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ABSTRACT: We herein report a facile synthetic method for the preparation of gold-
core, silver-shell nanoparticles (Au@Ag NPs) with tunable surface plasmon resonance
(SPR) using the double hydrophilic block copolymer (DHBC), poly(ethylene oxide)-
block-poly(acrylic acid) (PEO-b-PAA), as a template (Au@Ag@DHBC NPs), and the
utilization of their unique optical properties in polymer solar cells (PSCs). It is
demonstrated that two different functionalities of DHBC facilitate the formation of the
respective Au-core and Ag-shell NPs. Interestingly, the isolated core−shell NPs in
solution are found to be transformed into coupled NPs that ultimately exhibit the
transition of intrinsic plasmonic properties to a wide range in the visible spectrum.
Furthermore, plasmonic Au@Ag@DHBC NPs are effectively integrated into the active
layer of PSCs, which remarkably enhance the power conversion efficiency (PCE) up to
9.0% (16% enhancement) because of the strong plasmonic effect of the coupled NPs
and the thin polymeric layer surrounding the NPs. This study suggests the widespread
potential application of DHBCs as a template for the synthesis of novel core−shell nanostructures. We anticipate that this
approach will provide new means for creating a variety of plasmonic nanomaterials in various fields of optoelectronic devices.

■ INTRODUCTION
The emergence of plasmonics in nanoscale materials has
renewed interests in the fundamental understanding of
localized surface plasmons, which arise from collective and
coherent oscillations of the conduction electrons in resonance
with the incident light frequency on the surface of a metal
nanoparticle (NP).1−3 The creation and examination of
numerous metal NPs have demonstrated the importance of
each parameter, such as size, shape, and assembly, on tailoring
their intrinsic plasmonic characteristics.4−15 Novel metal
nanostructures and their alloys have been the subject of
intensive research owing to their interesting plasmonic
behavior, including localized surface plasmon resonance
(LSPR), surface-enhanced Raman scattering (SERS), and
metal-enhanced fluorescence, which are useful for various
applications toward biosensors, bioimaging, catalysis, thermal
therapy, and optoelectronic devices, such as solar cells and light
emitting diodes.16−22

In particular, plasmonic metal NPs have received significant
attention in polymer solar cells (PSCs) applications because
their LSPR effect can lead to enhancement of incident light
absorption and improvement of intrinsic scattering power for
higher efficiency of solar cells. Among many novel metal NPs,
gold and silver possess very effective plasmonic effects to trap
incident light, which exhibit relatively strong scattering in the
visible range.23,24 However, attempts at obtaining high
efficiency in PSCs by employing the SPR effect are limited
because of the narrow resonant wavelength region of metal

nanostructures.2 In addition, direct integration of metal NPs
into the active layer of PSCs often leads to exciton quenching in
the system,25,26 which inevitably requires surface passivation of
the metal NPs.18 In order to overcome these challenges
associated with plasmonic metal NPs, it is essential to modulate
the spectrum of light absorption, to improve the generation of
excitons, and to prevent exciton quenching or recombination to
maximize the plasmon effect on device performance.27−31

Numerous approaches to design the plasmonic properties of
novel metal nanostructures, attributed to their size, shape, and
morphology, have been reported using specific surfactants or
polymer capping methods. As an alternative to the traditional
surfactant-based approach, block copolymer-templated synthe-
ses can offer interesting opportunities not only for forming
inorganic NPs with a controllable size and shape but also for
stabilizing the resulting NPs by forming steric or ionic barriers
around the NPs in solution.32−34 Furthermore, this block
copolymer-based method offers a means to direct the spatial
patterning of NPs on the surface as a result of their unique self-
assembly behavior.35−38

Most block copolymer self-assembly approaches rely on the
use of entirely hydrophobic or amphiphilic block copolymers,
forming various micellar structures in solution similar to the
self-assembly of surfactants. On the other hand, double
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hydrophilic block copolymers (DHBCs) consisting of two
chemically distinct segments with only hydrophilic features
have recently stood out in the preparation of NPs.39−41

Compared with the hydrophobic block copolymer, all hydro-
philic block copolymers show unique features in aqueous
solution; for example, they dissolve readily in water to form
molecularly dissolved solutions and induce potentially useful
micellar aggregates with inorganic materials through polyion
complexation in aqueous solution. These materials are
important for the design of “nano-reactors” with DHBCs for
ionic substances compared to the micelles of conventional
amphiphilic block copolymers.42

To date, only a few reports using DHBCs for the preparation
of metallic NPs have been achieved as a result of the limited
tunability of size, shape, or morphology. This DHBC-based
synthetic approach to novel nanostructures is thus challenging
because the micellization with inorganic materials via various
types of polymer blocks and the corresponding mineralization
for the formation of NPs are effectively controlled by many
parameters such as temperature, ionic strength, pH variation,
and complexation in aqueous solution.42,43 Additionally, two
different functional groups in DHBCs can be utilized to
produce nanostructures, such as core−shell shapes, consisting
of two or more metallic components via the seed-mediated
method. In a DHBC system, one block typically exhibits a
positive or negative charge in aqueous solution, which can
interact with the metal precursor. On the other hand, the other
block is typically neutral but can be also employed as an active
site assisting the NPs growth if oxygen atoms with abundant
lone pair electrons are contained in the segment.
In this context, a DHBC-based synthesis of metal NPs offers

a straightforward and versatile method to produce core−shell
nanostructures under mild aqueous conditions without the use
of organic solvents or thermal treatment. Furthermore, this
report can shed new light on the diverse functionalities of
DHBC, including (1) guidance for the controlled growth of
core−shell structure, (2) coupling agent between NPs, (3)
passivation for efficient introduction of surface plasmon effect
directly in device, and (4) more importantly, protective layer
against the energy transfer on device.
Herein, we report the synthesis of Au@Ag NPs using a soft

DHBC template to prepare core−shell NPs and investigate
their potential as plasmonic nanomaterials in PSCs. Specifically,
the DHBC of poly(ethylene oxide)-block-poly(acrylic acid)
(PEO-b-PAA) provides spherical Au NPs (Au@DHBC NPs)
resulting from its micellar structure in aqueous solution.44

Afterward, the Ag shell can be selectively grown on top of the
Au@DHBC NPs because the PEO block interacts with the Ag+

ions, leading to the Au@Ag@DHBC core−shell nanostruc-
tures. The shell thickness is simply controlled by the Ag
precursor concentration; thus, the plasmon properties of Au@
Ag@DHBC NPs become highly tunable. Most interestingly,
interparticle coupling is observed with the addition of high
concentration of Ag+ ions, leading to the transition of intrinsic
plasmon bands of isolated individual Au@Ag@DHBC NPs to a
wide range in the visible spectrum. Furthermore, coupled NPs
are successfully employed as plasmonic nanomaterials to
improve the light absorption window of the photoactive layer
in PSCs, improving their efficiency by ∼16%. Owing to the two
different functional groups in the DHBC, this DHBC-based
approach not only provides a unique alternative to the existing
methods for preparation of core−shell metal nanostructures but

also allows for the tuning of the SPR effect of novel NPs over a
broad range for improved efficiency in optoelectronic devices.

■ EXPERIMENTAL SECTION
Materials. Double hydrophilic block copolymer PEO(5000)-b-

PAA(6700) was purchased from Polymer Source, Inc. Gold(III)
chloride trihydrate (HAuCl4·3H2O), silver nitrate (AgNO3), and L-
ascorbic acid (AA) from Sigma-Aldrich and sodium hydroxide
(NaOH) from Junsei Chemical were used without further purification.

Synthesis of Au@DHBC NPs. Au NPs with a double hydrophilic
block copolymer shell (Au@DHBC NPs) were prepared according to
the following protocol.44 First, PEO(5000)-b-PAA(6700) (25.12 mg,
0.20 mmol of carboxylic acid groups) was dissolved under vigorous
stirring in 50.0 mL of deionized water, followed by the addition of 0.10
mL of 4.0 M NaOH (0.40 mmol, 2 equiv. of carboxylic acid groups in
PAA block). To this solution, 4.47 × 10−3 M HAuCl4·3H2O (26.2 mg,
0.067 mmol) was added. Subsequently, 2.0 mL of 1.0 M AA (2.0
mmol) was added to the resulting suspension under vigorous stirring.
After a few minutes, the solution underwent a color change to
transparent red. After the reaction, the solution was dialyzed against
deionized water using a dialysis membrane (MWCO 12 000−14 000,
SpectraPore) to remove any residuals. The prepared suspension of
Au@DHBC NPs exhibited fairly good colloidal stability, which lasted
more than 6 months without any precipitation.

Synthesis of Au@Ag@DHBC NPs. Gold−silver−DHBC core−
shell nanostructures (Au@Ag@DHBC NPs) were synthesized via a
seed-mediated method. As-prepared Au@DHBC NPs were used as
seeds for the growth. A solution of as-synthesized Au@DHBC NPs
(0.5 mL) was first diluted with a certain amount of water, followed by
the addition of different amounts of Ag precursor ranging from 0.2 to
2.0 μmol into the solution with the total volume fixed at 1.5 mL. As-
synthesized Au@Ag NPs by DHBC are denoted Au@Agn@DHBC,
where n is the number of moles of Ag precursor used for the synthesis
of the NPs. For example, when 0.1 and 1.0 μmol of Ag precursor is
employed in the reaction, the NPs are denoted as Au@Ag0.1@DHBC
and Au@Ag1.0@DHBC, respectively.

Characterization. The morphology, size, and size distribution of
the prepared NPs were investigated using transmission electron
microscopy (TEM), high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM), and energy dispersive
X-ray spectroscopy (EDXS) (JEOL, JEM-2100F, accelerating voltage
of 200 kV, Gatan CCD camera). UV−vis spectra were recorded using
a UV−vis spectrophotometer (Shimadzu UV-1800), and size
distribution analyses were performed using dynamic light scattering
(DLS, BI-APD, Brookhaven Instruments, New York, U.S.A.).

Fabrication and Characterization of Solar Cells. Devices were
fabricated according to the following procedure. First, the ITO/glass
substrates were cleaned with detergent, then ultrasonicated in acetone
and isopropyl alcohol, and subsequently dried in an oven overnight at
100 °C. Poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PE-
DOT:PSS) layers, which were used as the anode, were spin-coated
(after passing through a 0.45 μm cellulose acetate syringe filter) at
5000 rpm for 40 s, followed by baking at 145 °C for 10 min in air. A
solution of Au@Ag@DHBC NPs was spin-coated on top of the
PEDOT:PSS layer and then baked at 60 °C for 5 min. For deposition
of the active layer, a blend solution of poly[4,8-bis(5-(2-ethylhexyl)-
thiophen-2-yl)benzo[1,2-b:4,5-b′] dithiophene-co-3-fluorothieno[3,4-
b] thiophene-2-carboxylate] (PTB7-Th) (1 wt %):[6,6]-phenyl-C71-
butyric acid methyl ester (PC71BM) (1.5 wt %) dissolved in
chlorobenzene with 3 vol % diphenylether was spin-coated on top
of the PEDOT:PSS layer in a nitrogen-filled glovebox. The device was
pumped down in a vacuum (<10−6 Torr; 1 Torr = 133 Pa), and a 100
nm thick Al electrode, for convention, was deposited on top of the
active layer by thermal evaporation. The deposited Al electrode area
defined the active area of the device as 13 mm2. Measurements were
performed with the solar cells inside the glovebox by using a high-
quality optical fiber to guide the light from the solar simulator
equipped with a Keithley 2635A source measurement unit. The J−V
curves for the devices were measured under AM 1.5 G illumination at
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100 mW/cm2 with masking. External quantum efficiency (EQE)
measurements were also conducted in ambient air using an EQE
system (Model QEX7) by PV Measurements Inc. (Boulder,
Colorado). After collecting the EQE data, the software also integrated
the data with the AM 1.5 G spectrum and reported the calculated JSC
values.
Simulation of Electric Field Distribution. The E-field enhance-

ment and extinction cross-section for Au@Ag@DHBC NPs were
calculated by a finite-difference time-domain (FDTD) method (FDTD
Solutions 8.6, Lumerical). The numerical simulations were performed
in a three-dimensional box with a cell size of 0.1 nm and perfectly
matched layers for all boundaries. For the Au@Ag@DHBC core−shell
NP model, the diameter and interparticle spacing of the NPs were
adjusted according to the TEM observations. The dielectric functions
of Au, Ag, and DHBC in the UV−vis region were described by a
multicoefficient fitted model of the experimental data by Palik.45 The
Au@Ag@DHBC NPs were illuminated by a total-field/scattered-field
plane wave source to obtain the extinction cross section as a function
of wavelength by calculating the absorption and scattering cross
sections.

■ RESULTS AND DISCUSSION
The syntheses of Au@DHBC and Au@Ag@DHBC NPs are
illustrated in Scheme 1. The initial synthetic procedure for Au
NPs as a core material was modified from the method reported
in our previous research.44 In the preparation of Au NPs by
DHBC, the PAA block facilitates the micellar formation by
interacting with the metal precursor, followed by forming
spherical Au nanostructure with an average diameter of 17.0 ±
4.1 nm and a surface plasmon band at 522 nm (Figure 1a and
Supporting Information Figure S1). Simultaneously, the PEO
block provides steric stabilization for the resulting Au@DHBC
NPs, which are stable for a few months without any
aggregation.
We then employed the Au@DHBC NPs as a seed to further

synthesize core−shell nanostructures via the following process.
Briefly, the Au@DHBC NPs solution is mixed with different
concentrations of Ag precursor, followed by the addition of a
reducing agent into the mixture to grow the Ag shell with
various thicknesses on top of the Au@DHBC NPs. As-prepared
core−shell NPs are denoted as Au@Agn@DHBC NPs, where n
represents the moles of Ag precursor added to the Au seed
solution (typically n = 0.1−2.0 μmol). As shown in Figure 1b,c,
the Au core and Ag shell portions are clearly distinguishable
due to their electron density contrast. Additional high-

resolution dark field HADDF STEM images included in the
inset of Figure 1 and Supporting Information Figure S2 clearly
indicate a boundary between Au core and Ag shell with varying
shell thickness. In addition, both the compositional line profiles
(Figure 1d) and the corresponding energy dispersive spectrum
(EDS) point analysis (Supporting Information Figure S3)
confirm the presence of Au and Ag located in the core and
shell, respectively. Upon the formation of the Ag shell on top of
Au@DHBC NPs, the original surface plasmon band at 522 nm
gradually blue-shifted toward 505 nm (Au@Ag0.1@DHBC
NPs) and 419 nm (Au@Ag0.9@DHBC NPs), which is
characteristic of the LSPR of spherical Ag NPs.
It is worth noting that no free Ag NPs were found after the

formation of the core−shell of Au@Ag@DHBC NPs. It has
been previously reported that PEO plays an important role not
only in forming sterically stabilized NPs in solution but also in
guiding the reduction of Ag ions into metallic Ag NPs.46,47 The
role of oxygen atoms in reducing the metal salts is similarly
demonstrated in the case of polyvinylpyrrolidone (PVP) in

Scheme 1. Schematic Illustration of the Synthesis of Au−Ag Core-Shell NPs Using a Double Hydrophilic Block Copolymer
Template (Au@Ag@DHBC NPs) and Isolated and Coupled Au@Ag@DHBC NPs via a Seed Growth Method Determined by
the Concentration of Ag Precursor

Figure 1. Isolated Au@Ag NPs by DHBC. TEM images of (a) Au@
DHBC NPs and (b, c) Au@Ag@DHBC NPs synthesized by 0.1 and
0.9 μmol AgNO3, denoted as Au@Ag0.1@DHBC NPs and Au@Ag0.9@
DHBC NPs, respectively. Inset figures in b and c show the dark field
STEM images of Au@Ag@DHBC NPs. (d) Compositional line
profiles of representative Au@Ag@DHBC NPs shown in c. (e) UV−
vis spectra of Au@DHBC NPs and Au@Ag@DHBC NPs.
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creating NPs with various structures.48,49 Similarly, in our
system, the PEO block in DHBC provides an active site to bind
with the Ag ions due to the lone pair electrons on oxygen,
leading to the ion-dipole interaction between the Ag ions and
the polymer. This interaction facilitates the formation of Ag
shell on the surface of Au seed because PAA block binding with
Au core cannot participate in the reaction of Ag ions, and
simultaneously PEO block exposed out of core interacts with
Ag ions. We therefore highlight the significant role of DHBC in
creating core−shell type nanostructures in a controllable
manner to form a shell on top of Au@DHBC seeds.
Upon the formation of the Ag shell on top of Au@DHBC

NPs, the solution of Au@Ag@DHBC NPs exhibits a
progressive color transition from red to yellow and orange
(Figure 2a), as similarly observed in color changes of spherical

Ag nanostructures with different diameters.50 The color
difference also indicates that the Ag shell is homogeneously
grown without particular transformation of structures. The
thickness of the Ag shell can be efficiently tuned by controlling
the amount of Ag precursor in solution. For example, as the
concentration of Ag precursor is increased in the range from 0.1

to 1.0 μmol at a fixed concentration of Au@DHBC core, the
average Ag shell thickness grows from 1.0 ± 1.54 to 11.3 ± 2.62
nm with a concomitant increase in the overall core−shell
particle sizes from 17.0 ± 1.54 to 28.3 ± 2.62 nm (Figure 2b).
The absorption spectra display the plasmonic properties of

core−shell NPs as a function of Ag shell thickness (Figure 2c).
An increasing ratio of the Ag precursor to the Au seed can
further lead to stronger plasmon absorption, and hence a new
band at approximately 420 nm gradually appears, which
eventually merges with the band at higher wavelengths of the
Au@DHBC NPs. This result suggests that the uniform growth
of the Ag shell on top of the Au@DHBC core can effectively
modulate the plasmonic properties of Au@Ag@DHBC NPs. In
accordance with results, we emphasize that isolated Au@Ag
NPs with tunable shell thickness can be simply prepared by
DHBC templates in solution. Because the SPR of metallic NPs
is well-known to be highly sensitive to the surrounding
environment, the formation of Ag shell on Au@DHBC NPs
with tunable size can significantly influence the local electric
field of Au@Ag@DHBC NPs. Thus, we simulated the electric
field distribution using the three-dimensional finite-difference
time-domain (FDTD) method to explore the electric field
enhancement created by the Ag shell (Supporting Information
Figure S4).51 The results indicate that the plasmonic band
changes of Au@Ag@DHBC NPs are in good agreement with
those of the simulated spectra with Mie extinction calculations,
even though the subtle differences between them are likely to
arise from the polydispersity in the size and shape of the
resulting NPs.
Interestingly, the SPR band at 420 nm gradually increases

with the growth of the Ag shell up to a certain point, and then a
new plasmon band at 520 nm begins to appear for Au@Ag1.0@
DHBC NPs. The former is attributed to the dipole oscillation
of the isolated Au@Ag@DHBC NPs, whereas the latter is
considered as a discrete plasmon absorption that requires more
characterization to understand completely. Thus, we further
investigated the structures and plasmonic properties of Au@
Ag@DHBC NPs at higher concentrations of Ag precursor.
In the low concentration range (n < 0.9), the shell thickness

of the isolated NPs consistently increased up to 11.1 nm (n =
0.9), which was similar to the theoretical chain length of the
PEO block used in this study (∼9.1 nm) (see Supporting
Information for theoretical calculation).52 In contrast, at the
loading of 0.9 μmol of Ag precursor, the shell growth was
slowed down, and the isolated NPs began to form disordered
string-like nanostructures in solution (Supporting Information
Figure S5). They continued to grow into large-sized clusters
with increase in concentration of Ag precursor as shown in
Figure 3. In the high concentration range (n > 0.9), the PEO
block no longer assists the shell growth, but rather it provides aFigure 2. (a) (top) Series of TEM images and (bottom) their

corresponding photographs of the Au@Ag@DHBC solution. The
scale bar in the TEM images is 10 nm. (b) Average size of Au@Agn@
DHBC NPs as a function of the concentration of Ag precursors (n =
0.0−1.0) and their corresponding Ag shell thickness. (c) UV−vis
spectra collected for Au@Agn@DHBC NPs produced with different
concentrations of Ag precursor (n = 0.0−1.0).

Figure 3. Coupled Au@Ag NPs by DHBC. (a−c) TEM images of
Au@Ag@DHBC NPs synthesized by (a) 1.0, (b) 1.4, and (c) 1.8
μmol of Ag precursor, denoted as Au@Ag1.0@DHBC, Au@Ag1.4@
DHBC, and Au@Ag1.8@DHBC, respectively.
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nanobridge between NPs, resulting in the interparticle
coupling. Consequently, the coupled Au@Ag@DHBC NPs
form cluster-like nanostructure instead of bulk agglomerates by
the nanobridge between NPs. Thus, the PEO blocks in DHBC
also play an essential role in this morphological transition of
NPs as well as the Ag shell growth. This morphological change
of NPs is significantly correlated with their plasmon feature,
which will be discussed in the following section.
Recently, numerous studies on plasmon transition of NPs

with their morphology have been reported. Single NPs
generally have their intrinsic plasmonic absorption, e.g., a
plasmon band at 520 nm of Au NP.53 A dimer system with a
nanogap generates a new longitudinal mode, whose dipolar
response consistently red-shifts due to plasmon coupling when
the particle separation is reduced further.54 Because dimeric-
like structure with nanogap is not physically contacted with
neighboring NPs, no charge can be completely separated,
leading to low-frequency mode attributed to the diverse
plasmon mode such as antibonding dipolar, bonding dipolar,
and quadrupolar mode.55 These unphysical modes evolve into
physical modes when the particle contact is made in the
overlapping interparticles at a point. This overlapped particles
show the low-frequency mode which is a true dipolar mode,
giving rise to the charge transfer in the conductive junction of
interparticles. Additionally, this mode blue-shifts when the
overlap region is increased.56−59 Similarly, in our Au@Ag@
DHBC NPs, the new plasmon mode over 520 nm is expected
to be induced by generation of conductive junction and
corresponding diverse dipolar mode and charge separation
(yellow region in Figure 4a). However, in contrast to the
dimeric system with physical contact, this low-frequency mode

of Au@Ag@DHBC NPs consistently red-shifted toward near-
infrared region as the concentration of Ag ions increases (C line
in Figure 4b). One possible explanation is that Ag ions are
consumed mostly to produce new junction between neighbor-
ing NPs as well as to increase the shell thickness of NPs at a
high concentration of precursor. It is supported that no
significant change is observed in the vertical length of the
junction, when comparing with Au@Ag@DHBC NPs synthe-
sized at high concentration of Ag precursor (Supporting
Information Figure S6). On the other hand, the transverse
plasmon mode remains steady (T line in Figure 4b) as the NPs
maintain their spherical-like structure regardless of the
increased concentration of Ag precursor. This morphological
transition is accompanied by a colorimetric response of NPs, as
a result of the change in plasmon coupling. The color of the
solution turns to dark brown, which confirms the clustering of
NPs. With a further increase in the concentration of Ag
precursor (n > 1.6), the solution becomes transparent because
the larger clusters eventually begin to precipitate out of the
solution (inset in Figure 4b). Therefore, our current study can
provide a method using DHBC templates for preparation of
two types of Au@Ag@DHBC nanostructure including isolated
NPs with different shell thickness and coupled NPs with
tunable plasmon bands in solution.
We then studied the transition of core−shell Au@Ag@

DHBC NPs via interparticle coupling to elucidate the detailed
mechanism by collecting a series of TEM images and size
distribution data using dynamic light scattering (DLS) at
specific intervals. Au@Ag1.6@DHBC NPs are employed as a
model system because they exhibit two apparent and
distinguishable absorption peaks. The collected solution at a
specific time is diluted 40 times with water to quench the
reaction, immediately followed by dropping the solution on a
TEM grid, and dried in vacuum. As shown in Figure 5a, the Ag
shell is uniformly grown on the surface of the Au@DHBC NPs
without any byproducts after 5 min. Thereafter, new NPs with a
diameter of several nanometers, which have rarely been
observed in the growth of isolated Au@Ag@DHBC NPs,
began to appear near the growing Au@Ag@DHBC NPs, while
the thickness of the Ag shell consistently increased (10 min in
Figure 5a). It is apparent that newly nucleated NPs consist of
metallic Ag since their average diameter is much smaller than
that of the Au seeds, and their electron density contrast is
similar to that of the Ag shell of Au@Ag@DHBC NPs.
During the growth reaction from 15 to 30 min, it was

observed that the population of the newly nucleated Ag NPs
decreased, indicating that the Ag NPs independently moving in
solution were absorbed and eventually merged into the Ag shell
of Au@Ag@DHBC NPs. This integration is strongly attributed
to Ostwald ripening, which is a dynamic process in solution to
further grow the Ag shells. After the Ag shell had grown to a
specific thickness, Ag NPs diffused into the adjacent Au@Ag@
DHBC NPs at the same time, leading to coupling between
isolated NPs after 45 min, as presented in Figure 5a. Each of
the reaction steps, such as shell growth, new Ag NPs formation,
and their integration into the Ag shell and interparticle
coupling, obviously proceed at different time scales. However,
we have discovered that these processes were not completely
separated because small NPs less than 10.0 nm as well as large
NPs of tens to hundreds of nanometers in size were observed
according to the DLS measurements (10 and 30 min in Figure
5c). Furthermore, two strong size distributions at 60 min
suggest the presence of isolated NPs as well as the formation of

Figure 4. (a) UV−vis absorption spectra of Au@Ag@DHBC with Ag
precursor concentrations in the range of 1.0 to 2.0 μmol and (b) the
corresponding plasmon band plots of Au@Ag@DHBC NPs by
transverse absorption (line T) and plasmon coupling (line C).
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coupled NPs with various cluster sizes, indicating the
heterogeneous interparticle coupling.
Considering all of these results, we propose a mechanism for

the growth of core−shell type nanostructures and the further
coupling of NPs based on the role of DHBC. At the initial
stage, Au ions bind with the carboxylate groups of the PAA
block through coordinative bonding, forming the micellar
structure for spherical Au@DHBC NPs. Subsequently, the
PEO block provides an active site to guide the formation of Ag
shell on top of the Au core via ion−dipole interactions.
Furthermore, free Ag NPs are nucleated from excess Ag ions in
the solution and merged into the Ag shell of adjacent Au@Ag@
DHBC NPs by Ostwald ripening, leading to the interparticle
coupling assisted by the presence of DHBC.
To evaluate the plasmonic effect of Au@Ag@DHBC NPs in

PSCs, devices were fabricated with both isolated NPs (Au@
Ag0.9@DHBC NPs) and coupled NPs (Au@Ag1.6@DHBC
NPs), and the control device was prepared without plasmonic
NPs. To achieve high device performance, the devices were
prepared by blending low band gap polymers, poly[4,8-bis(5-
(2-ethylhexyl) thiophen-2-yl)benzo[1,2-b:4,5-b′] dithiophene-
co-3-fluorothieno[3,4-b] thiophene-2-carboxylate] (PTB7-Th)
as a donor and [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM) as an acceptor, for the active layer. The information
on the synthesis and photovoltaic properties of PTB7-Th has
recently been reported.60 The device structures are ITO/
PEDOT:PSS/active layer/Al for the control device and ITO/
PEDOT:PSS/Au@Ag@DHBC NPs/active layer/Al for the
testing device (Figure 6a). More than 350 devices were
prepared to optimize the device performance by controlling the
concentration of NPs in the PTB7-Th:PC71BM-based PSCs.

Any specific distinction in the morphology and thickness of the
active layer is not observed after the incorporations of NPs into
the system, which is confirmed using atomic force microscopy
(AFM) and surface profiler (Supporting Information Figure
S7).
Figure 6b,c shows current density−voltage (J−V) character-

istics and incident photon-to-electron efficiency (IPCE),
respectively, and the device parameters are summarized in
Table 1. The best control device shows a short-circuit current
(JSC) of 14.53 mA/cm2, an open-circuit voltage (VOC) of 0.78
V, a fill factor of 0.68, and a power conversion efficiency (PCE)
of 7.77%. The device with isolated NPs has a JSC of 15.78 mA/
cm2, VOC of 0.78 V, FF of 0.69, and PCE of 8.51%. The PCE
value with approximately 9.5% enhancement for the device with
isolated NPs can be primarily attributed to the increase in JSC,
which is caused by IPCE improvement in the 400−700 nm
range, as shown in Figure 6c, whereas the FF is slightly
increased. Furthermore, the device with coupled NPs shows a
JSC of 16.28 mA/cm2, VOC of 0.79 V, FF of 0.70, and PCE of
9.00%, exhibiting ∼16% enhancement in the PCE value. The
enhanced PCE of the device with coupled NPs is attributed to
the plasmon transition resulting from interparticle coupling,
which is effective at broadening the absorption region as well as
inducing stronger photon absorption and light scattering. Since
little change in conductivity is expected by the addition of metal
NPs,23 the plasmonic effect of the NPs is considered as a main
factor of the significant increases in PCE. We tested the device
with Au@DHBC NPs only without Ag shell to confirm the
plasmonic effect on the device. As similar to device perform-
ance with Au@Ag@DHBC NPs, the device incorporating with

Figure 5. (a) Series of TEM images of Au@Ag1.6@DHBC as a function of reaction time (5, 10, 15, 30, and 45 min). (b) Schematic drawings of the
growth of the Ag layer and interparticle coupling. (c) Dynamic light scattering (DLS) analysis showing the hydrodynamic diameter changes during
the growth of Au@Ag1.6@DHBC NPs.
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Au@DHBC NPs shows the enhanced IPCE (3.1% enhance-
ment) (Supporting Information Figure S8 and Table S1).
To clarify the plasmonic effect of isolated and coupled NPs

on the photogeneration of charge carriers, we compared the
enhanced IPCE (ΔIPCE) and absorbance (Δabsorbance) of
the devices (Figure 6d). The IPCE enhancement of both
devices with isolated and coupled NPs was found to show not
only a strong absorption near 400 nm but also an extended
absorption with broad visible and near-infrared region, which is
consistent with the peaks in the difference of the absorbance
spectrum.
For isolated NPs, the absorbance near 420 nm in solution is a

unique feature, contributing to the enhancement of absorption
near 400 nm on the device. Interestingly, the device with
isolated NPs exhibits two discrete light absorptions near 530
nm and over 700 nm (Figure 6d), which may be attributed to
the arrangement due to close spacing between the isolated NPs
deposited on the film during device fabrication,61 as
characterized by AFM (Supporting Information Figure S9).

Particularly, the absorbance of the film near 530 nm leads to the
improvement of light absorption on the device, which is
considered to enhance the efficiency of the device with isolated
NPs (Supporting Information Figure S10). The enhanced light
absorption over 700 nm hardly contributes to the device
efficiency because the light absorption by active layer in the
near-infrared region is significantly lower than in the visible
region (Figure 6c). On the other hand, the device with coupled
NPs shows higher absorption in the full visible region (Figure
6d), compared with the device with isolated NPs. Moreover, it
exhibits a similar tendency to change in the difference of ICPE,
which is in agreement with absorption of coupled NPs in
solution. Therefore, the incorporation of coupled NPs into the
device is more advantageous for the enhancement of efficiency
in PSCs, since an extended absorption into the visible region on
the device with isolated NPs practically has a moderate effect
on the device efficiency.
The light absorption in PSCs can be enhanced by light

trapping by NPs with surface plasmon and scattering the

Figure 6. Device characteristics and spectral responses of plasmonic PSCs. (a) Schematic of polymer solar cell with chemical structures of PTB7-Th
and PC71BM, (b) current density−voltage (J−V) characteristics and (c) IPCE of a control device (black circles) and the best plasmonic PSCs with
embedded Au@Ag@DHBC NPs (red and blue circles). (d) Comparison of enhanced IPCE and absorbance by Au@Ag@DHBC NPs.

Table 1. Device Characteristics of PTB7-Th:PC71BM-Based PSCs with Au@Ag@DHBC NPs

device configuration plasmonic NPs JSC (mA/cm2) VOC (V) FF PCE (%)
JSC [cal.]
(mA/cm2)

ITO/PEDOT:PSS/ALa/Al none (control) best 14.53 0.78 0.68 7.77 14.41
average 14.12 ± 0.41 0.78 ± 0.00 0.67 ± 0.01 7.37 ± 0.40

ITO/PEDOT:PSS/isolated NPs/ALa/
Al

Au@Ag0.9@DHBC best 15.78 0.78 0.69 8.51 15.65
average 15.38 ± 0.40 0.78 ± 0.00 0.69 ± 0.00 8.35 ± 0.19

ITO/PEDOT:PSS/coupled NPs/ALa/
Al

Au@Ag1.6@DHBC best 16.28 0.79 0.70 9.00 16.08
average 16.04 ± 0.24 0.78 ± 0.01 0.69 ± 0.01 8.74 ± 0.26

aAL: active layer consisting of PTB7-Th and PC71BM.
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absorbed light by NPs.2 To explore the contribution of
absorption and scattering caused by NPs, we simulated the
effect of NPs with different arrangements on the device. The
results indicate that the incident light is simultaneously
absorbed and scattered by NPs, but the effect of absorption
of NPs on the device is much higher than that of light scattering
(Supporting Information Figure S11). It implied the con-
tribution of light absorption by NPs is relatively dominant for
efficiency improvement in PSCs.62

It is remarkable that as-prepared NPs can be directly
integrated into an active layer. We recently presented Ag NPs
surrounded with a silica shell (Ag@SiO2 NPs) to prevent
exciton quenching18 which often occurs when plasmonic NPs
without any passivation layer come into direct contact with an
active layer medium. However, we have found in our system
that both isolated and coupled NPs can be successfully
employed at the active interface with the aid of DHBC layers.
To clearly elucidate the distinct feature of DHBC surrounding
NPs against the quenching effect, we measured steady-state
photoluminescence (PL) on film with the same thickness,
including structures of Super Yellow (SY), PEDOT:PSS/SY,
and PEDOT:PSS/isolated or coupled NPs/SY films coated on
glass substrates. As a control test, SY films are fabricated with
free Ag and Au NPs of similar diameter without DHBC (see
Experimental Section and Supporting Information Figure S12).
The PL intensities of PEDOT:PSS/isolated or coupled NPs/SY
films are ∼7.4% and 11.0% higher than that of control
PEDOT:PSS/SY film, respectively, whereas the PEDOT:PSS/
free Ag or Au NPs/SY film shows relatively lower PL intensity
(decrease of 8.9 and 12.4%) than the film without NPs because
of considerable exciton quenching at the interface of
PEDOT:PSS/SY by the metal NPs (Supporting Information
Figure S13).
Additionally, we measured the photoluminescence quantum

efficiency (PLQE) of SY film of the same thickness for all
samples to specifically support the PL results. The PLQE of SY
films with isolated and coupled NPs exhibited higher values
(12.36% and 13.64%, respectively) than those of the films with
free Ag and Au NPs (10.78% and 10.07%, respectively), though
the PLQE of the films with isolated and coupled NPs is lower
than that of bare SY film due to strong exciton quenching effect
induced by PEDOT:PSS layer (Table 2). This is in good

agreement with steady-state PL results because the tendency of
PLQE with and without NPs is well matched with that of PL
spectra. It is obvious that PL quenching does not occur on
devices incorporated with isolated and coupled NPs at the
interface of PEDOT:PSS and active layer. This indicates that
DHBC chains, which form a very thin layer on the surface of
the NPs, provide a protective layer against exciton quenching,

resulting in plasmonic NPs that can be effectively integrated to
a device. Therefore, we highlight that Au@Ag@DHBC NPs
with a thin polymer layer can maximize the plasmonic effect via
interparticle coupling within the active interface of PSCs,
resulting in enhanced performance in PSC.

■ CONCLUSION
We have developed core−shell nanostructures using the double
hydrophilic block copolymer (DHBC), PEO-b-PAA, as a soft
template through coordinative and ion-dipole interactions
between metal precursors and each segment of the DHBC.
The DHBC used in this work is highly suitable to form core−
shell nanostructures via the seed-mediated growth of NPs
under mild ambient conditions. The PAA block of the DHBC
forms micellar structures with the Au precursor and then
induces a spherical Au core, whereas the PEO block provides
the stability for nanoparticles in aqueous solution as well as
guidance for uniform Ag shell growth. Moreover, this PEO
block facilitates interparticle coupling, which leads to the
transition of a new plasmon mode in the wide visible regions.
The synthesized Au@Ag@DHBC NPs were successfully
employed as plasmonic nanomaterials at the interface of an
active layer, which considerably improved the efficiency of
PSCs. We anticipate that DHBC-templated Au@Ag NPs would
be widely applied as plasmonic materials in optoelectronic
devices. In addition, this synthetic approach for the formation
of NPs with DHBCs can lead to a facile and general method of
producing core−shell nanostructures and tuning the intrinsic
plasmonic effect of novel metal NPs for a variety of
applications.
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