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Abstract

In this study, we after investigated the device characteristics of organic
photovoltaics (OPVs) incorporating Au nanoparticles (NPs) in the buffer layers. We
found that the addition of Au NPs improved the device performances obviously. The
short-circuit current (J), the fill factor (FF), and the power conversion efficiency
(PCE) were improved while the open-circuit voltage (V,.) remained unchanged. The
addition of Au NPs increased the rate of exciton generation and the probability of
exciton dissociation, thereby enhancing the short-circuit current and the fill factor. We
attribute the improvement in device performance to the local enhancement of the
electromagnetic field originating from the excitation of the localized surface plasmon
resonance (LSPR). The incorporating of plasmonic Au NPs in the buffer layer resulted
in an increase in power conversion efficiency from 3.48% to 4.19%. We have
demonstrated that the improvement is due to the presence of the resulting LSPR, not

to the change of the conductivity of the buffer layers.
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1. Introduction to organic photovoltaic devices (OPVs)

1.1 Development of OPVs

In 1986 [1], the first organic photovoltaic devices (OPVs) was reported by Tang.
It the device copper phthalocyanine (CuPc) as the donor material and perylene
tetracarboxylic derivatives (PV) as the accepter material to create the bilayer
heterojunction structure (Fig.1.1). The main drawback of this structure is the low
dissociation probability due to the small donor-acceptor interfacial area. In order to
solve this problem, the concept of bulk heterojunction (BHJ) was reported by Yu et al.
firstly in 1994 [5]. They used poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene
vinylene) (MEH-PPV) as the donor and fullerene molecules (Cep) as the acceptors to
fabricate polymer photodiodes exhibiting a photosensitivity of 5.5 mA/W. This value
is an order of magnitude large-than that of the device made of pristine polymers. Ce
has been proposed to be one of commonly used acceptor materials due to its high
electron affinity as well as the relatively long exciton diffusion length (Lp~40nm)
[6,7]. However, the soluble Cgy derivative, typically [6,6]-phenyl C61-butyric acid
methyl ester (PCBM) has been developed to replaced Cgy because of its high

solubility [8].
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Figure 1.1 The first PN junction OPV fabricated by Yang in 1986 [1]. Device
structure (a), current density-voltage characteristic (b), chemical structure of

donor and acceptor (c), (d).

In 1995, Yu et al. fabricated organic photovoltaic cells consisting of a layer of
MEH-PPV : PCBM blend sandwiched between the ITO anode and calcium (Ca)

cathode [8]. The cells showed an excellent power conversion efficiency (PCE) of



2.9% under 20 mW/cm? illumination at 430 nm. The comparison between the bilayer
heterojunction and bulk heterojunction structures will be expressed in greater detail

later on.

In 2000, Peumans et al. introduced the concept of exciton-blocking layer (EBL)
for improving the device performance [9]. An exciton-blocking layer with a large
energy bandgap of 3.5 eV can effectively prevent exciton quenching at the interface
between the silver (Ag) cathode and organics due to the blocking of exciton diffusion.
Besides, the presence of such a can provide a spacer which protects the underlying
organic from the damage caused by deposition and enhance the light intensity at the
donor-acceptor interface due to the spatial redistribution of optical field. In the device
of ITO/CuPc/PTCBI/BCP/Ag, as in Fig.1.2;.a PCE of 2.4+0.3% was achieved. Later,
the authors replaced PTCBI with Cgp and deposited Al as the cathode; the device

exhibited a PCE of 3.6+0.2% [10].

CuPc BCP
(Eq=1.7) PTCBI (E;=3.5)
(Eg=1.7)

t 0.9

LUMO

TRANSPORT
LEVEL

A

ITO

g 0.7

0.85eV

HOMO

Figure 1.2 The device energy level by using exciton-blocking layer (EBL) concept

[91.



In 2005, Xue et al. inserted a mixed layer of donor and acceptor molecules
between two the donor layer and the acceptor layer to form the structure of hybrid
planar-mixed molecular heterojubction (PM-HJ) and successfully improved the PCE
of hybrid PM-HJ photovoltaic cells to 5.0+0.3% [6]. The authors demonstrated the
enhancement, its because the thickness of each homogenous layer is approximately
lose to Lp, exciton generated across the entire heterojunction structure have a high
probability of diffusing to a nearby interface of donor and acceptor. Efficient exciton
dissociation occurs throughout the mixed layer as well as at the interfaces between the
mixed layer and the adjacent homogeneous layers. The state-of-art of high efficiency
polymer-based photovoltaic cells are fabricated based on the BHJ structure which is
consist of a light absorbing polymer as:a donor and a soluble Cgp derivative as an
acceptor, typically poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid
methyl ester (PCBM). In the same year, Li et al. demonstrated that slow growth of the
P3HT:PCBM film can strongly enhance the degree of polymer self-organization,
reducing the device series resistance [12]. After spin-coating, the wet active layer was
transfered into a glass Petri dish for slow drying. Before the deposition of the cathode,
the active layer was thermally annealing at 110°C for 15 minutes. After thermally
annealing, the PCE can be enhanced to 4.4%. In the same year, the post-annealing
treatment was applied in OPVs to improve the device performance by Reyes et al. and

Ma et al. The PCE for the post-annealed devices was improved up to 5% [13,14].

In 2006, Kim et al. used titanium oxide (TiOy) as an optical spacer to tune the
spatial distribution of optical intensity inside the device, giving rise of the
enhancement of light absorption [15]. In the device of

ITO/PEDOT:PSS/P3HT:PCBM/TiO4/Al, the open-circuit voltage is 0.61V, the

4



short-circuit current is 11.1 mA/cm?, the fill factor is 0.66, and the corresponding PCE

1s 5.0%.

In 2007, Ko et al. reported an approach to reduce the series resistance and that
improve the device performance of OPVs [16]. They doped mannitol, an isomer of
sorbitol, into the buffer layer of PEDOT:PSS. After doping, both the series resistance
of OPVs and the resistivity of PEDOT:PSS were significantly reduced. Under the
optimum dopping condition (60 mg/ml mannitol in PEDOT:PSS), the PCE was
improved from 4.5% to 5.2%. In the same year, Heeger et al. reported tandem
polymer solar cells fabricated by all-solution processing. They used a tandem
structure, which is inverted structure containing a low band-gap polymer-fullerene
composite as the charge-separating layerin the front-cell and the other high band-gap
polymer blended with Cgy derivatives in the back cell. The performance of the
polymer tandem solar cell is summatized as follows, Jsc is 7.8 mA/cmz, Vocis 1.24 'V,
FF is 0.67, and PCE is 6.5%. Power.conversion efficiencies of more than 6% were

achieved [17].



1.2 Working principle of OPVs

The processes of the conversion of photons into free carriers in OPVs were
described as followings [18,19]. For more detail describes the working principle for

OPVs, it can be simply expressed as six steps, which are shown in Fig. 1.3 [35] :
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Figure 1.3 The schematic description of the working principle of OPVs, which
includes (1) Light absorption, (2) Exciton generation, (3) Exciton diffusion, (4)

Exciton dissociation, (5) Charge transport, and (6) Charge collection.

(1) Light absorption : The first step of the photovoltaic effect is light absorption. The
requirement for this step is the energy matching condition. It means that the

optical excitation gap of the active material must be equal to or close to the



incident photo energy. For organic photovoltaic cells, the energy gap corresponds
to the energy difference between the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO). Typically, the light

absorption length (L) is 50~100nm [6].

(2) Exciton generation - After the light absorption, a Coulomb-attracted electron-hole
pair, which is called exciton, is generated. The exciton is in an excited but neutral
state. The bonding energy of exciton which is the energy required to separate the

electron from the hole [21].

(3) Exciton diffusion : Once the exciton, is. generated, it can diffuse through the
material. Meanwhile, it may-decay orbe trapped during the diffusion process. The
average distance of exciton can travel within its-lifetime is defined as the exciton
diffusion length (Lp). Typically, the Lp range from 5nm to 70nm for excitons in

organics [7].

(4) Exciton dissociation : If the L is sufficiency long so that the exciton can meet the
interface between electron donors and acceptors. Since the donor material
possesses a lower ionization potential (IP) and the acceptor material has a higher
electron affinity (EA), the electrons subsequently transfer from the donor to the

acceptor. Accordingly, the exciton dissociates into free carriers.

(5) Charge transport : After dissociation, these photo-generated free holes and
electrons are then transport through the donor and acceptor materials, respectively.
This process usually involves the hopping mechanism. Moreover, the free carrier

may also recombines or be trapped in the defect sites. Both recombination and

7



trapping are therefore believed to contribute to the carrier loss.

(6) Charge collection : When the free carriers arrive at the interface between the
electrodes and organics, they would be collected by the electrodes and enter the
outer circuit. It is believed that an ohmic contact can effectively improve the

efficiency of charge collection and thus improve the device performance.



1.3 Structure of OPVs

Organic single layer devices usually consist of a thin organic layer, sandwitched
by two metallic electrodes of different work functions. They were two kind of single

structure, including bilayer and bulk heterojunction of single layer device.

The bilayer heterojunction structure consist of a donor layer and an acceptor
layer sandwiched by an anode and an cathode (Fig.1.4). Although the bilayer
heterojunction structure provides the better paths for the charge transport, the exciton
dissociation would be a big problem. As stated above, an exciton can dissociate into
free carriers only when it meats the donor-acceptor interface. Consequently, only the
excitons created near the donor-acceptor-interface can contribute to the photocurrent
owing to the short diffusion length (Lp) for the excitons in organic semiconductors
[22]. This leads to large losses-of photons absorbed by donor or acceptor materials far
away from the interface and thus limits the-efficiency of the bilayer solar cell

drastically.

In order to maximize the dissociation probability of excitions, the interfacial area
of the donor-acceptor interfaces needs to be increased. This can be achieved by using
the bulk heterojunction (BHJ) concept, as illustrated in Fig.1.5 [5,9,10], where the
donors and acceptors form a three dimensional network. Hence, the main advantage
of the BHJ over the bilayer heterojunction is the tremendous increase of the interface
area between donor and acceptor. Nowadays, most efficient OPVs are fabricated
based on the BHIJ structure [13,16]. However, the nanomorphology of the
donor-acceptor blend in the BHJ structure governs the dissociation probability of

excitons as well as the collection efficiency of free carriers, thus becoming a key issue

9



to the performance of organic solar cells [23].

Rather than using a single junction architecture, the fundamental BHJ concept
involves the self-assembly of nanoscale heterojunctions by spontaneous phase
separation of the donor (polymer) and the acceptor (fullerene). As a result of this
spontaneous phase separation, charge-separating heterojunctions are formed

throughout the bulk of the material.

Figure 1.4 The schematic description of the bilayer heterojunction structure in the

photovoltaic devices.

10



Figure 1.5 The schematic description of the bulk heterojunction structure in the

photovoltaic devices.

11



1.4 Modeling of OPVs

1.4.1 Equivalent circuit of solar cells

A equivalent circuit diagram (ECD) is usually used to describe the electric
behavior of complex devices in term of basic ideal components such as current or
voltage sources, resistors, diodes, and capacitors. Figure 1.6 shows the ECD typically
used for inorganic solar cells. Since the physical mechanisms are basically the same
for organic and inorganic solar cells, the ECD can be applied to organic devices, even
though the specific physical processes are still different in many respects. The

components can be described as followings [34] :

o 1 Rs

@) \/D Rsh RL

Figure 1.6 Equivalent circuit diagram for a typical solar cell.

(1) The current source (G) generates a photo current (lg), which is resulted from
the dissociation of exciton into electrons and holes after photon absorption.
Ic does not take into account any recombination but only depends on the

efficiency of charge-carrier generation.

12



(2) The shunt resistor (Rsn) is govered by the lateral leakage current, which is
probably due to the recombination of electrons and holes near the exciton

dissociation sites.

(3) The series resistor (Rs) takes into account the mobility of charge carriers in
the bulk of the solar cell. The mobility will be influenced by defects as well
as space charges in the device. R increases with thickness of the device since

the distance that the charges have to travel increases.

(4) The diode (D) describes the asymmetric conductivity in the solar cell. In
inorganic devices, this is due to the p-n junction and its blocking behavior in
one current direction. In organic-cells; it'is-due to a blocking contact as the
semiconductor/electrode interfaces ora built-in electric field resulting from a

donor-acceptor interface.

(5) The resistor (R.) results when the solar cell is contacted by an external load.
Alternatively, a source-measure unit can be connected to measure the -V

characteristics of the solar cell.

For an ideal solar cell, Rsy would be infinitely large and Ry would be zero. For
inorganic cells, typical value of Ry is large than 1000 Ohms and Rs is typically a few
Ohms. These value can be significantly different in organic devices since the mobility

is usually lower and charge recombination can be an issue.

13



1.4.2 Fundamental characteristics of solar cells

The typical current-voltage characteristic of a solar cell are shown in Fig. 1.7.
There are five important parameters which describe the cell characteristics,
open-circuit voltage (Voc), short-circuit current (Jsc), fill factor (FF), power
conversion efficiency (PCE), and incident photon to current conversion efficiency

(IPCE).

I

Figure 1.7 The current density-voltage characteristics of a solar cell under

illumination.
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Open-circuit voltage (V) is the maximum voltage could be obtained, which is
measured by connecting the illuminated solar cell to a voltmeter. In Fig. 1.7, the
intersection of the curve with x-axis (voltage-axis) is called the open-circuit voltage,

Voc.

Short-circuit current (Ji) is the maximum current could be obtained under a
given illumination power without an external voltage source connected. It is measured
by connecting both electrodes to an ammeter. In Fig. 1.7, the intersection of the curve

with y-axis (current-axis) is referred as the short-circuit current, J.

Vwmp and Jyp are the voltage and current at the point of maximum output power
(Pout) of the device, respectively. Vp and Jyp can be determined by calculating the
output power of the device at each point between V. and Jg. Fill factor (FF) is the
ratio of the rectangles given by the maximum power point of Voc and Jsc. Therefore,

the FF is defined as

P
FF = out —

Voe xJse Vo X Jdgc

Ve X Jyp

The theoretical value of FF are between 0.25 (ohmic non-rectifying behavior of the

solar cell) and 1.

Power conversion efficiency (PCE) is the overall efficiency of the device, which

is defined as the ratio of the electric output power of the cell at the maximum power

point to the incident optical power. PCE can be expressed as

15



PCE — P :Voc xJse xFF

Apart from PCE, the incident photon to current conversion efficiency (IPCE) is
often used, which also known as the external quantum efficiency (EQE). The IPCE
compares the number of charge carriers collected at zero bias to the number of
incident monochromatic photons. Measuring the IPCE at different wavelength result
in a spectral response of the cell. Owing to the Jsc is not necessarily increases linearly
with the incident light power, the absolute IPCE is depended on the incident light

power of the monochromatic light. Therefore, the IPCE is defined as

1.24x10° x J s (A)

IPCE() = EQE(4) =~ o

The efficiency should be measured under standard conditions because of the
wavelength and light intensity «depend on the photovoltaic response. The standard
measure conditions include the room temperature of the cell (25°C), the light intensity

(100 mW/cm?), and the spectral distribution of light (AM 1.5) [27].

16



1.5 Solar spectrum

In the case of polychromatic efficiencies such as the power conversion efficiency
and the current efficiency, it is crucial to use a well-defined and reproducible light
spectrum. The AM-solar spectra are certainly the standard light spectra for outdoor
photovoltaic applications [28]. According to the incident angle from the zenith,

different kinds of solar spectral are defined, as illustrated in Fig. 1.8.

The AM 0 spectrum stands for the solar spectrum without passing through the
atmosphere with an incident angle of 0° from the zenith. The spectra of solar radiation
through the atmosphere with the incident angles of 0°, and 48.2° are defined as AM

1.0 and AM 1.5.

The solar spectral photon-flux of the AM 0 and the global AM 1.5 spectra are

shown in Fig. 1.9.

17
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Figure 1.8 Solar irradiation spectra for AM 0, AM 1.0, and AM 1.5 illumination
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Figure 1.9. Solar spectral photon flux for AM 0 and AM 1.5 sunlight.[28]
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2. Introduction to surface plasmon

2.1 Development of surface plasmon

Metal nanoparticles have mainly been studied because of their unique optical properties.
The electromagnetic properties of the interface between metal and dielectric have attracted
scholar research since the work of Mie and Ritchie for small particles and flat interface,

respectively.

In 1908, Mie was the first person who described surface plasmon (SP) quantitatively by
solving Maxwell’s equation with the appropriate boundary conditions for spherical particles
that describes the extinction spectra (extinction= scattering + absorption) of spherical
particles of arbitrary size [2]. For the nanoparticles, the optical absorbance spectrum has been
obtained by directly solving Maxwell’s equations for scattering of electromagnetic waves by
spherical objects as carried out by Mie. The Mie theory has the advantage of being

conceptually simple and has found wide applicability in explaining experimental results [25].

Surface plasmon were widely recognized in the field of surface science following
pioneering work of Ritchie in the 1950s [1]. The surface plasmons are waves that propagate
along the surface of a conductor, which is usually a metal, these are essentially light wave
that are trapped on the surface because of their interactions with the free electrons of

conductor.
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2.2 Basics of surface plasmon

The properties of nanoparticles have been of interest for centuries, and scientific

research on metal nanoparticles dates at least to Michael Faraday.

Solving Maxwell’s equations under appropriate boundary conditions yields the SP
dispersion relation, that is, the frequency-dependent SP wave-vector, Ksp |

gdgm
Ed +8m

ksp = Ko

where Ko is a free-space wave vector, <&, is the. frequency-dependent permittivity of the
metal; €4 is the permittivity .dielectric material.. This condition is satisfied for metals
because &, is both negative “and complex. The position of the plasmonic resonance

A=2r/K, for normal incidence of light upon-a grating can roughly be estimated by the

following relation:

2r o | Edb

d gd+gm

Where d is the period of the grating. To trigger a surface plasmon between metal and
dielectric interface with a period nanostructure it is further essential that the aspect ratio of

the metal structure.
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Figure 2.1 (a) The electromagnetic wave of surface plasmon between a metal and a

dielectric material. (b) The dispersion curve for a surface plasmon mode.[4]

SPs at the interface between a metal and a dielectric material have a combined
electromagnetic wave and surface charge character as shown in Figure 2.1(a). They are
transverse magnetic in character (H is in the y direction), and the generation of surface
charge requires an electric field normal to the surface. This combined character also leads to
the field component perpendicular to the surface being enhanced near the surface and

decaying exponentially with distance away from it.

Figure 2.1(b), shows dispersion curve for a SP mode and the momentum mismatch

problem that must be overcome in order to couple light and SP modes. The SP mode always

lying beyond the light line; that is, it has greater momentum, 7ksp than a free space photon,

Tiko , of the same frequency, .
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2.3 Surface Plasmon resonance (SPR) in thin films

When light shoots on a metallic thin film, some light will be reflected from the metal
surface. Some light will not be reflected but might be extremely absorbed or trapped on the
surface of the metal and this occurrence of the phenomenon is caused by surface plasmon
resonance (SPR). This phenomenon is related to surface morphology, light frequency,

properties of medium adjacent to the metal and the, properties of the metal.

Figure 2.2 Surface plasmon wave is an evanescent wave in parallel and perpendicular

direction [4].

The SPR introduces non-linear enhancement of the electric field locally based on the
interaction between light and matter. The fields associated with the surface plasmon not only
attenuate in the propagation direction due to losses arising from absorption in the metal, but
also in the direction extending to the media adjacent to the surface, as shown in Figure 2.2.
This character leads to the field component perpendicular to the surface being enhanced near

the surface and decaying exponentially with distance. The field in this perpendicular
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direction is said to be evanescent, reflecting the bound, non-radiative nature of surface

plasmon, and prevents power from propagating away from the surface. In the dielectric

medium above the metal, typically air or glass, the decay length of the field, o,, is of the

order of half wavelength of light involved[4].

This attenuation depends on the dielectric function of the metal at the oscillation

frequency of the SP. The attenuation along the interface depends on the dielectric function of

the metal at the frequency of the surface palsmon polariton. The propagation length, J,, is

defined as

Where ¢, and &, are real and'imaginary part of the dielectric constant of the metal, and

g, 1s that of surrounding materials. For example, silver is the metal with the lowest losses in

m

the visible spectrum, propagation length are typically in the range 10—100 nm. [4].
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2.4 Dipole surface plasmon resonance

When a small spherical metallic nanoparticle is irradiated by light, the oscillating
electric field causes the conduction electrons to oscillate coherently. This is schematically
pictured in Figure 2.3. When the electron cloud is displaced relative to the nuclei, a restoring
force arises from Coulomb attraction between electrons and nuclei that results in oscillation
of the electron cloud relative to the nuclear framework. The oscillation frequency is
determined by four factors: the density of electrons, the effective electron mass, and the
nanoparticles shape and size of the charge distribution. The collective oscillation of the
electrons is called the dipole plasmon resonance of the particle (sometimes denoted “dipole
particle plasmon resonance” to distinguish from plasmon excitation that can occur in bulk

metal or metal surfaces). [2]

electric field, E

Metal sphere

v

electron cloud

Figure 2.3 Schematic of plasmon oscillation for a sphere, showing the displacement of the

conduction electron charge cloud relative to the nuclei [2].

We assume that conduction electrons are free moving and the corresponding positive

charge are fixed in position, so we can estimate the resonance frequency of a surface plasmon
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on a spherical metal nanoparticles. Figure. 2.4 shows the nanoparticle which is placed in an
electric field and the electrons are displaced from the fixed positive charge. The resonance

frequency of oscillation is due to the restoring force of the positive and negative charges.

light

—)

Electric field

+
- = + +

T T+ At

+

Figure 2.4 An incident light wave excites a dipole surface plasmon on a spherical metal

nanoparticle [19].

Such quasistatic theories have. historically-only considered dipole plasmon resonance
effects, but Kelly et al. have demonstrated that they can be generalized to quadrupole
resonances. Although quadrupole resonances are mostly known for spherical and nearly
spherical particles, they have demonstrated that they are surprisingly important for triangular

prisms.[2]

2.5 Light scattering by metal particles

Owing to the collective oscillation of the conduction electrons in the metal, metal
nanoparticles have strong scattering of light at wavelengths near the plasmon resonance. For
particles, which with diameters below the wavelength of light, a point dipole model describes

the absorption and scattering of light well. The scattering and absorption cross-sections
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equation are given by

2

4
1 27
Cscat =—| —— ‘a
67 y)

2

Cabs. = 7111’1[0(] Eq. (1)
_av g,/ &, —1

Where & =3 m Eq. (2)

is the polarizability of the particle. Here V is the patticle volume, &, is the dielectric function
of the particle and ¢, is the dielectric function of the embedding medium. The particle

polarizability will become very large whene  ==2¢ . This is known as the surface plasmon

resonance. At the surface plasmon resonance, the scattering cross-section can well exceed the
geometrical cross section of the particle. For example, a small silver nanoparticle in air has a
scattering cross-section that is around ten times the cross-sectional area of the particle at

résonance.

The red-shift and broadening of the surface plasmon resonance with increased particle
size would generally be expected to be an advantage for solar cell applications, since
light-trapping should occur over a relatively broad wavelength range and at wavelengths that
are long compared with the quasistatic values of the surface plasmon resonance wavelengths

of noble metal particles.
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Particle shape also plays an important role in the effect of metal nanoparticles on a
photovoltaic device. Particle shapes such as disks that have a large fraction of their volume
close to the semiconductor can lead to a very high fraction of light scattered into the substrate.
Conversely, Sundararajan et al. have shown that aggregating of nanoparticle can lead to a
reduction of photocurrent, a point that must be considered in colloidal fabrication of
nanoparticle assemblies. They have also shown that nanoshells can lead to optical vortexing,

which resulted in a reduction in photo-generated current [3].

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

electromagnetic field of angular frequency, ,
g=1-——2P* Eq. 3)

Here o, is the bulk plasmon frequency, given by a)g = Ne%ng , where N is the density of
0

free electrons, € is the electronic charge, m is the effective mass of an electron and ¢, is the

free-space dielectric constant. Inserting Eq. (3) in Eq. (2) leads to (in free space)

CO2

p
a=3V PN o Eq. (4)
p

Thus the surface plasmon resonance frequency for a sphere in free space occurs at
g, = \/ga)p, and mainly depends on the density of free electrons in the particle. The density

of free electrons is highest for aluminum and silver, leading to surface plasmon resonances in
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the ultra-violet, and lower for gold and copper, leading to surface plasmon resonances in the
visible. The resonance frequency can be tuned by varying the dielectric constant of the

embedding medium: a higher index leads to a red-shift of the resonance.[3]
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2.6 Application of metal nanoparticles

The recent development of metal nanoparticles with surface plasmon excitation has
been used to improved the performance of both silicon devices and organic solar cell devices.
For noble metal particles in the dimension range of 10—100 nm, surface plasmon resonance
occurs at wavelengths in the visible and near infrared regions of the electromagnetic
spectrum. Greatly enhanced optical absorption and scattering occurs at these surface plasmon

resonance wavelengths.

Therefore, surface plasmon resonances in metal nanoparticles are of interest for a
variety of applications including ultrafast.optical switches, optical tweezers, labels for
biomolecules, optical filter, biosensots, surface enhanced spectroscopies, chemical sensors,
near-field optical microscopy, light=emitting diodes, electrochromic devices, and solar cells
due to the large electromagnetic field enhancement near the metal surface and strong
dependence of the resonance wavelength on size, shape, and local dielectric environment of

the metal nanostructures.
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2.7 Motivations

The power conversion efficiency of organic solar cells is defined as the ratio of the
number of carriers swept into the external circuit to the number of photons absorbed in the

organic material and could be represented further as follow [18,20]:

Mext =M a X Mep XMt X Tcc

where absorption efficiency (77, ) is defined as the ratio of the number of excitons generated
to the number of photons absorbed in the organic material. The exciton diffusion efficiency
(7mgp ) 1s the ratio of the number of excitons.diffused to dissociation interface to the number
of excitons generated. The charge.transfer efficiency (#.; ) is defined as the probability that
photogenerated excitons could be dissociated into bound electron-hole pairs in the interface.
Finally, the carrier collection efficiency (7. ) defines as the ratio of the number of charge
carriers which reach the electrode to'the.-number of bound electron-hole pairs generated in the

interface.

To optimizedr,, which is a material intrinsic property, one can shift the most intense
part of the spatially profile of optical field intensity to the most efficient exciton dissociation
region by proper device design. The charge transfer efficiency (7., ) affects external
quantum efficiency (7,,) little in general. In contrast to the 7.;, the situation is more
complicated when we discuss the case of the carrier collection efficiency (77..). As we
mentioned before, this bound electron-hole pair can either decay to the ground state or

dissociate into free carriers.

Therefore, in order to improve the PCE of OPVs, we used a new method for increasing
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the light absorption from incorporating gold nanoparticles. Because the metallic
nanoparticles have strong interaction with visible light and induce localize surface plasmon
resonance (LSPR), they will lead to the local enhancement of the electromagnetic field, and it

probably enhances light harvesting and improves the performance of the devices.

In this study, we investigate the device performance after blending Au nanoparticles.

The enhancement mechanism is also studied.
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3. Experimental

3.1 Materials

3.1.1 Substrate (ITO glass)

Indium tin oxide (ITO) has many desirable properties such as good electrically
conductivity (low surface resistance) and ITO glass is a transparent and near colorless
material (optically transparent), high VIS-NIR light transmission, low roughness,
uniform transmission homogeneity and good barrier properties towards molecular
oxygen [29]. Therefore, it is a_commonly ‘used as transparent electrodes and

conductive materials.

The thickness of the ITO"glass in our organic solar cell is 0.7 cm, in which the
ITO-layer thickness is 170 nm. The surface tesistivity is 10 Q/o, and the work

function is 4.7 eV.

3.1.2 Buffer layer

3.1.2.1 PEDOT:PSS

Poly (3,4-ethylendioxythiophene) (PEDOT:PSS) doped with
poly(styrenesulfonate) is the buffer layer material (Fig. 3.1), which was purchased
from H. C. Starck. PEDOT:PSS is a stable, water soluble, high p-doped conjugated

polymer. The film of PEDOT:PSS exhibit high conductivity as well as high
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transparency throughout the visible region. On the other hand, PEDOT:PSS exhibits a
rather high work function, which can reduce the hole-injection barrier. This buffer
layer also can smooth the surface of ITO layer. Therefore, PEDOT:PSS can serves as

the hole conducting and electron blocking layer.

The characteristic of PEDOT:PSS governed by the ratio of PEDOT to PSS,
which are summary in Table 1. In this study, we select PEDOT:PSS (Al 4071) as a

buffer layer since high conductivity is required for photovoltaic devices.
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Figure 3.1 Chemical structure of PEDOT (left) and PSS(right) [30].

Table 1. Summary of the characteristics of PEDOT : PSS, depending on the ratio

of PEDOT to PSS.[32,33]

Ratio (PEDOT:PSS) Conductivity (S/cm) Work function (eV)
Al 4071 1:25 1 4.75
Al 4083 1:6 107 4.85
CH 8000 1:20 107 5.15
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3.1.2.2 Gold nanoparticles

A large number of methods for the preparation of metal nanoparticle films have
been developed, including vapor deposition, electrochemistry, laser ablation, citric
reduction, wet chemical synthesis, gold cluster formation, self-assembly of
nanoparticle arrays, electron beam lithography, scanning tunneling microscopy

assisted nano-structure formation, and nanosphere lithography.

We choose Au nanoparticle not only because it is not oxidized easily in the air
compared to other metals which can generate surface plasmon resonance (SPR) easily,

such as copper and silver, but also due to its obyious SPR phenomenon.

The gold nanoparticles were supplied by Prof. Michael H. Huang’s group in
National Tsing Hua University. The gold nanopatticle solution was prepared
following the procedures describeéin reference [31].'/Au nanoparticls solution we used
is red as shown in Fig. 3.2 (a). The diameter we choose is ~ 20~30nm, which was
measured by scanning electron microscope (SEM), shown in Fig. 3.2 (b). The
absorption peak of gold nanoparticle solution located at ~ 520nm as shown in Fig. 3.2

(c). The density of Au NPs solution is ~ 10'* number/ml.
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Figure 3.2 (a) Au nanoparticle solution we used. (b) SEM of the Au nanoparticles.

(c) The absorption spectrum of the Au nanoparticle solution.
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3.1.3 Active layer (P3HT:PCBM)

Poly(3-hexylthiophene) (P3HT) was obtained from Rieke Met. Inc. The
chemical structure is shown in Fig. 3.3(a). It is widely used as a donor material in
organic photovoltaics. The highest occupied molecular orbital (HOMO) is 4.8eV and
lowest unoccupied molecular orbital (LUMO) is 2.7eV. The side-chains induce
self-organization in P3HT, resulting in higher hole mobility than any other known

conjugated polymers.

[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) was purchased from Nano C.
The chemical structure is shown in Fig. 3.3(b). It is a highly soluble derivative of Cg
and behaves, as an electron aceeptor material in OPVs. PCBM can be dissolved in
many organic solvents due to its'side chain attachment. The HOMO and LUMO of

PCBM are 6.1eV and 3.8eV, respectively.

(a)

Figure 3.3 Chemical structures of the materials used in the polymer solar cells,
containing (a) poly(3-hexylthiophene) (P3HT) and (b) [6,6]-phenyl C61-butyric

acid methyl ester (PCBM).
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We used the active layer blend consisting of P3HT and PCBM. They were
dissolved in 1, 2-dichlorobenzene (DCB). The weight ratio of 1 : 1 at a concentration
of 1.7 wt%. The blend was then stirred at 40°C for at least 12 hours in the glove box
filled with nitrogen (less than 1 ppm O, and less than 1 ppm H,O) since most organics

are susceptible to degradation in presence of water and oxygen.
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3.2 Device fabrication

3.2.1 ITO substrate cleaning

The cleaning of indium-tin-oxide (ITO) glass substrates was performed in a
laminar flow hood. In order to keep away from the dust. The ITO substrates were
cleaned in an ultrasonic bath with detergent for 15 minutes sequentially, acetone for
30 minutes, and deionized water for 10 minutes, then finally rinsed in isopropanol for
15 minutes. After cleaning, ITO-glass substrates were dried at 120°C in an oven for at
least 12 hours. Before spin coating buffer layer, the ITO glass substrate were treated

with UV-ozone for 20 minutes to remove the hydrocarbons from the surface.

3.2.2 Spin coating of buffer layer

To prepare the composite buffer. layer, a.Au NP solution was blended into the
PEDOT:PSS solution at various concentrations; the volume ratios of the Au solution
were 10, 20, and 30%. After substrate cleaning, the composite buffer layer was
spin-coated onto an ITO-glass substrate by spin coating at 4000 rpm for 60 sec, and
then thermal annealed at 120 °C for 1 h. Fig. 3.4 displays an SEM image of the

pristine PEDOT:PSS layer and the resulting film with its embedded Au NPs .
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Figure 3.4 The SEM image of (a) pristine PEDOT:PSS and (b) PEDOT:PSS with

doping 20% Au NPs solution .
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3.2.3 Spin coating of active layer

After the fabrication of the buffer layer, the substructure were transfered into the
glove box. To deposit photoactive layer, a solution of P3HT and PCBM with 1:1
weight ratio dissolve in DCB, was spin coated onto the buffer layer at 600 rpm for 60

SEC.

After spin coating, the wet active layer was put into a glass Petri dish to solvent
annealing slowly solidify for at least 3 hours, which enhances the degree of polymer
self-organization. Before to deposit cathode, the active film was thermally annealed at

110°C for 15 minutes.

3.2.4 Cathode electrode deposition

To complete the device, 30-nm-thick calcium (Ca) and 100-nm-thick aluminum
(Al) were deposited as the cathode by thermal evaporation under a vacuum of ~ 3 X
10 torr. The device area, defined through a shadow mask, was 0.12 cm’. The
schematic structure of the devices as well as the picture of the cells in this study are

shown in Fig. 3.5
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Figure 3.5 (a) The schematic structure of OPVs and (b) the picture of the device

in this study.
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3.3 Device characterization

The current density—voltage (J-V) characteristics of the OPVs were measured
using a Keithley 2400 source measure unit. The photocurrent response was obtained
under illumination from a 150W Thermal Oriel solar simulator (AM 1.5G). The
illumination intensity was calibrated using a standard Si photodiode with a KG-5 filter
(Hamamatsu, Inc.). The absorption spectra of Au nanoparticles were measured using a
Perkin Elmer Lamda 950 ultraviolet/visible/near infrared spectrometer. The resistivity

of the PEDOT:PSS films were determined employing the four-point probe method.
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4. Result and Discussion

4.1 Device performance

The structures of the reference device (ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al)
prepared with pristine PEDOT:PSS and the devices made of Au NPs were shown in

Fig. 4.1.

Reference device Doped Au NPs device

Figure 4.1 The structures of the reference device and the device doped with Au

nanoparticles.

Fig. 4.2 shows the current density and voltage (J-V) characteristics of organic
photovoltaic devices which were prepared with or without Au NPs incorporated under
100 mW/cm? illumination (AM 1.5G). The reference device exhibited a open-circuit
voltage (Vo) of 0.59 V, a short-circuit current (Js.) of 8.95 mA Jem?, a fill factor (FF)

of 65.9%, and the calculated power conversion efficiency (PCE) was 3.48%.

After further increasing the doping concentration of Au NPs into the buffer layer,
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the value of V,. remained unchanged (0.59 V), but the FF and J,. were improved
considerably (Table 2). For the devices incorporating Au NPs, we can observe
evidently up ward trend in the value of Js; the Js. was enhanced to 9.50 mA/cm? and
10.18 mA/cmz; FF was enhanced to 69.2% and 69.8%, the PCE was also improved to

3.89% and 4.19%, which the concentration used was 10% and 20% respectively.

However, the efficiency slightly decreased to 3.87% after doping 30% Au NPs
solution. The further increase in the concentration of the Au NP solution to 30% led to
a decrease in the value of Ji.. We presume that the decrease was due to enhanced
backward scattering and/or increased resistivity of the buffer layer. The enhanced
backward scattering is presumably due to the dense distribution of Au nanoparticles.
This caused less light to enter the active layer, thus-reducing the light absorption in

the active layer as well as the short-circuit current density (Fig.4.3).
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Figure 4.2 J-V characteristics of OPVs with different concentration of doped Au
nanoparticles solution : without doping (m); with 10% Au NPs solution doping (e);
with 20% Au NPs solution doping (A ); with 30% Au NPs solution doping (V). All
devices were measured under illumination of 100 mW/cm2 (AM 1.5) and room

temperature.
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Figure 4.3 The power conversion efficiency (PCE) of the devices prepared with

different concentrations of Au NPs.

Resistivity of the buffer layers were measured by using a four-point probe.We
found that the resistivity increased after blending Au NPs in the PEDOT:PSS layer;
the resistivity measures from 32.0 Q-cm (pristine PEDOT:PSS) to 47.5Q-cm
(blending 30% Au NP solution). Besides, the values of the device series resistance
(Rs), which extracted from the inverse slopes of the dark J-V curves at a voltage of
1.5 V, also increased after incorporating the Au NPs in buffer layer. The result of Rs
calculation revealed that the enhanced performance of the organic photovoltaic
devices was not resulted from a reduction in device resistance. For this data, we
presume that it is owing to the change of morphology of buffer layer. Table I

summarizes the device characteristics.
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Atomic force microscopy (AFM) measurement was performed to investigate the
underlying surface morphology. To determine the change of resistivity and series
resistance (R;) after doping Au NP solution, we scanned surface of the PEDOT:PSS
films prepared with/without Au nanoparticles. The AFM images are shown in Fig.4.4.
The root-mean-square roughness (Ra) of the pristine PEDOT:PSS was 2.012 nm.
After blending of 10%, 20%, and 30% Au NP solutions, the Ra values were increased
to 2.296 nm, 2.647 nm, and 4.970 nm, respectively. The increased Ra, probably led to
the increased series resistance (R;). Therefore, we can demonstrate that the
enhancement of the power conversion efficiency (PCE) of devices was not due to the

improved the performance of buffer layers.

Table 2. The performance of ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al photovoltaic
devices with different concentration of Au NPs solution under illumination of 100

mw/cm’ (AM 1.5).

Vo Jsc FF R«¥  Resistivity” PCE
[V] [mAcm?] [%] [Q-cm?] [Q-cm)] [%]
Pristine PEDOT:PSS  0.59 8.95 65.9 1.73 32.0 3.48
10% Au NPs
, 0.59 9.50 69.2 1.86 37.1 3.89
solution
20% Au NPs
, 0.59 10.18 69.8 2.08 43.5 4.19
solution
30% Au NPs
, 0.59 9.46 69.3 2.35 475 3.87
solution

? Device series resistance (Ry) of the OPV obtained from the inverse slope of the dark
J-V curve at a voltage of 1.5 V.

®) Resistivity of the buffer layer determined using the four-point probe method.

47



Flatten

IR 2

B .
aA a
= 1.007 o

2.00

('L}

(d)

Figure 4.4 The AFM images show the surface morphology of (a) the pristine
PEDOT:PSS and doping with different concentration of Au NPs solution : (b)

10%, () 20%, and (d) 30%.
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4.2 The IPCE curves and absorption spectra

Fig. 4.5 displays the incident photon—to-electron conversion efficiency (IPCE)
curves of our devices prepared with and without Au NP solutions. The trends in the
IPCE followed the values of Js.. Because the higher IPCE could lead to more efficient
charge carriers collection under the given illumination energy. The photocurrent
increased notably after incorporating the Au NPs. The improved IPCE was mainly
observed in the range of 400 to 600 nm. The wavelength range coincides with the
excitation range of Au NPs (Fig. 4.6). Note that the absorption peak of the Au NP
solution was located at ~ 520 nm, whereas that of the Au NPs embedded in the
PEDOT:PSS blend was located at ~ 490 nm (Fig. 4.6); this phenomenon is consistent
with the fact that the resonance peak of NPs depends strongly on their surrounding

media.

The resonance peak of metallic NPs depends-on their dielectric environment and
the particle size. However, the absorption spectrum of the Au NPs embedded in the
PEDOT:PSS is more reasonable to account for the enhancement in IPCE, suggesting
that the excitation of localized surface plasmon resonance (LSPR) indeed improved

the light absorption as well as the photocurrent.
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Figure 4.5 The IPCE characteristics of OPVs prepared with and without Au NPs.
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Figure 4.6 Absorption spectra of Au NPs embedded in the PEDOT:PSS matrix
(solid line) and in solution (dashed line). A neat PEDOT:PSS film was used as the

baseline for measurement of the absorption of the PEDOT:PSS composite films.
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4.3 Generation rate and dissociation probability

In order to investigate the underlying mechanism responsible for the
enhancement of device power conversion efficiency, we further compared the
maximum generation rate (Gn,x) and dissociation probability (P) for the devices
prepared with a pristine PEDOE:PSS and a PEDOT:PSS with doping 20% (which has

the best PCE) Au NPs solution.

To calculate the generation of photocurrent in the device, the J-V characteristics
were measures in voltages ranging from 1 to -10V under 100mW/cm? illumination.
The dependence of the photocurrent (Jpn) on. the illumination relates to the effective
applied voltage (V). The current under illumination (J.) minus the dark current (Jp)

resulted in Jyp.

The effect of LSPR on the photocurrent density (Jo,n= J.— Jp) was presented in
Fig. 4.7, which plots J,, with respect to effective voltage (Ve = Vo, — Va), where V,, is
the voltage when Jy, equals to zero, i.e., J= Jp, and V,is the applied voltage. From
Fig. 4.7, two distinct regimes were observed, Jp, linearly increased with the voltage at
a low Vg and then saturated at a sufficiently high V.t The maximum generation rate
(Gmax) of OPV devices can be calculated using the formula Jgt = q*Guax™L , Where Jgy
is the saturation photocurrent density which is independent of the bias and

temperature, and L is the film-thickness of active layer (L = 180 nm).

In this study, the values of Js, for the devices prepared with pristine PEDOE:PSS
and PEDOT:PSS doped with 20% Au NP solution were 110 and 119 A/m* (Fig. 4.7),

respectively; the calculated Gy were 3.82 x 10%7 and 4.13 x 10*" m™s™, respectively.
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The result indicated that the electron-hole pair generation in the film increase by
about 8.1% after doping Au NPs. Furthermore, the enhanced G« accounts for the
fact that the incorporation of Au NPs increased light harvesting in the devices because

Gmax 1s only governed by light absorption.
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Figure 4.7 Plots of photocurrent density (J,,) with respect to the effective bias (V)
for devices incorporating pristine PEDOE:PSS and PEDOT:PSS containing 20%

Au NP solution.

To compare the photocurrent behavior, we plotted the normalized photocurrent
density under illumination as a function of the V.. When the value of Jyn/ Ja
approaches 1 in the high V. region, the generated exciton have completely become
free carrier and the dissociation probability (P) is near 100%. Although more excitons

were generated, the value of P was limited by the recombination of the newly
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produced electron-hole pairs in the active layer instead of their separation or

dissociation into free carriers.

In Fig. 4.8, the value of P at any bias can be obtained from the plot of J,n/Jssc as a
function of V.4 The value of P at the short-circuit condition (Ve = 0 V) was
increased from 78.7% to 84.9% after doping 20% Au NPs with respect to the
reference device. The higher dissociation efficiency of electron-hole pair indicates
that the excitation of localize surface plasmon resonance facilitates excitons to
dissociate into free carriers. The increase in P results in the reduction in
recombination rate. Many reports have demonstrated that the FF of OPVs increases

with the excion dissociation probability.
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Figure 4.8 Plots of Jph/ Jsat for devices incorporating pristine PEDOE:PSS and

PEDOT:PSS containing 20% Au NP solution.

54



The enhancement of the PCE from 3.48% to 4.19% on the addition of 20% Au
NPs solution is also a consequence of an increase in FF. We deduced that the
increased FF observed above was attributed to the increased P via the local
enhancement of electromagnetic field originating from the excitation of LSPR, rather

than the reduced sheet resistance of the buffer layer.
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5. Conclusion

In this study, we have improved the device performance of organic photovoltaics
(OPVs) after blending Au nanoparticles into the PEDOT:PSS layer. Comparing the
devices prepared with and without doping of Au nanoparticles, the Ji, FF, and PCE,
were improved, while the V,. remained unchanged (0.59 V). In the device
incorporating 20% (volume ratio) Au-nanoparticle solution, Jsc was enhanced from
8.95 to 10.18 mA/cm?, FF from 65.9 to 69.8%, and PCE from 3.48 to 4.19% under
AM 1.5G illumination at an intensity of 100 mW/cm®. The unique optical properties
of the localize surface plasmon resonance (LSPR), which induced by the Au NPs, and

led to a noticeable enhancement in the photocurrent.

From the four-point probe measurement, we -can observe that the series
resistance (Ry) increased from 1.73 to 2.08 Q-cm? after blending 20% Au-NP solution
into PEDOT:PSS layer. Moreover, from the motrphology of the buffer layers obtained
by the using AFM, we observed that the buffer layer become rougher and the series

resistance increased after doping of Au NPs.

Therefore, we can demonstrate that the enhancement of power conversion
efficiency of the devices is not resulted from the improvement of buffer layer; the
characteristics of the improvement was owing to LSPR of Au NPs. We deduced that
excitation of the LSPR increased not only the rate of exciton generation but also the
probability of exciton dissociation; they were enhanced from 3.82 x 10’ to 4.13 x
10” m™s”, and from 78.7 to 84.9 %, respectively. These were the main reasons that

caused the obvious enhancement of PCE. Finally, we note that this approach is quite
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simple and may be suitable for application to the low-temperature processes used to

form flexible OPVs on plastic substrates.
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