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ABSTRACT

Typically, materials with high electrical conductivity such as metals are opaque, and
materials with high optical transparency such as glass are insulating. Finding materials
that are both transparent to visible light and electrically conductive has proven to be a
significant challenge. There is an ever increasing need for such materials as many of
today’s popular electronic devices require one or more layers to be both transparent
while simultaneously applying a voltage or conducting a current. Indium tin oxide
(ITO) is by far the most common material as it satisfies industry requirements for
most devices. However, it has several critical drawbacks (for example, brittleness,
high cost and being typically deposited via sputtering under vacuum). In recent
years solution processed nanomaterials have emerged as a potential alternative. These
materials can be deposited over large areas at low temperatures, greatly increasing
yield and throughput and reducing cost, while the nanomaterial topology enables
flexible devices.

We prepare graphene rich dispersions by exfoliating graphite in water stabilised
by surfactant. Thin disordered films of randomly stacked oxide-free, graphene have
been deposited by vacuum filtration. The as prepared films are transparent with a
direct current conductivity of 1.5 x 103S/m, this can be further increased by an order
of magnitude by annealing the films. The conductivity is stable under flexing for at
least 2000 cycles. The electrical properties are limited by disorder and the resistance at
the junctions between flakes.

We demonstrate a simple water-based method to prepare graphene/carbon nanotube
hybrids. We observe an optimum composition of ~ 3 wt% graphene, which results
in a peak in the DC conductivity. We calculate a figure of merit, the DC to optical
conductivity ratio, opc/0pp, which also shows a peak at this composition. Acid
treatment increases both ¢pcand opc/0p, by a factor of ~ 2.5. Interestingly, acid

treatment is more effective for films close to the optimum composition. This has



the effect of sharpening the peaks in both ¢pc and ¢pc/0p,. For acid-treated films,
addition of 3 wt % graphene results in a 40% increase in opc /0o, compared to the
nanotube-only film, from 12.5 to 18.

With such intense research into finding ITO replacement materials it is important to
have a metric to rate the performance of new materials and benchmark them against
known standards. This is generally achieved using figures of merit (FoMs) such as
the DC to optical conductivity ratio. Transparent electrodes typically require high
visible transmittances, T > 90%. For most nanostructured films thin enough to display
T > 90%, the conduction can be described by percolation theory. This means DC
conductivities are lower than in bulk, giving correspondingly higher sheet resistances,
Rs. De. et al. define a percolative figure of merit, I1, for which high values result in
high T and low R;. High values of I1 are achieved for high DC conductivity and low
optical conductivity. In addition, the film thickness, t,,;,,, where the DC conductivity
first deviates from its bulk value and the percolation exponent, 1, must both be as
low as possible. Using this model we demonstrate the deficiencies of standard bulk
theory and the importance of understanding percolation by measuring Rs and T for
networks of silver flakes. We measure the bulk ratio of DC to optical conductivity
to be 35, suggesting Ry = 100Q2/sq and T = 90% are attainable. However, the large
flake thickness results in high t,,;, and so low I1, resulting in actual values of T = 26%
for Ry = 10002/sq. This makes this material completely unsuitable for transparent
conductor applications.

Finally, we examine the thickness dependence of the properties of supercapacitors
with carbon nanotubes as the electrodes. We find the equivalent series resistance,
Rgsr, and volumetric capacitance, Cy , to be thickness independent for relatively thick
electrodes. However, similar to transparent electrodes once the electrode thickness falls
below a threshold thickness t,,;, (~ 100nm for Rgsg and ~ 20nm for Cy), the properties
of the electrode become thickness dependent. We show the thickness dependence of
both Resg and Cy to be consistent with percolation theory. The percolation scaling of
the capacitance is unexpected and occurs because, for sparse networks, the capacitance
is proportional to the fraction of nanotubes connected to the main network. This

fraction, in turn, follows a percolation scaling law. This allows us to understand and

vi



quantify the limitations on the achievable capacitance of transparent supercapacitors.
We find that supercapacitors with thickness independent Rgsg and Cy occupy a well-
defined region of the Ragone plot. However, supercapacitors whose electrodes are
limited by percolation display significantly lower performance with greatly reduced

values of energy and power density.
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INTRODUCTION

1.1 MOTIVATION

Transparent conductors (TCs) are extremely common in our modern world. Over the
past decade the market for TCs has seen exponential growth due to the proliferation
of iPhones, Kindles, big screen LCDs and thin-film solar cells. Each of these various
devices contains a material that is transparent to visible light and yet electrically
conductive as an indispensable element in the device stack. Although these devices
are typically found on rigid surfaces, these is a continued trend towards flexible
light-weight devices.

Doped metal oxides, especially tin-doped indium oxide (ITO), dominate modern TC
technology. These materials have been well researched and refined for over fifty years.
ITO remains the material of choice due to its superior combination of high optical
transparency and low resistance, the two most important features of a transparent
conductor; emerging nanomaterials struggle to compete with ITO in these respects.
ITO has been developed to near perfection but stiil suffers from several drawbacks
relating both to various material properties and to cost. Since ITO is a ceramic, it can
crack and fracture under low strains. This effect is further exacerbated over cyclic
testing meant to replicate device use. These micro cracks can propagate, eventually
leading to a sharp decrease in the film’s electrical conductivity. Failure at low strains
may not be a significant factor for rigid devices but places a severe limitation on the
durability of flexible devices. The supply of indium is constrained by both mining
and geo-political issues. ITO consists of a ratio of indium (I11) oxide (I17,03) and tin
(IV) oxide (Sn0,), with optimal electro-optic properties occurring at a 9o/ 10 ratio.
Therefore, Indium composes nearly 75% of the mass of a typical ITO film, and ITO

consumes 75% of the global indium consumption. Increased demand coupled with
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Figure 1.1: Average price of Indium over the last several decades. Source: Alex Freundlich of

the University of Houston, citing data from the U.S. Geological Survey

limited supply of Indium has led to widely varying pricing for ITO from $100-$900/kg.
(See Figure 1.1). Other problems with metal oxides include their high refractive index
and the high cost of producing large area coatings.

Thus, is it obvious that new transparent conducting materials are required. These
must have a number of specific properties: they must retain their electrical conductivity
after repeated flexing; it must be possible to deposit them over large areas using low-
temperature processing; they must have deposition and material costs comparable to
ITO; and, most importantly, they must match ITO in terms of opto-electronic properties.
For example, it must be possible to form these materials into films with transmittance
T > 90%. This is not challenging, as any material can be made extremely transparent
just by making it sufficiently thin. The most difficult goal is finding a material that has
high enough electrical conductivity such that, even when formed in a very thin film, it
displays sheet resistance low enough to be useful.

Networks of conducting nanomaterials have been the focus of many researchers
seeking to fulfill these criteria. Probably the most studied material are carbon nanotubes
(CNTs) but in the last few years many publications have appeared on another form

of carbon, graphene and disordered arrays of exfoliated graphene flakes. Another



1.1 MOTIVATION

contender is nanostructured metals such as metal nanowires of copper, silver and gold
[2—4]. Due to the relatively small size of nanoscale forms of highly conducting “wires”
or “sheets”, these materials can be solubilised by fairly straightforward and inexpensive
techniques. This allows for low temperature deposition from solution using industry
friendly techniques such as spraying and roll-to-roll coating. These materials have
an intrinsically large DC conductivity which enables ultrathin, optically transparent
films of the order 1-100nm thick to have appropriate conductance. If one considers for
example the web-like topology of carbon nanotube networks, because adjacent tubes
interact only weakly, intertube junctions can move locally under strain. As intertube
charge transport is independent of junction position, the electrical properties tend to
be independent of strain, resulting in great electrical stability under flexing. These
material properties, combined with inexpensive materials costs and deposition make
these emerging nanomaterials very attractive for use as printed transparent electrodes
as ITO replacement materials. However, one major problem remains. The industry
standards for a transparent electrode as set by our collaborators Hewlett Packard (HP)
are a transmittance T > 90% and sheet resistance Rs; < 100Q)/sq ; very few previous
studies have demonstrated nanostructured networks that are thin enough to achieve
these requirements.

This work will focus on the opto-electronic properties of networks of liquid-exfoliated
graphene flakes and hybrids with carbon nanotubes. For both network types it will
be shown that a deviation from bulk-like behaviour occurs at thicknesses below the
industrially relevant regime (T > 90% ). This means DC conductivities are lower
than in bulk, giving correspondingly higher sheet resistances, Rs. To improve our
understanding of the consequences of this, we develop a model which relates T to
R; in the percolation regime. We have also explored the effects of percolation on the
properties of supercapacitors with thin nanotube networks as electrodes. We observe
that the key properties of a supercapacitor, namely the equivalent series resistance
Rpsrand volumetric capacitance Cy, become thickness dependent below a threshold
thickness. Again we show the thickness dependence of these quantities to be consistent

with percolation theory.
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Figure 1.2: (a) Chirality () and diameter (d;) (1,m) map of SWNTs according to direction of
rolling chiral vector, Cj, = na; + maj into a circle. Here, a; and a; are the unit vectors
of the graphene sheets. (b) Formation of a SWNT by rolling graphene sheet along a
chiral vector Cy, such as the (11,3) vector shown here. (c) Schematic drawings of
SWNT networks composed of 1/3 metallic (black rods) and 2/3 semiconducting

(red rods) [10].

1.2 CARBON NANOTUBES (CNTS)

1.2.1  Properties

First experimental observations of CNTs were made by lijima in the early 1990s [5],
and fundamental transport properties were investigated during the subsequent decade
[6-8]. Nanotubes can be thought of, as sheets of sp>—hybridised carbon atoms known
as graphene, rolled into a cylindrical shape and exist both as a single-walled nanotube
(SWCNT) and as a multiwalled nanotube (MWCNT). Depending on the chirality along
the graphene sheet either semiconducting or metallic electronic states are created [9]
as can be seen in Figure 1.2. Both experiments and theory have shown that SWCNTs
possess high mobility (on the order of 100000cm?V s~ 1) [11], high conductivity (up
to 400000Scm 1), and, for semiconducting nanotubes, tube diameter-dependent band
gap (Egap ~ 1/ Ryyupe) [12, 13]. However, despite their outstanding electrical, optical and
mechanical properties, CNTs have been slow to find a commercial use. One of the
major roadblocks towards widespread usage of CNTs is the inability to obtain bulk
quantities of material with suitable purity. CNTs have been produced by three major

methods; arc discharge, laser ablation and chemical vapor deposition (CVD). CNTs, as
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produced, typically contain a mixture of various materials including catalyst particles,
catalyst support, amorphous carbon and a mixture of nanotubes of various lengths,
diameters, tube number and chiralities. For use in applications with macroscopic
dimensions, random networks (also called thin films Figure 1.2C) of CNTs were

reported throughout the mid-2000s as a new transparent electronic material [14, 15].

1.2.2  Dispersion

Most reports on CNT transparent film deposition have followed the solution route,
except in a few cases where transparent CNT films were prepared by directly drawing
from super-aligned CNT arrays [16-18]. In general, the solution approach uses a two-
step strategy, first reported in 1997 [19], of disassembling CNTs in a liquid medium,
and then assembling them into a network structure with random orientation. To
disperse and stabilize CNTs in a liquid involves overcoming and shielding the van der
Waals interaction between CNTs by careful design and manipulation of a CNT-solution
interface. Therefore, one of the primary areas of research for making transparent
conductive films is in processing the purified CNT material into printable inks. There
are three major approaches to dispersing CNTs: a) dispersing CNTs in neat organic
solvents [20—22] or superacids [23], b) dispersing CNTs in aqueous media with the use
of dispersing agents such as surfactants, dispersants, or other solubilisation agents
[24], ¢) adding functional groups which will help draw the CNTs in solution [25]. Each
of these methods has advantages and disadvantages in terms of making processable
CNT-based inks.

From a manufacturing perspective, direct solubilisation of CNTs in a suitable solvent
is perhaps the simplest method and most favorable. No solublisation agents would
be involved which could create processing issues during manufacting, and also lead
to decreased conductivity in the deposited film . The major issue with using organic
solvents has been the inability to disperse CNTs at a concentration high enough to be
useful for industrial applications (> 0.1mg/ml). Studies have shown that a solvent’s

effectiveness in dispersing CNTs is related to the Hildenbrand solubility parameter,
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Figure 1.3: Rms bundle diameter versus ink concentration for CNTs in various solvents as

measured by AFM [27]

particularly a dispersive component between 17-18MPa'/? [26]. Some of the most
effective solvents at dispersing un-functionalized CNTs are dimethylformamide (DMF),
N-methyl-2-pyrrolidone (NMP), chloroform, and dichlorobenzene. However, none of
these solvents can disperse CNTs at levels greater than 0.1mg/ml. Recently, work by
Prof. Coleman’s group has shown that the solvent cyclohexylpyrrolidone (CHP) can
disperse CNTs up to 2mg/ml with high levels of individual tubes or small bundles,
as shown in Figure 1.3 [27]. However, the high boiling point (154 UC) of this solvent
may be an issue in high speed roll-to-roll manufacturing on plastic. Continuing to
search for optimal solvents which can disperse CNTs at high concentrations and have a
reasonably low boiling point (below 150 °C) could lead to a successful manufacturing
process for high performance transparent conductive films.

Solubilisation of CNTs in water-based inks is most often assisted by various solubil-
isation agents, the most common being surface active agents known as surfactants. The
amphilic properties of the surfactant assist in the suspension of the hydrophobic CNT
particle in water [28]. Figure 1.4 shows a schematic representation of how surfactants
may adsorb onto the nanotube surface. There are three classes of surfactants: anionic
(negative charge in water), cationic (positive charge in water), and nonionic (neutrally
charged in water). The hydrophobic end of a surfactant will attach to CNTs, while the
hydrophilic end helps pull the CNTs into solvents such as water. It has been found
that the 7r-like stacking of benzene rings benefits the binding of surfactant and CNTs.

The headgroup, chain length, and surfactant weight are found to affect the dispersion
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Figure 1.4: Schematic representation of how surfactants may adsorb onto the nanotube

surface.[29)]

ability of the surfactant. Among surfactants, Triton X-100, sodiumdodecyl sulfate (SDS),
and sodium dodecylbenzene sulfonate (NaDDBS) are the most widely studied.

CNT stabilization depends on the surfactant molecules that lie on the tube surface
parallel to the cylindrical axis. These surfactants lead to a high fraction of individual-
ized CNTs after dispersion, resulting in higher CNT film conductivity. Resasco et al.
and Yodh et al. have extensively studied the interaction between surfactants and CNTs
[29, 30]. The phenomenon depends on the chemical characteristics of CNTs, the surfact-
ant, and the solvent nature. The major forces are the Coulombic attraction between the
charged surfactant heads, the hydrophobic bonding between the surfactant tails and
the CNT surface and the CNT- aromatic ring interactions. Therefore, understanding
the surface charge of CNTs is important for studying their interactions with surfactants.
There are three states for surfactants in dispersions: free surfactant, micelles, and
adsorbed onto CNTs. The adsorption of surfactant onto a CNT surface depends on the
surfactant, CNT concentration, and the system charge nature ( pH value). Sonication is
required for surfactant-assisted CNT dispersion. Dispersion occurs by the formation of
gaps or spaces at the bundle ends in the high shear environment of the ultrasonicated
solution. The adsorbed surfactant diffuses into this space along the bundle length,
thereby separating the CNTs. The stability of the dispersion is largely determined by
the electrostatic repulsion due to the surface charge. The Zeta-potential, an abbreviation
for electrokinetic potential in a colloidal system, is the potential difference between
the dispersion medium and the stationary layer of fluid. Because it is a good measure
of colloidal stability, different ionic surfactants can be evaluated for their ability to

stabilize CNTs in solution in terms of the Zeta potential of the dispersion. One of the
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major issues with surfactant assisted solubilisation schemes is that the presence of
large amounts of surfactant in the as deposited films can lead to significantly lower

conductivity levels .

1.2.3  Film Fabrication

Once a stable CNT dispersion is made, deposition onto an appropriate substrate proves
a significant challenge. Solution based processing is preferred to direct CVD for obvious
reasons. The low temperature process allows deposition onto arbitrary substrates, can
be easily scaled to large areas, and no vacuum is needed, which significantly reduces
cost. The basic concept of a solution-based deposition process is to uniformly dry the
solution without causing agglomeration. Therefore, solution/substrate interactions
need to be considered. A brief description of thin film deposition will now be outlined
with an emphasis on vacuum filtration, the technique used to deposit all films in this
work.

Vacuum filtration has several advantages

* Homogeneity of the films is guaranteed by the process itself. As the nanotubes
accumulate, they generate a filter cake that acts to impede the permeation rate. If
a region becomes thicker, the local permeation rate and associated deposition

rate slow down, allowing thinner regions to catch up.

* Because of their extreme rigidity (for objects of such small diameters), the nan-
otubes have long persistence lengths. They consequently tend to lie straight,
gaining maximal overlap and interpenetration within the film as they accumulate.
This yields maximal electrical conductivity and mechanical integrity through-out

the films.

* The film thickness is readily controlled, with nanoscale precision, by the nanotube

concentration and volume of the suspension filtered.
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¢ Composite films can be prepared with excellent control over the mass fraction
[31, 32]. Film size is ultimately limited only by the dimensions of the filtration

membranes, which are available in rolls as large as 30 cm by 10 m (Millipore).

The “Langmuir Blodgett” (LB) method, is based on the hydrophobic behaviour of
CNTs. Good surface spreading of CNTs on water is key. The deposition can be achieved
in a layer-by-layer fashion through either a horizontal lifting or a vertical dipping
method. Thin films on a surface can quickly and cheaply be formed by self-assembly
(SA). SA depends on the interactions between the surface and the CNTs. Silane or
polymer treatment of substrates helps the interactions between CNTs and the substrate
[33]. When a substrate is placed in a dispersion, CNTs will randomly strike the surface
and may or may not adhere depending on the chemical groups, which causes this
process to be slow. This interaction can be guided by chemical preparation of CNTs or
the surface, by charging the surface locally, or by microfluidic guidance .

Dip coating is a simple process and provides great potential to scale up for large-scale
coating. The pick-up of the solution depends on the solution viscosity, the interaction
between substrate and the dispersion, and the coating speed. Afterward, the drying
process is critical to achieve high-quality films. The substrate can be treated with
aminopropyltriethoxysilane (APTES) as an adhesion promoter. The thickness can
be controlled by the concentration of the solution and the time of dip coating. One
disadvantage of dip coating is that both sides of the substrate are coated, which may
not be preferred for certain applications. Other coating methods include spin coating
and drop casting where a high shear rate is involved. A small amount of solution
is dropped onto a substrate followed by high-speed spinning of the substrate (spin
coating), or simply air drying (drop casting). Spin coating is useful for generating
submonolayer CNT films due to the low viscosity of CNT solutions.

Electrophoretic deposition (EPD) has also been used to deposit CNT thin films on
conductive substrates. The CNTs are locally charged, and so become polarized under a
DC electric field. The CNTs wrapped with surfactants and the CNTs functionalized
with COOH groups acquire a negative charge in water and are attracted to the positive

side of the electrode under a DC electric field. Another similar method is called
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dielectrophoresis (DEP), which uses an AC electric field. DEP can allow the deposition
and separation of CNTs at the same time. DEP relies on the motion of polarizable
objects due to an external inhomogeneous electric field.

Spray coating is a simple and quick method to deposit CNT film. CNT ink is sprayed
onto a heated substrate. The substrate is heated to facilitate the drying of the liquid.
The set temperature for the substrate is adjusted by the choice of solvent. By using
diluted solution and multiple spray coating steps, homogeneous films can be obtained.

The most widespread deposition method in industry involves depositing solution
on a substrate by one of several methods (including Mayer Rod, Slot Die, and Gravure),
followed by controlled drying. Inkjet printing is an old and popular technology due to
its ability to print fine and easily controllable patterns, noncontact injection, solution
saving, high repeatability, and scalability. It is very prevalent in printed electronics. In a
typical ink jet printing process, the droplet size is around ~10 pL and, on the substrate,
has a diameter of around 20- 50 pm. Printing on paper is much easier than printing
on a plastic or glass substrate, due to the high liquid absorption of the paper, which
avoids the dewetting of the liquid on substrates. The liquid droplet and substrate
interaction is crucial for uniform drying of the liquid.

Each of the above methods has its own advantages. The requirements for dispersion,
substrate, volume, and ink - substrate interaction are different. For example, Mayer
rod coating and dip coating have more stringent requirements for the dispersion
rheology, while spray coating and filtration do not. Spin coating is valid for making
submonolayer networks on rough surfaces, while filtration, Mayer rod coating, and
inkjet printing can generate films with arbitrary thickness. The application of the liquid
on substrates is different for different methods, and the drying rate of the liquid on
substrate is crucial. The ability to scale up for manufacturing should also be considered
for industrial applications. Mayer rod coating, dip coating, and inkjet printing can
reasonably lead to scaled CNT coatings, while spin coating is not compatible with
existing scale-up processes, especially for large-scale plastic electronics. The most
useful forms of deposition involve roll to roll coating of a CNT ink into large rolls of

plastic. This leverages various existing techniques such as forward /reverse gravure,
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forward /reverse roll, slot die and fountain/curtain coating. These techniques can coat

film up to 2m wide at speeds up to s500m/min.

1.2.4 Properties of Nanotube Thin Films

The electronic, transport, optical and mechanical properties of individual CNTs have
been extensively studied and well documented. The exact properties of CNTs are
extremely sensitive to degree of graphitization, diameter and chirality. In a nanotube
network (NTN) ensemble averaging over a large number of tubes suppresses effects
due to individual variations. These networks will have the collective behaviour of
the individual tubes with additional properties arising from tube-tube interactions.
The single most important factor in the eventual utilisation of CNT films for various
applications is the continued improvement in the film’s DC conductivity (opc). A
high opc enables CNT films to simultaneously have suitably high sheet conductance
(low sheet resistance) and high transmission. Transparent CNT films useful for most
applications are typically in a thickness range from sub-nanometer to 50nm thick, and
follow several scaling laws with respect to film density, thickness, tube length, tube
wall number and bundle diameter. Other factors that influence the transport are film
purity (presence of non CNT material), tube doping level, CNT-surface interactions,
and metallic/semiconducting ratio [34].

The ¢ of a single CNT can be up to 200,000Scm !, while a randomly oriented CNT
film has managed a highest conductivity of only 6600Scm ™! [14]. Using conductive
AFM Nirmalraj et. al demonstrated that transport in single-walled carbon nanotubes
(SWCNTs) networks is dominated by resistance at network junctions which scales
with the size of the interconnecting bundles [35]. The magnitude of this inter-tube
resistance depends on several factors, but is typically of the order 200k} — 20MQ)
[36], while the resistance along a single CNT one micrometer or longer is ~ 6kQ)/ pm
[37]. It is therefore clear that for CNTs in the typical length range of 2 — 4um the
resistance of a film is largely dominated by the intertube (junction) resistance [35].

Hence, it might be anticipated that longer CNTs will lead to more highly conductive

11
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films, as this will limit the number of CNT junctions per unit area of film. Hecht et
al. have shown that opc of CNT films does indeed vary with tube length as a power
law (opc ~ L'%) [38]. The diameter of CNT bundles in a film will also impact the
film conductivity. Experiments have shown that smaller bundles will lead to more
highly conductive films [39]; this is likely due to the presence of non-current carrying
tubes in the middle of CNT bundles. Similarly, films made from multi-walled CNTs
show dramatically lower conductivity than films made from single- or double-walled
CNTs [40—42], as the inner walls again act as non-current carrying voids in the film.
Therefore, a film consisting of highly de-bundled single or double walled CNTs is
desirable. However, although small bundles are advantageous, larger diameters CNTs
are preferred for high film conductivity [43]. Larger diameter semi-conducting CNTs
will have a smaller bandgap, and a correspondingly higher number of charge carriers
at room temperature.

Film density is another critical scaling parameter, as demonstrated by Hu et al. [44].
Percolation is the onset of conductivity across a previously insulating region once
conducting links have been added at a density exceeding some critical value, the
percolation threshold. As more links are added, new conducting paths are formed
and the conductivity increases. Very low density films follow a percolation scaling
law in two dimensions, where the critical threshold for percolation depends on the
aspect ratio (length/diameter) of the average CNT bundle. Due to the highly one
dimensional nature of CNTs and CNT bundles, the percolation threshold is very
low, typically less than 1% surface coverage(and is inversely proportional to the tube
length squared). Above the percolation threshold, the sheet conductance increases
rapidly with network density (tubes/area) as a power law with exponent ranging from
1-1.5 (1.33 for the ideal 2D case). The film conductivity continues to increase with
increasing film thickness until the film is ~100 times the density where percolation
first begins (or ~ 50 nm thick), in which case the conductivity approaches that of the
bulk material, as shown in Figure 1.5. This phenomenon is important since many
applications exist for films in the thickness range of 5-10 nm (visible transmission
about 95-90%); unfortunately, the film conductivity in this thickness range can be as

little as 50% of its maximum thick film conductivity. Furthermore, because in this
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Figure 1.5: A) Sheet conductance of CNT films as a function of the film density (film density is

proportional to the volume of ink filtered) [44]. B) DC conductivity of CNT film as

a function of film thickness [45].
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very thin film limit the conductivity increases quite rapidly with film density, small
variations in film density lead to relatively large variations in sheet resistance [46]. This
is evidenced by the fact that for very thin films, the sheet resistance becomes more
non-uniform [45].

The conductivity of CNT thin films is determined by many parameters; continued
research is needed into how to optimize these parameters to obtain films with in-
creasingly high opc. Typically, factors that increase the CNT purity, lattice perfection,
or aspect ratio will increase the film conductivity. Therefore, one could expect that
long, pure, debundled, single or double walled tubes would be optimal. Additional
improvements of opc could be made in several ways. Since the limiting resistance of
the film comes from the contact resistance between tubes, lowering that resistance
seems to be the most effective method to dramatically improve film conductivity.
Alternatively, increasing the metallic to semiconducting tube ratio, or finding a stable

dopant, would also dramatically increase film conductivity.

1.3 GRAPHENE

1.3.1 Properties

Once thought to be thermodynamically unstable [47, 48], and nothing more than an
academic construct, graphene has become the latest material to fascinate the scientific
community. Graphene is the name given to a two-dimensional sheet of sp?— hybridised
carbon. The carbon atoms are arranged in a honeycomb network which provides the
foundation for all graphitic carbon forms i.e. a graphene sheet can be wrapped up to
produce 0 — D fullerenes, rolled into a 1 — D nanotube or stacked in layers to form
3 — D graphite. Graphene is a zero-gap semiconductor, an electronic state of matter that
is precisely between a semiconductor and a metal. Semiconductors are characterised
by an appreciable energy gap between the valence and conduction band, whereas in
metals the two bands largely overlap. In graphene the interaction between the electrons

and the periodic potential of the honeycomb lattice results in a band structure in which
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the valence and conduction bands touch at just two points, rather than overlapping.
This leads to the formation of “valleys” in the electronic structure. At these so-called
Dirac points, the electrons behave as relativistic quasiparticles called Dirac fermions.
These fermions always move with a speed that is independent of their energy and
direction. This is a property they share with photons which always move at the speed
of light ¢, irrespective of their energy, although the Dirac fermions in graphene are
much slower, moving at about ¢/300 [49]. The important point to note here is that it is
impossible to slow them down, which means that their charge mobility is very high.

The first free-standing mono- and few-layer-graphene (FLG) flakes were isolated by
Geim and co-workers at Manchester University in 2004 via mechanical exfoliation [50].
Theoretical studies on the behaviour of graphene had predicted properties such as
extremely high carrier mobility, which motivated the first measurements on mechanic-
ally exfoliated flakes by e-beam lithography. These samples revealed a host of novel
electronic properties such as ambipolar field effect [51], room temperature quantum
Hall Effect [52] and the breakdown of the Born-Oppenheimer approximation [53].
These extraordinary electronic properties in graphene are due to the high quality of its
2 — D crystal lattice. Charge transport is usually inhibited by defects which serve as
scattering centres; the high quality of the graphene lattice implies an unusually low
density of defects. This is reflected by carrier mobilities in excess of 200,000cm?/ Vs for
a single layer flake [54]. This is two orders of magnitude higher than that of modern
silicon transistors. At such high carrier mobility, charge transport is essentially ballistic
on the micrometer-scale at room temperature. This could have major implications
for the semiconductor industry because, in principle, it enables the fabrication of
all-ballistic devices. These electronic properties give graphene its exceptional in-plane
conductivity, enabling it to have a low sheet resistance despite being a single atomic
layer (0.34nm) in thickness.

The optical properties of Graphene have also been investigated. Nair et al. have
demonstrated that the fine structure constant, & = ¢2/hc ~ 1/137 (where c is the speed
of light) defines the opacity of suspended graphene [55]. Graphene absorbs a significant
fraction of incident white light (ma = 2.3%), despite being merely one atom thick.

This is a consequence of graphenes” unique electronic structure. The experimental
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Figure 1.6: (A) Photograph of a 50 — um aperture partially covered by graphene and its bilayer.
The line scan profile shows the intensity of transmitted white light along the yellow
line. (B) Transmittance spectrum of single-layer graphene (open circles). The red
line is the transmittance T = (1 + 0.57ta) 2 expected for two-dimensional Dirac
fermions, whereas the green curve takes into account a non linearity and triangular
warping of graphene’s electronic spectrum. (Inset) Transmittance of white light as a
function of the number of graphene layers (squares). The dashed lines correspond

to an intensity reduction by 7ra with each added layer [55]

measurements match the behavior expected for ideal Dirac fermions, and the opacity is
found to increase with membrane thickness so that each graphene layer adds another
2.3% (Figure 1.6).

Coupled with its unique electronic and optical properties graphene is the strongest
material ever measured. Using atomic force microscopy (AFM) nano-indentation Lee et
al. have shown that it has a breaking strength 200 times greater than steel [56]. Firsov et
al. found that a graphene film exhibits a strong ambipolar electric field effect showing
electron /hole concentrations up to N; ~ 10" /cm? and room temperature mobilities of
# 10%cm? / Vs [50]. Based on these values Peumans et al. predicts the sheet resistance of

graphene is
1 6240/sq
o euN;N N o

where N is the number of monolayers [57]. It is the combination of these properties
that has led many researchers to believe that graphene could be useful as a transparent

conductor and an alternative to ITO.
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1.3.2  Fabrication Methods

Mechanical Exfoliation

Various methods to make thin films of graphene have been developed such as the
mechanical exfoliation (scotch tape method), epitaxial growth, chemical vapour depos-
ition (CVD) and liquid phase exfoliation. Although it is not a high throughput method,
mechanical exfoliation produces the highest quality samples, providing an excellent
platform for studying the fundamental transport and optical properties of individual
sheets [50]. In its most simple form the “scotch tape” peeling method involved util-
ising cellophane tape to successively remove layers from a graphite flake. The flakes
were deposited on silicon capped with a 300nm thick SiO2 layer. This enhanced the
optical contrast under white light illumination [58]. To determine flake thickness a
combination of optical, electron-beam and atomic force microscopy were used. This
approach has yielded the highest quality samples to date with crystallites larger than
1mm currently available. However, there are a number of issues with this process, the
throughput is very low, the cost per flake is up to $100,000,000/cm? and it is hard to
see how it could be scaled up for industry-level production. Thus, alternative methods

of production must be sought for large scale synthesis.

Epitaxial graphene and Chemical Vapour Deposition (CVD)

In addition to mechanical exfoliation, chemical synthesis routes can grow relatively
large graphene flakes over large areas. Various methods have been reported on different
but specific substrates, which are typically expensive. De Heer and co-workers at
Georgia Tech. have pioneered an epitaxial method in which graphene results from
the reduction of silicon carbide [59, 60]. The process is relatively straightforward, as
silicon desorbs around 1000°C in ultrahigh vacuum. This leaves behind small islands of
graphitized carbon, which were first located by Scanning Tunnelling Microscopy (STM)

and electron diffraction experiments. The transport properties show that electrons in
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the interfacial graphene layer dominate the transport and that they are Dirac fermions,
as recently observed in mechanically exfoliated graphene layers.

The second substrate deposition method is CVD of graphene on transition metal
films. Groups at MIT and in Korea pioneered the process, which relies on the carbon-
saturation of a transition metal upon exposure to a hydrocarbon gas at high temperat-
ure [61, 62]. Most often, nickel films were used with methane gas. Upon cooling the
substrate, the solubility of carbon in the transition metal decreases and a thin film
of carbon is thought to precipitate from the surface. However, graphene grown on
Ni seems to be limited by its small grain size, presence of multilayers at the grain
boundaries , and the high solubility of carbon. Li et al. grew large-area graphene
films of the order of centimeters on copper substrates by chemical vapor deposition
using methane [63]. The films are predominantly single-layer graphene, with a small
percentage (less than 5%) of the area having few layers, and are continuous across
copper surface steps and grain boundaries. They suggested that the low solubility of

carbon in copper appears to help make the growth process self-limiting [63].

Liquid Phase Exfoliation

The previously described methods for producing graphene have been very successful
to date. However, it is likely that many future industrial applications of graphene
will be in sectors such as large-area coatings or composite fillers, which will require
very large quantities to be produced [64, 65]. To this end, it is likely that liquid phase
production methods will be required. Two categories should be clearly distinguished
with regard to methods for industrial scale processing a) those that start with graphite
or comparable starting material not containing any oxygen functionalities and b) those
which involve the exfoliation of graphite oxide (GO) followed by reduction. A solution-
based process for producing single-layer graphene was first demonstrated in 2006
[66]. This involved harsh oxidation of graphite in the presence of strong acids and
oxidants, usually by the Hummers method [67], to produce graphite oxide (GO). GO

still possesses a layered structure, but is much lighter in colour than graphite due to
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Figure 1.7: Chemical structure of graphite oxide [69]. For clarity, minor functional groups,

carboxylic groups and carbonyl groups have been omitted at the edges.

the loss of electronic conjugation brought about during the oxidation. The basal planes
of the graphene sheets in GO are decorated mostly with epoxide and hydroxyl groups,
in addition to carbonyl and carboxyl groups, which are located at the edges as can be
seen in Figure 1.7 [68]. The van der Waals interaction between the layers of GO are
altered by the oxygen functionalities which render them hydrophilic, thus enabling
their hydration and exfoliation in aqueous media. GO can be completely exfoliated
to produce colloidal suspensions of graphene oxide sheets by simple sonication in
both aqueous and various organic solvents [66, 70]. Concentrations of up to and above
1mg/ml are achievable in a wide range of solvents.

It is clear that this approach is scalable, affording the possibility of high-volume
production at low cost. However, there is considerable disruption of the electronic
structure of the graphene. As a result of the chemical functionalisation, structural
defects are formed, rendering the GO semiconducting. These defects are virtually
impossible to remove completely, as evidenced by X-ray photoelectron spectroscopy
[71]. The graphitic network can never be completely restored but substantial reduction
of graphene oxide by chemical methods (using reducing agents such as hydrazine
[72, 73]), thermal methods [74] and ultraviolet-assisted methods [75] has produced
electrically conducting chemically modified graphene (CMG). Dispersions of CMG
have been deposited in a number of ways to form both transparent conductors [76]
and free-standing paper [77].

It was clear that a less destructive method of graphene production, which removed
the need for oxidation or reduction, was required. Recently, a significant breakthrough
was made when two groups independently demonstrated that sonication of graphite in

certain solvents produced dispersions of defect-free mono- and few layer- graphene at
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reasonable concentrations, up to 0.01mg/ml in N-methyl pyrrolidone (NMP) [78, 79].
This method relies on selecting particular solvents whose surface energy is so well
matched to that of graphene that exfoliation occurs freely [78]. The low concentrations
previously reported make many applications completely impractical. This issue has
since been resolved by members of our group. Khan et al. [80] utilized mild bath
sonication of high graphite concentrations for long periods (up to 460 hours) in
NMP yielding graphene dispersions with concentration up to 1.2mg/ml. These high
concentration dispersions could then be vacuum filtered into free-standing films with
reasonable electrical and mechanical properties. Although this process circumvents
the need to oxidise and reduce graphite, there remain a number of drawbacks.

The solvents used such as NMP are harmful and thus require special care when
handling. In addition, they tend to have high boiling points, making it difficult to
deposit individual monolayers on surfaces. Unfortunately, the most useful solvent of
all, water, has a surface energy that is much too high to work on its own as an exfoliant
for graphene. An alternative, liquid phase process that results in the exfoliation of
graphite to give graphene at reasonably high yield is required. The method should
be non-oxidative and should not require high temperature processes or chemical
post treatments. In addition, it should be compatible with safe, user-friendly, low
boiling-point solvents, preferably water.

In a manner similar to surfactant-aided nanotube dispersion [28, 81, 82] Lotyaet al.
demonstrated a method to exfoliate graphite in surfactant-water solutions [83]. Atomic
resolution transmission electron microscopy (TEM) shows the flakes to be well-
graphitized and largely defect free. Raman, IR, and X-ray photoelectron spectroscopies
also show the graphene to be relatively defect-free and only very slightly oxidized.
However, as with the initial solvent work, the concentration of surfactant-stabilised
dispersions achieved was very low (< 0.003mg/ml). In order to exploit dispersions
of pristine graphene using surfactants, it is of critical importance to increase the
maximum concentration that can be obtained while maintaining the quality of the
graphene flakes. Similar to Khan et al. [8o] we applied mild sonication, for long periods
(up to 460 hours). We demonstrated graphene can be effectively dispersed in water-

sodium cholate solutions at concentrations of up to ~ 0.4mg/ml. Potential utilisation
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of these dispersions has also been sought in the form of transparent conductors and as

free-standing electrodes [31, 32, 84].

1.3.3 Transparent conducting graphene networks

There has been substantial effort in developing graphene networks or composites for
large scale optoelectronic device applications [85-88]. In particular, solution processed
graphene thin film fabrication has attracted much academic and industrial attention
since it can be scaled up using roll-to-roll processing for practical incorporation into
devices. In practice, graphene networks consisting of graphene sheets fabricated via
solution-based processing contain multiple boundaries and incorporate defects that
dramatically decrease the conductivity when compared to a film made of a large,
single sheet without defects. There has been steady progress demonstrating a decrease
in the sheet resistance R; of transparent graphene networks, from ~ 1MQ)/sq down to
typically 300C)/sq [62, 85, 89] for films in industrially-relevant transparency ranges.
Graphene and CNTs share very similar sp2 carbon chemistry [9o], and therefore,
the developed methods and understanding for CNTs over the past 15 years can be
directly transferred to graphene research. However, the fundamental geometrical
difference between CNTs and graphene leads to different processing techniques and
performance as a transparent electrode. Using eqn. 1.1 one can predict some startling
theoretical properties for a doped graphene film of four sheets such as sheet resistance
15.60)/sq and 90.8% transmittance in the visible region (550nm). If realisable, these
values are more than suitable for most commercial applications. However, to date,
experimental results have not equalled this theoretically limiting performance with
solution-processed graphene typically the poorest performer.

One must ask, what is limiting the optoelectronic performance of graphene films
from what is theoretically possible? An analogy with CNTs may be useful here. For
CNTs, the largest source of resistance in a macroscopic film comes at the intersections
between CNT bundles [35]. Therefore, longer CNTs tend to lead to films with higher

conductivities [38]. Similarly, for graphene films consisting of a random network of
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overlapping graphene flakes, larger flakes are desirable to optimize performance. Also,
for CNT films, it is thought that smaller CNT bundles lead to higher conductivity; this
is because inner tubes within a bundle may be partially shielded from electrical contact
with the overall network, and so will not fully participate in the current carrying
capacity of the network [38]. Similarly, graphene films consisting of fewer layers of
graphene should be advantageous (with a true monolayer of graphene being optimal).
Of course, maintaining the perfection of the graphene lattice is critical, as defects will
introduce scattering sites that will increase resistance. Furthermore, surfactants or
other dispersants used in the liquid phase will lower the overall film conductivity if
not completely removed after film deposition. Doping will also play a critical role
in enhancing the performance of graphene films. The sheet resistance of undoped
graphene is on the order of 6k()/sq [91], but this can be reduced via chemical doping
by materials such as polyvinyl alcohol (n-type doping) [79] or nitric acid (p-type
doping) [92]. For real-world applications, it is important to test the stability of dopants

under such accelerated ageing conditions as high heat, humidity, and UV light.

1.4 TRANSPARENT CONDUCTORS

As stated previously, modern TC technology is dominated by ITO. It fulfils a wide
range of roles all of which require high transparency. It is widely utilised in applica-
tions from lighting, touch panels, displays, and photovoltaics to smart windows, and
electromagnetic interference EMI shielding. This application space spans a range of
product requirements and manufacturing methods (Table 1.1). Researchers have been
evaluating emerging transparent conductors such as graphene and carbon nanotube
networks as replacements for traditional sputtered materials with a view for cost
reduction and manufacturing simplification. These emerging conductors are not just
replacement technologies but also technical and product enablers, especially in the
current development of flexible/printed electronic devices and the use of low-cost
manufacturing methods. It is paramount in the development of new conductors to keep

in mind the key features and electrode requirements for a particular application. Each
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Devicelype Electrode Type | %T Range | Rs Range (()/sq)
Resistive touch panel Touch side 86-90 300-500
Device side 88-90 200-500
Projected Capacitive touch panel | Top or Bottom 88-92 100-300
Surface Capacitive touch panel Primary 88-90 900-1500
LCD Pixel 87-90 100-300
Common 87-90 30-80

Table 1.1: Various device electrode requirements (%T indicates total visible transmission

through both the conductive film and the substrate) [93].

role has a particular resistance requirement, with the entire set spanning a wide range.

For example, conducting films for static dissipation can function with a sheet resistance
of > 1k()/sq, touch screens generally require a few hundred ()/sg, electrodes require
a few tens of ()/sq while, to minimize resistive losses, solar cell electrodes require
sheet resistances of < 100)/sg. We make the assumption that it will not be difficult
to find materials that fulfil the less stringent, high sheet resistance applications. For
example, a range of nanostructured materials have achieved transmittance above 9go%
coupled with sheet resistance above 1k()/sq. However, achieving transmittance above
90% coupled with sheet resistance below 2000)/sq has proven much more difficult.
Various nanostructured materials have been investigated for transparent electrodes
over the past decade. Due to the wide variety of materials used it is useful to use
figures of merit (FoM) to express the performance of a given film type to facilitate
comparison with other data sets and industrial requirements. The most useful FoMs
are those based on the physics of the system under study. For TCs FoMs should link
the film transmittance, T, to its sheet resistance, Rs. This can be accomplished by
combining physical expressions for transmittance and sheet resistance of thin films,
both as a function of thickness, t. For thin conducting films, the transmittance scales

with thickness as
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7 B
T = <1 + 70001,t> (1.2)

where Zj is the impedance of free space (377()), and o, is the optical conductivity
(related to the absorption coefficient & as cop ~ &/ Zp) [94].

The sheet resistance of a bulk like film is defined as

Rs = (opcpt) ™ (1.3)
By combining this expression with eqn. 1.2 and eliminating t we obtain an expression
relating T and R;.

ZO Uop

=)
o (i — 2 ,
{ T 2R U'I)C,B] (4)

Note that this expression is appropriate for a bulk-like material (i.e. one whose
DC conductivity is invariant with sample thickness). This equation is valid assuming
1) the film is much thinner than the wavelength of light being measured and 2) the
reflection is much less than the absorption. The conductivity ratio opc,g/ 0, is often
used as a FoM for transparent conductors as high values of opc /0oy lead to films
with high T and low Rs. In fact, a material with a given value of ¢pc,p/op can be
formed into films with a range of T and R values depending on thickness. In this
work we have prepared films of various nanoconductors with a range of thicknesses,
measured T and Rfor each thickness, and then fit the (T, R;) data to eqn. 1.4 to extract
0pc,B/ 0op as can be seen in Figure 1.8. Here, transmittance is plotted as a function of
sheet resistance for thin films of graphene (this work)[31], SWNTs [45], silver flakes
(this work), and Ag nanowires [3]. In each case, the bottom left portion of the data
(corresponding to thicker films) is fit to Equation 1.4 (solid lines), giving values of
opc,B/ Top of 0.7, 11.2, 35, and 415, respectively. Usually these numbers are assumed to
encode all the relevant information about the optoelectrical properties of these films.
In order to achieve the target of T > 90% and Rs < 100€)/sq, Equation 1.4 can be used
to show that opc /0oy > 35 is required.

However, upon closer inspection of the fits in Figure 1.8, it is clear that the data

tend to deviate severely from the fits for lower thickness (more transparent) films. This
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Figure 1.8: Transmittance (550 nm) plotted as a function of sheet resistance for thin films
prepared from four nanostructured materials-graphene, singlewalled carbon nan-
otubes, silver nanowires and silver flakes [3, 31, 45, 95]. The dashed lines represent
fits to the bulk regime using equation 5.6, while the solid lines represent fits to the

percolative regime using equation 5.17

deviation has been observed before [3, 4, 31, 45, 96] and tends to occur for films with T
between 50% and 92% . This is important because applications requiring TCs usually
require T > 90%. Thus, opc,p/0,p fails to describe the relationship between T and R;
in the technologically relevant regime. This means that in many cases, opc,p/op, Or
indeed any FoMs based on bulk properties, are not entirely appropriate, particularly
when high transparency is required. In this work we show that the deviation from
bulk-like behavior as described in Equation 1.4, can be explained by percolation effects.
Such effects become important for very sparse networks of nano-conductors. When the
number of nanoconductors per unit area is very low, a continuous conducting path from
one side of the sample to the other will generally not exist. As more nanoconductors
are added, at some point (the percolation threshold) the first conducting path will
be formed. As more material is added, more conductive paths are formed, and the
conductivity of the network increases rapidly. Eventually it reaches a “bulk-like” value

above which it remains constant. Percolation theory describes how the DC conductivity
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Ref. opc/oop | T (%) | Rs(Q2/sq) Material
De et al [3] 171 85 13 AgNws
Wu et al. [98] 70 90 50 Cu Nanofibers
Rathmell et al. [2] 52 65 15 CuNws
Rathmell et al. [99] 35 84 60 Cupronickel Nws
Hecht et al. [100] 64 91 60 SWNT from superacid
Geng et al. [101] 23 8o 70 Acid treated SWNTs
Wang et al.[76] 0.42 64 1800 Reduced Graphene Oxide
Green et al. [102] 0.6 Sorted pristine graphene

Table 1.2: Values of opc /0oy, T and R for a selection of materials from the literature

of sparse networks depends on network thickness and predicts a non-linear, power

law dependence [97]:

Opc & (f — tc)”

where t is the estimated thickness of the network,f. is the thickness associated with
the percolation threshold, and 7 is the percolation exponent. This leads to a new
relationship between T and R , which applies to thin, transparent networks this will
be derived in Chapter 6.

A selection of data from the literature for a range of materials is given in Table 1.2.
On comparison of the data in Table 1.2 with the device requirements (Table 1.1) it is
clear that many materials fall short of the requirements in particular displaying low R;

at high T (T > 90%).
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1.4.1  Transparent energy storage

The next stage in the development of flexible electronics may require all components
of the device to be transparent for use in applications such as transparent displays
[103]. If switched off, a transparent display may appear as an ordinary window which
allows a clear view of everything behind it. On demand, this see-through device may
be used to directly display arbitrary information without using elaborate projection
techniques. For many such applications, transparent energy storage devices will
be required [104]. To this end, a number of groups have demonstrated transparent
supercapacitors or batteries [104-108]. Research has focused on using nanomaterials to
produce thin but high surface area electrodes which can be transparent if made thin
enough [105, 109, 110]. In the simplest case, these electrodes can then be combined
with a suitable electrolyte and separator to produce a supercapacitor. Electrochemical
double-layer capacitors (EDLC), also known as supercapacitors (SC), are devices
that store charge and so energy at the interface between a conducting electrode and
an electrolyte [111]. To maximize the charge storage capacity (the capacitance), the
electrode must have high surface area. It should also be highly conductive to avoid the

need for a current collector. Finally, it should be stable in the presence of the electrolyte.

1.5 ELECTROCHEMICAL DOUBLE LAYER CAPACITORS

Electrochemical capacitors fill the gap between batteries and conventional capacitors
such as electrolytic capacitors (Figure 1.9). In terms of specific energy as well as in
terms of specific power this gap spans several orders of magnitude. Batteries and low
temperature fuel cells are typical low power devices whereas conventional capacitors
may have a power density of > 10° watts per dm? at very low energy density. Thus,
electrochemical capacitors may improve battery performance in terms of power density
or may improve capacitor performance in terms of energy density when combined

with the respective device. In addition, electrochemical capacitors are expected to have
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Figure 1.9: Sketch of Ragone plot for various energy storage and conversion devices. The

indicated areas are rough guide lines [112].

a much longer cycle life than batteries because, no or negligibly small chemical charge
transfer reactions are involved.

Electrochemical capacitors store the electric energy in an electrochemical double
layer (Helmholtz Layer) formed at a solid:electrolyte interface. Positive and negative
ionic charges within the electrolyte accumulate at the surface of the solid electrode
and compensate for the electronic charge at the electrode surface. The thickness of the
double layer depends on the concentration of the electrolyte and on the size of the ions
and is of order 5 — 101(21, for concentrated electrolytes. The double layer capacitance is
about 10-20pF /cm? for a smooth electrode in concentrated electrolyte solution and

can be estimated according to equation eqn. 1.5

C/A =¢pe,/d (1.5)

assuming a relative dielectric constant ¢, of 10 for water in the double layer, d being
the thickness of the double-layer with surface area A.

In order to achieve a higher capacitance the electrode surface area is also increased by
using porous electrodes with an extremely large internal effective surface. Combination

of two such electrodes gives an electrochemical capacitor of rather high capacitance.



1.5 ELECTROCHEMICAL DOUBLE LAYER CAPACITORS

Electrolyte, Separator

Electrolyte, Active Layer

Current Collector Current Collector

+ 4+ 444444+
INNNNNNNNNANNSY
(O T TR T T T

1S,
(=)
(=)
x)
(=)
(=)
(=
|

—_—ttr s+

2-10A

Figure 1.10: Principle of a single-cell double-layer capacitor and illustration of the potential

drop at the electrode/electrolyte interface [112].

Figure 1.10 shows a schematic diagram of an electrochemical double-layer capacitor
consisting of a single cell with a high surface area electrode material, which is loaded
with electrolyte. The electrodes are separated by a porous separator, containing the
same electrolyte as the active material. The potential drop across the cell is also shown
in Figure 1.10.

The capacitance of a single electrode can be estimated by assuming a high surface
area carbon with 1000m? /g and a double layer capacitance of 10uF /cm? . This leads
to a specific capacitance of 100F /g for one electrode. For a capacitor two electrodes
are needed with doubled weight and half the total capacitance (1/C =1/C; +1/Cy)
resulting in 25F /g of active capacitor mass for this example. The difference between
single electrode values and specifications given for the complete capacitor is of signi-
ficant importance. Whenever specifications of an electrochemical capacitor are given,

one should indicate whether the values correspond to single electrode measurement
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or are calculated for a complete capacitor. The difference between these two situations
is a factor of four and is therefore of significant [113].

The maximum energy stored in such a capacitor is given by

E=1/2CV; (1.6)

With a cell voltage Vj of 1 V (aqueous electrolyte) one obtains a specific energy of
about 3.5Wh/kg of active mass. Using an organic electrolyte with a typical cell voltage
of 2.3 V one obtains about 18Wh/kg of active mass. These values are considerably
lower than those obtained for available batteries but much higher than for conventional
capacitors. It should be mentioned that the above values depend on the double layer
capacitance, the specific surface area of the respective electrode material, the wetting

behaviour of the pores, and on the nominal cell voltage.

Summary

A general overview of the topics relevant to this work has been discussed. The primary
focus is on thin films of graphene and carbon nanotubes as potential ITO replacement
materials. The relevant theory and experimental methods will be covered in the next

chapter



THEORY AND EXPERIMENTAL METHODS

2.1 INTRODUCTION

In this chapter the methods used in this study to characterise samples will be outlined.
The focus is on determining the opto-electronic properties of a number of materials.
We also asses the state of the material after processing and the quality of films made.
The liquid phase dispersion of carbon nanomaterials was achieved by sonicating
the material in a surfactant-water solution. This was followed by centrifugation to
remove undispersed material and larger aggregates. Thin films were prepared by
vacuum filtering the supernatant of these dispersions onto porous filter membranes.
To control the thickness of a film being deposited, the concentration of the dispersion
must first be determined. UV-Vis spectroscopy was used to measure this. Once the
dispersion had been filtered and transferred onto a transparent substrate (glass or
PET), the transmittance was determined via UV-Vis. Atomic force microscopy (AFM)
and scanning electron microscopy (SEM) were used to look at the morphology and
measure the thickness of the films. Raman spectroscopy was used to determine the
composition of films. The electrical properties were measured using the four-probe
technique [114]. Electrochemical measurements were performed with a three-electrode
cell connected to a potentiostat. The techniques and relevant theory used will now be

discussed in greater detail with appropriate reference to the literature.

2.2 OPTICAL COEFFICIENTS

Figure 2.1 shows a beam of light incident on an optical medium. The beam can interact

with the medium in a number of different ways. Some of the light is reflected from the
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front surface, while the rest enters the medium and propagates through it. If any of
this light reaches the back surface, it can be reflected again, or it can be transmitted
through to the other side. The amount of light transmitted is therefore related to the
reflectivity at the front and back surfaces and also to the way the light propagates
through the medium. The main process that we are concerned with is absorption of
light within the material. Absorption occurs during light propagation if the frequency
of the light is resonant with the transition frequencies of the molecules in the medium.
In this case, the beam will be attenuated as it progresses. The transmission in the
medium is clearly related to the absorption, because only unabsorbed light will be
transmitted. Selective absorption is responsible for the colouration of many optical
materials.

The reflection at the surfaces is described by the coefficient of reflection or reflectivity.
This is defined as the ratio of the reflected power to the incident power on the surface
and is given the symbol R. The coefficient of transmission T is defined as the ratio of
transmitted power to incident power. By conservation of energy we must have for a

non-absorbing material

R4T=1 (2.1)

The refractive index 7 is used to describe the propagation of the beam through a

transparent medium. The ratio of the speed of light in free space to the velocity of
light in the medium defines n

(2.2)

:
n=—
v

The absorption coefficient « is used to quantify the absorption of light by an optical
medium. This is defined as the fraction of the power absorbed in a unit length of the
medium. If the beam is propagating in the x direction, and the intensity at position

x is I(x), then the decrease of the intensity in an incremental slice of thickness dx is

given by:

dl

—al(x)dx (2-3)
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gy

Figure 2.1: Representation of Beer’s law

This can be integrated to obtain Beer’s law:

I(x) = Tpe=*¥) (2.4)

where Ij is the optical intensity at x = 0. The absorption and refraction of a medium
can be described by a single quantity, the complex refractive index 7 given by
fn=n+ik (2-5)

A

The real part of 71, n, is the normal refractive index as defined in eqn. 2.2. The
imaginary part x, is directly related to the absorption coefficient a of the medium.

Consider a plane electromagnetic wave propagating through a medium with a
complex refractive index. If the wave is propagating in the x direction, the spatial and

time dependence of the electric field is given by

Elxt) = Eellbt—at) (2.6)

where k the wave is vector of the light and w is the angular frequency. |Ep| is the
amplitude at x = 0. In a non-absorbing medium of refractive index 1, the wavelength
of the light is reduced by a factor n compared to the free space wavelength A. k and w

are therefore related to each other through:
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270 nw
k= e o (2.7)

This can be generalised to the case of an absorbing medium by allowing the refractive

index to be complex:

>

= (n+ ik)%. (2.8)

.
&

On substituting into eqn. 2.6

E(X, f) - Eoei(ﬁwx/c—wt)

(—xox) i(nwxt—ot)

= Egpe e (2.9)

This shows that a non-zero extinction coefficient leads to an exponential decay of
the wave in the medium.
The optical intensity of a light wave is proportional to the square of the electric field,
I o< EE*. From eqn. 2.9 we can deduce that the intensity falls off exponentially in the
medium with a decay constant equal to 2 x (kw/). If we compare this to Beer’s law
eqn. 2.4 we see that
- 2kw 47k

e (2.10)

where A is the free space wavelength of the light. This shows that x is directly
proportional to the absorption coefficient.
We can relate the refractive index of a medium to its relative dielectric constant ¢, by

using the standard result derived from Maxwell’s equations

0= x/ (&) (241)

This shows is that if 7 is complex, then €, must also be complex. One can therefore

define the complex relative dielectric constant €, according to:

é& =€ tie (2.12)
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One can see that 71 and €, are related to each other through:

B3]
Il
o

(2.13)

By combining eqns. 2.5, 2.12 and 2.13 we can work out explicit relationships between

the real and imaginary parts of 7, and &,. These are

€ =n"—xK (2.14)

€ = 2nK (2.15)

and

n= % <e1 + (€1° + €?) %> 2 (2.16)
K= % <—€] + (612 +622) %) ’ (2.17)

2.3 ABSORPTION SPECTROSCOPY

Absorption spectroscopy is a technique that measures the absorption of radiation as a
function of frequency or wavelength, due to its interaction with a sample. The ratio of
the transmitted intensity, I, to the incident intensity Iy, at a given frequency is called

the transmittance, T, of a sample at that frequency:

T=— (2.18)
Iy

It is found empirically that the transmitted intensity varies with the length, I, of the
sample and concentration, C, of the absorbing species according to the Beer Lambert

law:

I = Ipln (—5C) (2.19)
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e is called the extinction coefficient which depends on the frequency of the incid-
ent radiation and is greatest where the absorption is most intense. One can define

absorbance as

A= ~log1i = —logT (2.20)
0

Combining this with eqn. 2.19 we see that for a solid

A =ul (2.21)

In a solution or liquid dispersion

A = ¢Cl =oNI (2.22)

Where a =absorption coefficient [m '], | = sample thickness [m], ¢ = extinction
coefficient [Lg~!'m~1], C = concentration, [mgml~!], o = optical cross section [m?], N =
number of molecules per volume. In general A and hence a, ¢ or ¢ are all measured as
a function of the wavelength, A, or equivalently photon energy, E, of the light being

absorbed

e

E
A

(2.23)

The result is an absorption spectrum. Absorption and transmittance spectra were
measured using a Varian Cary 6000i spectrophotometer. A schematic of the machine is

shown in Figure 2.2. Baseline spectra were taken before all sample scans.

2.4 WHITE LIGHT TRANSMISSION SPECTROSCOPY

Multiple transmission spectra were obtained for each thin film studied during this
work. This allowed the average transmittance to be measured for each sample. How-
ever, performing multiple scans does not give information about the spatial optical
uniformity. Transmission scans were made using an Epson Perfection V700 Photo

flat-bed, white light, transmission scanner with a bit depth of 48 bits per pixel and a
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Figure 2.2: UV-Vis spectrophotometer

spatial resolution of 6400 dpi. The numerical output of the scanner was calibrated by
scanning a range of neutral density filters. The resultant calibration curve was used
to transform the output to represent transmittance. This resulted in a transmittance
map with a transmittance value for every pixel. In some cases the transmittance was
transformed to absorbance on a pixel by pixel basis using A = —InT. The mean and
standard deviation of the transmittance /absorbance were calculated for the entire data
set i.e. from the entire set of transmittance/absorbance per pixel values. We define the
non-uniformity of the film as the ratio of the standard deviation of the absorbance to

the mean absorbance [45].

Non — uniformity = AA/ (A) (2.24)

2.5 INFRARED SPECTROSCOTY

Infrared spectroscopy is a technique based on the vibrations of the atoms of a molecule.
An infrared spectrum is commonly obtained by passing infrared radiation through
a sample and determining what fraction of the incident radiation is absorbed at a
particular energy. The energy at which any peak in an absorption spectrum appears
corresponds to the frequency of a vibration of a part of a sample molecule. Infrared
spectroscopy exploits the fact that molecules absorb specific frequencies that are

characteristic of their structure. These absorptions are resonant frequencies, i.e. the



38

THEORY AND EXPERIMENTAL METHODS

frequency of the absorbed radiation matches the frequency of the bond or group that
vibrates. For a molecule to show infrared absorptions it must possess a specific feature,
i.e. an electric dipole moment of the molecule must change during the vibration.
This is the selection rule for infrared spectroscopy. A chain of carbon atoms or a
graphitic network does not possess IR-active vibrational modes. However, functional
groups such as C=0 or C=OH are IR-active. Hence, Fourier transform infrared (FTIR)
spectroscopy can be used to ascertain the large-scale presences of residual oxides. It
can aid in assessing the quality of graphene. Attenuated total reflectance (ATR-FTIR)
spectra in this thesis were taken on thin film samples. Spectra were collected with a
Perkin Elmer Spectrum 100 equipped with a diamond ATR crystal. An IR background

was taken prior to sample scan acquisition.

2.6 RAMAN SPECTROSCOPY

When a beam of monochromatic light is incident on a sample, some of the light is
scattered. Most of this scattered light has the same wavelength as the incident light.
However, a small fraction of the incident light is shifted in wavelength by the molecular
vibrations and rotations of the molecules in the sample. The spectrum is called a Raman
spectrum and was first reported by Sir C.V. Raman in 1928 [115]. This technique is
widely used for investigating the physical properties and quality of carbon materials
such as graphene and carbon nanotubes [1, 116, 117]. IR absoprtion arises from a direct
resonance between the frequency of the IR radiation and the vibrational frequency of
a particular normal mode of vibration. IR absorption is a one-photon event. The IR
photon encounters the molecule, the photon disappears, and the molecule is elevated
in vibrational energy by the energy of the photon at the frequency of vibrational
resonance.

In contrast, Raman scattering is a two-photon event. In this case, the property in-
volved is the change in the polarisability of the molecule with respect to its vibrational
motion. The interaction of the polarisability with the incoming radiation creates an

induced dipole moment in the molecule, and the radiation emitted by this induced
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Figure 2.3: Energy level diagram for infrared absorption and stokes Raman scattering

dipole moment contains the observed Raman scattering. The light scattered by the
induced dipole of the molecule consists of both Rayleigh scattering and Raman scat-
tering. Rayleigh scattering corresponds to the light scattered at the frequency of the
incident radiation, whereas the Raman radiation is shifted in frequency, and hence
energy, from the frequency of the incident radiation by the vibrational energy that is
gained or lost in the molecule.

An energy-level diagram is given in Fig. 2.3, which illustrates IR absorption and
Raman scattering. In both cases the initial state is the zeroth vibrational level of the
ground electronic state (1) and the final state is the first vibrational level of the ground
electronic state (2). IR absorption achieves this state change in one step, whereas
Raman scattering requires two steps involving photon energies that are well above
that of the IR photon or energy of the vibrational transition. An incident photon with a
frequency w; creates an electron-hole pair. This scatters inelastically with the emission
of a phonon wy;, and then recombines with the emission of a scattered photon w.

Energy and momentum are conserved .

hwy = hw, + hw},;, (2.25)
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f1=q2% ph (2.26)

This process can be simply envisaged looking at energy level diagrams such as that
shown in Figure 2.3 whereby interaction with the incident photon promotes a molecule
to a virtual state. If the molecule returns to a higher energy level then the photon will
have lost energy on interaction with the molecule. The emitted photon will have less
energy and a longer wavelength. This is known as Stokes Raman scattering. If the
molecule returns to a lower energy level than the one it started in, the photon will
have gained energy on interaction with the molecule and the emitted photon will be
of higher energy and shorter wavelength than the incident photon. This is known as
anti-Stokes Raman scattering.

When incident photons interact with a molecule’s electron cloud, the strength of the
interaction depends on the polarisability of the molecule. For a sample to be Raman
active its polarisability must change on interaction with an external field. Molecules
with distributed electron clouds such as 7m—bonds which are easily polarised are
very strong Raman scatterers and so Raman spectroscopy is a particularly useful

characterisation technique for a wide array of nanocarbon materials.

2.6.1 Raman Spectroscopy of Graphene and Graphene Layers

Figure 2.4 compares the Raman spectra of graphene and bulk graphite measured at
514.5nm excitation [1]. The spectra have three principal features, these are denoted
the D, G and 2D bands and are observed at ~ 1340cm !, ~ 1580cm ! and 2700cm !
respectively.

The D band is related to defects and disorder in sp>—hybridised carbon materials.
This transition is forbidden in perfect graphitic systems and requires a defect for
its activation. These defects can be atomic vacancies, functional groups bound to
sp®>—hybridised sites or the edges of the sp?>—network. The stretching of the C — C
bond in graphitic materials gives rise to the so-called G—band Raman feature which is

common to all sp>—carbon systems. A third band, characteristic of graphene/graphite
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is centred around 2700cm !

and is referred to as the 2D —band. Figure 2.4 shows a
significant change in the shape and intensity of the 2D peak of graphene compared to
bulk graphite. The 2D peak in bulk graphite consists of two components 2D and 2D,,
roughly 1/4 and 1/2 the height of the G peak, respectively. Graphene has a single,
sharp 2D peak, roughly four times more intense than the G peak. The evolution of the
2D band from graphene to graphite was first shown by Ferrariet al. Figure 2.5 [1].
The number of layers (up to the screening length i.e. transition from few layer
graphene to bulk graphite) can be inferred through observations of gradual changes in
the Raman spectrum in a “finger print” fashion. The Raman features of graphene and
graphite directly reflect changes in the electronic structure from stacking of successive

layers. Hence, Raman spectroscopy is a reliable method to confirm graphene thickness

and quality in a high-throughput fashion.

2.7 SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) was used in this work to look at the surface
morphology of films and to measure their thickness. A Zeiss Ultra Plus Field Emission
SEM was used. A coherent, monochromatic stream of electrons is formed by an electron
source (thermionic emission or field emission) and accelerated toward the specimen.
This stream is confined and focused using metal apertures and magnetic lenses into a
thin beam that is directed at the sample as can be seen in Figure 2.6.

When the primary electron beam interacts with the sample, the electrons lose energy
by repeated random scattering and absorption within a teardrop-shaped volume of
the specimen known as the interaction volume. The size of the interaction volume
depends on the electron’s landing energy, the atomic number of the specimen and
the specimen’s density. The energy exchange between the electron beam and the
sample results in the reflection of high-energy electrons by elastic scattering, emission
of secondary electrons by inelastic scattering and the emission of electromagnetic
radiation, each of which can be detected by specialized detectors. The angle and energy

at which the electrons are scattered (by elastic and inelastic collisions) allows them
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Figure 2.6: Schematic of Scanning Electron Microscope

to be classified as backscattered, secondary or auger electrons/characteristic X-rays.
Images were taken of the surface of samples at various magnifications to ascertain
morphological information. Samples were also mounted parallel to the incident beam

to look at the cross section for thickness measurements.

2.8 ATOMIC FORCE MICROSCOPY

Atomic force microscopy (AFM) is a scanning probe technique that maps su