addition, the tunability of the optical
properties of metal nanoparticles offers the possibility
that it can be used as an optical engineering tool in
organic solar cells.20 Therefore, many previous reports
investigated how plasmonic organic solar cells can
enhance the absorption of organic solar cells,18�36

leading to an EQE enhancement. Notably, AuNPs were
commonly used as a plasmonic material in many
reports due to their better stability and broader LSPR
properties in a longer visible wavelength range than
AgNPs.15,21�23,25�27,30,33,37�39 While seldom dis-
cussed, utilizing AuNPs is intrinsically limited due to
the low scattering efficiency of AuNPs compared to its
level of self-absorption. In contrast, the scattering
efficiency of AgNPs is high, although the LSPR region
is limited to a wavelength of 400�500 nm, which
makes it difficult to manipulate the broad wave-
length range using AgNPs, especially at a long wave-
length. To overcome this problem, some previous
reports22,30,32,40 mixed various types of metal nanopar-
ticles with organic solar cells to realize a higher absorp-
tion enhancement in the visible wavelength range.
However, the fundamental problem of metal nanopar-
ticles having a narrow scattering wavelength region or
low scattering efficiency was not fully solved.
Therefore, for highly efficient plasmonic organic

solar cells, it is necessary to design custom plasmonic
metal nanoparticles that have both a broad LSPR
region and high scattering efficiency especially at
long wavelength range. In this report, we suggest the
Au@Ag core�shell nanocube (NC) structure41,42 to
combine the strong scattering power of AgNPs and
the broad spectral response of AuNPs at a long wave-
length range. We found that a thin Ag shell acted as a
strong plasmonic scattering enhancer in Au@Ag NCs,
solving the above-mentioned problem.
We confirmed that the EQE and absorption of

Au@Ag core�shell NC-embedded organic solar cells
were improved at a long wavelength significantly
compared to AuNP-embedded organic solar cells due
to the enhanced plasmonic scattering efficiency. Final-
ly, we showed concrete evidence of the plasmonic
scattering effect using near-field optical microscopy
(NSOM) and Raman spectroscopy measurements
along with analytic optical simulations.

RESULTS AND DISCUSSION

Plasmonic Design of Organic Solar Cells Using AuNPs and
AgNPs. The plasmonic organic solar cells device struc-
ture is illustrated in Figure 1a. The two types of
metal nanoparticles were incorporated into the poly-
(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) layer to induce the plasmonic light scat-
tering effect. A 20 vol % ofmetal nanoparticles solution
was mixed with the PEDOT:PSS solution and spun
onto the substrates. Refer to the Methods section for
more details. The device structure was glass/ITO/
PEDOT:PSS/polymer:PC70BM/TiOx/Al. Poly[N-9-hepta-
decanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2,1,3-benzo-
thiadiazole)] (PCDTBT), and a polythieno[3,4-b]thiophene/
benzodithiophene (PTB7) were used as the photoactive
polymer donors.

Because the plasmonic properties of metal nano-
particles are wavelength-dependent, a suitable choice
of the metal nanoparticles in plasmonic organic solar
cells depending on the spectral responses of the active
materials is crucial to maximize the benefits of these
materials. To show the optical manipulation of metal
nanoparticles in organic solar cells, Figure 1b,c shows
the EQE and absorption spectra of two types of
PCDTBT:PC70BM devices. Note that we intentionally
changed the thickness and donor/acceptor ratio to
modulate the absorption spectra. The detailed mod-
ulation methods and characterization of two types of
PCDTBT:PC70BM devices were described in Methods.
The Type I is conventional PCDTBT:PC70BM device that
has high absorption from 450�600 nm (Figure 1b).
However, the absorption of Type II device is low at
longer wavelength region, but high at shorter wave-
length (<450 nm) (Figure 1c), showing complementary
spectral responses to Type I in visible wavelength
region. We incorporated 50 nm AgNPs in the Type I
device (Figure 1b) and 50 nm AuNPs in the Type II
device (Figure 1c).We also optimized the incorporating
concentration of the AgNPs and AuNPs, as shown in
Supporting Information Figure S1. We reported that a
proper incorporating concentration of metal nanopar-
ticles in PEDOT:PSS layer was critical to maximize their
full potential without the aggregation of the metal
nanoparticles.43 The current density�voltage (J�V)
characteristics and complete device performances at
an optimized concentration of AgNPs and AuNPs are
depicted in Supporting Information Figure S2 and
summarized in Table 1, respectively. The EQE and
absorption values were measured to study the wave-
length dependency of the optical properties of the
metal nanoparticles.

The Type I device shows an absorption dip at a
wavelength of 400�500 nm. The low absorption can
be significantly improved by AgNPs whose LSPR posi-
tion perfectly overlaps the region (blue line in
Figure 1b), a finding in good agreement with our pre-
vious report.43 On the other hand, the Type II device
shows relatively low absorption at a wavelength of
500�650 nm, suggesting that the AuNPs (blue line in
Figure 1c) are seemingly more appropriate to enhance
the PCE than the AgNPs. Experimentally, the EQE and
absorption enhancement regions were well matched
with the corresponding LSPR peaks (blue lines in
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Figure 1b,c), as calculated by analytic optical simula-
tions performed in PEDOT:PSS. The plasmonic forward

scattering effect ofmetal nanoparticles mainly assisted
to enhance the absorption of organic solar cells.43

Figure 1. Optical engineering byplasmonicMNPs. (a) Schematic of a plasmonicOSC. The device structure is glass/ITO/PEDOT:
PSS with MNPs/PCDTBT:PC70BM (or PTB7:PC70BM)/TiOx/Al. (b) The EQE (squares) and absorption (circles) of a Type I control
device (black) and a plasmonic device fabricated with AgNPs embedded (red). The blue line represents the normalized
extinction spectra of 50 nm AgNPs in PEDOT:PSS. (c) The EQE (squares) and absorption (circles) characteristics of a Type II
control device (black) and aplasmonic device fabricatedwith AuNPs embedded (red). The blue line represents the normalized
extinction spectra of 50 nm AuNPs in PEDOT:PSS. (d) The EQE (red) and absorption (blue) enhancements of the AgNP-based
plasmonic OSC (filled) and the AuNP-based plasmonic OSC (open). (e) The absorption (filled) and scattering (open) power of
the 50 nm AuNPs (green) and AgNPs (yellow). The optical simulations were calculated in a PEDOT:PSS medium.

TABLE 1. Characteristics of Plasmonic Devices Incorporating MNPs in a PEDOT:PSS Layera

polymer Voc [V] Jsc [mA/cm
2] FF [%] η [%]

PCDTBT Type I (Figure 1b) Control 0.89 ( 0.00 11.22 ( 0.10 0.64 ( 0.02 6.39
(0.89) (11.23) (0.65) (6.50)

AgNPs 0.89 ( 0.00 12.41 ( 0.10 0.66 ( 0.01 7.29
(0.89) (12.51) (0.66) (7.35)

Type II (Figures 1c and 3c) Control 0.87 ( 0.00 10.32 ( 0.10 0.58 ( 0.00 5.21
(0.87) (10.44) (0.58) (5.29)

AuNPs 0.87 ( 0.01 10.71 ( 0.16 0.63 ( 0.01 5.87
(0.87) (10.97) (0.63) (6.01)

Au@Ag NCs 0.87 ( 0.01 11.10 ( 0.23 0.63 ( 0.01 6.08
(0.87) (11.33) (0.64) (6.31)

PTB7 (Figure 3c) Control 0.74 ( 0.00 16.43 ( 0.10 0.64 ( 0.01 7.78
(0.74) (16.53) (0.65) (7.95)

AuNPs 0.73 ( 0.01 16.64 ( 0.12 0.67 ( 0.01 8.14
(0.73) (16.74) (0.68) (8.31)

Au@Ag NCs 0.74 ( 0.01 17.38 ( 0.23 0.68 ( 0.02 8.74
(0.75) (17.50) (0.70) (9.19)

a The information in parentheses illustrates the best cell performance for each device.
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As a comparative experiment, AuNPs were incorpo-
rated into the Type I device at the optimized concen-
tration shown in Figure S3; the enhancement was low
and we could not clearly verify the exact LSPR scatter-
ing effect of the AuNPs because the absorption of the
control device at a longer wavelength range was
already high, as shown in Supporting Information
Figure S3b. Therefore, it can be concluded that the
proper choice of metal nanoparticles to compensate
for the weak absorption region of a device is of prime
importance in designing plasmonic organic solar cells.

The Limitation of AuNPs at Long Wavelengths. Figure 1d
illustrates the EQE and absorption enhancement of the
Type I (AgNPs) and II (AuNPs) organic solar cells. The
similarity of the results of the EQE and the absorption
enhancement implies that the EQE enhancement was
mainly due to the optical gain caused by the metal
nanoparticles. In addition, the enhancement regions
are in good agreement with the LSPR peaks of the
metal nanoparticles. However, the EQE and absorption
enhancement of the organic solar cells with the AuNPs
incorporated is relatively low compared to the AgNP-
embedded devices despite the optimized incorporat-
ing concentration. The low EQE and absorption en-
hancement are due to the lower scattering efficiency of
the AuNPs compared to the AgNPs. Figure 1e shows
the results of simulations of the optical scattering and
absorption power of AgNPs and AuNPs, both 50 nm in
size, in PEDOT:PSS. For the AgNPs, the scattering power
is greater than the absorption power, while the AuNPs
show lower scattering efficiency and strong self-
absorption power despite the broadband scattering
response at a longer wavelength in the visible range.
Therefore, the enhancement factor of the absorption
by activematerials is limited due to the intrinsically low
scattering efficiency of AuNPs. Note that the absorp-
tion of device was enhanced even though the parasitic
self-absorption is higher than scattering in overall
visible wavelength region (Figure 1e). However, if the
absorption of a control device is high, the absorption
enhancementbecomes lowbecause theportionof non-
absorbed light is low. In this report, PCDTBT:PC70BM
(Type II) (Figure 1c) showed higher absorption enhance-
ment in longer wavelength region than PTB7:PC70BM
(Supporting Information Figure S3) due to the lower
absorption of active layer.

Enhancing the scattering efficiency can be readily
achieved by increasing the size of the AuNPs.43 Sup-
porting Information Figure S4a shows that the scatter-
ing and absorption power growwith an increase in the
size of themetal nanoparticles; the scattering enhance-
ment rate is much faster than the increased absorption
rate. Supporting Information Figure S4b depicts the
scattering-to-absorption ratio integrated from 300 to
800 nm for AgNPs and AuNPs at various sizes. The rate
of increase of the scattering power of the AgNPs and
AuNPs exceeds that of the absorption power when

their sizes exceed 40 and 75 nm, respectively. This
suggests that enhancing the scattering efficiency of
AuNPs by size tuning is not as effective as it is with
AgNPs. Furthermore, in thin-film devices with a thick-
ness of a few hundreds nanometers, incorporating
metal nanoparticles larger than 100 nm may not be
appropriate. As such, manipulation of the optical prop-
erties of AuNPs by changing their size is intrinsically
limited as an optical engineering tool in organic solar
cells. To ensure a high absorption enhancement factor
at wavelengths of 500�650 nm, a novel approach is
needed other than pure AuNPs.

Designing Au@Ag Core�Shell NCs and Optical Simulations.
We suggest a metal�metal core�shell structure41 to
overcome the intrinsically weak scattering efficiency of
AuNPs by constructing a hybrid plasmonic structure
consisting of both gold and silver. A thin Ag shell
covers the Au core to function as a scattering enhancer.
We designed the core�shell NCs to achieve both a
high scattering efficiency of AgNPs and a feasible
broadband absorption enhancement of AuNPs, espe-
cially at a long wavelength. To study the fundamental
plasmonic scattering behavior of core�shell structures
in more detail, we initially calculated the total scatter-
ing power analytically at wavelengths of 300�800 nm
and calculated the LSPR peak blue shift of the core�
shell NCs by controlling the shell thickness, as illu-
strated in Figure 2a. The diameter of the Au core was
fixed at 45 nm and the thickness of the Ag shell was
varied from 0 to 30 nm. As the shell thickness in-
creased, the scattering power improved significantly
while the LSPR peak was slightly blue-shifted. When
the Ag shell thickness was thicker than 20 nm, the
scattering power and LSPR peaks both approached
those of the AgNPs (red region in Figure 2a), suggest-
ing that metal nanoparticles completely lose their
core�shell properties. Therefore, it can be concluded
that the appropriate shell thickness should be less than
15 nm (blue region in Figure 2a) to minimize the blue
shift of the LSPR while maximizing the scattering
power of the metal nanoparticles.

Second, we calculated the wavelength-dependent
optical enhancement of the newly designed core�
shell NCs compared with AuNPs. Figure 2b shows the
calculated absorption and scattering power of AuNPs
(45 nm) and Au@AgNCs (45 nm@10 nm) in PEDOT:PSS.
Interestingly, the scattering power was significantly
enhanced throughout the visible range with only a
10 nm-thick Ag shell. Hence, we expect that the EQE
and absorption enhancement of plasmonic organic
solar cells can be improved further throughout the
visible range centered at∼520 nmwith Au@Ag NCs as
opposed to AuNPs.

Synthesis and Characterization of Au@Ag NCs. Figure 2c
shows a scanning electron microscope (SEM) image of
fully developed Au@Ag NCs. In the inset of Figure 2c,
the X-ray diffraction (XRD) results of the AuNPs and
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Au@Ag NCs depict facets that dominate the surface as
well as the spontaneous orientation of the NPs on the
substrate. The spherical AuNPs typical have intensity
ratios between the {111}, {200}, and {220} peaks (Au
JCPDS 04-0784, Ag JCPDS 04-0783). In contrast, the
{200} peak became the most intensive for the Au@Ag
NCs, indicating that the alignment of the NPs along the
{100} planes that is normal to the substrate due to the
perfect cubic morphology. The transmission electron
microscopy (TEM) images are single-particle images of
AuNPs (Figure 2d) and Au@Ag NCs (Figure 2g), show-
ing that the nanocubes have a dark spherical core at
the center. The concentric arrangement of the cubic
shell and the spherical core is attributed to the sym-
metric growth of silver on the gold surface. The
average edge length of the Au@Ag NCs was estimated
to be 60( 6 nm (Supporting Information Figure S5c,d),
and the energy dispersive X-ray spectroscopy (EDX)
analysis in Supporting Information Figure S6 estimates
the elemental fractions of Au and Ag to be 50.8 and
49.2%, respectively. Figure 2e,h depicts the optical
scattered field distribution around the AuNPs (45 nm)

and Au@Ag NCs (45 nm@10 nm) at a wavelength of
530 nm employing a 3D finite-difference-time-domain
(FDTD) method. These results show that the Au@Ag
NCs have a stronger scattered field near the metal
nanoparticles surface than the AuNPs, which is in good
agreement with the result shown in Figure 2b.
Figure 2f,I shows the scattering of AuNPs and Au@Ag
NCs dispersed in ethanol at the same optical density
when illuminated by a green laser (wavelength:
532 nm). Indeed, the laser is scattered more strongly
before it reaches the top in the Au@Ag NC solution
than in the AuNPs. The normalized extinction spectra
of AuNPs and Au@AgNCswere depicted in Supporting
Information Figure S5e. The original AuNPs have a
maximum peak at 526 nm,41 and the LSPR is slightly
shifted to 519 nm in the Au@Ag NCs. The blue shift of
the LSPR indicates that the increment of the Ag
component altered the effective dielectric constants,
making them closer to those of bulk silver.

Photovoltaic Performance. Figure 3a shows the repre-
sentative J�V characteristics of the control devices
(PCDTBT:PC70BM (Type II) and PTB7:PC70BM) and the

Figure 2. Design and synthesis of Au@Ag NCs. (a) The total scattering power of AgNPs (black squares), AuNPs (blue up
triangles), and Au@Ag NCs (red circles). The total scattering power was integrated from 300�800 nm. The difference in the
location of the LSPR peak between the AgNPs and the Au@AgNCs at each size (green circles) is shown. The blue area denotes
the appropriate core�shell NCs size region and red area shows the region inwhich the optical property of the core�shell NCs
is completely changed to that of silver. The optical simulations were done in a PEDOT:PSS medium. (b) The scattering power
(open) and absorption power (filled) of the 45 nm AuNPs (black squares) and the 45 nm@10 nm Au@Ag NCs (red circles). The
scattering enhancement of the Au@Ag NCs compared to that of the AuNPs is plotted as a green line. The optical simulations
assumed a PEDOT:PSSmedium. (c) SEM image of Au@Ag NCs (scale bar: 500 nm). The inset shows XRD patterns of the AuNPs
(black) and Au@Ag NCs (red). (d) TEM image of AuNPs (scale bar: 20 nm). (e) The scattered electric field |E|2 distribution of
45 nm AuNPs. (f) A scattering image of AuNPs. (g) TEM image of Au@Ag NCs (scale bar: 20 nm). (h) The scattered electric field
|E|2 distribution of the 45 nm@10 nm Au@Ag NCs. (i) A scattering image of Au@Ag NCs. The scattered electric field |E|2

distribution results (e and h) were calculated at a wavelength of 530 nm using a 3D FDTDmethod. Themediumwas assumed
to have a constant refractive index (n = 1.36), and the total-field scattered-field (TFSF) light source was used with a
propagation normal to the image plane and E-field oscillation along the horizontal direction as indicated by an arrow. The
MNPs in the scatter images (f and i) were dispersed in an ethanol solution at the same optical density under green laser
(532 nm, 1 mW) illumination.
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plasmonic devices under optimized conditions. In this
report, we fabricated devices embedding AuNPs and
Au@Ag NCs as plasmonic organic solar cells. We chose
Au nanoparticle (NP) rather than Au nanocube (NC)
because we wanted to show that our new Au@Ag NCs
had superior plasmonic scattering property to the
conventional AuNPs that many previous reports fre-
quently used. When the AuNPs (45 nm) and Au@Ag
NCs (45 nm@10 nm) were incorporated into the
PEDOT:PSS layer, both the PCE and Jsc values of the
plasmonic organic solar cells were enhanced. In particular,
the PCE enhancement of an Au@Ag NC-incorporated
organic solar cells was superior to that of an AuNP-
incorporated device. The average PCE of the PCDTBT:
PC70BM-based organic solar cells was improved by
16%, from 5.21% to 6.08% and the best performance
was 6.31% with 18% PCE enhancement. The PCE of
PTB7:PC70BM was enhanced by approximately 12%,
from 7.78% to 8.74% and the highest PCE was 9.19%
with 15% improvement. The complete performances
are summarized in Table 1. Figure 3b illustrates the
enhancement tendency with increased concentrations
of Au@Ag NCs embedded in the anodic buffer layer,
revealing that the PCE enhancement mainly results
from the Jsc and FF (fill factor) enhancement. Specifi-
cally, the enhancement of Jsc and FF was 8.8% and

6.8%, respectively. Since the FF is related to the elec-
trical properties of the devices, we studied hole mobi-
lity and photovoltaics performances (Voc and FF) as a
function of light intensity in Supporting Information
Figure S7. We found that the charge collection effi-
ciency was enhanced due to the enhanced charge
mobility.37�39 The detailed origin of electrical improve-
ment in plasmonic organic solar cells will be further
investigated. As shown in the Table 1, the Voc was
mostly unchanged.

To investigate the origin of the Jsc and PCE en-
hancement, wemeasured the spectral responses of the
organic solar cells. Figure 3c shows the EQE and its
enhancement in the plasmonic devices incorporating
AuNPs and Au@Ag NCs, demonstrating that the EQE
was enhanced in nearly the same band from 450�
700 nmupon the embedding of the AuNPs and Au@Ag
NCs. It should be noted that the EQE enhancement of
the Au@Ag NC-embedded organic solar cells at a
wavelength of 450�700 nm is 2.2-fold higher than
that of the AuNP-embedded devices. The current
density measured by solar simulator and EQE were
well-matched within an error range of 3% and sum-
marized in Supporting Information Table S1. Similar
trends were confirmed for the absorption and its
enhancement, as depicted in Figure 3d. Note that the

Figure 3. Device characteristics and spectral responses of plasmonic OSCs. (a) Current density�voltage (J�V) characteristics
of a control device (black squares) and the best plasmonic OSCs with AuNPs (red circles) and Au@Ag NCs (blue up triangles)
embedded. The filled and open symbols denote the PCDTBT:PC70BM (Type II) and PTB7:PC70BM devices, respectively. (b) The
PCE (black squares), Jsc (red circles), Voc (blue up triangles), and FF (green down triangles) enhancements of the plasmonic
OSCs with Au@Ag NCs embedded at various concentrations in a PEDOT:PSS layer. The error bars depict the standard
deviation of the performances. The active layer was PCDTBT:PC70BM (Type II). (c) The EQE (filled symbols) and EQE
enhancements (open symbols) of a control device (black squares), AuNP-based OSC (red circles) and Au@Ag NC-based
OSC (blue up triangles). The PCDTBT:PC70BM (Type II) was used as an active layer. (d) The absorption (filled symbols) and
absorption enhancements (open symbols) of a control device (black squares), AuNPs-basedOSC (red circles) andAu@AgNCs-
based OSC (blue up triangles), where PCDTBT:PC70BM (Type II) was used as an active layer.
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IQE of the plasmonic devices was mostly unchanged,
as illustrated in Supporting Information Figure S8,
implying that the EQE enhancement of both devices
is primarily improved by the absorption enhancement.
The absorption enhancement in the Au@Ag NC-
embedded device was improved by 2.2-fold compared
to the AuNP-embedded device at wavelengths of
450�700 nm. It can be inferred that the 10 nm-thick
Ag shell helped to enhance the plasmonic scattering
power of the Au core significantly with little modula-
tion of the spectral range. As shown in Figure 3d, the
absorption was partially degraded at the wavelength
of 400�450 nm presumably due to the self-absorption
enhancement of the Au@Ag NCs, as expected from the
simulation result in Figure 2b. The similar trend was
shown in PTB7:PC70BM-based plasmonic organic solar
cells as illustrated in Supporting Information Figure S9.
The EQE and absorption were broadly enhanced from
450�700 nm due to the enhanced plasmonic scatter-
ing power of Au@Ag NCs. However, the enhancement
of the PTB7:PC70BM-based organic solar cells is less
pronounced than PCDTBT:PC70BM-based organic solar
cells because it already has high absorption in overall
visible wavelength region.

Many previous reports about plasmonic organic solar
cells fully embedded the metal nanoparticles in PEDOT:
PSS considering the side effects.21�23,25,30,31 In this ex-
periments, the morphological effect possibly influences
on the device performance because the size of metal
nanoparticles (∼ 65 nm) is larger than the thickness of
PEDOT:PSS layer (30 nm). The FF enhancement possibly
comes from the morphology change of PEDOT:PSS due
to the large size of metal nanoparticles. However, based
onourprevious report,36 theplasmonicoptical effectwas
dominant compared to the morphological effect (geo-
metrical scattering) in this device configuration. There-
fore, in this report, we focused on the plasmonic optical
effect of metal nanoparticles in organic solar cells.

Optical Measurements. We systematically investigated
theplasmonic scatteringeffect of themetal nanoparticles
in organic solar cells by employing two optical measure-
ment methods: near-field scanning optical microscopy
(NSOM) and Raman spectroscopy. Figure 4a illustrates
the schematics of the optical measurements. Detailed
operations are described in the Methods section.

NSOM Imaging. We visualized the degree of scat-
tering of AuNPs and Au@Ag NCs embedded in a
PEDOT:PSS layer using NSOM.43 We measured the
NSOM signal of plasmonic scattering layers consisting
of an anodic buffer layer and metal nanoparticles for a
full understanding of the origin of the absorption
enhancement. The NSOM transmission mode was
used, in which the incident light passes through the
glass/ITO/PEDOT:PSS with metal nanoparticles and the
evanescent wave is captured in the NSOM tip in
proximity to the sample surface, as schematically
shown in Figure 4a. The incident light was a green

laser (wavelength: 532 nm,∼20mW), close to the LSPR
of the AuNPs and Au@Ag NCs.

Figure 4b�d showsNSOM images of pristine PEDOT:
PSS (Figure 4b), PEDOT:PSSwith AuNPs (Figure 4c), and
PEDOT:PSS with Au@Ag NCs (Figure 4d), and the insets
show the scattering profiles along the center lines in the
corresponding signal images. When the metal nanopar-
ticles were incorporated into the PEDOT:PSS layer, bright
spots were detected and the scattering profile surfaces
were rougher than bare PEDOT:PSS. The bright spots
represent hot spots due to the strong local forward
scattering region.44 The root-mean-square (RMS) values
(i.e., the degree of scattering) of the samples were 0.57
(PEDOT:PSS only), 0.71 (AuNPs), and 1.08 (Au@Ag NCs).
The enhancement is 24.56%with the AuNPs and 88.94%
with the Au@Ag NCs compared to bare PEDOT:PSS film.
The scattering enhancement of the Au@Ag NCs is ap-
proximately 3-fold higher than that of the AuNPs, agree-
ing well with the absorption enhancement, as shown in
Figure 3d (see also the optical simulation results in
Figure 2b). These results clearly prove that the scattering
is enhanced further by the improved plasmonic forward
scattering effects of Au@Ag NCs.43

Raman Spectroscopy. Weused Raman spectroscopy to
verify that the photons scattered by the metal nanopar-
ticles improve the absorption of photoactive materials.
The excitation laserwavelengthwas 514.5 nm,whichwas
near the LSPR peaks of the AuNPs (526 nm) and Au@Ag
NCs (519 nm). Indeed, the Raman intensitywas improved
when the metal nanoparticles were incorporated in the
organic solar cells, as illustrated in Figure 4e. In particular,
the Raman intensity of the Au@Ag NCs showed a sig-
nificant enhancement compared to a control device.
The inset of Figure 4e depicts the Raman intensity at
1448 cm�1, which represents the CdC thiophene ring
bonding stretch mode of the photoactive mate-
rials.10,25,45 The Raman intensity was increased by 1.5-
fold, implying that the plasmonic scattering efficiency of
the Au@Ag NCs is superior to that of the AuNPs in terms
of enhancing the absorption of the photoactive layer.

In addition, we carried out the 2D Raman imaging of
device films to investigate the range of the Raman
enhancement induced by the Au@Ag NCs. Figure 4f
depicts the integrated Raman intensity value of 1400�
1500 cm�1 of the device sample (3 μm � 3 μm) with
embedded Au@Ag NCs. The bright red spots denote
the locally enhanced Raman signal due to the plasmo-
nic scattering effect of the Au@Ag NCs. Figure 4g
shows the integrated Raman intensity profiles along
the a and b lines in Figure 4f. The intensity peak of the
metal nanoparticles was enhanced by approximately
2-fold compared to that on the spots without metal
nanoparticles. We estimated the plasmonic effective
cross-section (blue section) in the active layer due to
the Au@Ag NCs in Figure 4g. It can be inferred that the
plasmonic scattering effect of Au@Ag NCs reaches to
150 nm, covering an area of 70,650 nm2.
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CONCLUSIONS

We demonstrate highly efficient plasmonic organic
solar cells with a newly designed embedded Au@Ag
core�shell structure. The well-manipulated Au@Ag
NCs showed outstanding scattering efficiency at the
longwavelength region compared to the AuNPs, while
minimizing the blue shift. This suggests that the spec-
tral matching between the LSPR peak of metal nano-
particles and low absorption region of control devices
is critical to maximize the EQE and absorption enhance-
ment. The plasmonic PCDTBT:PC70BM-based organic
solar cells with the embedded Au@Ag NCs showed
2.2-fold absorption enhancement at wavelengths of
450�700 nm compared to AuNPs due to the amplified

plasmonic effect of the metal nanoparticles. In addition,
a PCE of 9.2%was achieved in PTB7-based organic solar
cells. We verified the origin of the PCE enhancement by
both theoretical calculations and careful optical mea-
surements. It is also known that the morphology (size
and shape) control as well as compositional variation of
plasmonic metal nanoparticles largely tune their scat-
tering properties over the full visible ranges. Further
efforts to tailor the optical property of metal nanopar-
ticles would be promising to develop high performance
organic solar cells. We anticipate that the concepts
proposed in this report are not limited to a core�shell
structure but can also be used in general plasmonic
materials for various optical devices.

METHODS
Synthesis of AgNPs. We synthesized 50 nm AgNPs by a polyol

method.46,47 A 1:20 weight ratio of silver nitrate (AgNO3, 99þ%,

Aldrich) and polyvinylpyrrolidone (PVP,Mw: 40 000, Aldrich) was

mixed in 20mL of ethylene glycol (EG) and heated to 140 �C. The
reactions were maintained for 4 h and then cooled to room

Figure 4. Characterizationof plasmonic scattering employing anNSOMandaRaman spectroscopy. (a) Theoverall schematics
of the optical measurements; NSOM images of (b) bare PEDOT:PSS; (c) with AuNPs; (d) with Au@AgNCs. Scale bars: 1 μm. The
samples were prepared under optimized concentrations. The RMS (i.e., degree of scattering) was calculated from the data of
each image (5 μm� 5 μm). Insets depict the scattering profile across the center lines of eachNSOM image. (e) Raman intensity
of the bare PEDOT:PSS (black), AuNPs (red), and Au@Ag NCs (blue). The samples were excited by a 514.5 nm laser. The inset
shows the Raman enhancement under each condition at 1448 cm�1. (f) A 2DRaman image of a samplewith Au@AgNCs (3 μm
� 3 μm) embedded. The data were integrated from 1400�1500 cm�1. Scale bars: 1 μm. (g) Red and blue lines depict the line
profile along lines a and b in panel f, respectively; the green line shows the enhancement factor of the red line. The blue area
denotes the plasmonic effective cross-section area in the active layer.
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temperature. The NPs solutions were washed with ethanol
at least five times and stored in a refrigerator under a dark
condition.

Synthesis of AuNPs. An AgNO3 solution in 1,5-pentanediol (PD,
96%, Aldrich) (0.15 mL, 0.020 M) was added to 25 mL of boiling
PD. Then, PVP (Mw = 55 000) (6.0 mL, 0.15 M) and tetrachloro-
aurate trihydrate (HAuCl4 33H2O, 99.9þ %, Aldrich) (3.0 mL,
0.05 M) solutions in PD were added every 30 s for 7.5 min. The
mixture was then refluxed for 1 h. The product was purified by a
repetitive dispersion/precipitation cycle with ethanol and was
finally dispersed in 30 mL of ethanol for further reactions.

Synthesis of Au@Ag Core�Shell NCs. The AuNP dispersion in
diethylene glycol (DEG, 99%, Aldrich) (1.0 mL, 0.075 M with
respect to the gold precursor concentration), PVP (Mw = 55 000,
Aldrich) (0.75 mL, 0.30 M), nitric acid (HNO3, 60�61%, Junsei)
(0.0343 mL, 7.5 M), and AgNO3 (0.75 mL, 0.10 M) solutions in
DEG was added to DEG (9.0 mL) at 160 �C. The mixture was
stirred at that temperature for 1 h. After cooling themixture, the
product was centrifuged and washed three times with deio-
nized water in each case.

Device Fabrication. The devices were fabricated on ITO-coated
glass substrates with a sheet resistance of 22 Ω/sq. Glass/ITO
substrates were precleaned with a detergent for 25 min, with
acetone for 10 min, and with isopropyl alcohol (IPA) for 15 min
and then dried in an oven. After an O2 plasma treatment (90 W,
10 min) on the substrates, both PEDOT:PSS (Al4083, Clevios)
layers with and without various metal nanoparticles (20 vol %)
were spun onto substrates at 3000 rpm for 30 s and annealed at
140 �C for 10 min. The thickness of the PEDOT layer was
approximately 30 nm. PCDTBT:PC70BM (1-materials: Nano-C)
at a weight ratio of 1:4 in 1,2-dicholobenzene (o-DCB) solution
was completely dissolved for 24 h and then spun at 1100 rpm
for 40 s on both PEDOT:PSS layers and then dried at 70 �C for
10 min (Type I). For the Type II of PCDTBT-based device, as
shown in Figure 1c, the donor/acceptor ratio was 1:6 and it was
spun at 2000 rpm for 40 s. PTB7:PC70BM (1-materials: Nano-C) at
a weight ratio of 1:1.5 was dissolved in chlorobenzene:1,8-
diiodoctane (97:3) and spun at 2100 rpm for 30 s. The detailed
comparison of spectral responses and thickness characteriza-
tions of Type I and Type II devices are described in Supporting
Information Figure S10. The TiOx 1:200 solution, dissolved in
methanol, was spun at 3000 rpm and dried at 80 �C for 10 min
in air. Finally, 150 nm of Al was deposited through a shadow
mask by thermal evaporation on the devices. The active device
area was measured with a microscope, showing that it was
∼15 mm2. When the metal nanoparticles solution was used
without any purification processes such as centrifugation and
filtering, remaining reagents and surfactants may influence on
the device performance. However, we found that the surfactant
(PVP) and other chemical reagents did not affect the device
performance. Refer to the Supporting Information.

Characterization. Current density�voltage (J�V) characteris-
tics were measured by a solar simulator (PEC-L12, Peccell Tech-
nologies) under 100 mW/cm2 from a 150 W Xe short-arc lamp
filtered by an AM 1.5G filter. The external quantum efficiency
(EQE) was measured by a spectral measurement system (K3100
IQX, McScience, Inc.). The light source (Xenon arc lamp 300 W)
was used with a monochromator (Newport) and an optical
chopper (MC 2000 Thorlabs). The spectral absorption by the
devices was directly measured at the same spot immediately
after the EQE measurement. It should be noted that the
measured absorption implies the total absorption including
not only the absorption of the active materials but also parasitic
absorption sources such as the electrode and PEDOT:PSS.
Finally, the internal quantum efficiency (IQE) was determined
by dividing the EQE by the absorption. The extinction spectra
were measured by UV�vis-NIR spectrophotometers (UV-3600,
Shimadzu, and V670 UV�vis-NIR, Jasco). We used unpolarized
light in all experiments. For the optical simulations using the
FDTD, themesh size was fixed to 1 nm and the refractive indices
of gold and silver were obtained from a literature.48

To visualize themetal nanoparticles, field emission scanning
electron microscopy (FE-SEM, FEI Sirion, and XL30S FEG, Philips)
was used. X-ray diffraction (XRD) patterns were recorded on a
Rigaku D/max-IIIC (3 kW) diffractometer using Cu KR radiation.

Silicon wafers (P-100) were used for the SEM and XRDmeasure-
ments. The field emission transmission electron microscope
(FE-TEM, FEI Tecnai G2 f30 S-Twin, 300 KeV) and (FE-TEM, JEOL
FB-2100F HR, 200 kV) were used to investigate the detail
structure of metal nanoparticles. Energy dispersive X-ray spec-
troscopy (EDX, FEI Sirion) spectra was used to characterize the
elements of the AuNPs and Au@Ag NCs.

Near-Field Scanning Optical Microscopy. A scanning near-field
optical microscope (Alpha300S, WiTec) was used to measure
the NSOM signal (i.e., the scattering profile). To scan the NSOM
signal images, the incident light source was a green light laser
(wavelength: 532 nm), which excited the PEDOT:PSS film with
metal nanoparticles near the LSPR wavelength, and the aper-
ture size was 60 nm. The detailed NSOM measurement pro-
cess followed that of a previous report.43 In short, the NSOM
tip captures the evanescent wave while scanning the sam-
ples above the PEDOT:PSS surface. Then, signals are collected
and converted to profile images. The scattering profiles
(Figure 4b�d, insets) were surface line graphs of the NSOM
signal images. The NSOM signals were scanned in an area of
5 μm � 5 μm. The scanning rate was 1 s/line.

Raman Spectroscopy. A high-resolution dispersive Raman mi-
croscope (ARAMIS, Horiba Jobin Yvon) was used tomeasure the
Raman intensity (Figure 4e). It was also used for Raman imaging
(Figure 4f). An Arþ ion CW laser (wavelength: 514.5 nm) was
used as an excitation source up to 40 mW for each sample. The
measurement data was acquired at room temperature. In the
case of Raman imaging, we scanned the film under the same
conditions shown in Figure 4e. The laser spot was about 500 nm
and the scanning spacing was 200 nm. The Raman images were
acquired by scanning an area of 3 μm � 3 μm. We used
Labspec5 as an image-processing tool. The sample preparation
process was identical to the device fabrication process de-
scribed above. The sample structure was glass/ITO/PEDOT:PSS
with a metal nanoparticles/PCDTBT:PC70BM layer. However, the
active layer was thinner than the actual device conditions. The
active layer solution was spun at 5000 rpm for 30 s and dried at
70 �C for 10 min. A TiOx layer and an Al electrode were not
deposited.
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