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ABSTRACT
The growth of carbon and poly-p-phenylene vinylene (PPV) nanostructures via
chemical vapour deposition (CVD) has been studied. Working temperatures of 400, 450
and 500°C and 270°C have been applied for the growth of carbon and PPV,
respectively. In this work, indium tin oxide (ITO) modified by the CVD growth of
carbon nanostructures has been used as an electrode in the fabrication of organic
photovoltaic (OPV) devices. Therefore, the effect of thermal treatment on ITO

conductivity, physical properties and chemical composition is studied.

The growth of carbon nanostructures on ITO is studied under a variety of CVD
conditions, in particular, the effect of varying growth time, temperature and system
pressure have been investigated. Pressures between 100 and 400 Torr were used during
the growth of the carbon nanostructures. Two layers, comprising a dense amorphous
interface layer and the nanostructured layer have been observed at all pressures in this
range. However, an abrupt change at the interface and nanostructured layer was seen at
400 Torr. The thickness of the interface layer, which is composed of amorphous carbon,
is directly proportional to the system pressure. H, plasma treatment has been applied to
reduce the amorphous carbon layer thickness. Multiwalled carbon nanotubes
(MWCNTs) have been successfully synthesised at pressures between 100 and 300 Torr.
The diffusion of indium from the substrate into the nanostructured layer is observed to
occur at 450°C and 400 Torr which initiates the growth of indium oxide nanowires

encapsulated by a carbon layer.

Presented here for the first time is an OPV whose active layer has been fabricated via
the CVD technique. A PPV nanofilm is synthesised by CVD onto ITO without the use
of solvent or solution. Two different monomers, a,a’-dichloro-p-xylene and a,a’-
dibromo-p-xylene, are used and the properties of the chloro-derived PPV and bromo-
derived PPV is compared for the future fabrication. The chloro-derived PPV has an
advantage over bromo-derived PPV in terms of the energy band gap and conjugation
length. As a consequence, an OPV is wholly fabricated by the starting monomer of a,0’-

dichloro-p-xylene.

To realise PPV nanostructures that could potentially be integrated into OPV devices,

CVD based polymerisation of PPV in a porous alumina template has been investigated.
Xix



Five different angles of the template with respect to the gas flow were tested. A series of
interesting PPV nanostructures such as fibre-like and nanotubes have been effectively

synthesised via this method.
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1 INTRODUCTION AND MOTIVATION

Nanostructured materials have attracted enormous interest due to the interesting
physical and chemical properties arising from their nanoscale dimensions [1-9]. A
nanostructured material is classified as a material constructed from a layer or cluster of
atoms with size of the order of nanometres [10-12]. Nanostructured materials can be
defined with length scales between 0.1 and 100 nm in one to three dimensions. For
example, nanotextured surfaces have one dimension on the nanoscale with the thickness
of the surface object being between 0.1 and 100 nm. Two dimensional nanotubes have a
diameter between 0.1 and 100 nm, but with much greater lengths. Spherical
nanoparticles have three dimensions on the nanoscale with particle size is between 0.1

and 100 nm in each dimension.

1.1 CHALLENGES AND ISSUES

The overall goal of this work was to assess the potential of the chemical vapour
deposition (CVD) technique for the fabrication and characterisation of various novel
nanostructured materials used for organic photovoltaic device applications. A small
number of significant achievements in the field of novel nanostructured materials have
been reported as part of on-going research by many groups across the world [13-22].
The fabrication of novel nanostructured materials produced via solely by CVD has
revealed a number of technical limitations and fundamental challenges associated with
the science and technology of nanostructures. In particular, some of the major

challenges include:

(1) Controllable growth of nanostructured materials with low working/substrate

temperature.

(2) General understanding of the growth mechanism of novel nanostructured

materials.

(3) Understanding the origin of the exceptional functional properties of novel

nanostructured materials and utilising these in device application.



(4) On the basis of points (1)—~(3) the development of new design strategies and

methodologies for the fabrication of novel nanostructured materials.

1.2 RESEARCH OBJECTIVES

The research objectives in this work are to demonstrate the synthesis of novel

nanostructure growth, and to integrate these new materials into prototype devices.
The technical objectives included:
(1) Investigation of thermal effect on indium tin oxide (ITO) substrate.

Indium tin oxide (ITO) substrate is selected in this work due to its interesting physical
properties and applications as a transparent electrode. Since the CVD process involves
thermal treatment, it is worthwhile to study the effects of annealing on ITO. The
changes in properties such as electrical conductivity, surface morphology, optical
properties and surface chemistry of ITO heated at different temperatures are reported. In
addition, the study on the oxidation and diffusion of indium into other thin film layers

due to thermal treatment is considered.

(2) Understanding the growth mechanism of CVD grown carbon and metal oxide

nanostructures on ITO substrate.

This work involves the growth of a number of different nanostructured materials
(carbon and metal oxide) on ITO substrates. Nanostructured materials grown on ITO
substrate will be characterised by various techniques (SEM, EDX, TEM and SAED) to
(1) evaluate the influence of growth time, growth temperature and system pressure on
morphology and (ii) to elucidate the influence of the ITO substrate on the composition,
structure and morphology of nanostructured materials (Publication 1). The strategy
utilised in this thesis is to understand the growth conditions of CVD process which
allow understanding of the correlation between optimised growth conditions and

nanostructures growth.

(3) Controllable synthesis of CVD grown polymer nanostructures and the fabrication

of prototype devices.



A CVD grown polymer, poly(p-phenylene vinylene) (PPV) has been chosen due to its
favourable electrical, optical, electroluminescent and photovoltaic properties. For the
synthesis of PPV, a CVD technique based on the pyrolysis of a monomer (a,0’-
dichloro-p-xylene and a,0’-dibromo-p-xylene) is employed under controlled pyrolysis
temperature, time and pressure conditions. This process is expected to have unique
advantages, such as the synthesis of PPV nanofilms using a shorter thermal conversion
time and thus lower degradation of PPV nanofilms upon atmospheric exposure. A series
of new generation prototype OPV devices is fabricated from the bottom-up by

implementing the CVD of PPV (Publication 2).

(4) Elucidating the implementation of new design methodologies in producing novel

polymer nanostructures.

To obtain a deeper insight into chemical precursor infiltration, a porous alumina
template is held at a range of angles within the deposition zone of CVD reactor. The
transformation of chemical precursor into PPV nanostructures is studied in this work,
and the nanostructures arising from the changing angle of deposition are investigated

(Publication 3).

1.3 ORGANISATION OF THESIS

This thesis is organised in the following manner. Chapter 1 provides the objectives,
motivation of research focus and an overview of the current activities. Chapter 2
explains the techniques and equipment relevant to the overall work. These techniques
and equipment are essential to the readers’ full understanding of the method used to
obtain experiment results in the remaining chapters. Chapter 3 presents the systematic
studies of thermal treatment on ITO substrates. Chapter 4 contains the details of process
parameters and results relevant to the fabrication of novel nanostructured materials
(carbon and metal oxide) grown on ITO substrates and discuss the factors responsible
for the growth behaviours. Chapter 5 presents the controllable synthesis of polymer and
the integration into prototype devices. The fabrication of novel polymer nanostructures
via the implementation of new design methodologies are provided in Chapter 6.

Finally, Chapter 7 is the summary of the thesis work.



1.4 PHOTOVOLTAIC TECHNOLOGY

Current trends in energy supply and usage are obviously unsustainable in terms of the
economy, environment and social opinion. Air pollution and global warming are two of
the greatest threats to human and animal health caused by the lack of a viable renewable
energy alternative. Energy security uncertainty and the rising prices of conventional
energy sources are also major concerns to economic and political stability. By 2050,
energy-related emissions of CO, will more than double if rapid energy resource
management is not implemented [23]. With regard to this matter, the International
Energy Agency (IEA) has developed a series of roadmaps for some of the most crucial
technologies. These roadmaps offer a solid analytical footing that facilitates the

international community to move forward on technologies related to renewable energy.

Solar energy is the most abundant energy resource on earth and considered by many to
be the alternative energy source of choice. In principle, solar energy is an entirely clean
and inexhaustible source of energy. The amount of energy consumed by all human
activities in a year is equal to one hour of hitting the earth’s surface [23]. The vast
amount of solar energy available on earth can be converted directly to electricity via

photovoltaic cells.

Photovoltaic (PV) technology has great potential as a renewable source for the
conversion of sunlight to electricity. PV power is an exceptionally promising area for
technological growth in future. Since 2000, global PV capacity has been increasing at
an average annual growth rate of more than 40% and there is the prospect of long-term
growth over the next decades [23]. The recent IEA PV Roadmap envisages that by
2050, approximately 11% of global electricity production will be produced by PV
power which is equivalent to 4500 TWh per year. Besides contributing to substantial
greenhouse gas emission reductions, this level of PV will provide significant benefits in

terms of the security of energy supply and socio-economic development.

Wafer based crystalline silicon (c-Si) and thin films are two broad categories used as
commercial PV modules. Crystalline silicon and thin film PV modules account for 85 -
90% and 10 - 15% of the global market, respectively. However, as shown in Figure 1-1,

there are high manufacturing costs for both wafer based c¢-Si and thin film PV modules.
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On the other hand, new solar cell devices fabricated from organic materials have shown

the potential to be manufactured inexpensively.

Figure 1-1: Current performance and price of different PV module technologies [23]

The fabrication of PV devices using polymeric and organic materials has received much
attention in recent years. The term “organic materials” refers to chemical compounds
that contain carbon, which may also contain elements such as hydrogen, nitrogen,
oxygen and the halogens. PV devices based on silicon or other inorganic materials
(such as CdTe) are either costly to fabricate or have limited abundance when compared
with organic materials. However, despite continued efforts worldwide, organic
photovoltaic (OPV) devices still lag behind their inorganic counterparts in the areas of

solar energy conversion efficiency and stability.

15 ORGANIC PHOTOVOLTAICS (OPVs)

The PV effect was first observed by the French physicist Edmond Becquerel in 1839,
but the first crystalline silicon photovoltaic device was not built until 1954 at Bell
Laboratories [24]. A PV device or solar cell, converts absorbed photons directly into

electrical charges that are subsequently extracted and used to energize an external
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circuit. Inorganic semiconductor materials, such as crystalline Si have been used for
fabricating standard conventional solar cells since the late 1950s [24]. Light absorption
in a conventional solar cell creates electron-hole pairs that are immediately separated
and accelerated to the appropriate electrode by the strong internal electric field that

exists in these devices.

OPV cells comprise either small organic molecules or conducting organic polymer.
Both the small organic molecules and conducting organic polymer utilised in PV have
the general feature of a conjugated bonding system. A conjugated system is a system
where the carbon atom backbone is covalently bound with alternating single and double
bonds. Hydrocarbon electron p, orbitals delocalize and form a delocalized bonding &
orbital which is the highest occupied molecular orbital (HOMO) and a n* antibonding
orbital, the so-called lowest unoccupied molecular orbital (LUMO). The band gap of

organic materials can be identified as the separation between HOMO and LUMO.

In 1959, the first OPV cells were developed based on single organic materials (or
homojunctions), but unfortunately they exhibited very low power conversion efficiency
due to the comparatively large resistance of the unexcited layer [25]. A single layer of
small organic molecules is sandwiched between two electrodes, normally a high work
function indium tin oxide (ITO) anode and a low work function Al or Ca metal cathode.
In these single-layer cells, the built-in potential is created by the electrode work function
differences or a Schottky-type potential barrier at metal/organic contacts. A large series
resistance which correlates with the insulating behaviour of the organic layer is
observed, and a poor fill factor (FF) is recorded from such a structure. Poor fill factors
represents a low ratio of maximum obtainable power to the product of the open-circuit
voltage and short-circuit current. The main drawback in the single layer OPV is
insufficient electric field to dissociate the photogenerated excitons. The low dielectric
function of these materials means that those electrons and holes tend to recombine with
each other rather than transport to the appropriate electrode. To overcome this problem,

the bilayer OPV, was introduced.

Bilayer-based OPVs were first reported in 1986 [26] when a power conversion
efficiency of 1% was achieved by sandwiching an electron donor material layer and an

electron acceptor material layer together in one cell. The first bilayer OPV cell was
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fabricated from copper phthalocyanine (CuPc) and a perylene tetracarboxylic derivative
(Pv). In this OPV structure, which is based on small organic molecules, the PV
properties rely on the interface between the two organic materials rather than the
interface between electrode and organic materials. Photogeneration of charges
predominantly occurs in the interface region and this is thus crucial to PV performance.
Despite the relatively low power conversion efficiency demonstrated by the bilayer
OPV in 1986, continuous studies have been conducted to improve this kind of structure
and have resulted in improved OPV efficiency of 3.5% [27]. The enhancement in
bilayer OPV efficiency is a good starting point for the achievement of low cost solar

cells.

Unlike inorganic materials, where incident light on the device produces free electrons
and holes, organic materials irradiated with optical photons produce a mobile excited
state consisting of a bound electron-hole pair known as an exciton [28]. Strong
Coulombic forces, coupled with the low dielectric constant of polymer materials, tend
to localize the exciton on the molecules [29]. As such, the exciton that is produced has
to be dissociated in order to deliver separate charges (negative and positive) to the
appropriate electrode with the possibility that this excited state may recombine before
reaching its destination, resulting in reduced charge generation. This recombination is
illustrated by the fact that excitons typically possess short diffusion lengths of the order
of 14 nm [30]. Since, the thickness of the polymer layer needs to be at least 100 nm for
efficient light absorption; it is impractical to achieve the same range as diffusion
lengths. In order to deal with this problem, the bulk heterojunction (BHJ) OPV was
proposed.

In the mid-1990s, the concept of BHJ organic solar cells was introduced - blending the
donor and acceptor materials together. This structure forms a nanoscale interpenetrating
network of donor-acceptor junctions throughout the device and a dramatic decrease in
the number of excitons lost through recombination is achieved [31]. The mixture of
donor and acceptor materials (eg: polymer-fullerene blend) is the active layer in BHJ
solar cells. In the BHJ structure, the interface is spatially dispersed over the whole
volume of the active layer. Absorption of light by the active layer leads to exciton

generation. Electrons will be transferred from the conjugated polymer (donor) to the
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highly efficient electron acceptor material fullerene. Electrons and holes are then
transported to the appropriate electrode, with the electron travelling along the fullerene

network while the hole moves within the conjugated polymer network.

The first fully organic BHJ device based on a mixture of soluble poly (p-phenylene
vinylene) (PPV) derivative with a fullerene acceptor [32] was manufactured in 1995 by
Yu and Heeger, and gave an efficiency of around 1%. Since then, the power conversion
efficiency of BHJ-based cells has increased systematically. In 2001, devices consisting
of a conjugated polymer poly (2-methoxy-5-(3’,7’-dimethyloctyloxy)-p-phenylene
vinylene) (MDMO-PPV) and [6,6] — phenyl (61-butyric acid methyl ester (PCBM) that
mixed in a ratio of 1:4 wt% resulted in devices with 2.5% efficiency [33]. In 2005,
efficiencies of more than 3% [34, 35] were recorded for polymer:fullerene BHJ solar
cells based on polythiophene derivatives with optimised nanoscale morphology of the
film. Moreover, BHJ solar cells using poly (3-hexylthiophene) (P3HT) and PCBM as
electron donor and electron acceptor, respectively, record 5% power conversion
efficiency [6]. Most recently, new polymers from the thieno [3,4-D]
thiophenebenzodithiophene (PTB) family of PTB7 has exhibited power conversion
efficiency up to 7.4% when blended with PC7;;BM [36]. However, many other semi-

conducting materials have been incorporated into OPV devices.

The performance of PV cells is generally rated in terms of their power conversion
efficiency (PCE), external quantum efficiency (EQE), short circuit current (I), open
circuit voltage (Vo) and fill factor (FF). These characteristics depend on a number of
factors including: the relative position of HOMO/LUMO levels of the constituent
materials, the solubility of the component materials, the solvent system, and the
morphology of the active film. An optical band gap energy of around 2eV has been
recorded for many of the poly (3-alkylthiophenes) P3ATs such as poly (3-
hexylthiophene) P3HT, poly (3-octylthiophene) P3OT and poly (3-dodecylthiophene)
P3DDT, which are commonly used as electron donors in polymer solar cells [37]. This
relatively large band gap means that the absorption of these devices is poor in the red
part of the solar spectrum and hence much work is currently underway to develop lower
band gap materials [38]. Recently certified device efficiencies of 6.1% have been

reported for lower band gap polycarbazole materials blended with PC;,BM [39].



The type of solvent used for polymer dissolution has an implication on OPV power
conversion efficiency. BHJ organic solar cells based on P3HT processed from
chlorobenzene solution have recorded a power conversion efficiency of 3.6% [40]. In
order to investigate the role of solvent used in OPV fabrication, Kim et al 2005 [35]
used two different solvents, chlorobenzene and 1,2-dichlorobenzene, and different
power conversion efficiencies were recorded. Devices fabricated with the blend films
(P3HT:PCBM = 1:1) dissolved in chlorobenzene and subjected to annealing treatment

at 140°C for 15 min gave the best power conversion efficiency.

Current

Isc

Voltage

Figure 1-2: The graph of current-voltage curve with the illustration of FF, I, and V.

1.6 THE IMPORTANCE OF NANOSTRUCTURE IN OPVs

Despite the improvement of OPV cell efficiencies to more than 7% [39] (and in June
2011 a 10.1% device has been reported by Mitsubishi Chemical Corporation), a number
of limitations to these devices remain. The main limitation of the OPV efficiency is the
charge separation process at the donor and acceptor interfaces [41]. Inefficient
separation of the charge carriers leads to problems with charge transport and mobility.
Generally, the current state-of-art BHJ OPV devices are based on a mixture of donor
and acceptor materials that produce an unstructured, phase segregated morphology in
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the polymer blend. Existing fabrication methodologies such as spin coating, screen
printing or spray coating are problematic since the phase segregation of the polymer
mixture cannot be well controlled. In addition, as a result of low charge carrier
mobilities, recombination is enhanced, resulting in charge losses. The performance of
nanostructured OPV devices has been studied via a Monte Carlo model for charge
carrier dissociation and recombination which considers all electrostatic interactions,
energetic disorder and polaronic effects [42]. This model predicts that an interdigitated

OPYV nanostructure could achieve double the carrier collection efficiency of blend films.

The charge carrier transport properties of nanostructured OPV devices have also been
investigated using a dynamical Monte Carlo model [43]. Six different heterojunction
(HJ) morphologies were studied via this model and their structural characteristics as
well as efficiency improvement and limiting factors were compared. The continuous
layers of planar HJ with a flat interface have an advantage in charge collection
efficiency. However, the exciton diffusion efficiency is limited by their short diffusion
length which results in lower charge mobility and power conversion efficiency. The
simple structure of mixed HJ, with and without annealing treatment shows an
improvement in terms of the exciton dissociation efficiency and the charge collection
efficiency. However, other factors limit this type of OPV structure, with the lack of
continuous conductive pathways and trapped charge carriers both limiting carrier
mobility. The proposed ‘chessboard’ structure of alternate donor and acceptor pillars
sandwiched between donor and acceptor layers shows the ideal structure for high charge
collection and exciton dissociation efficiency [43]. In principle, by using pillars of
smaller diameter than the exciton diffusion length, optimal external quantum efficiency
can be achieved. One approach to producing OPV devices with this sort of architecture

is to fabricate nanotubes or nanorods of donor and/or acceptor materials.

The introduction of nanotubes and nanorods into the OPV structure could solve the
morphology problem by forming an ideal ordered interdigitated OPV structure.
Chemical vapour deposition (CVD) is a promising approach since nanotubes and
nanorods can be fabricated directly onto desired substrates by CVD at low temperature
[2]. The next generation of nanostructured OPVs could thus be directly fabricated from

the bottom-up via CVD. CVD is frequently used in the semiconductor industry for
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producing high-purity and high performance materials, particularly thin films.
Moreover, conductive polymer deposition onto a range of substrates can be done via
CVD [44]. There are a number of types of CVD that differ in the means by which the
chemical reactions are initiated; plasma-enhanced CVD, metal-organic CVD, vapour
phase (spray pyrolysis) CVD, distributed electronic cyclotron resonance CVD, initiated
CVD, atmospheric pressure CVD, hot-wire CVD, catalytic CVD, floating-catalyst
CVD, oxidative CVD and water-assisted CVD [18, 45-61].

One of the most favourable CVD techniques is so-called thermal chemical vapour
deposition (TCVD) a schematic of which is shown in Figure 1-3. This technique offers
advantages in production and allows choice of hydrocarbon sources, suitable for the
synthesis of high quality materials and control of microscopic structure [44]. In this
process, thermal production of radicals or initiators is separated from the film growth
zone, allowing unimpeded bond configurations based on the chemical interface between
the decomposition species. The substrate is rapidly heated by a heating coil in order to
reduce the occurrence of unwanted gas phase reactions that lead to particle formation.
Moreover, control of the precursor temperature, vapour flux and substrate temperature
can be used to alter the molecular structure and composition to achieve film properties

required for specific application.

Heating Coil

B

CLLL R LR LR B LI Ly

Gas

=
....................... Outlet
(LU R LU R R LR
|| |
CH,y g E v / Temperature
H, A & Pressure
o N—

Ar

Figure 1-3: Thermal Chemical Vapor Deposition System [44]
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1.7 CARBON NANOTUBES (CNTs)

1.7.1 Fabrication Methods and Mechanisms

Carbon nanotubes (CNTs) are unique nanostructures with astonishing electronic and
mechanical properties, with applications in, for example, nanometre-sized electronics
and composite materials. In essence a CNT is a hexagonal network of carbon atoms that
has been rolled up to produce a seamless cylinder (Figure 1-4). The cylinder can be tens
of microns long and each end is usually capped with half of a fullerene molecule. CNTs
are 20-160 times stronger and 6 times lighter than steel [62]. In addition, they have a
significant potential as transparent and conductive coatings due to their outstanding

geometrical, mechanical and electrical properties [63].

Roll-up

araphene sheet SVWNT

Figure 1-4: Formation of Carbon Nanotube [62]

Thermal CVD has been applied to the fabrication of CNTs and CNT based devices.
Small hydrocarbon molecules such as CH4, C;H, and C,Hy4 are used as the source of
carbon atoms to produce CNTs at the relatively high temperature of 900°C. However, it
is possible to grow CNTs and carbon nanorods (CNRs) at the relatively low temperature
of 200°C [15] on a catalyst layer by forming hexagonal carbon clusters or one-
dimensional carbon chain clusters from freshly produced C,. Direct growth of CNTs on
substrates at low temperature acts as an important part in their application to the low
cost production of solar cells. The characteristics of CNTs generated by the CVD
method rely on parameters such as the temperature and pressure of operation, volume
and concentration of hydrocarbon gas, size of metallic catalyst particles and the time of

reaction.
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1.7.2 Usein OPVs

The unique properties of CNTs are useful to organic solar cells, but current efficiencies
of CNT based OPVs are at best 2.5% [64]. It has been suggested that the efficiency of
CNT-based organic solar cells can be improved by eliminating carrier losses at the

CNT/electrode interface [13].

According to Agrawal et al [65], charge transfer efficiency between CNTs and the cell
electrode can be enhanced by directly growing them onto an indium tin oxide-layered
(ITO) substrate. ITO films have a high crystallinity and excellent optical absorption
properties [13]. Moreover, the high transparency (~80%) and low resistivity (1x10™
ohm/cm) of ITO [66] has led it to be extensively used as an electrode in organic solar
cells. ITO provides an ideal interface for carrier exchange because of its smooth surface
[67]. As reported by Ulbricht et al [68], the photocurrent from an OPV can be doubled
with the introduction of a CNT network to the planar ITO anode. This is due to the
enhancement of hole collection and transportation to the ITO. A short circuit current
(Jso) of 11 mA/cm?, fill factor of 0.49 and an efficiency of 1.74% has been obtained with
this hybrid anode, twice the short circuit photocurrent produced by OPVs with only ITO
or CNT anodes.

Another reason for improved performance of solar cells fabricated from CNT has been
proposed by Andre et al [1], who suggested that CNTs act as a nucleating agent that
induces local order to the polymer chain. The addition of CNTs to the polymer allows
charge separation of the photogenerated excitons and efficient electron transport to the
electrode through the nanotubes. The work has demonstrated that the power conversion
efficiency of solar cells can be increased by three orders of magnitude compared with
the device without CNTs. This finding supports the work done by Valentini et al [14],
who fabricated devices using an ITO/CNT/P3OT structure without an acceptor fullerene
that showed photovoltaic behaviour. This behaviour could be attributed to the formation
of internal polymer/CNT junctions, which act as an interface creating a continuous

pathway for the electron to be efficiently transported to the cathode.

Another group using CNTs in solar cells is Wei et al [9]. This group claim that CNTs

participate in both the photogeneration process and charge carrier transport. CNT films
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with thicknesses of 35 nm or 50 nm show a transmission of >60% in the visible region
of the spectrum. A CNT film with larger thicknesses of 200 nm has a transmission
above 40% at a wavelength of 550 nm. Wei et al [9] also found that the sheet resistance
of CNT film with thickness between 35 — 200 nm (0.5 - 5 /sq) is lower than that of
ITO (15 ©Q/sq). The optimal thickness of CNT films was found to be 100 — 150 nm
because thicker films are less transparent and prevent more incident light from reaching

the active layer.

1.8 POLYMER NANOSTRUCTURES

1.8.1 Fabrication

Conducting polymer films can be deposited directly onto the CNT substrate with
minimal bond defects if the process facilitates the polymerization reaction in accordance
with the established thermodynamic considerations. Conducting polymer films formed
by spin-casting or spin-coating techniques are not desirable due to low processing
throughput, poor conformity, the inclusion of product impurities and the casting solvent,
which is an environmental concern [69]. One example of a conducting polymer that has
been effectively processed in thin film form is PPV. The degree of structural order and
film morphology of the PPV can be controlled when prepared via the thermal

conversion of a polymer precursor.

Thermal CVD has been widely used for surface modification and conducting polymer
film formation. According to Kim et al [70], PPV nanofilms, nanotubes and nanorods
can be easily prepared by performing CVD polymerization of a,o’- dichloro-p-xylene
on the inner surface of pores of organic or inorganic membranes by using a reactor
similar to that shown in Figure 1-5 [71]. Thin films of PPV prepared by the CVD
method have been successfully obtained by Iwatsuki et al [72], Starring et al [73] and
Shafer et al [74]. Low dangling bond densities were achieved by using thermal CVD in
order to deposit fluorocarbon polymer films with a chemical resemblance to bulk

polytetrafluoroethylene [75].

Researchers have been working with conducting polymer deposition via the CVD

method for several years now. There are a number of conducting polymers that have
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been successfully produced via the direct synthesis from the vapour phase. This method
enables the in situ control of film morphology, molecular weight and cross linking.
Ultra thin layers of insoluble polymers, for instance polytetrafluoroethylene (PTFE) and
polyoxymethylene (POM) can be created in this way [53]. Poly (methyl methacrylate)
(PMMA) films have been grown using the preheated monomer of methyl methacrylate
and initiator vapors of #-butyl peroxide [76], while poly (dimethylaminomethylstyrene)
(PDMAMS) and poly (diethylaminoethylacrylate) (PDEAEA) were formed using tert-
amylperoxide as the initiator [54]. In addition, trivinyl-trimethyl cyclotrisiloxane
monomer and terbutyl peroxide initiator were utilized to produce thin films of a novel

organosilicon polymer [58].

The deposition rate and molecular weight are inversely proportional to the substrate
temperature. As reported by Gupta et al [49], poly (glycidyl methacrylate) (PGMA) is
deposited onto large stationary and moving substrates from the 2-hydroxyethyl
methacrylate and perfluoroalkyl ethyl methacrylate monomers when these parameters
are considered. Investigation of other parameters such as optical transmission and
fundamental reflectivity spectra of polymer thin films have been conducted by Jarzabek
et al [77], revealing that the absorption coefficient of polyazomethine (PPI) films
prepared by CVD method give a significant broad band at 2.9 eV.

Figure 1-5: Diagram of reactor used for CVD of PPV [71]
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1.8.2 Usein OPVs

Polymer based OPV devices can be constructed by employing PPV as the conjugated
polymer material. According to Holt et al [78], PPV-based materials have a suitable
UV-vis absorption spectrum. The electronic structure of PPV has a small exciton
binding energy of 60 meV which has been found to be an important factor in most
devices [79]. This small binding energy indicates that the charge carriers are well
screened so that a band picture supplemented by the electron-phonon interaction and the
electron-electron interaction is justified. The relatively high internal field in the OPV
can assist with exciton dissociation and charge transport, as well as carrier extraction at

the cell contacts.

Conducting polymers in nanostructure form can improve the optical and electronic
properties of photovoltaic devices [80] and have been applied as the electron-donating
and hole-transferring components in the photovoltaic materials. Conducting polymer of
PPV can be fabricated to the desired shapes particularly at nano dimensions [70]. The
photovoltaic effect has been well shown in the PPV/fullerene heterojunction fabricated
via different polymerization techniques [81, 82]. However, to date there is no report on

the fabrication of OPVs via CVD.
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2 EXPERIMENTAL

This chapter describes the experimental techniques used in this work. The goal in
providing this detail is to give the reader an understanding of the catalyst preparation,
nanostructure growth and device characterisation. The methods presented include the
CVD preparation of carbon and polymer nanostructures which form the basis of the

work in Chapters 3 to 6.

2.1 FABRICATION OF CARBON NANOTUBES

Carbon nanostructures that comprise carbon nanotubes (CNTs), carbon nanofibres
(CNFs) and carbon nanorods (CNRs) have been grown on ITO substrates via CVD. An
ITO layer of 170 nm thickness is used as a substrate for carbon nanostructure growth.
Due to the deformation of ITO-coated glass at 550°C, a low working temperature (400 —
500°C) is required. In this work, iron is evaporated to a thickness of 5 nm onto the ITO-
coated glass by using electron beam evaporation and subsequently used as a catalyst for

carbon nanostructure growth.

2.1.1 Catalyst Layer Deposition

Generally, the transition metals such as iron, nickel, cobalt and palladium are used as
catalysts for carbon nanostructure growth, either alone or in combination. The ability of
those transition metals to catalyse the formation of carbon nanostructures is mostly
correlated to their catalytic activity for the decomposition of carbon compounds and the
possibility for the carbon to diffuse through the metals. Additionally, the high melting
point and low equilibrium-vapour pressure of these metals allow an extensive

temperature window for the CVD of a wide choice of carbon precursors.

Iron is found to be more efficient than other transition metals for hydrocarbon
decomposition [83]. Iron is more able to catalyse dissociation of a hydrocarbon
molecule than other transition metals due to its electronic structure [84]. The
hydrocarbon molecule is required to adsorb to the catalyst metal surface before the
appropriate carbon nanostructure growth can take place. This interaction occurs via the

transfer of electron density from hydrocarbon (donor-adsorbate) to catalyst metal
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(acceptor). Generally, simultaneous back-donation will take place and this interaction
leads to the dissociation of the molecule. Due to the degree of filling of the d-bands of
iron, the catalytic activity and interaction with hydrocarbon is more intense than for

most other transition metals.

Various methods of catalyst preparation have been used in growing carbon
nanostructures for devices. Catalyst preparation involving the formation of the metal
catalyst from solution has been widely used [85-89]. However, catalyst prepared from
solution has several disadvantages including longer preparation time and the need for
multiple preparation steps. Zielinski et al [85] have reported the use of magnetite
(ferrofluid) in iron catalyst production. In this process, the ferrofluid needs to be
vaporized and adhered to the specific substrate. However, control of the amount of
metal particles deposited is difficult leading to problems in producing the desired

structure of carbon.

An alternative method to solution based-catalyst preparation is to wuse iron
pentacarbonyl as the metal particle precursor. However, due to the higher temperature
needed for the thermal decomposition of the precursor to metallic iron, this method is

not the most practical technique to be implemented.

The electron beam evaporation method has successfully been used to synthesise self-
oriented regular arrays of CNTs [3]. It offers great flexibility as it allows the deposition
of any metal, as well as some alloys and insulating compounds. Electron beam
evaporation is a technique that uses electron bombardment to produce an intense
localized heating of rods or a small crucible containing the material of interest (Figure
2-1). The rod is placed inside a ring filament while electrons from the incandescent
filament are attracted towards it. The electron beam is used to heat the source materials
and cause evaporation. Electrons are accelerated to up-to 2 kV at a current of up to 200
mA, making a total heating power of 400 W delivered into a very small area;

temperatures of over 3500°C can be reached.

For this project ITO-coated glass with a surface resistivity of 8-12 Q/square was
purchased from Delta Technologies Limited and a sample area of 1 cm x 1 cm was used

for all experiments. The ITO substrates were cleaned using a three stage ultrasonic
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cleaning procedure: liquid detergent in water, deionised water and acetone for 15 min
each. Dry nitrogen gas was used to blow dry all the ITO substrates at the end of the
cleaning process in order to eliminate any retained moisture and small dust during the
handling process. An iron layer with a thickness of 5 nm was then evaporated onto the
cleaned ITO substrate using electron beam evaporation. The electron beam evaporator
model EBE-Iwas set at 15 mA and 1 kV for this process. Figure 2-2 shows the
calibration of layer thickness and evaporation time data plot that was conducted on this

evaporator in order to produce a calibration equation of the form 7 =1.258¢ - 0.373 .

HY connector:

Rotary drive
50mm thimble

Water infout 203

275" (NW35CF)
Mounting flange

Evaporated material

Flux monitor\
Shutter

Figure 2-1: Evaporator overview and dimensions
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Figure 2-2: Fe layer thickness versus evaporation time plot
T =1.258-0.373 (2-1)

Where, T = thickness in nm

¢t = time in minute

Since 5 nm layer thicknesses are required in this project, an evaporation time of 4 min

and 16 sec was used.

2.1.2 Thermal Chemical Vapour Deposition

Carbon nanostructures were synthesized using a CVD system from Atomate
Corporation, shown in Figure 2-3. Three different growth temperatures of 400, 450 and
500 °C were introduced for the carbon nanostructure growth. The CVD system provides
three heating zones using a standard coil heater element of NiCr. The maximum
temperature the zones can reach is 1100°C. This system is equipped with a quartz tube
with an inner diameter of 46 mm and a length of 1500 mm, into which the ITO
substrates are loaded. Five steps are involved in the process of nanotube growth (Table

2-1). The first step is flowing argon and H, for 2 min and the second step is flowing
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argon alone for another 2 min. The first two steps have been executed to reduce the
partially oxidized iron particles to fully metallic ones and to activate the metallic iron.
Once the system temperature reaches the desired growth temperature (400, 450 or
500°C) in the third step, argon with a flow rate of 500 sccm is added and maintained for
duration of 10 min in order to reach a stable temperature. This allows the iron film to
break into nanosized particles or islands before the fourth step in which acetylene is
introduced as the carbon source [48]. A gas mixture composed of acetylene (25 sccm),
H; (100 sccm) and argon (500 sccm) at the respective growth temperature is introduced
for decomposition and carbon nanostructure growth over the catalyst nanoparticles. At
the end of the process, a final cool down of 30 min under argon atmosphere is applied
and the furnace cooled down to room temperature before the sample is removed. During
this step, the chamber pressure is controlled by adjusting a butterfly valve connected to
a vacuum pump. Samples were prepared at the same flow rate but a range of different

chamber pressures.

Figure 2-3: Schematic diagram of the Atomate CVD system
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Duration Ar CoH> H, Temperature
(hh:mm:ss) (sccm) (sccm) (sccm) )
00:02:00 500 - 100 -
00:02:00 500 - - -
00:10:00 500 450
00:10:00 500 25 100 450
00:30:00 500 - - -

Table 2-1: Recipe used in synthesizing the carbon nanostructures

2.2 FABRICATION OF POLYMER NANOTUBES

The growth of conducting polymer nanostructures for device applications is a new
practice in nanoscience and nanotechnology. Novel methods have been used to
manipulate the growth and consistency of “one-dimensional” polymer nanostructures
(nanotubes, nanowires and nanorods). The use of hard templates for the fabrication of
polymer nanostructures seems to be a reliable and expedient method. In this work, PPV
nanostructures have been produced by deposition into a commercially available alumina

porous template (Whatman) using CVD polymerization.

2.2.1 Alumina Porous Template

High aspect ratio alumina porous templates with diameter of 100 nm and 60 pm
thickness were purchased from Whatman (Figure 2-4). These templates can withstand
temperatures of 600°C. The templates are ultrasonicated with solvents such as water,

acetone, ethanol and chloroform to remove contaminants and ensure the pores are open.
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Figure 2-4: SEM image of alumina porous template

2.2.2 Chemical Vapour Deposition Polymerisation

The fabrication of polymer nanostructures from PPV is made difficult by its lack of
solubility. Two well-known synthetic methods for synthesising PPV are the Wessling-
Zimmerman method [90] and the Gilch polymerization [91]. Those methods utilise
soluble precursors and have been used for several years. However, both methods use the
water-soluble sulfonium salt precursor which involves a large amount of solvents and a

high risk of producing contaminated polymer.

Because of this problem, CVD is considered to be one of the more promising tools for
fabricating polymer nanostructures. The precursor polymers are thermally converted at
an optimum temperature and duration. As shown in Figure 2-5, the quartz sample tube
is divided into 3 different zones. The desired amount of o,a’—dichloro-p-xylene
(monomer) is placed in an alumina boat in the vaporization zone. The monomer is
vaporised at a temperature between 93°C to 95°C and carried to the pyrolysis zone by a
40 sccm flow of argon. Zone two (the middle) is heated to 700°C during the pyrolysis
process. The activated monomer obtained after the pyrolysis, known as the precursor, is

then deposited on the substrate which is placed in low temperature deposition zone. The
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residence time of vaporised monomer within the 700°C pyrolysis zone has been

calculated as 498 sec by using the expression [92]:

L
t=—
Vm
Where,
L = length of tube in cm

V. =rate of gas flow in mL/cm’sec

VvV =

b
"S
D= total gas flow rate in mL/sec

. . 2
S = cross sectional area of tube in cm

Hence,

[ =

L S 7w x23cmx2.3cm
- 0.667mL/sec

:Lx5=20cmx =498sec = &.3min

(2-2)

During the deposition of the precursor, a system pressure of 400 mTorr is used for the

total process time of 55 min. The precursor polymer is thermally converted to PPV by

heating at 270°C for up to 14 hours. The system pressure is maintained at 400 mTorr by

the 40 sccm steady stream of argon. During the precursor thermal conversion, the

substrate is placed in the middle of the heating coil zone and all three heating zones are

heated at 270°C.
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Figure 2-5: Schematic diagram of CVD polymerisation

2.3 CHARACTERISATION

The carbon and metal-based nanostructures have been characterised by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), four-point probe
conductivity measurement, UV-vis spectroscopy, X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy and Fourier transform infra-red (FTIR) spectroscopy.

Details on the each of these are provided in the following sections.

2.3.1 Scanning Electron Microscopy

Sample morphology has been characterised using a Philips XL30 SEM (Figure 2-6a).
This conventional SEM is equipped with both a secondary electron and back-scattered
electron detector. However, unless otherwise stated, all of the images collected here
used secondary electrons. A high energy beam of electrons is used to scan the surface of
sample before the image can be displayed. The electron gun located at the top of the
microscope (Figure 2-6b) is responsible for the electron beam production which then
follows a vertical path through the microscope directed by electromagnetic fields and

focussed by lenses. The signal produced by the interaction between the electron beam
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and atoms that made up the sample provides information on surface morphology,

topography and composition.

a b

Figure 2-6: (a) Photo of Philips XL30 SEM & (b) schematic diagram of SEM

2.3.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a powerful tool in identifying and
quantifying the chemical and electronic structure of individual nanoparticles [93].
Further characterization of surface nanostructure, particularly morphology and
crystallographic information was performed using a JEOL 1200 EX1l TEM with a beam
voltage ranging from 80 to 120 kV (Figure 2-7a). Similar to SEM, an electron beam is
emitted from the electron gun and travels through the microscope column (Figure 2-7b).
TEM gives better resolution information than SEM on the size, shape and the
arrangement of particles that make up the sample, with up to 100000 times
magnification. Since it has been equipped with an electron diffraction pattern tool,
crystallographic information such as arrangement of atoms and their degree of order can
be obtained on the nanometer scale. TEM potentially reveals the finest details of

internal structure due to the small wavelength of the electrons.

200 mesh copper grids (ProSciTech) were used as a substrate to hold a fragment of
sample obtained by scratching it with a scalpel. 200 mesh is a standard name used for
TEM grid. The mesh of the grid is defined by the number of hole within 1 inch. The
diameter of grids is standard, as 3.05 mm, so 200 mesh grid has 20 holes along diameter

direction. Careful handling of the fragment must be used during the transfer to the
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copper grid. The scratching technique has been applied [60] to carbon nanocomposite
characterization using a sharp tungsten tip and the collected material is then transferred

to the copper grid.

a b

Figure 2-7: (a) Photo of JEOL 1200 EXIl TEM & (b) schematic diagram of TEM

2.3.3 Conductivity

The conductivity of ITO-coated glass was measured using a four-point probe apparatus
[94]. This technique can measure either bulk or thin film samples (for which a different
mathematical expression needs to be used) [94]. A schematic of the four-point probe
configuration is shown in Figure 2-8. It comprises four uniformly spaced tungsten tips
with finite radius. The space between two metal tips is 2 mm. Each metal tip is hold by
springs so as to minimize sample destruction during probing. During the measurements,
an auto-mechanical stage of the four metal tips travels up and down. The outer two
probes are supplied with current from a high impedance current source, while the

voltage is measured by voltmeter across the inner two probes.
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Figure 2-8: Schematic of 4-point probe configuration [94]

The electrical conductivity measurements performed in this study used the Haldor
Topsoe formulae [94]. The dimension of the measured sample is 15 mm x 10 mm and
the thickness is 170 nm, which is less than half the probe spacing. Due to the sample’s
dimension and thickness, the four-point probe setup configuration shown in Figure 2-9

was implemented.

ANV /4

-

Figure 2-9: Schematic of four-point probe setup for thin rectangular slice sample [94]
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For this configuration, the resistivity (p) is given by;

p = Rs Xt (2-3)

R =RxG (2-4)

R= % (2-5)

G=L-1-Rl(é.3} (2-6)
In2 s b

Where,

% .t = 4.5324.t is the geometric factor for an infinitely large slice of thickness t<s

R, (E%) is the additional correction to apply because of the finite, rectangular shape.

Based on a, b and s values, G is tabulated in the Haldor-Topsoe tables [94] as 3.5749

(dimensionless).

R, = sheet resistance (ohm/square)
R = resistance (ohm)

s = probe spacing (2 mm)

V' = voltage (volt)

I = current (ampere)

¢ = thickness (1.7 x 10”° mm)
a=15mm

b=10 mm
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2.3.4 Optical Spectroscopy

Optical spectroscopy is an important technique that has been widely used in
investigating organic structures. Four optical analysis techniques used in this work are
UV-vis absorption, photoluminescence, Raman and FTIR spectroscopy. These four

techniques provide an insight into the chemical composition of organic materials.

A UV-vis absorption spectrometer determines the intensity of light passed through a
sample (/) and compares it to the intensity of light before it passes through the sample
(1,). The ratio 1/, is described as transmittance, however, absorbance (A) is also used

and is given by:

A =-log (i) (2-7)

The relative absorption of organic compounds that lie in the range of 190 nm to 900 nm
can be measured via the UV-vis absorption spectrometer (Cary 60001 Varian UV-Vis-
NIR). For a film sample the relative intensity of an absorption peak is proportional to
the thickness of the material [95]. The absorption is due to an electronic transition of a
valence electron (for example, between a lone-pair or bonding orbital to an anti-bonding

orbital).

The transition of an electron from a HOMO to a LUMO determines the energy
difference between the valence band and conduction band, which is called the band gap
energy. Small band gap energy is favourable for OPV devices due to its importance in
determining the amount of the solar spectrum that is absorbed. Thus, the band gap

energy of polymer can be calculated from UV-vis absorption spectra [96] given by:

(2-8)

>la

Where,

h = 6.626 X 10-34]s,
c =3x10%m/s and

A = cut off wavelength
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Apart from the identification of the absorption peak, UV-vis absorption spectra can also
provide information on polymer conjugation length [97]. Reduction in polymer
conjugation length is visualised by a blue shift (or ‘hypsochromic’) in the absorption
peak [98]. The degradation of polymer films can thus be inferred from this since a
strong blue shifted implies degradation and shortening in conjugation length of the
polymer. By contrast, a ‘bathochromic’[98] or red shift indicates highly conjugated

systems.

The molecular structure and chemical bonding in the polymer can be revealed by FTIR
spectroscopy [99]. Investigation of the molecular structure can provide information on
the degradation process or contamination that might occur during synthesis. For
instance, two peaks at 1695 cm™ and 1278 ecm™ that are due to carbonyl bonds appear
due to the photodegradation of PPV in air [100]. The FTIR used in this work was a
Shimadzu model 8400S.

Carbon nanostructures are further characterised using the Raman technique based on the
inelastic scattering of monochromatic light. An inVia Raman microscope equipped with
514 nm Argon ion laser was used in this study, which gives +/- 1.25 cm™ resolution.
The Raman effect originates from photon absorption and reemission during which the
photon frequency undergoes up or down shifting. Information about the vibrational,
rotational and other low frequency transitions in molecules can be distinguished from
the shifted frequency. Solid samples such as carbon nanostructures are ideal for Raman
characterisation. For carbon structures, generally, two prominent peaks assigned as D
and G peaks are visible and corresponded to disordered carbon and graphite-based

transitions, respectively [101].
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2.3.5 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is well complimented with UV-vis absorption
spectroscopy in providing information on organic compounds. A PL spectrometer
probes electronic relaxations, whereas absorption spectroscopy is a characteristic of the
electronic excitations. Figure 2-10 shows the vibronic transition from the ground state
(So) to excited state (S;). The vibrational levels correspond to C-C stretching modes and
are related to the geometry relaxation in the excited state. The dashed curves show the
vibrational wave function of the zeroth vibrational level (0), first vibrational level (1)
and second vibrational level (2). All of the polymers are in the zeroth vibrational level
of ground state. The PL spectrum of PPV exhibits 3 emission peaks which
corresponding to 0 — 0, 0 — 1 and 0 — 2 transitions [102].

Figure 2-10: An optimal geometry of the ground state and excited state
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2.3.6 X-ray Photoelectron Spectroscopy

The quantitative analysis of surface composition and identification of unknown
elements is achieved by using X-ray photoelectron spectroscopy (XPS). In this study, a
Physical Electronics XPS (PHI-550) spectrometer was used to examine the influence of
metal elements such as indium, tin and iron on carbon nanostructure growth. In the
present work, the hydrogen reduction of the iron-coated ITO substrate involves an
annealing treatment at three different temperatures of 400, 450 and 500°C. Changing
the annealing treatment from room temperature to elevated temperatures will
manipulate the carbon nanostructures growth and alter the involvement of different
materials in the substrate and catalyst layers [45]. The metal catalyst has a major impact
on the synthesis of carbon nanostructures. However, the support substrate also contains
metal elements and may result in unexpected metal inclusion in the final growth. In
literature reported elsewhere [52], XPS characterisation has been shown to be capable
of detecting major changes during the growth reaction caused by the support material.
In addition, the support metal has been determined to be an important influence in
boosting the activity of the metal catalyst. A better understanding of the formation
mechanism of carbon nanostructures can be obtained via XPS particularly in growth

that entails more than one type of metal element.

2.4 OPV DEVICE FABRICATION

In this study, the main fabrication technique used for depositing the electron donor is
CVD polymerisation. Chemically vapour deposited PPV is coated onto patterned ITO-
coated glass with and without the hole transport [103] or electron blocker conductive
film of poly (3, 4-ethylenedioxythiophene)/poly (4-styrenesulfonate) (PEDOT/PSS).
Thermal treatment applied to PEDOT:PSS thin films may decrease its conductivity and
increase its surface roughness [104] and this therefore not appropriate for CVD growth.
PEDOT: PSS is a hygroscopic material which competent in attracting and holding
moisture from air. The conductivity of PEDOT:PSS may have been decreased over the
thermal treatment temperature and time. O, molecules in air would have a negative

effect on the conductivity of PEDOT:PSS film which degradation of the material may
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have been occurred. In addition, the foremost role of PEDOT:PSS as intermediate layer
(to planarise the rough ITO surface) between ITO and polymeric active layer, would not
been fulfil due to the changes on its surface roughness. The greater surface roughness of
PEDOT:PSS has been reported from the effect of higher thermal treatment temperature
which leads to the increase of effective colloidal particle size [104]. However, the
comparison between two different architectures (with and without PEDOT:PSS) is

studied in order to verify the previous statement.

For the electron acceptor material, two types of deposition techniques were used namely
solution-processed and evaporation. PCBM (solution-processed) was dissolved in
chloroform with a concentration of 5 mg/ml. A thickness of 60 nm PCBM was spin-
coated onto the chemically vapour deposited PPV by setting the spinning speed at 1000
rpm. C60 was deposited on top of PPV with a thickness of 60 nm via evaporation. PPV
was deposited with the wvarious thicknesses which were measured by surface
profilometer (+/-10 nm). No annealing treatment is applied either for the pre- or post-
treatment. The final aluminium film was thermally evaporated onto the composite layer
and acts as a cathode. For some architecture, lithium fluorine (LiF) or calcium (Ca) was
used as an interfacial layer between the active layer and top electrode. These layers are

known to improve device performance and act has hole blocking layers.

2.5 OPV DEVICE CHARACTERISATION

The current-voltage (I-V) curve is the significant characteristic of an OPV’s
photovoltaic performance, which can provide information on short-circuit current
density (J.), open-circuit voltage (V,.), fill factor (FF) and power conversion efficiency
(7). The I-V curve is performed both in the dark and under the illumination of 100

mW/cm? of an AM 1.5 solar simulator.

The I-V curve is a graph presented as current versus voltage. This graph shows the
short-circuit current (/) and open-circuit voltage (V,.), in which cell is operated at V=0
and /=0, respectively. However, in order to account for the dependence on device area,
it is more conventional to take J;. into account rather than /. Figure 2-11 shows the J-V

curve with the characteristics of an idealised OPV.
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Figure 2-11: Current density versus voltage characteristics (J-V) of an ideal solar cell [39]

The FF of device which conveys the power delivery capability can be calculated as

follows:

V.1, (2-9)

Where, V,, = voltage and [,, = current in the maximum power point of /-}" curve in the

fourth quadrant.
By taking into account of all those parameters mentioned above, the device power

conversion efficiency n can be evaluated as follows:

n = FF]}S)CVOC (2-10)

Where the standard unit used is /. = A/cmz, V,.=volt and P;, = W/em®.
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3 EFFECT OF THERMAL TREATMENT ON INDIUM
TIN OXIDE SUBSTRATES

3.1 INTRODUCTION

The performance of organic electronic devices is intimately tied to the physical and
electrical properties of the indium tin oxide (ITO) substrate upon which they are
fabricated. This chapter outlines a detailed study of the electrical conductivity, surface
morphology, optical properties and surface chemistry of the ITO substrate as a function
of thermal processing. The goal of this chapter is to provide insights into effect onto the

ITO substrate of growing CVD nanostructures at elevated temperatures.
3.1.1 Propertiesof ITO

Generally, the conductivity (o) of ITO relies on the carrier concentration (V) and the
mobility of free carrier (p). This is given by the following equation (where e is electron

charge):

o = Npe (3-1)

Thus, in order to obtain an ITO film with high conductivity, the carrier concentration
and mobility should be concurrently optimised. The majority charge carrier (electron) in
ITO are created by the tin dopant and the presence of oxygen vacancies [105]. Many
attempts have been made to enhance the conductivity of ITO by raising the number of
free carriers via doping. However, excessive tin doping causes impurity scattering of
electrons and leads to increased resistivity due to reduced electron mobility [106].
Therefore, optimising conductivity by doping is a balance between charge carrier

concentration and electron mobility.

Oxygen vacancies in the ITO structure act as doubly ionized donors with two electrons

supplied to the ITO’s conduction band as shown in the equation:

0% - Vg +2e + 0.50, (g) (3-2)
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Where,

§= an oxygen ion sitting on an oxygen lattice site, with neutral charge
Vo = oxygen-array vacancies
2e'= two electrons

The oxygen vacancies form a shallow impurity donor band about 30 meV below the
ITO conduction band, which then overlaps with E. (bottom of conduction band) and
forms an n-type degenerate semiconductor. However, the presence of oxygen vacancies

results in ion impurity scattering which reduces charge carrier mobility via the existence

of O% ions [107].

Thus, a deficiency in oxygen vacancies can also lead to low conductivity. Indeed,
diffusion of oxygen atoms into the ITO structure (upon annealing ITO films at high
temperature in an air atmosphere) has been reported to result in reduced oxygen
vacancies [108, 109]. Figure 3-1 shows how the conductivity of ITO decreases with
increasing oxygen flow rate and higher annealing temperature air atmosphere;
demonstrating that incorporation of oxygen atoms into the ITO structure results in a

reoccupation of oxygen vacancies sites and hence a reduction in conductivity.

Resistivity (ohm-cm)
=
'
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Figure 3-1: (a) Influence of oxygen gas flow rate [108] and (b) annealing treatment [109]
to the resistivity of ITO films

Indium tin oxide (ITO) thin films are widely used as electrodes in various
optoelectronic devices such as organic light emitting diodes (OLED) [110], organic
photovoltaic cells [35] and flat panel displays [111], due to ITO’s tunable conductivity

and optical transparency. The fabrication of these optoelectronic devices can involve a
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thermal treatment process such as the post-annealing process of OPV devices [35, 112]

and the growth of carbon nanostructures on the electrode [8, 65].

3.1.2 Thermal Processing of Organic Electronic Films and Structures

For certain materials systems, such as P3HT:PCBM, bulk heterojunction OPV power
conversion efficiency is improved upon thermal annealing [35]. Thermal annealing
processes are known to improve the molecular packing and crystallite size of the donor
and acceptor regions with a typical optimal device annealing temperature and duration
of 140°C and 15 min, respectively [35]. However, these devices also show a significant
reduction in both short-circuit current density and fill factor once the annealing
temperature reaches 230°C. Kim et al found that when the annealing temperature is
higher than the polymer melting point, reorientation of donor crystallites occurs due to
heterogeneous nucleation at the substrate surface, which then degrades the performance
of OPV. A deterioration in OPV device performance is also reported for devices that
have been subjected to long annealing times, where upon a significant drop in

efficiency, short circuit current density and fill factor were observed [112].

It has long been proposed that the fabrication of an ordered, nanostructured electrode
will likely improve the efficiency of organic solar cells that are limited by the charge
separation and transport processes of a bulk heterojunction architecture [41]. As such,
the growth of carbon nanostructures onto ITO may serve to enhance the electrical
transport properties of bulk heterojunction devices [65]. CVD is a common technique
used for carbon nanostructure growth on ITO electrodes since it offers several potential
advantages including; (1) an enhancement of the mechanical stability between the
carbon nanostructures and the ITO electrode, (2) the formation of a continuous charge
transport pathway from carbon nanostructures and ITO to the external circuit and (3) a
reduction of electrical shorting by control of the dimensions of the carbon

nanostructures.

The growth of carbon nanostructures directly onto ITO has been previously reported
for integration in OPV devices [8]. This growth required a working temperature of
550°C for the CVD process. The authors compared OPV devices fabricated with the

inclusion of CVD and those without the inclusion of the CVD process, and observed a
38



reduction in fill factor and power conversion efficiency. They suggested that the

deterioration of device performance was due to a reduction in cell shunt resistance [8].

3.1.3 Thermal Processing of ITO

Thus, while the performance of OPV devices can be enhanced by annealing moderate
temperatures (~ 150°C), a deterioration of device performance has been observed upon
heating to temperatures above 200°C [35]. However, even higher temperatures
(approaching 550°C) are typically used in the growth of carbon nanostructures by
chemical vapour deposition (CVD) [8]. Given the range of heating temperatures that
the device substrate might be exposed to, an understanding of how the ITO substrate
responds to thermal processing is also required. For example, the stability and
efficiency of organic electronic devices is highly dependent on the surface morphology
of ITO [110] used as a bottom electrode. Moreover, it has been shown that increase in
surface roughness of ITO correlate with higher annealing temperatures [113] and that
high surface roughness results in high leakage current in OLED devices [110]. Thus, an
even and smooth surface is just one ITO characteristics that is extremely important to
device performance. Indeed, there are many properties of ITO, (such as electrical
conductivity, surface morphology and optical properties) that have to be retained after

thermal treatment in order to ensure optimal device performance.

Studies of thermal effects have been reported for the preparation of ITO thin films
deposited by magnetron sputtering [113-116], sol-gel process [117], electron beam
evaporation [118, 119], ion-assisted deposition [118] and chemical solution deposition
[120]. These studies have shown that, a post-deposition annealing process is often
required to produce the required ITO thin film properties. Indeed, significant differences
in film properties may be exhibited between the commercial ITO used in our study and
ITO prepared via various other techniques [113-120], due to fact that the commercial
ITO deposited by magnetron sputtering (Delta Technologies) has already undergone a

post-deposition annealing process during its preparation.

To date, there has only been one systematic study of annealing temperature on

commercial ITO-coated glass at atmospheric pressure [109]. There was also a study of
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annealing of a commercial ITO-coated glass in a hydrogen atmosphere [121]. These
studies showed that there is a pronounced change in crystal structure, resistivity and
transmittance of the ITO for annealing temperatures between 100 - 600°C. Higher
temperatures result in the transformation of an amorphous ITO structure to a more
crystalline structure [109, 121]. Additionally, indium has been reported to oxidize and

diffuse into the other thin film layers if subjected to thermal treatment [122].

Given that the ultimate goal of the work presented in this thesis is the CVD growth of
carbon and polymer nanostructures onto an ITO substrate at elevated temperatures, this
chapter presents a detailed study of the physical and chemical changes that occur to the
ITO substrate upon annealing. As we will see in later chapters, an ideal temperature of
270°C is used for the growth of polymer nanostructures and three different temperatures
of 400, 450 and 500°C are used for the carbon nanostructures growth. As a preliminary
step, this chapter investigates the changes in ITO properties that occur due to thermal
treatment over this temperature range. In particular, the impact of thermal treatment on
the electrical conductivity, surface morphology, optical properties and surface chemistry
of ITO substrate is discussed with a view to the fact that these properties will in turn

determine OPV device performance.

3.2 EXPERIMENTAL SETUP

In order to determine the range of temperature that an ITO substrate can be raised to
without adversely affecting conductivity, physical structure and chemical composition,
the sheet resistance of the substrate was measured (all at room temperature) using a
four-point probe method after annealing the substrate to 100°C, 200°C, 300°C, 400°C,
450°C, 500°C, 600°C and 700°C for 20 minutes. Four ITO substrates were used for
each annealing temperature, which provided a measure of experimental error. The
annealing process was carried out using the CVD furnace shown in Figure 2-3. During
the annealing process, no carrier gas was applied and the pressure of CVD was set to 3
Torr (air atmosphere). As noted in 2.3.3 the Haldor Topsoe technique [94] was used for
the electrical conductivity measurement. Structural properties of the ITO were also
examined via SEM, atomic force microscopy (AFM) and X-ray diffractometer (XRD).

The transmission of the samples was determined using UV-vis absorption spectroscopy.
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Characterisation of the chemical composition was completed via energy dispersive X-
Ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS), providing
information on the chemical compositions of the bulk and the top surface of the

annealed ITO, respectively.

3.3 RESULTS AND DISCUSSION

3.3.1 Conductivity

Figure 3-2 shows the ITO conductivity change as a function of annealing temperature
for temperatures ranging from room temperature (RT) to 700°C. The error bars are
based on the standard deviation of the measurements. It can be seen that the
conductivity of the ITO substrate decreases with increasing annealing temperature. ITO
heated at 100°C results in less than 10% conductivity reduction. Further annealing to
400°C decreases the conductivity from 5700 = 200 S/cm to 4300 + 300 S/cm. However,
the most significant conductivity reduction occurs between 500°C and 700°C, with the
ITO substrate losing almost all of its conductivity if annealed at 700°C. However, the
conductivity of ITO heated at 400 to 450°C remains the same. Thus, it is clear that
450°C is the maximum thermal processing temperature taking into consideration the

ITO conductivity reduction.
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Figure 3-2: Conductivity of ITO substrates at different annealing temperatures
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These observations are consistent with the work reported by Hsu et al [115]. They
studied the effect of annealing sputtered ITO films on quartz with a thickness of 200 nm
and found that once the annealing temperature exceeded 450°C, the degradation of
electrical conductivity became severe, with an increase in sheet resistance to several
hundred €/square. According to Agrawal et al, the sheet resistance of annealed ITO
coated Si increased about 45% after being exposed to a temperature of 775°C [65]. The
decrease in conductivity is suggested to be due to a decrease in oxygen content of the
oxide during the reduction process. In addition, the work carried out by Bayliss [123],

also indicated a reduction in ITO conductivity at an elevated temperature.

However, other reports indicate that although the conductivity of an ITO film annealed
between 100°C to 200°C decreases, it is improved once the annealing temperature is
elevated to 500°C [121]. In other literature, an ITO film annealed at 300°C was seen to
have the lowest resistivity of 2.25 x 10™ Q-cm before the resistivity increased with
further increases in annealing temperature [118]. These observations are not in
agreement with the study done here, where a reduction in conductivity is observed for
annealing temperatures as low as a 100°C. It is likely that the main reason for the
disagreement between the present work and that reported in the literature [118, 121]
might be due to the differences in the precise nature of the ITO used in the respective

studies.
3.3.2 Surface Morphology

It is likely that the variations in conductivity that are observed are related to the
microstructural morphologies of the indium and tin oxides. It is known that the
conductivity of ITO can be enhanced by controlling the size and shape of the crystalline
grains [120]. As the annealing temperature is increased, segregation of these grains

becomes more significant and their size becomes larger [120].

In order to probe these microstructural changes, the surface morphology of annealed
ITO films was investigated by AFM. The scanned area shown is 2 x 2 um. The AFM
images of the annealed ITO substrates reveal the nano-grain and heterogeneous
topography. As shown in Figure 3-3,the surface grain size of ITO becomes larger and

more uniform as the annealing temperature is increased up to 700°C in agreement with
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work done by Kerkache et al [116], which showed that the effect of annealing on ITO

thin films was to increase the electrical resistivity and grain size.

Since the surface roughness is crucial for the stability and efficiency of devices [110],

three different measures of surface roughness were determined for these samples, which
are summarized in Table 3-1. Root-mean-square (R,s), average (R,) and peak to valley
(Rpy) roughness are used to characterize the annealed ITO and gauge their relation to

other changes in properties such as conductivity, optical and composition. The overall
changes in roughness illustrated by these three parameters are similar, with all of the

roughness values tending to slightly vary with increasing temperature.

The trend of the different surface roughness parameters under the different annealing

temperatures is shown in Figure 3-4. The un-annealed ITO substrate recorded the

highest R, and R, of 1.35 nm and 1.08 nm, respectively. By comparison, the ITO
substrate subjected to 400°C exhibited the highest R,y of 23.90 nm. However, there was

not much variation in Ry and R, from un-annealed ITO to 700°C. R,y is the only value

that exhibited a significant variation under the different annealing temperatures.

According to Tak et al [110], small wrinkles on the ITO surface result in a high value of

R, and Ry, while spikes on the surface are reflected in a high value of Rp,. This

hypothesis is supported by our observation of the high R,y for ITO that has been

annealed at 700°C. In this case, the wrinkles and spikes on the surface can be seen by

the naked eye. The SEM image of these wrinkles and spikes are shown in Figure 3-5.

From the AFM analysis, preliminary smoothing of the ITO films starts at around 300°C,
which may be due to the oxidation and sintering of irregular and sparsely-packed grains
into regular and closer-packed grains. At 400°C, the film starts to roughen before it
smoothen when further annealed up to 650°C is applied. However, the ITO is

roughening again at 700°C due to the formation of a larger columnar grain structure.
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Figure 3-3: AFM images of ITO annealed at different temperatures of
(a) un-annealed ITO, (b) 100°C, (c) 200°C (d) 300°C, (e) 400°C,
(f) 500°C, (g) 600°C, (h) 650°C & (i) 700°C
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Parameters

Description

Root mean square
roughness

(Rms)

Root mean square average of height deviations taken from
the mean image data plane, expressed as:

ZZ;’Z

N

Average roughness
(Ra)

Arithmetic average of the absolute values of the surface
height deviations measured from the mean plane.

1 N
v

Peak to valley roughness
Rpv)

Maximum vertical distance between the highest and lowest
data points in the image.

Table 3-1: Description on the terminology of surface roughness
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Figure 3-4: Plot of different surface roughness under different annealing temperatures
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Figure 3-5: SEM image of ITO annealed at 700°C with the appearance of wrinkles and spikes

3.3.3 Crystallinity

The crystal structure and orientation of the ITO substrates are investigated using XRD.
XRD patterns of the ITO substrates annealed at different temperature are presented in
Figure 3-6. All the annealed ITO substrates have diffraction peaks at 21.5°, 30.5°, 35.4°,
50.9° and 60.6°, corresponding to the (211), (222) , (400), (440) and (622) crystalline
planes of the InyOs cubic phase [122, 124]. The structure of ITO substrates annealed at
700°C are almost identical to those above 100°C exhibiting dominant (400) and (222)
peaks. Sharper diffraction peaks are observed at the higher annealing temperatures
which indicates a more regular crystalline structure [113]. A graph of full width half
maximum (FWHM) versus conductivity of each plane is presented in Figure 3-7. For all
reflections, ITO that was annealed at 700°C displayed the smallest FWHM, which

correlates with the previously recorded the lowest conductivity.

46



Figure 3-6: X-ray diffraction pattern of ITO substrate after annealing at (a) 700°C, (b) 600°C,
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Graph of FWHM versus conductivity of (211), (222), (400), (440) & (622) planes
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Figure 3-8: Peak intensity of (222) and (400) versus annealing temperature

As shown in Figure 3-8 the relatively stronger peak intensity at 35.4° is indicative of a
preferential (400) orientation of non-annealed ITO and ITO annealed up to 600°C. In
addition, the intensity of the (400) and (222) peaks increases with increasing annealing
temperature, with the intensity of the (400) peak dropping for temperatures above

600°C.

One possible explanation for the observed and decrease in conductivity at high
annealing temperatures is that arises from the absence of oxygen vacancies. A previous
report on the incorporation of oxygen into ITO structure, which can decrease the
number of oxygen vacancies and hence reduce conductivity, indicated a corresponding
enlargement of grain size [109]. From Scherrer’s formula, the crystallite grain size is

calculated as:

D= 0.9 (3-3)
fcosd

Where,

D = grain size,

A = wavelength of X-rays used (1.5405 A),
B = FWHM (in radians) and

0 = angle of diffraction

48



400 m222

38 -
36 - n
T34 -

£32 - [ ]
Q30 -
'228—
B 24 - u - mEE
22 - L

20

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 3-9: Grain size of crystallites for (400) and (222) planes versus annealing temperature

The variation of crystallite grain size with the annealing temperature calculated from the
(400) and (222) reflections is shown in Figure 3-9. The grain size calculated from the
both reflections are in relatively close agreement and show that ITO substrates with
higher crystallinity (annealed at 700°C) recorded the larger grain size of 36.54 nm. The
increase in grain size with the annealing temperature (indicated by the sharper
diffraction peak at (222) orientation) is most likely due to increased thermal energy for
crystallization, re-crystallization and grain growth. In addition, Figure 3-5 shows that
wrinkles and cracks appeared on the film surface at 700°C; consistent with significant

reorganisation of the ITO film at high temperatures.

The smaller grain size of 22.42 nm obtained for ITO annealed at 200°C is supported by
the broader diffraction peak arising from the (222) plane at 20 = 30.33°. Interestingly,
the grain sizes calculated by XRD are much higher than those observed by AFM. This
difference may arise from the fact that XRD is able to probe the grain thickness normal
to the substrates. On the other hand, AFM may be imaging a non-spherical or spherical

grain structure that is smaller at the surface of the substrate.

Figure 3-8 also shows that the dominant crystallite orientation of annealed ITO
substrate changes from the (400) plane to (222) plane with increasing annealing
temperature. This observation further supports the assumption that higher annealing

temperatures assist the ITO substrate to crystallize along the preferred (222) plane.
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The decrease in conductivity that is observed during the change in crystallization from
the (400) to (222) predominant planes indicates that the former structure has better
conductivity. Previous studies have shown that, poor ITO crystallinity is usually
associated with lower conductivity [125]. However, here we see that the conductivity of
annealed ITO reduces at higher annealing temperature despite an increase in
crystallinity and grain size as observed by XRD. One possible explanation is that the
growth of larger ITO crystal grains could decrease the free electron charge density and
increase the amount of electron-electron scattering [109]. Alternatively, it is well known
that the charge carriers of ITO films are created by the substitution of In*" by Sn*" ions
in In,O, lattices and doubly charged oxygen vacancies [105, 113]. As such, the
observed decrease in conductivity may arise from the decrease of electrically active tin

dopant concentration and oxygen vacancies rather than the film crystallinity.

Another possible mechanism for the increase in resistivity could due to enhanced
diffusion of oxygen atoms into the ITO films [108]. The higher annealing temperature
applied to ITO is likely to supply and incorporate more oxygen atoms which would
most likely diminish the oxygen vacancy density since the thermal annealing is done in
an air atmosphere. Additionally, the change of preferred crystal growth orientation is
greatly affected by the diffusion of oxygen atoms during the higher heat treatment. This
phenomenon can be furthered explained by the competition between the diffusion of
oxygen atoms and increase in grain growth. As mentioned earlier, the smaller grain size
obtained at lower annealing temperature has exhibited higher conductivity compared to
the ITO with bigger grain size which recorded the lower conductivity. Taking into
account only the increase in grain size effect, it is projected that conductivity of the ITO
would increase since an enhanced grain size would lower grain boundary scattering
[108]. However, due to the higher annealing temperature, oxygen atoms unavoidably
diffuse into the ITO and have a greater influence on the reduction of carrier

concentration (by occupying oxygen vacancies) than the observed increase in grain size.
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3.3.4 Optical Properties

The optical absorption of annealed ITO in a wavelength range of 300 — 800 nm is
shown in Figure 3-10. Compared to the spectrum of non-annealed ITO, spectra
displayed by ITO annealed between 300 - 650°C exhibit little change in optical
absorption and have the same absorption peak at 387 nm. Thus, ITO substrates preserve
their high optical transmission even after annealing temperatures up to 650°C. However,
pronounced changes in optical absorption can be seen at an annealing temperature of

700°C.

The optical absorption of ITO annealed at 700°C increases at longer wavelengths
compared to lower temperatures. This observation arises from a drastic increase in
absorption background. The rougher surface generates intense light scattering which
brings about the increase in background absorption [126]. This hypothesis is supported
by the significant differences in surface roughness values displayed in Figure 3-4
between ITO annealed at 300°C and ITO annealed at 700°C. Indeed, ITO that has been
annealed at 700°C has an almost four-fold rougher surface than ITO that has been
annealed at 300°C. In addition, ITO that has been annealed at 700°C also displays a lack
of an absorption peak at 387 nm. Low conductivity can be determined from the low
absorption in this visible region [127]. The UV-vis spectrum portrayed by ITO substrate
annealed at 700°C is consistent with the lowest conductivity and larger grain size

obtained in this study.

Figure 3-10: UV-vis absorption spectra of ITO annealed at different temperature
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3.3.5 Chemical Composition

The conductivity is also related to the carrier concentration and its mobility. The charge
carriers in ITO are created by the tin dopant and oxygen vacancies in the film. Each tin
dopant generates one electron and another two electrons can be provided by an oxygen
vacancy [105]. Annealing ITO can reduce the number of oxygen vacancies through
reaction with oxygen from the air and so reduce the carrier concentration [113]. In order
to probe the compositional changes that occur in the film upon annealing, EDS and XPS

were used to characterise the surface and bulk concentration of the key components.

3.3.6 Bulk Measurements

The EDS spectra of annealed ITO substrates together with their corresponding
elemental analyses are shown in Figure 3-11. EDS is less sensitive to surface chemistry
changes than XPS due to the penetration depth (10 um) of the incident electron beam
and the lack of scattering of the ejected X-rays. It can provide qualitative and
quantitative analysis of elements in the bulk substrate at up to 10 um depth [128]. A
gold thin film was used as a conductive coating in sample preparation. The same
amount of gold coating was used for the further calibration of each sample by taking the

gold intensity peak as reference.

As expected, the main components of the glass substrate, such as silicon, sodium,
magnesium and aluminum, were detected in the EDS spectra. Although the thickness of
the ITO coated on the glass is only approximately 170 nm, the EDS spectra exhibit clear
peaks due to the presence of indium and tin. Although indium oxide is a semiconductor,
it is not a highly conductive material. Thus, tin is added to indium oxide as a dopant and
as electron donor. However, there is a limitation to the electron concentration that can
be added to indium oxide. High electron concentration can lead to a reduction in

electron mobility and low conductivity [129].
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Figure 3-11: EDS spectra of ITO substrate before (a) and after annealing at (b) 100°C, (c) 200°C,
(d) 300°C, (e) 400°C, (f) 450°C, (g) 500°C, (h) 600°C & (i) 700°C

Figure 3-12: EDS spectra of indium peaks of ITO annealed at different temperature

High resolution EDS spectra at each annealing temperature (Figure 3-12) show the
presence of indium La', L' and L® peaks at 3.3 keV, 3.5 keV and 3.7 keV,
respectively. Given that the indium La' at peak 3.3 keV exhibited a much larger

intensity compared with indium LB' and indium Lp?, only indium La' peak was
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considered for further compositional analysis. Figure 3-12 reveals that the bulk

composition of indium was substantially altered at the higher annealing temperatures.
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Figure 3-13: Relative concentration (%) of indium and tin in the bulk composition
under different annealed temperature

The variation of indium and tin composition with annealing temperature is shown in
Figure 3-13. Interestingly, the decrease in indium bulk composition observed for
annealing temperatures between 500°C to 700°C follows the conductivity
measurements. This decreasing indium signal indicates that the concentration of indium
within the analyzed depth of 10 um is reduced upon annealing to high temperatures and
indicates that the indium is probably diffusing out from the bulk region to the top

surface (10 nm) or deeper into the bulk of the glass (> 10 pm).

3.3.7 Surface Measurements

To determine the elements present on the surface of annealed substrates, XPS spectra
were obtained. As shown in Figure 3-14a carbon, oxygen, indium and tin were observed
in these spectra. The high-resolution XPS narrow scan indicates indium, tin and oxygen
peaks are shown in Figure 3-14b. Indium, tin and oxygen are expected from the
chemical surface composition of the ITO thin film coated onto glass. The carbon peak at
285 eV is seen in all spectra and is due to contamination on the sample surface from

isopropanol during the cleaning treatment [130]. In addition, the carbon contamination
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may also be due to a short exposure to air during the transportation and from a slight

perpetual contamination in the preparation chamber of the XPS system [131].

In this analysis, emphasis is given to the elemental compositional changes that occur
upon annealing, in particular, the composition of indium, tin and oxygen before and
after annealing. The XPS spectrum obtained from an unannealed ITO substrate is used
as a reference. Indium peaks are seen at approximately 444.5 eV (In3ds);) and 453.1 eV
(In3d5,,), while peaks at 486.5 eV (Sn3ds,) and 495.1.6 eV (Sn3ds),) are assigned to tin.
The observed Ols peak at 530.3 eV can be assigned to the oxygen species in ITO. The
atomic concentrations are determined from the area intensities of the In3ds,, (444.5 eV),
Sn3ds, (486.5 eV) and Ols (530.3 eV) peaks under the different annealed temperatures.
The binding energy of In3ds), (444.5 eV) and Sn3ds;; (486.5 eV) is attributed to the In*"
bonding state from In,O3 and to the Sn* bonding state from SnO,, respectively [117].
Therefore, the indium and tin atoms that are present in the chemical state of In*" and

Sn*", respectively, can be used as a reference to the existence of metallic particles.

The relative atomic concentration (%) of indium and tin as a function of annealing
temperature are presented in Figure 3-15. The initially In-rich surface layer becomes
steadily depleted of In with increasing annealing temperature, reaching a minimum at
600°C, before rising sharply again at 700°C. This observation is in contrast with the
bulk compositional measurements (Figure 3-13), which showed the In concentration
decreasing monotonically up to 700°C. As such, the compositional analysis reveals that
whereas for temperatures up to 600°C indium is rapidly depleted from the surface, upon
heating to 700°C it starts to accumulate back in the surface. This observation is in good
agreement with the SEM image of ITO annealed at 700°C (Figure 3-5) which shows the

appearance of small particles on the surface of the film.
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Figure 3-14: XPS spectra of ITO annealed at different temperatures: (a) wide scan &
(b) narrow scan
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Figure 3-15: Atomic relative concentration (%) of indium and tin at the surface
under different annealed temperature
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Figure 3-16: Ratio of In:O and Sn:O under different annealed temperatures

In order to further understand the origin of the changing electrical conductivity, both the
In:O and Sn:O ratios were plotted as a function of annealing temperature. Figure 3-16
shows that both the In:O and Sn:O ratios increase with increasing annealing temperature
with the Sn:O ratio dropping off rapidly at 700°C. It is unlikely that the increasing In:O
and Sn:O ratios are associated with the depletion of oxygen from the film since this

would result in an increase in oxygen vacancy. Rather, we propose that as the annealing
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temperature increases, In and Sn diffuse to the surface of the film. Interestingly, the
increase in Sn dopant concentration does not correlate with an increase in film
conductivity and thus we conclude that the higher tin ion substitution into the lattice
must contain electrically inactive tin dopant. Interestingly, the drastic decrease of tin
dopant concentration from 600°C to 700°C is correlates well with the observed
reduction of film conductivity and the change of preferred crystal growth plane

orientation from (400) to (222).

As discussed previously, the conductivity of ITO is also dependent upon the oxygen
concentration in the film and the nature of this oxygen content can be probed using the
oxygen 1s peak in the XPS spectrum. It is well known that O 1s spectrum can be fitted
using three peaks with a Gaussian-Lorentzian function as shown in Figure 3-17. These
three peaks (O 1s A, O 1s B and O 1s C), are located at 530.3, 533.0 and 531.9 eV,
respectively and a different chemical state is associated with each O 1s peak. Peak O 1s
A is assigned to In,Os lattice oxygen where the indium ions are fully bonded with the
neighbouring O® ions, whereas peak O Is B and O 1s C correspond to oxygen
chemisorbed on the ITO surface and oxygen atoms bound to tin atoms, respectively

[132].
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Figure 3-17: XPS spectra in the O1s region of ITO substrate before (a) and after annealing at
(b) 100°C, (c) 200°C, (d) 300°C, (e) 400°C, (f) 450°C, (g) 500°C, (h) 600°C & (i) 700°
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The relative concentration percentage of O 1s chemical state is summarised in Figure
3-18 with the highest intensity associated with O 1s A at 530.3 eV corresponding to
lattice oxygen in the crystalline ITO. As the annealing temperature is increased, the
number of indium ions that are fully bonded to the neighbouring O® ions increases,
reaching a maximum at 450 — 500 °C before decreasing again slightly at annealing
temperatures of 600°C and above. The corollary of the observed increase in the number
of indium atoms fully bonded with oxygen is that the number of oxygen vacancies in
the lattice must necessarily be decreased, resulting in a decrease in film conductivity.
Figure 3-18 also shows that intensity of O 1s C at 531.9 eV (attributed to the presence
of oxygen atoms bound to tin) as a function of temperature mirrors the intensity of O 1s
A, reaching a minimum at 450 — 500 °C before increasing again slightly at annealing
temperatures of 600°C and above. As such, it appears that the higher conductivity of the
unannealed ITO occurs when there is an equal composition of both: (i) indium ions that
are fully bonded with the neighbouring O% ions (InyO5 lattice oxygen) and (ii) oxygen
atoms bound to tin atoms. The intensity of the (O 1s C):(O 1s A) ratio decreases with
annealing temperature indicating a reduced delocalization of excess electron density

across multiple oxygen atoms.
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Figure 3-18: Atomic relative concentration (%) of O 1s chemical state versus
annealing temperature
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3.3.7.1 Combining the Bulk and Surface Compositional Measurements

Figure 3-19: Atomic relative concentration of indium at the surface and in the bulk under different
annealed temperature

Figure 3-19 shows the relative concentration percentage of indium both at the surface
and in the bulk as the annealing temperature is increased. The atomic concentration of
indium at the surface and in the bulk is quite similar, and both decrease systematically
for annealing temperatures up to around 450 °C. At this point, while the bulk indium
concentration continues to decrease monotonically, the surface indium composition

decreases more rapidly up to 600 °C before increasing dramatically at 700 °C.

Interestingly, at an annealing temperature of 700°C, the indium composition in the bulk
is reduced while more indium is obtained at the surface. Thus, when ITO is heated to
700°C, indium diffuses up to the top surface layer and dominates the top 10 nm layer
thickness. The observation that indium (and tin) diffuse into the surface layer is
consistent with previous work by Alet et al who showed that at 300°C, indium and tin

from ITO substrate begin to diffuse out from the bulk into the surface layer [18].

The reduction of indium composition in the bulk also correlates well with the decrease
of ITO conductivity as the annealing temperature is increased; consistent with
conductivity being primarily a bulk phenomenon. In addition, the indium concentration

indium is higher than tin for all of the substrates and, since oxygen is also observed,
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In,0; is assumed as the main component in ITO [133]. The indium bulk composition
generally decreases over the annealing temperature as shown in Figure 3-19. As the

annealing temperature is increased, indium moves to the surface of the layer.

We observe that the bulk concentration of indium remains essentially with the same as
the surface concentration of indium until 500 °C. It is possible to speculate that the
small fluctuations in indium composition (primarily in the bulk) that are observed in
Figure 3-19 are related to the re-crystallization, diffusion and grain growth processes
that occur during annealing. At 500 °C, the surface concentration of indium begins to
fall before it rises at rapidly at 700 °C. At 700 °C we also see a rapid decrease in tin
surface concentration. It is well known that indium and tin have a relatively low
melting temperatures of 157 °C [12] and 232 °C [22], respectively. As such, Figure 3-19
is consistent with the decomposition and evaporation of indium and tin upon thermal
annealing to high temperatures [119, 134]. Indeed, this high temperature behavior
suggests a model which involves indium and tin evaporation from the ITO surface, with
indium evaporation activated first (~ 500 °C) and then tin evaporation activated (~ 700
°C). At 700 °C, the bulk indium and tin species also becomes more surface mobile,

resulting in the formation of metallic particles on the surface.

3.4 CONCLUSION

This chapter demonstrates that the behavior of ITO films upon annealing is complex
and involves structural and chemical changes in both the surface and bulk of the film.
Structurally, we observe that both the ITO grain size and the crystallinity of the grains
change dramatically upon annealing; the grains increase in size and the dominant crystal
plane changes from (400) to (222). The increased grain size and change in crystallinity
is consistent with a decrease in oxygen vacancies in the ITO film, which would be
expected to lead to a corresponding decrease in conductivity. This hypothesis is
supported by EDS and XPS compositional analysis, which indicate that as the indium
and tin diffuse to and evaporate from the film surface with increasing temperature, the
oxygen vacancy density systematically decreases. Moreover, despite an increase in
relative tin dopant concentration, the conductivity continues to decrease suggesting that

the tin species is electrically inactive.
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The measurement of ITO conductivity is particularly important for the carbon and
polymer nanostructure growth and especially in relation to the fabrication of OPV
devices from these materials. We observe that at higher temperatures the indium and tin
become mobile in the bulk ITO and begin to form particles on the ITO surface. This
corresponds to a significant change in the bulk ITO properties, resulting in an
undesirable decrease in conductivity. As a result, this chapter informs our subsequent
work on the CVD growth of nanostructures and indicates that, in order to maximize the
conductivity of ITO films, low temperature growth is required. Consequently,
temperatures of up to 500°C have been used for the CVD growth throughout the rest of
this work. Apart of preserving the initial conductivity, the low temperature growth also

minimizes the degradation of the physical and chemical substrate properties.
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4 CHEMICAL VAPOUR DEPOSITION OF CARBON
NANOSTRUCTURES ON INDIUM TIN OXIDE

41 INTRODUCTION

41.1 Overview

In this chapter we describe the synthesis of carbon and semiconducting-oxide
nanostructures on an indium tin oxide (ITO) substrate. Due to the lack of literature on
the growth of carbon nanostructures on ITO, and their potential benefits to OPV
architecture, we have undertaken a study of the influence of certain experimental
parameters, particularly growth temperature, growth time and growth pressure, upon
carbon nanostructure growth. Taking consideration of the results presented in Chapter 3,
a low growth temperature of between 400 and 500°C has been used for carbon
nanostructures growth on iron-coated ITO, since no growth occurs below 400°C and
the loss of ITO conductivity is kept to a minimum of ~ 33% with no significant physical

deformation being observed.

A wide variety of carbon and metal oxide growths has been observed in this work,
ranging from amorphous carbon to carbon nanotubes and metal oxide nanowires. The
hydrogen plasma treatment which was applied to remove unwanted deposited
amorphous carbon layer is described in Section 4.3.4.2. One significant observation in
this work, presented in Section 4.3.5.2.4, is the observation of the growth of indium
oxide nanowires encapsulated by a carbon layer which occurs within the parameter
range studied. A growth mechanism is proposed for the indium oxide nanowire

formation which explains the observed encapsulation by a structured carbon layer.

The effect of varying the conditions used in the CVD process has been widely studied
for carbon nanostructure growth [135-140]. These variables include the flow rate, the
ratios of hydrocarbon gases, catalyst preparation, catalyst selection, growth temperature,
time and growth pressure. Different types of nanostructures have been grown by
varying these parameters. This work represents an initial study of the growth

morphology of carbon nanostructures and indium oxide nanostructures on iron-coated
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ITO, examining the effects of the catalyst, growth time, growth temperature and system

pressure upon the growth.

4.1.2 Carbon nanostructureson ITO

Due to their unique electronic properties, the integration of carbon nanostructures into
optoelectronic applications has been of great interest in recent years [1-3, 8, 9, 64]. For
example, a significant three-fold efficiency increase has been observed by integrating
carbon nanostructures into organic solar cells [1]. This improvement is thought to be
because the nanostructures enhance the charge separation of excitons created in the

polymer matrix, and efficiently transport electrons to the cathode [1].

The creation of large area electrodes with carbon nanostructures grown directly onto the
substrates is an opportunity offered by CVD. Indeed, the growth of carbon
nanostructures directly onto substrates such as alumina, silicon dioxide, glass and ITO
has already been carried out by chemical vapour deposition (CVD) [8, 55]. Moreover,
the dimensions of carbon nanostructures grown directly onto a substrate can be better
controlled compared with the method of simply mixing carbon nanostructures within
the polymer matrix. The nature of the deposition substrate will allow control of the
growth rate and morphology of these carbon nanostructures. For example, according to
Miller et al [8], carbon nanostructures grown on ITO exhibit a slower growth rate than
on a glass substrate. This difference offers control over the height of the nanostructures,

which will be of benefit to their use in organic solar cells.

Figure 4-1 and Figure 4-2 show the SEM and TEM images of the carbon nanostructures
grown on ITO as reported by Miller et al [8]. Nickel was used as a catalyst in this case
with acetylene as the carbon source at a temperature of 550°C. A tip-growth mechanism
is proposed due to the nickel particles observed sitting at the tip of the nanostructure.
However, the authors claim contamination of the nickel catalyst by indium and tin that
originated from the ITO substrate. The contamination of both indium and tin leads to a
slower growth rate of the carbon nanostructures when compared with the growth rate of
carbon nanostructures grown on the glass substrate. In addition, the formation of
multiwall carbon nanostructures is identified from the TEM images. As reported by Pan

et al [140], carbon nanocoils have been successfully grown on iron-coated indium tin
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oxide. A high growth temperature of 700°C was used in this synthesis. Figure 4-3
shows the SEM image of the carbon nanocoils that were synthesised via CVD. The
authors studied the roles of both iron and ITO as a catalyst and suggest that they are
responsible for the formation of nanotubules and the helical growth of the nanotubule

respectively.

Figure 4-1: SEM images of (a) carbon nanostructures grown on glass and ITO under similar
growth conditions (b) carbon nanostructures grown on ITO & (c) cross sectional view of carbon
nanostructures grown on ITO [8]

Figure 4-2: TEM images of carbon nanostructures grown on ITO of (a) lower magnification &
(b) higher magnification clearly showing the catalyst at the tip of the structure [8]
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Figure 4-3: SEM image of carbon nanocoils grown at 700°C [140]

An issue for the potential use of these nanostructures in OPV devices is electrical
shorting in these films due to bridging of the nanostructure across the entire active layer.
This problem can be overcome since the length of carbon nanostructures grown via
CVD is a dimension that can be readily controlled [55]. Apart from controlling carbon
nanostructure dimensions, CVD of carbon nanostructures on ITO could also improve
the contact between the substrate and the nanostructures. Carbon nanostructures that are
grown via CVD on ITO substrate are directly bonded to the substrate and contact
between them is likely to be enhanced [8]. This direct contact should provide a

continuous pathway for charges to the external circuit [65].

4.1.3 Semiconducting nanostructures

Like their carbon counterparts, semiconducting nanostructures such as silicon
nanowires [18, 141], zinc oxide nanowires [142], tin nanowires [22], indium oxide
nanorods [143], indium germanate nanotubes [144], germanium nanowires [17] and
indium tin oxide nanowires [5, 16] have been grown to examine their application in
nano- and opto-electronics. These semiconducting nanomaterials were synthesised by

various methods, and a range of different growth mechanisms have been proposed.
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Most semiconducting nanostructures are thought to form via the vapour-liquid-solid
(VLS) mechanism [16, 22, 142, 144]. In this mechanism, solid source material is heated
to temperatures where vaporisation occurs. Figure 4-4 shows a schematic diagram of the
proposed growth of tin nanowires encapsulated in amorphous carbon nanotubes by the
VLS mechanism. Under this mechanism [22] tin powder is vaporised at 900°. Tin
vapour can then be transported to the substrate where it undergoes condensation and
formation of a liquid droplet [144]. Incoming tin vapour accumulates on the existing
liquid droplet, resulting in an increase of the tin liquid droplet size. A liquid droplet can
then act as a catalyst and becomes encapsulated within the carbon nanotubes thus
formed. This growth involves the diffusion of carbon into the liquid droplet and then

precipitation of carbon onto the catalyst surface.

Figure 4-4: Schematic diagram of tin nanowire growth by the VLS mechanism [22]

A solid-liquid-solid (SLS) mechanism, which is directly comparable with the VLS
mechanism, has been suggested in the growth of silicon nanowires [141]. In SLS, the
silicon substrate is used as a source material which leads to the formation of silicon
liquid droplets. The SLS mechanism does not require as high a growth temperature as
VLS, since no vapour phase is involved. Figure 4-5 shows a schematic illustration of

the proposed growth of silicon nanowire by the SLS mechanism.
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Figure 4-5: Schematic depiction of silicon nanowire growth by the SLS mechanism [141]

In this scheme [141] a thin film of nickel is evaporated onto the silicon substrate. At a
certain temperature, liquid droplets composed of silicon and nickel is formed. Silicon
from the bulk silicon substrate then moves into the droplet as wire growth proceeds. In
order for a silicon nanowire to grow, silicon atoms need to diffuse into the droplets until

saturation of silicon atoms occurs which leads to nanowire formation.

In situ generation of source materials as a catalyst can be achieved directly from the
substrate for semiconducting nanostructure formation [18, 141, 143]. Alet et al [18]
have reported on the growth of silicon nanowires from indium catalyst droplets which
were generated from the ITO substrate. Plasma enhanced CVD was subsequently used
to grow silicon nanowires at low temperature. Indium catalyst droplets were formed
during the surface treatment using a hydrogen plasma at 250°C, and were seen sitting at

the tip of the nanowires, indicating tip growth from indium catalyst particles.

The growth of semiconducting oxide nanostructures directly from the substrate was also
observed by Lo et al [143]. Indium oxide nanorods have been successfully synthesised
on an indium phosphide substrate with no other source of indium. Carbon that is formed
from acetylene is suggested to act as a reducing agent for the formation of indium
oxides, but no carbon atoms were observed to be incorporated into the semiconducting
oxide nanorod. However, in other work reported on tin nanowire growth [22],

amorphous carbon nanotubes grew simultaneously, and finally encapsulated the tin
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nanowire. In that work, acetylene was used as the carbon source, which resulted in an
amorphous carbon layer. Figure 4-6 shows the TEM images of tin nanowires that have
been encapsulated in amorphous carbon nanotubes; more than one section tin nanowire
is observed due to the splitting of one continuous tin nanowire upon cooling and
solidification. In the figure, two non-identical regions are observed which comprise tin
and carbon in the dark region and only carbon, with a very low level of tin, in the bright
region. This then describes a production of hollow carbon nanostructure that allows the

growth of another material (tin nanowire) within its core.

Indium from ITO has also been observed to diffuse into growing semiconducting oxide
nanowires. According to Hsu et al [142], an ITO film deposited on a silicon substrate
results in the diffusion of indium into zinc oxide nanowires when these are grown upon
it. The ratio of indium to tin plays an important role in the diffusion, since, only indium
atoms are detected at the bottom of the nanowire. The EDX spectroscopic mapping

image of indium is presented in Figure 4-7.

Figure 4-6: TEM image of tin nanowires encapsulated in amorphous carbon nanotube [22]
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Figure 4-7: EDX spectroscopic mapping image of indium (red) at the
bottom of zinc oxide nanowire [142]

The following study presents the growth of carbon and indium oxide nanostructures by
CVD at low temperatures on ITO. A full study of the effect of temperature (within the
imposed limitations of degradation of the ITO substrate as defined in the previous
section), growth time and system pressure has been undertaken and the resulting

semiconducting nanostructures characterised.

4.2 EXPERIMENTAL SETUP

The thermal CVD technique as described in chapter 2 and the recipe shown in Table 2-1
was applied to grown carbon and metal oxide nanostructures on an ITO substrate. A
systematic study of growth parameters was undertaken by varying the growth
temperature (400, 450 and 500°C), growth time (1, 5 and 10 min) and system pressure
(100, 200, 300 and 400 Torr).
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4.3 RESULTS AND DISCUSSION

4.3.1 Effect of hydrogen reduction on ITO

Reduction of the iron (Fe) film was conducted in the CVD by flowing 100 sccm of
hydrogen over the substrate for 10 min at 450°C. This process is crucial for carbon
nanostructure growth as it creates metal catalyst nanoparticles which allow the diffusion
of carbon atoms to occur. Carbon atoms need to be absorbed into and then diffuse to the
edge of catalyst particles [48] in order to further the growth of the carbon nanostructure,
this is particularly important in CNT growth. The catalyst particle is always observed in
the subsequent CNT structures, either sitting at the tip of the nanotube, which is defined
as the tip growth mechanism, or attached to the substrate in the base growth mechanism

[48].

In order to understand the carbon nanostructure growth mechanism in this work, a series
of annealing experiments was carried out. Since a relatively low temperature of 450°C
was chosen for the carbon nanostructure growth to avoid ITO deformation, this
temperature was also applied in the reduction process. An ITO substrate without an
evaporated Fe film was annealed at 450°C for three different reduction times of 10, 30
and 60 min. SEM images and XPS data were then used to observe differences in the
catalyst particle formation and to quantify the particles formed under the different

reduction times.

The appearance on the ITO film of indium and tin particles is shown in Figure 4-8(a-d).
Figure 4-8b shows that indium and tin particles can been observed after 10 min of
reduction. This image is similar to an atomic force microscopy (AFM) image obtained
of an ITO film annealed at 400°C which showed hundreds of ~nm sized clusters [119].
The thickness of ITO supplied by Delta Technologies Limited is about 170 nm and
particle diameter sizes ranging from 50 to 150 nm are observed after a 10 min reduction.
However, increasing the reduction time to 30 and 60 min (Figure 4-8c & Figure 4-8d),
apparently reduces the number of particles as well as the average particle size, possibly

due to evaporation of the metals.
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Annealing temperature and duration therefore clearly play an important role in the
transformation of the ITO film structure. As the annealing temperature is elevated the
ITO film structure becomes more crystalline [145]. As reported by Deng et al [114],
thermal annealing of ITO films between 200 and 400°C results in the transformation of
amorphous to crystalline films. However, this transformation was achieved using longer
annealing times (between 1 and 5 h), whilst the SEM image obtained from 1 hour
(Figure 4-8d) annealing time in this work does not reveal any information about a

change in the crystalline structure.

A schematic illustration of proposed transformations of an annealed ITO film is shown
in Figure 4-9. The thin film of ITO coated on glass undergoes a fragmentation process
within 10 min of hydrogen reduction which create a diameter size of metallic particle
suitable for catalysis of carbon growth. After 30 min of catalyst reduction, the number
of particles is reduced, until near complete disappearance occurs after 60 min of
reduction. The reduction in metal particles number can be also observed in the atomic
concentration (%) data provided by the XPS spectra shown in Figure 4-10. From the
indium and tin peak intensities displayed in XPS spectra, it can be confirmed that both

indium and tin undergo a reduction in concentration at longer reduction times.

This observation is in agreement with previous work on annealed ITO-coated glass
[117]. In that study, at 500°C indium/tin atoms increasingly move to the surface as the
annealing time is increased. For the first 2 h annealing time, particles/clusters of a size
of about 100 nm were seen growing on the surface. In addition, agglomeration of the
indium/tin enriched particles occurred after the annealing time reached 3 h. This
agglomeration seemed to disperse and the particles completely disappeared at longer

annealing times.
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Figure 4-8: SEM image (taken at 20000x magnification) of ITO (a) before and after (b) 10 min,
(c) 30 min & (d) 60 min of hydrogen reduction at 450°C

Figure 4-9: Schematic illustration of the observed ITO film fragmentation at different hydrogen
reduction times

Figure 4-10: XPS spectra of ITO (a) before reduction and under the hydrogen reduction at 450°C
of (b) 10 min, (c) 30 min and (d) 60 min
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4.3.2 Effect of hydrogen reduction on iron-coated ITO

The identical experimental procedure as was used in section 4.3.1 was undertaken on an
ITO-coated glass substrate onto which 5 nm of Fe had been evaporated. The SEM
image of the 5 nm Fe layer taken before the hydrogen reduction (Figure 4-11a) shows a
smooth Fe film with no particles apparent. However, during the 10 min reduction time,
the film of Fe is completely converted to catalyst particles, as can clearly be seen in the
SEM image (Figure 4-11b). A distinct difference can be observed between the 10 min
reduction done on ITO with and without a Fe catalyst layer. The Fe layer forms into
nanometre sized particles. The catalyst particle formation is uniform, the coverage is
complete and a granular structure is formed. Due to limitations of the SEM imaging
system at Newcastle, particles of diameter less than 10 nm are difficult to resolve, but it

would appear that the catalyst particles formed are of this dimension.

As shown in Figure 4-11c, the Fe catalyst particles are reduced in size after 60 min of
reduction time. This observation parallels the hydrogen reduction of ITO without any
evaporated Fe catalyst, where the indium and tin particles also become smaller in size
after 60 min of reduction. Carbon atoms produced from hydrocarbon gases in the CVD
process diffuse into catalyst particles until they saturate the surface and start to form
graphitic layers [48, 146]. Different size catalyst particles formed from the film
reduction process can therefore radically influence the CNT growth mechanism [48].
Therefore, availability and control of catalyst particles is essential for the different

growth modes of carbon nanostructures.

A schematic representation of the fragmentation process for an iron coated ITO film at
different hydrogen reduction times is presented in Figure 4-12. After 10 min of
reduction, ITO and the Fe film transform into indium/tin and Fe nanoparticles,
respectively. The density of metal nanoparticles is high at 10 min of reduction when
compared to that for 60 min. This phenomenon can be explained by work done by Zong
et al [147] whose synthesised iron oxide nanostructures at different annealing
temperatures and times. They proposed that the thickness of iron oxide is decreased due
to the evaporation that occurs over the longer duration annealing. It was observed in our

study that the film colour is different between 10 and 60 min hydrogen reduction - the
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Fe film that was annealed for 60 min is lighter in colour and more transparent than the
10 min case. The colour difference is consistent with iron oxide evaporation [147]

during annealing.

Figure 4-11: SEM image (taken at 20000x magnification) of 5 nm Fe (a) before and after (b) 10 min
& (c) 60 min of hydrogen reduction at 450°C

Figure 4-12: Schematic illustration of the proposed Fe/ITO film fragmentation at different
hydrogen reduction times

4.3.3 The growth of carbon nanostructures

Four different CVD chamber pressures and three different growth temperatures and
growth times were employed in this study. Shown in Figure 4-13, are the SEM images
taken for nanostructures that have been grown at 450°C at each chamber pressure for 10
min growth time. As can be clearly seen, the morphology of the nanostructures is
different in each case. These SEM images show two distinct layers. The carbon
nanostructure growth is comprised of a dense unstructured interface layer and a
nanostructured layer. The boundaries of these layers are further illustrated in Figure

4-14. The details of each layer will be elaborated upon in the following sections.
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Figure 4-13: SEM images (taken at 20000x magnification) of nanostructures grown at 450°C for 10
min under the different system pressures of (a) 100 Torr (b) 200 Torr (c) 300 Torr & (d) 400 Torr

Figure 4-14: Illustration of interface layer and nanostructured layer within the carbon
nanostructures

4.3.4 Characterisation of the interface layer

4.3.4.1 Formation of an amorphous carbon layer

As shown in Figure 4-13, four different SEM images were obtained from samples
prepared under 100, 200, 300 and 400 Torr system pressures grown at 450°C for 10
min. Impurities such as amorphous carbon, multishell carbon nanocapsules and metal
particles are known to occur during the synthesis of carbon nanostructures [15]. All
carbon nanostructure films prepared in this work exhibit this unstructured interface

layer with thicknesses of 208+10 nm (100 Torr), 1278439 nm (200 Torr), 1465+40 nm
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(300 Torr) and 1980+27 nm (400 Torr) respectively. A plot of interface layer thickness
versus pressure is shown in Figure 4-15 and shows that a systematic increase in the

thickness of this layer occurs with system pressure.
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Figure 4-15: Interface layer thickness at different pressure

XPS was performed on the carbon nanostructures shown in Figure 4-13c. The image of
the two different layers shown in Figure 4-14 highlights the porosity of the fibre
structure. Due to the porosity of these carbon nanostructures, the penetration of XPS
leads to measurement of the denser, partially exposed interface layer. Figure 4-16 shows
the XPS spectrum which displays a strong carbon signal at 284.5 eV. The observation
of a strong carbon signal at 284.5 eV is due to amorphous carbon structure as reported
by Horikoshi et al [148]. These researchers reported the XPS spectrum of amorphous
carbon film which showed a signal at 285 eV [148].

Inadequate availability of active catalyst particles could lead to the formation of
amorphous carbon. In the initial stage of the CVD process, carbon atoms are produced
from the decomposition of hydrocarbon gas before carbon atom diffusion process
occurs on the catalyst particle. Carbon nanostructures start to grow until the

concentration of carbon atoms reaches its solubility limit in the particle. Access to the
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catalytically active surface is limited as carbon nanostructures grow over the catalyst
particles. Amorphous carbon or other unwanted carbon materials would start to develop

if the rate of gas phase carbon production exceeds the rate of nanostructure growth.

Figure 4-16: XPS spectrum of C peak at 284.5eV of carbon nanostructures

Escobar et al. [137] have investigated the effect of acetylene pressure and concentration
on the structural and morphological properties of CNTs synthesized by CVD, with iron
nanoparticles dispersed on a SiO; matrix as the catalyst. When the acetylene pressure is
increased, the crystalline wall of the nanotubes is deposited within an amorphous carbon
layer due to deactivation of the catalyst. Regular inner channels of CNTs can be
synthesized at low acetylene pressure, which also results in reduced amorphous carbon

formation.

The thickness of the amorphous carbon layer is proportional to the chamber pressure;
with increases of 100 Torr give an increment of ~ half a micron in thickness. Therefore
lowering the system pressure reduces the thickness of the unwanted amorphous carbon
layer. We hypothesise that by decreasing pressure to 100 Torr, the reduced rate of
carbon absorption by the particle means that the catalyst particle is more effectively
used for carbon diffusion. According to Cuong et al [20], CNFs synthesised on graphite
microfibers at 680°C are accompanied by relatively little amorphous carbon due to the
obstruction of spontaneous pyrolysis of gaseous hydrocarbon. The required synthesis
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temperature is very dependent on the nature of the gaseous carbon source; CNFs can be
produced at lower temperatures if a more strongly dehydrogenated carbon source such
as ethylene or acetylene is used instead of saturated hydrocarbons such as methane.
However, amorphous carbon is easily formed together with the thicker CNFs in the

more reactive hydrocarbon environment.
4.3.4.2 Effect of H, plasma on the interface layer

In the work undertaken here, the concomitant formation of amorphous carbon with
CNTs growth apparently cannot be fully suppressed. Plasma etching is a technique
which has been widely used to replace wet chemical processes for etching materials
similar to the amorphous carbon layer observed [47, 149-162]. Furthermore, the plasma

etching technique could improve the properties of any carbon nanostructures formed.

The field emission properties of MWCNTs films are enhanced after being treated by
hydrogen plasma [153, 154]. The morphology of the treated nanotubes was changed
from a smooth to a rough surface that was covered by carbon nanoparticle balls. The
authors concluded that, due to the high energy ion bombardment from the plasma, the
amorphous structure was produced from the MWCNTs. Thus plasma treatment can lead
to defect formation-dangling bonds, interlayer cross-linkings and sp’ defects. Sp’
defects may have contributed to the bending and irregular graphitic structures obtained
in this work. This finding is supported by Xie et al [161], where an amorphous carbon
film treated by hydrogen plasma also showed changes in the surface morphology and
conductivity even though the chemical effect was small. The graphitic structure of
CNTs did not change when exposed to a shorter duration of hydrogen plasma treatment
compared to a long exposure time of more than 5 h [158]. Application of hydrogen
plasma for a short time is thus a promising candidate for optical material applications
since longer exposure periods (5-10 hr) changed the bamboo-like structure of untreated
CNTs into solid and helical structures. In addition, the parallel and complete graphitic

layers became defective and disordered.

Hydrogen is not the only gas that has been used in the plasma etching treatment. Other
gases such as argon, oxygen and nitrogen have been used to treat various materials.

Argon plasma has been used to improve the photo-current density, the surface area
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ratio, the optical and electrical reactive activity of TiO, films [155]. Argon plasma has
also been used in combination with O, on CNTs. After the treatment, the CNT surface
was much better orientated and its field emission properties were enhanced [154].
Differences in morphology and field emission properties of MWCNTSs can also be
observed by using either argon or nitrogen plasma etching [156]. Nanotubes become
increasingly shorter with treatment duration, the density is decreased, and there is a
formation of vertically aligned nanotube bundles where several nanotubes are joined at
their tips. Argon plasma treatment has shown a greater etching rate than nitrogen, as it
produces a lower density and shorter nanotubes compared with nanotubes treated by
nitrogen plasma. Although a lower etching rate was produced by the nitrogen plasma
treatment, nitrogen doping of the treated MWCNTs has been observed. This treatment
could contribute to the observation that nanotubes have better field emission properties
post nitrogen plasma treatment. Huang and Dai [152] have reported the application of
H,O plasma etching in removing the amorphous carbon layer that covers aligned CNT
films. They found that, amorphous carbon could easily been removed by H,O plasma
etching, however prolonged plasma treatment could partially remove graphitic sheets
from the CNTs structure. In light of these observed changes in carbon nanostructure
properties, plasma etching was investigated as a post-film production processing step to

improve film quality and remove amorphous carbon.

In order to understand how best to treat the amorphous carbon layer, samples of CNFs
grown at 200 Torr were exposed to hydrogen plasma etching for times of 10, 30, 120,
240 and 360 min. Hydrogen plasma etching is done ex-situ with a RF power of 180 W
used on each sample with a flow of 100 sccm of hydrogen at 3 Torr pressure. The main
purpose of this experiment is to develop a means to reduce the amorphous carbon film
layer deposited on the bottom of CNFs structure. All samples used were synthesised at
the same time in order to avoid any difference in growth conditions arising from
different batches. The surface morphology of each etched carbon film can be seen in the
cross-sectional SEM images shown in Figure 4-17. Initially CNFs were generated in a
tangled form together with the deposition of an amorphous carbon layer of ~1100 nm in
thickness and is in reasonable agreement with the data presented in Figure 4-15. This
thickness of amorphous carbon film would be expected to severely reduce the

usefulness of these films for device applications.
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Figure 4-17: SEM images (taken at 20000x magnification) of carbon nanostructures grown at 200
Torr without H, plasma etching (a) and after H, plasma etching at different times of (b) 10 min
(c) 30 min (d) 120 min (e) 240 min & (f) 360 min

Interestingly, after 10 min of hydrogen plasma treatment, the thickness of amorphous
carbon layer increased from ~1100 nm to ~1600 nm. This increase is continuous up to
30 min of etching time is applied, where ~2300 nm of amorphous carbon is observed.
Despite the increase in carbon film thickness, the morphology of CNFs improves with
treatment time. The tangled nanofibres grown at 200 Torr are transformed to more
aligned CNFs after 30 min of treatment with a more dense nanofibre distribution
compared to the structure after 10 min of hydrogen plasma treatment. Mechanistically,
hydrogen ions or atoms produced from the hydrogen plasma react with the carbon
atoms forming C-H bonds. Due to the open structure between CNFs, these reactive
hydrogen species easily reach the amorphous carbon film layer and react. The hydrogen
plasma scavenges weak bonds and increases the hydrogen coverage on the growing film
surface, resulting in the formation of a well-relaxed amorphous film network [152].
Investigation into hydrogenated amorphous carbon has been done by RF plasma with its
degree of hardness showing a relationship to the etching gas pressure [150]. The etching

rate of amorphous carbon films and hydrogen content also closely related to each other.

After 30 min of hydrogen plasma treatment, the carbon film layer is increased and
aligned CNFs are obtained. We believe the observed carbon film layer thickness

increase is due to the enhancement of hydrogen atoms on the carbon film surface which
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leads to a more relaxed and less dense amorphous film network. Furthermore, the
formation of C-H bonding may contribute to the phenomenon. Hydrogen ions
impingement is higher on carbon film surfaces rather than on the tip of the CNFs
because of the stronger graphitic bonding. Also the gaps between CNFs would allow

more hydrogen ions or atoms to reach and bonded with carbon atoms at the surface.

A dramatic reduction in the amorphous carbon layer thickness is seen after 2 h of
hydrogen plasma treatment. However, the surface morphology has changed from
aligned CNFs to distorted ones. In addition, the CNFs seem have been significantly
etched away together with the carbon film layer. As reported by Nakahara et al [151],
the surface structure of carbon fibres vanishes after prolonged exposure to oxygen
plasma. They also reported the disappearance of well-graphitized carbon layers in the
pyrolytic graphite surface with oxygen plasma treatment. The effect of two different
plasma gases, hydrogen and oxygen, is likely to be the same as the CNFs are destroyed
after the longer exposure to plasma etching. According to Xu et al [162], by using
hydrogen plasma annealing, the sp”/sp’ ratio is decreased. The weak carbon sites on the
growing surface are chemically etched away and the growth of sp’ clusters is also
suppressed. This observation suggests that the sp’-related clusters can be significantly

reduced.

After two hours of treatment the nanofibres reduce further in length and the tip joining
is observed. Shrinkage in length must be due to the distortion or defects generated by
hydrogen ion impingement. Both CNFs and amorphous carbon are removed by the
prolonged exposure. Further exposure leads to the virtual disappearance of CNFs after 4

h, and their complete disappearance after 6 h of hydrogen plasma exposure.

CNFs cannot be seen after 6 h of treatment; however a carbon film layer of ~340 nm
thickness still remains. Hydrogen plasma treatment favours etching of metallic single-
wall CNTs over the semiconducting nanotubes [47]. Detachment of catalytic metallic
particles might have occurred during the etching process which results to the opening of
nanotube ends and the destruction of nanotube structures. Hydrogen plasma introduces
specific defects on the metallic nanotube which propagate through the entire wall since
the C-C bonds on metallic nanotubes are easier altered than in semiconducting

nanotubes.
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Katayama et al. have reported the erosion of a carbon deposition layer exposed to
hydrogen plasma at an RF power of 250 W [158]. Before the application of this
treatment, the carbon deposition layer consisted of a packed fibrous structure. However,
after the plasma exposure, the authors found that the surface became mesh-like and the
inside of the layer became more porous. The relatively high RF power of 250 W used in
this study would probably be the cause of the erosion observed after 6 h of plasma

exposure, in agreement with this study.

The plot of amorphous carbon film thickness versus etching time is shown in Figure
4-18 from which an etching rate of 2.1 nm/min can be obtained. For comparison,
Kobayashi et al [150] found that the etching rate of hard amorphous carbon film is 6
nm/min when using the argon plasma at 0.05 Torr. These authors found that the etching
rate of amorphous carbon films is directly proportional to the argon pressure. A much
higher hydrogen pressure of 3 Torr was used in our study; but a lower etching rate of
2.1 nm/min was still obtained at 180 W. Hydrogen plasma etching on carbon films has
been studied [149] and it was shown that the etch rate increases with hydrogen gas
pressure and sample temperature. Hydrogen ions produced from plasma were able to
etch amorphous carbon films at high etching rates [160]. As reported elsewhere, the
hydrogen plasma etching rate can be very high when used on amorphous carbon film

[161].

This study shows that hydrogen plasma etching can indeed be used to reduce or
eliminate the amorphous carbon layer which accompanies carbon nanostructure growth.
However, for short exposure periods this amorphous layer initially appears to actually
grow in thickness and at longer exposure periods, where the amorphous layer is
reduced, significant destruction of the carbon nanostructures is also observed.
Therefore, if this technique is to be used to improve the films prepared in this project
further work will need to be undertaken in order to optimise amorphous carbon etching
whilst minimising carbon nanostructure destruction. None the less this preliminary

study shows that such optimisation may be possible.
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Figure 4-18: Amorphous carbon film thickness at different etching time

4.3.5 Characterisation of nanostructured layer

The following sub-sections detail the experimental results of systematically varying
growth temperature, time and pressure. Two types of nanostructure are observed at the
different system pressures. Between 100 and 300 Torr, the nanostructured layer
comprised of fibres. In contrast, at 400 Torr, the nanostructured layer is dominated by

needles.
4.3.5.1 Nanostructure growth at 400°C (100 — 400 Torr)
4.3.5.1.1 Nanostructure growth at 100 Torr

Carbon nanostructures in the form of carbon nanofibres (CNFs) are observed between
100 to 400 Torr at the growth temperature of 400°C. The structure transformation from
catalyst to CNF can be seen between the initial growth time of 1 min to the final growth
time of 10 min. Intermediate growth has been investigated by implementing a growth
time of 5 min. The lowest growth temperature applied in this work is 400°. The
predominant changes in structure, particularly from catalyst particle to carbon
nanostructure can be seen in Figure 4-19. In Figure 4-19, high resolution SEM images

are presented for both the cross-section and top view of substrates. In addition, the EDX
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line scan of nanostructure has been taken from the top view. This elemental
composition EDX measurement has a 5% error. In order to analyse the quantification of
traced elements, a 3D graph distribution of carbon, oxygen, iron and indium is shown in

Figure 4-20.

(c)

(f)

(i)

Figure 4-19: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 400°C of 100 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)
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Figure 4-20: 3D graph distribution of relative atomic concentration of O, C, In and Fe growth at
400°C and 100 Torr of different growth time

At the lowest growth temperature (400°C) and growth pressure (100 Torr) implemented
in this work, the indium signal is seen to dominate during the growth time of 1 and 5
min. However, smaller amounts of oxygen, carbon and iron were also observed. A low
level of iron is detected during these growth times (1 and 5 min) before completely it
completely disappears by 10 min. During the 1 min growth, surface particles with a
variety of shapes develop (Figure 4-19a & b). The line scan of those particles shown in
Figure 4-19c gives information for the mass percentage of the individual particles. By
considering the changes in carbon, iron and indium concentrations conclusions as to the
composition of the particles can be made. Interestingly, the graph of mass percentage
for carbon and iron is largely invariant, with most of the peaks detected at the location
of particles rather than in the gap between particles. By contrast, indium shows mass
peaks in the gaps between the particles. We can therefore conclude that iron does indeed

fulfill its role as the catalytic site for carbon growth.

During the 1 min growth at the lowest temperature, the thin film of iron catalyst
transforms its initial film state into a distribution of individual particles. These iron

particles then catalyzed the subsequent carbon growth. Whilst this growth occurs, the
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ITO substrate remains largely unchanged. The detection of an indium maximum in the
gap between particles would suggest that little diffusion of indium or tin occurs at this
stage. This is supported by observation that the lowest levels of indium are detected at
the particle whilst both iron and carbon show mass maxima. Catalysts such as nickel
have been reported to be become contaminated with indium and tin at growth
temperatures of 550°C resulting in slower carbon nanostructure growth [8]. Since the
melting point of indium is 157°C [12], possible contamination of the iron catalyst by
indium and subsequent slowing of carbon nanostructure growth could occur here as

well.

Increase in growth time leads to the continued growth of carbon nanostructures as
evidenced by SEM and EDX measurements (Figure 4-19d-i). There is an apparent
contradiction in the growth morphology between 1 and 5 min. The SEM cross-section
image (Figure 4-19d), show that the thickness of the grown structure is approximately
500 nm. However, a variety of diameters and heights are observed for the
nanostructures. There appears to be a systematic reduction of carbon nanostructure
diameter from 1 min growth time to 10 min growth time. The diameter of a
nanostructure is known to be highly dependent on the size of catalyst particle [48]. As
such, it is possible that the larger catalyst particles grown undergo particle
fragmentation to smaller sizes during longer growth times leading to nanostructures of
smaller diameter. The EDX line scan image shown in Figure 4-19f shows that substrate
surface is still dominated by both indium and iron, with low levels of carbon

concentration seen in the areas of low nanostructure growth.

The nanostructure grown for 10 min (Figure 4-19g) shows a denser layer which now
covers the entire growth area. The EDX line scan analysis shows that the mass
percentage of carbon has correspondingly dramatically increased and that now no iron is
detected. The complete absence of iron in the EDX spectra would appear to suggest that

the nanostructure growth is not via a tip growth mechanism for these conditions.

Carbon nanostructures grown on ITO with the lower system pressure (0.68 Torr) have
been reported [8]. A total thickness of the nanostructure of approximately 200 nm was
achieved and this layer was successfully used as the hole-extracting electrode in a solar

cell. The carbon nanostructures shown in Figure 4-19¢ and 4-19h are of the same
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general dimensions and therefore show distinct promise for integration into organic

solar cells.

4.3.5.1.2 Nanostructure growth at 200 Torr

Figure 4-21 shows the SEM images and EDX data (line scan) of nanostructures when
the system pressure is increased to 200 Torr with the other growth parameters
unchanged. This data shows that a similar nanostructure to that grown at 100 Torr is
obtained. Unsurprisingly, no carbon nanostructures are grown during the 1 min growth
time (Figure 4-21a & b), only a similar particle structure to that grown with the system

pressure at 100 Torr is observed.

(c)

(f)

Figure 4-21: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 400°C of 200 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)
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Again the mass concentration percentage of elements at the surface is dominated by
indium. As shown in Figure 4-21c the peaks in the indium mass percentage correspond
directly to some of the smaller particles on the surface but not to all of the particles. The
melting point indium is 157°C. At the growth temperature of 400°C indium is known to
melt and subsequently form indium droplets. Therefore at this growth temperature both
iron and indium in the substrate could transform into surface particles. The detection in
the SEM and EDX of particles with differing sizes and compositions seems to support
this hypothesis. Therefore we believe a mixture of both indium and iron catalyst

particles form under these conditions.

The morphology of the surface changes upon 5 min of growth time (Figure 4-21d & e¢),
with a larger number of smaller diameter particles shown. A very different morphology
of nanostructures is observed at 200 Torr as compared with the nanostructures grown at
100 Torr for 5 min. The nanostructures are more densely packed with each other with a
greater increase in the mass concentration percentage of carbon recorded. At this stage,
the mass percentage of carbon is level with the mass percentage of indium (Figure
4-21f). A higher system pressure at 200 Torr therefore appears to facilitate the growth
of carbon nanostructure with a much denser morphology. Additionally, the thickness of

this dense carbon layer has also been increased to nearly 1 pum.

The 10 min growth time sample (Figure 4-21g and 4-21h) appears very similar to that
observed under the 100 Torr growth conditions. The nanostructures are again of
substantially smaller diameter than the initial catalyst particles, suggesting division of
these particles during the growth process. Again no iron is detected in the EDX line
scan after 10 min growth (Figure 4-211), though a small amount of iron is still observed
at growth times less than 10 min. At the same time the mass concentration of indium is
reduced to half of its initial value. This again suggests that a tip growth mechanism

involving iron is not in operation.

The 3D graph distribution of relative atomic concentration of each element is presented
in Figure 4-22. It shows a systematic growth of carbon and total loss of iron over the
growth period. The indium percentage declines more slowly than the iron and the ratio

of oxygen to indium initially decreases (5 min) suggesting the formation of elemental
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indium on the surface and then increases (10 min) indicating the loss of this elemental

indium — possibly by evaporation.

Figure 4-22: 3D graph distribution of relative atomic concentration of O, C, In and Fe growth at
400°C and 200 Torr of different growth time

4.3.5.1.3 Nanostructure growth at 300 Torr

Figure 4-23 shows that upon increasing the system pressure to 300 Torr a similar carbon
nanostructure growth mechanism is preserved. There is very little change between the
morphologies and elemental compositions observed in the SEM and EDX spectra for
200 Torr and 300 Torr growth. Interestingly the initial nanoparticle growth on the
substrate surface is suppressed under the 300 Torr conditions. This may be due to the
likely increased mobility that indium will have at the higher pressure, which may lead to
suppression of iron nanoparticles. However, by 5 minutes of growth near identical
results are obtained to those for 100 Torr. This similarity continues through to 10 min of
growth where the only difference is a slight increase in the overall carbon coverage of

the substrate by EDX (~ 75% carbon at 300 Torr vs ~ 65% carbon at 200 Torr).
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(f)
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Figure 4-23: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 400°C of 300 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)
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4.3.5.1.4 Nanostructure growth at 400 Torr

As the system pressure is increased to 400 Torr a significant change in film composition
is observed as demonstrated in Figure 4-24. For all the applied system pressures (100 —
400 Torr), no carbon nanostructures are observed at the lowest growth time of 1 min.
Generally, during the 1 min growth time, only transformation of the iron thin film into
particles is observed. The morphology of these particles grown under different system
pressure were different in terms of their distribution and size. As shown in Figure
4-24a-c the morphology of particles at 400 Torr is similar to those grown at 200 Torr.
This is not consistent with the 300 Torr result but the formation of iron particles could
be contaminated by indium and thus competition between the formation of iron and

indium particles under the different pressures may lead to the observed results.

Under growth times of 5 and 10 minutes very similar nanostructure morphologies to
those observed for 200 and 300 Torr are (Figure 4-24d-i). Iron again disappears from
the elemental composition, whilst the carbon percentage of composition increases with
growth time. Surprisingly at 400 Torr the indium composition percentage does not drop
dramatically with growth time — this is a first hint that at higher pressures (and
temperatures) indium may be come incorporated into the carbon nanostructure. This

observation will be discussed in more detail in section 4.3.5.2.4.

The real picture of the elements distribution at the different growth times was is well
shown as a 3D graph in Figure 4-25. Indium displays a relatively uniform percentage
composition over the different growth times as the percentage composition of carbon
increases suggesting that it is somehow included into the carbon growth. Iron is only
observed during the 1 min growth before it vanishes upon longer growth times but may

still be acting as a base catalyst for carbon growth.
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(c)

(f)

Figure 4-24: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 400°C of 400 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)

min

%

Figure 4-25: 3D graph distribution of relative atomic concentration of O, C, In and Fe growth at
400°C and 400 Torr of different growth time
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4.3.5.2 Nanostructure growth at 450°C (100 — 400 Torr)
4.3.5.2.1 Nanostructure growth at 100 Torr

A significant change in the morphology of both the initial metal catalyst particles and
also the subsequent carbon nanostructures is observed when the CVD system
temperature is increased to 450°C. Figure 4-28 shows that a smaller diameter, more
densely packed layer of particles is observed at 450°C than at 400°C after 1 min. The
subsequent carbon nanostructure growth at 5 and 10 minutes leads to long nanotubes
with overall much smaller diameters than observed at 400°C (Figure 4-28. From these
observations it is apparent that the growth of catalyst particles on ITO is highly
temperature dependent. As has been reported elsewhere [8], the growth rate and
morphology of carbon nanostructures are heavily influenced by contamination of
catalytic substrate. It is likely that the higher temperature would produce further
contamination of the iron layer by indium which would slow down the transformation

from thin film to particle and subsequently lead to very different nanotube morphology.

Figure 4-26: FESEM images of (a) cross-section & (b) top-view of nanostructures grown at 450°C
of 100 Torr for 1 min

Although a slower growth rate of catalyst particles is observed, carbon nanostructures of
longer length and smaller diameter compared to those grown at 400°C are obtained.
These nanotubes are also less densely packed, with the substrate being clearly visible at
10 min growth time (both by SEM and EDX Figure 4-27¢ and Figure 4-28 respectively)

and it appears that at the lower growth temperature a layer of amorphous carbon may be
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incorporated into the carbon nanostructure. The formation of amorphous carbon is well
known to dominate with deactivated catalyst particles where the rate diffusion of carbon
atom into catalyst particle is higher than the formation of catalyst particle. Therefore it
would appear that the larger catalyst particles obtained during the lower growth

temperature of 400°C are deactivated compared to those obtained at 450°C.

(c)

(f)

Figure 4-27: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 450°C of 100 Torr for 5 min (a-c) and 10 min (d-f)

Figure 4-28: Graph distribution of relative atomic concentration of O, C, In and Fe growth at
450°C and 100 Torr of different growth time
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Figure 4-29: High resolution TEM images of carbon nanostructures grown at 450°C
of 100 Torr for 10 min for the magnification of (a) 57 000X, (b) 300 000X and (c) 470 000X

Figure 4-29a-c show the high resolution TEM images of a carbon nanostructure grown
at 450°C of 100 Torr for 10 min. The TEM images show an individual carbon
nanostructure that is representative of the many other nanostructures obtained under

these growth conditions.

From the TEM images, it is clear that the carbon nanostructure has grown with a
particle sitting at the tip. The diameter of the particle is ~20 nm sitting within an
approximately 40 nm (outer diameter) carbon nanostructure. The size of both the
particle and nanostructure are in good agreement with particles and nanostructures
observed in the SEM spectra (Figure 4-28b and Figure 4-28 respectively). The
appearance of a metal particle within the carbon nanostructure is reflected also in the
appearance, for the first time, of iron in the EDX spectra of both the 5 min and 10 min
growth time samples, suggesting that the iron particles may now be participating in a

tip-growth mechanism.

To aid identification of the carbon nanostructure a magnified region of Figure 4-29¢ has
been reproduced in Figure 4-30a. From the magnifying image, a clear multiwalled
structure is observed within the carbon nanostructure. The measured lattice spacing of
the carbon nanostructure is 0.3577 nm (measured along the ‘yellow’ line (2.45 nm) and
presented as a plot profile in Figure 4-30b). The 0.3577 nm spacing observed is in good
agreement with reported d-spacing of multiwalled carbon nanotubes (MWCNT) [163].
It is well known that the CNT with the multiple walls structure may allow the

incorporation of other materials within its hollow structure [46, 48, 61]. The high
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resolution TEM image of the carbon nanostructure therefore clearly shows that it is a

multiwalled carbon nanotube having more than ten layers of carbon wall.

(b)

Figure 4-30: TEM image showing the (a) lattice image of carbon nanostructure & Fast Fourier
transform of the image (inset) and (b) plot profile of lattice image
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The diameter of the MWCNT is 40 nm in average and shows predominately tip growth
mode. The exact length of deposited CNFs was hard to estimate because of the curled
structure, but it is in range of several microns. The curled structure may be due to
collisions between interfaces and with the low temperature applied in this experiment
distortion of the graphitic layer during growth is expected to occur [2]. This
entanglement was probably caused by the nucleation of the fibres occurring close to
each other due to the closeness of the catalyst particles (Figure 4-11b). The densely
packed iron catalyst particles could introduce competition and collision between two or
more growing fibres during the carbon atom diffusion [4]. An example of such a
circumstance is defects in graphitic layers caused by collisions between the two sides of
the interface between the monocrystalline regions [164]. Carbon nanostructures that
have been produced by Cuong et al [20] are similar in diameter and also highly
entangled, indicating the existence of numerous topological defects inside the material

due to the relatively low synthesis temperature.

As shown in Figure 4-29a, the tip-growth mechanism is observed, with catalyst particles
of diameter 20 nm sitting at the tip of the fibre. A schematic illustration of the MWCNT
tip-growth mechanism is illustrated in Figure 4-31. The tip-growth mechanism for CNT
growth on silicon substrate with iron as catalyst has been observed by Yun et al [61].
Iron particles were found sitting at the tip of the nanotube due to the relatively weak
adhesion between the substrate and catalyst film. In addition, Deck and Vecchio [46]
reported the appearance of CNTs grown via thermal CVD that exhibited the tip growth

mechanism with encapsulation of metal catalyst particles in each nanotube.

The MWCNTs grown under these conditions in our study follow the tip-growth
mechanism reported in literature [46, 61]. A complete formation of catalyst particles has
been achieved after the hydrogen reduction process (a). These formations allow the
carbon atom to diffuse to the particle interface (b). During the dissociation of C,H; into
carbon atom, the top surface of the particle is exposed for further carbon absorption.
Carbon atoms started to nucleate and form a graphitic structure which is usually a

hexagonal network [165].

Due to the weak adhesion between catalyst and substrate [61], the catalyst particle tends

to move towards the upper surface of open-fibre (c). As mentioned earlier, the growing
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fibre experiences competition between the other fibres which led to the deformation of
carbon nanostructure. The carbon nanostructure is not in a straight structure formation
and curled fibre can be seen in Figure 4-29. As the growing fibre is exposed to carbon
atoms, the absorption of carbon causes the simultaneous growth of a dense carbon

nanostructure, which means intense growth competition occurs between fibres.

Finally, the catalyst particle sits at the tip of fibre after the completion of carbon supply
(d). The supply of carbon atoms deteriorates over the growth time. Generally, the
graphitic layer will form a cap-like structure to encapsulate the particle within the fibre.
By terminating a carbon supply, the catalyst particle would unable to move further to
the upper fibre due to the more rapid formation of the cap-like graphitic layer than the

movement of particle [48].

catalyst

(@) (b)

Figure 4-31: Schematic illustration of the MWCNT nucleation and growth processes
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4.3.5.2.2 Nanostructure growth at 200 Torr

Figure 4-32 shows the SEM images and EDX line scan of nanostructures that have been
grown at the system pressure and growth temperature of 200 Torr and 450°C,
respectively. The growth was undertaken for the three different growth times of 1, 5 and
10 min. For the first time in this work, the appearance of carbon-based morphology was
observed for the growth time of 1 min (Figure 4-32a & b). The morphology of the
nanostructure grown under these conditions is similar to the morphology under the
conditions of 100 Torr at 400°C for 5 min. Under the conditions used until now only the
formation of catalyst particles (with very little growth of the carbon nanostructure) has
been observed during the initial 1 min of growth. However, the EDX data (Figure
4-32c¢) clearly shows regions of significant carbon composition on the surface at 1 min

of growth.

The carbon nanostructure that has grown by 5 and 10 min appear to be very similar in
both morphology and composition (Figure 4-32d-1). It would therefore appear that at a
system pressure of 200 Torr growth saturation occurs at around 5 min, with no
enhancement in growth observed between the growth times of 5 to 10 min. For all three
growth times, iron is detected in the EDX spectra. By contrast, iron was not detected at
the growth temperature of 400°C between the system pressures of 100 to 400 Torr for

10 min growth time.

101



(c)

(f)

Figure 4-32: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 450°C of 200 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)
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Figure 4-33: High resolution TEM image of carbon nanostructure grown at 450°C
of 200 Torr for 10 min

A high resolution TEM image of one of the carbon nanostructures grown on iron
coated-ITO under 200 Torr at 450°C for 10 min is presented in Figure 4-33. The image
reveals a twisted nanocoil structure with a number of particles encapsulated within the
coils. Two shapes of particles (spherical and rod shaped) have been magnified from
within the nanofibre — these are encapsulated by the multiple layers of carbon. Many
groups have reported the encapsulation of iron particles within the CNT [138, 166,
167], which could explain the observation in Figure 4-33. According to Pan et al [140],
ITO generates helical growth of carbon nanotubule whereas iron is essential for carbon
nanotubule formation. In other work reported by Okazaki et al [56], tin and indium used

as a catalyst has resulted in the growth of carbon nanocoils.
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Figure 4-34: High resolution TEM image of particle encapsulated
in multiwall carbon nanostructure

In order to identify the particles inside the cavity of the MWCNT, fast Fourier transform
(FFT) on the corresponded particle was taken and is shown in Figure 4-34 (inset). The
FFT image shows six spots that equidistant from the center which correspond to the
(110) planes of iron [168]. It would thus appear that under these conditions iron
particles are incorporated into the MWCNT during growth and that growth likely occurs

via a tip-growth mechanism.

4.3.5.2.3 Nanostructure growth at 300 Torr

An increase in system pressure to 300 Torr again leads to a denser carbon nanostructure
growth (Figure 4-35a-1). It is therefore reasonable to suggest that system pressure has an
effect on the density of nanostructure growth, with higher system pressure leading to

faster, denser growth.
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(c)

(f)

(i)

Figure 4-35: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 450°C of 300 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)

At higher system pressures both the amount of carbon available for nanostructure
growth and its solubility and mobility within the metal catalyst will be higher. Both of
these factors will lead to the more rapid carbon nanostructure growth observed. As a
result, the growth and distribution of nanostructure after 1 min (300 Torr) is
substantially greater compared to the other nanostructures that have been grown with

the same growth time at lower system pressures and growth temperatures.

105



The percentage composition of carbon, indium and iron during the growth between 1 to
10 min is presented in Figure 4-36. At 5 and 10 min the concentration of carbon
dominates over the other elements (indium and iron) and indium and iron both
essentially disappear. This disappearance of both indium and iron suggests that the
carbon nanostructure consist only of pure graphitic material without the incorporation of

metal particles.

min

Figure 4-36: 3D graph distribution of relative atomic concentration of O, C, In and Fe growth at
450°C and 300 Torr of different growth time
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Figure 4-37: High resolution TEM images (a & b) and the corresponding fast Fourier transform (c)
of carbon nanostructure grown at 450°C of 300 Torr for 10 min

The disappearance of iron (and indium) within the carbon nanostructure after the 10 min
growth is explained by the high resolution TEM images shown in Figure 4-37a and
Figure 4-37b. These figures show the TEM image of a representative individual carbon
nanostructure taken in the low and high magnification. As can be seen the TEM images
show a carbon nanotube free from the catalyst particles. This observation is further
confirmed by the FFT image which indicates a poorly crystalline MWCNT from the

diffuse spots with no metal present.
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The FFT of an iron particle will always illustrate the six sharp spots with each of the
spots equal distance from the centre [168]. The FFT image of the displayed nanotube
shows only the blurred diffuse spots which indicate a poorly crystalline MWCNT with
numerous imperfections [169]. The carbon nanostructure has been furthered
characterised by XPS (Figure 4-38). Only carbon and oxygen were observed under the
300 Torr synthesis conditions. No iron (or indium) was detected in the XPS spectrum
which in agreement with both the EDX spectrum and TEM image displayed in Figure
4-351 and Figure 4-37, respectively. This observation suggests to the reduction of any

catalyst particles encapsulated within the MWCNT.

Figure 4-38: XPS spectrum of carbon nanostructure grown at 450°C of 300 Torr for 10 min
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4.3.5.2.4 Nanostructure growth at 400 Torr

The morphology of carbon nanostructures synthesised with a system pressure of 400
Torr and temperature of 450°C are presented in Figure 4-39a-i for different growth
times. When compared to the morphologies obtained for 100, 200 and 300 Torr under
the same temperature and growth times this set of conditions best summarises the

complexity of growing carbon nanostructures on ITO.

Remember that at 100 Torr MWCNTs were grown which have iron particles at their
tips and thus suggest a tip-growth mechanism based on iron particles as the catalyst
(section 4.3.5.2.1). At 200 Torr MWCNTs were grown which show increased defects
and helicity with multiple iron particles of varying shapes located at these imperfections
(section 4.3.5.2.2). At 300 Torr much straighter MWCNTs are observed which are now
completely free of any encapsulated metal particles (section 4.3.5.2.3). Now at 400 Torr
of system pressure initial growth shows a variety of metal particle sizes and shapes

more reminiscent of those observed for 200 Torr at 400°C.

The growth of carbon nanostructures at 5 min leads to a dense film with a lot of sharp
surface contrast in the SEM (Figure 4-39¢). From the EDX line scan, the mass
concentration of carbon is dramatically increased from its initial growth but not to the
same extent as the mass concentration of carbon which grown at the lower system
pressure of 300 Torr. Therefore, a slower growth rate of carbon nanostructures at 400
Torr could be assumed. Both indium and iron are visible in the EDX spectra during
carbon nanostructure growth times of 1 and 5 min, before the iron completely vanishes
at the longer growth time of 10 min. Interestingly indium is still visible at ~5% mass
composition which was not observed at the system pressure of 300 Torr. The observed
fluctuations in the appearance of indium and iron in the EDX spectra of these carbon
nanostructure films is complex and has clouded the ultimate role both elements have

during carbon nanostructure growth.
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(c)

(f)

(i)

Figure 4-39: FESEM images (cross-section and top view) and EDX data (line scan)
of nanostructures grown at 450°C of 400 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)

Unusual and extreme morphology is observed for the carbon nanostructure grown at
400 Torr (Figure 4-39g). Long, straight carbon nanostructures are grown at the higher
pressure instead of the distorted, entangled forms observed throughout the rest of this
work. High resolution TEM images were taken to further understand this morphological

change.

Figure 4-40 shows the high resolution TEM images of a representative carbon
nanostructure grown at 450°C and 400 Torr for 10 min. as well as a magnified image
highlighting interplanar spacing of a particle within the structure (Figure 4-40b and c)

and this images corresponding FFT image (Figure 4-40c). The image shows a straight,
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needle-like carbon nanostructure with the attachment of few particles to the carbon
nanostructure and budding nanostructures leading of the main needle. The SEM image
of the carbon nanostructure on the TEM grid was taken confirming a needle-like carbon

nanostructure morphology with branches on it (Figure 4-40a (inset)).

Figure 4-40: (a) A high resolution TEM image of carbon nanostructure grown at 450°C of 400 Torr
for 10 min (inset: SEM image). (b) An image magnified from the yellow box in (a). (c) An image
magnified from the yellow box in (b) and its fast Fourier transform image (inset)
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The particles attached to the carbon nanostructure have been further identified by
examining the interplanar spacing of a typical particle and its corresponding FFT image.
From the higher magnification of TEM image in Figure 4-40b, a particle was seen
sitting within the carbon nanostructure. An interplanar spacing of 0.3098 nm was
obtained by the high magnification image Figure 4-40c, this value is close to the d-
spacing value for the (222) lattice plane of crystalline indium oxide which is reported to
be 0.293 nm [170]. Therefore, the particle that is encapsulated by the carbon

nanostructure can be identified as indium oxide.

In addition to the TEM images displayed in Figure 4-40 which show what appear to be
the initial growth of indium oxide structures incorporated within the carbon
nanostructure, the SEM and TEM images shown in Figure 4-41a-d clearly show solid
indium oxide nanostructures. The size of the solid nanostructures ranges from tens to a
hundred nanometers in diameter and a few micrometers in length. The solid
nanostructure tip is sharper than the base, which is flat or irregular in shape. A selected
area electron diffraction pattern image shown in Figure 4-4le shows excellent
agreement with the indium oxide lattice plane of (222) [170]. It is clear that the
accumulation of indium oxide particles in carbon nanostructures (solid nanostructure) is

driven by the high system pressure of 400 Torr.

The incorporation of indium oxide particles into the carbon multiwalled nanotube
results in a tapered shape with a protruding tip of a smaller diameter of 20 nm. A
tapered solid indium nanostructure can be caused by the diffusion and evaporation of
indium at temperatures over 400°C [17]. In addition, the tapered cone-like nanostructure
may be formed due to sidewall deposition. This kind of growth mechanism can be
compared to the solid-liquid-solid mechanism which is activated by the formation of
catalyst droplets. Further explanation of the growth mechanism will be provided in the

following section.

The presence of indium within the nanostructures is confirmed by the XPS spectrum
shown in Figure 4-42 where carbon, oxygen, indium and nitrogen are observed in the
solid nanostructure. Oxygen is easily incorporated into the growth since the synthesis is
implemented under only medium vacuum conditions [17]. Furthermore it would be

expected to be observed as part of the indium oxide encapsulated within the
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nanostructure. Nitrogen is observed in the XPS spectrum due to sample preparation
which used liquid nitrogen. As reported by Lo et al [143], carbon can act as a reducing
agent for the further formation of indium sub-oxides. Indium oxide nanostructures
encapsulated by carbon layer are believed to dominate in this synthesis due to the higher
indium composition ratio of 90:10 to tin as evidenced in Figure 4-43. As reported
elsewhere, indium oxide nanorods can be grown from catalyst droplets once the

concentration of indium and oxygen atoms come to saturation [143].

Figure 4-41: (a) SEM image (b-d) TEM images of indium oxide nanostructure encapsulated by
carbon layer grown at 400 Torr and (e) Selected area diffraction pattern of image in (d)
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Figure 4-42: XPS spectrum of indium oxide nanostructure encapsulated by carbon layer

Figure 4-43: XPS spectrum of ITO substrate

Metals such as tin can be vaporised along with the introduction of hydrocarbon gas in
order to produce tin nanowires encapsulated in amorphous carbon [22]. Thus, it is
possible to grow an oriented nanotube array filled with other nanowires of different

materials, so-called nano-heterostructures. Carbon is less soluble in metal catalysts such
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as indium [12] or tin [22] compared with other well-known metal catalysts such as
cobalt [48], iron [3, 45, 46, 48, 50, 86, 89, 137] or nickel [2, 8, 20, 46, 48]. Therefore
typically in these systems formation of amorphous carbon is dominant over the growth

of graphitic CNTs due to the low solubility between carbon and metal catalyst [22].

ITO-based nanostructures, a core-shell nanowire, can be prepared by CVD from ITO
nanoparticles with the introduction of acetylene gas [16]. An amorphous carbon layer
encapsulates the ITO nanoparticles via the VLS mechanism. This work [16] supports
our observation on the growth of carbon layer as a sheath on the indium oxide
nanostructure. In our study, the SLS mechanism [141] which is analogous to the VLS
mechanism [22] is proposed to explain the formation of indium oxide nanostructures
encapsulated by a carbon layer. Indium catalyst droplets can be generated in situ
directly from a transparent conductive substrate of ITO [18]. At the synthesis
temperature of 450°C, the ITO film changes its form to produce indium and tin liquids.
Indeed, the ITO substrate can transform into indium and tin droplets at the growth
temperatures as low as 250°C [18]. The indium and tin vapour phase is negligible at
450°C due to the exceptionally low specific surface/volume ratio of bulk ITO substrate
compared with that of indium or tin. In addition, the ITO substrate was covered by a
thin layer of iron which will help restrict the ITO components to the liquid form rather
than the vapour phase [141]. The transformation from solid to liquid form is due to the
relatively low melting points of indium and tin which occur at 157°C [12] and 232°C
[22], respectively. Since, indium has a lower melting point than tin; indium liquid is
formed prior to the formation of tin liquid. As reported elsewhere, indium has been
observed to be a dominant metal traced after the reduction of ITO powder by acetylene

gas [16].

The liquid phase of indium will become saturated and transform to the solid phase due
to thermal and compositional fluctuations [141]. It is been proposed that the indium
droplet dominates the transformation process allowing the incoming carbon atoms to
diffuse over its droplet edge. /n situ growth of an carbon layer is observed around the
indium oxide nanostructure by the decomposition of acetylene which is in accordance
with previous studies [16]. A carbon layer encapsulated indium oxide nanostructure is

assumed to grow from the base since indium atoms can continue to diffuse from the
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ITO film into the carbon hollow during the growth [142]. ITO nanowires synthesised
from an indium catalyst can be formed via a self-assembly process in the absence of a
carbon source via CVD [16]. According to Hsu et al [142], at synthesis temperatures of
550°C, an ITO film layer that was coated onto a silicon substrate started to diffuse at the
bottom and filled the nanowire. Under the present conditions, however, temperatures as
low as 450°C, is adequate for the diffusion of indium. The diffusion of tin atom is not
observed during the growth which is in agreement with literature [142] and is likely, in

part, due to the low ratio of Sn:In in the ITO.

From the SEM and TEM images, we proposed a possible growth mechanism of both the
carbon layer and the indium oxide nanostructure encapsulated in the hollow carbon
layer. A schematic illustration of the proposed growth mechanism is presented in Figure
4-44. The thin metal oxide film of iron and ITO deposited on the substrate tends to form
catalyst particle islands and liquid droplets during the reduction step (b). Size and
density of metal (indium or tin) droplets can be controlled by optimising the system
pressure [18] consistent with the variations in growth observed during this work.
Hydrocarbon gas is then introduced to supply carbon atoms for carbon nanostructure
growth. If the reduction process has produced the desired uniform catalyst particle
islands, carbon atoms can diffuse to each catalyst particle and grow as a carbon layer.
The deposition of a thick carbon layer is observed as an interface layer due to the fast
hydrocarbon gas decomposition rate which leads to a faster carbon deposition rate than

carbon atom diffusion into the catalyst.

At higher pressure of 400 Torr fast deposition of the carbon atoms, which do not have
sufficient time to completely diffuse into the catalyst particles occurs, thus an interface
layer composed of amorphous carbon is formed (c). In addition, a low growth
temperature likely fails to fully activate the catalytic activity of the iron particles [171].
The accumulation of the amorphous carbon indicates a large proportion of catalyst

surface has been blocked, preventing carbon layer growth in the vertical direction.

In spite of this, straight solid nanostructures formed by indium oxide encapsulated in
carbon layer are observed growing vertically on the top of, or through, the amorphous
carbon layer with two or more solid nanostructures sometimes clumped together (d).

The observed unidirectional growth is attributed to the cooling process occurring
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between the carrier gas and spherical surface of indium droplets [141]. This indicates
that some indium droplet sites are active and can initialize the growth of the solid
nanostructure at 450°C. Indium has been widely used as a catalyst for nanotube [12,
144] and nanowire growth [16, 17]. As reported by Rao et al [12], indium maintains its
liquid state at typical CVD growth temperatures and carbon nanostructures have been
successfully synthesised from indium at the high temperature of 850° which indicates
that during the growth, the indium is totally in its liquid state. Due to the poor
wettability between indium droplets and the substrate, the spherical surface of the
droplet can be maintained during the exposure to carbon atoms [12]. From Figure 4-45a
it is clear that the carbon nanostructure is formed prior to the encapsulation of indium

oxide rather than an indium oxide nanostructure templating subsequent carbon growth.

In/tin particle

Fe particle
Indium oxide
(a) (b) /Vencapsulated by
carbon layer
Amorphous
carbon
(c) (d)

Figure 4-44: Schematic illustration of the proposed growth mechanism of indium oxide
nanostructures encapsulated by carbon layer at 400 Torr
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4.3.5.3 Raman spectra at 450°C

The Raman spectra of carbon nanostructures grown at 450°C for 10 min at the various
system pressures are shown in Figure 4-45. Raman spectroscopy generates information
on the purity, defects and tube alignment of carbon nanostructures, and assists in the
identification of MWCNTs [172-174]. Raman spectra of pure CNTs show two
characteristic bands at 1350 cm™ (the D-band) and 1580 cm™ (the G-band) [60]. Those
two bands can be employed to examine the structural modification of carbon
nanostructures synthesised at different system pressure since they contain structural
information of the films. The D band is related to the presence of disorder in graphitic
materials [175]. The origin of the D band in nanotubes is frequently considered as a
measure of the ‘disorder’ of the tube. The G band is defined as graphitic in nature and
is due to the sp” bonds in both rings and chains stretching [172]. It is also attributed to
tangential vibrations of the graphitic carbon atoms. For the CNTs measured in Figure
4-45 the intensity ratio of the D to G-band is measured as 1.12 which corresponds to the

degree of carbonaceous material structure disorder.

As shown in Figure 4-45 the two expected bands of MWCNT grown at 100 Torr are
seen at 1346 cm™ and 1580 cm™. The peak of G band at 1580 cm™ supports the
existence of pure CNTs even though the D band is shifted to a slightly lower
wavenumber. A second-order harmonic of G' band of weak intensity is also observed at
2696 cm™. The G’ band peak is caused by two-phonon scattering around the K point of
the Brillouin zone with the intensity of this band relying strongly on the metallicity of
the nanostructure [169]. CNTs with fewer than four-walls have shown a broad G’ band
that falls in 2630 cm™ — 2700 cm™ interval [174]. Due to this observation, carbon
nanostructures obtained at 100 Torr appear to have multiple graphitic walls which

clearly supported by the TEM image in Figure 4-30.
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Figure 4-45: Raman spectra of carbon nanostructures obtained at 450°C

The significant difference between the Raman spectrum at 100 Torr and Raman spectra
obtained between 200 Torr to 400 Torr is the appearance of a G’ band. The G’ band was
only observed for the MWCNT grown at 100 Torr although the peak intensity is weak
and the peak width broad. The Ip/[; ratio of each Raman spectrum has been calculated
from the normalized peak intensity and gives values of 1.2 (100 Torr), 1.24 (200 Torr),
1.31 (300 Torr) and 1.11 (400 Torr) respectively. The relative intensity of D to G bands
is increased at 300 Torr indicating more defects of nanostructure. The TEM image of
carbon nanostructure grown at 300 Torr supports this observation with multiple carbon

layers being formed at this pressure.

The Raman spectra of the indium oxide nanostructure encapsulated by carbon layer
synthesised at 400 Torr is presented in Figure 4-45 and Figure 4-46, which
corresponded to the TEM images in Figure 4-40a and Figure 4-41d, respectively. As
shown in Figure 4-46, two peaks were observed at 1312 cm™ and 1590 cm™. The D
band has experienced a shift (27 cm™) towards the shorter wavenumber compared to the
Raman spectrum (400 Torr) displayed in Figure 4-45. An up-shift of 17 cm™ is seen for
the G band. The Raman spectrum for the solid nanostructures (Figure 4-41d) obtained at
400 Torr is much noisier compared that shown for indium oxide particles encapsulated

by a hollow carbon layer (Figure 4-40a). Comparison of the two spectra shows that
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upon incorporation of the indium the /p//; changes from 1.11 to 1.33. This is indicative
of increased graphitic disorder upon incorporation of the indium oxide. Changes in D-
band can be related to a particular type of nanotube defect [174]. For example,
integration of lithium into the disordered planes of nanorods has caused an increasing in
intensity D-band [176]. This observation confirms that particle intercalation or
incorporation occurs at the high system pressure of 400 Torr leading to a novel indium

oxide nanostructure encapsulated by a carbon layer.

Figure 4-46: Raman spectrum of indium oxide nanostructures
encapsulated by carbon layer obtained at 400 Torr
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4.3.5.4 Nanostructure growth at 500°C (100 — 400 Torr)

4.3.5.4.1 Nanostructure growth at 100 Torr

The temperature dependence of carbon nanostructures growth at different system
pressures and growth times was determined at the 500°C and shown in Figure 4-47a-i.
Carbon nanostructure growth occurred after 5 min of growth time, with carbon
nanostructure growth dominating after 10 min. For the growth between 5 and 10 min,
twisted and entangled carbon nanostructures exist with a thicker, denser carbon

nanostructure growth occurring after 10 min growth as shown by the EDX data (Figure

4-471).

During the initial 1 min of growth fragmentation of catalyst thin film begins, however,
but the complete transformation into catalyst particles, which has been previously
evident at the lower growth temperatures (400 & 450°C). At the higher temperature, the
increased thermal energy available to the catalyst thin film would be expected to
enhance the transformation of thin film into particles. This is not observed, with a flat

film of carbon forming over the substrate surface.
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(c)

(f)

Figure 4-47: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 500°C of 100 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)

4.3.5.4.2 Nanostructure growth at 200 Torr

As the system pressure is increased carbon nanostructure growth is observed after only
1 min and this growth continues resulting in nanostructure films very similar to those
for the 100 Torr system (Figure 4-48a-1). However in this case the carbon content peaks
at ~75% of the 10 min growth compared to >95% for the same growth period at 100
Torr. Surprisingly the remainder consists of Si and O (suggesting that the glass substrate
is partially exposed). The silicon EDX line scan for the 5 min sample, in particular,

shows an excellent inverse correlation with the carbon composition suggesting that
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silicon is exposed primarily in places where the carbon growth is not present. It may be
that at this pressure and temperature melting and distortions of the ITO substrate
combined with evaporation of indium and tin from the surface leads to exposure of the
silicon-rich glass substrate. Certainly high levels of both silicon and oxygen are also

seen for the 300 and 400 Torr samples which were synthesised at 500°C.

(c)

(f)

Figure 4-48: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 500°C of 200 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)
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4.3.5.4.3 Nanostructure growth at 300 Torr

At 500°C and 300 Torr the growth of twisted, entangled carbon nanostructures no
longer occurs. Initial growth leads to the appearance of nanostructures in patches with a

much less dense distribution of growth (Figure 4-49a and Figure 4-49b).

Continued growth (Figure 4-50a-f) leads to long, very straight carbon nanostructures
upon a crystalline substrate surface composed of particles of both silicon oxide and

indium oxide.

Figure 4-49: FESEM images of (a) cross-section & (b) top-view of nanostructures grown at 500°C
of 300 Torr for 1 min

(c)

(f)

Figure 4-50: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 500°C of 300 Torr for 5 min (a-c) and 10 min (d-f)
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4.3.5.4.4 Nanostructure growth at 400 Torr

Finally, the growth of carbon nanostructures onto the ITO substrate is completely
suppressed at the highest system pressure and growth temperature. For growth between
1 to 10 min at 500°C and 400 Torr high compositions of iron, indium, silicon and
oxygen are observed, with the only a minimal amount of carbon deposition (Figure
4-51a-1). Rather than carbon nanostructure growth it appears that under these conditions
the major transformation is the continued formation of increasingly large metal oxide
crystals. For all three growth times there is an inverse correlation in the appearance of
indium and silicon in the EDX spectrum suggesting the growth of both indium oxide
and silicon oxide carbon coated particles on the substrate surface. The silicon also
shows an inverse correlation with the carbon composition, as was observed the 5 min,
500°C and 300 Torr sample. However, the indium composition is roughly correlated
with the carbon composition, especially at 10 min growth time. This suggests that, as
observed for the 450°C and 400 Torr sample, this sample may be composed of carbon

coated indium oxide nanostructures.
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Figure 4-51: FESEM images (cross-section and top view) and EDX data (line scan) of
nanostructures grown at 500°C of 400 Torr for 1 min (a-c), 5 min (d-f) and 10 min (g-i)

4.3.5.5 Effect of pressure on nanostructure growth

The effect of pressure on the deposition of carbonaceous materials using the laser
ablation technique has been reported by Yudasaka et al. [177]. Synthesis of carbon
nanostructures was carried out at pressures between 4 — 600 Torr. Only amorphous
carbon was observed at 100 Torr and below, but increasing the pressure to 600 Torr
resulted in the formation of carbon nanostructures as well as the amorphous carbon

layer.
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The dependence of the morphology of nanotubes on pressure was also examined by
Alvarez et al [178]. The structures of the nanotubes could be changed over pressures
between 90 — 450 Torr. However, in their study [177, 178] the common metal catalysts
of cobalt and nickel were used without the presence of other metals such as indium or

tin, so no diffusion or inclusion of other metals was observed.

In the present work, an abrupt change of structure from MWCNT to indium oxide
nanostructure encapsulated by carbon layer has occurred through a change of pressure
particularly at the growth temperature of 450°C. As explained in Section 4.3.5.2.1 and
4.3.5.2.4, the MWCNT was synthesised at pressures between 100 — 300 Torr, while

metal oxide nanostructure growth was observed with increasing pressure at 400 Torr.

As reported by Hsu et al [142] the diffusion of indium into the bottom of zinc oxide
nanowires was seen at the pressure as low as 10 Torr. However, the higher temperature
of 550°C applied in their study would facilitate the diffusion of indium to the bottom of
nanowire. The low pressure of 10 Torr may contribute to the observed behavior,
whereby indium only diffuses into the bottom of the nanowire. This suggestion is
supported by Miller et al [8], who showed that a pressure of 0.68 Torr used for the
growth of carbon nanostructures on ITO substrate at 550°C does not lead to the
diffusion and therefore inclusion of indium. In contrast, for our study, indium has
diffused into the entire structure of hollow carbon layer to form a metal oxide

nanostructure at a lower temperature of 450°C but much higher pressure of 400 Torr.

The higher pressure leads to a concentration gradient and supersaturation [141] of
indium droplets which, in turn, leads to a continuous diffusion of indium atoms from the
ITO substrate, through the substrate-liquid interface into the liquid droplets, and then
from the liquid droplets into the solid nanostructure until it is fully formed as an indium
oxide nanostructure that encapsulated by carbon layer. A cooling process occurring at
the surface of indium droplets caused by the carrier gas (Ar or H,) [22, 141], also
contributes to the phenomenon of melting, solidifying and the movement of metal

within the tubes.
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The diffusion of indium into nanostructures is supported by the hydrogen reduction on
ITO and Fe/ITO. As explained in Section 4.3.1 and 4.3.2 the ITO and Fe film is
transformed into metal particles at 450°C which suggests that the indium is being more
reactive and mobile at the higher pressure. At the higher pressure, the Fe particles are
not been fully utilised as a catalyst due to the faster deposition of the carbon atoms.
Most of the Fe particles become covered by a layer of carbon and only the mobile liquid
indium droplets are exposed to the carbon atoms for further growth. Consequently, at
the higher pressure, the growth of MWCNT is disrupted and the diffusion of indium is

enhanced.

As indicated by previous studies [8, 142], pressure has a significant impact on the
diffusion of indium into the nanostructure. In this thesis, this impact has been more
pronounced with the use of an ITO film as the substrate. Interestingly, the suppression
of MWCNT growth was induced at the higher pressure which then introduced the
diffusion of indium oxide. Indium oxide was seen to dominate the entire nanostructure

which was encapsulated by a carbon layer.
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44 CONCLUSIONS

In conclusion, MWCNTs and indium oxide nanostructures encapsulated by carbon
layers have been grown directly on an ITO substrate. A considerable amount of
amorphous carbon was seen to be deposited along with the nanostructure growth is all
cases. Investigations into the use of hydrogen plasma to remove this layer show that this
can successfully be achieved — however substantial degradation of the carbon
nanostructures is also observed. Both types of nanostructure were synthesised at
surprisingly low temperatures in the CVD system. In general, carbon nanostructures
have been successfully grown at 10 min growth time for system pressures and growth
temperatures between 100 to 400 Torr and 400 to 450°C, respectively. At the higher
growth temperature of 500°C and lower system pressures (100 & 200 Torr) MWCNTSs
are also obtained. However, as the system pressure is increased (to 300 and 400 Torr)
carbon coated metal oxide particles become the favoured product and silicon from the

underlying glass substrate becomes increasingly exposed to the surface.

At the temperature of 450°C MWCNTs can be synthesised at pressures between 100 -
200 Torr with iron catalyst incorporated into the nanostructure. At 300 Torr MWCNTs
are observed with no incorporated metal particles. Further increasing the system
pressure (to 400 Torr) leads to the diffusion of indium oxide into the carbon
nanostructure. During the synthesis of nanostructures at higher pressures, indium oxide
nanostructures encapsulated within the carbon nanostructure are formed with the
MWCNTs becoming increasingly disrupted. Therefore, it appears that in this system
iron catalysed CNTs act as a template for the growth of an indium oxide nanostructure.
It is worth noting that our present work on the dependence of pressure on the control of
nanostructure is reported for the first time. The alteration of nanostructure from CNF to
metal oxide nanowire can be demonstrated by simply (and subtly) changing the pressure

of the CVD system.
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5 CHEMICAL VAPOUR DEPOSITION OF PPV AND PPV
OPV

5.1 INTRODUCTION

Chemically vapour deposited PPV can be used as an alternative to the more traditional
solution processing methods of fabricating OPVs. In the following chapter the
fabrication of OPVs with the integration of a PPV layer fabricated via CVD is
described. A prototype OPV device is fabricated with and without a thin layer of
PEDOT:PSS. None of the previous work on PPV synthesised by CVD has attempted to

fabricate an OPV using this structure.

5.1.1 Motivation for Polymer Synthesis by CVD

Deposition of polymer thin films and nanostructures via chemical vapour deposition
(CVD) has become an extremely popular technique in the fabrication of sensing devices
[70, 71, 179]. CVD can be effectively used to deposit polymers with greater control of
film conformation [59] and also allows for the elimination of solvent effects [73]. CVD
polymerisation typically involves the transport of vapour-phase monomers that are
polymerised in-situ to produce chemically well-defined conjugated polymer films
precisely on the surface of a substrate. Since the CVD polymers are grown by
transporting vapour-phase monomers to a surface, this technique of thin solid film
polymerisation and formation is a single step all-dry process. Unlike solution-based
methods utilised for polymer formation, which can suffer from non-wetting and surface-
tension effects that lead to poor film quality, CVD polymerisation offers potentially

improved conformal film coverage [59, 180].

As an example, Figure 5-1(a) and Figure 5-1(b) show the conformal nature of thin
polymeric film on silicon trenches prepared by spin coating a polymer solution and
CVD, respectively [59]. Differences in step coverage can be seen on the top surface,
trench side walls and trench bottom of the silicon wafer. Polymeric thin films prepared

by CVD provide a considerably more uniform coverage. Polymer prepared from
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solution leads to a poor coverage by the polymer thin film, which may be due to the

effect of solution surface tension [181].

Figure 5-1: Images of thin polymeric films on silicon trenchs deposited by (a) spin coating a
polymer solution and (b) CVVD[59]
The ability of CVD to produce good conformal film coating is further evidenced by
Figure 5-2(a) and Figure 5-2(b). According to Vaddiraju et al [180] the conformal
coating of poly(3,4-ethylenedioxythiophene) (PEDOT) has been obtained on a
poly(acrylonitrile) fiber mat via CVD. In contrast, spin casting PEDOT results in

irregular fiber morphology and aggregation due to non-wetting effects [180].

Figure 5-2: SEM images of poly(3,4-ethylenedioxythiophene) coated poly(acrylonitrile) fiber mats
prepared by (a) spin casting and (b) CVVD[180]
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Apart from providing conformal polymer film coverage, CVD offers a pathway to
solution free OPV fabrication. Typically, two different solvents have to be used in
bilayer OPV fabrication, because the right selection of solvent is crucial for a sharp and
well-defined interface between the two layers (fullerene and polymer) [27]. However,
the use of ‘orthogonal” solvents for fullerene and polymer may still cause changes in the

surface morphology of the polymer underlayer.

The use of solvents in bilayer organic photovoltaic (OPV) fabrication has a considerable
impact on device performance [27]. Ayzner et al [27] argued that all-solution-processed
P3HT/PCBM bilayer OPVs required solvents such as dichloromethane and o-
dichlorobenzene, which should serve as an excellent pair of orthogonal solvents [182].
The proper choice of solvent for fullerene dissolution was expected to avoid the
redissolution of polymer which would lead to the interdiffusion of fullerene into the
polymer underlayer [27]. However, it is challenging to find good orthogonal solvents
for P3HT/PCBM bilayer OPVs as they are originally designed and synthesised to have
an identical solution behaviour [182]. Issues related to the selection of solvent can be
overcome by implementing the CVD of polymer film since no solvent is required in this
technique. Due to the limited ranges of compatible solvents, polymer synthesis by CVD

is considered a reliable method for producing the solvent-free materials.

5.1.2 CVD Approaches to PPV Thin Film Formation

Good film forming properties makes CVD-deposited polymers extremely attractive for
surface modification applications. CVD polymers are well matched to the geometry of
the underlying substrate, resulting in more uniform film thickness compared with
conventional solution coating methods [59]. This method has been used widely in
producing hole free polymer films by applying a thermal treatment as the final step [70-
74, 179]. The thermal treatment applied to the polymer precursor can be varied in terms

of temperature and duration [71].

Poly(p-phenylene vinylene) (PPV) has attracted considerable interest due to its
favourable electrical, optical, electroluminescent and photovoltaic properties. Its
potential as an electron donor for light emitting diodes and solar cell applications has

made it a promising organic conducting polymer [179]. The performance of solution-
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processed PPV-based OPV devices is highly dependent on the processing steps used to
prepare the polymer. In particular, the poor processability of this polymer requires either
in situ polymerisation, or the use of functionalised PPV (such as poly[2-methoxy-5-
(3',7-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) with improved
solubility [33].

PPV was first synthesised as a powder via the Witting reaction of p-xylylene
bis(triphenylphosphonium chloride) with terephthalaldehyde [183]. However, due to its
nonfusibility and insolubility in any solvents, this synthesis was difficult. In 1968, a
precursor route was introduced by Wessling and Zimmerman [90] for PPV film
preparation. In this method, water-soluble poly(p-xylylene a-diethylsulfonium bromide)
was prepared via the reaction of p-xylylene diethylsulfonium bromide with a base in

water prior to conversion to PPV film under thermal desulfonium reaction.

Previous studies have shown that CVD can be applied to the direct synthesis of PPV
[70-74]. The PPV precursor is synthesised prior to the thermal conversion step of HCI
or HBr elimination. There has been substantial attention paid to manipulating the
properties of the PPV precursor synthesised via CVD [71, 73, 74]. To date, PPV CVD
polymerisation has used a number of different reagent monomers [73, 74]. The
synthesis of a PPV precursor via CVD was first carried out in 1991 [72] by vapour
deposition polymerisation of 1,9-dichloro [2,2] paracyclophane. Iwatsuki et al [72] have
used 1,9-dichloro [2,2] paracyclophane 1 as a starting material. However, this material
needs a further purification which can be achieved via a non-wetting method of 1,9-
dihydroxy [2,2] paracyclophane 3 and 1,9 dimesyloxy [2,2] paracyclophane 4 (Figure
5-3).
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Figure 5-3: Preparation scheme of 1,9-dichloro [2,2] paracyclophane [72]
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As shown in Figure 5-4, following the purification of 1,9-dichloro [2,2] paracyclophane,
a sublimation process is used under a pressure of 75 mTorr and 120°C. The vaporised
monomer is transported in a vacuum pyrolysis step at 580°C. The pyrolysed gas 2 is
condensed on a surface at 20°C to give a tough, transparent and colorless PPV precursor
film, before it is converted into PPV via thermal dehydrochlorination at 300°C for 1
hour in a nitrogen environment. The PPV precursor produced via this route was
insoluble in acetone, chloroform, THF, DMSO and m-cresol, but soluble in ethyl
benzoate if heated at 150°C. The method proposed by Iwatsuki et al [72] has been
modified by Staring et al [73] and Schafer et al [74], who eliminated the difficult
synthesis of the starting material (1,9-dichloro [2,2] paracyclophane) by instead using a

starting material with a higher vapour pressure.
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Figure 5-4: Preparation of PPV via the vapor deposition polymerisation of 1,9-dichloro [2,2]
paracyclophane [72]

Further improvement of the starting material used for CVD polymerisation was
achieved when additional purification of starting material was no longer needed [70,
71]. As reported by Vaeth et al [71], a commercially available compound, a-o'-dichloro-
p-xylene, can be used as the starting material. This monomer is heated to 60°C before
being pyrolysed at 625°C and transported to the furnace by 8 sccm of argon at low
pressure of 100 mTorr. The same pressure of 100 mTorr was used in the thermal

conversion of the precursor to PPV at temperatures between 95°C and 300°C.

Although there are advantages in eliminating the incorporation of carbonyl defects [71]
due to residual oxygen during the conversion process [184], in our work we increased
the system pressure from high vacuum [71-74] to medium vacuum. A medium vacuum
of 400 mTorr was used both in the pyrolysis and thermal conversion process. The
quality of PPV films synthesised under moderate vacuum was then compared with those
synthesised at 100 mTorr and below. In addition, the optimisation of the thermal

conversion temperature and duration was explored.
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The optical properties of CVD PPV film have been widely reported [71-74]. The UV-
vis absorption spectra of PPV precursor and PPV prepared via CVD polymerisation
[71] are shown in Figure 5-5, along with the fluorescence of a PPV thin film excited at
235 nm. The absorption peak of PPV [71] is located near 400 nm. The strong
absorbance in the visible region makes PPV a promising material for the fabrication of

organic solar cells [185].

Infra-red spectroscopy has also been applied to determine the chemical structure and
confirm the synthesis of PPV. The first IR spectra were obtained in 1991 [72] with
vapour deposition of 1,9-dichloro [2,2] paracyclophane as a starting material. Figure
5-6a shows an absorption peak at 720 cm™ which is assigned to C-Cl. Absorption peaks
corresponded to C-Cl (630 & 696 cm™) and CH, stretching (2854 & 2921 cm™) were
diminished after the thermal treatment at 300°C (Figure 5-6b). A reduced intensity was
also observed for peaks between 1514 to 1430 cm™, which corresponded to C=C

stretches.
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Figure 5-5: Absorbance of PPV precursor (solid line) and PPV/(dashed line), and
photoluminescence of PPV (dotted line) [71]
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Figure 5-6: IR spectra (transmittance vs wavenumber) of (a) precursor and (b) PPV [72]

5.1.3 OPV Devices Made from PPV Films

Although organic solar cells are less efficient than silicon cells, properties such as low
cost, flexibility and large area processability make them an exciting potential
contributor to energy generation. The first polymer solar cell based on hole conducting
conjugated polymers of polyacetylene exhibited low power conversion efficiency [186].
A major breakthrough to higher efficiency was realised by exploiting new conjugated
polymers such as polythiophene (PT), PPV and their derivatives [82, 187, 188]. These
conjugated polymers were used in conjunction with suitable electron acceptors by

mixing them together.

The photovoltaic response in PPV thin film devices was first reported by Marks et al
[189]. In these devices, a PPV thin film was sandwiched between two electrodes
without the incorporation of an electron acceptor. The open circuit voltage of these
devices was reported to be higher than its work function which suggested the
occurrence of a chemical reaction between the electrodes (Al) and the PPV. Further
research on the integration of PPV films into devices was carried out by Halls et al [81,
190]. A PPV thin film synthesised via the sulfonium salt precursor was spin coated onto
ITO prior to thermal conversion. After heating the precursor PPV for 12 hours at 200°C
in vacuum, the resulting PPV thin film was then coated with C¢ (electron acceptor) in
order to create the device heterojunctions. The power conversion efficiency of these

devices was not reported, however, an open circuit voltage of 0.9 V was obtained [190].
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OPV devices made using a different approach from PPV are reported by Brabec et al
[82]. Homogeneous blends of PCBM and PPV were synthesised using a novel non-ionic
precursor route [82]. The thermal conversion of the polymer precursor to PPV was
suggested to be completed even in the presence of PCBM. Power conversion
efficiencies of devices made from these blends were as high as 0.25% [82]. A thin layer
of PEDOT:PSS as a electron blocker was used in these devices [82]; being deposited
onto ITO prior to the spin-coating of precursor PPV/PCBM blend. Although promising
device efficiencies can be achieved with solution-based methods, there are still some
concerns regarding the conductivity of the electron blocker layer used in these devices
due to thermal treatment [104]. The thermal treatment applied for the conversion of
precursor PPV is thought to reduce the conductivity of PEDOT:PSS [104]. Therefore,
the application of PEDOT:PSS in OPV fabrication that involve thermal treatment may

not be appropriate.

The best power conversion efficiency for functionalised PPV has been recorded at 2.5%
with the blend of poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenylene vinylene]
(MDMO-PPV) and PCBM [33]. However, this efficiency was achieved only after
optimising the selection of solvents. Even though the efficiency is promising from
solution-processed PPV [33] compared to thermally converted PPV [82], it does not
provide conformal film coverage [59, 180]. Since the ultimate objective of our present
work is to minimise the reliance on solvent, improvements to thermally converted PPV

are required.

5.1.4 Degradation of PPV films

Optical and electrical properties of devices can be affected if the conjugated polymer
exhibits degradation. Conjugated polymers can degrade due to photo aging [100, 191],
environmental aging [192] or thermal aging [191]. This degradation is directly related to
the long-term stability of devices made from these polymers. Zyung et al [100] have
reported on the photodegradation of PPV polymer by irradiating the film with laser light
at different wavelengths. As shown in Figure 5-7, UV-vis spectra of PPV irradiated with
laser light at both wavelengths (458 nm & 514 nm) in air has demonstrated a strong

reduction in the UV-vis absorption peak. Before the irradiation, a broad absorption
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located at 440 nm is observed and attributed to the polymer conjugated structure.
Decline in intensity of absorption peak accompanies by a blue shift indicates the loss of
vinylene-type functions. Loss of visible absorption also suggests the photo-bleaching of
the PPV and shorter conjugation length [191]. The chemical structure of PPV has
changed during the irradiation in atmospheric oxygen and to an extent that will affect

the performance of any electronic device.
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Figure 5-7: Absorption spectra of the unirradiated and the irradiated PPV films [100]

The photodegradation mechanism of PPV in air is shown in Figure 5-8. A chain scission
reaction occurs during photodegradation. However, the p-phenylene group remains in

the reaction products after the photodegradation process.

It is possible to synthesise phenylene vinylene monomers and oligomers even though
PPV is commonly known as a long chain polymer. As shown in Figure 5-9, peak
absorption at 500 nm experiences a blue shift as the chain length decreases [193].
Damage to the PPV polymer backbone can shorten its conjugation length and should
display a similar change in absorbance and photoluminescence spectra as that seen in

Figure 5-9.
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Figure 5-8: Photodegradation mechanism of PPV in air [100]
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Figure 5-9: Absorption and photoluminescence spectra of oligomers with a) 1, b) 2, ¢) 3, d) 4,

e) 6 phenylene vinylene units and of f) PPV [193]
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5.2 EXPERIMENTAL SETUP

PPV CVD polymerisation was carried out as described in Section 2.2.2. In addition to
using a,0’-dichloro-p-xylene as a starting material, a,0’-dibromo-p-xylene was also
trialed. However, throughout this work a,0’-dichloro-p-xylene was predominantly used,
including for the final OPV fabrication. The method used for PPV precursor synthesis is
a modification of that presented by Vaeth et al [71]. Figure 5-10 shows the synthesis of
PPV precursor with a,0’-dichloro-p-xylene 1 as a starting material. The starting
monomer is vaporised at 60°C prior to transportation to the pyrolysis zone by 8 sccm of
argon. Pyrolysis is done at 700°C for 15 min at 400 mTorr in order to produce
chlorinated xylylene 2. The chlorine PPV precursor 3 is obtained after condensation and
polymerisation process occurs on a surface at temperatures between 85°C and 95°C. In
our present study, precursor PPV and PPV were synthesised in a moderate vacuum of
400 mTorr, unlike the previous work reported [71-74] in which a higher vacuum was

implemented (30 mTorr).
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Figure 5-10: PPV precursor synthesis via CVD polymerisation
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The reaction scheme in Figure 5-11 shows PPV synthesis via thermal treatment. The
chlorine polymer precursor 3 was heated at 270°C for several hours (2 to 14). During
the thermal treatment, the system pressure was 400 mTorr. Modification of method
parameters such as lower thermal treatment temperature, higher system pressure and

thermal treatment duration have been examined in this work.
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Figure 5-11: PPV synthesis via thermal de-hydrohalogenation

Calibration of the deposition zone locations was done by dividing the 14 cm section of
quartz tube outside the furnace into seven spots (Figure 5-12). The purpose of this
calibration was to identify the optimum substrate position. 1 x 1 cm quartz substrates
were used. PPV films were characterised by Fourier transforms infrared (FTIR), UV-vis
and photoluminescence spectroscopy. OPVs were fabricated on patterned indium tin
oxide (ITO) substrates (Kintec) that were first cleaned by successive sonications in
detergent solution, deionized water and acetone. For the fabrication of devices that
utilised the electron blocker layer, PEDOT:PSS was spin coating onto an ITO to yield a
layer of approximately 50 nm. PCBM (Solenne) was dissolved in chloroform at a

concentration of 5 mg/ml. This solution was deposited on top of the PPV film by spin
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coating at 2000 rpm for 1 min. C60 thin layer was evaporated on top of the PPV film as
an another technique for the deposition of acceptor layer. Finally, an 80 nm thick
aluminium cathode was thermally deposited on top of the PCBM layer; with some of
devices have the incorporation of interface layer such as lithium fluorine (LiF) or

calcium (Ca). Photovoltaic performance was determined under AM-1.5 illumination

(Newport).

Figure 5-12: Calibrated deposition zone positions

5.3 RESULTS AND DISCUSSION

5.3.1 PPV Precursor Absorbance

Figure 5-13 shows the UV-vis absorption spectra of quartz and PPV precursor deposited
onto quartz. The as-deposited PPV precursor is relatively transparent, and the n-m*
transition is located at a Ay.x of 231 nm. The UV-vis spectra of the PPV precursor
obtained in this study is in agreement with Vaeth et al [71] (Figure 5-5), where their
PPV precursor’s absorption peak is at around 230 nm. Thus, we can be confident that
the CVD process has lead to the deposition of the PPV precursor onto the substrate

surface.
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Figure 5-13: UV-Vis absorption spectra of pristine quartz and PPV precursor

Figure 5-14: UV-Vis absorption spectra of PPV precursor located at spots 1 to 7
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Calibration of precursor deposition at spot 1 to 7 is shown in Figure 5-14. These spots
were all tested at the same time. The UV-vis absorption spectra of PPV precursor
deposited at spot 1 and 2 is similar to that of the quartz substrate, indicating that no PPV
precursor has been successfully deposited at spot 1 and 2 (with 200 mg of starting
material). The occurrence of unsuccessful deposition at spot 1 and 2 is probably due to
the high substrate temperature, since spot 1 and 2 was the nearest spot to the boundary
of pyrolysis zone and deposition zone. The ideal deposition zone temperature is
between 85 to 95°C, condensation polymerisation of chlorinated xylylene monomer will

not occur if surface temperature is out of this range [71].

The surface temperature at spots 1 & 2 was measured using a thermocouple. The
measurements were taken for 30 min after the pyrolysis temperature reached 700°C. As
shown in Figure 5-15, after 15 min of pyrolysis at 700°C, the surface temperature at
spot 1 and spot 2 was 134°C and 107°C, respectively. As reported elsewhere [71], the

chlorine polymer precursor was unable to be grown above 95°C.

The remaining spots 3, 4, 5, 6 and 7 show successful precursor deposition, with
differences in the amount of deposited. The amount of precursor collected at spots 5, 6
and 7 are essentially the same. The surface temperature at those spots may be identical
since they located farthest from the boundary of pyrolysis zone and deposition zone.
The chlorinated xylylene monomer started to nucleate when it reached spot 3. As this
pyrolysed monomer flowed further to spot 4, larger amount of precursor were deposited

before it is saturated at spot 5.

As shown in Figure 5-16 the condensation polymerisation of chlorinated xylylene
monomer between 85°C to 95°C suggested by Vaeth et al [71] is supported by our
present work. After 15 min of pyrolysis at 700°C, substrate temperature of spot 3, 4, 5,
6 and 7 were measured between 87.5°C to 94.3°C. The substrate temperature at spot 7

was lowest at 87.5°C after 15 min of pyrolysis.
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Figure 5-15: Time versus surface temperature of spot 1 and 2 at 700°C pyrolysis temperature

Figure 5-16: Time versus surface temperature of spot 3 to 7 at 700°C pyrolysis temperature
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Figure 5-17: Fourier Transform IR spectrum of chlorine PPV precursor

The two different starting materials (a,a’-dichloro-p-xylene and a,0’-dibromo-p-xylene)
were measured by FTIR spectroscopy. From the FTIR spectroscopy of the chlorine PPV
precursor prepared by a,a’-dichloro-p-xylene (Figure 5-17), C-Cl stretching bands at
630 cm™ [194] and 696 cm™ were detected. The detection of C-Cl stretching modes at
those frequencies indicates that the condensation and polymerisation of vaporised

monomer has occurred without the complete elimination of chlorine.

Identification of several significant absorption peaks in FTIR spectrum supports the
notion that the chlorine precursor has been synthesised by CVD. The FTIR spectrum of
the chlorine precursor exhibits an absorption peak characteristic of phenylene C-H
bending mode at 829 cm™ [179]. The spectrum presents a weak absorption at 919 ¢cm™
and 950 cm™ which assigned to the trans-vinylene =C-H out-of-plane bending mode
[11, 195]. This observation implies the formation of small vinylene units in the chlorine

precursor and indicates the premature removal of hydrogen chloride.
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Two absorption peaks assigned to the in-plane C-H bending mode were revealed at
1020 cm™ and 1267 cm™. In addition, the characteristic of in-plane phenyl C=C
stretching mode were observed at 1107 cm™ and 1514 cm™, with the latter absorption
peak showing the intense absorption. Both absorption peaks were observed by Lefrant
et al [196] where the weakest absorption peak was also detected at 1108 cm™ rather than
at 1518 cm™. Other absorption peaks revealed in the FTIR spectrum of the chlorine

precursor were attributed to the C-C stretching and C-H stretching modes.

FTIR spectrum of bromine PPV precursor (Figure 5-18) shows slightly different
absorption bands in comparison to that in Figure 5-17. Some of the absorption bands
observed in the chlorine precursor are not observed in bromine precursor or vice-versa.
The absorption intensity for the C-Br stretching mode is observed at 611 cm™ which is

in agreement with that found at around 615 cm’ by Lee et al [197].

Figure 5-18: Fourier Transform IR spectrum of bromine PPV precursor
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Wavenumber (cm™)

Assignment

636 C-Br stretch

667 CH out-of-plane deformation
754 CH out-of-plane bending
1147 CH in-plane bending
1228

1419 CH; deformation

1610 Phenyl C=C stretch
2856

2939 C-H stretch

3024

Table 5-1: Peaks and corresponding assignments of bromine PPV precursor in infrared

As seen in the chlorine precursor spectrum, an absorption band at 829 cm™ [179]

attributed to the phenylene C-H bending mode was identified in FTIR spectrum of

bromine precursor. Both bands at 912 cm™ and 952 cm™, assigned to the trans-vinylene

=C-H out-of-plane bending mode [11, 195], are also observed. The strong absorption

observed at those bands indicates that the formation of vinylene units in the brominated

PPV precursor has occurred. Other peaks due to the bromine PPV precursor that were

not present in the FTIR spectrum of the chlorine PPV precursor are assigned in Table

5-1.
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5.3.2 PPV Absorbance

PPV precursor of chlorinated xylylene and brominated xylylene were heated at 270°C
for 14 hours in order to convert them into PPV thin films. The experimental conditions
were chosen based on the work done by Kim and Jin [70] in which the PPV precursor
was converted into PPV nanotubes and nanorods. As shown in Figure 5-19, UV-vis
spectra of the chlorine precursor and PPV films reveal changes in their electronic
structure. There is a red shift to longer wavelength after the thermal treatment of
chlorine precursor, which indicates that hydrogen chloride attached to the vinylene
moiety has been eliminated and a highly conjugated PPV chain is formed [71]. A broad
absorption band from 300 to 500 nm corresponds to the m-m* transition of the PPV
backbone. The absorption peak obtained at 400 nm is also observed by others [179,
197].

The absorption edge of non-conjugated chlorine precursor at 212 nm, which is
equivalent to band gap energy of 5.86 eV, was significantly red-shifted to 512 nm after
14 hours of thermal treatment. Elimination of hydrogen chloride has converted the
precursor into PPV and reduced the band gap energy to 2.42 eV. This hypothesis is in
agreement with the band gap energy of the absorption edge reported by Tung and Nghia
[179] for the CVD polymerization of PPV. The fully conjugated PPV synthesized via
CVD has reported to have a broad continuous absorption band with the maximum

absorption peak at 410 nm [179].
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Figure 5-19: UV-Vis absorption spectra of chlorine precursor and PPV

The changes in the UV-vis spectra of PPV film can be correlated with the FTIR spectra
shown in Figure 5-20. Absorption bands near 630 cm™ and 696 cm™ are seen in the
precursor spectrum, but are absent in PPV spectrum. This observation is consistent with
the formation of a carbon double bond via the elimination of HCI, causing a loss of the
C-ClI stretching peak that is complete after the thermal treatment of 14 hours. The
absorption peak at 1020 cm™, which is attributed to the in-plane C-H bending mode, has
also diminished. A peak at 924 cm™, possibly associated with the CH,CHCI group [71],
also disappears after thermal treatment. In addition, no carbonyl band is detected at
1690 cm™, which shows that there is no oxidative degradation during the polymerisation
process [71]. A significant reduction in intensity is observed at 1514 cm™, 1604 cm™,
2854 cm™, 2921 cm™ and 3022 cm’. These bands are associated with the in plane
phenyl C=C stretching mode and C-H stretching mode. In addition, the absence of
bands at 740, 1382, 1463, 2872 & 2960 cm’' associated with the CHj asymmetric
bending, CH; symmetric bending, CH, rocking, CH, symmetric & CHj3; asymmetric

deformation [198] is observed.
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Figure 5-20: Fourier Transform IR spectra of chlorine precursor and PPV

Figure 5-21: Photoluminescence spectrum of chlorinated PPV (excitation at 350 nm)
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The photoluminescence (PL) spectrum of PPV from a chlorinated starting material
deposited onto quartz is shown in Figure 5-21. This spectrum has similar peak
characteristics to that reported by Vaeth et al [71] in Figure 5-5. Three peaks can be
seen located at 513 nm (peak 1), 550 nm (peak 2) and 592 nm (peak 3). Peak 1, 2 and 3
corresponding to the 0—0 vibronic transition, 0—1 transition and 0—2 transition,
respectively [7]. This vibrational structure is attributed to the backbone stretching
modes of PPV [199]. The three emissions shown in Figure 5-21 represents at least six
uninterrupted phenylenevinylene units of conjugation segments as assumed by
comparison to that reported by Rothberg et al [102] (Figure 5-22). The chemical
structure of PPV synthesised via CVD that comprises of six phenylenevinylene units is

illustrated in Figure 5-23.

i Pristine /\ 1
20 |- 3 . .
- 1 3 o
10 N

/

oF wavelength (nm) .

450 500 550 600 B30 700

PL Intensity (x 10° counts)

Figure 5-22: PL spectrum of PPV with six uninterrupted phenylenevinylene units [102]

152



D

A\

Figure 5-23: Chemical structure of PPV containing six phenylenevinylene units

Figure 5-24 shows the UV-vis absorption spectra of brominated PPV precursor before
and after thermal conversion for 14 hours. A strong broad absorption peak appeared at
380 nm for the PPV synthesised by a,0’-dibromo-p-xylene. The blue shift to shorter
wavelength and larger optical band gap compared to the chlorinated monomer indicates
a shorter conjugation length results in this case. Interestingly, the absorption edge
recorded by bromine precursor has a smaller optical band gap (3.9 eV) than the chlorine

precursor (5.86 eV).

To further investigate the effect of monomer choices on the PPV optical absorption
properties, FTIR spectra of the bromine precursor and PPV prepared by a,a’-dibromo-
p-xylene are shown in Figure 5-25. The disappearance of the peaks at 611 cm™ and 636
cm’™, corresponding to the C-Br stretching mode, is an obvious difference between the
two spectra. Dehydrobromination was thus achieved by heating the bromine precursor
for 14 hours. There were, however, two unknown peaks at 667 cm” and 742 cm™ which

did not change in intensity.

The intensity of most peaks increased after thermal treatment. This increase is most
obvious for peaks at 960 cm'l, 2856 cm'l, 2921 cm™ and 3020 cm™. Those bands is
assigned to the trans-vinylene =C-H out of plane bending mode and C-H stretching
mode. The increase in intensity observed at 2856 cm™, 2921 cm™ and 3020 cm™ is due
to the enhancement of aliphatic hydrocarbon incorporation into the polymer backbone
[200] after the thermal treatment. This enhancement is consistent with the blue shifted

peaks seen in the UV-vis absorption spectrum.
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Figure 5-24: UV-Vis absorption spectra of bromine precursor and PPV

Figure 5-25: Fourier Transform IR spectra of bromine precursor and PPV
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5.3.3 Influence of Monomer Selection on Optical Properties

The choice of commercially available a,a0’-dihalo-p-xylene as CVD monomer can have
an effect on the optical properties of the deposited polymer. Previously, Vaeth and
Jensen [200] systematically studied the influence of monomer selection and reaction
conditions on PPV film composition and luminescence properties. However, the UV-vis
absorption spectra of PPV synthesised from different monomers were not reported. As
mentioned earlier, a,0’-dichloro-p-xylene and a,0’-dibromo-p-xylene were used as a
starting monomer for the CVD polymerisation. The selection of these monomers is due
solely to their availability in commercial stock. Thus, it is worthwhile to investigate the
effect of different monomers on optical properties that are important to electronic

applications.

As shown in Figure 5-26, clear differences in the absorption peak position and shape
were observed for the PPV films synthesised by the different monomers. The difference
was also noticed in the FTIR (Figure 5-27) spectra obtained from two different
monomers. PPV film synthesised using a,0’-dibromo-p-xylene is prone to disruption of
the m-bonded electron structure. The larger band gap energy and absorption peak shifted
to the shorter wavelength observed in this work is consistent with work reported by
Vaeth and Jensen [200]. Shortening of the conjugation length is probably the reason for

the differences in optical absorption spectra between two monomers.

Less pronounced incorporation of aliphatic hydrocarbon into the polymer backbone was
seen with a,a’-dichloro-p-xylene than with o,0’-dibromo-p-xylene as evidenced by the
higher intensity observed at 2856 cm™, 2921 cm™ and 3020 cm™ from FTIR spectrum of
PPV synthesised with o,0’-dibromo-p-xylene. Experimental conditions such as the
pyrolysis step and deposition temperature remained the same for the two different
monomers. However, a considerable amount of carbonaceous residue was observed
with bromine precursor compared to chlorine precursor. According to Staring et al. [73]
a substantial amount of carbonaceous residue can be seen in the pyrolysis zone with
bromine precursor at pyrolysis temperatures between 500°C to 600°C, compared to the

chlorine precursor pyrolysed at higher temperature of 700°C.
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Significant amounts of carbonaceous residue would therefore be expected at pyrolysis
temperatures of 700°C with o,a’-dibromo-p-xylene. The amount of these residues was
correlated with pyrolysis temperature, as reported for a,a’-dichloro-p-xylene [200]. It is
likely that imperfect fragmentation of a,a’-dibromo-p-xylene during pyrolysis [200] has
caused the production of carbonaceous residue, which would also explain the
enhancement in residual aliphatic hydrocarbon into the polymer backbone and

shortening in conjugation length.

An intense hydrocarbon incorporation observed in the FTIR spectrum of PPV derived
from the brominated precursor is suggested by the additional peak at 2361 cm™. This
peak is attributed to the —CH stretching of the aliphatic chains and aromatic rings [201].
The delocalized structure of m-bonded electrons would be regularly interrupted by the
additional aliphatic segments which can lead to a shorter conjugation length. The
significant amount of soot deposited on the furnace tube after the pyrolysis process
indicates that the pyrolysis temperature at 700°C used in our study is perhaps too high.
a,0’-dibromo-p-xylene is therefore an unfavourable PPV precursor due to its poor

optical properties.

On the other hand, a,a’-dichloro-p-xylene is a promising monomer for PPV synthesis.
As shown by the UV-vis absorption spectra, a longer conjugation length of PPV can be
obtained from the chlorinated precursor than the brominated one. A maximum
absorption peak at 410 nm has been reported for PPV synthesis via CVD [179]. Reports
of a longer PPV conjugation length in literature [179] compared to that obtained in our
study suggests that the polymerisation conditions used here may not be optimal, and

further work may be required to generate a longer conjugation length and smaller band

gap.
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Figure 5-26: UV-Vis absorption spectra of chlorinated PPV and brominated PPV

Figure 5-27: Fourier Transform IR spectra of chlorinated PPV and brominated PPV
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5.3.4 PPV Absorbance with Thermal Conversion Time

A series of different thermal conversion times was applied to the chlorinated PPV
precursor. As previously shown in Figure 5-19, the chlorinated PPV precursor has
effectively been converted to a PPV thin film under 400 mTorr pressures after 14 hours
of thermal treatment at 270°C. The maximum absorption in the UV-vis absorption
spectra was recorded at 400 nm. Figure 5-28 displayed the UV-vis absorption spectra of
six different thermal conversion times: 30 min, 1, 2, 3, 4, and 5 hours. A line at 400 nm

provides a reference to the different thermal conversion time’s absorbance maxima.

The UV-vis absorption spectrum of PPV film converted for only 30 min exhibits a
broad spectrum with poorly defined maximum. For this reason PPV obtained after 30
min of thermal treatment can be considered as incompletely dehydrochlorinated. The
chlorine groups may not been eliminated through dehydrohalogenation during the
thermal treatment. The polymer thin film has been produced with only partial
production of the double bonds and conjugated system of m-m* electron transition

characteristics.

Figure 5-28: UV-Vis spectra of PPV converted at different time
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The expected UV-Vis absorption spectrum was observed after 1 hour of thermal
treatment, with maximum peak absorption located at 400 nm. This peak indicates that
elimination of chlorine group is closer to completion after increasing treatment time and
the non conjugated, soluble chlorinated polyxylene (precursor) has been converted to
the conjugated insoluble PPV polymer after a treatment time of 1 hour. Given that the
maximum absorption peak of UV-vis spectrum is one of the characteristics of complete
dehydrohalogenation; 1 hour of thermal treatment can be suggested as an optimum

conversion time.

This process was taken closer to completion after a process time of 2 hours. This
observation is supported by the FTIR spectra shown in Figure 5-29. The halide peaks at
630 cm™ and 696 cm™ were diminished as soon as PPV precursor is heated for 2 hours.
The remaining peaks followed the behaviour of the spectrum measured after 14 hours of
thermal treatment (Figure 5-20). Detection of aliphatic hydrocarbon residuals at 2854
cm'l, 2921 ecm™ and 3022 cm™ after 2 and 14 hours of thermal treatment indicate that

longer treatment times [200] do not necessarily result in purer PPV.

The crystallinity of PPV film depends on the relative amounts of cis and trans linkages.
A mixture of cis- and frans-PPV cannot result in a highly crystalline film. The cis
linkage disrupts the conjugation length and thus, packing in PPV [202]. On other hand,
domination of #rans in PPV film may perhaps increase its crystallinity. Amorphous PPV
has been synthesized via a soluble precursor route [202]. Infra-red spectrum of
amorphous PPV reveals an absorption peak at 868 cm™, assigned to the formation of

cis-PPV [202].

As illustrated in Figure 5-29, no peak has been observed around 868 cm™ both before
and after thermal conversion of the PPV precursor film. On the contrary, an out-of-
plane bending mode of the trans vinylene group was detected for both spectra at 960
cm™'. The crystallinity of PPV film synthesized via CVD polymerization is in qualitative

conformity with the absence of cis linkages.
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The similarity of the UV-Vis absorption spectra peak intensity between PPV films
treated for 2 and 3 hours indicates a similar film thickness [95]. The PPV precursor
treated for 3 hours also exhibits a clear n-n* transition of PPV since it has an
indistinguishable UV-vis absorption spectrum to that of the film treated for 2 hours. The
removal of chlorine and hydrogen atom from adjacent carbons was entirely completed
after 3 hours of thermal treatment as the UV-vis absorption spectrum shows a peak at

400 nm which is the characteristic peak of PPV.

Figure 5-29: Fourier Transform IR spectra of chlorine precursor and 2 hours heated to PPV

In terms of the absorption band shape and intensity, the UV-vis absorption spectrum
after 4 hours was different to those for a PPV precursor heated for 2 and 3 hours.
Differences in peak intensity can be attributed to differences in film thickness [95].
Despite having maximum absorption peak near 400 nm, the overall peak structure is
blue shifted. This peak shift to the shorter wavelength is, however, very small (~5 nm).
The polymer intra-chain m-conjugation length is related to the shift of wavelength with
longer polymer conjugation lengths resulting in red shifted peaks [203]. In contrast, the
peak shifts to shorter wavelength observed in the UV-vis absorption spectra most likely

arise from a shortening in conjugation length of the polymer backbone.
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Further increase in thermal conversion time to 5 hours brings an absorption band peak
at 400 nm. However, a broad symmetric absorption band was observed which was not
observed in other UV-vis absorption spectra. This observation suggests the conversion
of residual precursor segments to phenylenevinylene sequences. Most probably, the
absorption spectrum shift to short wavelength after 4 hours of thermal conversion did
not involve the crystallinity or degradation of film. Conversely, a decrease in =-

conjugation length and intermolecular n-n stacking may have occurred.

In those PPV precursor films heated at 270°C for 1, 2, 3 and 5 hours, the energetically
lowest m-n* transition consists of a reasonably broad absorption band with its maximum
at 3.1 eV or 400 nm. The absorption band edge is positioned at around 521 nm which
equivalent to a band gap of about 2.38 eV. A notable variation between those absorption
spectra and absorption spectrum after 4 hours thermal conversion time was observed.
After 4 hours of thermal treatment, PPV precursor film exhibited less absorption band
edge and higher band gap energy. However, those absorption edges were identical in

which they appear to be spread out consistently.

Figure 5-30 shows the UV-vis absorption spectrum of a quartz substrate. Peak
absorption at ~240 nm is seen, and accounts for the additional peak in Figure 5-28,
since the PPV was deposited on the quartz substrate. Therefore, an additional peak
observed at ~240 nm is not related to the properties of polymer. The strong scattering
effects on the surface and polymer can impinge on the qualitative appearance of
absorption edge [204]. Film quality is often reflected in the appearance of vibrational
progressions in the absorption spectra. As observed in the absorption spectra shown in
Figure 5-28, the vibrational progression was absent. It is reasonable to speculate that the

quality of PPV film synthesised via CVD is good.
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Figure 5-30: UV-Vis absorption spectrum of a quartz substrate

5.3.5 Degradation of Processed PPV Film

Degradation of CVD PPV films synthesised using two different monomers were
characterised by UV-vis absorption spectroscopy. Both PPV films were exposed to air
for up to six months. Degradation of conjugated polymers typically involves photo-
oxidation of the polymer species [100, 205-207] from oxygen and light exposure. UV-
vis absorption spectra were taken for each month in order to elucidate the environmental
stability of PPV film grown by CVD polymerisation. In our study, the stability of PPV
film is only being measured by exposing them into the air, without any irradiation as

reported in previous works [100, 191, 192, 205-208].

Film stability or degradation is typically characterised by a shift in the peak absorption
of the PPV film, indicating a change in polymer chain conjugation length [100, 191].
Figure 5-31 shows the absence of any blue shift to shorter wavelengths upon air-
exposure suggesting that there has been no modification to the overall conjugation
length. However, a small systematic reduction in total absorption of the main absorption
peak at 400 nm is observed. The change in peak intensity is greatest after the first month

of air exposure and then reaches a limiting value over the next 5 months.
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Figure 5-31: UV-Vis absorption spectra of CI-PPV after being exposed to air for up to 6 months

The absorbance of a material depends upon the thickness and concentration of the
absorbing species. Given that the aged films started with the same initial film, the
reduction in absorption intensity shown in Figure 5-31 is most likely due to changes in
polymer film thickness [95]. PPV is a conjugated polymer with a characteristic m-*
bonding system. As such, air exposure leads to oxidation of the polymer chain with
oxygen incorporation interrupting some of the m-m* bonds which then consequently
leads to a decrease of the m-n* absorption peak. In addition, the longer exposure time
might be expected to result in a loss in thickness as the amount of oxygen increases with
the exposure time. However, given that the original main peak absorption intensity of
0.09 was only slightly decreased to 0.08 suggests that there is a minimal reduction of
PPV film thickness even after 6 months of air exposure. This small decrease in UV-vis
absorption intensity supports the assumption that there is an insignificant change in
thickness for PPV films synthesised by CVD polymerisation even after long periods of

air exposure.
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Figure 5-32: UV-Vis absorption spectra of Br-PPV after being exposed to air for up to 6 months

As shown in Figure 5-32, the same observation is made for PPV films synthesised via
a,0’-dibromo-p-xylene. No conjugation length distortion was observed after 6 months
of air exposure. Additionally, the intensity of absorption peak was degraded minimally
for all exposure times. Previous work has shown that changes in the colour of the initial
polymer film can be related to the photo-degradation pathways of the conjugated
polymer [209]. For example, bleaching can induce the transparency of the pristine
polymer films which leads to a loss of visible-light absorption of the polymer.
Alternatively, changes in polymer film colour from yellow to brown are indicative of
changes in PPV chemical structure [100]. In contrast, both PPV films that have been
synthesised here using two different monomers show an opaque yellowish-coloured

film that is maintained even after 6 months of air exposure.

Photo-degradation of pure films has been shown to result in a severe decline in the UV-
vis absorption peak [100, 191, 192, 208, 210] and a drastic increase in film thickness
due to chemical structural changes [207]. It has also been suggested that linewidth
narrowing [208] in the UV-vis absorption spectra is also initiated by film degradation.
A shift of the absorption peak to shorter wavelengths is an indication of a reduction of
polymer conjugation length. As reported by Zyung and Kim [100], UV-Vis absorption
spectra of irradiated PPV films shows a blue-shifted absorption peak. Moreover, this
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shift was accompanied by a decrease in peak intensity which was attributed to the
presence of oxygen facilitating the degradation of polymer films through the formation

of carbonyl units on the PPV polymer chains [100, 209, 210].

In contrast, the PPV films synthesised via CVD polymerisation are capable in absorbing
light even after long periods of air exposure and exhibit an insignificant loss of visible-
light absorption shown in Figure 5-31 and Figure 5-32. The absence of any blue-shift in
the absorption spectra indicates that the average conjugation length of PPV films is
preserved from the chain scission reaction [100] of the carbonyl group. The absence of
any shortening of PPV conjugation length indicates that CVD grown films exhibit
semiconducting properties [209] that are stable even after months of air exposure. This
stability suggests that CVD grown PPV polymer films offer the prospect of reliable

electron donor materials for OPV devices.

5.3.6 Integration of CVD PPV into OPV devices

Two bilayer OPV devices have been fabricated using CVD PPV as the electron donor
material and solution-processed PCBM or thermally evaporated Cg as electron acceptor
materials, respectively. The overall device architecture is glass/ITO/PPV/PCBM (or
Ceo0)/Al. The active layer thickness for the two devices are PPV (159 nm)/PCBM (60
nm) and PPV (43 nm)/C¢y (60 nm). The device current-voltage characteristics in the

dark and under illumination are shown in Figure 5-33 and Figure 5-34.
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Figure 5-33: The current voltage characteristics of an ITO/PPV/PCBMY/AI in the dark and under
illumination of AM-1.5

Figure 5-34: The current voltage characteristics of an ITO/PPV/Cg/Al in the dark and under
illumination of AM-1.5
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Both devices are rectifying in the dark under forward bias. The illuminated devices
exhibit photovoltaic properties with an open circuit voltage (Vo) at 350 mV and 113
mV. Both devices show very poor power conversion efficiency (PCE). In particular,
both devices have very low V., which are much lower than that reported by Brabec
[82]. The low V. are highly likely due to pinholes in the active layer, therefore leading
to a short-circuit pathway in the devices [211]. Low Js of 0.09 mA/cm® and 0.52
mA/cm” are obtained from these devices. The low fill factor (FF) of 0.27 and 0.26 and
shape of the IV curve suggest the presence of a high series resistance in the cell [212].
Series resistance (R;) and shunt resistance (Rg,) were modelled from the IV data and
values of 5.06 x 10* Qcm? and 8.87 x 10* Qcm” were obtained for PPV/PCBM device.
These values are much higher than it would be expected for a standard PPV/PCBM
bilayer device, would be in part due to the absence of a PEDOT:PSS interfacial layer in
the ITO interface. The device using Cgg as the electron donor material shows a slightly
higher PCE that that for PCBM due to a higher I, which indicates a better
compatibility using evaporated Cgo than spin coated PCBM. An increase in short circuit
current density demonstrates an improved electron donor/acceptor interface and
therefore more efficient charge separation for PPV/Cg structure. In the PPV/PCBM
structure, being exposed to solvents such as chloroform most likely leads to PPV re-

arranging during spin coating process and the creation of an ill-defined interface.

To eliminate the shorting and reduce the series resistance, a layer of PEDOT:PSS was
been incorporated to coat on ITO before preparing PPV layer. Furthermore, a layer of

LiF 1s also deposited as a buffer layer before Al cathode deposition.

(a) (b)

Figure 5-35: The current voltage characteristics of (a) ITO/PEDOT/PPV/PCBMI/LIFAI and (b)
ITO/PEDOT/PPV/Cg/LiFAl in the dark and under illumination of AM-1.5
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The incorporation of PEDOT:PSS layer has largely improved the device efficiency with
PCEs of 0.07% and 0.13% shown in Figure 5-35a and Figure 5-35b, a 9 fold increase
for the PPV/PCBM device and a 7 fold increase for the PPV/Cgy device. Compared to
the devices without PEDOT:PSS, the dramatic improvement occurs in the V., which
reaches 780 mV for both the PPV/PCBM and PPV/Cy, devices, comparable with the
value reported by Brabec et al [82]. PEDOT:PSS as an electron blocking layer not only
effectively prevents devices from shorting due to pinholes but also enhance the charge
extraction for PPV/PCBM device [82]. Furthermore, LiF has been proven to be a good
buffer layer at the active/Al interface to reduce the series resistance [82], which is in
accordance to the increase in the short circuit current from 0.09 to 0.25 mA/cm’.
However, LiF buffer layer seems to provide little improvement for PPV/Cg device. It is
found that although the short circuit current is increased from 0.52 to 0.69 mA/cm? for
PPV/Cgy device, there is little change in the observed fill factor. In addition, the
occurrence of an S-shape in the current-voltage measurement indicates that space-
charge effects are starting dominate in the PPV/Cqy device [213]. In bilayer OPV
devices, excitons separate most effectively at the electron donor/acceptor interface
[214]. Although the PPV/Cgy structure generally provides a better electron
donor/acceptor interface that that for PPV/PCBM structure, the low fill factor and high
charge recombination may be due to poor transport across the active/electrode
interfaces. It should be noted that the PEDOT:PSS layer has undergone an extensive
annealing process during PPV preparation. Transformation from the precursor to PPV
requires 14 hours of thermal conversion at 270°C, which may induce degradation and
phase separation of PEDOT from PSS. Further work to replace PEDOT:PSS to a more

thermally resistant material would be necessary.

A different buffer layer of calcium to replace LiF has also been investigated. Figure
5-36a and Figure 5-36b show the current voltage characteristics of the PPV/PCBM/Ca
and PPV/Cg/Ca devices. A further improvement in V. is obtained for both devices. For
PPV/PCBM device, the V. is increased from 780 to 1010 mV. For PPV/Cgy device, the
Ve 18 increased from 780 to 852 mV; the fill factor is increased from 0.25 to 0.36.
However, the short circuit currents are also reduced for both devices, which also exhibit

an S-shape in their [V measurements under illumination.
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(a) (b)

Figure 5-36: The current voltage characteristics of (a) ITO/PEDOT/PPV/PCBM/CaAl and (b)
ITO/PEDOT/PPV/Cg/CaAl in the dark and under illumination of AM-1.5

The external quantum efficiency (EQE) of a bilayer OPV based on PPV/Cgy/Ca
structure has also been measured and shown in Figure 5-37. It shows that a large
proportion of photocurrent is generated by photons in the range of 400 to 500 nm
wavelengths, which is consistent with the PPV absorption profile. Interestingly, two
extra shoulders at 620 and 675 nm have also been observed, which indicate very likely
charge transfer states form at the PPV/Cg interface [82]. The overall EQE is quite low
(less than 5%). However, the observed low EQE cannot be due to insufficient
absorption from a difference in active layer thickness because a device with 140 nm of

PPV gives the same PCE as for PPV of 22 nm.

Figure 5-37: External Quantum Efficiency (EQE) spectrum of PPV/Cg,
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Figure 5-38: The efficiencies of cells produced by different device architectures

Figure 5-38 summarizes all the OPV devices using the CVD PPV polymer films, which
show a high reproducibility in their device performance for the same architectures. The
device efficiencies are also highly dependent on the device architecture. Devices using
PEDOT:PSS as the electron block layer and LiF the cathode buffer layer give a
consistently higher efficiency than all of the other architectures used in this
investigation. The fact that the devices are highly sensitive to the preparation of the
electron acceptor material and the device architecture indicates that charge separation
and extraction are the limiting factor for these CVD PPV OPV devices. The limited
bilayer structure constrains the area of electron donor/acceptor interface, therefore a
better design of nanostructured PPV/PCBM or Cgy interfusion architecture would

enlarge the interface, potentially improving the OPV device performance.
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5.4 CONCLUSIONS

PPV films have been successfully deposited via CVD polymerisation. The chlorine
precursor of a,o’-dichloro-p-xylene offers better PPV films over the brominated
equivalent. The properties such as a smaller energy band gap and chemical structure
composition, lead to the integration of CVD chlorinated PPV into a bilayer OPV
structure. No other work to date has attempted to fabricate an OPV with the use of
CVD. Since CVD does not require any solvent or additional chemicals and can generate
conformal layers directly onto the device substrate, it is envisaged that this approach is a

promising path to enhancing the efficiency of solvent-free based OPV.

Devices were fabricated using different: (i) electron acceptors (PCBM and Cg), (ii)
metal cathodes (Al, Ca and LiF) and (iii) electron blocking layers (no blocking layer
and PEDOT-PSS). The results show that the optimum devices are fabricated using the
ITO/PEDOT-PSS/PPV/Cgy/LiF architecture and these devices exhibit device
efficiencies that are comparable to similar non-CVD devices reported in the literature.
Given that this is the first reported integration of CVD into OPV devices, this chapter
provides valuable insights for the future work needed to optimise and improve device

performance.
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6 CHEMICAL VAPOUR DEPOSITION OF THE PPV
NANOSTRUCTURES

6.1 INTRODUCTION

Synthesis of conjugated polymers in nanostructured shapes (eg: nanotube, nanorod,
nanowire) can be achieved via CVD polymerisation [11, 70]. These morphologies can
offer materials that are useful for nanoelectronic devices and sensors. For example, a
PPV and perylene heterojunction has demonstrated the photovoltaic effect [81], and
devices fabricated with PPV nanostructures may provide benefits in solar cell
applications [179]. Production of nanostructured PPV is complicated by its insolubility
[70]. Consequently, a synthetic method that proceeds via soluble precursor routes prior
to the thermal conversion to the final polymer composition is required. Alternatively,
CVD polymerisation of PPV precursors is a promising method for nanostructure

fabrication.

There are many reports on the fabrication of conducting polymers nanostructures by
soluble polymer precursors. However, there is only one report on the CVD
polymerisation of PPV nanotubes and nanorods (Figure 6-1) [70]. Alumina and
polycarbonate membrane filters, with pore diameter of 200 nm and 100 nm, were used

for the polymer nanostructure fabrication in this work.

Figure 6-1: SEM images of PPV (a) nanotubes prepared in alumina filter membrane & (b)
nanorods prepared in polycarbonate filter membrane [70]
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Another insoluble conjugated polymer that has been synthesised via CVD
polymerisation in an alumina membrane template is poly (2,5-thienylene vinylene)
(PTV) [11]. The simple synthetic route of CVD has produced various shapes of PTV
nanostructures (Figure 6-2). In addition, these nanostructured conjugated polymers can
be doped with species such as I, or FeCls at room temperature to boost their electrical

conductivity properties.

PPV is a conjugated polymer the inherent conductivity of which is close to that of an
insulator. The conductivity can however be easily improved via vapour phase doping
[198]. The CVD technique not only results in the nanostructure formation, but also

offers excellent dopant diffusion into the polymer matrix [198].

Figure 6-2: SEM images of PTV nanotubes prepared by alumina filter membrane [11]

In this work, we focus on the growth of PPV nanostructures. We have grown PPV
nanostructures on a porous alumina template with nominal diameter of 100 nm. In order
to glean more understanding as to how the vaporised monomer is deposited onto the
template surface, five different angles of template with respect to the substrate holder
were employed. The vaporised monomer flux is directed towards the tilted template
where deposition occurs on the template facing towards substrate holder. Deposition of
PPV was implemented at 0° (horizontal), 30°, 45°, 60° and 90° (vertical) of template

angles. Templates with different angles were positioned side by side at spot 5 in the
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CVD system (Figure 5-14) which was assessed to be the best spot for precursor
collection. Other than the different substrate angle, all deposition parameters remained

the same.

6.2 EXPERIMENTAL DETAILS

The experimental details of PPV nanostructure fabrication is described in Section 2.2.
The porous alumina templates were first cleaned with acetone in order to remove
impurities that might accumulate on the template surface. Templates were positioned in
the deposition zone at the optimum position determined by the procedure described in
Section 5.3.1. The angle between template and planar surface within the deposition zone
was varied while keeping the other synthesis conditions constant. As shown in Figure
6-3, one template was positioned in a horizontal configuration (0°), whereas the other
templates were positioned at angles of 30°, 45°, 60° and 90°. These templates were

attached to the standing substrate of the desired angle.

After deposition, the alumina template was dissolved in 3M sodium hydroxide (NaOH)
and the PPV film was rinsed in water before being characterised via SEM. In order to
minimise the distortion of the PPV nanostructure prior to drying at room temperature,
PPV isolated from the template was rinsed with a low surface-tension solvent such as
methanol. To facilitate SEM characterisation, a thin gold coating was evaporated on the
PPV to avoid charging. Photoluminescence measurements were taken for PPV

deposited on the alumina template under excitation at 350 nm.

meramar

Planar Sutfas___

(e)

Figure 6-3: Schematic diagram of template positioned at (a) horizontal (0°) (b) 30° (c) 45° (d) 60° &
(e) vertical (90°) respect to the planar surface
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6.3 RESULTS AND DISCUSSION

6.3.1 Photoluminescence

The photoluminescence (PL) of the PPV deposited onto alumina templates at different
angles is shown in Figure 6-4. A broad PL feature is observed, which starts around 500
nm and consists of 3 different peaks whose relative magnitude changes at different
template angles. The peaks are at 520 nm, 549 nm and 593 nm which we label peak 1, 2
and 3, respectively. The strongest emission occurs at 549 nm for all angles. At 30° and
45°, peaks 1 and 2 are blue-shifted by 6 nm and 2 nm, respectively. Peak 3 starts to

quench at angles of 45° and greater quenching occurs with increasing angle.

Figure 6-5 shows the PL intensity ratio of peak 1 (0-0 transition) to peak 2 (0-1
transition) [215, 216] at different deposition angles. The relative intensity of peak 2 is
reduced as the template reaches the vertical position. However, no pronounced intensity
enhancement is observed at peak 1 as the template is directed towards the vertical
position. The quantitative summary of angle effects can be interpreted from Figure 6-5
by giving the percentage of relative intensity of peak 2 with respect to peak 1. PPV
nanostructure deposited at 0° exhibits the lowest percentage of 9%, and a significant red
shift of peak 1. The relative intensity (peak 1/peak 2) increases as the angle is directed

towards the vertical position with respect to the deposition surface.
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Figure 6-4: Photoluminescence spectra (excitation at 350 nm) of PPV deposited on alumina
template of different angles

Figure 6-5: Photoluminescence intensity ratio of peak 1 to peak 2 of different deposition angles
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6.3.2 Surface morphology of PPV as a function of deposition angle

6.3.2.1 Horizontal (0°)

PPV precursor was deposited on the high aspect ratio porous alumina template before
being converted to PPV via thermal conversion treatment. Four SEM images are shown
in Figure 6-6, Figure 6-7, Figure 6-8 and Figure 6-10, which correspond to the top
surface of the PPV on the template, the bottom surface of template, a cross-section of
PPV on the template, and PPV nanostructures after being isolated from template,
respectively. Clear differences can be seen between the templates before PPV
deposition (Figure 2-4) and template after PPV deposition (Figure 6-6), due to

deposition of PPV on the template surface.

As shown on the top surface (Figure 6-6), the polymer has grown as a nanostructured
material, with evidence of fibre formation. The template pores with a nominal diameter
of 100 nm are completely covered by these fibrous PPV nanostructures, with no unfilled
pores visible in this image. The diameter of the fibrous-like PPV nanostructures is in
range between 50 to 250 nm, with some exhibiting cactus-like nanostructures where
they are attached on top of each other. Thus, CVD polymerisation can not only be used
for PPV thin film growth [71] but, as observed in this work, it also can be applied to the

growth of PPV nanostructures.

In order to investigate whether PPV was deposited inside the porous template, an SEM
image from the bottom surface of template was taken. It is clearly shown in Figure 6-7
that numerous template pores were unfilled. As such, the vaporised monomer did not
diffuse all the way through the 60 um pore long during the deposition time. This
hypothesis is supported by SEM images (Figure 6-8) taken from a cross-section view of
template. No PPV structure has been deposited through the pore and no layer of PPV

can be seen infiltrating more than a few 10’s of nm’s inside the pore.
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Figure 6-6: SEM image of PPV deposited on horizontal alumina template of (a) lower magnification
& (b) higher magnification

Figure 6-7: SEM image (Top view) of PPV deposited on alumina porous template taken from the
bottom surface
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Figure 6-8: Cross-section SEM image of PPV deposited on horizontal alumina template

It should be noted that, although the bottom surface of the template shows that a number
of pores are covered, this does not appear to be due to PPV deposition. The cross-
section image has shown the pore structure of the alumina is branched, in other words,
the pores exhibit a discontinous connected structure. Vaporised monomer could be
blocked by the alumina branches before it can reach the bottom surface of template.

Despite that, PPV might have been deposited on the edge of the alumina branches [11].

The PPV nanostructures are originally deposited as monomer or chlorinated xylylene
[71] upon condensation and polymerisation onto substrate. Therefore, chlorinated
xylylene must be deposited in the pores prior to the dehydrochlorination process.
According to Cetinkaya et al [217], nanostructured thin films of poly(p-xylene)
derivatives can be deposited by vapour deposition method. This work [217] is in
agreement with the growth of PPV nanostructures observed here, as shown from the top

view and cross-section view of SEM image.
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The emissive characteristics of PPV nanostructures observed on alumina template are
investigated via their PL spectra. Figure 6-9 compares the PL spectra between PPV
nanostructures and a PPV thin film at A, = 350 nm. Each PL spectrum exhibits three
peaks; 1, 2 and 3 at increasing wavelength. However, a significant red-shift (~ 7 nm)
occurred at peak 1 of the PPV nanostructure. In additional, a reduced intensity is
recorded for the PL spectrum of the PPV thin film which indicates the different
thicknesses between the two samples [218, 219]. As reported by Qi et al [215], the
isolation of polymer chains on the alumina porous surface can induce blue shifts of PL
spectrum. Apparently, cactus-like PPV nanostructures grown on the alumina template
have a red-shift which implies that the polymer chains of PPV nanostructures have not

been isolated or interacted within the alumina porous surface.

Figure 6-9: Photoluminescence spectra (excitation at 350 nm) of PPV thin film deposited on quartz
and PPV nanostructure deposited on alumina template at 0°

Interestingly, based on the red shifts observed at 520 nm, PPV nanostructures grown on
alumina template in the horizontal position have a longer conjugation segment length
than PPV thin film deposited on quartz [220]. The enhancement of interchain
interaction between polymer chains is pronounced in PPV nanostructures due to the
restricted intrusion into the nanopores. The polymer chains of PPV nanostructures
deposited onto the alumina porous surface would be expected to be segregated and thus

experience weak interchain interactions [215].
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PPV nanostructures that have been removed from the porous template exhibit
considerable surface tension and clump together. Indeed, the PPV nanostructured layers
can be seen to be lying on top of each other instead of forming one smooth layer. As
reported by Kong et al [221], self-organized nanofibre micropatterns are mostly
dependent on the dilation stress and interaction between nanofibres during the template
removal. Therefore, the web-like pattern exhibited by PPV nanostructures occurs during
template removal whereas these features are not observed whilst they are on the

template.

Despite having an irregular PPV nanostructure film, the fibrous nanostructure of the
PPV is preserved. The structure obtained in this work is similar to that reported by Kim
and Jin [70], where the presence of multibranches is well observed. These
multibranches have indicated that the pores inside the template are well interconnected.
The only difference between PPV nanostructures grown in our work and the work of
these authors [70] is the density of the PPV nanostructure branches. In our study, the
branches are so dense that the gap between fibres is hard to distinguish. It appears that
the PPV nanostructures are relatively well ordered, with a dendritic structure which
replicates the structure of initial PPV nanostructure before being removed from the
alumina template. The diameter of PPV nanostructures formed in the branches has a

variation in size which ranges between 30 to 60 nm.

Different SEM images taken between 10000X to 80000X magnification are shown in
Figure 6-10(a-d). Based on the observed SEM images, the genuine structure of PPV
after being isolated from template is proposed and displayed in Figure 6-11. It exhibits a

similar shape to a nanobud structure, in which a round head sits atop a small neck [10].
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Figure 6-10(a-d): SEM image of PPV deposited on horizontal alumina template after being isolated
from template

Figure 6-11: Schematic diagram of proposed nanostructure of fibrous-like PPV

6.3.2.2 Angle at 30°

Figure 6-12 and Figure 6-13 show the top view and cross-section view of PPV
deposited at a 30° template angle. Significant differences in surface morphology of
deposited PPV can be seen between the two different angles of 0° and 30°. At higher
SEM magnification, a small area of porous alumina template that is not covered by PPV
is seen. Inclination of the alumina template towards planar surface has reduced the

amount of vaporised monomer getting onto the template.
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The thickness of the PPV layer is affected by the amount of vaporised monomer
deposited. PL spectra in Figure 6-4 show the intensity depletion at peak 2 and blue-shift
to shorter wavelengths at peak 1 compared to the PL spectrum at 0°. The blue-shift
observed at peak 1 of angle 30° is accompanied by the increment of ratio peak 1: peak
2. As reported elsewhere [215], the accumulated conjugated polymer inside the alumina
template has a tendency to induce a blue shift in the PL due to the isolation of the
polymer chains. Unlike the PPV cactus-like nanostructure exhibited by horizontal
template, PPV deposited at a 30° angle does not exhibit nanostructure formation for

thicker layers.

Figure 6-12: SEM image of PPV deposited at 30° of alumina template angle of (a) lower
magnification & (b) higher magnification

Figure 6-13: Cross-section SEM image of PPV deposited at 30° of alumina template angle
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Furthermore, the cross-section SEM images of both angles display quite different
diffusion behavior of the vaporised monomer. PPV deposited at 30° apparently diffuses
deeper into the template pores compared with PPV deposited on a horizontal template,
in which the layer of PPV nanostructure appears to be just deposited on top of the
template. For the tilted template, vaporised monomer is seen to infiltrate into the

nanoporous structure and generate approximately 700 nm of PPV thickness.

Figure 6-14(a-c) shows that CVD polymerisation of PPV has taken place in the inner
surface of the pores with two types of morphologies. These two morphologies are; PPV
that has been deposited up to ~700 nm to the pores and PPV that has diffused through
the pores and subsequent deposited at the pores’ edge. This observation is in agreement
with previous studies on the CVD polymerisation of poly(2,5-thienylene vinylene)
(PTV), which showed that after the dissolution of alumina template, PTV nanotubes
were observed with the wall thickness of 35 nm which is due to the deposition of

vaporised monomer at the pores’ edge [11].

Previously, three types of nominal pore diameter (10 nm, 100 nm and 200 nm) of
template have been used for preparation of PPV nanotubes and nanorods [70]. PPV
nanorods have been successfully deposited in 10 nm pores [70] indicating that the
vaporised monomer has a size less than 10 nm. A schematic illustration of the proposed
formation of PPV nanotubes grown from the tilted template is presented in Figure 6-15.
At a template angle of 30°, a small amount of vaporised monomer diffuses up to 3 pym
into the pore. The total thickness of the porous alumina template is about 60 um. Due to
the limited extent of diffusion; the PPV nanotubes exhibit an irregular shape. This
hypothesis is supported by Figure 6-14, where it can be seen that the bottom structure of

the nanotube is very irregular and different to the top.

Figure 6-14: SEM image of PPV (a-c) deposited at 30° of alumina template angle after being
isolated from template
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Figure 6-15: Schematic illustration of the proposed formation of PPV nanotubes synthesis at
deposition template angle of 30°Angle at 45°

6.3.2.3 Angle of 45°

Figure 6-16: SEM image of PPV deposited at 45° of alumina template angle of (a) lower
magnification & (b) higher magnification

Figure 6-17: Cross-section SEM image of PPV deposited at 45° of alumina template angle
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Figure 6-16 shows a slightly different surface morphology of PPV to that displayed in
Figure 6-6 and Figure 6-12. The absence of any cactus-like PPV nanostructures in the
top view SEM image indicates that the vaporised monomer has a similar behavior to
30° at the new tilted angle. Further evidence of similar behavior is supported by the
diffusion of reactive monomer into nanopores (Figure 6-17). In addition, the identical
peak intensity in PL spectrum indicates that the polymer chains are of a shorter length

and are contacted with alumina surface of the tilted template [215].

Unlike the surface morphology observed at 30°, the template tilted at 45° has smoother
film coverage. The latter comprises a wave-like surface pattern which may attributable
to a shadowing effect [21] resulting in isolated regions of the template surface being
unreachable by the vaporised monomer. Moreover, since the template is tilted, some of
the template areas which are facing towards the substrate holder will be impinged by the

monomer flux at different times.

Figure 6-18: Photoluminescence spectra (excitation at 350nm) of PPV thin film deposited on quartz
and PPV deposited on alumina template at 45°

Figure 6-18 shows the PL spectra of a PPV film deposited at a 45° template angle and a
PPV thin film that has been deposited on quartz. Both spectra have identical peak
positions , due to the similarity in the PL spectra, it appears that PPV deposited at a 45°
template angle exhibits a similar morphology to that of a PPV thin film on quartz.
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However, the thickness of both PPV films is different, as can be distinguished from the
peak intensity [218, 219].

Figure 6-19: SEM image of PPV (a-c) deposited at 45° of alumina template angle after being
isolated from template

The structure of PPV after the dissolution of alumina template is shown in Figure
6-19(a-c). Interestingly, PPV nanotubes were not observed in this film, but rather, bulk
PPV with a web-like structure is seen. Therefore, it would appear that the vaporised
monomer has deposited as a bulk PPV layers of low uniformity. Generally, a bulk PPV
film will form with high uniformity if a solid structure without any web-like pattern is
obtained. However, in this case, PPV with an undesired structure was formed from the

non-ideal angle of deposition.

6.3.2.4 Angle at 60°

Figure 6-20 shows that, for the template aligned at 60°, a rougher surface morphology
with a lack of uniform coverage is obtained. It is possible that a rougher polymer film is
expected as a result of depsoition via the vapor deposition polymerisation technique. It
is well known that polymer chains comprise of two active ends. Instability of polymer
during the deposition process can occur if monomer reaches both active ends of
polymer chains, which leads to a roughening of the surface [222]. At this larger angle,
the wave-like pattern observed from the top view SEM image is more marked with not

of all template surfaces being perfectly coated.
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Figure 6-20: SEM image of PPV deposited at 60° of alumina template angle of (a) lower
magnification & (b) higher magnification

Figure 6-21: Cross-section SEM image of PPV deposited at 60° of alumina template angle

Figure 6-21 shows the cross-section SEM image of PPV deposited at 60°. A similar
structure of PPV deposition is seen to that observed at other angles. The vaporised
monomer has obviously deposited on top of the template rather than into the pores. A
thinner layer deposited at 60° is indicated by the SEM images of the PPV isolated from
the template shown in Figure 6-22(a-c). Compared to that shown in Figure 6-19, less
vaporised monomer has impinged on the template surface at 60° which is supported by
the reduced magnitude of the PL measurements. At this angle, no PPV nanostructures
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such as shown in Figure 6-10 and Figure 6-14 are observed. In addition, the PL
spectrum of PPV deposited at 60° of template angle shows the same characteristic peaks
as the PPV thin film deposited on quartz except the peak 1/peak 2 ratio is different
(Figure 6-23).

Figure 6-22: SEM image of PPV (a-c) deposited at 60° of alumina template angle after being
isolated from template

Figure 6-23: Photoluminescence spectra (excitation at 350 nm) of PPV thin film deposited on quartz
and PPV deposited on alumina template at 60°

6.3.2.5 Vertical angle (90°)

Figure 6-4 shows a similarity of in both the intensity and PL emission peak between the
template that tilted at 60° and 90°. This indicates that a similar PPV layer thickness has
been deposited when the template is being tilted between 60° and 90°. However, the
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surface morphology of the PPV shows distinctly different structure. The creation of
additional PPV layer on the top of the pores is observed when tilting the template at 60°,
this does not happen for template tilted at 90°. Demirel et al [21] has reported on the
formation of an extra polymer layer deposited outside of the pores for similar

depositions.

In contrast with the other tilted angles, none of the fibrous cactus-like nanostructures or
wave-like pattern was observed on the vertical template. As shown in Figure 6-24 the
porous structure of template can still be seen after PPV deposition. From the top view
SEM image, the surface morphology of the porous template with PPV deposited in the
vertical position is comparable to that without PPV (Figure 2-4). However, the only
feature that differentiates both templates after and prior to PPV deposition is the size of
the pores, with a smaller pore size seen after PPV deposition. This observation suggests
that vaporised monomer has diffused through the pores [21] when the vapour flux is
perpendicular to the template. Polymerisation has been initiated on the pore walls which

leads to the formation of porous nanostructures [21].

However, patches of unknown material can also be seen lying on the top of template
surface. It seems reasonable to speculate that these features arise from the deposition of
residual impurities upon thermal conversion. Residues in the CVD polymer can be
incorporated into the surface film due to fragmentation and dimerization of by-products
during pyrolysis [200]. A template that is in the vertical position is more likely to
collect the high concentration of vaporised monomer as well as the residue of side

reactions during pyrolysis which might be contained in the vaporised monomer stream.
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Figure 6-24: SEM image of PPV deposited on vertical alumina

Figure 6-25: Cross-section SEM images of PPV deposited on vertical alumina template
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Distinct colour differences between the two templates (0° and 90°) were observed after
thermal conversion. PPV on the template with the vapour flux parallel to the template
(0°) has an intense yellowish colour compared to that with the vapour flux flowing
perpendicular to the template (90°). This observation is consistent with the yellow film
colour observed for PPV by Vaeth et al [71]. They found that the transparent and
colourless precursor polymer film changed to yellow upon thermal conversion. The less
intense yellow colour obtained from template at 90° might be due to deposition of PPV

inside the pores rather than on the top surface.

As the vaporised monomer flows from the vaporisation zone to the deposition zone,
only a surface with temperature less than 95°C [71] within the deposition zone is
suitable for condensation and polymerisation. Vaporised monomer that does not meet
this desired temperature will leave the deposition zone and be trapped in the cold trap.
Indeed a white or light yellow powder is always seen inside the cold trap. On the other
hand, a template that has been positioned horizontal to the flow collect only the desired
precursor polymer since vaporised monomer can flow parallel to the template without
any obstacles. As such, only vaporised monomer that satisfies the strict deposition

temperature criterion will accumulate on the template surface.

A template in the vertical position is more likely to be in contact with all of the vapour
that flows within the deposition zone. Residuals that should be carried to the cold trap
can be blocked by the template since the vapour flux is perpendicular to the template.
This is likely leads to the accumulation of the unknown impurities shown in Figure
6-25. However, a template that has been positioned in the vertical position is more
suited for PPV nanotube formation. Indeed, PPV nanotubes are observed in the film

after being isolated from the alumina template, as shown in Figure 6-26(a-d).

PPV nanotubes of varying diameter and wall thickness were obtained. These nanotubes
have created a hexagonal structure with diameter and wall thickness ranges from 125 to
250 nm and 25 to 75 nm, respectively. Interestingly, this result shows that the PPV
nanotubes have a larger diameter than the original template pore diameter, and thus the
hexagonal structure of the nanotubes has expanded during the template removal process.
Clearly a template that is perpendicular to the vapour flux collects precursor in the inner

surface of pores [11] rather than lying as a bulk film on the top surface of the template.
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Figure 6-26: SEM image of PPV (a-d) deposited at 90° of alumina template angle after being
isolated from template

Figure 6-27: Schematic illustration of the proposed formation of PPV nanotubes synthesis at
deposition template angle of 90°

The proposed formation of PPV nanotube grown from the vertical standing template
which is perpendicular to the flux monomer is displayed in Figure 6-27. Precursor PPV
is first accumulated around the pores without blocking them and diffuses deeper into the
inner surface of pores. Compared to the polymer nanotube (Figure 6-2) prepared by Lee
et al [11], the PPV nanotubes obtained in our work have a denser structure distribution
with no gap between walls seen between one tube to another. Indeed, the close
proximity exhibited by these nanotubes most likely drives the formation of the observed

dense hexagonal structure.
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6.3.3 Effect of nanostructures on optical emission

It is well known that photoinduced increasing and decreasing PL behaviour is
dependent on the polymer film thickness and on the existence of crosslinking in the
polymer network structure [219]. As shown in Figure 6-28, significant differences are
seen between the emission characteristics of PPV nanostructures deposited in horizontal
alumina template and the PPV thin film. At peak 1 of the emission peak (which is
assigned to the 0-0 transition), the photoinduced signal is improved as the PPV is
changed from a film to nanostructure. The intensity of PPV’s thin film emission peak is
reduced which may attributed to the increasing formation of nonemissive inter-chain

excimers [219].

Figure 6-28: Photoluminescence spectra (excitation at 350 nm) of PPV thin film deposited on quartz
and PPV deposited at different alumina template angles

The red shift of the emission peak of the PPV nanostructure also indicates that it has an
increase conjugation length, and optimum bandgap and density of states [7]. The
conformation of the PPV chains in the nanostructured formation is in the form of a
bunch of polymer chains. PPV nanostructure that was observed on horizontal alumina
template has shown no isolation of the conjugated polymer chains. This claim is
supported by the work reported by Qi et al [215] which has observed on the blue shift of
emission peak due to the isolation of polymer chain and interaction to the alumina

surface.
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The interaction between polymer and the alumina surface was reported to occur during
the deposition of (poly(2-methoxy-5-(2’-ethyl-hexyloxy)-p-phenylene vinylene) (MEH-
PPV) on alumina template [215]. The possible interaction is likely to occur because the
polymer and alumina comprise Lewis base aromatic rings and Lewis acid aluminum
and Bronstead acid surface hydroxyl groups, respectively. However, in the present
work, the PPV nanostructures have shown no interaction with the alumina surface.
Given the red shift to longer wavelength, it would appear that the conjugated polymer
chains only build their structure laterally on the alumina surface rather than being

diffuse or infiltrate into the pores [220].

The position of alumina template respective to incoming vaporised monomer has
contributed to the extent of diffusion into nanopores and hence, the initiation of
polymerisation in the nanoporous template. As reported by Demirel et al [21], parylene
nanofibres were grown via template by adjusting the direction of vapour flux to the
surface of the template. The height of nanofibre can be controlled which is depend on
the deposition angle (). In conjunction, the optical emission of different PPV structures
obtained from different deposition angles helps to clarify the deposition. Better, or more
desired, photoluminescence properties of nanostructures made of conjugated polymers
can be tuned through the deposition angle between vaporised monomer flux and

template (or deposition surface).
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6.4 CONCLUSIONS

In conclusion, CVD polymerisation of PPV has been successfully implemented on a
porous alumina template. Differences in surface morphology are observed for the
different template angles. In particular, for a template that has been positioned
horizontally with respective to the substrate holder surface, fibre-like PPV
nanostructures with diameters ranging from 50 nm to 250 nm are observed. An
optimum optical emission is exhibited from the fibrous PPV nanostructures, shown by
the occurrence of a red shift in their PL spectra. After being isolated from the alumina
porous template, the morphology of the fibrous PPV nanostructures is preserved. The
unique PPV structure obtained from the horizontal alumina template before and after the
dissolution of template has the potential to be beneficial for electronic applications due

their height and diameter dimension.

In addition, PPV nanotubes were synthesised at 30° and 90° of template angle after the
dissolution of template. Two types of nanotubes were observed at two different angles,
with 90° producing new perfect nanotube morphology. However, shorter PPV
nanotubes can be achieved by tilting the angle to 30° as the small amount of vaporised
monomer diffuses into the template pores. This angle could be of beneficial in
controlling nanotube height, which is crucial in device fabrication. Therefore, the
production of desired polymer nanostructures is possible simply by tilting a template to

an angle o with respect to a monomer flux.
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7 SUMMARY AND FURTHER WORK

7.1 SUMMARY

The chemical vapour deposition (CVD) technique has the potential to synthesise
nanostructures which would benefit optoelectronic devices and organic photovoltaics
(OPVs). In this work, three different nanostructures (namely multiwalled carbon
nanotube (MWCNT), indium oxide encapsulated by carbon layer and PPV
nanostructures) have been realised via CVD. The work presented in this thesis has
shown that the fabrication of such nanostructures through the technique of CVD has
potential applications for the solvent-less fabrication of OPV devices by demonstrating

a photovoltaic response from PPV nanofilms deposited in this way.

We have shown that system pressure is the key to controlling the different morphology
of nanostructures grown by CVD. Indium, which originates in the indium tin oxide
(ITO) substrate, is capable of diffusing into the nanostructure at 400 Torr and 450°C,
resulting in the growth of indium oxide nanowires. In addition, a thicker interface layer
of amorphous carbon is deposited at higher pressure of 400 Torr. H, plasma treatment
applied to the amorphous carbon layer causes the depletion of both the interface and

nanostructured layers.

The thickness of the amorphous carbon and MWCNT layers can be controlled by
varying the pressure. At 100 Torr, a thinner amorphous carbon layer of 200 nm is
deposited, compared to the one at 400 Torr which was 2 um in thickness. On top of that,
at 100 Torr, MWCNT with the average length of 400 nm is sparsely grown. Increasing
the pressure to 300 Torr also results in MWCNTs but of different length. The length of
individual nanotubes can reach a few microns. This length is too long for OPV
fabrication, where film thicknesses of a few 100 nm are used to provide high

absorbance and adequate charge transport [8].
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In addition to carbon and metal oxide nanostructure growth, we have also used CVD to
synthesise polymer nanostructures. A PPV nanofilm has been incorporated as an
electron donor layer into the bilayer OPV. In spite of the low efficiency, the integration
of chemically vapour deposited PPV into OPV is shown as a proof-of-principle

demonstration of a photovoltaic response.

In addition to pressure, the growth of a CVD deposit also depends on transport in the
tube flow. To examine this, PPV nanostructures were synthesised by placing the porous
alumina template at different angles to the flow. The PPV nanostructure morphology,

tube diameter and length have been found to vary with angle.

Consequently, the work presented here represents a step forward in the knowledge of
the CVD of nanostructures; which has in turn allowed an extension in understanding of

the process of producing carbon, metal oxide and polymer nanostructures.
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7.2 FURTHER WORK

The integration of carbon and polymer nanostructures into OPV synthesised on ITO and
alumina porous template, respectively, would be particularly worthwhile as future work.
High optical transparency of carbon nanostructures grown onto ITO has already been
reported [8] for a thickness of less than 200 nm. The work presented here used a total
thickness of 600 nm which accounted for both the interface and nanostructured layer.
However, the controlling pressure is an essential parameter in producing the desired
thickness. Pressures lower than 100 Torr would be likely to deposit carbon

nanostructures which would lie within an acceptable thickness.

Indium and tin particles have been observed on the surface of ITO upon heating above
400°C. It has also been observed that at these temperatures indium can incorporate into
the carbon nanostructures grown via CVD. As such, it would be interesting to try to use

these metal nanoparticles directly as the catalyst for nanotube growth.

PPV nanofilms synthesised via CVD were incorporated into an OPV. A low power
conversion efficiency was recorded but this work acts as a proof that PPV formed via
CVD can be used in this fashion. Since various types of PPV nanostructures can be
grown in a porous alumina template by varying the angle of the template, future work
might consider the integration of PPV nanostructures isolated from these templates into
OPVs. It is worth trying to study the effect of different PPV nanostructures obtained at

different angles upon the performance of OPV.

Additionally, the subsequent step to develop a synthesis of an electron acceptor via
CVD may be warranted. At the moment, an electron acceptor layer is spin-coated on the
PPV layer, which requires the use of solvent. An electron acceptor such as PCBM has
not been synthesised via CVD. The advantage of CVD in depositing of the conformal
layer (with less contamination) would lead to a fully CVD based OPV fabrication.
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