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Abstract

Light trapping, due to the embedding of metallic nanoparticles, has been shown to be beneficial for a better photoabsorption in
organic solar cells. Researchers in plasmonics and in the organic photovoltaics fields are working together to improve the absorption
of sunlight and the photon–electron coupling to boost the performance of the devices.

Recent advances in the field of plasmonics for organic solar cells focus on the incorporation of gold nanoparticles. This article reviews
the different methods to produce and embed gold nanoparticles into organic solar cells. In particular, concentration, size and geometry of
gold nanoparticles are key factors that directly influence the light absorption in the devices. It is shown that a careful choice of size, con-
centration and location of gold nanoparticles in the device result in an enhancement of the power conversion efficiencies when compared
to standard organic solar cell devices.

Our latest results on gold nanoparticles embedded in on organic solar cell devices are included. We demonstrate that embedded gold
nanoparticles, created by depositing and annealing a gold film on transparent electrode, generate a plasmonic effect which can be
exploited to increase the power conversion efficiency of a bulk heterojunction solar cell up to 10%.
� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic photovoltaics developed rapidly in the last dec-
ade due to its potential to achieve a faster, lower-cost and
larger volume process to manufacture devices compared to
the silicon technology (Kalowekamo and Baker, 2009;
Powell et al., 2009). Specifically, the potential of printing
or coating solar cells, using roll to roll machinery, makes
this technology very attractive for future mass production
(Kippelen and Brédas, 2009; Krebs, 2009a,b).

The power conversion efficiency (PCE) (Dennler et al.,
2009), the device lifetime (Jørgensen et al., 2008) and the

large scale production (Brabec and Durrant, 2008) are
three problems that sill need to be solved in this technology
in order to compete with the technologies already present
on the market.

The PCE in organic solar cells is controlled by the
absorption of light and the collection of charges at the elec-
trodes (Schilinsky et al., 2002). Increasing the light absorp-
tion is crucial in order to increase the PCE of these devices.
Due to low carrier mobilities of the conducting polymer
(Street et al., 2010) and short lifetime of the excitons (Halls
et al., 1996; Theander et al., 2000), the optimum thickness
of the active layer is often limited to �100 nm or less (Kir-
chartz et al., 2012; Min Nam et al., 2010; Namkoong et al.,
2013). For larger thicknesses, the recombination of free
charge carriers becomes predominant with a consequent
decrease of the PCE. Lowering the thickness limits the
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absorption of all the photons with a consequent low
photocurrent.

For these reasons, increasing the optical path length of
the light in the device becomes crucial in order to increase
the PCE. In fact, the increase by guiding the light multiple
times in the active layer of the organic solar cells can
increase the absorption probability in the device (Mokkapati
and Catchpole, 2012). The light trapping can be achieved
with structures that are similar or smaller in size to the
wavelength of the light of interest and with specific materials
that interact strongly with the light such as semiconductors or
metals.

In particular, collective oscillation of electrons in metal-
lic nanoparticles are generated by the light at a specific fre-
quency leading to a strong absorption or scattering of the
light as function of particle size (Catchpole et al., 2011).
Metallic nanoparticles have already been used to enhance
the photocurrent by 33% of thin film silicon solar cells
(Pillai et al., 2007).

Recently, the usage of the metallic nanoparticles in
organic photovoltaics has been exploited because they
can be easily incorporated without compromising the
architecture of the device.

This review article presents a summary of organic
photovoltaics, a description of the physical mechanisms
of light trapping in organic solar cells through metallic
nanoparticles and recent results on the incorporation of
gold nanoparticles in organic photovoltaics devices.

2. Organic photovoltaics

A typical organic solar cell is composed of different lay-
ers that can be organic and/or inorganic. A solar cell is
defined as organic if the active absorbing layer is composed
by only organic material. The most common structure of
an organic solar cell consists of two electrodes (in which
one of the two has to be transparent) with an active layer
between them, where the generation of free charge carriers
will occur. Sometimes, a buffer layer is included between
each electrode and the active layer, to ensure that a charge
selective transport occurs preventing charge recombination
effects that reduce the performance of the device.

The generation of a photocurrent from an incident light
in organic solar cells can be summarized in the following
way: photon absorption in the conducting polymer; crea-
tion of an exciton (bound state of an electron and a hole
which are attracted to each other by the electrostatic Cou-
lomb force); exciton separation at the interface of the het-
erojunction (interface between the donor and the acceptor
material). Due to the built-in electric field at the interface
of the heterojunction, the electron is transferred to the
acceptor material and the hole to the donor material caus-
ing the creation of a photocurrent (Krebs, 2010; Nunzi,
2002).

The excitons generated by the light typically have very
short lifetimes with a recombination distance between
4 nm and 20 nm (Halls et al., 1996; Theander et al.,

2000). Because of this problem, the bulk heterojunction
(BHJ) solar cell (mixture of the donor and acceptor mate-
rial) is the best solution in terms of performance because it
provides a larger volume of interaction between the accep-
tor and the donor, more efficient charge separation and
separate paths for the transport of free carriers (Erb
et al., 2005; Li et al., 2005; Mihailetchi et al., 2005). The
first kind of BHJ solar cell was originally proposed by
Sariciftci et al. (1992). It was composed of on an active
layer made out of a conducting polymer that was the electron
donor material mixed with fullerenes derivatives that was the
electron acceptor material (Umnov and Korovyanko, 2005).
The active layer morphology is an important parameter to
be considered for the performance of the device (Pivrikas
et al., 2011; Su et al., 2012; Watkins et al., 2005).

At present, the most studied BHJ solar cells are the ones
based on fullerene derivative [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) as acceptor material and conducting
polymer poly(3-hexylthiophene-2,5-diyl) (P3HT) as donor
material (Lee et al., 2011; Seemann et al., 2011; Tao
et al., 2013). P3HT and PCBM have been commonly used
as reference materials for organic solar cells because they
are readily commercially available and guarantee stable
devices. In the regular structure (Fig. 1a), Indium Tin
Oxide (ITO) is mostly used as the transparent conducting
anode, poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) is the electron blocking layer, lith-
ium fluoride (LiF) is the hole blocking layer and
aluminum (Al), is used as the cathode because of its low
work function (Bindl et al., 2011; Nelson, 2011). In this
device, the holes are collected at the ITO and the electrons
are collected at the Al electrode. This structure can be
reversed (Fig. 1b) by inserting a hole blocking layer
between the ITO and the active layer in order to collect
electrons at the ITO electrode and inserting an electron
blocking layer on the metal electrode in order to collect
holes. The metal electrode in this case is made of a high
work function metal that is usually gold or silver. A typical
inverted structure is composed of ITO as the cathode, zinc
oxide (ZnO) as the hole blocking layer, PCBM:P3HT as
the active layer, the PEDOT:PSS as the electron blocking
layer and gold (Au) as the anode (Hau et al., 2010).

Currently, many stable devices based on the
P3HT:PCBM mixture have a PCE of about 4% (Dang
et al., 2011). Some research groups are replacing the PCBM
with other fullerene derivatives, such as phenyl-C71-butyric
acid methyl ester (PC71BM), obtaining PCEs higher than
7% (Liang et al., 2010). After the discovery of the high
carrier mobility, intrinsic one-dimensionality, and tuneable
optical and electronic properties of carbon nanotubes
(CNTs) (Zhu et al., 2009), many groups are trying to use
this material in organic solar cells (Sgobba and Guldi,
2008). Some groups are trying to replace either partially
(Lu et al., 2013) or completely (Ren et al., 2011) the PCBM
compounds with carbon nanotubes (CNTs). In particular,
they observed that when the P3HT is mixed with the
CNTs, the polymer chains tend to wrap the CNTs
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(Giulianini et al., 2011a,b, 2009) with an electron transfer
between the CNTs and the P3HT (Bernardi et al., 2010).
Others are trying to replace the PEDOT:PSS buffer layer,
because of its hygroscopicity and acidity that causes degra-
dation of the active layer and the ITO electrode (Sun et al.,
2010; Wong et al., 2012), with carbon nanotubes (CNTs)
(Capasso et al., 2012) or a blend of CNTs:P3HT (Dabera
et al., 2012) because of its hygroscopicity and acidity that
causes degradation of the active layer and the ITO elec-
trode resulting in a decreased lifetime of the solar cell
device (Sun et al., 2010). Others are replacing the ITO with
CNTs film electrodes because of their optical transparency
and high conductivity properties (Mirri et al., 2012; Sears
et al., 2013).

Other research groups are working on the synthesis of
new conducting polymers that are able to absorb a larger
portion of the solar spectrum. In fact, P3HT, which is lar-
gely used in organic solar cells, has an absorption spectrum
poorly matching the solar emission spectrum. For this rea-
son the P3HT, is able to collect only up to 22.4% of the
available solar photons (Bundgaard and Krebs, 2007;
Smestad et al., 2008). In particular, conducting polymers
with a low band gap are recently being used in order to
increase the PCE (Liang et al., 2009; Peet et al., 2007;
Zhu et al., 2007).

Other groups are working on combining low band gap
polymers with high band gap polymers in a specific device
called a tandem organic solar cell achieving efficiencies
higher than 10% (Dou et al., 2012; You et al., 2013). This
device is composed of several layers including two active
layers, one with a low band gap and one with a high band
gap polymer able to collect photons in two matching spec-
tral ranges, increasing the overall light absorption (Ameri
et al., 2009; Hadipour et al., 2008) (Fig. 2). The latest
reported PCE record of 12% was achieved this year by
Heliatek with a tandem organic solar cell (Heliatek Firm,
2013).

Despite the use of new compounds in the active layer or
in the buffer layers and to the implementation of new archi-
tectures, the PCE is still limited by the low photon absorp-
tion in the active layer. At present, while tandem organic
solar cells structures represent a sure way to achieve a max-
imum spectral range for the photoabsorption in the device,
they do not provide a valid mechanism to obtain the most
by the incoming photons in terms of light-electrons conver-
sion. The introduction of plasmonic structures such as
metallic nanoparticles can also be a valid strategy to
improve the PCE in organic photovoltaics devices by
improving the coupling between the light and the matter.

3. Plasmonic light trapping in organic solar cells

Light trapping in organic solar cells has become an
interesting solution to increase the PCE in organic solar
cell devices similarly to what was realized with thin film sil-
icon solar cell technology where the thickness of the silicon

Fig. 1. (a) Schematic of a regular organic solar cell structure. (b) Schematic of an inverted organic solar cell structure.

Fig. 2. Device structure of an inverted tandem solar cell (LBG, low
bandgap polymer). Reproduced with permission from (Wu et al., 2011).
Copyright 2012 Nature Photonics.
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is only a few micrometers (Derkacs et al., 2006; Pillai et al.,
2007) or similarly to what was done to enhance the perfor-
mance of dye-sensitized solar cells (Lin et al., 2012; Muduli
et al., 2012).

Several techniques have been proposed for light trap-
ping in organic photovoltaics such as the inclusion of peri-
odic nanostructures (Kang et al., 2010; Mariani et al., 2010;
Zeng et al., 2013), diffraction gratings (Lindquist et al.,
2008; Niggemann et al., 2004), metallic nanoparticles
(Kim et al., 2008; Lu et al., 2012; Morfa et al., 2008; Wu
et al., 2011) and a combination of gratings and metallic
nanoparticles (Li et al., 2012). The use of metallic nanopar-
ticles does not compromise the architecture of the devices
because they can be easily added to one of the organic solar
cell layers.

Specifically, the inclusion of metallic nanoparticles can
enhance the absorption of the light by two mechanisms:
an increasing of the forward scattering cross section and
a near-field enhancement (Atwater and Polman, 2010)
(Fig. 3).

In particular, when the metallic particles are very similar
or smaller in size than the wavelength of the light of inter-
est, a strong interaction occurs between the free conduction
electrons in the metal and the electromagnetic radiation.
Plasmons are the oscillations of these free conductions elec-
trons with the generation of a dipole into the particles due
to the interaction with the light (Fig. 4). The resonance
condition occurs when the frequency of the light matches
the frequency of the electrons oscillating and is defined as
localized surface plasmon resonance (LSPR) in the case
of nanometer sized structures.

The plasmon energy in a free electron model is defined
as (Maier, 2007):

Ep ¼ �h

ffiffiffiffiffiffiffiffi
ne2

me0

s
¼ �hxp ð1Þ

where n is the density of free electrons, e is the elementary
charge, m is the electron mass, e0 the permittivity of free
space, �h is the Planck constant and xp the bulk plasmon
frequency.

For metals with low interband absorption, the dielectric
function can be described by the Drude model, which
explains the response of damped, free electrons to an

applied electromagnetic field with a frequency of x (Maier,
2007):

erðxÞ ¼ 1� xp

x2 þ icx
ð2Þ

where s ¼ 1
c is the relaxation time and x is the angular fre-

quency of an applied electromagnetic field.
A metallic nanoparticle embedded in a homogeneous

medium scatters the light in both forward and reverse
directions (Bohren and Huffman, 2008; Kreibig and
Vollmer, 1995). Instead, the light will scatter more into
the dielectric with larger permittivity (Mertz, 2000) if the
nanoparticle is placed close to the interface of two dielec-
trics. In this way, the optical path length can be increased
by the angular spread of the light into the dielectric (Viktor
Andersson et al., 2011). The metal contact reflects the light
back towards the surface, where the metallic nanoparticles
are present, causing the light to scatter again resulting in
multiple passes of the light through the organic solar cell
(Fig. 3a).

For metallic nanoparticles with diameters below the
wavelength of the light, a point dipole model describes
both the absorption and the scattering of the electromag-
netic field. The scattering and absorption cross-sections
are given by Huffman and Bohren (1983):

Cscat ¼
1

6p
2p
k

� �4

jaj2; Cabs ¼
2p
k

Im½a� ð3Þ

with

Fig. 3. (a) Light trapping by scattering from metallic nanoparticles at the surface of a standard organic solar cell. The optical path length is increased
because light is trapped into the device through multiple angle scattering. (b) Excitation of localized surface plasmons in metallic nanoparticles embedded
in the organic solar cell.

Fig. 4. Schematic of surface plasmon resonance where the free conduction
electrons in the metal nanoparticle are driven into oscillation due to strong
coupling with incident light.
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a ¼ 3V
x2

p

x2
p � 3x2 � icx

¼ 3V
ep=em � 1

ep=em þ 2

� �
ð4Þ

where a is the polarizability of the particle, V is the particle
volume, ep is the dielectric function of the particle and em is
the dielectric function of the embedding medium. If ep =
�2em, the particle polarizability will become very large
(Huffman and Bohren, 1983). This occurs when the fre-
quency is close to the surface plasmon resonance xsp,
allowing the light to interact over an area larger than the
geometric cross section of the particle (Bohren and Craig,
1983).

In the case of a spherical structure the surface plasmon
occurs at xsp ¼ 1

ffiffiffiffiffiffiffiffi
3xp

p
.

The scattering efficiency is given by the formula (Bohren
and Huffman, 2008):

Qscat ¼ Cscat= Cscat þ Cabsð Þ ð5Þ

For example, at resonance, small silver nanoparticles in
air have a scattering cross section that is around ten times
the cross sectional area of the particle. This means that just
a substrate covered with only 10% of the particles could
fully absorb and scatter the incident light (Catchpole and
Polman, 2008b). For light trapping caused by a scattering
effect, it is important to increase the scattering cross section
rather than the absorption. This effect can be achieved with
large particles of 100 nm size or more. Other parameters
such as the shape, material of the particles and surrounding
medium can also contribute to increase the scattering effect
in the organic solar cell device (Atwater and Polman, 2010;
Derkacs et al., 2008; Jain et al., 2006; Kelly et al., 2002; van
Dijk et al., 2006). For example, taking a range of gold
nanoparticles sitting on an ITO substrate coated with
PEDOT:PSS and using Lumerical FDTD it is possible to
determine the amount of light scattered into the PED-
OT:PSS for various shapes and sizes of the nanoparticles.
As can be seen, the amount of light scattered into the
PEDOT: PSS is directly affected by the size and the shape
of the particle (Fig. 5).

Another way to benefit from the resonant plasmon exci-
tation in an organic solar cell is to take advantage of the
strong local field enhancement around the metallic nano-
particles in order to increase the light absorption in the sur-
rounding area (Fig. 3b). When the Au NPs are very similar
or smaller in size (5–50 nm) to the wavelength of light, they
can act as antennas for the incident light storing the energy
in a localized surface plasmon modes with up to 100 times
enhancement of the electric field (Duche et al., 2009; Rand
et al., 2004; Shen et al., 2009). Simulations show the gener-
ation of a strong near field distribution around the Au NPs
when immersed in the active layer with a consequent
enhancement of the light absorption (Wang et al., 2012;
Xie et al., 2011) (Fig. 6). These antennas are particularly
useful in materials where the carrier diffusion lengths are
small like the conducting polymers where the exciton life-
time is very short. In fact, the absorption rate has to be lar-
ger than the reciprocal of the plasmon decay time (lifetime

�10–50 fs) otherwise the energy absorbed is dissipated into
ohmic damping in the metal (Atwater and Polman, 2010).
These plasmonic structures embedded in the actie layer
can modify the coupling between plasmon and exciton
resulting in the generation of hot excitons (Wu et al.,
2011). The generation of these hot excitons can increase
the generation of free charges (Grancini et al., 2013; Kamb-
hampati, 2011; Ohkita et al., 2008) reducing thereby the
recombination of excitons through radiative and non-radi-
ative processes with a resulting increase of the efficiency of
the device (Lee et al., 2009) (Fig. 7).

Metallic nanoparticles are usually made of aluminum,
silver, gold or copper because these metals strongly interact
with the sunlight. Specifically, aluminum and silver lead to
surface plasmons resonance in the ultraviolet spectrum
while gold and copper lead to surface plasmons resonance
in the visible spectrum (Catchpole and Polman, 2008a).
Generally, silver is preferred for its low cost and low
absorption but gold is recently largely used because it is
widely believed that it does not suffer from oxidation effects
and so guarantees long life to the device. Unfortunately, at
the nanoscale gold clusters have the ability to act as an exo-
thermic center absorbing multiple molecules of oxygen

Fig. 5. Schematic of the system and calculation of the fraction of incident
light scattered into the PEDOT:PSS for a gold sphere of 40 nm diameter, a
gold hemisphere of 40 nm diameter and a gold hemisphere of 100 nm
diameter deposited on the ITO substrate.

Fig. 6. Schematic pattern for the plasmon resonance and charge distri-
bution of a Au NPs, as well as the near field distributions for the vertically
incident light with the TE polarization in P3HT:PCBM. Reproduced with
permission from (Xie et al., 2011). Copyright 2008 AIP.
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(Frondelius et al., 2010; Sanchez et al., 1999; Sutter et al.,
2013). Therefore, it is not possible to rule out oxidation
effects in Au NPs.

4. Synthesis of gold nanoparticles for organic solar cells

Gold nanoparticles (Au NPs) can be produced by liquid
chemical method (Louis and Pluchery, 2012), by ablation
in liquids with pico and femtosecond laser pulses (Yang,
2012) and by deposition of gold on a substrate followed
by thermal annealing (Pillai et al., 2007).

In the liquid chemical method, the Au NPs are created
by the reduction of a precursor. Gold halides are the pre-
cursors commonly used in this case and are prepared by
dissolution of bulk gold in aqua regia or metal cyanide with
the formation of the chloroauric acid (HAuCl4) or gold
chloride (AuCl3). Under controlled conditions, reducing
agents are added to the precursor solution. A proper choice
of the reducing agent is important to synthesize regular
nanoparticles with a narrow shape and size distribution
(Louis and Pluchery, 2012). Other important parameters
that control the size distribution of the particles are ageing
time, concentration, nature of different constituents and
reduction technique (Louis and Pluchery, 2012). The cit-
rate reduction method is one of the most common to syn-
thesize spherical Au NPs (Frens, 1973; Turkevich et al.,
1951). Fig. 8 shows an example of Au NPs produced by
the citrate reduction method. Specifically, 20 mL of a 4%
solution of sodium citrate was added to 100 mL of 4 mM
HAuCl4 at 90 �C (Chou et al., 2012). The mixture was
kept at 90 �C with stirring for 20 min and cooled to room
temperature before use. The size of the Au NPs can be con-
trolled by varying the citrate/gold precursor concentration
ratio and the result can be even observed by the color
change of the solutions (Fig. 8).

The size of the Au NPs can be estimated from the UV–
Vis spectra. In particular, the diameter d in nm of the par-
ticle is given by the following formula (Haiss et al., 2007):

d ¼
ln

kspr�k0

L1

� �
L2

ð6Þ

where k0 ¼ 512 nm; L1 ¼ 6:53 nm; L2 ¼ 0:0216 nm�1 are
parameters determined from the theoretical model, while

kspr is the wavelength in nm that corresponds to the maxi-
mum absorbance peak obtained from the UV–Vis spectra
of the samples (Haiss et al., 2007). In this way (Fig. 9), it
is possible to deduce the size of the Au NPs produced.
The optical properties of spherical gold nanoparticles are
a function of their size. As the diameter of nanoparticle in-
creases, the maximum extinction wavelength shifts to long-
er wavelength and broadens as the ratio of nanoparticle
scattering to total extinction increases, SEM images in
Fig. 10 confirm the size of the Au NPs determined by
UV–Vis spectra.

Fig. 7. Cartoon depiction of the interaction between the localized surface
plasmon resonance and the excitons. The interaction enhances the rate of
exciton dissociation thereby reducing the exciton recombination. Repro-
duced with permission from (Wu et al., 2011). Copyright 2011 ACS Nano.

Fig. 8. Solutions of Au NPs of various sizes (20–60 nm). The size
difference causes the difference in colors.

Fig. 9. UV–Vis spectra of Au NPs of different sizes produced by
Turckevich method. From the position of the main peak it is possible to
determine the average particle diameter. kspr = 522 nm (black curve),
d = 20 nm; kspr = 525 nm (red curve), d = 30 nm; kspr = 528 nm (blue
curve), d = 40 nm; kspr = 535 nm (purple curve), d = 60 nm. (For inter-
pretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Au NPs produced by citrate reduction usually disperse
easily in a polar solvent such as water due to the negative
surface charge from the citrate ions on the surface of gold
nanoparticles.

Laser ablation method is recently attracting a lot of
interest because of the larger availability of lasers in many
laboratories and because of the possibility to produce Au
NPs in liquid without the drawback of reducing agents
residuals (Yang, 2012). For this reason, it is considered a
reliable alternative to the liquid chemical method in order
to avoid surfactants and passivation layers that could pro-
mote an undesirable exciton quenching, decreasing the
plasmonic effect. The method consists in focusing a laser
beam onto a solid target covered by a layer of liquid, which
must be transparent at the laser wavelength. A number of
parameters such as peak power, average power, wavelength
emission and pulse repetition rate are crucial in order to
determine the size and shape of the Au NPs. Also the thick-
ness of the liquid layer above the target is an important
experimental parameter that can influence the properties
of the Au NPs (Yang, 2012).

Another method to include Au NPs in organic solar cells
without the presence of passivation layers and surfactants
is to deposit a thin film (1–30 nm) of gold on the ITO sub-
strate followed by annealing in argon atmosphere at tem-
peratures in the range of 250–400 �C. The argon flux is
necessary in order to avoid an increase in the sheet resis-
tance of the ITO (Hamasha et al., 2012; Kim et al., 2005)
due to oxygen reaction. During the annealing process, the
particles merge together to form islands due to the surface
tension. These islands have size and shape, which depend
on the amount of gold deposited on the surface and on

the annealing temperature (Fig. 10). The size and shape
of the particles are also very sensitive to the surface condi-
tions of the substrate. A similar work has been carried out
by Pillai et al. (2007) and Beck et al. (2009) by depositing
silver nanoparticles to improve the efficiency of silicon
solar cells.

5. Gold nanoparticles in organic solar cells

Different approaches are used to incorporate Au NPs
into organic solar cells. They can be included in one of
the buffer layers (Chen et al., 2009; Kao et al., 2012; Lu
et al., 2012; Wang et al., 2013; Woo et al., 2012; Wu
et al., 2011; Xu et al., 2013; Yang et al., 2011), in the active
layer blend (Kim and Carroll, 2005; Spyropoulos et al.,
2012; Wang et al., 2012), in any of the polymer layers
(Xie et al., 2011) or dispersed on the ITO electrode (Shahin
et al., 2012).

When the Au NPs are embedded in the buffer layer,
especially in the PEDOT:PSS, the dispersion process is easy
and straight forward. In fact, because the PEDOT:PSS is
dispersed in an aqueous solution, Au NPs produced by
liquid chemical method can be added to the PEDOT:PSS
without any additional functionalization, maintaining a
good dispersion and uniformity in the solution. Woo
et al. (2012), for example, showed that the Au NPs
can be prepared directly in the PEDOT:PSS solution
without using a stabilizer or an additional mixing step,
reducing chloroauric acid (HAuCl4) with sodium borohy-
dride (NaBH4) directly in the PEDOT:PSS aqueous
solution. They obtained a PCE of 3.19% in a device
ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al incorporating Au

Fig. 10. SEM images Au NPs produced by chemical method. Each image corresponds to a different average particle size depending on the amount of
reducing agent used. (a) Au NPs of 20 nm; (b) Au NPs of 30 nm; (c) Au NPs of 40 nm; (d) Au NPs of 60 nm.
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NPs compared to 2.95% for a device with pristine
PEDOT:PSS.

Wu et al. (2011) were also able to increase the PCE from
3.57% to 4.24% with Au NPs of 50 nm in size produced by
liquid chemical method were mixed to the PEDOT:PSS
layer in a device ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al.
Lu et al. (2012) also mixed Au NPs of 40–50 nm size, in
the PEDOT:PSS. In their work the PCE passed from
7.25% for the standard device ITO/PEDOT:PSS/
PTB7:PC71BM/Ca/Al to 8.16% for the plasmonic device.

Chen et al. (2009) fabricated a standard structure device
ITO/PEDOT:PSS/PCBM:P3HT/Ca/Al with a concentra-
tion of 20% in volume of Au NPs in the PEDOT:PSS layer
achieving PCE of 4.19%, higher than 3.48% obtained in the
standard device with pristine PEDOT:PSS. For concentra-
tions of Au NPs higher than 20% in volume, they observed
a dramatic drop in the PCE. Kao et al. (2012) fabricated an
inverted structure device ITO/Cs2CO3/P3HT:PCBM/
MoO3/Ag that achieved a record PCE of 3.54% with
the inclusion of 30% in volume of 45 nm Au NPs size
in the Cs2CO3 buffer layer, higher than the 3.12% PCE in
the device with pristine Cs2CO3. Xu et al. (2013) increased
the performance of an inverted device ITO/TiO2/
PTB7:PC71BM/MoO3/Al from a PCE of 6.23–7.02%,
including a concentration of 30% in volume of Au NPs
of 45 nm size in the TiO2 layer. For lower or higher concen-
trations of the Au NPs, they observed a drop in the PCE.
These examples show that the concentration of Au NPs is
another key parameter for the final performance of the
device.

Recently, other groups are trying to incorporate the Au
NPs in the buffer layers of tandem organic solar cells in
order to further increase the performance of the devices.
Yang et al. (2011) improved the performance of a tandem
device ITO/TiO2:Cs/P3HT:ICBA/PEDOT/TiO2:Cs/PSBTBT:
PC71BM/MoO3/Al by incorporating Au NPs of 70–80 nm
into the PEDOT layer. They increased the PCE from 5.22%
to 6.24% with the Au NPs. Because the PEDOT layer is
exactly in the middle of the cell, between the two active layers,
the plasmonic effect of the Au NPs is supposed to enhance the
performance of the top and bottom subcells.

The main problem in introducing Au NPs in the active
layer is the fact that the organic solvent used to mix the
conducting polymer and the fullerene derivatives do not
disperse efficiently the Au NPs. In fact, in these cases,
the Au NPs have to be functionalized with a ligand shell
of other compounds such as dodecylamine (DDA), or
O-[2-(3-mercaptopropionylamino)ethyl]-O’-methylpolyethyl-
ene glycol (monofunctional PEG) (Kim and Carroll, 2005;
Topp et al., 2010; Wang et al., 2012). Despite the fact that
another polymer is being introduced into the active layer,
it has been demonstrated, particularly with the PEG, that
this addition does not decrease the PCE of the device
(Wang et al., 2012). In particular, Wang et al. (2012)
observed an increase in the PCE from 1.64% to 2.17%
with 0.5 wt% of Au NPs of 18 nm Au NPs included in

the active layer of a device with a ITO/PEDOT:PSS/
PFSDCN:PCBM/LiF/Al structure. When they increased
the concentration of Au NPs up to 6 wt%, the photovol-
taic effect was no longer observed, probably because of a
short circuit between the two electrodes. The concentra-
tion of Au NPs in the active layer is still a critical param-
eter that can dramatically affect the efficiency of the
device. In particular, when the concentration is too high,
Au NPs can generate hot spots due to their dipole–dipole
electromagnetic interactions, with the generation of
hybridized plasmons below the surface plasmon frequency
(Etchegoin et al., 2004; Pelton et al., 2008). Therefore, the
excitons of the polymer and the plasmons do not interact
efficiently resulting in a lower PCE (Lee et al., 2009). Kim
and Carroll (2005) improved the PCE of a device ITO/
PEDOT:PSS/P3OT:PCBM /Lif/Al from 1.1% to 1.7%
by including Au NPs stabilized with long alkyl chain
(dodecyl amine) of 6 nm in size in the active layer. Topp
et al. (2010) instead found that the inclusion of 23 wt% of
Au NPs functionalized with DDA in the active layer were
not beneficial for the performance of the organic solar cell
device. The efficiency dropped dramatically from a PCE
of 2.5% in the standard device ITO/PEDOT:PSS/
P3HT:PCBM/Al to 1.1% in the case of a plasmonic
device with 23 wt% of Au NPs functionalized with
DDA in the active layer. The reason of this drop is prob-
ably not due to the functionalization but rather to a
quenching of the excited states of the polymer or to local
short circuits due to aggregated Au NPs. In fact, a
decrease of the PCE has to be expected if the concentra-
tion of Au NPs is too high in the active layer. (Wang
et al., 2012).

Therefore, the separation of Au NPs is a crucial prob-
lem for plasmonic devices. Wang et al. (2013) showed that
in order to maximize the performance of their devices they
had to separate the Au NPs from the active layer with an
overlayer in order to avoid quenching caused by non-radi-
ative energy transfer to the Au NPs (Anger et al., 2006;
Cheng et al., 2011). In particular, they achieved a PCE of
2.35% with an inverted structure including Au NPs and a
ZnO overlayer, ITO/ZnO/AuNPs/ZnO overlayer/P3HT:
PCBM/PEDOT:PSS/Ag, which is slightly better than
2.25% obtained in the same device without Au NPs and
ZnO overlayer. By including only the Au NPs, the PCE
was only 1.26%, much lower than in the non-plasmonic
device, demonstrating that the ZnO overlayer was neces-
sary in order to avoid this exciton quenching.

Li et al. (2012) demonstrated that the size of the Au NPs
is another key parameter to be considered for the perfor-
mance of the device. In fact, they tested an organic solar
cell structure of ITO/TiO2/PBDTTT-C-T:PC71BM/Ag
with a 2 wt% concentration of 20 nm and 50 nm Au NPs
respectively in the active layer blend. A PCE of 8.11%
was achieved in the device with the 50 nm Au NPs, while
the 20 nm NPs device achieved only 7.83%. In both cases,
the PCE was improved from the standard device that had a
PCE of 7.59%.
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Xie et al. (2011) proposed to incorporate the Au NPs
both into the buffer and into the active layers. In fact, by
using a structure ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al
with the Au NPs included in the PEDOT:PSS and in the
P3HT:PCBM layers, they achieved a PCE of 3.85%, higher
than the 3.16% from the standard device.

An easy method to embed Au NPs in organic solar cells
device was proposed by Shahin et al. (2012). They just
dipped the ITO electrode in a Au NPs solution. A device
made of ITO/PEDOT:PSS/PCBM:P3HT/LiF/Al with the
50 nm Au NPs spread on the ITO achieved a PCE of
1.53% higher, compared 1.18% to the reference device.
They also considered the effect of the Au NPs coverage
establishing that if the coverage is exceeding 20%, the
increased reflection effect produces a very low PCE in the
device.

In order to avoid the presence of other substances in the
Au NPs solution, (Spyropoulos et al., 2012) performed the
synthesis of Au NPs by laser ablation method (Yang,
2012). In their work, a device with a structure ITO/PED-
OT:PSS/P3HT:PCBM/Al increased its PCE from 2.64%
device to 3.71% with a 5% concentration of 10 nm Au
NPs dispersed in the active layer blend solution.

Table 1 lists a summary comparison of the PCE of dif-
ferent organic solar cells with and without Au NPs.

6. Plasmonic organic solar cells with gold nanoparticles

formed by thermal annealing

We fabricated several plasmonic organic solar cell
devices with Au NPs grown on ITO electrodes by sputter-
ing gold followed by thermal annealing (Fig. 11) and we
compared the results with a standard device without Au
NPs. The structure for the plasmonic devices was ITO/
PEDOT:PSS/PC71BM:P3HT/Al with Au NPs grown on
the ITO (Fig. 12).

In order to understand the effect of the size and shape of
the Au NPs on the PCE of the devices, we used NPs

Table 1
Power conversion efficiency of organic solar cells without and with gold nanoparticles embedded in the different parts of the device.

Device Au NPs position PCE (%) References

w/o AuNPs With Au NPs

ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al PEDOT:PSS 2.95 3.19 Woo et al. (2012)
ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al PEDOT:PSS 3.57 4.24 Wu et al. (2011)
ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al PEDOT:PSS 3.48 4.19 Chen et al. (2009)
ITO/Cs2CO3/P3HT:PCBM/MoO3/Ag Cs2CO3 3.12 3.54 Kao et al. (2012)
ITO/TiO2/PTB7:PC71BM/MoO3/Ag TiO2 6.23 7.02 Xu et al. (2013)
ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag ZnO 2.25 2.35 Wang et al. (2013)
ITO/ TiO2:Cs/ P3HT:ICBA /PEDOT/TiO2:Cs/PSBTBT: PC71BM

/MoO3/Al
PEDOT 5.22 6.24 Yang et al. (2011)

ITO/PEDOT:PSS/PTB7: PC71BM /Ca/Al PEDOT:PSS 7.25 8.16 Lu et al. (2012)
ITO/PEDOT:PSS/PFSDCN:PCBM/LiF/Al PFSDCN:PCBM 1.64 2.17 Wang et al. (2012)
ITO/PEDOT:PSS/P3HT:PCBM /Al P3HT:PCBM 2.64 3.71 Spyropoulos et al.

(2012)
ITO/PEDOT:PSS/P3OT:PCBM /Lif/Al P3OT:PCBM 1.1 1.7 Kim and Carroll

(2005)
ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al ITO 1.18 1.53 Shahin et al. (2012)
ITO/TiO2/PBDTTT-C-T:PC71BM/Ag PBDTTT-C-T:PC71BM 7.59 8.11 Li et al. (2012)
ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al PEDOT:PSS/

P3HT:PCBM
3.16 3.85 Xie et al. (2011)

Fig. 11. Cartoon depicting the phases of gold deposition on ITO to obtain
Au NPs.

Fig. 12. Schematic of the organic solar cell device tested in this work.
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produced from different thicknesses of gold layers depos-
ited on ITO. Layers of 5 nm, 3 nm and 1 nm of gold were
deposited by argon sputtering at 10�2 mbar on different
ITO electrodes followed by annealing at a constant temper-
ature. The annealing process consists in placing the ITO
substrates in a tube furnace at 300 �C for 20 min (5 min
to ramp up from room temperature to 300 �C) under a
700 cc/min flux of argon. In order to assure the absence
of oxygen, the argon was fluxed for 30 min into the furnace

with the ITO substrates before starting the annealing pro-
cedure and continued until the furnace cooled to 70 �C
after the annealing. The SEM images in Fig. 13 shows that
at 5 nm and 3 nm gold depositions, the Au NPs are irregu-
larly shaped. As expected, the annealing of the 5 nm gold
layer results in larger islands with respect to the 3 nm
one. Instead, small particles with round shapes similar to
hemispheres are obtained from the 1 nm layer. The dis-
tance between individual particles is generally only a few

Fig. 13. SEM images of Au NPs grown on ITO by sputtering followed by annealing at 300 �C for 20 min in argon atmosphere. (a and b) 5 nm Au
deposition; (c and d) 3 nm Au deposition; (e and f) 1 nm Au deposition.

Fig. 14. SEM images of Au NPs grown on ITO. (a and b) Au NPs grown after 1 nm deposition by sputtering of gold through a 25 � 25 mm mask with a
regular array of 1 mm holes spaced 1 mm followed by annealing at 300 �C for 20 min in argon atmosphere.
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nanometers but for the 1 nm layer the resulting particles
are very compact with a smaller distance between individ-
ual particles. A stated earlier, the distance between particles
is an important parameter for the performance of an
organic solar cell. In fact, the lights is partially reflected
by tightly packed NPs decreasing the photoabsorption in
the device (Shahin et al., 2012). For this reason, the dis-
tance between particles and the embedding medium should
be carefully chosen in order to match the wavelength range
of the dipole oscillation (Mokkapati et al., 2009). In order
to prove this statement, we deposited by sputtering 1 nm of
gold on the ITO electrode through a macroscopic alumi-
num mask with a regular array of 1 mm diameter holes,
spaced 1 mm. Then, we annealed the electrodes at 300 �C
in a tube furnace with the same procedure described above.
SEM images shown in Fig. 14 confirm that, by using the
mask, we formed Au NPs with an average size of 40 nm
and 20 nm and the distance between the particles increases.

Several devices were made in order to study the effect of
the Au NPs size and shape on the device performance. In
our experiment, we considered five devices, one standard
(100 nm ITO, 20 nm PEDOT:PSS, 100 nm P3HT:PCBM,
80 nm Al), and four plasmonics. The plasmonic devices

included Au NPs on top of the ITO electrodes formed by
depositing gold layers of 5 nm, 3 nm, 1 nm layers and a
1 nm through a mask of gold respectively, followed by
annealing with the same procedure described above.

To fabricate the organic solar cells, ITO coated glass
substrates (20 ohms/sq, Xinyan Technology LTD) were
cleaned stepwise in deionized water, acetone and isopropyl
alcohol under sonication 15 min for each step. The 20 nm
layer of PEDOT:PSS (Clevios P VPAI 4083, Heraeus Pre-
cious Metals GmbH & Co.) was spin coated onto ITO sub-
strates and annealed at 120 �C for 20 min. Then, a 100 nm
of P3HT:PC71BM blend solution dispersed in dichloroben-
zene (P3HT, Merck KGaA; PC71BM, American Dye
Source, Inc.) was spin coated at 1500 rpm for 30 s on the
PEDOT:PSS in the nitrogen filled glove box. The 80 nm
Al cathode was deposited by thermal evaporation in the
nitrogen filled glove box at a chamber pressure of 10�6

mbar. The devices were then annealed at 170 �C for
2 min on a hot plate before being tested in the solar simu-
lator. Fig. 15 shows the J–V characteristic curves recorded
under 100 mW/cm2 illumination (AM 1.5G) for the fabri-
cated devices. The active area of the solar cell was 0.2 cm2.

In Table 2, relevant device parameters e.g. open circuit
voltage (Voc), short circuit current (Jsc), fill factor (FF),
power conversion efficiency (PCE), series resistance (Rs)
are reported.

The comparison of these devices shows that the PCE
and the Jsc of the plasmonic devices increases with the
decreasing thickness of the gold deposited on the ITO,
achieving a PCE of 3.64% when the gold deposited is
through the mask. This efficiency is 10% higher than in
the case of a standard device without Au NPs.

We infer that the usage of a mask, even macroscopic,
reduces the amount of gold that reaches the ITO electrodes
by increasing the spacing between the NPs, which results in
an increased scattering of the light and in a decreased
reflection.

7. Conclusions

The restriction on the thickness of the active layer to
achieve an efficient charge collection limits the photoab-
sorption and consequently the power conversion efficiency
in organic solar cells. The inclusion of metallic nanoparti-
cles can enhance the photoabsorption by increasing the
forward scattering cross section and the near-field
enhancement without increasing the thickness of the active

Fig. 15. Current density–voltage characteristics of organic solar cell
devices with and without Au NPs grown on ITO by sputtering deposition
of gold followed by annealing at 300 �C for 20 min in argon atmosphere.
Standard device without Au NPs (black curve); device with Au NPs grown
from 5 nm gold deposition (red curve); device with Au NPs grown from
3 nm gold deposition (blue curve); device with Au NPs grown from 1 nm
gold deposition (purple curve); device with Au NPs grown from 1 nm gold
deposition (green curve). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 2
Electrical characteristics of the organic solar cell devices incorporating Au NPs on ITO (this work).

Device Voc (V) Jsc (mA/cm2) Rs (X cm2) FF (%) PCE (%)

Standard 0.6 9.45 11.09 59 3.35
NPs, 5 nm Au dep. 0.58 7.1 12.96 66 2.74
NPs, 3 nm Au dep. 0.58 7.45 15.3 66 2.84
NPs, 1 nm Au dep. 0.6 8.4 11.05 64 3.24
NPs, 1 nm Au dep. + mask 0.6 9.9 12.53 61 3.64
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layer. We have examined a number of approaches to pro-
duce and include metallic nanoparticles in organic solar
cells with a special attention to gold nanoparticles.

By controlling the geometry, the size, the concentration
and the placement of the particles, it is possible to enhance
the power conversion efficiency in these so called “plas-
monic devices”.

Including the gold nanoparticles on the ITO by deposit-
ing and annealing can be a reproducible and scalable
method to fabricate plasmonic devices. It is possible to
control the size of the particles by controlling the thickness
of the gold deposited and the annealing temperature. The
usage of a mask, in order to increase the distance between
the particles on the substrate, helps to avoid undesired
reflection effects which compromise the efficiency.

In summary we have demonstrated that the right choice
of distance and size of the metallic nanoparticles can lead
to a dramatic increase of the power conversion efficiency
in organic solar cells. Further studies are underway in
order to determine the right balance to achieve the best
results.
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