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ABSTRACT

Organic polymer solar cells (OPSCs) are promising candidates for renewable energy
sources due to their advantages of low-cost solution process capability, flexibility, and scalable
production. However, the power conversion efficiencies (PCEs) of OPSCs require the
improvement of solar light utilization through light management. This strategy allows great
enhancement of the light harvesting in OPSCs. Moreover, improving the light absorption in
such OPSCs at a limited thickness of organic photoactive layer is challenging. There are two
parts of the present research. Chapter I demonstrates the investigation of the effect of
micro/nanoarchitectures or nanopatterns on the performances of OPSCs based on
ITO/PEDOT:PSS/P3HT:PCBM/AI device configuration, and chapter Il reports the
investigation of dual plasmonic system introduced into the OPSCs in order to improve their

light harvesting properties.

In Chapter II, the effect of imprinted nano/microstructures on the active layer (organic
thin film) on performances of bulk-heterojunction (BHJ) OPSCs has been investigated and
demonstrated. Patterned structures of the photoactive layer from compact disk recordable (CD-
R), Blu-ray disk recordable (BD-R), nanodot, nanowell and honey comb were employed in this
study. It was found that the nanostructures improved the light trapping in the OPSCs, which
came up with higher PCE as compared to that of a bare device. The texture patterns acted as
the diffraction structure for operating the induced strong diffusion and diffraction of incident
light. The devices consisted of nano/microstructure-imprinted P3HT:PCBM and Al thin films.
In comparison of the optical characteristics and the performances of pristine and imprinted BHJ
OPSCs with a variety of the nano/microstructures, it was found that the nano/microstructures
increased the short circuit current (lsc), the fill factor (FF), %PCE and the cell performances.
Moreover, the different types of the nano/microstructure affected the light tapping, which led

to higher efficiencies due to the increased absorption, thus resulting in better current generation.



The best %PCE of 3.09 with highest improvement (24.09%) was observed for our OPSC

imprinted with a BD-R grating (pitch size of 320 nm).

In Chapter 111, we also studied the performance enhancement of OPSCs by introducing
surface plasmon resonance (SPR) phenomena originated from grating-coupling technique and
addition of plasmonic metallic nanoparticles (NPs) such as Au NPs, Ag NPs, Ag nanospheres
(NSs) and a series of Ag nanodisks (NDs) into PEDOT:PSS hole transport layer (HTL). The
device configuration designed was of grating-imprinted Al/P3HT:PCBM/metal
NPs:PEDOT:PSS/ITO. The best device performances in terms of high current density, high
charge mobility, and high PCE were found with dual plasmonic system based on both Al
grating on device and Ag NDs incorporated into HTL. It was found that dual plasmonic device
with Ag NDs (size of ca. 70 nm) revealed the best performances with %PCE of 3.59 and %
improvement of 20.47. The results above indicated that the light absorption enhancement at
the active layer was caused by SPR excitation with strong near-field distributions penetrated
into absorption polymer and the broadband absorption enhancement in the rage of 350-800 nm

leads to higher efficiencies, thus resulting in better current generation.

KEYWORDS: organic polymer solar cell, nanoimprinting, grating structure, nanostructure,
Au nanoparticles, Ag nanoparticles, Ag nanodisks, dual plasmonic system
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CHAPTER |

INTRODUCTION

1.1 ORGANIC POLYMER SOLAR CELLS

Organic polymer solar cells (OPSCs) are one type of photovoltaic cells that use organic
electronics, for instance, conductive organic polymers or small organic molecules for light
absorption and charge transport [1-3]. Various kinds of OPSCs have attracted considerable
attention due to lightweight, flexible, and low temperature fabrication and can be produced
inexpensively and suitable for mass production [4-5]. Polymer bulk-heterojunctions (BHJs)
architecture is successfully designed for the polymeric photovoltaics. Excitons formed near a
heterojunction are harvested near-perfect through a highly folded architecture [6-8]. Recently,
the power conversion efficiency (PCE) of solar cells based on BHJs was reported to surpass 9-
10% base on binary, ternary, or tandem structures. But their energy conversion efficiencies are
significantly low at present, compared to other inorganic counterparts such as silicon and

perovskite solar cells [9-10].

BHJs OPSCs generally consists of two components, i.e. donor and acceptor organic
molecules. Usually, donor molecules are conjugate polymers, conjugate pigments or
conducting oligomers such as MDMD-PPV, PPVFV, P3HT, PCPDTBT, F8T2, PDTSBT and
PFDTBT. The acceptor materials are fullerene (Ceo) and its derivatives such as PCBM-60,
PCBM-70, mKMC60s, dMKC60s, bis-PCBM and modified PCBMs. The polymer donor and
acceptor materials are shown in Figures 1.1 and 1.2, respectively. Actually, the principle of
exciton operation in OPSCs can be described by level energy diagram. In BHJs OPSCs, donor
materials act as a light absorber to absorb photon and acceptor materials act as an electron
acceptor. Briefly, donor molecules absorb photon from the solar light and then electrons are

excited from the highest occupied molecule orbital (HOMO) to lowest unoccupied molecular



orbital (LUMO). After that, the excitons (electron-hole pairs) are generated between donor and
acceptor. Then, the excitons diffuse to the interfaces of donor-acceptor where there is sufficient
potential energy drop to split these excitons into the free charge carriers. After splitting into
free charge carriers, each carrier must be transported to the respective electrode through the
bicontinuous interpenetrating pathway while avoiding recombination and trapping of charges

[11-12].

Figure 1.2 Chemical structures of some acceptor molecules used for BHJ solar cells [11].
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Figure 1.3 Electron energy level diagram of organic polymer solar cell [18].

In this work, we used P3HT donor polymer and PCBM acceptor to fabricate BHJs solar
cells due to their commercial availability. P3HT exhibits a suitable solubility in organic
solvents and chemical stability, a relatively low band gap (1.9-2.0 eV), and high hole mobility
[13]. This polymer was blended with PCBM, which acts as the electron-acceptor material. This
Ceo derivatives has high solubility in common organic solvents [14]. P3HT is the most
representative polymer donor with high hole mobility and ideal crystallization in the donor-
acceptor (D-A) interpenetrating network of the active layer. P3HT has the HOMO energy level
of 5.0 eV and LUMO energy level of 3.0 eV [15] while HOMO and LUMO energy levels of
PCBM are equal to 6.5 eV and 4.0 eV, respectively. Moreover, the LUMO of hole-transporting
material (HTM), poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), is
equal to 5.2 eV [16] which can induce a great moving of electron to anode and hole to cathode.
To fabricate OPSCs, the P3BHT/PCBM BHJs active layer is deposited on an indium-doped tin
oxide (ITO) substrate coated with PEDOT:PSS layer and finally capped with aluminum metal
(Al) as a metal back electrode and energy level diagram of OPSC as shown in Figure 1.3. This
system possesses suitable energy levels for exciton dissociation. Although the maximum PCEs

of P3HT/PCBM OPSCs are of ca. 4-5% [17], they can be improved by light management in



terms of maximized light harvesting using many strategies such as optimization of fabrication
parameters and conditions, optimization of materials used, modification of materials, and use

of plasmonic system.

Current-voltage (I-V) characteristic curves of the electrical devices or photovoltaic cells
are a set of graphical curves, which are used to define their operation within an electrical circuit.
Moreover, the |-V characteristic curves show the relationship between the current flowing
through an electronic device and the applied voltage across its terminals as shown in Figure

1.4 [18-19].

Figure 1.4 1-V characteristics of ideal solar cells [20].

According to Figure 4, several important parameters which are used to characterize
solar cells such as open circuit voltage (Voc), short circuit current (lsc), fill factor (FF), and
power conversion efficiency (PCE) are described as follows: Vo value is the maximum voltage
that the solar cell will supply and is the voltage without any load applied. Isc is the maximum
current of the solar under conditions of a zero resistance load, representing a free flow or zero
volt potential drop across the cell. A FF parameter is the maximum power, showing how large

the maximum power is in respect to the product of the Voc and Isc. The ratio between the



maximum power and the full square spanned by the Voc and Isc values. The FF value can be

calculated as illustrated in equation (1).

FF = ‘e @)

IscVoc
Where Imp and Vmp are maximum point current and maximum point voltage values,
respectively.
In addition, PCE is the ratio of generated electricity to incoming light energy. The calculation

for the PCE is shown in equation (2).

PCE = !scYocfE )

Plight

Where Piignt is the power of incident light source (mW/cm?)
1.2 INCREASE IN SOLAR CELLS PERFORMANCES BY LIGHT MANAGEMENT

As mention previously, the performance of OPSC is relatively low compared to that of
inorganic photovoltaics [21-23]. Charge carrier mobility for most of the polymeric organic
semiconductors is limited by the thickness of the organic active layer (<100 nm), which results
in poor optical absorption [24-26]. Therefore, the enhancement of the absorbance of polymeric
organic semiconductor with the specific limited thickness still remains a challenge. An
alternative solution to the enhancement of the energy harvesting of the solar spectrum has been
suggested, for example, textured surfaces, plasmonic nanoparticles (NPs), and grating-coupled

surface plasmon resonance (GCSPR).
1.2.1 Textured Surfaces in Solar Cells

Modification of OPSCs with various kinds of textured surfaces can enhance the light
collection and the effective optical path length of the light within absorber or photoactive layer
[27-28]. Several research groups have reported a variety of random nanotextures and periodic

nanostructures including nanopillars [29-30], nanorod [31-32], nanopencils [32-33], nanowells



[34-35], nanocones [36-37], nanodents [38-40], nanovoids [41-42] and nanogratings [43-44].
As aforementioned, it was found that the periodic nanostructures, namely nanopillas, nanorod,
nanopencils and nanocones, have successfully reduced the Fresnel reflection [45] and led to
directing and trapping more incident light into the OPSCs, thereby improving the short circuit
current density and the PCE value, while another two nanostructures, i.e. nanowell, nanodents,
and nanovoids, can enhance the conversion efficiency of the photovoltaic cells by coupling
incident light into the absorber layer. Moreover, the grating structure that is one kind of the
exceptional nanoarchitectures can improve the light absorption or light harvesting due to light
scattering and GCSPR (see Section 1.2.3). Additionally, textured surface modification can
induce polymer chain alignment, which can enhance charge carrier transport in conjugated

polymers [46].
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Figure 1.5 Illustration of nanostructures i.e (a) nanopillars, (b) nanorods, (c) inverted
nanopencils, and (d) nanocones. The 45 tilted-angle-view SEM images of (e) nanopillars, (f)
nanorods, (g) inverted nanopencils, and (h) nanocones. The structural pitches of all

nanoarrays are 1.27 um, and all scale bars are 2 um [32].



Figure 1.6 (a) Schematic drawing of ordered nanowells (NWLs) fabricated on Al substrate
with red color representing conformal a-Si coating. (b) Top view SEM image of the 1 um

pitch NWL sample with NWL diameter widened to 870 nm [35].

Figure 1.7 Schematic representation of substrate and layer structure. (a) Scanning electron
micrographs of silver nanovoids (radius 250 nm) (b) nanovoids coated with 30 nm of Al:ZnO

[42].

Figure 1.8 Top view SEM images of PS spheres reactively etched (a), and the resulting

periodically hexagonal close-packed single-layer HZO films (b) [39].
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Figure 1.9 AFM images showing the surface morphology of grating structure (a) BD-R, and

(b) BD [43].

1.2.2 Plasmonic Nanoparticles in Solar Cells

It has been growing interest in the uses of metallic nanoparticles (NPs), such as gold
(Au) NPs or silver (Ag) NPs, in developing new OPSCs with higher efficiencies and device
performances. Additions or blending of metal NPs in each OPSC component, for example in
buffer layer, electron transport layer, hole transport layer, or active layer to achieve better PCE
and light harvesting improvement of devices, were observed [26, 47-49]. The metal NPs are
beneficial to better photoabsorption in OPSCs via localized surface plasmon resonance (LSPR)
effect. LSPR phenomena of metal NPs occur by interaction between oscillating free electrons
in the metal NPs and incident light. The LSPR of the metallic NPs not only scatter
anisotropically but also absorb the incident light [50]. In addition, the easy tunability of the
optical properties by modifying size, shape and surrounding materials of metal NPs has shown
a high potential as an optical engineering tool in thin-film optoelectronic devices. Many
research groups have reported the PCE enhancements of OPSCs by incorporating with metallic
NPs, which are categorized as plasmonic OPSCs. In addition, PCE enhancement is related to
the enhanced carrier effect and the exciton lifetime, conductivity, and the surface morphology

of device element after modification with metal NPs [51-54].
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Figure 1.10 (Top) Schematic of the plasmon oscillation of a sphere, showing the
displacement of the conduction electrons relative to the nuclei. (Bottom) Different geometries

for plasmonic light trapping in OSC: (a) scattering from metal NPs into high angles inside the
photoactive layer (b) LSPRs induced by metal particles and (c) excitation of SPPs at the

NPs/photoactive layer interfaces [55].

Moreover, the metal NPs act as local field enhancers, light scattering centers or both,
depending on their sizes. Small NPs with diameters in the range of 5-20 nm behave as
subwavelength antennas, due to LSPR excitation (Figure 1.10(b)). The plasmonic near-field is
directed to the photoactive layer, which can enhance its effective absorption cross-section and
then improve exciton dissociation [56]. On the other hand, NPs with larger diameter (>50 nm)
act as effective subwavelength scattering elements that govern freely propagating plane waves
of the incident light into the photoactive layer (Figure 1.10(a)) [57]. At LSPR excitation, such
NPs reveal a larger scattering cross-section as compared with their geometric cross-section. In
this case, enhanced absorption occurs by an increase in the optical path length inside the
photoactive layer, resulted from the light being reemitted in different directions within the

photovoltaic cell. Furthermore, NPs can be put in the form of a periodically arranged nanoarray
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at the front or back contact of the devices (Figure 1.10(c)). In this case, incident light can excite
resonant scattering modes coined as surface plasmon polaritons (SPP) at each individual NP-
active layer interface, which improve light adsorption ability as well as device performances.
Depending on the NP shape, various modes can be excited, attributed to geometric resonances

of SPPs at the NPs-layer interface [58].

1.2.3 Grating-coupled Surface Plasmon Resonance for Fabrication of Solar Cells

=== P3HT/PCBM
Al==~ | r--=- PEDOT:PSS
\‘ e ITO-coated glass
1

[}
I
1

K4

Figure 1.11 Device configuration of OPSCs fabricated on a metallic grating electrode.

Grating-coupled surface plasmon resonance (GCSPR) is a phenomenon of propagating
surface plasmon (SP) excitation along grating-patterned metal surface. The grating-coupled
technique is a prismless, convenient, propagating SPR excitation method [59-60] Light
scattering and light trapping in OPSCs can be obtained on the grating surface (without SP
excitation), resulting in the improvement of the obtained photocurrent [61]. In addition to the
light scattering improvement effect, the photocurrent of the OPSCs can be remarkably
improved via the SP-enhanced field on grating substrates. Recently, the fabrication of BHJ
OPSCs on metallic grating having SP excitations efficiently improve the photocurrent
conversion [62]. Moreover, the device configuration of SPR-enhanced OPSC is shown in

Figure 1.11. The use of Al grating in the construction of OPSCs, in which governs the
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excitation of grating-coupled SP and light scattering, benefits enhancement of their conversion

efficiencies [63].

1.3 OBJECTIVES OF THE DISSERTATION

To develop and fabricate new plasmonic OPSCs, we employed the nanoimprint
lithography (NIL) technique in creating highly periodic micro/nanostructures on active layer.
The effect of architectures imprinted by selected patterns on properties and performances of
our OPSCs was investigated. Moreover, in order to manage the light harvesting, we also
employed plasmonic nanoparticles and imprinted plasmonic patterns via single and dual
plasmonic systems in the construction of our OPSCs. To enhance light trapping for harvesting
the broadband solar light, the metallic NPs involving Au and Ag NPs were used in
incorporating into the hole-transporting PEDOT:PSS layer. The best light harvesting in our
plasmonic OPSCs is expected to be achieved via our plasmonic architectures. The details of
design, fabrication and characterization using surface modification and plasmonic properties
of grating/nanostructured metallic electrodes and both metallic NPs for development of our

OPSCs will be discussed later on. The main aims of this research project are:

1. To study the effect of different imprinted structures on the active layer of OPSCs.

2. To study the effect of metallic NPs blended into PEDOT/PSS hole-transporting layer

(HTL) for improving the light harvesting of OPSCs.

3. To study the dual SPR phenomena originated from grating-coupled configuration

and addition of Au and Ag NPs series into HTLs of our OPSCs for broadband light absorption.

1.4 SCOPE OF THE DISSERTATION

In this study, we investigated plasmonic architectures, including addition of metallic

NPs and textured surface electrodes and grating structures on top electrodes by imprinting
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technique, for construction of hybrid BHJs P3HT:PCBM OPSCs. First, textured surface and
grating-structure top metallic electrodes, which were fabricated using micro/nanostructures
such as compact disc recordable (CD-R), Blu-ray disc recordable (BD-R), nanowell arrays,
nanodot arrays, and honeycomb structures, on OPSCs were investigated. The device
performances and properties of OPSCs with such structures above were examined and the
relation of the structures and our device properties will be discussed (see Chapter II).
Incorporating metallic NPs into PEDOT:PSS buffer layers with/without the imprinted active
layer with a BD-R pattern, which made grating structure on metallic electrode (Al electrode),
was introduced in order to enhance the light harvesting in our OPSCs (see Chapter I11). Two
types of metallic NPs (Au NPs and Ag NPs) synthesized from a wet chemical reduction, which
perform the strong light trapping, were blended into the PEDOT:PSS solution. The influences
of NPs type and size in the PEDOT:PSS on the properties of the proposed OPSCs were studied
using UV-visible spectroscopy and atomic force microscopy. In addition, to observe the
plasmonic effects on the performances of the OPSCs, electrical characteristics of pristine and
developed devices with our designed plasmonic metallic structures were analyzed from
recorded J-V curves. The PCE value, improved performances and photocurrent enhancement
in our developed OPSCs by employing different kinds of plasmonic systems and various sizes
of metallic NPs in PEDOT:PSS HTL will be discussed. Regarding to this research work, there
are two topics, which will be discussed in next two chapters. Chapter 1l shows the effect of
micro/nanostructured P3HT:PCBM surfaces as different imprinted top Al electrodes on the
performances of OPSCs while Chapter Il represents the development of the dual plasmonic
enhanced OPSCs by incorporating Au NPs or Ag NPs into HTL and patterning with grating-

structure onto top Al electrode.
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ON THE PERFORMANCE OF ORGANIC PHOTOVOLTAIC DEVICES
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2.1 ABSTRACT

In this study, the effect of periodic patterned micro/nanostructures on the active layers
of thin-film organic photovoltaics (OPVs) was investigated to improve the device performance.
The patterned active layer structures were fabricated by a nanoimprinting technique using
different templates, including compact disc recordable (CD-R), Blu-ray disc recordable (BD-
R), nanowell arrays, nanodot arrays, and honeycomb structures. The OPVs consisted of
Al/nanostructured P3HT:PCBM/PEDOT:PSS/ITO. Compared with a flat reference OPV, all
the micro/nanostructured OPVs exhibited higher performances, originating from enhanced
light absorption due to light scattering and surface plasmon excitation at the patterned

Al/P3HT:PCBM interfaces.

2.2 INTRODUCTION

Thin-film organic photovoltaics (OPVs) are promising photovoltaic devices with
distinctive advantages such as low cost and flexibility [1-3]. However, the photoelectric
conversion efficiency (PCE) of OPVs is limited by their weak light absorption due to their thin
active layers [4-5]. Although increasing the active layer thickness would increase the light
absorption, this decreases the device performance by increasing its series resistance [6-7].
Thus, an important challenge is to increase the light absorption inside OPV devices while
minimizing the active layer thickness. Efficient light-trapping strategies involving the use of
both non-plasmonic and plasmonic micro/nanostructures have been introduced to improve the
device performance [8-9]. This improved light trapping at a specific wavelength, charge
generation, and charge extraction. Textured or rough surfaces fabricated at active
layer/electrode interfaces in OPV devices could enhance absorption by diffuse scattering within
the active layer [10-12]. Using periodic gratings in the OPVs could increase absorption by

diffraction of light inside the active layer [13-15]. Furthermore, employing plasmonic NPs
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could improve light absorption via scattering and localized surface plasmon resonance (LSPR)

[16-19].

Subwavelength nanostructures were introduced into OPVs via several approaches.
Nanoimprint lithography (NIL) is a well-known technique for creating highly periodic
micro/nanostructures on OPV surfaces [20—21]. We reported the use of NIL to create patterns
using Blu-ray disc recordable (BD-R) and Blu-ray disc (BD) gratings on the surfaces of OPV
active layers [22]. The OPV performance was improved by grating-coupled surface plasmon
resonance (GCSPR), which induced additional light absorption at 600—800 nm. Furthermore,
we employed a pattern created with a DVD-R grating to improve the photovoltaic performance
in inverted OPVs using simultaneous GCSPR excitation and grating-coupled waveguide modes
on gold grating surfaces [23]. Lal et al. [24] also reported a new class of plasmon-enhanced
photovoltaics, in which the absorption was enhanced with nanovoid structures. As mentioned
above, NIL is a versatile and efficient technique for creating highly homogeneous
micro/nanostructures [25-27]. Additionally, it was found that charge carrier transport in
conjugated polymers could be enhanced by NIL-induced polymer chain alignment [28-30].
Although several groups have used different types of micro/nanostructures in OPVs to improve
the device performance, the detailed study of the effects of these structures on the optical and

electrical characteristics of OPVs remains an interesting topic.

In this work, we study the effect of micro/nanostructures on OPV performances.
Patterns of periodic micro/nanostructures, including compact disc recordable (CD-R), BD-R,
nanodot arrays, nanowell arrays, and honeycomb, were transferred to active layer surfaces,
which comprised a mixture of poly(3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]-phenyl C61
butyric acid methyl ester (PCBM), by NIL. The optical and electrical properties of fabricated
devices were studied systematically. The influence of periodic micro/nanostructures on the

OPV performance was evaluated compared with reference (flat) devices.
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2.3 EXPERIMENTAL
2.3.1 Preparation of PDMS replicas

Micro/nano structures were transferred from master templates to the active layers of
OPVs using polydimethylsiloxane (PDMS) replicas. To prepare PDMS molds with negative
patterns, a mixture of PDMS (Sylgard® 184) and its curing agent with a weight ratio of 10:1
was cast on cleaned master templates before removing air bubbles in a vacuum chamber for 3
h. Curing was then performed at 70°C for a further 3 h. After cooling to room temperature, the

master template was detached from the PDMS replica as illustrated in Figure 2.1.

S ———— LLLLLLLE LY
Master mold PDMS casting

74

LU L L LT

Detaching of PDMS replica
master mold

Figure 2.1. A schematic illustration of PDMS replica preparation from a master mold.
2.3.2 Fabrication of OPVs with micro/nano pattern back electrode

To fabricate OPV devices, a patterned indium tin oxide (ITO) coated glass was treated
with UV/Os for 45 min before depositing a hole transport layer (Clevios™ HTL Solar) by spin-
coating at 3,000 rpm. After drying the hole transport layer at 120°C for 10 min in a vacuum
chamber, the active layer, a mixture of P3HT:PCBM (weight ratio 1:0.8, 27 mg/ml in 1, 2-
dichlorobenzene), was deposited on the hole transport layer by a two-step spin-coating method
(1,500 rpm for 15 sec then 2,000 rpm for 45 sec), forming a homogeneous film with a thickness

of ~100 nm. NIL was used to create nano/micro structures on the surface of the active layer as



25

shown in Figure 2.2(A). The PDMS replica with a negative pattern of micro/nano structures
was carefully attached to active layer surfaces before annealing at 100°C in a vacuum chamber
for 60 min. After cooling to room temperature, the PDMS replica was detached, and an
aluminum top electrode was deposited. Post annealing was conducted at 150°C for 45 min
before electrical characterization. The complete structures of fabricated OPVs with patterned

back electrodes are shown in Figure 2.2(B).

A
P3HT:PCBM » P3HT:PCBM
PEDOT:PSS PEDOT: PSS
ITO ITO
Glass Glass
PDMS mold Thermal

attachment [ annealing

T
e

P3HT:PCBM » P3HT:PCBM
PEDOT: PSS PEDOT: PSS
ITO ITO
Glass Glass
PDMS mold Evaporation
detachment Al electrode
B ¥
— &
Al
P3HT:PCBM R tE R
PEDOT:PSS OOOHO0
ITO
Glass

T T 7T 7T

Light illumination

Figure 2.2 (A) Schematic illustrating the fabrication of OPVs with a grating back electrode

using NIL. (B) Structure of fabricated OPV with metal grating electrode.
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2.3.3 Characterization

The electrical characterization of fabricated OPVs was performed using an electrometer
(B2901A, Agilent) or high-performance potentiostat (PARSTAT 4000, Princeton Applied
Research) under illumination from a solar simulator (HAL-C100, Asahi Spectra). The surface
morphologies of the fabricated devices were observed by atomic force microscopy (SPM-9600,
Shimadzu). The optical properties of fabricated OPVs were characterized using an UV-Vis

spectrometer (USB 4000, Ocean Optics).

2.4 RESULTS AND DISCUSSION

To fabricate patterns on the surfaces of OPV active layers, we performed NIL.
Additionally, to achieve good quality imprinted patterns, NIL must be performed on damp
polymer film. The residual solvent left in the film is important in helping the polymer to flow
into the grooves of the PDMS replica during annealing above the glass transition temperature
(Tg). The PCBM content in the P3HT:PCBM blend in this system is 45% w/w. The Tg of the
blend is approximately 25°C [31]. Thus, annealing at 100°C during NIL is appropriate. Figure
2.3 shows AFM images of master templates used to create PDMS replicas. The master
templates can be classified into two groups: one-dimensional (1D) and two-dimensional (2D)
gratings. In the 1D grating group, the CD-R and BD-R gratings provide the same grating
geometry, which is a periodic straight line, with different grating heights and pitches. For CD-
R, Figure 2.3(A) shows that the height and pitch are 135 and 1,600 nm, respectively. For the
BD-R, the grating height and pitch are 39 and 320 nm, respectively, as shown in Figure 2.3(B).
In the 2D grating group, highly periodic nanowell arrays are clearly observed, as shown in
Figure 2.3(C). The nanowell diameter is 250 nm with a depth of 30 nm. The nanodot arrays
(Figure 2.3(D)) offer highly homogeneous half-spherical knotted patterns. The height and pitch

of the nanodot structure were 250 and 50 nm, respectively. For honeycomb structures, Figure
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2.3(E) exhibits hexagonal pillars with a diagonal distance and height of 730 and 150 nm,

respectively.

Figure 2.3 AFM images of master molds containing different micro/nano structures (A) CD-

R, (B) BD-R, (C) nanowells, (D) nanodots, and (E) honeycomb.

Patterns were transferred from master templates to the surfaces of active layers using
NIL. After evaporating aluminum from the patterned surfaces, complete OPVs with patterned
back electrodes were obtained. Figure 2.4 shows AFM images of the aluminum surfaces of
fabricated OPVs. These clearly show that the patterns of micro/nanostructures were fabricated
on the surfaces of the OPV back electrodes. For all the micro/nanostructured devices, the
heights of the patterns were lower than those of the templates. We found that NIL produced

flawless 1D grating patterns. However, some defects were observed in the 2D grating. This
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might be due to complexation of the structures themselves and to small air bubbles trapped in

the complex structures of PDMS replicas.

Figure 2.4 AFM images of the surface morphology of aluminum back electrodes of (A) Flat,

(B) CD-R, (C) BD-R, (D) nanowell, (E) nanodot, and (F) honeycomb OPVs.

The performance of the fabricated devices was studied under illumination with
unpolarized light. Figure 2.5 and Table 2.1 show the J-V properties and electrical parameters
of OPV devices. The results clearly show improvements in Jsc and PCE for all patterned devices
with insignificant modification of Vqc. For devices with 1D gratings, increases in Jsc from 5.62
to 5.93 and 7.10 mA/cm? were obtained for CD-R and BD-R structured devices, respectively,
compared with the flat reference OPV. Increases in the PCE from 2.49% to 2.73% and 3.09%

were also achieved in devices with CD-R and BD-R structures, respectively. For the 2D grating
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structured devices, Js increased from 5.62 to 6.58, 6.15, and 6.71 mA/cm? for nanowells,
nanodots, and honeycomb structured devices, respectively, compared with the flat reference
OPV. Furthermore, increases in PCE from 2.49% to 2.65%, 2.50%, and 2.58% were obtained
for devices with nanowells, nanodots, and honeycomb, respectively. However, a decrease in
FF for the patterned devices was observed except with the CD-R device. It is known that the
imprinting process aligns and organizes the polymer chains in the blended P3HT:PCBM active
layers of OPVs [32-34], which enhances FF. However, among all the patterned OPVs, only
the CD-R device showed an increase in FF from 0.54 to 0.56. Thus, imprinting-induced
polymer chain alignment should not be the key parameter in improving the OPVs in our system.
Although the patterned devices except CD-R showed a decrease in FF, the overall performance

of the patterned devices was higher than that of the flat device.
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Figure 2.5 J-V characteristics of fabricated OPVs under illumination with unpolarized light

with an intensity of 75 mwW/cm?,
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Table 2.2 Electrical parameters of fabricated OPVs obtained from J-V characterization.

Devices E’r']tr:g (mifsmz) Voe (V) FF PCE (%)
Flat cell - 5.62 0.61 0.54 2.49
CD-R 1600 5.93 0.62 0.56 2.73
BD-R 320 7.10 0.62 0.52 3.09
Nanodots 250 6.15 0.60 0.51 2.50
Nanowells 250 6.58 0.60 0.51 2.65
Honeycomb 730 6.71 0.59 0.49 2.58

As previously mentioned, we demonstrated that introducing grating structures into back
electrodes of OPVs could enhance the device performance, which was mostly due to an increase
in Jsc. To gain a better understanding of the performance enhancement, we studied the optical
properties of the fabricated solar cells by conducting reflection measurements at incident light
angles of 20°-50° under illumination with polarized light from the 1TO/glass substrate side.
Figure 2.6 shows the reflection spectra of the fabricated devices. A broadband absorption from
400-650 nm was clearly observed in all devices and attributed to the absorption characteristics
of the P3HT:PCBM blended polymers. For the 1D grating, shown in Figure 2.6(B) and (C), we
observed an improvement in the light absorption in the range 400—-650 nm. This could be due
to light scattering, which increased the effective distance traveled by light inside the active
layer. Moreover, when the polarization of the incident light was changed from s- (s-pol) to p-
polarization (p-pol), additional absorption dips originating from GCSPR were clearly observed
[22, 35]. The GCSPR dips gradually shifted to longer wavelengths when the incident angle
increased. These results indicate that the improvement in Jscin the devices with CD-R and BD-
R back electrodes originated from the improvement in light absorption due to light scattering

and GCSPR.
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and (F) honeycomb devices collected from transparent electrode side under illumination by

(1) s- and (2) p-polarized light. Green arrows indicate plasmon excitation dips.
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Figure 2.6 Reflectivity curves of (A) flat, (B) CD-R, (C) BD-R, (D) nanodot, (E) nanowell,
and (F) honeycomb devices collected from transparent electrode side under illumination by

(1) s- and (2) p-polarized light. Green arrows indicate plasmon excitation dips. (continued)

As shown in Figure 2.6(D)-(F), an improvement in light absorption from 400—-650 nm
was observed in all OPVs with 2D gratings. However, additional dips from GCSPR excitation
were observed only for the honeycomb structures (Figure 2.6(F)). It is noteworthy that the
honeycomb structures induced GCSPR excitation under both s-pol and p-pol illumination, as
GCSPR dips were observed for both forms of polarization. A red-shift was observed in the
GCSPR dips for the devices with honeycomb structures. Due to both the light scattering and
GCSPR effects, Jsc was significantly increased compared with other 2D grating structures.
However, FF decreased in this case, which might be due to the relatively large 2D grating height
shown in Figure 2.4(F). However, the improvements in the OPV performances in nanodots and
nanowells were obtained mainly from light scattering, because no GCSPR dips were observed.

Additionally, defects observed in the AFM image, especially in nanodot structures, might
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slightly improve the OPV device. Hence, we conclude that significant improvement of OPVs

can be obtained from light scattering and GCSPR for non-defective micro/nanostructures.

2.5 CONCLUSIONS

We fabricated thin-film OPVs with grating back electrodes using NIL. Periodic 1D and
2D grating structures were completely transferred to the active layer of OPVs using PDMS
replicas. Improvement of the OPV performance of the patterned devices was clearly observed.
The improvement in the device performance originated mainly from an increase in light
absorption, which was attributed to the effects of light scattering and GCSPR. The 1D gratings
(CD-R and BD-R) could provide enhancement by both light scattering and GCSPR. For 2D
gratings, the improvement in light absorption in nanodots and nanowells originated from light

scattering, while the honeycomb structure provided both light scattering and GCSPR.
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CHAPTER I

DUAL PLASMONIC ENHANCED ORGANIC POLYMER SOLAR

CELLS BY INCORPORATING SILVER NANODISKS INTO HOLE-

TRANSPORT LAYER AND GRATING STRUCTURE ON TOP

ELECTRODE
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3.1 ABSTRACT

In this work, we designed the nanoengineering of metallic nanostructures to enhance
light harvesting of organic polymer thin film solar cells (OPSCs) by dual surface plasmon
resonance (SPR) phenomena originated from grating-coupled configuration with Blu-ray disc
recordable (BD-R) grating of current collector and addition of silver nanodisks (Ag NDs)
series. Different types and sizes of metallic nanoparticles (NPs), gold (Au) NPs, Ag
nanospheres (NSs), and Ag NPs, were employed for our study and blended separately into a
PEDOT:PSS hole transport layer (HTL). The best devices of grating-imprinted structure
Al/P3HT:PCBM/Ag NDs:PEDOT:PSS/ITO were fabricated. The results from J-V curves
indicated that the power conversion efficiency (PCE) of grating substrate
Al/P3HT:PCBM/PEDOT:PSS/ITO was 3.10 % which was better than that of flat substrate for
1.55 times while devices with flat Al and addition of Au NPs, Ag NSs, or Ag NDs ina HTL
performed with the PCEs in a range of 3.15-3.37. We further developed the OPSCs with Al
grating substrate by incorporating Ag NDs series into a PEDOT:PSS layer. The PCEs of the
devices were increased around 11-21% as compared to that of a pristine device. This indicated
that the light absorption enhancement at the active layer is attributed to GCSPR and LSPR
excitation with strong near-field distributions penetrated into absorption polymer, which could

lead to higher efficiencies, thus resulting in better current generation.

3.2 INTRODUCTION

Organic polymer solar cells (OPSCs) with a bicontinuous interpenetrating network
between the polymer donor and fullerene acceptor exhibit potential advantages as lightweight,
flexible, large area devices and the low cost roll-to-roll fabrication [1-5]. Despite the fact that
the efficiencies of the OPSCs have increased to 10.6 % [6], their power conversion efficiencies

(PCEs) are still lower than those of their inorganic counterparts that approach efficiencies of



40

more than 20 % [7]. Typically, the PCEs of OPSCs are limited because of the weak absorbance
of the thin photoactive layer in the solar spectrum range. To solve this problem, the thickness
of the active layer should be increased for better absorption of the incoming photons. However,
a thick active layer increases the series resistance of the device, causing the limited charge
carrier mobility of the polymers. Therefore, many techniques have been developed for, in turn,
governing efficient optical absorption in films rather than the improvement of the optical
absorption depth. Thus, surface structures of each OPSC component such as periodic patterns
or rough surfaces can increase the effective optical path of incident light inside absorbing

materials by light trapping or scattering.

Recently, several light-trapping methods for OPSCs were investigated following the
developments of wave-optics and nanotechnology. By scattering light into active layers with
nanoparticles (NPs) [8-9] or textured substrates [10-11], light absorption has been enhanced
generally [13]. Plasmonic effect for enhanced optical absorption were obtained through many
ways such as excitation of localized surface plasmon resonance (LSPR) at metal NPs,
propagation of surface plasmon polariton (SPP) modes and scattering of plasmonic

enhancement [14-16].

In the majority of the imprinting processes, nanoimprinting lithography technique
(NIL) is one of the alternative methods because of its simplicity for transferring pattern from a
master mold to surface of the substrate [17]. Moreover, NIL process has been realized as a
faster imprinting process, obtaining large nanopatterned areas [18]. Usually,
polydimethylsiloxane (PDMS) was used as patterning master mold in this technique [19]. The
PDMS mold works with fully complete conformal contact in patterning the substrate surface,
even for the substrates with uneven surfaces. Compared to conventional photolithography, this

soft lithography with the elastomeric PDMS mold has several advantages, especially patterning
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the sensitive materials such as polymers, low cost, and no optical diffraction limit. It allows
control of the chemistry, patterning of large areas, and scalable production for the patterned
surfaces. Therefore, in the field of solar cells, in order to improve their performances, this NIL
process has been recently employed for creating the irregular nanoscale features surface by
nanoporous anodic aluminum oxide (AAQO) membrane filters [20], the formation of ordered
nano/microstructures by large-scale nanoporous Si mold and AAO templates [21-22], and
formation of grating structure by Blu-ray movie discs (BD) and blu-ray disc-recordable (BD-
R) [23-24]. The latter involves plasmonic effect at patterned metallic electrodes. Recently, a
few studies have been demonstrated the nanoimprinting or grating-coupled process to fabricate
periodic 1D grating-structure at cathode metallic electrode using BD-R in order to enhance the
electric fields in photoelectric conversion systems [24]. The grating-coupled technique is a
prism-less, convenient, propagating SPR excitation method [25-27]. In the absence of SP
excitation, light scattering and light trapping can occur on the grating-structure surface,
improving the obtained photocurrent [28]. Hence, dramatic improvement in photovoltaic cells
is expected if, in addition to light scattering, the SP field can be enhanced on the grating

substrate [29].

Interestingly, by utilizing the LSPR effect of metallic nanoparticles (NPs) such as Au
nanoparticles (Au NPs) and Ag nanoparticles (Ag NPs), they can be introduced into each part
of OPSC devices for highly improved light harvesting [30-33]. Although some reports showed
excellent %PCEs by incorporating different kinds of metallic NPs into OPSCs [34-37], their
influences on charge separation and transport inside high efficiency BHJ OPSCs still needs to
be studied in depth. Many research groups reported the presence of Ag NPs in the PEDOT:PSS
HTL of OPSCs exhibits enhanced light harvesting performances due to their superior scattering
efficiency compared to those of any other metallic NPs [38]. Moreover, incorporating of Ag

NDs in OPSCs has not been report. Silver nanodisks (Ag NDs), a type of Ag nanoprisms, have
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attracted considerable attention due to their extreme degrees of anisotropy, morphologically
dependent plasmonic properties, and wide range of light absorption and light scattering from
visible to near infrared regions [39-41]. Use of Ag NDs in OPSCs has not been reported
nowadays. It is expected that addition of Ag NDs, light absorption, light scattering and light
trapping in OPSCs would be improved. Consequently, Ag NDs were chosen in this research

work.

From discussion above, both plasmonic effects, namely NP plasmons and SPP, which
perform synergistically, are of interest in developing new generation of plasmonic photovoltaic
cells. Improving light trapping as well as managing light harvesting in OPSCs would be
obtained with the plasmonic effects such as LSPRs from two different metallic NPs (Ag NPs
+ Au NPs) or LSPRs from two different shapes (Au nanorods + Au nanospheres) and LSPR-
GCSPR effect from (Au NPs + Ag NPs + 1D grating-structure Al electrode). Excitation of free
electrons in metal NPs or at metal/dielectric interfaces results in the storage of energy in the
LSPR at the NPs or in the SPPs at the metal/dielectric interfaces, which could be converted
into absorption events in the semiconductor via either a near field effect or a far-field coupling.
In this study, we designed and fabricated OPSCs based on the imprinted 1D grating structures
on the active layer of organic thin film as support of Al electrode and incorporating Ag NDs
series into HTL in BHJ solar cell for improving the light trapping via the dual plasmonic effects
of the grating-structure al and the metal NPs. Cooperative dual plasmonic effect exhibits the
advantages such as broader light absorption enhancement, enhanced exciton generation rate
and dissociation efficiency and increased charge carrier density and lifetime. Moreover, finite-
difference time-domain (FDTD) simulations were performed to investigate the electric field
distribution around the Ag NDs series surfaces and metallic grating, confirming dual plasmonic

effect.
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3.3 EXPERIMENTAL DETAILS

3.3.1 Synthesis of Ag nanodisks

The synthesized procedures of Ag NSs and Ag NDs were according to the literature
[41-42]. Firstly, synthesis of Ag NSs by chemical reduction method was carried out using
NaBH4 (Merck) as a reducing agent. 0.63 g AgNOz (Merck) was dissolved in 500 mL starch
solution and then AgNO3 solution was injected into the 500 mL of NaBH4, which was dissolved
in starch solution, with control injection rate at 2.0 mL s under a vigorous stir. The reaction
mixture was stirred at room temperature for 30 min and boiled for 2 hr. Then, the solution was
left to room temperature and aged for 12 hr to ensure an elimination of residual NaBH4. Upon
completion, Ag NSs solution was collected and adjusted to 1000 mL with DI water. Finally,
the Ag NSs were obtained and stored at 4 °C before use (within 24 hr). The diameters of the
Ag NSs were in a range of 6-7 nm. The Ag NDs were synthesized via a chemical shape
transformation of Ag NSs. 2.272 mL of 30% w/w H,O> (Merck) solution was injected into a
200 mL of Ag NSs colloid by syringe pump using the rate at 13.45 mL min' under a vigorous
stir. Because the molar ratio of H2O2:Ag NSs is the key parameter for controlling the LSPR
wavelengths of Ag NDs, in this study it was varied from 0 to 15. After the addition of H2O>
solution, the colloid solution was further stirred for another 10 min to ensure a complete

reaction and the average diameters of Ag NDs were ranging of 30-70 nm.

3.3.2 Preparation of grating mold for imprinting Al electrode of organic polymer

solar cells

The grating structure was duplicated from BD-R master template. First step, peeling
polycarbonate layer, peeling aluminum layer and etching the grating substrate were obtained
in conc. HNO3 for 20 min. Then, the grating substrate was cleaned subsequently using

detergent, distilled water, and deionized water by ultrasonication for 20 min for each step after
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that drying the substrate by flow N2 gas and cutting grating substrate to the size of 2.5 x 2.5
cm? were performed. Preparing the PDMS by mixing silicone elastomer base and silicone
elastomer curing agent in a ratio of 10:1 (13 g) was carried out in the plastic glass under stirring.
The PDMS was poured onto the master template and the air bubble in PDMS was removed at
70°C in a vacuum oven for 3 h. After cooling to room temperature, the master template was

detached from the PDMS duplicate.
3.3.3 Preparation of solar cell devices

Indium-doped tin oxide (ITO) glass substrates (FINE brand, Furuuchi Co. Ltd., 10
Q/cm?) were cleaned by using detergent, distilled water and deionized water by 20 min
ultrasonication for each step and then dried in a nitrogen gas flow. After drying, the substrates
were exposed to ultraviolet ozone plasma for 20 min. The hole transporting material (HTM)
PEDOT:PSS solution (Clevios, Heraeus Co.) was blended with 20 %v/v of metallic NPs (Ag
NSs). The mixture solution was spin-coated onto the ITO substrate at 1000 rpm for 90 s and
the resultant substrate was dried at 120°C in a vacuum oven for 10 min. Poly(3-hexylthiophene)
(P3HT) (Sigma-Aldrich) and phenyl C61-bytaric acid methyl ester (PCs1BM) (Sigma-Aldrich)
were mixed at a weight ratio of 1:0.8 in 1.0 ml 1,2-dichlorobenzene (Kanto chemical Co.) for
24 h. The photoactive layer was spin-coated at 1000 rpm for 15 s and 1500 rpm for 45 s,
respectively, and imprinted with the grating pattern PDMS mold by thermal imprinting process
at 100°C in a vacuum oven for 60 min. The devices were deposited thin aluminum (150 nm)
by vacuum evaporation technique. Finally, the device was annealed at 150°C for 45 min in a
vacuum oven. The active areas of these devices are of 1.0 cm?. The devices based on Au NPs
(Sigma-Aldrich) and Ag NDs with different diameters including 30, 40, 50, and 70 nm added
into PEDOT:PSS layer were prepared using the similar process. Figure 3.1 shows fabrication
of OPSC devices. In addition, the reference cells were prepared with the same configuration

with no NPs and Al grating.
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P3HT:PCBM

Figure 3.1 Schematic of organic polymer solar cell devices.
3.3.4 Characterization

The optical properties of materials and devices were investigated using a UV-visible
spectrophotometer (V-650, Jasco). Morphology of Ag NDs series was studied using
transmission electron microscopy (TEM, JEOL Ltd., USA). An atomic force microscope
(AFM, SPM-9600, Shimadzu) was used to analyze the surface morphology of the prepared
films. Under an ambient environment, current density—voltage (J-V) curves and impedance
spectra of all the fabricated OPSCs under irradiating were recorded employing a solar simulator
(HAL-C100, 100 W compact xenon light source, Asahi Spectra) equipped with a precision
source-meter unit (B2901A, Agilent) and a potentiostat (PARSTAT 4000, Princeton Applied
Research). The solar cell was operated under illumination with a light intensity of 75 mW cm’
2, A quantum efficiency measurement kit (Newport-serial number 425) embedded in the solar
simulator was used to obtain external quantum efficiency (EQE) values. Merlin
monochromator with a 300W Xenon arc lamp was used as a light source to provide throughput

to the cells in the experiment.
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3.4 RESULTS AND DISCUSSION

To study the effect of incorporating plasmonic nanostructures into the solar cell devices,
the active layer was imprinted with grating structure and the HTL was incorporated with
metallic NPs. The optimizations of active layer film thickness and NPs content and type of NPs

were also studied. In our experiment, we designed the cells as follows:

1. Control device (Figure 3.2(a)): AI/P3HT:PCBM/PEDOT:PSS/ITO

2. Device with grating structure (Figure 3.2(b)): grating-patterned
Al/P3HT:PCBM/PEDOT:PSS/ITO

3. Device with metallic NPs (Figure 3.2(c)): AlI/P3HT:PCBM/(Au NPs or Ag NPs or Ag
NDs series:PEDOT:PSS/ITO

4. Device with grating structure and metallic NPs (Figure 3.2(d)): grating-patterned

Al/P3HT:PCBM/(Au NPs or Ag NPs or Ag NDs series:PEDOT:PSS/ITO

@ ®

Al metal Al grating

¥ pauT:Pcem
PEDOT:PSS - - . . . - .

Figure 3.2. Fabrication of our experiment (a) control device (b) device with grating structure

(c) device with metallic NPs (d) device with grating structure and metallic NPs.

To study the particles shapes and sizes of the metallic NPs, TEM images of the mono-

dispersed Au NPs, Ag NSs and Ag NDs series are shown in Figure 3.3. It can be seen that the
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Au NPs are spherical in shape and highly dispersed with an average diameter of 5 nm. In the
case of Ag NDs series, after injection of H.O into the Ag NSs solution, the color of the solution
instantaneously changed from yellow to red, pink, violet, or blue depending on the molar ratio
between H>O> and Ag NSs. The result from TEM shows the well-dispersed Ag NDs series in
deionized water and their average diameters ranging from 30 - 70 nm, denoted as Ag NDs-30,
Ag NDs-40, Ag NDs-50 and Ag NDs-70, respectively. Therefore, it is plausible that Ag NDs
series can be imbedded within PEDOT:PSS layer (100 nm) and it is expected that LSPR of Ag

NDs would be induced near the active layer of our devices.

Figure 3.3 TEM images of Au NPs, Ag NSs and Ag NDs with different maximum absorption

peaks at a) 510 nm, b) 535 nm, ¢) 570 nm, and d) 660 nm.
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Figure 3.4 UV-visible absorption spectra of (a) Ag NPs in solutions, (b) ITO/Ag NPs film, (c)

ITO/PEDOT:PSS/Ag NPs film, and (d) ITO/PEDOT:PSS/Ag NPs/P3HT:PCBM film.

The optical absorbances of Au NPs, Ag NSs, or Ag NDs series solutions and of
PEDOT:PSS films incorporated with Au NPs, Ag NSs, or Ag NDs series were measured by a
UV-visible spectrometer. It can be seen that the plasmonic resonance peak of Au NPs in the
solution exhibits at 520 nm (Figure A2.1). Figure 3.4(a) exhibits the plasmonic resonance peaks
of Ag NSs, Ag NDs-30, Ag NDs-40, Ag NDs-50 and Ag NDs-70 in the solution phase at 410,
510, 535, 570 and 660 nm, respectively. It was found that the color and spectral changes
directly associated with the morphological transformation of the Ag NPs. Moreover, the
absorption peaks of Ag NSs and Ag NDs series films were also studied as shown in Figure
3.4(b). It was found that the plasmonic resonance peaks of Ag NSs film, Ag NDs-30 film, Ag
NDs-40 film, Ag NDs-50 film and Ag NDs-70 film exhibit a small single peak in the visible

range at 410, 510, 535, 570 and 660 nm, respectively. This indicates that size and shape of Ag
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NDs have no significant changes in dried state (film). In addition, the absorption spectra of
ITO/PEDOT:PSS/Ag NSs or Ag NDs series films were also measured as shown in Figure
3.4(c). Moreover, the absorption profiles of PEDOT:PSS film on ITO with and without addition
of the NPs are not significantly different over a region of 500 - 800 nm. In the other hand, the
absorption intensities of ITO/PEDOT:PSS/P3HT:PCBM films after addition of Ag NSs or Ag
NDs series are significantly chanced as shown in Figure 3.4(d). It was found that the absorption
of the active layer has been obviously enhanced with increasing diameter of Ag NDs due to

their scattering effect [42].

Figure 3.5 AFM images of bare PEDOT:PSS film (a), PEDOT:PSS film incorporated with
Au NPs (b), Ag NSs (c), Ag NDs-30 (d), Ag NDs-40 (e), Ag NDs-50 (f), and Ag NDs-70 (g),

respectively.



50

M

il
i n‘

Ra 36

Figure 3.6 AFM images of bare active layer (a), grating-imprinted active layer (b), and
grating-imprinted active layers on PEDOT:PSS films blended with Ag NPs (c), Ag NSs (d),

Ag NDs-30 (e), Ag NDs-40 (f), Ag NDs-50 (g), and Ag NDs-70 (h).

The AFM images of PEDOT:PSS HTLs with and without metallic NPs are shown in
Figure 3.5. The root-mean-squared (RMS) roughness (Ra) of PEDOT:PSS layer on ITO glass
was measured to be 1.7 nm (Figure 3.5(a)) while those of PEDOT:PSS blended with Au NPs,
Ag NSs, Ag NDs-30, Ag NDs-40, Ag NDs-50, or Ag NDs-70 exhibited the Ra values of 1.8,
2.4,2.2,2.3, 2.4, or 2.4 nm, respectively (Figure 3.5(b)-(g)). It is indicated that all the metallic
NPs increase the R, of PEDOT:PSS HTL. Furthermore, the morphology of the active layer
after imprinting with 1D grating was observed as shown in Figure 3.6. The R, of active layer
on PEDOT:PSS-coated ITO glass was measured to be 2.4 nm (Figure 3.6(a)) while active layer
after imprinting with the 1D grating was measured to be 4.9 nm (Figure 3.6(b)). Moreover, the
Ra values of the photoactive layer imprinted with the 1D grating, on PEDOT:PSS HTLs
containing Au NPs, Ag NSs, Ag NDs-30, Ag NDs-40, Ag NDs-50, or Ag NDs-70, were 3.2,
4.8, 4.6, 4.3, 4.1, or 3.6 nm, respectively Figure 3.6(c)-(h). It is noted that the active layer

imprinted with 1D grating has a Ra value higher than those of the grating-imprinted active



51

layers sitting on HTL blended with a variety of metallic NPs. As a result, the addition of
metallic NPs into HTL lead to decrease the R, of the device photoactive layers. Moreover, an

increase in nanoparticle size of Ag NDs in PEDOT:PSS layer decreased the R, of the layers.

To obtain the best performances of the devices with 1D Al grating and metallic NPs-
containing HTL, the active layer thickness is necessary to be optimized due to its limited
absorption ability of light and exciton generation [43]. In this study, the thickness of active
layer in the device was varied by the spin-coating rate for 90 s. Spin-coating rates, i.e. 1000,
1500, 2000, and 2500 rpm gave the film thickness of ca. 60 nm, 80 nm, 100 nm and 120 nm,
respectively. Consequently, we studied the effect of active layer thickness on device
performances for the four device fashions: reference device, device with Al grating, device
with HTL containing metallic NPs such as Au NPs or Ag NDs having the same plasmonic
resonance peak, and device based on imprinted Al electrode and HTL incorporated with Au
NPs or Ag NDs. Figure 3.7 shows plot of %PCE against thickness of active layer for three
device systems and Table 3.1 shows the PCE values of their fabricated devices. It is clearly
observed that the control device exhibits the best PCE of 2.98% at the thickness layer of 100
nm while the device with grating-imprinted Al exhibit the best PCE of 3.16% at the thickness
layer of 120 nm. Moreover, the devices incorporated with Au NPs and Ag NDs possessing the
plasmonic resonance peak around 520 nm exhibit the best PCEs of 3.25% and 3.39%,
respectively, at the thickness layer of 80 nm. Furthermore, the devices imprinted with 1D
grating and incorporated with Au NPs or Ag NDs exhibit the best PCEs of 3.36% and 3.42%,
respectively, at the thickness layer of 100 nm. The active layer with 100 nm in thickness was,

therefore, chosen for next study.
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Figure 3.7 Effect of active layer thickness on device performance (PCE (%)) of OPSCs: (a)

without addition of metal NPs, (b) with Au NPs in HTL and (c) with Ag NDs-30 in HTL.

Table 3.1 PCE of OPSCs with different thicknesses of photoactive layer.

%PCE
Spin-coating | Thickness Ag ND-30 Au NPs
Control )
rate (rpm) (nm) ~ |Algrating| wi/o w w/o w
device ) ) ) _
Al grating|Al grating| Al grating|Al grating
1000 120 2.18 3.25 3.11 3.26 3.13 3.34
1500 100 2.98 3.16 3.28 3.42 3.15 3.36
2000 80 2.73 2.88 3.39 2.91 3.25 2.51
2500 60 1.64 2.20 3.22 2.06 2.63 2.06

Note: w/o = without, w = with
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To investigate the effect of the different kinds of metallic NPs in OPSC, we
demonstrated the two solar cell systems based on PEDOT:PSS films containing Au NPs or Ag
NDs-30 having the same resonance plasmonic peak (= 520 nm) and we also examined their
dual plasmonic effect including the metallic NPs in the HTL and Al cathode with grating
structure. The J-V curves for control device, device with Al grating cathode, device with Au
NPs-incorporated HTL, device with Ag NDs-30-incorporated HTL, device with Au NPs-
blended HTL and imprinted Al grating, and device with Ag NSs-mixed HTL and grating
structure Al are shown in Figure 3.8. The photovoltaic performances of such solar cell devices
are listed in Table 3.2. It was found that incorporating Au NPs in HTL increased the short-
circuit current densities (Jsc) of the device from 6.42 to 6.87 mA/cm? while no significant
changes in open-circuit voltage (Voc) and FF were observed. As the result, PCE was enhanced
from 2.98% to 3.15%. In the same way, incorporating Au NDs-30 into HTL exhibited the
improvement of the device performances. The enhanced Js value of 7.10 mA/cm?, enhanced
Voc value of 0.63 V, improved FF value of 0.55, and PCE of 3.27% were observed in this
system. This indicates that presence of either Au NPs or Ag NDs in PEDOT:PSS HTL would
enhance the solar cell performances by the LSPR effect [30-31]. To investigate the grating
structure effect on the light harvesting, patterning Al cathode of OPSCs was demonstrated.
Grating structure on the active layer of OPSC finished by Al deposition also leads to an
improvement of the OPSC performance (see Figure 3.8). It can be seen that with grating
structure, the Jsc value increased around 8% and the PCE increased to 3.16%. This would
involve light scattering by grating structure, which results in an increment of the light traveling
path inside the active layer, thereby increasing the light absorption by the active layer.
Furthermore, the strong electric field originated from GCSPR of the metallic grating can also
enhance the generation of the photocurrent, which results in an increase of Jsc and PCE [23].

Moreover, we studied the dual plasmonic effect including the metallic NPs in HTL and grating
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architecture on Al cathode. It was found that the solar cell based on Au NPs-incorporated HTL
and imprinted Al cathode exhibit the performance better than that of the device with Al grating
and no addition of Au NPs. The dual plasmonic system based on Au NPs provided the device
with increased Js value of 7.44 mA/cm?, no significant change in Vo and FF values, and
resultant enhanced %PCE of 3.36. Similarly, the device containing Ag NSs-30 in HTL and
grating-imprinted Al electrode showed the higher performance as compared to the imprinted
device with no addition of Ag NSs-30. Enhanced performances, namely Jsc of 7.32 mA/cm?,
Voc 0of 0.63 V, FF of 0.56, and PCE of 3.42% were found for this device. Therefore, it can be
seen that the devices imprinted with grating and incorporated with the metallic NPs would
perform by light scattering effect and LSPR of the metallic NPs and GCSPR of grating structure
Al cathode [24, 30-31]. Moreover, it can be clearly observed that the imprinted device
incorporated with Ag NDs-30 into HTL exhibited the best performance, which would be
resulted from the higher light scattering of the Ag NDs [44]. In this work, we are interested in
light harvesting management using Ag NDs series together with metallic grating to achieve the

broadband plasmonic absorption as well as the highest device performances.
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Figure 3.8 J-V curves of the device systems: (a) Au NPs and (b) Ag NDs-30 incorporated

into PEDOT:PSS layer.
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Table 3.2 Photovoltaic performances of all solar cell devices from Figure 3.8.

Devices Jsc Voc - PCE | Improvement

(mA/em?) | (V) (%) (%)

Control device 6.42 0.60 0.58 2.98

BD-R grating 6.99 0.61 0.55 3.16 6.04

Au NPs 6.87 0.60 0.57 3.15 5.70

Au NPs + BD-R grating 7.44 0.61 0.55 3.36 12.75

Ag NDs-30 7.01 0.63 0.55 3.27 9.73

Ag NDs-30 + BD-R grating 7.32 0.63 0.56 3.42 14.76

To study the effect of Ag NDs series and its dual plasmonic configuration on light
harvesting ability, the photocurrents of OPSCs were measured under AM 1.5G illumination at
75 mW/cm?. Corresponding J-V curves of devices with and without addition of Ag NDs series,
grating structure Al cathode and the dual plasmonic system in comparison with that of control
device are shown in Figures 3.9(a) and (b). Table 3.3 shows the summary of performances and
properties of such solar cells. There are a few reports about employing Ag NPs together with
patterned Al for construction of OPSCs. In present research, we first studied the improvement
of light harvesting by incorporating Ag NSs and Ag NDs series including Ag NDs-30, Ag NDs-
40, Ag NDs-50 and Ag NDs-70 into HTL (Figure 3.9(a)), as well as additionally by imprinting
Al with grating (Figure 3.9(b)). It was found that after incorporating Ag NDs series into
PEDOT:PSS layer, Jsc increased to 7-10 and Vo increased to 5-6%, while FF remained nearly
the same and the PCE slightly increased with increasing the diameter of Ag NPs. The PCE
increased from 2.98% to 3.22%, 3.27%, 3.29%, 3.33% and 3.37% when devices were
constructed using Ag NSs, Ag NDs-30, Ag NDs-40, Ag NDs-50 and Ag NDs-70 respectively,

as compared with that of a control device fabricated in similar condition.
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After incorporating Ag NSs and Ag NDs series into PEDOT:PSS layer, the improved
performances of OPSCs might result from the following possible factors. First, the optical path
length in the active layer can be increased because light was trapped through multiple and high-
angle scattering from Ag NSs and Ag NDs series. According to the well-known Mie theory
[45], the total Mie extinction is a sum of contributions from absorption and scattering
components, and larger particles have a larger scattering cross section. Typically, the light
scattering efficiency is lower than the light absorption efficiency for Ag NPs having particle
sizes of less than 100 nm. The sizes of the Ag NSs and Ag NDs series used in this work are
ranging from 6 to 70 nm. Moreover, the density of Ag NSs and Ag NDs series are relatively
low, therefore, the light scattering is not the dominant mechanism for the improved device
performance. Second, the LSPR of Ag NSs and Ag NDs series can produce large local
electromagnetic fields near the nanoparticle surface and the resulting local field enhancement
increases the light absorption of the organic materials, improving overall efficiency of device.
With increasing particle size, the decay distance of local field may be increased, and
furthermore, more Ag NSs and Ag NDs series covered with PEDOT:PSS will protrude into the
active layer. Consequently, the near field will extend into the active layer at a large extent, and
the possibility of interaction coupling between the near field and the incident light in the active
layer will be increased, enhancing the photo-generation of excitons in the active layer. As a
result, the PCEs of plasmonic solar cells rise with the increment of particle size of Ag NDs. In
addition, the wavelength range of spectral response enhancement is consistent with the plasmon
resonance peak of Ag NSs and Ag NDs series, indicating that the excitation of LSPR is

responsible for the enhancement of PCE.
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Figure 3.9 J-V curves of the devices incorporated with (a) different Ag NDs in PEDOT:PSS

layer and (b) different Ag NDs in PEDOT:PSS layer and grating-imprinted Al electrode.

Interestingly, we observed that combining both plasmonic nanostructures, Ag NPs/Au
NPs and metallic grating, into OPSCs showed preliminary excellent results, suggesting that the
OPSCs harvest solar light with synergic effect of such plasmonics. To improve their
performances, dual plasmonic effect originated from Ag NDs series and grating-coupled
technique of Al cathode was achieved in our work. The dual plasmonic OPSCs were developed
and designed as illustrated in Figure 3.9(d). The devices were imprinted with 1D grating
structure followed by vacuum deposition of Al and incorporated with Ag NDs series in
PEDOT:PSS layer. It was found that Jsc increased around 10-15% and Vo increased around 3-
7%, while FF seems to be decreased and the PCE enhanced from 2.98% to 3.32%, 3.42%,
3.42%, 3.43% and 3.59% for imprinted Al grating-based OPSCs with HTLs containing Ag
NSs, Ag NDs-30, Ag NDs-40, Ag NDs-50 and Ag NDs-70, respectively. This indicated that
the light absorption enhancement at the active layer is attributed to LSPR excitation with strong
near-field distributions penetrated into absorption polymer and GCSPR from metallic grating,
which lead to higher efficiencies due to the increased absorption, thus resulting in better current

generation.
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Devices LSPR peak of grating Jsc Voc - PCE | Improvement

Ag NDs (nm) (mA/cm?) | (V) (%) (%)
Flat - - 6.42 0.60 | 0.58 | 2.98 -

Grating - - 6.99 0.61 | 055| 3.16 6.04
Ag NPs 410 - 6.88 0.60 | 0.58 | 3.22 8.05
Ag NPs 410 + 7.08 0.62 | 0.56 | 3.32 11.41
Ag NDs-30 510 - 7.10 0.63 | 0.55| 3.27 9.73
Ag NDs-30 510 + 7.32 0.63 | 0.56 | 3.42 14.76
Ag NDs-40 535 - 7.05 0.64 | 0.55| 3.29 10.40
Ag NDs-40 535 + 7.21 0.64 | 0.56 | 3.42 14.76
Ag NDs-50 570 - 7.05 0.64 | 0.56 | 3.33 11.74
Ag NDs-50 570 + 7.15 0.64 | 0.56 | 3.43 15.10
Ag NDs-70 660 - 6.97 0.62 | 0.59| 3.37 13.09
Ag NDs-70 660 + 7.41 0.63 | 0.57 | 3.59 20.47

To study the propagating SPR excitation on the Al grating, the reflectivity of the OPSCs

on the irradiation of white light from the ITO glass side were measured from incident angle 20°

to 70° as shown in Figure 3.10. The SPR reflectivity curves of the devices without a grating

(flat Al) and with/without incorporating Ag NDs into HTL were observed in the wavelength

region of 400-800 nm (Figures 3.10(a) and 3.10(c)). It was found that in wavelength region

above 500 nm, no obvious dip peak at the resonant wavelength with p-polarized light was found

as shown in Figures 3.10(a) and 3.10(c). On the other hand, Figures 3.10(b) and (d) exhibit the
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SPR reflectivity curves of the devices with only Al grating and combination of Al grating and
incorporating Ag NDs into HTL. Dip peak in each reflection spectrum due to the excitation of
surface plasmon was observed in the range of 650-750 nm under p-polarized light irradiation.
The red shift of the dip peak in the spectrum from 650 nm to 750 nm was upon increasing the
incidence angle, thus confirming the SPR properties of the fabricated Al grating on top devices.
This result indicates that the improvement in Jsc in the devices with 1D grating originated from

the improvement in light absorption due to light scattering and GCSPR.
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Figure 3.10 SPR reflectivity curves of the solar cells with p-polarization at various incident
angles from 20° to 70° for (a) flat Al electrode, (b) grating Al electrode, (c) PEDOT:PSS
incorporated with Ag NDs and (d) PEDOT:PSS incorporated with Ag NDs and grating Al

electrode.
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Figure 3.11 IPCE spectra of the devices incorporated (a) with different size of Ag NDs in
PEDOQOT:PSS layer and (b) with different size of Ag NDs incorporated into PEDOT:PSS layer

and grating-imprinted pattern on a top Al electrode.

To demonstrate the cooperative effect of Ag NSs or Ag NDs series and grating structure
on improving devices performance by SPR in corresponding wavelength region, the incident
photon-to-current efficiency (IPCE) spectra were observed as shown in Figures 3.11(a) and
3.11(b) for metallic NPs-added OPSCs without and with Al grating, respectively. The IPCEs
of the both OPSC system incorporated with only Ag NDs series in HTL and the system with
dual plasmonic configuration exhibited a higher IPCE than that of the control device.
Moreover, with increasing particle size of Ag NDs, the IPCEs increased, which agree well
with %PCE and current density results. To confirm and clarify the effect of Ag NDs and grating
structure Al on light absorption in broadband wavelength range, the enhancement factor (E.F.)
profiles, which the IPCEs of improved devices are divided by IPCEs of control devices, are
shown in Figure 3.12. It is noted that for the device imprinted with grating structure the
improved current can be generated from excitation of GCSPR in the range of 650-800 nm
(Figure 3.12(a)), in which the maximum E.F. is related to incident angle, whilst for devices
incorporated Ag NDs series, the current can be generated over a broad wavelength range from

400-650 nm, which is of the optical absorption and LSPR and light scattering effects of Ag
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NDs (Figure 3.12(b)). In addition, light scattering would occur at Al grating, causing the
improved photocurrent. Figure 3.12(c) shows the enhancement from only LSPR effect of Ag
NDs (370-470 nm) and from light scattering effect (450-700 nm) from both Ag NDs and Al
grating but no enhancement response of GCSPR of Al grating is not found since the
measurement was undertaken at an incident angle of 0°. Therefore, the higher photocurrent of
devices designed involving grating-coupled configuration and incorporating Ag NDs series
into HTL is attributed to dual plasmonic effect (SP excitations), light absorption, light

scattering and trapping.
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Figure 3.12 IPCE enhancement factor profiles of (a) the device imprinted with grating
structure measured at different incident angles from 0° to 70°, (b) the devices incorporated
with Ag NDs series, and (c) the devices incorporated with Ag NDs series and grating-

imprinted structure of Al electrode.
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Figure 3.13 Nyquist plots of the devices: (a) incorporated with Ag NDs with different LSPR

peaks and b) incorporated with Ag NDs with different LSPR peaks and imprinted Al grating.

Bode phase plots: (c) corresponding to (a) and d) corresponding to (b).

The impedance spectra under illumination for studying resistance and charge transfer

of the proposed devices exhibited semicircles of Nyquist plots as shown in Figure 3.13. Table

3.4 shows the summary of %PCE, Jsc, Rs and R¢t of the OPSCs. It can be seen that the impedance

spectra typically display a large semicircle in the low frequency region. Moreover, noticeable

drop in values of the real part (Z”) and the imaginary part (Z”) of the complex impedance along

with an increase in the absorption wavelength of Ag NDs series, thus resulting in an decrease

in the diameter of the charge transfer resistance semicircle. The diameter of the semicircle for

the solar cell devices without Ag NDs series is much larger than those of the devices with Ag
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NDs series and the diameter of the semicircle slightly decreases with increasing average Ag
NDs diameter (figure 3.13 (a)). Moreover, the diameters of semicircles for devices incorporated
with different Ag NDs are much larger than that of the devices with added Ag NDs and
imprinted Al grating electrode (Figure 3.13(b)), indicating lowest charge transfer resistance. It
be noted that the decreasing equivalent resistance by means of the introduction of Ag NDs
series in PEDOT:PSS layer and Al grating can effectively decrease the series resistance of the
devices, which is consistent with the enhanced photocurrent. The equivalent circuit of these
OPSCs are described in the Figures 3.13(a) and 3.13(b) while represent series resistance (Rs)
and charge transfer resistance (Rct) values are summarized in Table 3.4. It was found that the
with Al grating the Rs value decreased from 10.12 Q to 9.37 Q while incorporating Ag NDs
series into HTL slightly decreased Rs value. With increasing the particles size of Ag NDs, the
Rs value additionally dropped. The lowest Rs value was observed for the device with imprinted
Al grating cathode and incorporated with Ag NDs series. Similarly, the device with Al grating
also showed lower Rt value than that of control device and with increasing the Ag NDs
particles size, devices incorporated with Ag NDs series displayed a slight decrease in R¢t value.
Device with Al grating and incorporated with Ag NDs series exhibited the Rt value lower than
those of devices with only Al grating or only incorporating Ag NDs series into HTL. This
indicates that Al grating structure and/or Ag NDs series can improve the interfacial contact and
charge transfer properties in OPSCs. Moreover, maximum frequency peaks of the Bode phase
plots for OPSCs are shown in Figures 3.13(c) and 3.14(d). It can be seen that the device with
only Al grating exhibits higher frequency peak compared to that of control device. The devices
incorporated with only Ag NDs series display the frequency peaks slightly shifted to higher
frequency with increasing particles size of Ag NDs. In the same way, frequency peaks of the

device with Al grating and added with Ag NDs series slightly shifted regarding the increment

of the Ag ND size. In addition, the electron lifetime or carrier lifetime (Taw), Which is defined
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as the average time it takes an excess minority carrier to recombine [46], can be calculated from

the Bode phase plots and Tavr values are summarized in Table 3.4. It was found that the average

carrier lifetimes are not significantly different, suggesting that Al grating and Ag NDs in HTL
might not significantly affect the carrier lifetime. Therefore, the performances of devices
designed involving grating-coupled configuration and incorporating Ag NDs series into HTL

is mainly improved by GCSPR, LSPR and light scattering.

Table 3.4 Power conversion efficiency (PCE), short-circuit current density (Js), average
electron lifetime (tavg), maximum frequency (fmax), contact resistance (Rs) and charge transfer

resistance (Rct) of fabricated OPSCs.

PCE Jsc
Devices Tavg frmax Rs Ret
(%) | (mA/cm?
Flat 2.98 6.42 4.80 33.17 10.12 | 10.13
Grating 3.16 6.99 5.00 31.85 9.37 8.69
Ag NPs 3.22 6.88 4.60 34.62 8.45 | 10.77
Ag NPs + grating 3.32 7.08 4.60 34.62 8.45 7.73
Ag NDs-30 3.27 7.10 4.60 34.62 8.34 | 10.66
Ag NDs-30+ grating 3.42 7.32 4.80 33.17 8.34 7.65
Ag NDs-40 3.29 7.05 4.80 33.17 8.23 | 10.64
Ag NDs-40+ grating 3.42 7.21 4.60 34.62 8.23 7.63
Ag NDs-50 3.33 7.05 4.80 33.17 8.22 | 10.35
Ag NDs-50+ grating 3.43 7.15 4.80 33.17 8.22 7.30
Ag NDs-70 3.37 6.97 4.80 33.17 8.13 | 10.20
Ag NDs-70+ grating 3.59 7.41 5.00 31.85 8.13 6.80
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Figure 3.14 Schematic of the simulated structures (a) and electric field intensity maps of
OPSCs with Ag NPs (diameter of 6 nm) and Ag NDs (diameter of 30, 40, 50 and 70 nm and
thickness of 15 nm) in the PEDOT:PSS layer at illumination wavelengths of (b) 400 nm, (c)

500 nm, (d) 600 nm, and (e) 700 nm.
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As shown in Figure 3.14, the FDTD simulation was employed to investigate the
enhanced electric fields of Ag NSs and Ag NDs series incorporated into PEDOT:PSS layer by
Al coated grating electrode. Model device structure for the FDTD simulation is shown in Figure
3.14(a). The device consists of Ag NPs with different sizes and Al grating cathode. At
wavelength of 400 nm, the result from FDTD simulation clearly reveals that the Ag NDs-30
exhibit a higher electric field enhancement in comparison with those of other sizes,
corresponding to the LSPR absorption spectra as illustrated in Figure 3.14(b). In case of
incident light at wavelength of 500 nm (Figure 3.14(c)), it was found that the electric field at
Ag NDs-30 and Ag NDs-40 can be enhanced while at 600 nm (Figure 3.14(d)) the electric field
intensities of Ag NDs-40 and Ag NDs-50 are strongly enhanced, indicating the good interface
of the active layer/Al-coated grating surface. Moreover, electric field at 700 nm (Figure
3.14(e)) exhibits a highest electric field intensity at Ag NDs-70 as compared to those of other
sizes and shows a strongly enhanced the electric field intensity of the active layer/Al interface.
This is attributed to induction of electric field surround both components. As a result, larger
Ag NDs can enhance electric field intensity, which lead to increased absorption, scatting and
trapping in the OPSCs, resulting in great light harvesting performance. Furthermore, it can be
seen that the active layer/Al interface can enhance electric filed intensity in a range of 600-700
nm, which can lead to coupling the electric filed intensity of Ag NDs-50 and Ag NDs-70
resulted in higher photocurrent more than those of other sizes. The FDTD simulation result has

a good agreement with the J-V curve and IPCE results.

3.5 CONCLUSIONS

In this research, we have successfully constructed the enhanced-OPSCs employing dual
SPR phenomena originated from grating-coupled technique and addition of a series of
plasmonic Ag NDs. Imprinting grating structure on the P3HT:PCBM active layer finished by

Al electrode and/or incorporating Ag NDs into the PEDOT:PSS HTL, in turn, improved the
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light harvesting as well as the power efficiency/device performances through induced local

field enhancement surround additional plasmonic systems, better absorption property, better

light trapping and light scattering within the devices. We achieved the best OPSC with

configuration of Al grating/P3HT:PCBM/PEDOT:PSS-Ag NDs-70/1TO possessing a %PCE

improvement of 20.47%. Moreover, cooperative plasmonic enhancement in OPSCs by

combining grating structure and metal NP would be used for further development of other

enhanced photovoltaics.
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CHAPTER IV

CONCLUSIONS

This dissertation successfully demonstrates the fabrication of OPSCs with single and
dual plasmonic systems. The fashion of the photovoltaic cell used in this study was of
ITO/PEDOT:PSS/P3HT:PCBM/AI. Plasmonic metallic NPs and various kinds of
micro/nanostructure patterns of finishing metal electrode including grating-imprinted patterns
can enhance device properties such as PCE, Js, Voc, and FF. In first research project, the
influence of micro/nanopattern types of Al electrode on energy conversion performances of the
proposed OPSCs was investigated. In developing and fabrication of the plasmonic OPSCs,
creating each micro/nanostructure on active layer was carried out using the NIL technique,
followed by coating with Al film as metal electrode, on which such structure was finally
formed. For NIL process, each micro/nanostructure or each grating was completely transferred
to the active layer of OPSCs using PDMS replicas. Improvement of the OPSC performances
of the patterned devices was clearly observed. The improvement in the device performances is
caused mainly by an increase in light absorption (light harvesting), which was attributed to the
effects of either light scattering or GCSPR and both mechanisms. The patterns imprinted
employing CD-R and BD-R gratings (1D grating) could provide the enhancement by both light
scattering and GCSPR. Other imprinted patterns with nanodots and nanowells (2D gratings)
revealed the improvement of light harvesting originated from only light scattering while the
another 2D grating, namely honeycomb-imprinted structure, would offer both light scattering
and GCSPR effects. The observable %PCEs are 2.49, 2.73, 3.09, 2.50, 2.65, and 2.58 for
OPSCs with flat, CD-R-, BD-R-, nanodots-, nanowells-, and honeycomb-imprinted Al
electrodes, respectively. As compared to the performance of bare OPSC, the best improvement

of 24.09% was found with our OPSC imprinted with BD-R grating structure of Al electrode.
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In second project, single plasmonic system with putting metallic NPs into HTL and dual
plasmonic architecture based on HTL containing metallic NPs and grating-imprinted Al
electrode were used in developing the plasmonic OPSCs with the same device configuration
above. We successfully constructed the enhanced-OPSCs employing LSPR effect of added
metal NPs in HTL or dual SPR phenomena originated from grating-coupled technique and
additions of plasmonic NPs (Au NPs, Ag NSs, and a series of Ag NDs). Both plasmonic
systems can actually enhance light harvesting over the broadband solar light for our developed
OPSCs. It was found that dual plasmonic system which consists of LSPR and GCSPR effects
of metal NPs and grating-nanoimprinted Al electrode works synergically, thus resulting in the
noticeable enhancement of the photocurrent in the OPSCs. The observed improvement is
attributed to the unique optical phenomena (LSPR, GCSPR and light scattering). Moreover,
size of Ag NDs that would promote different LSPR excitations, light scatterings, and light
absorptions, significantly affects %PCE and the enhancement of OPSCs. It was found that the
observed %PCEs of dual plasmonic OPSCs are 3.32, 3.42, 3.42, 3.43, and 3.59 for
incorporating with Ag NSs (6 nm), Ag NDs with average particle sizes of 30, 40, 50, and 70
nm, respectively. As compared to the performance of bare OPSC, the best improvement of
20.47% was achieved using Ag NDs with size of ca. 70 nm. Furthermore, cooperative
plasmonic enhancement in OPSCs by combining grating structure and metal NPs in HTL could

be used for further development of other photovoltaics.

SUGGESTIONS FOR FUTURE WORK
1. In order to obtain broadband light-harvesting, the advantages of the combination of
plasmonic nanoparticles of Au NPs and Ag NDs should be investigated (i.e. loading

concentration and position in OPSCs).
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2. The cooperative effect of QDs and metallic nano/micro structures in OPSCs should

be studied.

3. The our proposed plasmonic system should be applied to the construction of

perovskite solar cells.
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Figure Al.1 The photocurrent measurement apparatus.
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Figure B1.2 UV-visible absorption spectra of (a) Au NPs and Ag NDs-30 solutions and
(b) ITO/PEDOT:PSS/P3HT:PCBM films without and with adding Au NPs or Ag NDs-30 in

HTL.
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Figure B1.3 SPR reflectivity curves at various incident angles of 20°-70° for the solar cells

based on flat Al electrode with Au NPs under incident (a) s-polarized and (b) p-polarized

lights and based on Al grating with Au NDs under incident (c) s-polarized and (d) p-polarized

lights.
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Figure B1.4 SPR reflectivity curves with p-polarization at various incident angles of 20°-70°

for the solar cells with Al grating and (a) Ag NSs, (b) Ag NDs-30, (c) Ag NDs-40, (d) Ag-

NDs-50, or (e) Ag NDs-40.
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Figure B1.6 IPCE spectra with and without SP excitation measured at an incident angle of

20° for the devices with (a) flat Al, (b) Al grating, (c) flat Al + Au NPs, (d) Al grating + Au

NPs, (e) flat Al + Ag NDs, and (f) Al grating + Ag NDs.
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Figure B1.7 IPCE enhancement factor measured at incident angles from 0° to 70° for OPSCs

with (a) Al grating, (b) Au NPs + Al grating, and (c) Ag ND + Al grating.
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