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A B S T R A C T

In this work, we report on the design and synthesis of a new sulfonated polyaniline derivative containing thiol
(-SH) groups (SPAN(SH)) to achieve effective dispersion of gold nanoparticles (GNP) into SPAN(SH) (SPAN(SH)
@GNP). The photovoltaic performances of the poly(3-hexylthiophene-2,5-diyl): indene-C60 bisadduct (P3HT:
ICBA) were evaluated to elucidate the associated roles of SPAN(SH)@GNP NH (nanohybrid) buffer layer in the
polymer solar cell (PSC) device architecture: ITO (Indium Tin Oxide)/SPAN(SH) or SPAN(SH)@GNP(X%) NH/
Zinc Oxide (ZnO)/Al. The use of SPAN(SH)@GNP buffer layer significantly improved the power conversion
efficiency (PCE) of the fabricated PSC. Notably, buffer layer containing 1.66 wt% of GNP with respect to the
weight of SPAN(SH), (ITO/SPAN(SH)@GNP(1.66%)/P3HT: ICBA/ZnO/Al) exhibited an excellent improvement
in the PCE (5.20%), which is much higher than that of the PCE (4.25%) with SPAN(SH) (ITO/SPAN(SH)/P3HT:
ICBA/ZnO/Al). It has been demonstrated that the very strong near field of the GNP not only distributes laterally
in the buffer layer but also vertically extends into the adjacent P3HT: ICBA (active) layer yielding an enhanced
exciton generation in the active layer. The synergistic effects of energy level alignment, decreased interfacial
resistance, effective hole extraction and increased surface area between the buffer/active layer, resulted in
significant increase in the PCE. Our findings indicate that it is imperative to design the structure of the con-
ducting polymer to have adequate interactions with the PNP for achieving strikingly enhanced PCE.

1. Introduction

Bulk heterojunction (BHJ) polymer solar cells (PSC) have attracted
substantial attention owing to their ease of fabrication, the capability of
large scale production, light weight and the possibility of integration
into flexible devices [1,2]. Several approaches have been proposed to
improve the power conversion efficiency (PCE) of the BHJ PSC. The
notable approaches include tuning the nanoscale morphology of active
layer [3–10], design of new photoactive materials and device archi-
tecture [11], engineering of contact interfaces [12] and the inclusion of
light trapping materials towards increasing the absorption light path
length [13–16]. Research on the BHJ PSC progressed laterally with the
incorporation of plasmonic nanoparticles (PNP), like gold (Au) and

silver (Ag), into the photoactive layer [17], buffer/interfacial layer [18]
or in between buffer/active layer interfaces [19]. Studies reveal various
roles for PNP such as acting as a sub-wavelength antenna and light
scattering center, increasing the cross-sectional area of light absorption
and effective path length of the incident photons within the device
[20,21]. However, the inclusion of PNP into the active/buffer layers is
to be done without increasing the thickness of the active/buffer layer to
minimize charge recombination at the interfaces [22]. PNP generates
localized surface plasmon resonance (LSPR) through the collective os-
cillation of charge carrier driven by the electromagnetic field. LSPR
offers enhanced optical field or increased light absorption in the device
[23]. More specifically, there are possibilities to spatially tune LSPR of
PNP by changing the corresponding sizes, shapes and dielectric
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environments to optimize the light absorption efficiency of the solar
cells without sacrificing the exciton and charge transport efficiencies
[24]. Different methodologies were employed to enhance the PCE of the
PSC, which include the incorporation of plasmonic nanostructures in
the buffer layer [21,25–28], the active layer blend [17,29], and direct
deposition onto an ITO electrode surface [30,31]. The state-of-the art
progress with regards to the design and fabrication of plasmonic solar
cells and their PCE enhancement schemes have been reviewed [32–35].
There are two major ways to realize plasmonic enhancement in thin
film solar cells; i) the choice of an appropriate plasmonic material with
appropriate sizes and ii) the establishment of an effective environment
for optimum immobilization of the plasmonic nanostructures. Although
PCE enhancement in PSC is achievable through the incorporation of
PNP, the contribution of the LSPR or electronic effects remains unclear
[36,37]. The influence of the plasmonic effects on the PCE has hardly
been evaluated so far, partly due to the difficulty in understanding the
optimum PNP design for integration with materials in the PSC archi-
tecture. In addition to optical absorption enhancement from the plas-
monic effects, it becomes necessary to consider the improvements in
device performance arising from the electrical properties introduced by
the PNP [17,38–41]. Studies suggested that the combined plasmonic-
electrical effects of PNP depend on the location of PNP, their distribu-
tion and kind of interactions with the surrounding material [33,41].
The quest for the development of innovative PNP included nanos-
tructures which could integrate optical and electrical aspects toward
enhancing the performance of BHJ PSC continues for the wide de-
ployment of the PSC. Especially, studies on the utilization of plasmonic-
dielectric (conductive) polymer hybrid materials that can have inter-
particle/molecular interactions to generate integrated optical and
electrical properties are very limited.

For the past several years, the distribution of plasmonic nanos-
tructures within functionalized conducting polymer matrix has led to a
new area of research and applications [42–56]. Gold nanoparticles
(GNP) have shown significant enhancement in solar cell performance
due to the collective oscillations of surface electrons induced by the
visible light [57]. The plasmonic effects on PSCs have been investigated
by appropriately distributing the PNP onto electrode/buffer/active
layer in the PSC configuration [17,58]. Incorporation of GNP into
PEDOT: PSS layer triggers the lateral distribution of near-field plas-
monic resonance and leads to ~ 13% PCE enhancement [39]. The in-
clusion of gold nanostar across PEDOT: PSS and active layer blend
system (PBDT-TS1: PC71BM) in BHJ PSC results in a broadband optical
absorption enhancement and balanced charge carrier transport,
yielding ~ 13.5% improvement in PCE [19]. Kim et al. [59] in-
corporated gold nanostructure clusters towards exploiting the plas-
monic near-field coupling and demonstrated a ~ 15% PCE enhance-
ment. However, some of the studies indicated that the performance of
PNP included solar cells is constrained by trap-assisted carrier re-
combination and exciton quenching effects [60]. Hence, a trade-off
between carrier recombination and light absorption enhancement is
essential through a judicious choice of PNP and their distribution into
the respective layer (electrode/buffer/active) in the PSC configuration.
Towards this direction, studies have been focused on PNP modification
with a dielectric shell [61] or ligand protection [62] to circumvent the
losses due to exciton quenching and improve the device characteristics.
Generally, the as-synthesized GNP are covered with organic shells or
ligands which contribute many desired functions, such as stability and
uniform distribution [63]. The nature of ligands (usually thiol (–SH)
groups) and their interactions with GNP influence the stabilization and
distribution of GNP within the film [64]. However, the role of poly-
meric ligands containing –SH functional groups on the plasmonic-
electrical effect of GNP in BHJ PSC has rarely been investigated
[19,39,65]. Hence, a thorough investigation on the optical-electrical
effects of chemically interactive plasmonic-conductive polymer hybrid
is indispensable to clearly understand the device physics. The present
study is focused on understanding the plasmonic-electrical effects of a

chemically interactive polymer-GNP in a new BHJ PSC architecture.
In this report, we envisage and demonstrate the synthesis and uti-

lization of an easily processable sulfonated polyaniline containing –SH
groups (SPAN(SH)) towards uniform distribution of GNP to achieve
PCE enhancement of the PSC. Notably, we have specifically chosen
SPAN because of its improved solubility, redox activities, dielectric
characteristics, thermal stability and stable electrical conductivity at
pH>4 over the pristine counterpart, polyaniline [66,67]. To accom-
plish the objective of the present work, we have synthesized a low-
temperature processable SPAN(SH) and various amounts of GNP were
dispersed within the SPAN(SH) polymer (represented in terms of the
weight percentages (wt%) of the GNP with respect to the weight of
SPAN(SH)) and designated as SPAN(SH)@GNP(X%) (X: 0.83, 1.66,
3.32%)). A new kind of SPAN(SH)@GNP(X%) NH buffer layer was in-
troduced as the proof of concept in a BHJ PSC architecture; ITO/SPAN
(SH)@GNP(X%) or SPAN(SH)/poly(3-hexylthiophene-2,5-diyl): in-
dene-C60 bisadduct (P3HT: ICBA)/Zinc oxide nanocrystals (ZnO)/Al.
The plasmonic-electrical properties of the fabricated devices have been
manipulated towards achieving enhancement in the PCE of BHJ PSC. A
dramatic increase (22%) in PCE has been witnessed for the PSC with
SPAN(SH)@GNP(1.66%) as the buffer layer compared to the device
having pristine SPAN(SH) without containing GNP (the control device).
The roles of SPAN(SH)-GNP hybrid as the buffer layer have been
evaluated through systematic studies on the electrical characteristics of
the devices (photocurrent-voltage (J-V) measurements), external
quantum efficiency (EQE measurement)), optical properties (UV–visible
spectroscopy, photoluminescence) and microstructural/morphological
properties (scanning electron microscopy, energy dispersive X-ray
(EDX), X-ray diffraction (XRD) and atomic force microscopy (AFM)).
The present work provides insight into the photo-energy conversion
process for a BHJ PSC having molecularly interactive polymer-plas-
monic hybrid as the buffer layer in the PSC architecture.

2. Experimental section

2.1. Materials and reagents

P3HT and ICBA were purchased from Luminescence Technology
Corp, Taiwan. The chemicals, DPSA, ATP (99%), gold (III) chloride
trihydrate (HAuCl4, 99.9%), sodium borohydride (98%), silver nitrate
(99.8%), trisodium dihydrate (99%) and ortho-dichlorobenzene (DCB)
were purchased from Sigma-Aldrich, Korea and used without further
purification. Hydrochloric acid (HCl), and ammonium persulfate (APS)
were obtained from Duksan chemicals, Korea. The PEDOT: PSS stock
solution was obtained from Baytron P VP AI 4083, H.C. Starck, Inc,
Germany. Pre-patterned ITO coated glass substrates with a sheet re-
sistance of 10 Ω/cm2 were purchased from Sunic system, Korea.

2.2. Preparation of copolymer, SPAN(SH) and SPAN(SH)@GNP

SPAN(SH) was synthesized by adopting a modified procedure from
the synthesis of SPAN doped with p-toluene sulfonic acid [12,67]. Ty-
pically, an aqueous solution of APS (100 mM, 20 mL) was drop-wise
added to the solution mixture containing DPSA (40 mM) and ATP
(20 mM) in 0.5 M HCl maintained at approximately ~ 5–10 °C (Fig. 1).
The polymerization was allowed to proceed with constant stirring for ~
6 h, which resulted in a green colored SPAN(SH) solution. The polymer
SPAN(SH) was further precipitated from SPAN(SH) solution by re-
peated addition of ethyl ether and acetone. The residue (SPAN(SH))
was filtered through a polycarbonate membrane (0.2 µm) and dried in a
vacuum oven at 60 °C for 24 h.

GNP (sizes in the range of 20–30 nm) were prepared by the reduc-
tion of HAuCl4 with sodium citrate [46]. Before blending the GNP into
the SPAN(SH) polymer, an aqueous solution of SPAN(SH) (10 mg/mL)
was ultrasonicated for 30 min to obtain a homogeneous dispersion.
Different amounts of GNP have then blended into SPAN(SH) solution,
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