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Abstract

Carbon nanotubes (CNTs) have been proposed as a material for use in
printed electronics for a number of years. The potential to exploit the
unique electrical and mechanical properties of these structures on the
macro-scale is appealing; however there are a number of hurdles to over-
come. Printing allows the deposition of CNT networks, the properties of
which are governed by the CNT type and network density. The formula-
tion of a suitable ink and deposition of a film with specific properties is
challenging, and the work described in this thesis is concentrated on two

specific areas, CNT ink development and CNT based device production.

The CNT ink was developed by identifying key ink and dried film parame-
ters for characterisation and assessing the effect of several major variables,
namely the resin material, resin concentration, processing temperature,
CNT concentration, CNT functionality and processing energy. A suitable
research ink was developed and optimised using N-methyl-2-pyrrolidone
as the solvent and polyvinyl alcohol as the resin at a concentration ratio
of 1:1 with the CNT content. The effects of CNT concentration, CNT
functionality and processing energy are shown to be interdependent. This
is among the first reported studies to investigate the dependence of these

factors upon a CNT ink for roll-to-roll processing.

This ink system was then used in the production of CNT based thin
film transistor (TFT) devices using flexography. Initially the concept was
proven using MWCNTs. The design was then refined and devices were
produced using SWCNTs at varying network densities. It was seen that
the printing of CNT based devices using flexography is feasible, though
careful control of the CNT network density is required to achieve suitable
device performance. This is the first reported production of TFTs using
flexography, and the first reported use of flexography to deposit CNTs.
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Chapter 1

Introduction

The recent evolution of printing from its characteristic method of mass production of
literature to a process for the potential volume fabrication of novel electronic devices
has been a rapid one. This evolutionary process is far from complete, with materials
development being one of the major challenges towards the wide-spread commercial-
isation of printed electronic products. New materials must be developed to provide
functionality whilst being constrained by numerous requirements. Materials must be
solution processable in a form suitable for rapid printing technologies. Attention must
be paid to the applications, for many materials may be incompatible with others that
are required during the fabrication of multilayer structured devices. Finally these
materials must be affordable and supplies must be reliable, a hurdle which hinders
many promising technologies.

One material being considered for use in printed electronics is carbon nanotubes
(CNTs). However the formulation and printing of a functional ink containing CNTs
is not a trivial task. This research was structured in such a way that the obstacles
to successful ink formulation could be identified and overcome along the path to the
creation of functional CNT based printed devices.

To this end, the objectives of this research were to:

e explore the potential for formulating a CNT based ink by studying potential

resins, solvents and formulation techniques,

e optimise this ink by improvement of CNT dispersion, with emphasis on mixing
and CNT modification, and

e develop a CNT based TFT manufactured entirely using processes that can be
scaled for high speed, roll to roll printing techniques.




This chapter introduces the concepts underpinning this work. Many of these concepts

will be expanded on further in the literature reviews in chapter 2 and chapter 7.

1.1 Printing

1.1.1 The Printing Process

Manufacturing using the printing process has been developed over hundreds of years.
The first printing press in the volume manufacturing sense is believed to have been
manufactured around 1440 by Johannes Gutenberg. This early technology is thought
to have increased productivity by almost two orders of magnitude. Modern presses
such as Manroland’s Lithoman range can print onto over 900m of substrate per
minute .

Conventional electronic device production is a relatively lengthy batch process.
The fabrication of integrated circuits typically requires multiple lithographic steps
and will create devices on limited substrates. The appeal for the use of printing as a
manufacturing process for electronics are numerous. The capital cost compared to a
comparable output lithographic fabrication facility is significantly lower. The ability
to print onto flexible substrates and the potential for high speed roll to roll production
enables the low cost fabrication of novel devices that could disrupt established mar-
kets. However it is not envisaged that printed electronics will replace conventional
silicon fabrication. The resolution limitations of printing techniques compared to op-
tical and electron beam lithography means that printed electronic device performance
is unlikely to rival that of conventional electronic devices. However the two indus-
tries are likely to coexist, with the aforementioned advantages of printed electronics
ideal for novel devices with modest performance requirements. The combination of
conventional electronics with printed electronics is also a subject of much interest,
with the appeal of flexible devices with the performance afforded by current silicon
technologies obvious.

A number of printing techniques are available to achieve these goals, each with
their own advantages and limitations. The basic mechanisms of these processes are
well understood and information is available from a number of sources 672, In the
field of printed electronics research a number of processes have proven popular, these
are flexography, gravure, screen and inkjet. These techniques will be discussed at
various points throughout this work, and a summary of each method is provided

below.




1.1.1.1 Flexography

The flexographic printing process is commonly used for packaging and newspaper
printing and is becoming increasingly popular for the printing of functional inks. In
brief it involves an image being replicated in relief on a polymer plate to which a
metered volume of ink is applied. The plate is then brought into contact with a

substrate and the image is transferred. This is shown schematically in Figure 1.1.1.

A Substrate
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Blades Plate Impression
Cylinder Cylinder

"
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Roll

Ink
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|

Figure 1.1.1: Graphical representation of the flexographic printing process.

The combination of the ink chamber, doctor blades and anilox roll is referred to
as the inking system. In this segment of the press the ink is metered from an ink
reservoir and transferred onto the printing plate. A number of aspects can govern
the metering of the ink depending on the press setup used. In the illustrated system
the ink reservoir is brought into contact with an anilox roll. The ink chamber is a
closed system, which reduces solvent evaporation during printing. This is essential for
controlling ink viscosity in solvent based ink systems and is beneficial from a health
and safety perspective in a production environment. The anilox roll is a chrome or
ceramic cylinder that is engraved with a uniform cell structure which the ink is drawn
into and later released from. The layout, size and shape of the cells are the crucial
factors in determining the ink transfer to the image cylinder, and should be optimised
for the type of image to be printed. For functional inks high anilox volume may be
preferred to increase the amount of ink deposited and improve conductance for current

carrying tracks, however this will have a negative effect on the resolution of the final




print meaning finer details will not be possible. To avoid excess ink build-up on the
anilox roll it is 'wiped’ with a sharp blade placed in contact with the surface of the
cylinder. The schematic illustrated shows a chambered doctor blade system, as used
in most modern flexographic presses. The upper blade acts to both enclose the ink
in the reservoir and wipe the cylinder, whilst the lower blade is often known as the
containment blade which serves to enclose the ink reservoir. Doctor blade angles may
or may not be fixed, with angles of 30 — 60° to the tangent of the cylinder commonly
used.

Once the anilox has been inked it is brought into contact with the image master
plate, which is adhered to a cylinder by means of compressible adhesive tape. The
compressibility of the tape will affect the final image, for solid areas such as those
commonly used in printed electronics a harder tape is preferred due to improved plate
contact. For finer features a softer tape is preferred as it reduces plate deformation at
substrate contact. The ink is transferred onto only the relief sections of the plate, and
is metered by the volume of the anilox cells and the engagement pressure between the
anilox and plate. The image master is then brought into contact with the substrate,
depositing the ink. The higher the substrate-to-plate pressure the more spreading of
the printed features occurs.

Flexography can print a range of ink rheologies, with optimal dynamic viscosities
in the liquid range of 0.05 to 1.5 Pa.s. Higher viscosity inks will decrease print quality
at higher speeds due to poor filling of the anilox cells, but will often result in less
spreading of the printed form after deposition. Closed ink chambers, such as the
one shown in Figure 1.1.1 allow the practical use of lower viscosity inks. Ink film
thicknesses of up to lum are typical in flexographic printing. Some solvent based
inks may be incompatible with the polymer image master used, various polymers are
available to minimise this effect.

In summary, the advantages of the flexographic process are

e the reproduction of a continuous, uniform image in any direction,

e high speed roll-to-roll capability of the technique,

closed ink chambers reduce solvent evaporation during printing,

large range of printable ink types and rheological characteristics, and

large range of printable substrates.

Nevertheless flexography has limitations, such as



e potential ink incompatibility with the polymer plate, and

e image resolution cannot match that of other technologies such as gravure.

1.1.1.2 Gravure

Gravure (or rotogravure) is a similar printing process to flexography, however in this
case the image is reproduced on a gravure cylinder roll. The image is replicated as
a series of engraved cells similar to that of the cells on an anilox roll in flexography,
known as intaglio. This results in the image carrier also acting as the ink metering
system. The shape and depth of the cells controls the deposition coverage. Digital
engraving technologies allow the cell properties to be varied across the cylinder, al-
lowing high image master resolution, however the use of raster imagery will result in
non uniform features, for example line edges.

As illustrated in Figure 1.1.2 the gravure cylinder is immersed in an ink bath,
and any excess ink is removed by a similar doctor blade system to that described for
flexography. The gravure cylinder is then brought into contact with the substrate,
and the image transferred via a combination of printing pressure and adhesive forces
between the substrate and ink. Gravure cylinders are costly to produce compared to
flexographic plates but are more resilient to aggressive solvents sometimes found in
functional inks and more suited to longer duration print runs. Gravure inks tend to
be lower viscosity than flexographic inks, with dynamic viscosities in the range 0.05
to 0.5Pa.s.
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Figure 1.1.2: Schematic of an example gravure printing system.

In summary, the advantages of the gravure process are
e the high speed roll-to-roll capability of the technique,
e tolerance of aggressive ink contents,
e hard wearing image master allows high speed long duration print runs, and
e high resolution prints,
Nevertheless gravure has limitations, such as
e expense of gravure cylinder production, and

e cannot produce continuous uniform features in all print directions.

1.1.1.3 Screen Printing

Screen printing is a common printing process used for a wide variety of applications,
including packaging, textiles, printed circuit boards and printed sensors. It involves
the displacement of the ink through a stencil screen. The screen consists of a woven
mesh (usually polyester or stainless steel) under tension coated with non image areas

covered with a photopolymer emulsion.



To print, ink is deposited upon the screen and a substrate is brought into close
proximity with the underside of the screen. The ink is drawn across the screen in
a wave like fashion by a polymer blade known as a squeegee. This causes ink to
flow through the exposed areas of the screen and deposit onto the substrate due to
hydrodynamic pressure. The volume of ink deposited is defined by the thickness of
the screen. This process is illustrated in Figure 1.1.3. Screen printing systems are
capable of printing onto a wide variety of substrates and it is possible to print in a
rotary fashion allowing for continuous roll-to-roll production.

Squeegee

Screen Frame

Substrate

Figure 1.1.3: Schematic of an example screen printing system.

Screen inks tend to have higher dynamic viscosities than other printing inks (usu-
ally between 1 to 100Pa.s), but the inks tend to be more specialised with respect to
the application with the process being capable of printing a large range of ink rhe-
ologies. The rheological properties of the ink are the dominant factor in the resulting
print quality and thickness. The inks need to thin under the shear of the squeegee
but quickly recover to avoid excess ink being drawn through the mesh at snap off.
The application must also be taken into account as fast recovery times can lead to
inhomogeneous solid areas but cause poorer resolution when printing dot features for
raster imaging.

In summary, the advantages of the screen printing process are

e wide variety of substrate material and shapes,

e large printed film thickness ideal for some printed electronic applications,

e wide range of printable rheologies, and

e roll-to-roll capability at medium speed (relative to alternative technologies).
Nevertheless screen printing has limitations, such as

e potential ink incompatibility with the screen,

e cannot produce continuous uniform features in all print directions, and

e feature uniformity dependent on mesh and ink parameters.



1.1.1.4 Inkjet

The term inkjet encompasses a number of non-contact printing technologies. Inkjet
systems create a print by propelling discrete droplets of ink onto a substrate. There
are a number of methods of achieving this, however the most popular is piezoelectric
drop on demand inkjet. As shown in Figure 1.1.4, the ink is held in a chamber
where part of the containing wall is constructed from a piezoelectric ceramic. The
application of an electric signal to this ceramic causes it to deform inward to the
chamber, forcing a droplet outwards from the nozzle. Droplet size is governed by the
amplitude of the applied deformation and the diameter of the nozzle, with overlapping
drops required to form continuous structures. Minimum droplet sizes for a commercial
10pL printhead are 40pum*®.

Piezo

Imaging signal

Substrate g P

Figure 1.1.4: Schematic of an example piezoelectric drop on demand inkjet system.

Inkjet technologies tend to have similar ink requirements, with low viscosities
and surface tensions required for stable drop formation. Viscosities should be of the
order of 0.01Pa.s at operating temperatures with surface tensions of approximately
30mN/m'®. These requirements vary between different printing systems, but all
systems have low tolerance of deviation from the ideal specifications of ink properties.
Particulates within the ink solutions must also be tightly controlled to avoid clogging
of the nozzle. Common guidance is to limit particulate sizes to 1% of the nozzle
diameter.

In summary, the advantages of the inkjet process are

e accurate droplet formation and deposition can provide relatively high resolution
digital raster printing,

e ability to print low viscosity solutions,
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e scalable process, from low cost desktop systems to large volume manufacturing,
e the large range of printable substrates,
e no image master required, lower cost for small batch production.

Nevertheless inkjet has limitations, such as

e limited range of printable rheologies and surface tensions,

slow printing speed,

nozzle diameter limits particulate size in solutions,

limited printable layer thickness, and

raster imaging cannot produce continuous uniform features due to droplet shape.

1.1.1.5 Printing Method Comparison

Table 1.1.1 provides a summary of the key aspects of the printing methods described
above.
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Screen

Flexography Rotogravure Printing Inkjet
Reﬁr::;?ﬁve High Very high Medium Variable
Resolution (40-50um) (<20pm) (50-100pm) (20-50pm)
Deposit Dry Variable Variable Thick Very thin
Thickness (<0.1-4pm) (<0.1-5pm) (1-20pm) (<0.5pm)
Capital Cost Medium High Low Low
Manufacturing High Very high Slow . Very slow
Speed (300m/min) (1km/min) (<100m /min, (<10m/min)
(Graphics) 20sheets/min)
Economic Run . X
Length Medium-large Large Small-medium Very small
Ink Viscosit Medium-low Medium-low High Very low
Y | (0.05-1.5Pa.s) | (0.05-0.5Pa.s) | (1-100Pa.s) (<0.02Pa.s)
Ink Surface Limited
Tension Depends on substrate but below 38mN/m is (ideally
ideal for most films.!” 28-33mN/m)**
Max % of Ink
Cured on 40% 30% 90% 5%
Substrate
nk Flexible Flexible Flexible Constraints
Formulation (particle size)
RzRéfé‘eet' R2R R2R Sheet-fed Sheet-fed
Large area, Large area, Lal.‘ge area, Small area,
o medium-small
Application large volume large volume olume small volume
production production v . production
production

Table 1.1.1: Comparison of printing methods discussed in this thesis. All data is re-
produced with permission from a preprint chapter of ’Organic Light-Emitting Diodes
(OLEDs): Materials, Devices and Applications’ unless otherwise stated. 2°

1.1.2 1Inks

The choice of printing process will influence the choice of ink composition, and both

factors must be tailored for the application. A generalised approach for printed applic-

ation development is outlined in Figure 1.1.5. This shows that the ink composition is

usually decided by the choice of application and print method. The physical proper-
ties of the ink, both wet and dry, will then define the quality of the final product. This

process flow is further complicated if the functional component of this ink required

for a particular application is non standard with respect to behaviour in solution

11




compared to conventional pigments. For example carbon nanotubes tend to require
low concentrations and are insoluble, resulting in low viscosity and poor stability
without addition of undesirable additives. Material requirements will often introduce
constraints to the ink properties which will define a particular process.

[ Application }4——»[ Print Method}

v

s A
Ink Composition [------- .
. J :
v v
4 \ r \
‘Wet’ Properties » ‘Dry’ Properties
\ J |\ Y,
- D\ e ~
Viscosity Structure
Rheology
Printability Adhesion/Cohesion
Surface Energy
Substrate Surface Properties
Function

Figure 1.1.5: Flowchart illustrating approach for printed application development.
Image reproduced from ’Printed Organic and Molecular Electronics’?

1.1.2.1 Requirements

The printing process requires an ink to be transported from a reservoir, through an
inking system and deposited on a substrate to which it must adhere. To this end
the ink properties must be tailored to the printing process. Basic printing process
requirements including viscosities and surface tensions were discussed in section 1.1.
It must be remembered that non-Newtonian materials (which most inks are) display
a dependence of viscosity upon applied shear. The rate of change due to shear and
recovery time is essential to the final print quality. The drying characteristics of the
ink must also be determined, for high volume production a fast rate of drying is

essential.
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1.1.2.2 Structure

An ink is a substance (usually fluid or paste) which is deposited on a substrate
during the printing process. In traditional graphics printing the purpose of this ink
is to colour the substrate with the aim of creating an image or text. In functional
printing such as printed electronics the aim is to add functionality to the substrate.

A basic ink consists of three components
e functional compound,
e carrier substance, and
e vehicle.

The functional compound adds the functionality to the ink. In the case of graph-
ics inks this will be a pigment or dye, used to colour the ink. For functional inks
this will depend on the application, but some common compounds will be silver for
printing conductive features, enzymes for bioprinting and semiconducting polymers
for electronic components. The carrier substance will usually be oils or solvents (or
combinations) selected for the application. Choice of solvents depends on solubil-
ity of the functional compound and vehicle, required viscosity and required drying
characteristics. Common solvents used for printing inks are isopropanol, ethyl acet-
ate and toluene. Solvent use is tightly controlled in production environments due to
health and safety and environmental concerns, and many solvents including toluene
are under strict usage limitations. The vehicle (often referred to as resin or binder) is
used to adhere the material to the substrate and minimise functional compound ag-
glomeration. Choice of binder depends on the solubility, required adhesion, required
flexibility and substrate used. Some common binders are polyamide or nitrocellulose
based.

Solvent based inks are not unique, other systems include water based and radiation
(UV, electron beam) cured inks. Water based inks are increasing in popularity due
to health and safety and environmental concerns due to their low toxicity. However,
print quality of water based systems is usually poorer than that of solvent based
alternatives due to the additives required to improve printability. UV curing inks are
common in the graphics industry due to the speed of curing and the removal of solvent
release in the printing process. However radiation curing inks are often unsuitable for
functional printing due to the residual ink constituents impeding functional particle

contact in the final film.
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Various additives are often used in the formulation of a printing ink to improve
various aspects of the ink behaviour, including surfactants for increasing the stability
of the pigments and/or altering the surface tension of the ink. With respect to
graphics inks the addition of additives is common at high percentages of the pigment
base, however for functional inks this is not desirable as the surfactants will often
remain in the printed film which can impede functionality. Further explanation of

surfactant behaviour is given in section 3.3.2.1.

1.1.2.3 Manufacture

Once the basic constituents of the ink have been defined they must be mixed together
to produce a homogeneous, stable dispersion or solution. A solution is defined as a
stable single phase homogeneous mixture. Commonly in a printing ink the resin base
is a solution. A dispersion (or suspension) is where solid particles are mixed in a
solvent but are significantly large and thermodynamically unstable, meaning that
they will tend to settle over time. Usually the pigment in a printing ink is in a
suspension in the resin base. A number of methods are available to perform this, of
which a combination may be used to produce the desired outcome. It may also be
necessary during the mixing process to reduce the mean particle size of the functional
compound, both aims can often be accomplished in tandem by use of high shear
mixing processes. The choice of method depends chiefly on the rheological properties
of the material and the durability of the particulates involved.

The most intuitive methods are hydrodynamic in nature and are based on the
stirring of the material. This can be achieved mechanically by the use of disc dis-
persers or magnetic stirrers. The act of stirring applies a rotational shear force to
the liquid, inducing a vortex flow. The usually turbulent nature of the induced vor-
tex flows results in the random distribution of the particulate throughout the liquid.
These methods are ideally suited to dispersing soluble particulates in solution, but
have minimal deagglomeration capability.

Mechanical milling methods such as triple roll milling and bead milling are often
preferred where particulates require deagglomeration. These methods apply direct
shear to the particulate, which may damage the structure of some nanostructures
affecting their properties. Triple roll milling applies the shear at a nip contact between
rollers. The shear forces applied during the nip contacts serve to break down particle
agglomerations and wet them within the liquid vehicle. Bead milling involves the
mill base being flowed through a rotating drum containing ceramic beads. High
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impact velocity collisions between the beads and mill base cause the breaking down
of agglomerations and wetting of the particulates.

Vibration of the particulate within the fluid can also be used as a method of dis-
persing particles to make inks and coatings. This can be done at a low frequency,
using manual or mechanical shaking. However, low frequency vibrations will not
deagglomerate particulates. Higher frequency vibrations can be introduced by the
use of ultrasonic generators. These are used in two forms, either indirectly in an
ultrasonic bath or directly by the use of an ultrasonic probe. Bath methods tend to
apply a lower amplitude of vibration due to the dampening effect of the additional
fluids. Probe methods apply a higher vibration amplitude by immersing the vibrat-
ing probe tip directly into the sample. These methods can cause significant particle
deagglomeration by the forces created when cavitation bubbles formed by the sonic-
ation collapse. It must be noted that structural damage may occur on the nanoscale
as a result of these vibrations?!. These methods are more suited to lower viscosity
solutions, as vibrations tend to be dampened by the slower relaxation times of higher
viscosity fluids. 22

Literature discussing CNT dispersion formation is summarised in section 2.2.1
and discussion of technique choice and method for this work is provided in section
3.2.

1.1.3 Substrates

The choice of substrate is initially determined by the final application of the printed
product. The choice of substrate will influence the printing process for deposition and
hence the ink characteristics, and this influence also reciprocates. Solid substrates
such as Si wafers or glass are not suited to direct gravure printing for example,
whereas drying inks that require high processing temperatures on thin polymer films
may prove problematic.

Substrate roughness, porosity and surface energy are just some of the critical
factors that determine the final print quality and functionality. Substrates are often
modified by the addition of coatings or by treatment to alter the surface energy to
improve the printability. For example paper tends to be a rough substrate with high
porosity, resulting in poor definition of features and high absorbance of ink compounds
making low quality paper unsuitable for printed electronics applications. However
high quality coated papers will have lower surface roughness and absorbance and can
be exposed to high temperatures without damage, which may be advantageous for

particular applications.

15



Flexible polymer films such as polyethylene terephthalate (PET) or polypropylene
(PP) are common choices for printed electronics. Surface roughness tends to be lower
than coated paper, and surface energies can be easily modified by techniques such as
corona treatment or UV radiation exposure. Absorbance tends to be minimal, but
solvent compatibility must be assessed before use.

Many printing methods are also suitable for printing onto solid, rigid substrates
such as silicon or glass. These substrates will have no porosity and roughness can be
carefully controlled during manufacture. However rigidity may be a limiting factor

with respect to final application.

1.1.4 Drying

The homogeneity of a printed film is not only dependent on the behaviour of the
ink during the deposition process but during the subsequent treatment of the wet
film afterwards. The method of drying the printed film depends on the type of ink
deposited. For solvent based inks heat must be applied to evaporate the solvent
leaving the functional material and binder on the substrate. The higher the boiling
point of the solvent used the higher the temperature that must be applied during
the drying process, however care must be taken not to damage the substrate. If
drying is performed in line with the printing in a roll-to-roll environment then thermal
distortion of the substrate must be avoided, as this will lead to registration issues
when overprinting and potentially web failure within the press. The rate of solvent
evaporation can also be increased by increasing the flow of air across the substrate.
Care must be taken not to deform the printed structure via shear applied from air
flow.

During solvent evaporation there tends to be a liquid flow in the drying system
towards the edge as evaporating liquid is replaced by liquid from the interior. This
can result in preferential deposition of particulates at the edge of a drying feature,
an effect known as the ’coffee ring’ effect. Rapid drying of the printed features will
minimise this effect.

As previously discussed, commonly graphics inks are cured using a UV light based
system which will avoid any transport effects entirely and allow for high deposition
speeds. The inks are formulated to contain a photo-initiator which when exposed to
UV radiation cross link, solidifying the printed feature. This is rarely suitable for
printed electronic components due to the fact that no ink components are removed

from the system, impeding particle contact between the functional particles.
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1.2 Carbon Nanotubes

nanotube n. a structure consisting of one or more sheets of carbon atoms
rolled up in the form of a cylinder, two or more concentric cylinders, or
a cylindrical scroll; a buckytube; (also) any analogous tubular molecule

composed of atoms other than carbon.*

Carbon is the fourth most abundant element in the universe and is non-metallic and
tetravalent. However it can exist in several allotropic forms, each of which displays
significantly different properties. For example, if the carbon atoms are arranged in a
diamond lattice then diamond can be formed, which is usually an excellent electrical
insulator, the hardest bulk material known to man and chemically inert. Another
allotrope of carbon is graphite, where the carbon atoms are arranged in hexagonal
lattice planar sheets which are stacked to form a 3d structure. Graphite is conductive
along the planar direction, very brittle and not as chemically inert as diamond.

Carbon based structures have long been common constituents in printing inks.
Carbon black, or amorphous carbon, was one of the first pigments used for black
graphics inks and has gained usage in conductive inks for printed electronic applica-
tions where high conductivities are not required. Graphite has also been commonly
used as a pigment for graphics printing.

The high dependence of electrical and physical properties upon the structural form
has led to much research towards isolation of further carbon allotropes, or fullerenes.
All fullerenes appear commonly in nature, for example carbon soot contains many
different carbon structures, however deliberate manufacture of specific fullerenes has
proved to be elusive. Many theoretical studies examined the properties of these
structures, but the first fullerene to be practically manufactured and isolated was Cpgp
(buckminsterfullerene) in 1985 by Smalley et al. at Rice University. This work led
to the award of the Nobel Prize in Chemistry "for their discovery of fullerenes" to
Robert F. Curl Jr., Sir Harold Kroto and Richard E. Smalley. Buckminsterfullerene
is often treated as a one dimensional structure and correctly doped was shown to
have superconducting properties, though in isolation it tends to be an insulator or
semiconductor depending on the packing structure.

Research into fullerene isolation continued with many other structures theoret-

ically predicted. The next major fullerene to spark the interest of the scientific

*"nanotube n." OED Online. November 2008. Oxford University Press. 26 Nov. 2008
<http://dictionary.oed.com/cgi/entry/00320940>.
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community was CNTs. Although imaged as far back as 1952, the first major pa-
per detailing CNT manufacture with high resolution imagery was published by lijima
et al.Ain 1991. This paper ignited scientific interest in the field of CNTs, an interest
already sparked by the aforementioned isolation of buckminsterfullerene. Due to the
high aspect ratio of the nanotubes they are treated as two dimensional structures,
which provides unique physical and electrical properties of CNTs resulting in a myriad
of potential applications that led to a boom in nanotechnology research. It is the po-
tential for CNTs in semiconducting and conducting applications that has led to the

research described in this thesis.

Figure 1.2.1: Projection of buckminsterfullerene, CNTs and graphite from a single
graphene sheet. Image reproduced from ‘Graphene: Status and Prospects’2

It must be noted that this was not the end of the fullerene search. It had long
been observed that individual planar sheets of graphite were the building block of
all the fullerenes previously mentioned, as illustrated in Figure 1.2.1. It was as-
sumed that these single sheets were thermodynamically unstable and could not exist
in isolation. However research by Novoselov ef al.23 in 2004 showed the first reliable
manufacturing method for production of these planar sheets, or graphene as it is
now commonly known. Graphene has exhibited unique electrical properties and has

further fuelled the nanotechnology research field, especially with the award of the No-



bel Prize in Physics “for ground-breaking experiments regarding the two-dimensional
material graphene” to Andre Geim and Konstantin Novoselov.

The basic properties of CNTs are well understood and information is available
from a number of sources?4?® However CNTs are still a highly active research field,
and developments in relevant topics are expanded upon in the literature reviews in
chapters 2 and 7.

1.2.1 CNT Synthesis

In the hunt for the isolation of specific fullerenes a number of production techniques
have been developed.

1.2.1.1 Carbon Arc Discharge

This was the first method published that could reliably produce macroscopic amounts
of CNTs, and is based upon the techniques pioneered by lijima et al.. It involves
placing two graphite electrodes a small distance ("Tmm) apart and applying a large
current (T100A) across them whilst in vacuum. By using suitable metal catalysts and
temperatures CNTs are formed in the condensates of the plasma from the electrical
discharge. The CNT yield tends to be around 30% using this technique and CNT
lengths are usually smaller in size compared to that produced by alternative tech-
niques. However, it is a reliable and cheap production technique and is in common

usage in research environments.

1.2.1.2 Laser Ablation

Developed in 1995 at Rice University, laser ablation uses a laser focused on a graphite
target in a high temperature and pressure environment. This causes the target to
vaporise and quickly condense onto the walls of the pressure vessel. By using differ-
ent catalyst particles (typically cobalt and nickel) high yield and high quality CNT
products can be formed. The diameter of the tubes formed can be controlled by the
reaction temperature. The typical size of CNTs formed using this method is 10-20nm
in diameter and 100pm long. The high CNT yield and quality of this method makes
it ideal for scientific samples, however the equipment is expensive to purchase and

run.
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1.2.1.3 Chemical Vapour Deposition

This is the preferred method for large volume production. A suitable substrate is
prepared by deposition of catalyst particles (again commonly cobalt or nickel) and is
heated to 600-700°C. The substrate is them exposed to a hydrocarbon gas (meth-
ane, ethanol, etc.) and as the gas decomposes at the edge of the catalyst particles,
nanotubes are formed. This process gives a high yield of CNTs and has already been
scaled up to produce nanotubes in industrial volumes. However the quality of the
nanotubes is poor compared to laser ablation, with most containing many defects.

1.2.2 CNT Physical Structure

As illustrated in Figure 1.2.1 CNTs can be visualised as sheets of graphene rolled into
a cylindrical form. This cylinder is usually capped at both ends by a half buckyball
structure. The carbon atoms in the hexagonal lattice are in the sp? hybridised state,
meaning that each atom is covalently bonded to another three carbon atoms, with
a bond distance of 0.142nm. The valence shell configuration of carbon is 2s22p?,
meaning that four electrons are available for covalent bonding. This means that one
electron is not used for bonding, and this electron is de-localised across the graphene
plane, contributing to the charge transport and providing van der Waals bonding
between adjacent planes.

Still following the visualisation of CNTs as rolled sheets of graphene, it can be seen
that the sheet can be rolled at varying angles to form a seamless cylinder. This results
in three structural types of CNTs, 'zigzag’ and ’armchair’ which are the only possible
perfectly symmetrical structures and ’chiral’, which is when the structure is arranged
in a helix-like fashion around the central axis of the cylinder. These structures are
specified by a vector notation in which the vector joins two points on a graphene
plane which when rolled so that the two points are in contact forms a CNT. This
is known as the chiral vector (C) and is illustrated in Figure 1.2.2. C is denoted in
terms of integer multiples of the unit cell base vectors of the lattice (in this case a;
and as) such that C = na; + may; where n > m. It can be shown that m = 0 for
all zigzag CN'Ts and n = m for all armchair CNTs, with all other vectors denoting a
chiral CNT. These structures partially define the electrical properties of the CNTs,

as described in section 1.2.4.
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(/1,11) armchair

Figure 1.2.2: Chiral vector (C) projected onto hexagonal lattice.a! and alare the
unit vectors of the lattice, and T is the CNT axis. Image sourced from Wikimedia
Commons.

It must be noted that a perfect hexagonal structure throughout the entire CNT
lattice is rare. Defects include pentagons and heptagons disrupting the hexagonal
lattice and atomic vacancies. These defects affect the CNT shape and electronic and
physical properties. The effect of these defects is discussed further in section 2.1.1.

CNTs are not solely found in this single walled (SWCNT) form. It is also common
to find CNTs with evidence of a multiple wall structure (MW CNT). The exact nature
of this structure was initially unknown, with the dominant options either multiple SW-
CNTs nested inside each other in a ’russian doll’ fashion or a single graphene sheet
wrapped around itself multiple times in a wrapping paper’ fashion. TEM and chem-
ical analysis indicated that the ’russian doll’ structure is the correct option. These
MWCNTs tend to have more defects within the structure than SWCNTs, including
layers traversing the internal core of the tube resulting in closed compartments. The
individual tubes are bonded by weak (relative to the carbon-carbon covalent bonds in
the tube lattice) van der Waals bonds and show little stacking symmetry compared

to graphite.
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1.2.3 CNT Mechanical Properties

Theoretical analysis and experimental measurement has shown that the Young’s mod-
ulus of single walled carbon nanotubes can be as high as 1TPa. This compares fa-
vourably with steel, for which the Young’s modulus is given to be around 200GPa,
depending on the grade. Combined with a measured tensile strength of as high as
63GPa (c.f. around 0.4GPa for A36 steel) the potential for CNTs as a reinforcing
filler for composite applications is considered high.

CNTs have been observed to show remarkable capability to deform due to external
stress without any major structural change. Ripples and kinks in the CNT structure
develop when the tube is placed under compression or bending, as seen in Figure
1.2.3. When this stress is released the tube has been seen to relax to its original form
as the stress does not exceed the elastic limit. It must also be noted that the wall
separation between the CNTs remains constant, with no discontinuities present. This
would not be the case if defects linking layers exist, which will reduce the elastic limit
of the MWCNT.

B[

10 nm

Sum—y

Figure 1.2.3: TEM images showing 'wavelike distortions’ of the structure of MWCNTs
bent with a radius of curvature of approximately 400nm. Image reproduced from
'Electrostatic Deflections and Electromechanical Resonances of Carbon Nanotubes’ 3.
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1.2.4 CNT Electronic Properties

As previously discussed, the electronic properties of CNTs are dependent on the chiral
angle of the tube. This results in two distinct electronic groups of CN'Ts, metallic and
semiconducting. It was predicted and experimentally proven that metallic conduction
occurs when the chiral vector components n and m conform to the equation

n—m=3q (1.2.1)

where q is an integer value. This results in all armchair CNTs being metallic, as well
as a proportion of zigzag and chiral. This equation also implies that if CNTs are
produced with random chiral vectors statistically two thirds will be semiconducting
and one third metallic. These properties are retained by the individual layers in
MWCNT5, resulting in a hybrid structure known as a semi-metal (or zero bandgap
semiconductor). However it must be noted that physical deformation of the CNT
structure such as bending will affect the covalent bonding structure, resulting in the
situation where non-armchair tubes become metallic, though armchair tubes are not
affected.

Due to the one dimensional nature of carbon nanotubes there are a limited number
of allowed electron states. The band gap introduced when equation 1.2.1 is not true
results in the semiconducting behaviour of these tubes. Due to the discrete electron
states the transport in metallic SWCNTs can be assumed to be ballistic, meaning
that the resistance is independent of length. This assume no impurities or defects in
the CNT structure.

Transport characteristics of semiconducting tubes are said to be diffusive rather
than ballistic and they tend to show p-type behaviour, meaning that the dominant
charge carriers are positive (holes). The mobility of these CNTs, meaning the ability
for the movement of charge carriers to be influenced by an external electric field,
is reported to be very high, with values of over 20000cm?V~!s~! reported?!, higher
than that of Si based field effect transistors. Further discussion on the semiconducting

properties of CNTs is provided in section 7.2.2.

1.2.5 CNT Network Properties

CNTs can be arranged randomly into a planar macroscopic structure by random
growth or solution deposition, such as in the image shown in Figure 1.2.4. In this case
conduction occurs across a percolating network of tubes. If only metallic SWCNTs
are present in the network then the network will have metallic properties, likewise for
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a network of semiconducting CNTs the macroscopic properties will be semiconducting
in nature. However for a structure containing random chirality CNTs the structure

will tend to act as a semi-metal.

Figure 1.2.4: SEM image showing a random deposit of MWCNTs indicative of a
conducting CNT network of a density significantly above the metallic percolation
threshold.

If the density of the CNT network is carefully controlled then a random chirality
network can be made to show semiconducting properties. This works by reducing
the concentration of CNTs so that 110 electrical percolation is possible through the
metallic tubes alone. However if the density is too low then 110 percolation will also
occur along the semiconducting tubes. The specific density of CNTs where metallic

percolation occurs is known as the percolation threshold.

1.3  Closure, Objectives and Thesis Layout

This chapter has given a brief overview of various printing and CNT concepts that
are applicable to the work discussed in this thesis.

The purpose of this work is to study the potential for use of carbon nanotubes
within a functional ink system. The work has attempted to follow the approach
outlined in section 1.1.2 by initially focussing on the ink formulation. Initial work to
determine ink constituents and manufacturing techniques is described, with the effect
upon wet and dry properties of each variable assessed. Once a base ink formulation
is decided upon the work focusses on the modification of the CNT structures to avoid
the use of surfactants when possible. The effect of modification (or functionalisation)

of the CNTs o1 the wet and dry properties of a printed film are assessed with the
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aim of observing how changes to the nano-scale structure of the CNTs affects the
macro-scale properties of a CNT network.. Finally the work focusses upon a possible
final function of the CNT inks, in this case the use in a fully flexographically printed
thin film transistor. Proof of concept device production and the further refinement
of structure and ink is presented.

The thesis is set out in the following format:

e Part I - Thesis Introduction

— Chapter 1: Introduction. This chapter provides a broad introduction to
the topics of printing, ink formulation and carbon nanotubes and discusses

the motivation for the work.
e Part II - CNT Ink Formulation

— Chapter 2: Introduction and Literature Review. This chapter discusses
developments in CNT ink formulation and deposition and expands on many
of the details described in the thesis introduction.

— Chapter 3: Experimental Techniques and Equipment. This chapter out-
lines the theory underpinning the parameters being measured and the
measurement techniques utilised to investigate the properties of both the
fluid ink and the deposited dry film.

— Chapter 4: Initial Ink Formulation Determination. This chapter discusses
the preliminary work used to decide the ink formulation and production
method.

— Chapter 5: Critical Mixing Energy, CNT Concentration and Function-
alisation. This chapter discusses the investigation into the use of CNT
functionalisation to obtain improved dispersion, and the effect this has on

agitation energy required to create the dispersion.

— Chapter 6: CNT Ink Formulation - Conclusions. This chapter discusses
the results from the previous two chapters and discusses the consequences
of the results in the context of printed electronic applications.

e Part III - Flexographically Printed CNT Based TFT Structures

— Chapter 7: Introduction and Literature Review. This chapter discusses
developments in CNT transistors and mass production of transistor struc-

tures by printing technologies.
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— Chapter 8: Experimental Techniques and Equipment. This chapter out-
lines the theory underpinning the parameters being measured and the
measurement techniques utilised to characterise the printed transistor struc-

tures.

— Chapter 9: Proof of Concept - MWCNT Based Field Effect Devices. This
chapter describes the design and production of the initial TFT structures
utilising MWCNTs as the semiconducting layer.

— Chapter 10: Flexographically Printed SWCNT Based Field Effect Devices.
This chapter describes the design and production of TFT structures using
SWCNTs as the semiconducting layer.

— Chapter 11: Flexographically Printed CNT Based TFT Structures - Con-
clusions. This chapter discusses the results from the previous two chapters
and discusses the consequences of the results in the context of CNT TFT
production.

e Part IV - Thesis Conclusions

— Chapter 12: Conclusions and Further Work. This chapter discusses the
overall conclusions and impact of the thesis and identifies avenues for fur-

ther research.
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Part 11
CNT Ink Formulation
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Chapter 2

Introduction and Literature Review

Since their isolation in 1991 the study of CNTs has increased dramatically, and this
trend shows little sign of abating. Initial research focused on the properties of indi-
vidual nanotubes and studied the effects of chirality upon the electrical properties.
As production methods improved the study of the properties of multiple CNTs in a
mesh structure became popular, as this was seen a likely route for industrial scale
exploitation of the unique properties of CNTs described in section 1.2. These mesh
structures could be produced in a variety of ways, dry deposition, in-situ growth
or solution processing. The solution processing route naturally leads to the use of
printing methods for deposition, and provides the basis of the academic interest for
the work described in this thesis. As understanding and popularity of these solution
processing methods increased so did the application driven research, leading towards
demonstration of a number of devices exploiting the unique mechanical and elec-
trical properties of CNTs in various fields. The potential for ballistic conductance in
metallic CNTs along with the semiconducting nature of other chirality tubes allow
applications in printed digital electronics, photovoltaics and more. Also the use of
solution processed CN'Ts was of great interest to the composite research community
as it provided a suitable route to the use of CNTs as fillers in composites to exploit
their mechanical strength as well as the electrical properties.

This chapter will focus on the key developments in the timeline described above,
concentrating on work related to the printing and coating of CNT solutions. This
literature review alongside the concepts presented in the introduction (chapter 1) will
outline the motivation and scientific basis for the work presented in this thesis.
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2.1 CNT Properties

A basic outline of the properties of CNTs is provided in section 1.2. This section
will discuss these properties in more depth, highlighting the literature that describes

properties relevant to the functionality of CNT inks.

2.1.1 Individual CNTs

2.1.1.1 Electronic Properties

As previously stated, lijima4 is widely regarded as the first person to successfully
isolate and image CNTs. These tubes were produced using an arc discharge method
and all imaged tubes were MWCNTs of varying diameter, as shown in Figure 2.1.1.
The structure of the tubes as a number of distinct cylinders placed inside one another
was proposed, and the potential orientations of the hexagonal lattice when rolled was

discussed.

Figure 2.1.1: The first TEM image of MWCNTs, with illustration of proposed struc-
ture. Image reproduced from ’Helical microtubules of graphitic carbon’. 4

The properties of the lattice when rolled into a tubular structure was further
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studied by Saito et al.> who proposed the notation of the chiral vector previously
described in section 1.2.2. By considering the SWCNTs as strictly one dimensional
structures they calculated the density of states for various chiral vectors and noted
that “the calculated electronic structure can be either metallic or semiconducting
depending on the fibre diameter and on the chiral angle, though there is no difference
in the local chemical bonding between the carbon atoms, and no doping impurities
are present.”%. Two example density of states are shown in Figure 2.1.2. Note the
zero states at zero energy in Figure 2.1.2a, indicating the tube is semiconducting in
nature. The finite state in Figure 2.1.2b indicates a metallic behaviour. They also
calculated that given a random distribution of chiral vectors, two thirds will result
in a semiconducting behaviour and one third will result in metallic behaviour. This
realisation of the fundamental electrical properties of CNTs was key to sparking the

explosion of research into these fullerenes.
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Figure 2.1.2: Density of stated of two zigzag CNTs. (a) shows a semiconducting

tube, (b) a metallic. Image reproduced from “Electronic structure of chiral graphene

tubules”5.

The same research group went on to further discuss the physics of carbon nan-
otubes?®, including studying the electronic behaviour of MWCNTs. They found that
any interlayer interactions between the individual tubes in a MWCNT structure did
not perturb the electronic behaviour of the tubes. Thus they found that the tubes
retained their behaviour and as a result metallic tubes stacked within each other res-
ulted in net metallic behaviour, similarly for semiconducting chiralities. They then
proposed that MWCNTs containing semiconducting and metallic properties could be
used as metal-insulator structures. However it must be noted that the outer shell of
a MWCNT will tend to dominate the transport properties, as predicted by Delaney

et al.?".
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It has also been observed that conduction in pristine metallic tubes is ballistic in
nature, meaning that the mean free path of the charge carriers is greater that the tube
length. This was observed experimentally over partial sections of SWCNTs 28, with
the lack of ballistic conductivity over the entire length blamed on defects. The absence
of backward scattering in the pristine tube structure is key to ballistic transport, and
this was further summarised theoretically by Ando?®, who clarified that the absence
of backscattering in metallic tubes allows the wave function of the charge carriers to
be extended to the whole nanotube.

Research has also focussed on the current carrying capacity of CNTs, essential to
understanding the potential for CNTs in integrated circuits. Wei et al.* performed
studies on MWCNTs and saw that individual tubes were capable of carrying current
densities of up to 10!°A /cm? in normal atmospheric conditions without adverse effect,
which is comparable to traditional interconnect structures such as copper. Theoretical
studies clarified these high values and showed that the limit is dependent on tube
diameter3!.

2.1.1.2 Mechanical properties

The remarkable properties that have kept CNTs in the research spotlight for so long
are not confined to the electronic structure. The bond structure and dimensionality of
CNTs also give rise to remarkable mechanical properties. In section 1.2.3 the headline
figures for tensile strength and Young’s modulus were introduced. It must be noted
that these figures are dependent on a number of tube properties, especially tube dia-
meter. This results in MWCNTs often having favourable mechanical properties over
SWCNTs, especially concerning tube stiffness. A number of studies have confirmed
this, including Hernandez et al.3? who theoretically predicted the dependence of the
Young’s modulus upon tube diameter, giving favourable comparisons with reported
values in the literature at the time.

Determining these properties experimentally is difficult, and most reported results
have been obtained by two main avenues of research. One common method is to study
the vibrations of isolated tubes using a TEM, such as the work done by Krishnan
et al.3%. In this work they studied suitable isolated SWCNTs on a TEM grid, and
measured vibrations at room temperature. This could then be compared to a clamped
cantilever and the Young’s modulus subsequently calculated for a number of samples.
An average value of 1.25TPa was obtained. An alternative method, employed initially

by Yu et al.3! involves studying the properties of macroscopic ropes and deriving the
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individual tube properties from the results. In this case a mean Young’s modulus of
1TPa was derived.

2.1.1.3 Physical properties

The physical properties of CN'Ts are also of interest with regards to printed electronics
applications. The powder density of CNT powder is crucial for future ink produc-
tion, however values are variable depending on production method, post production
treatment, CNT quality and CNT type. Rinzler et al.35, when describing the powder
produced by their initial laser ablation technique described in section 1.2.1.2, quote a
density of 5mg/cm? for the raw powder. However purification and other treatments
can change this value by orders of magnitude, so they clarify that density cannot be
used as a constant for CNT classification. One article by Collins et al.3® quotes CNT
powder density as 1.33 to 1.4 g/cm? but do not state the source of this value.
Another physical property crucial to potential applications of CNTs is the specific
surface area of CNT powders. The potential for CNTs in catalytic applications such as
in dye sensitised solar cells and the need for a simple and quick quantification of CNT
powder quality has led to much research in understanding the specific surface area of
CNT powders. Due to the nanostructure of CNTs the surface areas of macroscopic
quantities is expected to be large. Peigney et al.37 calculated the theoretical surface
areas for a range of CNT structures. Surface areas of approximately 1300m?/g were
predicted for SWCNTs whilst MWCNTs containing 20 walls were predicted to show
surface areas of the order of 100m?/g. These values correlated well with various

experimentally derived values reported in the literature.

2.1.2 Functionalisation of CNTs

Due to the chemical stability and high van der Waals forces observed between carbon
nanotubes their use in macro scale devices is limited. A common method for pro-
cessing powders for device production is via solution techniques, however obtaining
stable dispersions at high concentrations is impossible with pristine CNTs. The use
of solution processing techniques for CNT deposition is discussed in sections 2.2 and
2.3, but to realise these techniques in volume some modification of the CNT is usually
required, the effects of which are also discussed in the aforementioned sections.

1.3 define functionalisation as ’the chemical modification and solubilization

Sun et a
of carbon nanotubes’ and review the two functionalisation types available. One type

is called non-covalent where molecules are adsorbed onto the CNT surface without
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altering the structure of the tube. An example of this is the use of surfactants (see
section 1.1.2.2) for CNT dispersal. The alternative type is covalent, where molecules
are bonded directly to the CNT structure. Due to the hexagonal lattice structure of
CNTs molecules can only bond at the end caps where pentagonal structures exist or
at defect sites. The choice of molecule will usually depend on the application, and the
key for ink formulation is to reduce CNT agglomeration and solublise the tubes. It
was also noted that defunctionalisation is possible by thermal or chemical methods.

Balasubramanian et al.3° reviewed methods for covalent functionalisation. They
noted that the reactivity of pristine CN'Ts (and hence the susceptibility to functional-
isation) is highest at the end caps, with the sidewalls increasing in reactivity as CNT
diameter reduces due to increased strain on the bonds with higher sidewall curvature.
One method for covalent functionalisation is acid refluxing. For example sonication
in concentrated nitric and sulphuric acid adds oxygen containing groups to the CNT
surface, effectively oxidising them. It was observed that this reduced the attract-
ive forces between tubes, reducing the energy required to deagglomerate the CNT
powder. Solubility in aqueous solutions and organic solvents is also improved. Fur-
ther functional groups can often attach to the oxygen groups to suit the application.
To attach specific groups directly to the sidewall other methods may be required.
Other common methods discussed for covalent functionalisation are electrochemical
and photochemical in nature.

Electrochemical functionalisation involves a CNT electrode being immersed in
a solution containing a suitable reagent. If a constant current (or voltage) is ap-
plied across the electrode electron transfer occurs between the CN'Ts and the reagent
solution. This can cause a polymer to coat the tubes, and the functionality type
is determined by the reagent used. This is a popular method due to the degree of
functionality control and the scalability of the process.

Photochemical functionalisation involved illuminating the CNTs by UV radiation
whilst exposing them to specific atmospheres. The technique is still in its infancy,
however promising results have been seen including selective functionalisation of
metallic CNTs, potentially allowing chirality separation (as discussed further in sec-
tion 2.1.4).

One method which was not mentioned in Balasubramanian’s review was that of
plasma functionalisation. Felten et al.%® saw that MWCNTs can be functionalised
by exposure to plasma formed in specific atmospheres. They saw that using oxygen
atmospheres within their plasma reactor various oxygen containing groups (carboxyl,
hydroxyl and carbonyl) were added covalently to the surface of the CNTs. Also
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using ammonia atmospheres introduced amine, nitrile and amide groups to the CNT
shell. The degree of functionality was controllable by tuning of the exposure time,
gas pressure, power applied and the sample position within the plasma. They noted
that this method is scalable and produces no waste, thus is a promising candidate for
industrial scale functionalisation.

Chen et al.#! used plasma functionalisation to oxidise CNTs with similar results
seen. They observed a CNT solubility and solution stability in water, which is not
possible with pristine CNTs. However SEM images showed significant damage to the
CNT surface, though the tube form remained.

This damage to the CNT structure was investigated further by Shoda et al.*
who investigated fluorination of MWCNTs in plasma by use of a tetrafluoromethane
atmosphere within the reactor. It was seen that the functionalisation only occurred
to the outer layer of the MWCNT, however TEM images showed an increase in
observable defects including the destruction of individual layers. The degree of defects
observed was directly proportional to reactor power, and they concluded that care
must be taken to balance the functionality required whilst maintaining the CNT
structure.

Tseng et al.*® applied plasma functionalisation to reinforcement of epoxy compos-
ites. By choosing a compatible functionality they saw that the CN'Ts would become
covalently integrated into the epoxy matrix through the covalent functional groups.
This resulted in significant improvement in the composite properties, including an
85% increase in tensile strength compared to non functionalised CNTs.

2.1.3 CNT Network Properties

The concept of CNTs being arranged in a network structure and the macroscopic
properties that result was introduced in section 1.2.5. This section will discuss these
properties in more depth, reviewing the relevant literature.

The electrical properties of randomly orientated CNT networks have been extens-
ively studied. Kim et al.** studied the temperature dependence of the DC conduct-
ivity of SWCNT sheets produced by arc discharge methods. They observed that the
conductive properties of the network became non-ohmic below 15K. This means that
the current does not depend linearly upon the voltage, as predicted by Ohm’s Law.
This behaviour was unexpected due to the fact that metallic CNTs do not display this
behaviour independently, summarising that it must be a property of the tube-tube
contact. This conclusion was reinforced by a good agreement of the practical data

with a model that included fluctuation induced tunnelling at the tube contacts.
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The study of the origin of this non-ohmic behaviour was continued by Kaiser et
al.*® who showed that the resistance of the SWCNT networks is dominated by barriers
consisting of non-metallic defects, whether that be tube defects or tube-tube contact
points. They noted that there was a discrepancy in the understanding of the depend-
ency between conductivity and temperature, wherein the conductivity increases to a
maximum before decreasing at lower temperatures. This suggests that metallic and
non-metallic tube segments are in series, meaning that the resistances accumulate in
a summation. Assuming that the resistance of non-metallic barriers will dominate at
low temperatures but decrease as temperature increases, and that metallic segments
show a linear positive dependence on temperature as expected then the behaviour
can be accounted for. This theory was further tested by analysis of the frequency de-
pendence of the CNT network resistance. At increasing frequencies the contribution
of the barrier resistance should decrease due to the spatial movement of the carriers
decreasing. This means that as frequency increases the conductivity should increase,
until the conductivity in the metallic portions is inhibited, as predicted by the Drude
model of electrical conduction. This dependence was experimentally observed and
modelled, with good agreement seen.

Research also focused on the CNT density dependency of the network properties.
Hu et al.4® formed varying density networks and studied the 2D percolation behaviour.
They found that the behaviour of the network could be described by percolation
theory using a model of conductive rods. This predicted that the conductivity was
proportional to the density (N), with a critical density (NN.) that needs to be achieved

before the network becomes percolating. The predicted dependence was

o x (N — N.)* (2.1.1)

where « is a dimensionality constant for which, in the two dimensional case, a = 1.33
and in the three dimensional case o = 1.9. The best fit for their data was a = 1.5,
which is attributed to the range of densities they performed their measurements over.
They summarised that further understanding of this percolation behaviour will be
critical to the development of CNT networks.

Bekyarova et al.?” studied the effect of varying CNT type (SWCNT as produced,
purified and functionalised) upon the percolation behaviour of sprayed CNT films.
By repeated overspraying they found a critical thickness above which conductivity
rapidly increased, and below which non ohmic behaviours was observed similar to that
described by Kim* and Kaiser?®. The effect of CNT functionalisation (in this case
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octadecylamine and poly(m-aminobenzene sulfonic acid)) was to increase the percola-
tion threshold due to the increased tunnelling barriers, meaning that the functionality
was effectively reducing the concentration of conducting pathways. Calculated val-
ues of o confirmed that near the percolation threshold the network behaves as a two
dimensional percolating system, as predicted by Hu 6.

One of the leading research groups in the field of nanoparticle percolation is
the ’Chemical Physics of Low-Dimensional Nanostructures’ group in Trinity College
(Dublin, Ireland) led by Prof. Coleman. A number of papers have been released
from this group in the field of carbon nanotube networks, including one by Lyons et
al.*® which studied the relationship between DC conductivity and film morphology.
They emphasised that macro scale CNT networks consist of networks of CNT bundles
rather than individual CNTs. By comparing the density of the CNT powder and the
CNT films created an estimate of the porosity of the films was made and a resulting
CNT junction density calculated. This was found to be linearly proportional to the
film conductivity. By calculating an interjunction resistance in the range of 70k(2 to
3.5MQ) they suggested that ITO performance (90% transmission at 550nm at sheet
resistivities of less than 902 /J) should be possible if high quality, defect free metallic
CNTs are used. It was also shown that their model agrees with percolation theory
near the percolation threshold, reinforcing the view that percolation theory is only
valid near this point.

1.9 calculated upper bounds

A later paper from the Coleman group by Pereira et a
of the conductivity achievable in CNT networks assuming ideal contact between
pristine CNTs. This estimation showed a dependency of the maximum conductivity
upon volume fraction, tube length and tube diameter. By comparing the calculated
conductivities with experimentally derived values they saw that limited improvement
was achievable. Films of 6 x 10°S/m were produced against a theoretical maximum
(in this case) of 9 x 10°S/m, indicating that the further improvement in CNT films
will be limited due to the experimental impossibility of many of the assumptions
made in the upper limit calculations. This implied a shift in viewpoint within the
research group about the potential for CNT films.

A further paper was released from the same group by Nirmalraj et al.® that
studied the effect of CNT type upon junction resistance. It was seen that acid treated
(functionalised) CNTs displayed significantly lower junction resistances compared to
pristine and thermally annealed tubes. This was measured by the use of conductive
AFM techniques, as illustrated in Figure 2.1.3. The c-AFM images (Figure 2.1.3 (a)

and (d)) allowed localised resistance measurements to be made (graphs (b) and (e),
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illustrated in (c) and (f) respectively). It was suggested that this may be due to
increased availability of charge carriers in the acid treated tubes. Increasing bundle
size was also seen to result in an increase in junction resistance, highlighting the
need for efficient deagglomeration of the CNT bundles during processing. The linear
relationship between junction resistance and macroscopic film conductivity was also

observed experimentally.
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Figure 2.1.3: Conductive AFM image on low density acid treated CNT networks
showing junction resistances. Reproduced from ’Electrical Connectivity in Single-
Walled Carbon Nanotube Networks’6.

CNTs are not the only nanostructure proposed for use in ITO replacement. The
Coleman group, in a paper authored by De et a/.50 modelled the relationship between
transmittance and sheet resistivity for various nanostructures including CNTs, graphene
flakes, Ag nanowires and Ag flakes. They found that low diameter and low thickness
structures are optimal for the application, and suggested Ag nanowires were the most
promising candidate for ITO replacement, confirming the shift in viewpoint from the
results of Lyons et a/.48.

However, the peak performance of CNT films may be improved by the addition
of conductive polymers as a further component in CNT dispersions, as studied by
Kyrylyuk et a/.51 (amongst others52). The addition of conductive fillers to the CNT
matrix was modelled and it was observed that this addition had the effect of lowering
the percolation threshold. The model compared favourably with experimental data,
with a percolation threshold of 0.4wt% seen for a SWCNT-polystyrene multicompon-
ent dispersion. However further understanding of the optimal particle morphology
and transport between the two components of the dispersion is required to exploit

the work fully.
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2.1.4 Separation of Chiralities

As discussed in sections 1.2.4 and 2.1.1.1, the electrical properties of CNTs are pre-
dominantly governed by their chirality, with two thirds of randomly produced CNTs
being semiconducting in nature and the remaining third metallic. Significant research
effort has been spent on discovering a way to separate these chiralities, either by select-
ive growth or post production separation. At the time of writing no selective growth
mechanisms have been shown to be viable on a significant scale, whilst a number of
post production separation techniques have been developed and commercialised to a
limited degree.

Initial post production techniques were prompted by the need to improve CNT-
FET efficiency (see chapter 7 for further discussion on CNT FETs). This required
the destruction of metallic CNTs in a percolating network, and was performed by
applying high enough currents to induce electrical breakdown7. As mentioned in
section 2.1.1.1, it has been shown that CNTs can withstand high current densities,
meaning that this technique requires high currents to be applied over significant

timescales, as seen in Figure 2.1.4.
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Figure 2.1.4: The breakdown ofa MW CNT during constant voltage application can be
seen in discrete steps as individual shells are destroyed. Reproduced from ’Engineering
Carbon Nanotubes and Nanotube Circuits Using Electrical Breakdown’7.

Alternative techniques have focussed on non destructive solutions. Krupke et
a/.53 used a dielectrophoresis technique to separate chiralities in solution. SWCNTs
were dispersed in a stabilised D20 solution and deposited onto an electrode. An AC
generator operating at a frequency of 10MHz and peak-to-peak voltage of 10V was
applied and it was observed that due to the different relative dielectric constants of

the metallic and semiconducting CNTs the metallic CNTs were drawn to the electrode
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whilst the semiconducting tubes remained in suspension. This method only works if
the CNTs are in pristine dispersions with no bundles, and was only proven on 10 ul
droplets, though it is claimed the method is scalable. Another technique discussed by
Campidelli et al.?* was selective functionalisation of CNT chiralities. Various methods
to achieve this were introduced, including using selected molecules that preferentially
bond to particular CNT types, and allowing the non-functionalised tubes to precip-
itate out of solution. The most promising method in terms of commercial potential
appears to be based upon density gradient centrifugation. Chen et al.%® found that
after addition of bromine to a surfactant stabilised aqueous solution of deagglomerated
CNTs the surfactant is selectively destabilised. After centrifugation the supernatant
was shown to contain an enhanced proportion of semiconducting tubes. The selective
use of surfactants is key to this technique, and the work was furthered by Arnold et
al.®® who achieved purities of 97% when using density gradient centrifugation. The
method appears scalable with yields of 2.3% reported, which could provide gram
quantities of sorted CNTs using a standard industrial scale centrifuge. This method
is currently being commercialised by nanointegris (http://www.nanointegris.com/),
but at the time of writing costs are still prohibitive for many applications.

It must be noted that progress has been made in the field of selective growth. Re-
cently, Sundaram et al.%” found that under certain growth conditions, CNTs produced
using their proprietary CNT fibre spinning technique were predominantly metallic in

nature.

2.2 CNT Solutions

Two methods are available for the production of CNT networks as described above.
Either the CNTs can be grown in-situ, or they can be deposited onto a substrate from
an initial powder production. Deposition usually occurs via solution techniques for
ease of processing. To produce a stable dispersion of CNTs for solution deposition is
not a trivial matter, and this section outlines the relevant literature in this field.
The definition of a suspension and solution (or dispersion) was discussed in section
1.1.2.3. It must be noted that confusion sometimes seems apparent in the literature
with respect to the terminology used for CNT solutions. In all cases the terminology

used will be taken from the source material.
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2.2.1 Solution Production

To obtain a dispersion of CNTs from a standard powder product a suitable solvent
must be chosen and the CNTs mixed using a suitable technique. CNT powders tend
to consist of large bundled agglomerations often tens or hundreds of micrometers in
diameter which need to be broken down to obtain suitable dispersions. An example
SEM image of typical agglomerations in a commercial SWCNT product is shown
in Figure 2.2.1. Care must be taken during this deagglomeration and mixing, as
incorrect choice of solvent or mixing technique may damage the CNTs. Many mixing

techniques were outlined in section 1.1.2.3 and are discussed in detail in section 3.2.1.

126um

S4800 10.0kV 8.8mm x40 SE(M) 1.00mm

Figure 2.2.1: SEM image highlighting typical agglomeration sizes in an untreated
commercial SWCNT powder.

Lu et al.5Hstudied the use of sonication for CNT powders in methylene chloride
(DCM, CH:CI:2)- Samples were tip sonicated for various timescales at a power of
17W. After sonication a number of defects including buckling, bending and disloca-
tions were directly observed using high resolution transmission electron microscopy
and indirectly using Raman spectroscopy. It was shown that the magnitude of defect
observance was directly proportional to the sonication time.

Due to their high chemical stability carbon nanot.ubes are insoluble in most
solvents, including water. DCM has shown promise as a solvent for carbon nan-

otubes, but is highly volatile, making it unsuitable for many applications. Further
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development in the field was required to identify alternative solvents. Ausman et al.>®

studied a variety of solvents with the aim of reducing agglomeration and obtaining
pristine, stable solutions of CNTs at high density. They used uv-vis spectroscopy to
characterise their dispersions after bath sonication, with higher absorbance indicating
increased CNT content in the dispersion. They found two solvents showed promise,
n-methyl-2-pyrrolidone (NMP, CsHoNO) and dimethylformamide (DMF, C3H;NO).
Both showed similarities in various chemical parameters, but a solvent specification
for CNT solubility was unable to be concluded.

This work was furthered by Bhar et al.%® who studied a wider range of solvents
specifically for small diameter tubes (which tend to be more reactive). Again, uv-
vis spectroscopy was used to quantify the solution quality, and they were able to
calibrate this against the physical mass of CNTs remaining in the dispersions after
centrifugation and filtering. The results are shown in Table 2.2.1. The results for NMP
and DMF seen by Ausman et al.%® were verified by this study, with several superior
candidates in terms of solubility identified. It must be noted that many of these
chemicals show less than ideal properties with regards to health and safety aspects
when studying this literature from a potential ink manufacturing point of view. The
key similarity between the solvents identified as suitable for CNT dispersions was
high polarity.
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Solvent mgL-1

1,2-Dichlorobenzene 95
Chloroform 31
1-Methylnaphthalene 25
1-Bromo-2-methylnaphthalene 23
N-Methylpyrrolidinone 10
Dimethylformamide 7.2
Tetrahydrofuran 49
1,2-Dimethylbenzene 47
Pyridine 43
Carbon disulfide 26
1,3,5-Trimethylbenzene 23
Acetone —b
1,3-Dimethylbenzene —b
1,4-Dimethylbenzene —b
Ethanol —b
Toluene —b

4 The sonicator bath water temperature rose to ca. 35 °C over the course of
1 h. & Solubility in these solvents was <1 mg L—1

Table 2.2.1: Table showing room temperature solubility of SWNCTs in various
solvents. Reproduced directly from ’Dissolution of small diameter single-wall car-
bon nanotubes in organic solvents ' .

To disperse CNTs in solvents that do not typically show high CNT solubility some
type of chemical modification or functionalisation is required, as discussed in section
2.1.2. The addition of surfactants is a common route to improve solution stability
in the ink making process. Islam et al.5! attempted to solubilise SWCNTs in water
by use of various surfactants. Atomic force microscopy (AFM) of dried deposits was
used to quantify the dispersion quality. Bath sonication was used for mixing and
mass fractions of stable, isolated CNT solutions as high as 20mg/ml were obtained.
The surfactant that showed the most promise was NaDDBS-HiPCO, with the optimal
CNT:surfactant ratio being between 1:5 and 1:10. As mentioned in section 1.1.2.2,
surfactants are not ideal for printed electronic applications, but may be a 'necessary
evil’. It was noted that the surfactant could be removed at temperatures over 180°C,
however this would be unsuitable for most plastic film printing substrates. Paper
could be used as a substrate at that temperature, but films are often preferred due
to lower surface roughness.

With a number of suitable solvents identified, Hilding et al.® studied the effects of
various mixing techniques upon the CNT dispersion (the fundamentals of these mixing
techniques are described in section 3.2.1). Verifying the aforementioned work of Lu
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et al.%8, sonication was seen to shorten SWCNTs and remove shells from MWCNTs.
The common usage of probe sonication for CNT deagglomeration was noted, and
it was summarised that the damage was done by bubble formation and implosion
during cavitation at the tip. Tube length decreases of 40% were seen between probe
sonication times of 5 and 20 minutes. In comparison, bath sonication was seen to
show a decrease of 60% between 5 and 20 minute sonication times. It was noted
that probe sonication caused significant tube shortening during the first 5 minutes
of sonication, resulting in the smaller percentage decrease between 5 and 20 minute
sonication times as the tube lengths tended to reach the same minimum for both
methods. It was also observed that poor dispersions for composite applications gave
extrudates that would not draw down homogeneously. The sonication energy required
for MWCNT dispersion for composite applications was empirically modelled and the
results are shown in Figure 2.2.2. Ball or Bead milling was also examined as a method
for mixing CNTs, however destructive results were seen with significant amounts of
amorphous carbon observed post processing, indicating complete break down of the
CNT structure. It was noted that ball milling had been investigated for a number of
alternative CNT applications, including CNT production from graphite, with limited
results. Also intercalation of CNTs with various compounds (Li, K, Rb and Cs) was
performed by ball milling for battery applications. Promising intercalation results
were seen but care had to be taken not to apply excessive energy to the system which
would result in the aforementioned CNT destruction. Finally the use of grinding or
rubbing techniques was assessed. Hand grinding using mortar and pestle was used,
and conclusions can also apply to techniques such as triple roll milling. Significant
agglomeration reduction occurred, with minor length reduction of individual tubes

observed. CNT defects were observed, but the data appears inconclusive to the cause.

44



200000

160000 J—
L]
Q 120000
¢ data
2 80000 11 model
40000

0 0002 0004 0006 0008 0 01 0012 0014
wt fraction MWNT in DMAc

Figure 2.2.2: Sonication energy required for dispersal of MWCNTs in DMAc. Repor-
ted energy densities are high in comparison to scoping experiments and Garg et al.§,
suggesting that the y axis may be actually in units of J/litre. Image reproduced from
‘Dispersion of Carbon Nanotubes in Liquids’9.

In the same article the use of functionalisation to change the interaction between
the CNT and surroundings was discussed, aiming for increased solubility. By using
acid treatment the CNT powder is purified, removing catalyst particles and unwanted
carbon residue. Oxidation occurs to the CNTs and shortening of the tubes is apparent,
probably caused by the tubes being cut at defect sites. The strength of SWCNTs is
usually degraded by approximately 15% using this oxidation method. They conclude
that acid treatment is as destructive as ball milling to the CNT structure.

A number of surfactants were also utilized to non-covalently functionalise the
CNTs. Suitable surfactants found were SDS and Triton X-100. Polyvinyl alcohol
(PVA) was also tested, but was not seen as an efficient stabiliser. Issues removing
the surfactant post processing were noted, reducing the effectiveness of the CNTs in
most applications.

Sonication is the dominant tool for mixing of CNT dispersions due to the speed and
repeatability of probe equipment, despite the increase in CNT defects it causes. Park
et al.62 used sonication to disperse CNTs in water, with similar results to previous
work9 with respect to size reduction in relation to sonication power. The addition
of surfactant to the system was shown to increase the size reduction effect of the
sonication. The percolation threshold was measured in the resulting composites at
around 0.75wt% of CNTs.

When a solution of CNTs is obtained, they are often not stable with respect to

time. Flocculation, or reagglomeration, has been observed to occur in short times-
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cales, therefore optimisation of the dispersion to improve stability is often required.
Measurement of this reagglomeration and settling was performed by Lee et al.%®
who studied the stability of pristine and functionalised (oxidised using acid treat-
ment) MWCNTs in various solvents. The stability was assessed by measurement of
the backscattering of monochromatic light, among other methods. Solutions were ob-
tained by probe sonication for 15min at a concentration of 0.01wt% CNTs. Significant
aggregation was observed in timescales of approximately 2 hours. Functionalisation
was observed to increase the stability of the dispersions, with certain dispersions
showing perfect stability over 24 hours, and visually stable over timescales of months.
The Coleman group, mentioned in section 2.1.3, has also studied CNT dispersal.
Bergin et al. have published a number of articles studying suitable CN'T solvents and
their properties. One article % identified two solvents, structurally similar to NMP,
cyclohexylpyrrolidone (CHP, Cy9H;7NO ) and 1-benzyl-2-pyrrolidinone (NBenP, C1; Hi3NO)
showed high CNT dispersability up to 0.33wt%. Both are less toxic than NMP but
higher in unit cost, a key consideration for commercial ink manufacture. A further art-
icle® started to look at the potential for pristine, spontaneous dissolution of SWNCTs
without functionalisation. They studied the enthalpy of the mixing process to find
suitable solvents and compared to experimental data. They showed that 0.001wt%
SWCNTs dispersed without mixing in NMP, compared to 0.35% in superacids such
as chlorosulfonic acid. They concluded that a solvent can be shown to be suitable for
CNTs when the surface energy is similar to the surface energy of graphitic surfaces.
This work was continued by comparing the maximum stable concentrations achievable
in various solvents. A summary of some of the solvents is shown in Table 2.2.2. The
limited use of many solvent parameters to predict CNT solubility was discussed and
suggested that further understanding of the interactions at the CNT-solvent interface

is required.

[Solvent | Cngs (mg/ml) |

CHP 3.5
DMPU 0.65

NBP 0.279
NBenP 0.18

NMP 0.116

Table 2.2.2: Table showing maximum stable concentration (Cp.,) of SWCNTs in
various solvents. Data reproduced from 'Multicomponent Solubility Parameters for
Single-Walled Carbon Nanotube —Solvent Mixtures’ 54,
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Once a stable solution of CNTs is obtained, the effect of ambient conditions on
long term stability must be considered, especially when looking at ink applications.
Sun et al.% (also from the Coleman group) studied the degradation of NMP-CNT
dispersions when exposed to varying storage temperatures and humidity. Due to the
reported hygroscopic nature of NMP, water uptake can result if not stored correctly.
The uptake of water was seen to significantly accelerate sedimentation at high concen-
trations, however the effect was negligible below 10% H,O concentration. Solutions
were found to be stable with respect to temperature within the range of +40°C.
Outside this range sedimentation was accelerated.

The effect of CNT functionalisation has also been examined within the Coleman
group. Amiran et al.®” obtained commercial functionalised SWCNTs (functionalised
with PABS, PEG and ODA) and dispersed them in various solvents. They found
that optimal solvents had solubility parameters close to that of the functional groups,
indicating that functionalities are the dominant factor rather than pristine CNT solu-
bility. Concentration dependent aggregation was minimised by the functionalisation,
with stable dispersions of 4.4mg/ml observed. All samples were sonicated using a
mixture of probe and bath sonication, with 5 minute exposure to a probe (750W.
40% amplitude, 60kHz, sample cooled in ice bath), followed by bath sonication for 1
hour and then finally tip sonicated for a further 5 minutes (same settings). Remaining
aggregations were then removed by centrifuge.

It must be noted that much of the research towards CNT solubility also applies to
alternative fullerenes. In a recent review, Coleman ®® demonstrated that many of the
lessons learnt from the CNT research can be used in the field of graphene dispersions.

2.2.2 Rheological Properties

The concept, theory and measurement of rheology is discussed in detail in section
3.3.1. Much research has been done on the rheological properties of CNT dispersions,
especially in the polymer composites field where careful control of the rheology is
key to efficient production. There are many overlaps with composite production and
ink formulation, especially in the rheology of polymer/CNT mixtures. Also, Green
calls rheology a 'promising’ candidate for characterisation of CNT dispersions.
Pétschke et al. 7 studied the effect of CNT content upon the rheological behaviour
of MWCNT polycarbonate compression moulded composites at temperatures of 170
to 280°C. They saw that a significant change in the rheological behaviour occurred
at a CNT content of 5 to 0.5wt% depending on temperature. The rate of increase

in viscosity increased significantly above these critical values of CNT concentration.
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The electrical percolation threshold was observed to be 1wt% in this system. This
strong temperature dependence is attributed to interaction between the CNT and
polymer networks.

A similar study but with functionalised CNTs was performed by Sung et al.” who
used CNTs oxidised by acid treatment in hydrogen peroxide. The correlation between
a rheological and electrical percolation threshold was observed. The oxidation of the
CNTs resulted in a reduction in the percolation threshold and a reduction in the
viscosity of the system.

The quality of the dispersion has also been seen to have a significant effect upon
the rheological properties of the composite, indicating that the rheological properties
of a CNT solution may be a viable indicator for the dispersion quality. Song et al.'®
studied the effect of CNT dispersion quality upon the rheological behaviour of an
epoxy nanocomposite resin. They used two mixing methods, one was a combination
of pre-sonication in a solvent before further sonication and shear mixing into the epoxy
resin, which was observed to provide higher quality dispersions that the alternative
method which was sonication directly into the resin. It was seen that increasing CNT
loading increased the complex viscosity magnitude (or dynamic viscosity), with the
rate of change of the viscosity increase smaller for well dispersed CNTs, as shown in
Figure 2.2.3. Poorly dispersed CNTs also showed a higher degree of non-Newtonian
behaviour. The tensile strength of the hardened composites were seen to increase
with higher CNT loading if the CNTs were well dispersed. However, if the CNTs
were poorly dispersed, a decrease in the tensile strength was observed highlighting
the importance of dispersion quality upon application performance.
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Figure 2.2.3: Magnitudes of complex viscosity of epoxy composites with varying CNT
loadings. (a) shows well dispersed CNTs, (b) is poorly dispersed. Image reproduced
from ’Influence of dispersion states of carbon nanotubes on physical properties of
epoxy nanocomposites’!°,

This increase in viscosity for poorly dispersed CNTs can be explained by an
increase in the volume fraction of CNTs within the solution. Work on the effect
of particle size distribution upon the viscosity of suspensions was performed by
Barthelmes ef al. 7 who showed that an increase in volume fraction of solids within
a solution increases the viscosity of the solution. Though the work was not specific-
ally concerning CNTs the same principles can be applied. When aggregated into
bundles void spaces are created, thus increasing the volume fraction in the dispersion
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compared to a deagglomerated dispersion, for the same weight fraction. As a result
deaggomeration will reduce the volume fraction, and therefore reduce the viscosity.
This use of viscosity to characterise the dispersion quality has been investigated
by a number of groups. Cotiuga et al.!! studied the viscosity change during mixing
of a stabilised aqueous solution of SWCNTs. A CNT dispersion was compared theor-
etically to a rigid rod polymer system (a technique also proposed by Green et al.™),
with a model derived as such. The model predicted a viscosity that is strongly de-
pendent upon rod length and diameter, and therefore it was suggested that viscosity
could be used to predict dispersion state. During sonication it was experimentally
observed that the solution viscosity increases with time to a maximum, after which it
decreases in an exponential fashion, as shown in Figure 2.2.4. This behaviour can be
explained as the exfoliation of individual tubes from bundles increasing the viscosity
until the sonication starts to damage the CN'Ts by cutting them at the defect sites (as
discussed in section 2.2.1), resulting in a viscosity decrease. The behaviour is similar
for both bath and probe sonication techniques, with the lower applied energy of the
bath resulting in a lower viscosity peak due to fewer exfoliated CNTs. The use of this
technique for CNT solution characterisation was also supported by Grady 7.

specific viscosity

Ll

0 30 60 20 120 150 180

ultrasound irradiation time (min)

Figure 2.2.4: Effect of sonication time upon specific viscosity for a stabilised SWCNT
aqueous solution. Ultrasonic bath mixing is represented by squares, ultrasonic probe
by triangles. Graph reproduced from 'Block-Copolymer-Assisted Solubilization of
Carbon Nanotubes and Exfoliation Monitoring Through Viscosity’ !.

Garg et al.® performed a similar experiment with MWCNTs and saw analogous
results. Optimal sonication parameters for 1wt% MWCNTs in an aqueous Gum
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Arabic solution was sonicated for 40 minutes using a 130W, 20 kHz ultrasonicator
resulting in a specific energy applied of 113J/g. Sonication was performed in 5 minute
periods punctuated by 5 minute periods of magnetic stirring to improve dispersion
homogeneity.

Huang et al.!2 studied the rheological properties of MWCNTSs dispersed in a vis-
cous polymer solution. Shear mixing was used, with energies applied below the
amount predicted to damage individual CNT structures. A critical time was seen
for which the dispersion had to be mixed before the rheology became consistent and
reproducible. Below this time CNT solutions were observed to be inhomogeneous and
often showed erratic rheological behaviour. CNT concentration was also seen to be
a factor in the rheological properties, with a 'mechanical percolation’ threshold ob-
served below which solution stability is high and viscosity dependence upon the CNT
concentration is linear. Above this threshold it appears an elastic network forms and
the dependence of viscosity upon CNT concentration becomes non-linear, as shown

in Figure 2.2.5.
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Figure 2.2.5: Real component of complex viscosity of dispersed CNT suspensions at
varying concentration. Note the linear dependence at low concentrations (illustrated
by the solid line) and the non linear dependence at higher concentrations (dashed
line). Graph reproduced from 'Dispersion rheology of carbon nanotubes in a polymer
matrix’ 12,

Pegal et al.” saw that the dispersion behaviour of MWCNTs was highly vari-
able, with similar CNT types from different suppliers showing significant changes in
percolation threshold. Even samples from the same supplier showed variations. The
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agglomeration strength of the CNTs is cited as the most important property with
respect to dispersion behaviour. They also showed that sonication type showed no
effect upon sedimentation behaviour, comparing two hours of low power sonication
with five minutes of high power. Secondary agglomeration was observed after mixing,

with prolonged mixing having no effect upon the rate of reagglomeration.

2.3 CNT Printing for Conductive Films

Once a suitable CNT dispersion is obtained it must be deposited in a suitable manner
onto a substrate for printed electronics applications. A number of methods to achieve
this have been studied, the choice of which is often dependent on the application. All
printing methods discussed are outlined in section 1.1.1.

2.3.1 Coating - Dip, Spin, Spray

For proof of concept device fabrication of transparent conductive coatings over large
areas dip, spin or spray coating is commonly used due to the low equipment cost
required. Dip and spray coating are scalable to roll-to-roll technologies, however spin
coating is not.

Schindler et al.™ used spray coating to deposit a surfactant stabilised SWCNT
aqueous coating onto heated substrates (glass and varieties of plastic). Solutions were
produced by probe (24kHz) sonication, followed by bath sonication (39kHz) and high
speed (40000g) centrifugation for one hour. After spray coating the CNTs were im-
mobilised by spin coating a polyimide layer above. Sheet resistivities of 400€2/] were
observed at 80% transmittance. It was shown that the polyimide layer increases sheet
resistivity by approximately 10%. The lower the surface roughness of the substrate
the lower the sheet resistance due to improved percolation through the CNT network.
They also note poor homogeneity of the resistance of the films over large areas.
Song et al.”” used a combination of dip and spray coating methods to deposit
thin films of SWCNTs onto flexible substrates. SWCNTs were dispersed in DCE
at 0.1mg/ml by bath sonication and centrifugation. Substrates were dipped (in an
argon atmosphere to avoid moisture absorption) for 2 seconds between 100 and 400
times. After 100 cycles sheet resistivities of 1300§2/0] were observed at 88% trans-
mittance. After one layer of spray coating in addition to the 100 dip cycles sheet
resistivity was reduced to 340Q2/0J at 80% light transmittance. It was concluded that
the spray coating improved the film homogeneity as it was observed through sheet
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resistivity measurements that dip coating appears to introduce CNT alignment in the
dip direction.

Kim et al.” used spray or spin coating for producing SWCNT films for use in
organic solar cells. SWCNTs were dispersed in DCA by mild sonication and centrifu-
gation at an initial concentration of 0.001wt%. Aqueous solutions were also produced
by the same method using SDS or SDBS as the surfactant (surfactant to CNT ratio
was approximately 10:1). Spray coated films were seen to be rougher than spin coated,
though spin coating required several hundred repetitions to build up a film over 20nm
thick. All films were deposited on coated glass and were treated by thermal and acid
treatments to remove impurities such as surfactants and to oxidise the CNTs. Aver-
age reported sheet resistivities for the spray coated samples was 62.5/00 at 62.5%
transmittance and 128€2/00 at 90% transmittance for the spin coated samples. Or-
ganic photovoltaic cells with efficiencies similar to that of ITO were reported using
the DCE and SDS stabilised solutions.

Rahy et al.” studied the coating of SWCNTs onto flexible substrates. SWCNTs
were dispersed in methanol using probe and bath sonication, then diluted further
with methanol and constantly agitated using bath sonication during a dip coating
process. PET (UV treated) and PEN substrates were dipped for varying timescales
to control the layer thickness and dried under ambient conditions. Optimal results
were seen using purified SWCNTs with sheet resistivities as low as 110Q2/0] at 88%
transmittance observed. CNT films were seen to retain their electrical properties
under bending angles of over 90° compared to a maximum of 30° for ITO films. The
PEN substrate was seen to be superior to PET which is attributed to the fact that
it is more hydrophobic and has lower surface roughness.

The aforementioned Coleman group has also studied the deposition of CNT solu-
tions on flexible substrates®’, targeting a transmittance of at least 90% for potential
ITO replacement applications. Samples were dispersed in an SDS solution using a
combination of probe (750W, 20%, 60kHz) and bath sonication before centrifugation
and dilution to 0.1 to 0.2 mg/ml. Samples were then spray coated onto a heated
PET substrate before rinsing to partially remove surfactant. Some samples were acid
treated to remove surfactant and dope the CNTs, this was seen to result in a 70%
drop in resistivity. For films with a transmission of 90% sheet resistivities of below
400€2/0 were observed.
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2.3.2 Flexography

To the best knowledge of the author, no literature has been published concerning the
printing of CNT based solutions using flexography.

2.3.3 Gravure

The Noh group, based in Sunchon National University, have been working towards

8182 Tnitial work

the goal of direct printing of CNT based solutions using gravure
discussed the printing of CNT based TFT devices using gravure for all layers except
the CNT active layer, which was printed using inkjet techniques. Further discussion
of this device structure and performance is in section 7.2.2.2. This work has been
advanced by combining roll-to-roll (continuous) and roll-to-plate (batch) gravure tech-
niques. Roll to plate techniques involve the image to be printed being engraved on
a flat plate, with the substrate being wound around a cylinder which is brought into
contact with the plate. CNT inks were printed using the roll-to-plate process, but
without explanation as to why. This may be due to the low viscosity reported for
their CNT solution resulting in the inability to use roll-to-roll ink chambers.

The use of gravure to print CNT based inks is also covered in US patents 8384,

2.3.4 Screen

The deposition of CNTs by screen printing can provide a thicker deposit than other
techniques. This lends itself to particular applications, including field emission devices
and for printed sensors.

Li et al.® formulated a CNT screen printing paste by shear mixing CVD grown
MWCNTs at concentrations of 10, 5 and 3wt% with ethylcellulose and terpineol.
This formed what the authors described as a ’slurry’, which was printed using a
350um mesh, indicating that large agglomerations were present. The prints were
then sintered at temperatures up to 400°C to remove organic residue. Field emission
devices were produced and it was observed that there is an optimal CNT concentration
for the application, which in this case was approximately 5wt%.

Lee et al.® discussed the issue of field emission luminosity being limited by CNT
bundles and lack of protruding CNTs. A similar ink formulation was used as Li et
al.8% replacing the shear mixing with a triple roll mill, which was found to reduce
agglomerations and improve homogeneity. The CNT layer surface was found to be
controllable by use of controlled atmosphere high temperature sintering. By using a

combination of nitrogen and air atmospheres during sintering steps at up to 430°C an
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increase in CN'Ts protruding from the layer surface were observed under SEM. This
resulted in reduced turn on voltage and improved emission uniformity.

Choi et al.®" also produced CNT based field emitters via a pseudo screen printing
technique. Inks consisted of SWCNTs dispersed in isopropanol and a nitrocellulose
binder which was removed after printing by heat treatment.

The use of carbon electrodes is well established for screen printed biosensors.
Wang et al.®® discuss the potential increase in electrode performance with respect to
sensitivity and stability by use of CNTs. An ink was formulated using MWCNTS
(hand ground to reduce agglomeration size), isophorone, PVC, DBE-4, and DBE-
5 mixed via an unspecified technique until observed to be homogeneous. Screen
printing was performed manually, and samples were dried for one hour at 150°C. In
comparison to similarly prepared carbon electrochemical sensors the CNT electrodes
showed an improvement in sensitivity to various analytes with an increased signal-
to-noise ratio. The resistance of the CNT lines was 2400€) compared to 2202 for a
commercial carbon ink.

The use of screen printing to print CNT based inks is also covered in US pat-

ents83:84,

2.3.5 Inkjet

Inkjet has been the most popular method for patterned deposition of CNTs due to
the low cost and availability of the printing equipment. The first inkjet printed CNTs
were reported by Fan et al.3 MWCNTs were acid treated and dispersed in water
via sonication and centrifugation. Although acid treated CNTs should disperse in
water to a degree, a dispersant named S27000 was used, presumably to also lower
the surface tension of the solution for inkjet printing (a requirement discussed in
section 1.1.1.4),. Prints were made on paper, and an exponential behaviour was
observed for the surface resistance with number of overprints. The nozzle diameter
reportedly used was 1pm, meaning that the CNTs must have been of short length and
agglomerated in bundles of no more than approximately 100nm for successful printing,
indicating the acid treatment had a severe shortening effect. The same group have
advanced this work by printing onto plastic film and removing the CNT layer from the
substrate®. A MWCNT solution was prepared using the same method as described
above and printed using the same printer. The CNT film could be exfoliated from the
substrate by electrochemical means, and was stable. A similar proportionality of sheet

resistivity to number of printed layers was observed to the previously mentioned work,
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indicating that it is a property of the CNT film and that substrate interactions were
not a major factor in this case. The lowest sheet resistance reported was 12M /0.

Sheet resistivities as low as 1k2/0 at 70% transmission were reported by use of
carboxyl functionalised SWCNTs in thin PEDOT:PSS films deposited by inkjet 52.
The PEDOT:PSS and SWCNT were dispersed in water and ethanol at an approx-
imate ratio of 24:1 PEDOT:PSS to CNT. It was noted that above a critical film
thickness the PEDOT:PSS forms a percolating network around the CNTs resulting
in the CNTs becoming insignificant with respect to conductivity.

Denneulin et al.®' performed similar experiments investigating the use of SW-
CNTs in PEDOT:PSS solutions. Functionalisation of the CNTs was seen to have a
significant effect, with commercial carboxylic acid (COOH) and polyethylene glycol
(PEQG) functionalised SWCNTs compared to MWCNTs. Functionalised CN'Ts showed
improved film homogeneity and improved sheet resistivity, with addition of MWCNTs
reducing the sheet resistivity. Lowest sheet resistivity reported was 225€2/00 with an
equal ratio of SWCNT-PEG to PEDOT:PSS. Transmission was not reported. Func-
tionalisation was shown to be preferable to the use of surfactants with respect to
dispersion quality and film properties.

One issue with printing low solid content inks on plastic films is spreading and
inhomogeneous films after drying. A method to avoid these issues was proposed by
Kumar et al.%2 who printed onto a porous stamp then transferred the prints onto a
plastic film. Sheet resistivities of 500€2/[] were observed after 40 prints, transmission
was not reported.

Inkjet has also been used to deposit catalyst particles for selective CNT growth
using CVD techniques®®, although unsuitable for flexible electronics it could provide
an alternative to some lithography steps in certain applications.

The use of inkjet to print CNT based inks is also covered in US patents 8384,

Inkjet is commonly used for printing of CNT based TFT structures. Further
discussion of developments in this field is given in section 7.2.2.2.

2.4 Concluding Remarks

This chapter has discussed the key developments published in the field of CNT solu-
tion processing. The electronic, mechanical and physical properties show a potential
for CNT use in printed electronics. The metallic and semiconducting behaviour of
different tube chiralities provide a range of possible applications, from transparent

conductive films to transistor devices. CNTs can also be modified to optimise their
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properties for the proposed application. This has been seen to be key for solution pro-
cessing and techniques are available to perform this functionalisation on an industrial
scale.

The formation of random mesh networks of CNTs allows the exploitation of the
unique properties in macro scale devices. The network structure coupled with the
strength and flexibility of CNTs provides a durable thin film, ideal for printed elec-
tronics. The electrical properties of the random networks is dominated by the tube
defects and the contact resistance at tube-tube junctions. Conduction through the
network can be modelled by percolation theory under suitable conditions and it has
been shown that CNTs show promise for transparent conductor applications. This
could be enhanced by forming networks consisting of only metallic behaviour tubes,
which is possible but on an industrial scale costs are prohibitive at this time.

Solution processing is a promising method for the production of these random net-
works, however the solubility of CNTs is poor with agglomeration into large bundles
difficult to overcome. Careful choice of solvent and functionality has been shown to
be the key to overcoming these issues whilst avoiding the use of surfactants which
can negatively impact the properties of the printed films. To produce these solutions
a number of mixing techniques are available, however sonication is the most popular.
Care must be taken however as excess sonication can result in substantial structural
damage to individual CN'Ts. This can be monitored indirectly by observing the rhe-
ological properties of the solution, as seen in composites research which has a number
of overlaps with ink formulation.

Once a suitable ink is formulated traditional printing techniques can be used for
deposition. Inkjet is the most popular choice for this application, as there are a
number of issues when printing low solid content solutions using a high speed roll-to-
roll method such as gravure. To the best of the author’s knowledge flexography has
not been reported as a method for CNT deposition.

A number of areas for further research are apparent from this literature review.
Firstly, although a significant amount of work is reported that studies the optimal
dispersion of CNTs in solvents and composites, little discussion has been made with
regards ink formulation specifically. Work has been reported formulating inks for
screen printing, but the formulation has not been the focus of the work. This is es-
pecially true for inks formulated for use in high speed, roll-to-roll techniques. Work
has been reported using gravure for CNT deposition, however this used CNT disper-
sions in only a solvent and modification to the deposition technique was required.

Investigation into formulation of a suitable ink will therefore be novel work.
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Secondly a number of methods have been reported to facilitate CNT dispersal,
from functionalisation to sonication optimisation. However the effect of these upon
the resulting ink and film properties is less well understood. Improvement in the
understanding of how modification of the CNT structure affects the properties of
macro-scale CNT networks is crucial to future printed electronics applications.

Following this literature review a practical understanding of the dispersion of
CNTs was required and to this end a number of scoping experiments were performed,
the details of which are not included in this thesis. These experiments were primarily
to provide the author with experience of handling CNTs, but also provided a back-
ground understanding of practical parameter settings and material selections for use
in further study. Exploratory experiments were performed to test the effects of CNT
concentration and type, with various characterisation methods and parameters used.
These experiments, along with data taken from the literature and invaluable discus-
sions with numerous experienced people provided the basis for most of the initial

parameters used for the further comprehensive experiments described in this thesis.
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Chapter 3

Experimental Techniques and
Equipment

3.1 Introduction

This chapter introduces the concepts, equipment and experimental methods utilised
in the formulation and deposition of CNT based inks and the characterisation of both
the wet ink and the printed film. To achieve this a number of challenges must be
overcome, and the experimental methods and equipment described in this chapter
have been carefully trialled in a number of preliminary scoping experiments.

A number of challenges and opportunities were identified in the literature review,
and were summarised in section 2.4. The initial challenge to overcome to achieve the
aims outlined in section 1.3 is the formulation and dispersion of the ink, for which
methods and approaches are discussed and detailed in this chapter. Firstly a suitable
ink formulation must be investigated, then further investigations can focus on the
optimisation of the system.

To achieve this a number of characterisation parameters have been defined based
on the traditional approach for printed application development illustrated in figure
1.1.5. After numerous scoping experiments discussed in section 2.4, methods for
measurement of the wet and dry properties of the ink have been selected and are
discussed and outlined in this chapter. Ink samples were prepared using ultrasonic
probe techniques, and characterised in the wet form with respect to viscosity and
surface tension. The ink was then deposited using bar coating, a common method
used for small sample rapid deposition (as well as a scalable technique). The dried
film was then characterised in terms of sheet resistivity, transparency and adhesion,

in line with the previously mentioned development flow.
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3.2 Ink Formulation Methods

3.2.1 Mixing, Dispersion and Formulation
3.2.1.1 Background

The basic components of an ink were described in section 1.1.2, however the integra-
tion of these solid and liquid components into an ink requires suitable mixing methods
to be utilised. The act of mixing an ink is the formation of a fine particle dispersion
from initially separate constituents, as introduced in section 1.1.2.3. This requires
the random distribution and deagglomeration of the functional materials in a liquid
vehicle. Classically, for graphics inks, the quality of a dispersion was often assessed
visually from the final print. The homogeneity of the final dispersion is also critical
to the electrical performance of functional inks, and if the dispersions appears to be
optically inhomogeneous after deposition then it is usually the case that the electrical
properties will be similarly inhomogeneous. The act of mixing does not imply the
formation of a homogeneous dispersion, merely that the constituents are blended. It
can be said that a dispersion is created when the functional material is fully wetted,
with contaminants such as adsorbed air removed. This implies that a force must
be applied to the material to deagglomerate and isolate individual particles so these
become well dispersed throughout the liquid medium. A summary of common mixing

techniques is provided in section 1.1.2.3.

3.2.1.2 Equipment

Due to the average viscosity profiles of the inks observed during preliminary scoping
experiments, the need to deagglomerate the CNT bundles and the prevalence of the
technique in literature (section 2.2.1) ultrasonic techniques were used for all sample
preparation. A Bandelin Sonopuls 3100 ultrasonic homogeniser (as shown in Figure
3.2.1) was used due to the reproducibility of the probe configuration as this model
probe can provide constant amplitude vibrations to the probe tip. The probe used a
3mm tip, which gave a maximum vibration amplitude of 235 um at 20kHz.
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Figure 3.2.1: Bandelin Sonopuls 3100 ultrasonic homogeniser probe setup in the
configuration described in section 3.2.1.3.

3.2.1.3 Method

All ink samples used N-Methyl-2-pyrrolidone (NMP) as the solvent due to the repor-
ted compatibility with CNTs (see section 2.2.1) and the high boiling point simplifying
sample preparation due to minimal evaporation during mixing. To further simplify
sample preparation a resin base was created by dissolving a fixed percentage of resin
in NMP. This was mixed using a magnetic stirrer at a fixed RPM for a minimum of
24 hours.

For final ink preparation, firstly CNTs were measured to the required mass using
a Sartorius Analytic calibrated 4 point mass balance. The balance is accurate to
+0.1mg, which is essential for accurate repeatability. The prepared resin base was
then added so that the ratio between the mass of CNTs and resin was as specified.
Further NMP was then added to dilute the CNT concentration to specification. The
sample was then placed in a water bath and exposed to ultrasonic vibration. The
probe was inserted to a depth of 10mm into the sample, which had a total depth of
20mm when stored in standard 30ml glass vials. The probe was run at 75% amp-
litude (176.25//m), with a pulse duration of 0.5 seconds applied in 1 second intervals.
This setting was used to minimise excess cavitation around the probe tip. Applied
energy was recorded as reported by the equipment. Samples were removed from the
water bath and characterised immediately after mixing to minimise effects of reag-
glomeration and particle sedimentation. No surfactants or other additives were used

within the inks described in this thesis which may otherwise reduce the agglomeration
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effects because of the desire to avoid the reported detrimental effects on the printed

film performance.

3.3 Ink Fluid Characterisation Methods

3.3.1 Rheology
3.3.1.1 Background

The rheological characteristics of an ink describe the flow and deformation of the
fluid. The rheological properties of inks must be tuned to the particular printing
process by which the ink is to be deposited. The behaviour of the ink under various
stresses will affect the transfer of the ink from reservoir, through the distribution
system and eventually onto the substrate, all areas where high shear is applied to
the ink. The effect of this shear will usually alter the rheology of the ink throughout
the printing process, which must also be considered when formulating the ink. The
resistance of a fluid to flow (in a closed system) is defined as its viscosity (1, Pa.s), the
measurement of which is called viscometry. Shear viscosity is further defined as the
ratio of the shear stress applied to a system and the velocity gradient across the fluid.
Viscometry is an established field, the concepts of which are described in numerous
available literature®-%, the relevant basics of which are outlined below.

Viscosity derives from the shear stresses between conceptual layers within a liquid
that are parallel to an applied stress. The friction between these layers resists the
shearing force. There is also an elastic component to the reactionary forces of the
fluid to an applied shear. The combination of the viscous and elastic components
can be described as the viscoelastic properties of a material. This is usually studied
analytically and experimentally by the application of a rotational two plate model.
In this system a fluid is placed in between two plates, as shown in Figure 3.3.1. A
shear force is then applied by the upper plate surface. Assuming laminar flow within
the sample and no slippage at the fluid-plate interface the resulting plate velocity can
then be measured. The resulting shear rate and shear stress measurements can then

be used to describe the viscosity profile of the fluid.
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Figure 3.3.1: Diagram showing plate setup of typical shear rheometry equipment.

Fluids can be described as Newtonian or non-Newtonian. This describes the vis-
cosity profile of the fluid with respect to the shear rate. If the shear stress versus
the shear rate curve is linear and passes through the origin then the fluid can be
described as Newtonian. An example of a Newtonian fluid is water. Any other beha-
viour is described as non-Newtonian, and this includes most polymer solutions, solid
suspensions and high viscosity fluids. Non-Newtonian fluids can exhibit a number of
dependencies of their viscosity when under an applied shear. Some will decrease in
viscosity when a stress is applied, known as shear thinning. If the viscosity increases
the behaviour is described as shear thickening. Most inks and coatings will display
shear thinning behaviour. A steady shear rate constantly applied can also lead to
changes in the viscosity of the sample. This is known as thixotropic behaviour if the
viscosity decreases with the duration of the applied stress and rheopectic behaviour
if the viscosity increases.

With respect to printing the key characteristics to quantify are the behaviour
under shear and extension. During all printing processes the ink is subjected to high
shear forces, with approximate shear rates during the multiple stages of a traditional
coating operation ranging between 1072 to 10°s7 1%, Viscometry tests must therefore
cover the majority of this range of shear rates. Extensional rheology is also of interest
as most printing processes have an extensional component acting upon the ink, for
example after the printing nip contact in flexography or gravure. This is performed
using an extensional rheometer, based on a similar schematic to the plate setup shown
in Figure 3.3.1 but with an extensional force applied by moving the plates apart.

With respect to CNT based inks typical suspension rheology is expected. Literat-
ure relevant to the rheology of CNT suspensions was discussed in section 2.2.2. The
viscosity of any solid particulate dispersion is controlled by the medium into which it
is dispersed, which is known as the continuous phase. The viscosity behaviour of the
suspension is directly proportional to the continuous phase. In almost all cases the

addition of solid particles to a liquid medium will result in a net increase in viscosity.
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This is caused by the particles disrupting the flow of continuous phase when under
shear. This also results in a shear thinning effect being introduced, even if the con-
tinuous phase shows Newtonian behaviour. The shear thinning behaviour is caused
by particle orientation parallel to the flow of the fluid as shear forces increase. The ex-
act effect of the solid addition is defined by the volume concentration, agglomeration
behaviour, size and shape of the particulate. Higher concentrations result in higher
viscosities due to the increased flow disruption. Aggregating particles increase the
shear thinning behaviour, with the shear forces resulting in a decrease in agglomerate
size and therefore decreasing flow disruption. Reagglomerating particles will increase
the viscosity, causing a time dependent (or thixotropic) effect. Also the degree of
particle attraction (hence tendency to agglomerate) affects low shear viscosities. If
particles are attractive then this will cause a higher increase in low shear viscosity
than neutral particles due to flocculation, though repulsive forces between particles
causes the highest low shear viscosity due to the inability of particles to align with
shear flows. Particle shape defines the degree of flow disruption local to the partic-
ulate. Spherical particles show the least resistance to flow and therefore the lowest
increase in viscosity. Rod like particles, such as CNTs, cause the largest diversion of
streamlines within the flow, resulting in the largest increase in viscosity. The aspect
ratio of the rod like particles affects the solution viscosity, with higher aspect ratios

causing a higher viscosity increases at a given volume concentration.

3.3.1.2 Equipment

The device used to perform rheological characterisation is a Bohlin Gemini HR Nano
rheometer, as shown in Figure 3.3.2. The instrument can apply a torque range of
between 10nNm and 200mNm during controlled stress viscometry, at a torque resolu-
tion of <1nNm?¥’. This allows the measurement of a wide range of sample rheologies

utilising the same measurement setup, minimising experimental errors.
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Figure 3.3.2: Photograph showing Bohlin Gemini HR Nano rheometer.

The rheometer was used in the cone and plate viscometry configuration. This
configuration is similar in principle to that described above and shown in Figure
3.3.1. The fluid to be measured is placed on the lower plate (a flat, circular surface),
and the upper plate (in this case a shallow cone) is then brought into contact with
the upper surface of the fluid. The upper surface is conical in shape, with a shallow
cone angle to equalise the shear forces being applied through the ink volume. This
cone is then rotated to give varying rates of shear and the resulting shear stress is

measured. This equipment cannot measure extensional flow.

3.3.1.3 Method

To measure the viscosity profile of the inks 1.5ml of the sample was pipetted onto the
lower plate of the rheometer. This amount was calculated to be the volume of the
required void between the plates of the rheometer. The plate was held at a constant
25°C, which was approximately the same temperature as the environment where the

samples were coated onto the substrate (see section 3.4) and the temperature in the
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measurement area of the Fibro DAT 1100 (see section 3.3.2). The upper cone (5.5cm
and 2° angle, selected to maximise torque response) was then lowered onto the sample,
and the equipment checked to ensure the sample filled the void between the plates
without overlap onto the outer edges of the plates. The upper cone then was rotated

~1 was applied. These values

such that a shear rate sweep between 0.01 and 1000s
were selected to cover the reported range of shear rates expected in the printing
process® and as preliminary trials showed that variation in sample viscosity could
occur throughout this range. Although sample viscosity depends on the formulation,
a single test was selected for all samples for comparative purposes. The rheometer
recorded applied shear rate and shear strain.

Equipment and setup accuracy was tested using a viscosity standard silicone fluid
supplied by Brookfield Engineering. The fluid was rated to 9.5mPas+1%, and average
viscosity measured over three tests, with the equipment cleaned and reset after each
test. The average viscosity within the shear rate range of 1 to 1000s~! was 9.5mPas+
12%, however at low shear rates the viscosity was too low for accurate measurement.
The same testing was repeated for a standard fluid rated to 49.4mPas £ 1%, with
a average viscosity within the shear rate range of 0.1 to 1000s~! of 51.7mPas +
4.5%. Errors could be reduced with optimised settings for the test fluids, however
preliminary tests using CNT based inks implied that viscosities will be higher over
the entire shear range than the standard fluids tested, hence the testing range used.

3.3.2 Surface Tension
3.3.2.1 Background

Surface tension (v, mN/m) is a description of the cohesive forces acting between
molecules at the surface of a liquid®®. The attractive force between liquid molecules
within a liquid is usually omnidirectional in nature, with a net force of zero. However,
in the absence of any external force at the boundary of a liquid the net force will act
inwards. It is this force that gives liquid drops their shape, which naturally tends to
a sphere in the absence of external forces.

Surface tension is an important property of an ink. The printing process results
in a liquid coming into contact with a solid. The interaction between the surface
energy of the solid and the surface tension of the fluid determines the behaviour of
the ink at this interface. This is known as wetting, and an ink is said to wet a
substrate if the intermolecular forces at the liquid/solid interface are strong enough
to overcome the surface tension and cause the liquid to spread. An ink is said to
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dewet if the surface tension of the ink will overcome the interfacial forces and the ink
will only partially spread, or in extreme cases not spread at all. This is illustrated in
Figure 3.3.3. Surface tension is also critical before the deposition phase of the printing
process. For example in flexography inks need to wet onto the polymer printing plate
and in inkjet the surface tension must be tightly controlled to ensure accurate drop

formation.

a) c<90°  b) c>90°

Figure 3.3.3: Illustration of substrate wetting, a) shows an example of good wetting,
with contact angle (a) below 90°. b) is an example of poor or partial wetting, with a
contact angle higher than 90°.

The surface tension of an ink can be altered in a number of ways. The first is to
dilute or replace existing solvents with a lower surface tension fluid that is compatible
with the current ink formulation. For example the dilution of a water solution with
5% propan-2-ol will reduce the surface tension by approximately 45% 16. This must be
applied carefully so as not to affect the final printed film as solvent addition will alter
the drying process. Another method for controlling the surface tension of the ink is
the addition of additives such as surfactants. Surfactants, or surface active agents, act
as dispersants, wetting agents or defoaming agents. Surfactants generally consist of
a molecule that is constructed of a hydrophilic and a hydrophobic component. When
acting as wetting agents these will tend to concentrate at an interfacial layer between
the fluid and surroundings, lowering the interfacial tension. Common non-covalent
functionalisation methods for CNTs use surfactants. Surfactants tend to remain in
the printed film after the drying process is complete, making their use undesirable
in functional inks as they can adversely affect the functionality of the product by
impeding intermolecular contact.

There are a number of methods commonly used to measure the surface tension
of a liquid including the Du Noiiy ring and pendant drop shape. The pendant drop
shape method is one of the most commonly used due to its convenience and simplicity.

In this method a drop of fluid is extruded from a tube until the weight of the droplet
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is approximately equal to the reciprocal force exerted by the surface tension at the
tube nip. This causes the droplet to form a pendant shape instead of a spherical
one that would be more energetically favourable without the external influence of the
tube tip. The parameters ds and de (as shown in Figure 3.3.4) can then be measured.
The ratio of the dimensions ds/de is related to a shape dependent quantity H, with
the relationship initially calculated empirically but which has since been calculated
numerically using the Young-Laplace equation. These values can then be substituted

into

&pgde (3.3.1)
H

where A p is the difference in density between the two fluids at the interface and g

7 =

is acceleration due to gravity. It must be noted that accuracy is reduced compared
to the Du Noiiy ring method which directly measures the force at the interfacial
boundary, but this is balanced by the speed of measurement and simplicity of the

methodology.

Figure 3.3.4: Illustration of pendent drop from a nip, showing relevant dimensions.

3.3.2.2 Equipment

The device used to perform surface tension characterisation is a Fibro DAT 1100 dy-
namic contact angle measurement system, as shown in Figure 3.3.5. This measures

surface tension using the pendant drop shape method", with the external fluid being
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air. The equipment consists of a grayscale camera, a suitable illuminated measure-
ment space and an automatic pump device. The output from the camera is processed
by proprietary software. The Fibro software contains lookup tables for calculation of
the ratio 1/H from the drop dimensions and automatically calculates surface tension
from the droplet image and provided fluid density. Once a drop is analysed it is
discarded and another identical volume drop is pumped. A typical visual report ofa

surface tension measurement being taken is shown in Figure 3.3.6.

Figure 3.3.5: Photograph showing Fibro DAT 1100 equipment setup.

J)» 550 w I J

Figure 3.3.6: Typical surface tension measurement being taken using the Fibro DAT
1100 system.
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3.3.2.3 Method

A sample volume of no less than Iml was loaded into the system. Measurements were
taken of 10/d droplets in sets of 8 drops. This was repeated 3 times so that a total
of 24 measurements were recorded. Due to the higher viscosity of some samples the
system was unable to reliably form the drops automatically. In these circumstances
the drops were formed manually, which is reported in the results.

The accuracy of this test setup was assessed by repeated measurement of distilled
water. The temperature within the sample volume was measured to be 22.5 °C using
a calibrated thermometer. At this temperature the surface tension of pure water
is 72.4mN/m 100. Measurements were repeated 20 times and an average value of

71.6 £ 0.3 was obtained.

3.4 Deposition

3.4.1 Meyer Bar Coating
3.4.1.1 Background

The inks were coated onto the substrate using the Meyer bar (or k bar) coating
technique. This is a common roll-to-roll coating technique and requires the substrate
to be brought into contact with a wire wound metering bar. The diameter of the
winding wire specifies the void size between the wire to substrate contact points,
as shown in Figure 3.4.1. Ink is applied in advance as the bar is moved across the
substrate surface. The ink flow to the substrate is metered by the void size, and the
ink relaxes to form a continuous film on the substrate. This method can be used
to produce uniform films of a wide range of ink rheologies, with the key rheological
property being the relaxation time. If this is too slow then the film will exhibit
roughness of wavelength identical to the wire diameter. Particle size in the ink must

be carefully controlled as clogging in the winding gaps will cause major print defects.

Wound Wires

Substrate

Figure 3.4.1: Schematic showing ink metering during bar coating. The grey shading
signifies ink flow through the wire gaps.
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3.4.1.2 Equipment

The bar coater used was a TM1 K Control Coater, a photograph of which is shown
in 3.4.2. Several metering bars were available, a selection of which are described
in Table 3.4.1. Bar coating was selected due to the common use of the technique
as a method of rapidly producing repecatable coated samples of controlled thickness.
The technique is commonly used in industry for test sample production and has been
reported in the literature as a suitable technique for solution deposition for functional
device production10l. Alternative available coating methods require significant setup

and cleaning which would result in prohibitive time delays.

Figure 3.4.2: Photograph showing TMI I< Control Coater setup.
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| Bar | Wire Diameter [mm] | Wet Film Thickness [um] |

US2 0.05 4.57
US4 0.1 9.14
US8 0.2 18.29
US16 0.41 36.58
US20 0.51 45.72

Table 3.4.1: Selection of available bar sizes, showing wire diameter of the winding
and approximate wet film thickness after coating. Data courtesy of RD Specialities,
inc..

3.4.1.3 Method

Samples were coated at an arbitrary bar speed of 3 and dried immediately after
coating (see section 3.4.2). A US8 bar was used for all coatings, details of which are
shown in Table 3.4.1. This diameter was verified using white light interferometry
(WLI, for further details on this experimental technique see section 8.3.1). This
measured the average wire diameter to be 0.201+0.002mm. The US8 bar was selected
as preliminary experiments showed that it gave a suitable thickness coating for all
further experiments. Larger gauge bars caused problems with lower viscosity inks
resulting in inhomogeneous films, and smaller gauge bars resulted in clogging issues
if larger agglomerates are present. All inks were coated immediately after mixing
onto DuPont Melinex ST504 175um, a commercially available heat stabilised PET
film coated with an adhesion promoter. This was selected due to the common usage
of PET as a film for printed electronics, the adhesion promoter coating which gives
a more suitable surface energy for ink wetting, the transparency of the film and the

heat stabilisation improving sample production reliability.

3.4.2 Drying
3.4.2.1 Background

The wet films were dried using warm air impingement (convective) drying. The basic
mechanisms of ink drying are described in section 1.1.4.

3.4.2.2 Equipment

Samples were dried using a generic desktop fan heater, chosen for experimental sim-
plicity whilst providing suitable results. Impingement was required to dry the films

within a suitable timescale.
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3.4.2.3 Method

The heater outlet was placed 10.4cm from the sample. The average recorded temper-
ature at the sample position was 64°C at an average air speed of 0.18m/s. Samples
were exposed to the heater until visibly dry. Exposure times were dependent on the
solvent content of the ink, average drying times were of the order of 30s. Sample
inhomogeneity could be observed at macroscopic (mm to cm) scale if care was not
taken during the drying process. Samples displaying excess inhomogeneity were dis-
carded and repecated. When performing further characterisation areas of observable

defects were avoided.

3.4.3 Example of Coated Sample

A scan of a representative sample is shown in Figure 3.4.3. An area of higher concen-
tration is visible in an upwards direction in the centre of the sample, this is a result
of inhomogeneity in the airflow during the drying process and is an area avoided in
subsequent testing. Other arcas avoided during subsequent testing were the edges
of the substrate where higher concentrations can be observed and the upper area of
the coating where witness marks caused by the initiation of the coating process are

visible.

Figure 3.4.3: Optical scan of a representative coated sample. In this case CNT
concentration was 2wt%.
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3.5 Printed Film Testing

3.5.1 Adhesion
3.5.1.1 Background

The adhesion of a film describes the strength of the bonding between the dry ink
film and the substrate. This can be measured and quantified in a number of ways,
including pull-off tests (ISO 4624:2003) and cross-cut tests (ISO 2409:2007). Each of
these involve the removal of adhered film using an adhesive tape. The pull-off test
quantifies the adhesion of a layer by measuring the minimum tensile stress necessary to
damage the film. The cross-cut tests does not give a quantifiable measure of adhesion,
however it provides a qualitative description of the adhesion by classification of coating
damage at the boundary of cross hatched pattern cuts in the film.

3.5.1.2 Equipment

Adhesion was tested using 'Scotch’ brand adhesive tape for sample testing, an Epson
V700 photo scanner for image capture and ImageJ software for image analysis. This
method is a hybrid of the two ISO tests discussed above, designed for black, relatively

inhomogeneous thin coatings.

3.5.1.3 Method

Scotch tape was applied to the samples in three areas, and applied with approximately
equal pressure. The tape was then removed with care taken to maintain a consistent
removal angle of 90° to the substrate. These tape samples were then mounted onto a
consistent white substrate (Leneta Co. Form 150C standard test card) and digitised
at 1200dpi. This image was processed using the ImageJ image analysis software, with
the mean pixel grey value measured from representative areas of each test tape. The
grey value is reported between 0 and 255 where 0 is black and 255 is white. This gives
a representative value of the area coverage of CN'Ts removed from the film, which can
be used in a comparative basis with other, identically performed, tests.

As this method gives an arbitrary scale of CNT removal no calibration was pos-
sible, however analysis was performed on bare tape samples to test the repeatability
of the method. This gave an average value of the bare tape of 236.4+3.12. This indic-
ates a percentage error resulting from the materials used and measurement method
of 1.3%. Any further deviation is due to the tape application and removal process or

the sample quality.
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3.5.2 Optical Transparency
3.5.2.1 Background

An optically transparent material is defined as one which allows visible light (wavelengths
of 390 to 750nm) to pass through it. If a material allows complete optical light trans-
mission through its structure it can be said to be optically transparent. If the reverse
is true and all of the light is either reflected, absorbed or scattered then it is known
as an opaque material. Partial transparency where light passes through diffusively
is called translucency. Materials can transmit, absorb or reflect light over particu-
lar frequency ranges. The selective absorption of specific frequencies of visible light
gives rise to the perception of colour. The degree of transparency is governed by
the absorption and scattering of the light within the material. A material with a
large number of defects or other scattering centres will scatter the light in random
directions, impeding the light transmission through the material.

3.5.2.2 Equipment

Optical transmission wa; measured using a Vipdens 620 transmission densitometer,
as shown in Figure 3.5.1. This unit uses a fluorescent light source with a colour
temperature of 5000°K and is designed for taking area saturation percentage meas-
urements of transparent black and white documents 1%2. This directly correlates with
the transmission of CNT films, assuming that the CNTs absorb 100% of incident light.
The CMOS sensor is illuminated through the sample film and the illumination level
is compared to a zero percentage area coverage calibration. The unit then returns

the surface coverage as a percentage.
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Figure 3.5.1: Photograph showing Vipdens 620 transmission densitometer.

3.5.2.3 Method

Samples were measured at 5 random locations and a single location of the substrate
was also measured. The average substrate transmission value (from all sample sub-
strate measurements) was subtracted from each sample average measurement, giving
results indicative of the CNT ink film alone.

The equipment was calibrated using the reference illumination before each use.
Measurement repeatability can be seen from the 389 measurements taken of the PET

substrate which showed a variability of +1%.

3.5.3 Sheet Resistivity
3.5.3.1 Background

The electrical conductivity of a material describes a material’s ability to allow the
flow of electrical current, taking into account geometric factors. A highly conduct-

ive material has many charge carriers available for transport and allows the flow of
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electrical current through the material with minimal scattering of the charge carri-
ers. Conductivity is usually represented by the symbol o and is measured in units of
Sm~1. The inverse of the conductivity is the resistivity (p, [Hm]) of the material and

is calculated using the expression

p =8.5.1)

where A is the cross sectional area of the sample and L is the length perpendicular to
this area. However when measuring the resistivity of thin films where the thickness
of the film is significantly smaller than the planar dimensions, the resistivity can be
given in terms of sheet resistivity (p.s) as described by Smits103. The sheet resistivity
of a sample is measured in ohms per square (H/D) and for rectangular samples is

calculated using the expression

ps =RC (3.5.2)

where C is a constant defined by the geometric constraints of the sample shown in

Figure 3.5.2, relevant values of which are given in Table 3.5.1.

Sample

Figure 3.5.2: Schematic of four point probe experimental setup, a, d are sample
dimensions, s is probe spacing, all measurements in m. Probes | and 4 are the source
probes, 2 and 3 are the sense probes.
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a/d

1 2 3 >4
1 0.9988 | 0.9994
2 1.9454 | 1.9475 | 1.9475
5 | 3.5098 | 3.5749 | 3.575 | 3.575

s/d | 10 | 4.2209 | 4.2357 | 4.2357 | 4.2357
20 | 4.4516 | 4.553 | 4.4553 | 4.4553
40 | 4.512 | 4.5129 | 4.5129 | 4.5129
oo | 4.5324 | 4.5324 | 4.5325 | 4.5324

Table 3.5.1: Correction factor (C) for calculating sheet resistances of varying rectan-
gular sheet geometries, as calculated by Smits !

3.56.3.2 Equipment

Measurements were taken using a combination of a Signatone S-1160 four point probe
station for reproducible contact and an Keithley 2400 SourceMeter for measurement.
This setup will measure resistances up to 200 M€2. Probes used were tungsten with a
Sum tip, spaced linearly at 5Smm intervals. An image of the equipment setup is shown
in Figure 3.5.3. The claimed accuracy of the equipment is +0.67% at the highest
range of measurement (up to 200M2)!%4, Equipment accuracy was confirmed against
a calibrated sample (ITO coated glass) prior to measurement. Although the expected
resistances of CNT films is high enough that contact resistance should be negligible,
the use of the four point technique is preferred for measurement of sheet resistivity

using the method defined by Smits %3
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Figure 3.5.3: Photograph showing Keithley 2400 Sourcemeter plus Signatone S-1160
probe station.

3.5.3.3 Method

Samples were measured at 5 random locations. The resistance was measured using the
automatic four point resistance setting on the Keithley 2400, with a filter applied set
to average every 30 readings. The sheet resistivity was calculated using equation 3.5.2
with a correction factor of 4.2357 selected due to sample geometry. The substrate
is considered to have infinite resistance and hence does not contribute to the sample

conductivity.

3.6 Concluding Remarks

This chapter has focused on the experimental techniques and equipment used to
prepare, deposit and characterise the CNT ink samples. Inks will be prepared using
sonication and shear mixing techniques. The liquid inks will be characterised in
terms of their viscosity and surface tension. The inks will then be coated using a
bar coating system onto a transparent PET substrate and dried. The final films will
be characterised in terms of transparency and resistance, with selected samples also
tested for adhesion. The following chapters detail the particular ink formulations

tested, the justification for ink component selection and the characterisation results.
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Chapter 4

Initial Ink Formulation Determination

4.1 Introduction

The aim of the work described in this chapter was to determine suitable initial ink
constituents and manufacturing parameters for further ink formulation investigations.
As stated in section 1.2.4, the unique electrical properties of CNTs outlined have the
potential to enable disruptive technologies in the printed electronics sector. However,
with the issues in creating and maintaining a suitable CNT dispersion well known
(see section 2.2.1) there has been limited success in this field. At the outset of this
research programme there was no academic work reported towards the formulation
of a CNT ink suitable for roll-to-roll processing with technologies such as gravure
or flexography. Limited work had been done towards formulation of screen printing
pastes, however most work was focussed on inkjet where the ’ink’ was merely a CNT
dispersion, without binders. During this research programme some commercial inks
were reported, however a systematic study of the use of CNTs as the functional
pigment in a strict printing ink formulation has not been academically reported.

A large number of scoping experiments were performed (as reported in section 2.4)
to determine key parameters for measurement settings and initial values for further
investigations. These experiments highlighted the need for a more systematic study
of particular variables in the ink formulation process. The variables altered in this
chapter were the resin used within the ink formulation, the ratio between the weight
concentration of resin and CNTs in the ink formulation and the temperature of the
ink during ultrasonic agitation for dispersal. Preliminary studies had highlighted the
choice and quantity of resin as crucial to the ink characteristics, both fluid and dry.
Also it was seen that excess heat during mixing would result in solvent evaporation,
and further investigations were required to optimise the mixing temperature due to
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the reported temperature dependence of CNT dispersion stability. ® These initial for-
mulation trials were characterised by measuring the viscosity response to applied shear
and surface tension of the ink solutions and the sheet resistance, optical transparency
and adhesion of a coated film. These parameters were chosen as they are the key
'wet’ and 'dry’ properties to consider in the flow of printed application development,
as discussed in section 1.1.2. The methods used to measure these characteristics are
described in chapter 3.

The decision was made to maintain NMP as the only solvent used throughout
these tests. The suitability of NMP for CNT dispersion has been proven in the liter-
ature®®, and compared to many other suitable alternatives it is less toxic and more
cost effective (for further solvent discussion see section 2.4). The CNTs used in this
section were Baytube® C150P, used without modification. Baytube® is the commer-
cial tradename of MWCNTs produced by Bayer MaterialScience, which are produced
by a CVD method (see section 1.2.1.3). Baytubes® were chosen due to their com-
mercial availability at large volumes, bearing in mind the potential of producing large
volume quantities of ink in the future. The use of commercially available MWCNTs
increases the current industrial relevance of the work due to the reduced cost of CVD
grown MWCNTs compared to SWCNTs (the cost difference being a factor of 10 at
the time of writing*) making commercial use of MWCNTs more likely in the short
term.

The target was to develop an ink formulation suitable for flexographic or gravure
printing, due to the flexibility of these systems and similarity in basic requirements.
As summarised in Table 1.1.1, this requires a viscosity within the optimal range of
0.05 to 1.5Pas and a surface tension low enough to allow wetting onto a variety of
substrates and printing forms, preferably in the region of 30 to 40mN/m. For further

details on flexography and gravure see section 1.1.1.

4.2 Resins

This section compares CNT inks formulated to contain one of four printing resins.
Each sample was characterised as described above. The four resins chosen were a
commercial polyamide (PA) based resin system, a commercial nitrocellulose (NC)
based resin system, a commercial polyanaline (PLA, trade name Panipol®) based
system and a polyvinyl alcohol (PVA) system. The PA and NC based systems were

chosen due to their popularity in commercial ink manufacture. NC based resins

*Prices sourced from http://www.cheaptubes.com, June 2012.
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have been reportedly used within screen printing CNT ink formulations 87. The PAN
system was chosen due its conducting nature, as used in Denneulin et al.®!, to aid
the conductivity of the final film. The pure PVA based system was chosen due to
the common usage of PVA as a binder and to reduce the complexity and unknown
elements of the system inherent in the usage of commercial resin systems. PVA
has also been shown to provide a weak stabilisation, or surfactant effect upon CNTs

dispersions®, potentially improving the CNT dispersability and stability.

4.2.1 Experimental Outline

All inks samples were made in 20g batches. CNT content was measured as a percent-
age of total mass and target was 2wt%, with a mass ratio of 1:1 between the resin
and the CNTs. These parameter values were determined as suitable for preliminary
trials as a result of initial scoping experiments. Inks were prepared using the method
described in section 3.2.1.3. Resin bases in NMP were prepared before the addition
of CNTs and further solvent to ensure resin solubility in the final ink, a common step
in commercial ink manufacture. These bases were prepared at concentrations of 10%
for the PA and PVA, 3.92% for the NC and the PAN system was supplied prepared
as a 15% base. These percentages were chosen (in the case of PA, PVA and NC) to
provide a suitable viscosity base for further sonication. Ink formulation quantities are

given in Table 4.2.1.

| Constituent | Target Mass [g] |

CNT 0.4
NMP 19.2
Resin 0.4
| Total Mass | 20 |

Table 4.2.1: Target ink constituent mass for resin investigation.

Three ink samples of each resin system were tested, and all results averaged.
Samples were prepared in advance but not mixed. All samples were mixed using an
ultrasonic probe for 30 minutes, whilst suspended in a water bath set to approximately
5°C to avoid evaporation, in line with the method outlined in section 3.2.1.3. The
average energy applied to the system was 21.9kJ, as reported by the ultrasonic probe.

Immediately after mixing samples were removed from the water bath and three
film samples of approximately 15cm x 10cm were coated (see section 3.4.1.3). After
coating the film samples were dried and the viscosity of the ink sample measured (see
section 3.3.1). Concurrently the ink surface tension was measured (see section 3.3.2)
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and the ink density was measured using calibrated pipettes and a mass balance. Once
the film samples were dried the resistance, transmission and adhesion of the coated
film was measured using the methods outlined in sections 3.5.3.3, 3.5.2.3 and 3.5.1.3
respectively.

All experiments were performed as rapidly as possible after mixing to minimise
effects due to reagglomeration of the CNTs. Typically all experiments would be
complete within 10 minutes of the completion of the mixing process. As discussed in
section 2.2.1, the reagglomeration of CNTs in dispersion occurs over short timescales
(within 2 hours63) if surfactants or functionalisation are not used, therefore efficient
characterisation methodology after mixing was required to minimise any resulting

effects.

4.2.2 Characterisation Results and Discussion

4.2.2.1 Ink Viscosity

10000.00
1000.00
100.00
10.00 PA
NC
— 100
> PLA
0 0.10 PVA
PA No CNT
0.01 NC No CNT
PLANo CNT
0.00 PVA No CNT
0.00
0.00
0.01 0.10 1.00 10.00 100.00 1000.00

Shear Rate [l/S]

Figure 4.2.1: Average viscosity/shear-rate curves of samples containing PA, NC, PLA
and PVA based resin systems, both with (solid lines) and without (dashed lines)
CNTs.
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Figure 4.2.2: Average viscosity curves of samples containing PA, NC, PLA and PVA
based resin systems in the final Newtonian regime at 1000 1/s. Error bars shown are
+ one standard deviation.

As shown in Figure 4.2.1 all samples containing CNTs showed shear thinning
behaviour, with a typical power law region seen during increasing shear rate until
the viscosity curve plateaus to a minimum and tends towards a constant viscos-
ity, or Newtonian, region. The final viscosities in the Newtonian region and their
standard deviations are shown in Figure 4.2.2. This behaviour is typical of many
non-Newtonian dispersions such as polymer solutions and particulate dispersions95.
Shear thinning is due to the increase in the order of a system under shear, until a
point at which the particles in the system are in a state at which minimum disrup-
tion is caused to the flow of the constant phase, which is where the final constant
viscosity region occurs. Further discussion of this phenomena is provided in section
3.3.1.1. The PVA samples shows the lowest Newtonian viscosity, followed by the PA,
then the PLA and NC. Observationally the PLA and NC based systems appeared in-
homogeneous and poorly dispersed, this is supported by the inconsistency in viscosity
observed in the non-Newtonian and Newtonian regions. This can also be observed
by the higher standard deviation of the Newtonian regime viscosity shown in Figure

4.2.2. This may signify that insufficient energy was applied to the system, analogous
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to the system being below the ’critical mixing time’ proposed by Huang er a/.12. It
must be noted that the higher the viscosity of the fluid during mixing, the lower the
power density applied to the system due to the higher viscosity increasing damping
of the ultrasonic mixing through the fluid?22.

The addition of CNTs to the ink has a significant effect on the viscosity profile
under shear. All systems initially showed weak shear thinning behaviour, with the
PA based system showing the highest dependence upon shear. The addition of CNTs
had the result of increasing the viscosity gradient with respect to shear of all the
resin systems, and had differing effects upon the viscosities in the Newtonian regime,
with the PVA system seeing the lowest increase in viscosity. This may be due to the
reported weak stabiliser effect of PV A9 resulting in a more homogeneous dispersion

and hence lower viscosity change as a result of the more ordered system.

4.2.2.2 Ink Surface Tension

o With CNTs
m Without CNTs

Resin

Figure 4.2.3: Average surface tensions of inks containing PA, NC, PLA and PVA
based resin systems, both with and without CNTs. Error bars shown are + one
standard deviation.

The average surface tensions of inks containing PA, NC, PLA and PVA based resin

systems are shown in Figure 4.2.3. The PVA system showed minimal effect upon the
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surface tension of the NMP solvent used (40.79mN/m), whilst the PA, NC and PLA
based systems showed a reduction in the surface tension. This implies a reduction
in the intermolecular forces in these systems. It must be noted that the higher ink
viscosity of the PA based system and the viscosity and observed inhomogeneity of
the PLA and NC systems results in increased measurement uncertainty due to the
reduced repeatability of the pipetting system. All systems except PVA showed a
decrease in surface tension and an increase in measurement uncertainty after the
addition of CNTs. This indicates that the PVA system results in CNT concentration
in the bulk of the dispersion, indicative of the reported surfactant effects of PVA.
This increase in surface tension is also observed in inorganic PVA suspensions by Liu

et al. 105.

4.2.2.3 Printed Film Transparency

Resin

Figure 4.2.4: Average optical transmission of coated films containing PA, NC, PLA
and PVA based resin systems. Error bars shown are + one standard deviation.

Measurements of the optical transmission of the films were taken at 5 random
points and the results averaged and normalised with respect to the substrate, the
data from which is shown in Figure 4.2.4. The PA and PVA based films showed
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a significant reduction in optical transmission compared to the NC and PLA based
systems. This correlates with the indication of improved dispersability of the CNTs
in these systems seen in the rheological results. It should be expected that the sheet

resistivity should follow a similar trend if this is the case.

4.2.2.4 Printed Film Sheet Resistivity

Resin

Figure 4.2.5: Average sheet resistivity of coated films containing PA, NC, PLA and
PVA based resin systems. Error bars shown are + one standard deviation. Error
bars not displayed are due to the magnitude of the standard deviation being higher
than the measured average. Deviation values are reported in Table 4.2.2.

Measurements of the sheet resistivity of the coated films were taken at 5 random
points on 3 samples of each resin coating and the data averaged, the results of which
are shown in Figure 4.2.5 and summarised in Table 4.2.2. The trend shown in the
optical transmission (Figure 4.2.4) is followed as predicted, with the NC and PLA
showing the highest average sheet resistivities. The inhomogeneity of the films is
also emphasised by the extremely high standard deviation of the NC and PLA res-
ults. Resistivities are similar to those reported for MWCNT networks in available

literature90.
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Resin  Sheet Resistivity [D/D] St. Dev. [il/D] St. Dev. As % Mean [%]

PA 1.68E+04 4.94E+03 29.3
NC 1.18E+07 1.36E—07 115.2
PLA 6.25E+06 7.96E—06 127.4
PVA 8.90E+04 2.99E—04 33.5

Table 4.2.2: Table summarising average sheet resistivity of coated films containing
PA, NC, PLA and PVA based resin systems.

42.2.5 Printed Film Adhesion

250

Resin

Figure 4.2.6: Measured adhesive strength of coated films containing PA, NC, PLA
and PVA based resin systems. Higher adhesion values indicate fewer CNTs removed
from the film during the tape test. Error bars shown are + one standard deviation.

The adhesion test results are shown graphically in Figure 4.2.6 and are the average
of three tests per printed sample (of which there are three per resin), each of an
approximately 2cm2 patch. The NC and PVA resins result in increased binding
strength of the CNT deposits to the film, with the high adhesion seen with the NC

resin system correlating with the observed high resistance and viscosity relative to



the other systems tested. Adhesion strength required is dependent upon application.
Rub resistance could be described as adequate for all samples, though the NC resin

system showed significantly higher rub resistance than the others.

4.2.3 Collated Discussion of Results

Section 4.2 has discussed the properties of four common printing ink resin systems
when used in a 2wt% MWCNT based functional ink in an NMP solvent. The per-
formance is judged on the five key criteria; namely viscosity and surface tension of
the ink and optical transmission, sheet resistivity and adhesion of coated films.

The PA based system showed a consistent viscosity trend with a final constant
viscosity region that was below the ideal range for flexographic and gravure printing
(see Table 1.1.1). Also surface tensions were suitable for all printing technologies.
With regards to the final printed film the film was more homogeneous than the PLA
and NC films, a fact demonstrated by the lower sheet resistivity and transmission
observed. Adhesion was relatively poor compared to the alternative resins tested.

The NC based system showed a relatively high viscosity and poor homogeneity
resulting in high transmission and high sheet resistivity. Surface tension was suitable
for all printing technologies. Adhesion was higher than all alternative resins tested,
indicating that the resin content could be lowered if improvement in other criteria is
required.

The PLA based system showed comparable inhomogeneity to the NC system, with
relatively high viscosity, high sheet resistivity and high transmission. Surface tension
was suitable for all printing technologies. Adhesion was relatively poor compared
to the alternative resins tested. It was originally hypothesised that a conducting
polymer system would reduce net sheet resistivity, however this didn’t prove to be
the case. This may be due to large contact resistance between the CNT network and
the conducting polymer matrix or insufficient conducting polymer within the print to
have a significant effect.

The PVA based system showed the lowest viscosity of the tested resin systems,
with a consistent trend visible. Again, surface tension was suitable for all printing
technologies. The printed film was of comparable homogeneity to the PA based
system, as indicated by the sheet resistivity and transmission data. Adhesion was
higher than the PA based system, again indicating the potential for varying the
CNT:resin ratio.

Of the four resins tested the PVA based system shows the most promise for further

investigation. High adhesion indicates scope for reduction of CNT:resin ratio, which
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would be expected to reduce sheet resistivity by reducing junction resistance and
improve optical transmission by reducing film thickness. However, care must be taken
to keep the viscosity within printable ranges. Surface tension is likely to remain within
a printable range whilst the NMP solvent remains the primary ink constituent. PVA
has also been reported to provide weak stabilisation?, and the use of pristine PVA
will simplify analysis compared to the use of commercial resin systems which will
often include additives to improve performance. Subsequent testing should focus on
optimisation of the CNT:PVA ratio.

4.3 PVA:CNT Concentration

This section compares CNT inks using a PVA based resin at three varying ratios of
PVA:CNT mass. Ratios of 1:2, 1:1 and 1:0.5 were chosen. An increase in resin content
is expected to increase ink viscosity and durability whilst adversely increasing sheet
resistivity. Each sample was characterised using the same method used for the resin
tests (see section 4.2.1), and in addition scanning electron microscope (SEM) images
were taken to observe the effect of increasing resin content.

4.3.1 Experimental Outline

All inks samples were made in 20g batches. CNT content was measured as a percent-
age of total mass and target was 2wt%, with a mass ratios of 1:2, 1:1 and 1:0.5 chosen
between the CNTs and the PVA. Inks were prepared using the method described in
section 3.2. PVA bases in NMP were prepared at concentrations of 10%. Ink formu-
lation quantities are given in Table 4.3.1. Three inks of each CNT:resin ratio were
tested, and all results averaged. Data from the resin tests (section 4.2) was used for

the 1:1 ratio to avoid repetition.

‘ CNT:Resin Ratio | 1:2 | 1:1 | 1:0.5 I

| Constituent | Target Mass [g] |
CNT 04 104 04
NMP 18.8 1 19.2 | 194
PVA 08 | 04 | 0.2

| TotalMass | 20 | 20 | 20 |

Table 4.3.1: Target ink constituent mass for CNT:resin ratio investigation.
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4.3.2 Characterisation Results and Discussion

4.3.2.1 Ink Viscosity
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Figure 4.3.1: Average viscosity/shear-rate curves of samples containing 2% CNTs and
a CNTiresin ratio of 1:2, 1:1 and 1:0.5.
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Figure 4.3.2: Average viscosity of samples in the final Newtonian regime (at 1000 1/s)
containing 2% CNTs and a CNT:resin ratio of 1:2, 1:1 and 1:0.5. Error bars shown
are + one standard deviation.

Figure 4.3.1 shows the viscosity flow curves of the three ratios tested. All samples
show the same shear thinning behaviour, with a convergence apparent between the
1:1 and 1:0.5 ratios observed. This could indicate that the increase in resin content
has a stabilising effect on the CNTs, thus improving dispersion homogeneity and
hence viscosity profile consistency. The final constant viscosity values show that the
increase in resin content increases the viscosity of the ink, which is also illustrated in

Figure 4.3.2.
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4.3.2.2 1Ink Surface Tension
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Figure 4.3.3: Average surface tensions of inks containing CNT:PVA mass ratios of
1:0.5, 1:1 and 1:2. Error bars shown are = one standard deviation.

The average surface tensions of the inks are shown graphically in Figure 4.3.3.
No significant change is seen between the three ratios, implying that the PVA has
no significant effect on surface tension at the quantities tested and that it is still
dominated by the NMP as suggested in section 4.2.2.2. However it must be noted that
the consistency of the samples with the highest proportion of PVA (1:2 CNT:PVA)
was significantly higher that the other samples implying improved sample consistency,

possibly due to the reported weak stabilising effect of PVA on CNT dispersions.
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4.3.2.3 Printed Film Transparency

CNTrPVA Mass Ratio

Figure 4.3.4: Average optical transmission of coated films containing CNT:PV A mass
ratios of 1:0.5, 1:1 and 1:2. Error bars shown are = one standard deviation.

Figure 4.3.4 shows the optical transmission data for the ratio tests. It was origin-
ally hypothesised that the increase in PVA content will have a stabilising effect, thus
increasing sample homogeneity and transmission. However no significant change in

transmission due to the PVA content of the ink is observed.
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4.3.2.4 Printed Film Sheet Resistivity
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Figure 4.3.5: Average sheet resistivity of coated films containing CNT:PVA mass
ratios of 1:0.5, 1:1 and 1:2. Error bars shown are + one standard deviation.

Figure 4.3.5 shows the effect of the ratio upon the sheet resistivity of the coated
films. This data is summarised in Table 4.3.2, including the standard deviation of the
data. The increase in resin content has a significant effect upon the sheet resistivity
of the film, with an increase in PVA concentration resulting in an increase in sheet
resistivity. This is due to the insulating PVA hindering CNT contact throughout the
percolating network, hence increasing the CNT junction resistance which is reported
to be the dominant factor in network resistivity. The standard deviation of the
data does not support the hypothesis that the increase in PVA content increases the

homogeneity of the film.
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CNT:PVA Ratio Sheet Resistivity [O/D] St. Dev. [D/D] St. Dev. As % Mean [%]

1:0.5 1.55E+04 3.56E703 23.0
I:1 8.90E+04 2.99E+04 335
1:2 7.41E+06 5.03E-06 67.9

Table 4.3.2: Table summarising average sheet resistivity of coated films containing
CNT:PVA mass ratios of 1:0.5, 1:1 and 1:2.

4.3.25 Printed Film Adhesion

250

CNT:PVA Mass Ratio

Figure 4.3.6: Measured adhesive strength of coated films containing CNT:resin ratios
of 1:0.5, 1:1 and 1:2. Higher adhesion values indicate fewer CNTs removed from the
him during the tape test. Error bars shown are + one standard deviation.

Figure 4.3.6 shows the adhesion results for the ratio tests. It would be expected
that the higher the resin content the higher the adhesion, however the results do not

support this, and show no clear trend.
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4.3.2.6 SEM Imagery

CNT:PVA
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Figure 4.3.7: SEM images of varying CNT:PVA ratios obtained at 40000x magnific-

ation.

Figure 4.3.7 shows three representative SEM images taken of printed samples contain-
ing each resin ratio. The increase in PVA content has a noticeable effect, with many
individual CNTs (approximately 20-30nm in diameter including PVA coating) visible

at lower PVA concentrations. As the PVA content within the ink is increased, the
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layer appears more coalesced, with the PVA coating many of the bundles of CNTs.

4.3.3 Collated Discussion of Results

Section 4.3 has discussed the properties of three resin concentrations when used for a
2wt% MWCNT based functional ink in an NMP solvent. The performance can now
been judged on the five selected criteria; namely viscosity and surface tension of the
ink and optical transmission, sheet resistivity and adhesion of coated films.

The ink samples containing a 1:0.5 ratio of CNT:PV A showed the lowest viscosity
and a suitable surface tension for common printing techniques. The resulting coated
films showed similar transparency to the alternative ratios tested but the lowest sheet
resistivity by an order of magnitude. Individual CNTs were still visible in SEM
images.

The ink samples containing a 1:1 ratio of CNT:PVA showed an intermediate vis-
cosity and similar surface tension compared to the alternative ratios tested. The
coated films again showed intermediate performance relative to the other ratios with
respect to sheet resistivity and similar transmission.

Finally, the ink samples containing a 1:2 ratio of CNT:PVA showed the highest
viscosity. Again, surface tension remained suitable for printing on a variety of sub-
strates using most common techniques. Sheet resistivity was high in comparison to
the alternative ratios and transmission was similar. The increase in sheet resistivity
is due to the increased coating of CNTs with PVA, which is clearly visible in SEM
images.

Of the three ratios investigated the optimal for further testing is the 1:1 CNT:PVA
ratio. The resin content does not impede sheet resistivity to an unacceptable degree
compared to the 1:2 ratio whilst the viscosity, crucial to print quality, is higher than
the 1:0.5 ratio.

Further optimisation on this ink formulation can be achieved by investigation of
the processing parameters. One key parameter that was arbitrarily defined for the
prior tests was the temperature of the sample during sonication. Further tests must
be performed to study the effect of the mixing temperature upon the PVA and CNT

dispersions.

44 Temperature During Sonication

This section compares CNT inks using a PVA based resin at a 1:1 ratio of PVA.CNT

mass but sonicated whilst immersed in a water bath at three different temperatures,
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namely 5, 10 and 15°C. CNT solutions have been shown to show instability outside a
temperature of +£40°C'%®. Localised heating during sonication can be high, so cooling
of the sample will be essential to maintain sample temperatures below this value.
Solvent evaporation should also be minimised during mixing, with NMP having a
boiling point of 202°C''%, Each sample was characterised as described above, includ-
ing measurement of mass loss during mixing. Adhesion testing was not performed on
this sample set.

4.4.1 Experimental Outline

During probe sonication samples are immersed in a water bath to control ink temper-
ature. The water bath is controlled by an analogue dial and the temperature recorded
by a calibrated thermometer. Temperatures are stable to +0.5°C over significant time
scales. For the purposes of this experiment all temperatures chosen were below am-
bient temperature, with values of 5, 10 and 15°C selected. These temperatures were
selected to keep the sample temperature below 40°C, with the minimum temperature
achievable by the equipment being 5°C.

All inks samples were made in 20g batches. CNT content was measured as a
percentage of total mass and target was 2wt%, with a CNT:PVA mass ratio of 1:1.
Inks were prepared using the method described in section 3.2. PVA bases in NMP
were prepared at concentrations of 10%. Ink formulation quantities are given in Table
4.4.1. Three inks were mixed at each temperature, and all characterisation results
averaged. Data from the resin tests (section 4.2) was used for the 5°C to avoid
repetition. Samples were also weighed before and after sonication to assess maximum
sample temperatures as direct measurement during sonication was not feasible. Any
reduction in mass post-sonication will be caused by solvent evaporation, implying
localised temperatures above the boiling point of NMP.

| Consituent | Target Mass [g] |

CNT 0.4
NMP 19.2
PVA 0.4
| Total Mass | 20 |

Table 4.4.1: Target ink constituent mass for bath temperature investigation.
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4.4.2 Characterisation Results and Discussion

4.4.2.1 Sample Mass Loss

Samples were weighed before and after sonication, the results of which are shown in
Table 4.4.2. Samples were weighed using a Sartorius Analytic calibrated 4 point mass
balance. Mass loss was seen to increase at higher mixing temperatures, however it
can be concluded that at no time do the net sample temperatures exceed the boiling

point of NMP.

Bath Temperature \°C\ Average Mass Loss [g

5 0.00
10 0.01
15 0.02

Table 4.4.2: Mass loss from samples sonicated whilst immersed in a water bath at
temperatures of 5, 10 and 150C.

4.4.2.2 Ink Viscosity
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Figure 4.4.1: Average viscosity/shear-rate curves of samples mixed at 5, 10 and 15 °C.
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Figure 4.4.2: Average viscosity in the final Newtonian regime (at 1000 1/s) of samples
mixed at 5, 10 and 15°C\ Error bars shown are + one standard deviation.

Figure 4.4.1 shows the viscosity flow curves of the inks mixed at the three specified
temperatures. For all three the final constant viscosity regime is of similar value, with
the Newtonian regime graphically displayed in Figure 4.4.2. The variance observed

does not correlate directly with temperature, and is not of significant magnitude.



4.4.2.3 Ink Surface Tension

10
Bath Temperature [°C]

Figure 4.4.3: Average surface tensions of samples mixed at 5, 10 and 15°C. Error
bars shown are + one standard deviation.

No dependence of surface tension upon bath temperature is observed in Figure

4.4.3.
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4.4.2.4 Printed Film Transparency

Bath Temperature [°C]

Figure 4.4.4: Average optical transmission of coated films mixed at 5, 10 and 15 °C.
Error bars shown are + one standard deviation.

Figure 4.4.4 shows that film transmission is independent of bath temperature

during mixing.
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4.4.2.5 Printed Film Sheet Resistivity
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Figure 4.4.5: Average sheet resistivity of coated films mixed at 5, 10 arid 15°C. Error

bars shown are + one standard deviation.

The sheet resistivities of the coated films are shown graphically in Figure 4.4.5

and summarised in Table 4.4.3. The results show that sheet resistivity reduces at

higher mixing temperatures. This may be due to to increased energy in the system

at higher temperatures facilitating dispersion.

Bath Temp. /°C] Sheet Resistivity [D/d] St. Dev. [D/D] St. Dev. As % Mean [%]

5 8.90E+04 2.99E-04 33.5
10 5.42E+04 1.29E+04 23.9
15 4.22E+04 1.16E+04 27.5

Table 4.4.3: Table summarising average sheet resistivity of coated films mixed at 5,

10 and 15°C.
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4.4.3 Collated Discussion of Results

Temperature during mixing appears to have a negligible effect upon the ink and film
properties within the range tested. Viscosity, surface tension and film transmission
all show no clear dependence upon mixing temperature. Sheet resistivity does show a
dependence, with an increasing temperature resulting in a decrease in sheet resistivity.
This could be due to an improved network homogeneity, which would be caused by
improved solubility with higher temperature. No significant mass loss was recorded
at a 15°C bath temperature implying that sample temperatures do not exceed the
boiling point of NMP. Higher temperatures were not investigated due to the need to
ensure net sample temperatures were kept within the stability limits reported by Sun

et al. 56,

4.5 Conclusions

This chapter has described the effect of resin choice, resin content and sample tem-
perature during mixing on several key properties of the CNT ink and coated film.
The optimal formulation of a CNT ink should provide a well dispersed suspension of
CNTs which will provide an efficient percolating network that is bound to the sub-
strate upon printing. Ink properties should also be in line with the requirements for
the selected printing process summarised in Table 1.1.1.

With respect to the choice of resin the results show that under the same processing
conditions the resulting ink properties will vary. It is clear that the processing con-
ditions would have to be optimised for each resin, with the PLA and NC systems
showing inhomogeneity that is likely due to the mixing energy applied being below
that which would be applied at a ’critical mixing time’ for that system, as predicted
by Huang et al.'2. The PA system and PVA system showed improved dispersion
homogeneity, especially with regard to the transmission and sheet resistivity results.
A decrease in transmission, such as that seen in the PA and PVA systems compared
to the NC and PLA, could be due to increased CNT agglomeration size in the poorer
dispersions. A well dispersed network would inhibit light transmission throughout
the printed film consistently, whereas large agglomerations would inhibit light trans-
mission at particular points but allow increased transmission over the remainder of
the film. This could potentially result in a net increase in light transmission over
an area much larger than that of an individual CNT. The increase in individual ag-
glomerations would also result in a higher and more variable sheet resistivity, which
is clearly shown in Table 4.2.2. The resistance of all samples is comparable to that
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observed in literature for MWCNT films ®%%, indicating that CNT content is above
the theorised percolation threshold 6. The PLA conducting polymer system was ex-
pected to improve the sample sheet resistivity, however this was not observed. This
may be due to sub optimal dispersion parameters, however overall performance in
other areas was not sufficient to warrant further investigation. Surface tension for all
samples is similar to that of the NMP solvent which is suitable for deposition on most
common substrates. PA, NC and PVA showed suitable adhesive properties at the 1:1
resin:CNT ratios used. PVA was selected as the resin for further ink investigations
due to the improved solution quality compared to the NC and PLA. Although the
PA system showed a higher quality of dispersion (in terms of sheet resistivity and
transmission), the use of a single specified polymer as opposed to the commercial PA
system should simplify further experimental conclusions. PVA has also been reported
in literature as having a weak stabilisation effect ®.

The PVA:CNT ratio was tuned to optimise the ink and film properties. The res-
istance of CNT networks is dominated by barrier resistance, either at defect sites
or contact resistance at junctions, as shown by Kaiser et al.?> The use of MWNCTs
increases the number of defect sites, which partially accounts for the high film res-
istances compared to reported values for SWCNT networks 7%, but as stated above
values were similar to that reported for MWCNT films without polymer binders. The
resin will result in an increase in sheet resistivity "¢, probably due to increased barrier
resistance at junctions. It is expected therefore that a higher PVA content would in-
crease sheet resistivity, which was observed in the results. All other characterisation
parameters showed no conclusive dependency upon PVA content.

Sun et al. %% stated that CNT suspensions in NMP are temperature sensitive, with
a values between of +40°C stated as optimal. Also, temperatures above 202°C' will

result in evaporation of the NMP solvent %

. The use of sonication imparts energy to
a system which naturally leads to an increase in temperature throughout the system,
plus localised heating will occur to a higher magnitude at the probe tip. Average
mass loss during sonication was minimal for all temperatures tested, and sample
temperatures were kept within the recommended range. The only significant effect
upon the ink properties was upon the sheet resistance of the coated film. Higher
temperatures resulted in a lower sheet resistivity. This may imply a better dispersion
quality due to the increased energy in the sample during mixing resulting in an
increase in suspension homogeneity. However this conclusion is not supported by the

transmission results.
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To conclude the results indicate that PVA shows promise as a resin for CN'T based
systems. The PVA content has a significant effect upon the properties of the ink,
especially sheet resistivity, and therefore further inks should have a PVA:CNT ratio
of 1:1 to optimise the balance between film durability and sheet resistivity. Finally the
temperature during processing has a minimal effect upon the ink properties, however
the sheet resistivity of the coated film is reduced at higher temperatures within the
range measured.

Further processing experiments still need to be performed to assess the effect of
ultrasonic mixing energy and CNT concentration and functionality upon the ink and

film. These are discussed in the following chapter.
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Chapter 5

Critical Mixing Energy, CNT
Concentration and Functionalisation

5.1 Introduction

The previous chapter outlined the basic constituents and processing parameters for a
CNT based functional ink for flexographic or gravure printing. However it was clear
from initial scoping experiments that optimisation of any ink will require investigation
into several further key parameters. These are investigated in this chapter, namely
the concentration of CNTs in the ink, the agitation energy applied to the system
during mixing and the effect of CNT functionalisation.

The CNT concentration within the inks was varied between 0.5, 1, 2 and 4wt%.
The concept of a percolation threshold has been discussed by many (see section 2.1.3),
where the CNT concentration must be above a certain threshold for conduction to
occur between any two points in a network. According to available literature, 0.5 to
1wt% may be close to or below the bulk network percolation threshold, with 1wt% and
beyond being above. Increasing CNT content should increase the viscosity of the ink
(see section 2.2.2), with the effect upon the surface tension unknown. With respect to
the coated film, an increase in CNT concentration should result in a decrease in sheet
resistivity and a corresponding decrease in optical light transmission through the film.
At higher CNT concentrations it should be expected that higher energies should be
applied to the system to obtain a suitable dispersion. Scoping studies suggested that
the CNT concentrations of over 8wt% become increasingly difficult to disperse and
electrical performance shows limited improvement, hence the experiments described
in this chapter will range up to 4wt%.

During probe sonication the total energy applied to the sample is reported by
the probe. As described in the literature®® the higher the energy applied to the
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system the more dispersed the CNTs will become, but above a certain point the
sonication will damage the CNT structures, introducing defects and shortening the
CNTs. Dispersion quality has also been highlighted as important for application
functionality!°. Applied energy was varied by changing the time the samples were
sonicated for, with all other processing parameters kept constant. The times selected
were 5, 15 and 30 minutes. It is expected that the ’critical mixing time’ predicted by

1.12 will have an analogous critical mixing energy which will be observed.

Huang et a
Scoping experiments and the previous chapter showed that 30 minutes of mixing
at the chosen settings described in section 3.2 were sufficient to obtain a suitable
dispersion of a 2wt% unfunctionalised MWCNT ink. Hence further testing should
investigate lower mixing times as minimisation of mixing energy has direct industrial
applicability. Scoping experiments showed that the average reported energies applied
to the sample after these mixing times at the chosen settings were 3.7, 11.0 and 21.9kJ
respectively. It must be noted that higher energies were applied to higher viscosity
fluids due to the feedback system used to apply constant amplitude vibrations (see
section 3.2.1.2), the reported values are averages for all CNT concentrations tested.
This results in specific energy densities being applied to 20g samples that is similar
to the values suggested for CNT samples by Garg et al.® (and Hilding et al.® if the
assumption of a mistake in Figure 2.2.2 is correct) discussed in section 2.2.1.

The effect of CNT functionalisation is described in section 2.1.2. Functionalised
and control CNT samples were donated by Haydale Ltd. and were functionalised
using a proprietary plasma based process, similar to that discussed in section 2.1.2.
Samples provided were a control sample, which were Baytube® C150P without any
post production treatment applied, Baytube® C150P that had been processed in an
O, atmosphere and Baytube C150P that had been processed in an NH 3 atmosphere
(hereby referred to by the notation of AsRec, O2 and NH3 respectively). All samples
provided were from the same production batch of Baytubes® . These functionalities
were chosen due to the commercial availability and for comparison with reported
results. It is expected that the functionalised tubes will show a lower critical mixing
energy due to the improved solubility 8. The impact of the increased number of
defects in the CNT structure will negatively impact the sheet resistivity of the coated
films, however this may be offset by an improvement in film homogeneity due to
the improved CNT solubility. The effect of the precise functionalisation chemistry is
unknown, and may depend on a number of factors, not least the solvent and resin

material used.
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5.2 Functionalised CNT Characterisation

The functionalised CNTs used in this chapter were characterised using X-ray pho-
toelectron spectroscopy (XPS). The XPS experiments and analysis were provided
alongside the samples by Haydale Ltd.. The results are summarised in Table 5.2.1.
The control sample (AsRec) XPS spectra showed that the MWCNTs were 96% carbon
(CNTs and amorphous carbon structures), with 4% oxygen present. When O treat-
ment was applied the oxygen concentration increased to 20%. The N Hj treatment
showed the oxygen concentration had decreased to 3.8%, with 2.2% nitrogen present
and evidence of N-H bonding. These percentages should be treated with care due
to the inherent uncertainties in the quantitative analysis process; however effect of
the functionalisation is clear. Any effect of functionalisation chemistry upon the ink
properties may be masked by the large difference in elemental composition observed
between the O2 and other samples.

Sample Elemental Composition [%)]
C 0] N
AsRec 96.0 4.0 -
02 80.0 20.0 -
NH3 94.0 3.8 2.2

Table 5.2.1: Summary of XPS characterisation results showing degree of functionality
of AsRec, O2 and NH3 CNT samples.

5.3 Experimental Overview

Samples were prepared in advance of mixing. As stated above, three variables were
investigated, two of which were within the ink formulation. These were the CNT
concentration (0.5, 1, 2 and 4wt%) and CNT functionality (AsRec, O2 and NH3
samples). These were based on the work described in the previous chapter and used a
PVA resin at a 1:1 CNT:PVA ratio with NMP used as the solvent for reasons described
previously. The third variable was mixing time (5, 15 and 30min). A summary of the
ink formulations is given in Table 5.3.1.

Ink samples were characterised in terms of the viscosity profile at varying shear
rates and surface tension, with printed films characterised in terms of film transpar-
ency and sheet resistivity, in line with the methods described in chapter 3.

Samples were sonicated at a bath temperature of 15°C, as this was seen to be

optimal in section 4.4. Immediately after mixing samples were removed from the
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Ink Target Mass [g]
0.5wt% | 1wt% | 2wt% | 4wt%

Constituent

CNT (AsRec, O2, NH3) | 01 | 02 | 04 | 08
NMP 18.9 17.8 | 156 | 11.2
PVA 1 2 4 8
| Total Mass [ 20 | 20 | 20 | 20 |

Table 5.3.1: Target ink constituent mass for CNT concentration and CNT type in-
vestigation. CNT samples tested are AsRec, O2 and NH3.

water bath and three film samples of approximately 15cm x 10cm were coated (see
3.4). After coating the film samples were dried and the viscosity of the ink sample
measured (see section 3.3.1). Concurrently the ink surface tension was measured
(see section 3.3.2) and the ink density was measured using calibrated pipettes and
a mass balance. Once the film samples were dried the sheet resistivity, transmission
and adhesion of the coated film was measured using the methods outlined in sections
3.5.3, 3.5.2 and 3.5.1 respectively. Three ink samples of each combination of CNT
functionality, concentration and mixing time were tested, with all results averaged. As
with previously described work all experiments were performed as rapidly as possible
after mixing to minimise effects due to reagglomeration of the CNTs.

5.4 Results

The results for each characterisation parameter are presented below, in which the
effect of ultrasonic mixing time,CNT functionality and CNT concentration are dis-
cussed in turn to highlight any observed trends in the data.

5.4.1 Newtonian Viscosity Magnitude

5.4.1.1 Effect of Ultrasonic Exposure Time With Varying CNT Function-
ality

Figures 5.4.1 to 5.4.4 show the Newtonian regime viscosities of the ink samples after
varying ultrasonic probe exposure times and CNT functionality. Firstly it must be
noted that no data is available for any AsRec samples after 5min mixing time due
to agglomerations being too large for the rheometer plate gap resulting in unreliable
results.

At 0.5wt% (Figure 5.4.1) there is no significant trend at 15min exposure. At 30min
ultrasonic exposure the AsRec samples have a higher viscosity than the NH3 ink, with
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the 02 sample in between but showing higher variability. Viscosity magnitude does
not appear affected by mixing times at this lowest concentration.

At lwt% concentration (Figure 5.4.2) there appears to be a maximum measured
viscosity at lomin for the 02 and NH3 samples. This trend is continued for NH3
samples at 0.5, 2 and 4wt%.

At 2wt% concentration (Figure 5.4.3) the AsRec samples show high variability.
NH3 samples show a higher magnitude viscosity than the 02 samples, with the trend
with respect to mix time for the 02 samples showing an increase to a maximum at
30min, with the viscosity appearing to plateau at 15 and 30min. The 02 samples
show the lowest viscosity magnitude at every mix time.

At 4wt% concentration (Figure 5.4.4) the NH3 inks show the highest viscosity at
every mix time tested AsRec and 02 samples show similar magnitude viscosities at
the 15 and 30min mix times. The NH3 sample still shows the maximum viscosity at
15min trend described earlier, with the AsRec and 02 samples increasing in viscosity

with mix time.

7.E-03

6.E-03 -

m AsRec
m02
m NH3

Ultrasonic Exposure Time [min]

Figure 5.4.1: Viscosity of 0.5wt% MWCOCNT ink after different probe sonication ex-
posure times. Control sample and functionalised CNTs are shown.
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Figure 5.4.2: Viscosity of Iwt% MWCNT ink after different probe sonication exposure
times. Control sample and functionalised CNTs are shown.

2.50E-02

2.00E-02 -
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Ultrasonic Exposure Time [min]

Figure 5.4.3: Viscosity of 2wt% MW CNT ink after different probe sonication exposure
times. Control sample and functionalised CNTs are shown.
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Figure 5.4.4: Viscosity of 4wt% MWCNT ink after different probe sonication exposure
times. Control sample and functionalised CNTs are shown.

5.4.1.2 Effect of CNT Functionality at Varying Concentrations

Figures 5.4.5 to 5.4.7 show the Newtonian regime viscosities of the ink samples after
varying CNT functionality and concentration.

After Smin ultrasonic mixing (Figure 5.4.5) it can be observed that the NH3
samples show similar viscosities to the 02 samples. Increasing CNT concentration
results in a significant increase in viscosity. No results are available for the AsRec
samples for reasons described above.

With further sonication, for 15min (Figure 5.4.6) it can be seen that at lower
concentrations CNT functionality has little effect upon the viscosity. However at
4wt% the NH3 sample has a significantly higher viscosity. This trend is also seen

after 30min sonication (Figure 5.4.7).
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Figure 5.4.5: Viscosity of MWCNT ink after probe sonication for 5 minutes at varying
CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.
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Figure 5.4.6: Viscosity of MWCNT ink after probe sonication for 15 minutes at
varying CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.
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Figure 5.4.7: Viscosity of MWCNT ink after probe sonication for 30 minutes at
varying CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.

5.4.1.3 Effect of CNT Concentration at Varying Ultrasonic Exposure
Times

Figures 5.4.8 to 5.4.10 show the Newtonian regime viscosities of the ink samples after
varying CNT concentration and functionality.

For the AsRec samples shown in Figure 5.4.8 it is clear that viscosity increases
with CNT concentration, as observed in all samples. Viscosity magnitude does not
have a significant dependence upon mixing time until concentrations reach 4wt%
where 30min of mixing results in a higher viscosity than at 15min.

Similar trends are seen when the 02 CNT sample is used within the ink (Figure
5.4.9). At 0.5 and Iwt% the viscosities are of similar magnitude for all mixing times.
However when concentrations increase to 2wt% the 15 and 30min samples show higher
viscosity magnitudes, and this change in viscosity increases further at 4wt%. It also
appears that at 4wt% concentration the 30min mixed sample shows higher viscosity
than the 15min sample, however the data is not conclusive.

The NH3 CNT sample shows similar trends to the 02 sample (Figure 5.4.10), with
viscosities independent of mixing time at low concentrations. At higher concentrations

higher mixing times result in higher viscosities, with the 15min mixing time samples
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appearing to show higher viscosities than the 30min mixing times. This the opposite of

the 02 sample, however the data is not conclusive due to the high standard deviations.

CNT Concentration (wt%)

Figure 5.4.8: Viscosity of AsRec MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.
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CNT Concentration (wt%)

Figure 5.4.9: Viscosity of 02 MWCNT ink at varying CNT concentrations. Samples
exposed to probe sonication for 5, 15 and 30 minutes are shown.

CNT Concentration (wt%)

Figure 5.4.10: Viscosity of NH3 MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 5, 15 and 30 minutes are shown.

118



5.4.1.4 Newtonian Viscosity Magnitude Discussion

Initial analysis focussed on the effect of ultrasonic exposure time upon the final New-
tonian regime viscosity of the inks (section 5.4.1.1). Ultrasonic exposure time is not
observed to have a significant effect on ink viscosity at low (0.5 and 1wt%) CNT
concentrations. At 2wt% an increase in ultrasonic exposure time from 5 to 15min
results in an increase in viscosity. Further sonication does not appear to significantly
change viscosity. This is likely due to the increase in agglomeration breakdown due
to the higher density of CNTs within the ink. This change in the behaviour of the

1.7 who observed

ink over 2wt% correlates with the results seen by Potschke et a
a significant rheological change in MWCNT composites at 2wt%, where the rate of
increase in viscosity increased. At 4wt% the change in viscosity with mixing time is
more pronounced, with viscosity magnitudes increasing from 15 to 30min mix times
for the AsRec CNTs, but not significantly different for the O2 CNTs. This suggests
the ’critical mixing time’ proposed by Huang et al.'? has been achieved for the 02
CNTs but not the AsRec, implying that the lack of functionalisation results in higher
energies being required for dispersal. The NH3 CNTs also show a maximum viscosity
implying that the ’critical mixing time’ has been achieved, however it can also be
noted that the viscosity after 30min mixing is lower than after 15min. This correlates
with results seen by Cotiuga et al.!' who saw a viscosity maximum with respect to
sonication time and concluded that the decrease in viscosity was due to CNT damage
caused by excessive sonication.

Further analysis focussed on the effect of CNT functionality upon the final Newto-
nian regime viscosity of the inks (section 5.4.1.2). For the AsRec CNT sample it was
clear that 5min of sonication was not sufficient to give a homogeneous dispersion due
to the large agglomerate sizes causing inconsistent results. This implies further that
the AsRec CNT require higher mixing energies for dispersion. The rate of increase of
viscosity with concentration appears higher for the NH3 samples than the AsRec and
02 CNTs. This non linear rate of viscosity increase at higher concentrations was also
observed experimentally by Huang et al.'? which is explained by the formation of an
unstable elastic network and is indicative of a 'mechanical percolation threshold’ be-
ing reached. This increase in the rate of change of viscosity observed in the NH3 CNT
based ink samples may indicate a lower mechanical percolation threshold than the
02 or AsRec samples. This could be due to the decreased degree of functionalisation
compared to the O2 sample (see Section 5.2), as excess functionalisation is known to

41;42

cause tube shortening , resulting in an increase in the percolation threshold. This

would also explain the observation that the NH3 sample based inks show the highest
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viscosity magnitudes at higher CNT concentrations. This is because if the CNTs are
longer the aspect ratio of the rod like structures is higher, which is known to result
in higher viscosities®.

Final analysis focussed on the effect of CNT concentration upon the final New-
tonian regime viscosity of the inks (section 5.4.1.3). It was observed that viscosity
increases proportionally to CNT concentration, an intuitive result that is common

94-%  The dependence upon a combination of CNT concen-

for particle suspensions
tration and sonication time is further highlighted, with viscosity magnitudes tending
to be similar with respect to mixing time until higher concentrations where significant

differences are seen, especially at 4wt%, as previously discussed.

5.4.2 1Ink Surface Tension

5.4.2.1 Effect of Ultrasonic Exposure Time With Varying CNT Function-
ality

Figures 5.4.11 to 5.4.14 show the surface tensions of the ink samples after varying
ultrasonic probe exposure times and CNT functionality. At 0.5wt% CNT concentra-
tion (Figure 5.4.11) no clear dependence on sonication time or CNT functionality is
visible. At 1wt% the surface tension measurements seem to stabilise with respect to
CNT type at higher mixing times. This trend is not seen at higher concentrations of
2 and 4wt% (Figures 5.4.13 and 5.4.14 respectively), with no significant effect on the
surface tension due to the variables tested visible.
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15
Ultrasonic Exposure Time [min]

Figure 5.4.11: Surface tension of 0.5wt% MWCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.

15
Ultrasonic Exposure Time [min]

Figure 5.4.12: Surface tension of Iwt% MWCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.
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Ultrasonic Exposure Time [min]

Figure 5.4.13: Surface tension of of 2wt% MW CNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.

Ultrasonic Exposure Time [min]

Figure 5.4.14: Surface tension of 4wt% MWCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.
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5.4.2.2 Effect of CNT Functionality at Varying Concentrations

Figures 5.4.15 to 5.4.17 show the surface tensions ofthe ink samples after varying CNT
functionality and concentration. Still no significant dependence of the magnitude of
the surface tension upon the tested variables is visible. After Smin of ultrasonic
mixing (Figure 5.4.15) the standard deviation of the results from the highest concen-
tration inks are higher than at lower concentrations, this trend is also visible after
15min mixing (Figure 5.4.16) but not after 30min (Figure 5.4.17). NH3 CNT samples
appear to show a more stable surface tension magnitude irrespective of mixing time

or concentration.

45

AsRec 02 NH3
CNT Type

Figure 5.4.15: Surface tension of MW CNT ink after probe sonication for 5 minutes at
varying CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.
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AsRec 02 NH3
CNT Type

Figure 5.4.16: Surface tension of MWCNT ink after probe sonication for 15 minutes
at varying CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.

45

AsRec 02 NH3
CNT Type

Figure 5.4.17: Surface tension of MWCNT ink after probe sonication for 30 minutes
at varying CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.
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5.423 Effect of CNT Concentration at Varying Ultrasonic Exposure
Times

Figures 5.4.18 to 5.4.20 show the surface tensions of the ink samples after varying
CNT concentration and functionality. No significant trends are visible in the graphs,

however higher standard deviations at higher CNT concentrations are observed.

CNT Concentration (wt%)

Figure 5.4.18: Surface tension of AsRec MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.
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CNT Concentration (wt%)

Figure 5.4.19: Surface tension of 02 MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.

CNT Concentration (wt%)

Figure 5.4.20: Surface tension of NH3 MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.
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5.4.2.4 Ink Surface Tension Discussion

Initial analysis focussed on the effect of ultrasonic exposure time upon the average
surface tension of the inks (section 5.4.2.1). No dependence on sonication time is
observed, however higher mixing times appear to stabilise surface tension results but
the data is not conclusive. This implies improved dispersion homogeneity.

Further analysis focussed on the effect of CNT functionality upon the average
surface tension of the inks (section 5.4.2.2). No significant dependence on CNT func-
tionality is observed, indicating that the covalent functionalisation does not affect
the surface tension of dispersions. NH3 suspensions appear to show improved stabil-
ity with respect to surface tension magnitude which may be indicative of improved
dispersion homogeneity.

Final analysis focussed on the effect of CNT concentration upon the average sur-
face tension of the inks (section 5.4.2.3). No significant dependence upon CNT con-
centration is observed. An increase in surface tension variability with increasing CNT
concentration is observed, especially at lower mixing times indicating that increasing
CNT concentration requires a corresponding increase in mixing time for homogeneous

dispersion.

5.4.3 Printed Film Transparency

5.4.3.1 Effect of Ultrasonic Exposure Time With Varying CNT Function-
ality

Figures 5.4.21 to 5.4.24 show the percentage light transmission through the coated

film samples after varying ultrasonic probe exposure times and CNT functionality.

At 0.5wt% CNT concentration (Figure 5.4.21) a trend of decreasing transmission
with increasing ultrasonic exposure time is visible for all CNT functionalities, but the
effect is small. All CNT types show similar transmission magnitudes.

The effect of decreasing transmission with increasing mixing time becomes more
pronounced at 1wt% CNT concentration (Figure 5.4.22). CNT type still has no
significant effect upon the transmission of the printed film.

At 2wt% (Figure 5.4.23) the effect of decreasing transmission with increasing
mixing time increases, with NH3 samples showing the lowest transmission values of
the CNT types at each mixing time. Transmission variability is increased compared
to lower concentrations.

At 4wt% concentration (Figure 5.4.24) the trend of decreasing film transmission
with respect to time continues for the O2 and NH3 samples, with the latter showing
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lower transmission magnitudes than the 02 samples. However the AsRec samples do
not follow this trend, with the 5min mix time samples showing similar transmission

to the 15min samples.

120
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Ultrasonic Exposure Time [min]

Figure 5.4.21: Transparency of 0.5wt% MWOCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.
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Ultrasonic Exposure Time [min]

Figure 5.4.22: Transparency of lwt% MWCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.

Ultrasonic Exposure Time [min]

Figure 5.4.23: Transparency of 2wt% MWOCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.
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Figure 5.4.24: Transparency of 4wt% MWCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.

5.4.3.2 Effect of CNT Functionality at Varying Concentrations

Figures 5.4.25 to 5.4.27 show the percentage light transmission through the coated
film samples after varying CNT functionality and concentration. After Smin mixing
time all CNT concentrations and functionalities show similar transmission percent-
ages except at 4% concentration, where the AsRec sample shows significantly lower
transmission.

After longer mixing, this time for 15min in total (Figure 5.4.26), the effect of CNT
concentration become more pronounced with higher concentrations causing a bigger
drop in percentage transmission compared to after only S5min (Figure 5.4.25). Of all
the three CNT functionalities NH3 shows the most significant effect, with the lowest
transmission magnitudes at every concentration.

After 30min of mixing (5.4.27) the transmission magnitudes seem to be consistent
with respect to CNT type at 0.5, 1 and 2wt%, with AsRec showing higher transmission
than the 02 and NH3 samples.
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Figure 5.4.25: Transparency of MWCNT ink after probe sonication for 5 minutes at
varying CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.

100

CNT Type

Figure 5.4.26: Transparency of MWCNT ink after probe sonication for 15 minutes at
varying CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.
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Figure 5.4.27: Transparency of MWCNT ink after probe sonication for 30 minutes at
varying CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.

5.4.3.3 Effect of CNT Concentration at Varying Ultrasonic Exposure
Times

Figures 5.4.28 to 5.4.30 show the percentage light transmission through the coated
film samples after varying CNT concentration and functionality.

For the AsRec sample (Figure5.4.28) it is clear that ink film transmission de-
creases with increasing CNT concentration and increasing mixing time. This trend is
replicated with the 02 (Figure 5.4.29) and NH3 (Figure 5.4.30) samples, but it can
also be noticed that the consistency of the 02 samples appears greatest with respect
to the standard deviations shown.

The gradient of the decrease in transmission with respect to mix time appears
to increase at higher concentrations for all samples apart from the AsRec sample at

4wt%, where the film samples after Smin mixing show low transmission.
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CNT Concentration (wt%)

Figure 5.4.28: Transparency of AsRec MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.

CNT Concentration (wt%)

Figure 5.4.29: Transparency of 02 MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.
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Figure 5.4.30: Transparency of NH3 MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.

5.4.3.4 Printed Film Transparency Discussion

Initial analysis focussed on the effect of ultrasonic exposure time upon the average
optical transmission of the coated films (section 5.4.2.1). Increasing sonication time
was seen to decrease the transmission through the printed film. This is due to the
decrease in agglomerate size caused by the increase in energy' applied to the ink. The
decrease in agglomerate size results in a more consistent area coverage of CNTs, an
effect also proposed in the discussion in section 5.4.1.4. These results appear to verify
each other as it is shown in the literature (see section 2.2.1) that sonication results
in a decrease in CNT agglomeration size.

Further analysis focussed on the effect of CNT functionality upon the average op-
tical transmission of the coated films (section 5.4.2.2). At low mixing times the CNT
functionality has no significant effect upon transmission apart from at high concentra-
tions where the AsRec sample shows low transmission. This result is counter intuitive,
and may be due to the poor quality of the film as a result of the inhomogeneity of the
ink after insufficient mixing. After further mixing to 15 and 30min the transmission
through films made from AsRec and 02 CNT samples remains similar, while the NH3
samples show lower transparency. This may be due to the improved dispersion and

corresponding smaller agglomerate size, however the NH3 samples show significantly
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lower transmission magnitudes after 30min than 15min. This is likely to be due to
the damage to the NH3 CNTs that was theorised from the viscosity data, resulting
in amorphous carbon and/or shorter CNTs giving greater area coverage of the film.
Final analysis focussed on the effect of CNT concentration upon the average op-
tical transmission of the coated films (section 5.4.2.3). The higher the CNT concen-
tration the lower the transmission, as a result of the higher density of the CNT films
causing an increase in optical absorbance. The rate of decrease in transmission with
respect to mixing time increases with respect to CNT concentration. This could be
due to the increased number of agglomerates being present in the higher concentra-
tion samples, resulting in an increase in deagglomerated structures in the solution at

higher mixing times.

5.4.4 Printed Film Sheet Resistivity

5.4.4.1 Effect of Ultrasonic Exposure Time With Varying CNT Function-
ality

Figures 5.4.31 to 5.4.33 show the average sheet resistivity of the coated film samples
after varying ultrasonic probe exposure times and CNT functionality. No data is
available for the 0.5wt% concentration or 5 minute ultrasonic agitation time samples
due to sheet resistivities being out of the measurable range of the equipment used
(>900MQ/00).

At 1wt% CNT concentration (Figure 5.4.31) sheet resistivities are similar for all
CNT functionalities after 15min, with standard deviations high for the AsRec and
NH3 samples (note no lower error bar implies deviation above the mean value which
cannot be shown on a logarithmic scale). After 30 minutes data still shows high
variability in the AsRec sample but O2 and NH3 show higher consistency. The NH3
samples show the lowest sheet resistivity.

At 2wt% concentration (Figure 5.4.32) sheet resistivities are similar for all CNT
functionalities after 15 and 30min, with AsRec samples showing high variability. 02
and NH3 samples show lowest sheet resistivities after 30min mixing.

At 4wt% concentration (Figure 5.4.33) the same trends seen at 2wt% are visible,
with lower variability for all samples. O2 samples show the highest sheet resistivity
after 15min mixing, but AsRec samples are the highest after 30min. NH3 samples

consistently show the lowest sheet resistivity.
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Figure 5.4.31: Sheet resistivity of lwt% MWCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.
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Figure 5.4.32: Sheet resistivity of 2wt% MWCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.
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Figure 5.4.33: Sheet resistivity of 4wt% MWCNT ink after different probe sonication
exposure times. Control sample and functionalised CNTs are shown.

5.4.4.2 Effect of CNT Functionality at Varying Concentrations

Figures 5.4.34 and 5.4.35 show the average sheet resistivity of the coated film samples
after varying CNT functionality and concentration. No data for samples mixed for
Smin is available for reasons described above.

After 15min mixing time (Figure 5.4.34) all samples show reduction in sheet res-
istivity with respect to CNT concentration. Standard deviations are lowest for the
02 functionalised samples.

After 30min mixing time (Figure 5.4.35) all samples show reduction in sheet res-
istivity with respect to CNT concentration. Standard deviations also decrease with
respect to CNT concentration. NH3 samples show the lowest sheet resistivities and

standard deviations.
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Figure 5.4.34: Sheet resistivity of MWCNT ink after probe sonication for 15 minutes
at varying CNT functionalities. CNT concentrations of0.5, 1, 2 and 4wt% are plotted.

No data is available for the 0.5wt% due to values being above measurable range of
the equipment.
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Figure 5.4.35: Sheet resistivity of MWCNT ink after probe sonication for 30 minutes
at varying CNT functionalities. CNT concentrations of 0.5, 1, 2 and 4wt% are shown.

5.44.3 Effect of CNT Concentration at Varying Ultrasonic Exposure
Times

Figures 5.4.36 to 5.4.38 show the average sheet resistivity of the coated film samples
after varying CNT concentration and functionality.

The AsRec samples (Figure 5.4.36) only give consistent results for 4wt% concen-
tration at 15min mixing time and 2 and 4wt% at 30min mixing time. Sheet resistivity
decreases with increasing CNT concentration and increasing mixing time. Standard
deviation of all data points decrease with increasing mixing time.

The 02 samples (Figure 5.4.37) show consistent results for 1, 2 and 4wt% at 15and
30min mixing time. Sheet resistivity decreases with increasing CNT concentration
and increasing mixing time. Standard deviation of all data points decrease with
increasing mixing time.

The NH3 samples (Figure 5.4.38) show consistent results for 1, 2 and 4wt% at
15and 30min mixing time. Sheet resistivity decreases with increasing CNT concen-
tration and increasing mixing time. Standard deviation of all data points decrease
with increasing mixing time. However the rate of decrease in sheet resistivity with

respect to CNT concentration after 30min mixture time is relatively low. Also there
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is a significant decrease in sheet resistivity for samples mixed for 15min at 4wt%, with

little difference between 1 and 2wt%.
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Figure 5.4.36: Sheet resistivity of AsRec MW CNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.
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Figure 5.4.37: Sheet resistivity of 02 MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.
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Figure 5.4.38: Sheet resistivity of NH3 MWCNT ink at varying CNT concentrations.
Samples exposed to probe sonication for 15 and 30 minutes are shown.
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5.4.4.4 Printed Film Sheet Resistivity Discussion

Initial analysis focussed on the effect of ultrasonic exposure time upon the average
sheet resistivity of the coated films (section 5.4.2.1). 5min exposure times were insuffi-
cient to provide a homogeneous dispersion to form a conductive network, an indication
that this is below the critical mixing time proposed by Huang et al.'2, This concurs
partially with the viscosity data which was unmeasurable for the AsRec sample after
Smin. Increased ultrasonic mixing always resulted in a decrease in sheet resistivity,
due to deagglomeration resulting in a higher density and more consistent network
forming in the printed film. Data deviation was high for AsRec and NH3 samples
after 15min suggesting that the critical mixing time had not been achieved. From the
standard deviation data it appears that the critical mixing time has been achieved at
15min for the O2 samples. This indicates higher solubility of the O2 samples, which
is in agreement with the conclusions drawn from the viscosity data. After 30min
mixing time standard deviations of all samples were reduced, verifying that increased
mixing improves film consistency and 30min is above the critical mixing time.
Further analysis focussed on the effect of CNT functionality upon the average sheet
resistivity of the coated films (section 5.4.2.2). NH3 samples showed the lowest sheet
resistivities at all mixing times and concentrations. This must be due to decreased
junction resistance as a result of the functionalisation (see Nirmalraj et al.5). At
30min when samples appear to have reached the critical mixing time O2 samples
show a reduction in sheet resistivity compared to AsRec but higher than the NH3.
This suggests that the decrease in junction resistance and improvement in network
homogeneity still outweighs the increase in scattering from the defects compared to
the unfunctionalised sample, however with respect to the NH3 sample the increase in
defects results in an increase in net sheet restivity. As mentioned above, data deviation
was low for the O2 sample at 15min mixing, however the significant decrease after
further mixing implies that although a consistent network has started to form to
allow conduction further sonication is necessary, suggesting that 15min is close to the
critical mixing time rather than above. No evidence of CNT damage is visible from
the resistivity results, though this may be due to defects lowering junction resistance if
CNT damage is not yet severe enough to reduce the percolation threshold significantly.
Final analysis focussed on the effect of CNT concentration upon the average sheet
resistivity of the coated films (section 5.4.2.3). No data was available for the 0.5wt%
samples indicating that this is below the percolation threshold for these samples to
achieve resistances within the measurable range of the equipment. Increasing CNT

concentration results in a decrease in sheet resistivity due to the higher densities of
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the CNT films produced. Sheet resistivity magnitudes are similar to that seen in
literature for MWCNT based inks®. The rate of decrease in sheet resistance with

respect to concentration appears to be independent of mixing time.

5.5 Conclusions

This chapter has discussed the effect of CNT concentration, CNT functionality and
ink mixing time upon the properties of a MWCNT based conductive ink and coated
film. The three variables are expected to be dependent, and understanding this
dependence is the key to optimisation of CNT based inks.

With respect to CNT concentration it has been seen that an increase in CNT
concentration results in an increase in viscosity and a decrease in the optical light
transmission and sheet resistivity of the printed film. The linear increase in viscosity
is only seen until concentrations of 2wt%, as observed in literature . Increasing CNT
concentration has no effect upon surface tension, however the results did highlight
the requirement for increased mixing energy to homogenise higher concentration inks.
This result, along with others, imply that the critical mixing time proposed by Huang

1.2 is dependent on CNT concentration. Increasing CNT concentration also

et a
decreases the optical transparency of printed films, as expected. The results also
showed that optical transparency decreases with increasing mix time, and that the
rate of this decrease is proportional to the CNT concentration.

With respect to CNT functionalisation it has been seen from the viscosity results
that functionalisation decreases the energy required to create a homogeneous disper-
sion. Results indicate a lower mechanical percolation threshold for the NH3 samples
compared to the O2, this could be due to the O2 sample having been over function-

.42, Function-

alised, resulting in tube shortening, an issue highlighted by Shoda et a
alisation has also been observed to result in a decrease in percolation thresholds in
composites by Sung et al.”*. This decrease in percolation is not directly visible in the
sheet resistivity results. Sonication for 30min appears to cause damage to the NH3
CNTs, visible from the viscosity and transmission results, a common effect of sonic-
ation®®. Functionalisation only seems to have a significant affect upon net viscosity
at higher concentrations where the NH3 samples showed the highest viscosities. This
appears counter to the results of Sung et al.”! who observed a decrease in the viscos-
ity of MWCNT composites after oxygen functionalisation, implying that it may be a
chemical effect, though the results cannot be conclusive on this point. Surface tension

appears to be unaffected by covalently functionalised CNTs. Of the functionalised
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samples tested, the NH3 sample showed the lowest sheet resistivities at all concentra-
tions and mixing times. This is due to improved dispersion homogeneity and reduced
junction resistance as a result of the functionalisation, as reported by Nirmalraj et
al.5. The standard deviation of the data indicates consistent sheet resistivities of
the O2 samples after 15min mixing, whereas this is not seen until the 30min mixing
results for AsRec and NH3 samples. This indicates less energy is required to form a
suitable dispersion, a result of the high degree of functionalisation of the sample.

With respect to mixing time it has been seen that higher mixing times, and hence
higher energy applied to the system, results in increased deagglomeration, and de-
pending on the sample CNT damage can occur. Viscosities of the ink samples tend to
increase to a maximum with mixing time, however the NH3 sample viscosity decreases
after 30min sonication, an effect which has been attributed in the literature to CNT
damage '™, This means that the mixing energy needs to be optimised to the ink
formulation to ensure sufficient dispersion with minimal CNT damage. The surface
tension of the ink is not affected by the mixing time, suggesting that the formation
of a CNT network in the solution, or the integrity of the CNT structure does not im-
pact on the surface tension of the net fluid under these conditions. Increasing mixing
time decreases film transparency as a result of increased CNT deagglomeration. Also
sheet resistivity magnitude and variability is reduced by increased mixing, though
this effect is not linear.

It must be noted that, despite careful sourcing of materials and sample preparation
significant deviations are seen in ink and film properties. The variability in CNT
quality, even within the same production batch, has been reported in literature 7,
and is only highlighted further by these results.

To conclude the formulation of a CNT ink requires careful optimisation of all
dependent parameters to achieve application requirements. The covalent functional-
isation of CNTs is of significant benefit to the ink properties, with less energy required
to achieve dispersion, and corresponding improvement in the film properties. Func-
tionalisation allows improved conductivity at lower CNT concentrations due to the
improved CNT solubility. However, care must be taken not to over-functionalise,

where damage to the CNT structure will negatively impact functional properties.
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Chapter 6

CNT Ink Formulation - Conclusions

6.1 Initial Aims and Approach

As stated in section 1, the initial aims of this first section of work were to:

e explore the potential for formulating a CNT based ink by studying potential
resins, solvents and formulation techniques, and

e optimise this ink by improvement of CNT dispersion, with emphasis on mixing
and CNT modification. '

These targets were approached in a systematic fashion. Initially key parameters for
measurement for characterisation of the ink and film were identified. Experiments
were then designed to investigate key variables, which were selected from observations
made in scoping experiments and a comprehensive review of available literature.

The parameters measured for the ink and film characterisation were:
e ink viscosity,

e ink surface tension,

e film transparency, and

e film sheet resistivity.

In addition selected experiments were also characterised by the adhesion and micro-
scopy of the printed film where relevant.

These parameters were investigated in a series of experiments designed to achieve
the above aims. Initial investigations focussed on determination of a suitable ink
formulation for further analysis. Once this was achieved further optimisation was
performed. The variables investigated during this study were:
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e resin material,

resin to CNT concentration ratio,

e processing temperature during mixing,

CNT concentration,

CNT functionality, and

energy applied during mixing.

6.2 Overall Results and Conclusions

The experiments described in chapter 4.1 focussed on the development of a suitable
ink and manufacturing process. Firstly a number of different materials (PA, PLA,
NC and PVA) were compared to assess their suitability as a resin for use in further
experiments. To the best of the author’s knowledge this the first time these materials
had been assessed for this application. Given the processing conditions used, the PA
and PVA based systems showed the most promise. The NC based system showed
the highest viscosity, within the recommended range for flexographic printing, but
sheet resistivity was poor in comparison to the alternative systems. The PLA based
system was expected to show the lowest sheet resistivity, however this was not the
case and the poor printability of the system precluded any further investigations. The
PA and PVA based systems showed the lowest viscosities and transparencies but also
the lowest sheet resistivity. The PVA system was selected for further investigations
due to the relative chemical simplicity of the system compared to the commercial PA
based resin, however the potential of the PA based system must be noted.

The PVA content as a ratio of the CNT mass in the ink was varied to optimise the
properties of the ink. As expected, increasing the PVA content increased the viscosity
and sheet resistivity. To improve the sheet resistivity, reduction in the concentration
of PVA in the formulation is desirable. However the resulting decrease in viscosity
was not suitable for further printed applications, therefore the ratio was selected as
1:1 for further experiments.

Due to reported instability of CNT solutions at higher temperatures and the need
to maintain the ink mass through the mixing process the temperature of the ink during
ultrasonic mixing was assessed. The only factor influenced by the temperatures within

the selected range was the sheet resistivity, which was found to reduce at higher mixing
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temperatures. Therefore further experiments were performed at a bath temperature
of 15°C.

Once the basic ink constituents and processing parameters were selected, a factorial
experiment studying the interdependence of the CNT concentration, CNT function-
ality and sonication energy applied to the system was performed, which is discussed
in detail in chapter 5. It was found that increasing CNT concentration had a corres-
ponding effect upon the viscosity and decreased the sheet resistivity and transmission
of the printed films. Higher energy was also required to disperse the higher concen-
tration inks to a suitable degree, with the effect of the ’critical mixing time’ reported
in literature observed.

The covalent functionalisation of the CNT samples was of interest to improve dis-
persability without the use of surfactants and similar non covalent functionalisation.
It was shown that the covalent functionalisation was a promising technique, with
the NH3 sample showing improved dispersion resulting in corresponding reduction
in sheet resistivity despite the structural damage to the CNTs inherent in the tech-
nique. The O2 sample appeared to have been over functionalised, with higher sheet
resistivities and lower viscosities observed which are likely due to excess damage to
the CNT structure rather than the alternative chemistry. Optimal functionalisation
appears to potentially reduce the mechanical and electrical percolation thresholds.
No significant effect upon the surface tension of the inks was observed.

Increasing mixing time (and hence applied energy) has the effect of reducing the
sheet resistivity and transparency and increasing the viscosity. However excess son-
ication results in damage and eventual shortening of the CNT structures, leading to
a decrease in viscosity and increase in sheet resistivity. This correlates with results

observed in literature.

6.3 Final Comments

To conclude this part of the thesis a CNT ink has been formulated and various
parameters assessed to identify optimal formulation and processing. To the best of
the author’s knowledge this is the first such study published with the explicit aim
of developing a printing ink, though analogous results have been discussed for CNT
solutions and composites.

The use of CNTs in conductive coatings is only one potential application for
CNTs in the printed electronics field. As discussed in section 1.2.4, the semiconduct-

ing nature of particular CNT chiralities enables the use of CNTs in printed digital
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electronics. The following part of this thesis concerns the application of the developed

ink within the first reported flexographic printing of a CNT based transistor.

148



Part 111

Flexographically Printed CNT Based
TFT Structures
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Chapter 7

Introduction and Literature Review

The semiconducting nature of certain chiralities of CNTs (as described in section
1.2.4) enables a number of potential applications, such as the semiconducting com-
ponent in a transistor. A transistor is a device which can switch or amplify electrical
currents. By applying a voltage across one pair of contacts on a transistor the current
flow across another pair can be controlled. Transistors are used in a number of applic-
ations, commonly being combined to produce digital logic circuits for computational
devices.

One of the most common types of transistor is the field-effect transistor (FET).
Furthermore, there are a number of different types of FET. In printed electronics
applications the dominant FET type is the thin film transistor (TFT). TFT devices
are ideal for printed devices due to the fact that the substrate does not need to be
an active layer, unlike in many other established transistor architectures where the
substrate material is also the active layer. This chapter will discuss the structure and
operation of TFT, highlighting the key issues for printed TFTs. This will be followed
by a literature review of available research in the field of organic and CNT based
TFTs. This literature review will focus on the effect of production methods, device
architecture and materials upon TFT devices. The key areas for further work will be
identified and further experimental chapters introduced.

7.1 Thin Film Transistors

TFTs were first proposed in the 1930s'%, and the research field has matured stead-
ily since, with the advent of new materials and applications. The use of polymeric
semiconductors became common in the 1980s, which allowed the fabrication of TFTs
using solution processing methods such as printing. It must be noted that compared
to other FET structures such as MOSFETs, most TFTs perform poorly. However,
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for many applications the performance is adequate. The combination of flexible pro-
duction and architectures means that TFT devices are commonplace in numerous
electronic sectors, especially displays.

Much of the theory behind the structure and operation of TFTs is well understood
and accessible from numerous sources1;107;108, a brief overview of which is presented

below.

7.1.1 Structure

A thin film transistor consists of three contacts known as the source (S), drain (D) and
gate (G). The source and drain electrodes are connected to the active semiconductor
layer, which is insulated from the gate electrode. A cross section of a typical TFT

structure is shown in Figure 7.1.ia.

Source Drain

i"£2emiconductoi®V\
Insulator

Substrate

Figure 7.1.1: TFT structure schematic, a) Cross section of a typical TFT structure,
b) Overhead cross section of the source and drain electrodes, W and L are channel
width and channel length respectively.

Several configurations are available, the choice of which depends on application
and material requirements. Figure 7.1.1 shows a bottom gate top contact structure
(often referred to as BGTC, a common abbreviation format in the field). This means
that the gate eclectrode is at the bottom of the structure and the source and drain
electrodes are above the semiconductor layer. The source and gate electrodes can
also be either staggered or coplanar with respect to the semiconductor, the choice of
which depends on performance and manufacturing requirements.

The dimensions of the semiconductor channel between the source and drain elec-
trodes are critical to device performance. The channel length (L, distance between the
source and drain electrodes) and width (W, contacted semiconductor distance along

electrode structure) are both required for calculation of device parameters. Narrower
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channel lengths allow faster switching speeds to be obtained at the cost of manufac-
turing complexity, especially if depositing with printing methods where ink spreading
is often an issue. Figure 7.1.1b shows a top down view of the TFT structure high-
lighting the channel dimensions. Note that the channel width is the width of the area
where the semiconductor and electrodes overlap.

The insulator (or dielectric) layer thickness is also a critical factor in device per-
formance. The thickness of the dielectric is a major factor in the capacitance per unit
area of the dielectric layer, which is used in calculating the device mobility (a concept
introduced in 7.1.2). The dielectric thickness should also be large enough to avoid any
potential short circuits between the gate and the source/drain/semiconductor which
would destroy device functionality. When considering printed devices this means that
the layer may need to be repeatedly printed to ensure insulation, and production must

be optimised to produce a suitable thickness layer.

7.1.2 Operation

A FET such as a TFT works by modulating the charge carrier density within a con-
ducting channel in the semiconductor. Application of a potential difference between
the gate and source/drain electrodes causes an electric field to develop across the
dielectric. This capacitive effect causes charge accumulation, resulting in the ability
to modulate the charge carrier density and hence the resistance of the source to drain
channel. The number of available charge carriers in the semiconducting layer can be
either accumulated, usually in a thin layer at the surface, or depleted. This modu-
lation of the charge carrier density controls the current flow between the source and
drain electrodes. TFTs generally operate as accumulation mode devices.

Semiconductors are classified as either p or n type, which refers to the charge of
the available charge carriers. P-type semiconductors have an excess of positive charge
carriers (known as holes) whereas n-type semiconductors have an excess of negative
charge carriers (electrons). For a p-type device a negative voltage is applied to the
gate electrode to induce charge carrier accumulation, whereas a positive voltage is
applied in the case of n-type devices. Semiconductors can be modified, known as
doping, which introduces more available charge carriers to the system. Doping can
improve a semiconductor performance or change its type.

A critical parameter to define device performance is the carrier mobility (g,
cm?/V's). This describes the ability for the movement of charge carriers to be in-
duced by an electric field, and is defined as the ratio between the drift velocity of the
charge carriers and the applied electric field. The higher the mobility the better the
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device performance due to the charge carriers being able to be accumulated in less
time due to the increased drift velocity induced by the electric field. The mobility
of the carriers in a device is largely dependent upon the carrier mobility of the semi-
conductor material, though they are not equal due to imperfections such as charge
traps caused by impurities and surface effects. As stated in 1.2.4, CNTs have shown
very high mobilities, which is one of the key motivations of the work reported in the
following chapters. The mobility of a device can be calculated empirically, details of
which are described in section 8.4.1.

Another commonly used indicator of device performance is the on/off ratio of the
device. This is the ratio between the maximum and minimum current observed during
device operation, and is usually reported in orders of magnitude. For conventional
transistors this parameter is of little significance as off currents should be notionally
zero. However for printed TFT devices this is generally not the case, and the on/off
ratio is a significant indicator of the potential of the device to work as a switch, and
hence digital circuitry. Further discussion of the calculation of the on/off ratio is
described in section 8.4.1.

7.1.3 Materials

Many materials are available for the construction of TFT devices, the choice of which
depends on required performance, desired manufacturing process and layer compat-
ibility. The semiconductor layer is usually an organic polymer in solution processed
TFTs. Some common organic semiconductors are based upon polythiophene or penta-
cene. It has been observed that although good on/off ratios are achievable with or-
ganic semiconductors, mobility and stability is poor with performance degradation
caused by light, air and moisture exposure !®°. Carbon nanotubes have the potential
to exceed organic semiconductor performance and stability. Further details of device
performances are discussed in the following literature review.

Contact material choice is also a factor in device performance. An ohmic contact
between the electrodes and active layer is desirable, as this allows more efficient
charge transfer between the layers than a non-ohmic (rectifying or Schottky) contact.
Efficient charge carrier transfer then relies on the work function of the electrode to
match the conduction level of the active layer. This means that the energy required to
remove a charge carrier from the solid electrode (the work function) should be lower
than the conduction energy (energy of of the conduction band where charge carriers

are available).
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Factors influencing dielectric material choice are insulating ability, layer compat-
ibility and deposition methods. The dielectric layer must successfully insulate the
gate from the active layer and source/drain electrodes. The resulting capacitance per
unit area is a factor in calculation of the device mobility (described further in section
8.4.1). Gate leakage can be tolerated if modest in magnitude, this concept is dis-
cussed further in section 8.4.3. The layer thickness must be more than the underlying
roughness of the substrate and deposited layers to ensure insulation. In conventional
electronics Si0, is a common dielectric, however this is unsuitable for printed and
flexible applications. Common dielectric materials are polyimide, polyvinyl alcohol

or poly(methyl methacrylate).

7.2 Printed CNT Based TFTs Literature Review

This literature review is focussed on the development of CNT based TFTs produced
using solution processing methods. To this end an overview of the field of printed
organic TFT devices is presented as an introduction to the subject, as most of the
developments printing organic semiconductor devices are directly applicable to CNT
based devices. Likewise, many CNT based TFT devices are not produced using
printing methods, but many results are still applicable and a review of such devices
is presented. Finally, research into printed CNT based devices is discussed, with the

unique issues this brings highlighted.

7.2.1 Printed Organic TFT Devices.

TFT devices have commonly been produced using conventional lithography tech-
niques, however, as previosly mentioned, the combination of the substrate not being
an active layer and the solution processability of many organic semiconducting ma-
terials allows printing methods to be employed in their manufacture. Reportedly, the

1. 119 \who used a commercial

first fully printed TFT results were published by Bao et a
ITO coated PET as the gate electrode with a screen printed polyimide film as the
dielectric. Regioregular poly(3-hexylthiophene) (P3HT) was then deposited as the
semiconductor layer and the electrodes screen printed above using a silver ink produ-
cing a channel length of 100um and a channel width of 4mm. These devices showed
mobilities of 0.02cm?/V's but did not report on/off ratios.

Paul et al.!'! also produced TFTs where the semiconducting layer was depos-
ited using spin coating or inkjet printing. The organic polymer printed was either
poly(9,9’-dioctyl fluorene-cobithiophene) (F8T2) or regioregular poly(thiophene) (XPT),
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printed on a Si substrate with an SiO, dielectric layer. Au was used for source and
drain electrodes. Mobilities of 0.1cm?/V's and on off ratios of 10% were observed.
Printed characteristics were comparable to the spin coated devices.

Printed organic TFTs were also demonstrated by Knobloch et al.!'? who produced
integrated circuits using a combination of pad printing and blade coating. Issues with
registration and layer roughness were discussed, with significant gate thicknesses re-
quired to ensure no leakage current, hence the use of blade coating. Devices were
printed onto PET, with polyaniline used for the source and drain electrodes and car-
bon used for the gate electrode. Poly(3-hexylthiophene) (P3HT) or poly(3,3"-dihexyl-
2,2":5",2”-terthio-phene) (PDHTT) were used for the semiconducting layer. Channel
lengths of 40um were achieved and on/off ratios of 102 were seen with mobilities
of “3x1073cm?/Vs. Ring oscillators were then produced but performed poorly com-
pared to conventionally produced control samples, mainly due to the semiconductor
mobility and design compromises forced by the poor registration capability.

Tobjork et al.''® demonstrated all printed flexible transistors using a hygroscopic
insulator FET (HIFET) architecture. This type of FET operates at lower voltages
than conventional TFTs, however switching speeds tend to be comparatively poor.
The device structure is the same as that for TF'Ts, however a hygroscopic insulator (in
this case poly(4-vinyl phenol) (PVP)) is used as the dielectric. This layer absorbs wa-
ter which causes doping at the semiconductor interface, resulting in the slow transistor
behaviour. Source, drain (Au, S/D length of 30um) and gate (PEDOT) electrodes
were inkjet printed whilst the insulator and semiconducting polymer (regioregular
poly(3-hexylthiophene) (P3HT)) were reverse gravure printed. On/off ratios of 10?
were observed measured at a relative humidity of 32%. They have also shown that
the HIFET architecture shows higher stability with respect to surface roughness !4,
which is potentially a major advantage for printed electronics applications if the per-
formance is not an issue.

Although inkjet is a common printing method for printed electronics, it is limited
with respect to speed and feature uniformity. The use of high speed roll-to-roll tech-
niques to print organic TFTs was explored by Voigt et al.''5 who used reverse gravure
to print the semiconductor, dielectric and gate layers. These were deposited onto pho-
tolithographically patterned ITO source and drain contacts on a polyethersulphone
substrate. The gravure process was shown to be suitable for application, but multiple
layers of dielectric were required to ensure no gate leakage. Ink formulations had to

be optimised to minimise surface roughness, and tiger striping or viscous fingering
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effects were seen in many prints. Although they did not print the source and drain
electrodes, it was noted that this is possible.

Yan ef al. 13 produced organic TFTs using a number of different deposition meth-
ods for the semiconducting layer using a staggered TGBC architecture due to the
superior carrier injection performance it provides. Devices were produced on PET
and glass. Ag source, drain and gate clectrodes were evaporated on and a polymer
dielectric was spin or gravure coated. Inkjet, gravure, flexography or spin coating was
used for the semiconducting layer using poly {[N,N9-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)} (P(NDI20D-T2). The
highest performing devices used gravure or spin coating, with mobilities of 0.65 cm2/V's
and on/offratios of 10' achieved. Inkjet deposited layers showed higher surface rough-
ness than the alternative methods, requiring thicker dielectric layers as a result. Fur-
ther printing optimisation was stated as required for all methods, due to the form-
ation of viscous fingering features after gravure processing and cells being visible on
the print for the flexographic prints. AFM images of the semiconductor layer printed
using each technique are shown in Figure 7.2.1. Note the relatively large magnitude
of the surface roughness of the inkjetted sample. The cell pattern observed upon the

flexographic print surface may be due to non optimal printing settings.

Figure 7.2.1: AFM images showing surface topology of semiconductor layers printed
by various methods. Z scale axis maxima are 26nm for spin coating, 17nm for gravure,
33nm for flexography and 204nm for inkjet. Image reproduced from ’A high-mobility
electron-transporting polymer for printed transistors’ 13.

Fully high speed roll-to-roll printed transistors were produced by Schmidt et al. 116
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using gravure for the semiconductor and dielectric and flexography for the gate elec-
trode. A combination of gravure and flexography was used to overcome the limited
channel length issues inherent in printed structures. By flexographically printing pat-
terned areas of amorphous perfluorinated poly(alkenyl vinyl ether) the surface energy
of the PET film was selectively reduced, allowing the gravure printed PEDOT to
form channel lengths of 10um. These short channel lengths resulting in an increase
in operating frequency of the printed devices and would be difficult to achieve using
conventional direct printing.

The problem of limited feature resolution can also be improved by using inkjet
printing with small nozzle sizes. Sekitani et al.!'” developed an inkjet system that
could produce sub-picolitre droplets. This allowed channel lengths as low as 1um
to be printed, and organic transistors produced with the source and drain electrodes
printed using this system showed excellent properties. However the speed of inkjet
is still limited compared to high speed roll-to-roll techniques such as gravure and
flexography.

Increased resolution is not only important to reduce channel lengths. Device
switching speeds are also hindered by parasitic capacitance, where the gate electrode
overlaps the source and drain electrodes !'®1!9. The avoidance of this capacitance is
dependent on the interlayer registration capability of the printing process and the
process resolution.

One other common concern about printing as a method for mass production of
TFTs is device uniformity. All high throughput printing techniques are designed for
consistency over long print runs, however small variations in operating parameters
can be tolerated in graphics printing. Functional printing is less tolerant of such
variations. Hambsch et al.''® printed 50000 TFTs using gravure printing, with random
tests of 4560 TFTs showing a 75% functional yield. A functional device was defined
as one showing an on/off ratio of higher than 10. Printing was performed on a
prototype gravure press which the authors admit has issues with ink feed instability
and impression cylinder concentricity, therefore yields would be expected to improve
on an optimised press design. TFTs were also produced using spin coating to compare
device functionality. Spin coated devices performed similarly to the printed samples.

Wen et al.'?® have reviewed fabrication methods for organic TFTs and discussed
the potential for use of mass printing technologies for TFT production. The issues
with registration and feature size were noted, but the potential advantages of high
throughput and flexible, varied, substrates give the techniques promise.
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Although gravure appears to dominate the printing of TFT devices, work has been
done using flexography. Mikel et al.'?! used flexography to print interdigited source
and drain electrodes using a polyaniline based ink. Successful devices were printed,
with spin coating used for the active and dielectric layers and the gate electrode
drop cast. The importance of ink optimisation to improve print homogeneity was
emphasised. Further adoption of flexography as a TFT printing method has been
hindered by the film inhomogeneity inherent in the process when printing solid areas
and limited resolution compared to gravure}'?. To date no device has been reported
using flexography as the primary method for the majority of layers.

7.2.2 CNT TFT Devices

As previously mentioned, CNTs have been discussed as a potential alternative for
organic semiconductors in many thin film transistor applications. The mobility of
individual CNTs far exceeds that of any organic semiconductor, though the realisation
of that value in a production device is unlikely. The on/off ratio of CNT devices are
potentially comparable and the stability of CNTs should be excellent due to their
chemical inertness. This has been a popular research topic for which an overview of

published results is presented below.

7.2.2.1 CNT TFT Devices Produced Using Dry Methods

The concept of the percolating CNT network is introduced in section 1.2.5. For TFT
applications using CNTs produced with a typical distribution of 2:1 semiconduct-
ing:metallic chiralities the desire is to produce a percolating network that is below
the metallic threshold but above the semiconducting threshold. This removes any
metallic short circuits between the source and drain electrode.

The first reported study of the use of these random networks in TFT structures
was communicated by Snow et al.'?2. CNTs were grown on a Si wafer and Ti was
evaporated for use as source and drain electrodes. A p-type behaviour was observed,
with mobilities of 10cm?/V's. Increasing mobility was observed by increasing CNT
density at the expense of higher off state currents.

One of the early CNT based flexible TFT structures was produced by Bradley
et al.'® who grew CNTs on an Si substrate using conventional CVD techniques,
deposited metal contacts and coated the structure with polyimide. This polyimide
encapsulated structure was then removed from the silicon substrate. The polyimide

then acted as the dielectric as well as the supporting substrate. The devices has a
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channel length of 50um and showed a mobility of 12cm?/V's with no on/off ratio
reported. It was also shown that these devices could act as ammonia sensors, as a
demonstration of possible post production functionalisation with the aim of producing
n-type devices. A significant and reversible decrease in S/D resistance was visible
when exposed to ammonia atmospheres.

Sun et al.'* demonstrated flexible CNT based TFTs using random CNT networks
produced directly from CVD growth and transferred onto a flexible substrate. Se-
lective removal of unwanted CNTs can be performed to allow for patterned networks.
When produced on flexible PEN substrates Al,O3 was deposited using atomic layer
deposition as the dielectric and Ti/Au was deposited for the gate, source and drain
electrodes. Channel length and width was 100um. After network optimisation these
devices showed typical performance of 20cm?/V's and on/off ratios of 105, which is
high for a random network. This is thought to be caused by the network morphology
differing from solution processed networks due to the manufacturing process, with
junction resistances appearing to be minimised. Logic circuits were fabricated using
the CNT TFTs. The relationship between mobility and on/off ratio was also investig-
ated using results from available literature and produced devices. A strong correlation
between the two is observed, as shown in Figure 7.2.2. This trend is also highlighted
as a feature of non chirality controlled networks by Rouhi et al.?%’ who state that
increasing network density results in higher mobility and lower on/off ratios. This
highlights the importance of density control in SWCNT networks. Timmermans et
al.1?* also showed CNT deposition direct from the CVD reactor, using shadow masks

to pattern the CNT deposition. Similar electrical performance was seen.
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Figure 7.2.2: Relationship between on/off ratio and mobility for CNT TFTs, with
other FET types shown for comparison. Image reproduced from °Flexible high-
performance carbon nanotube integrated circuits’ 14, to which all references refer.

The on/off ratio can also be affected by the channel width, with Cao et al. 125
noting that longer channel widths result in lower on/off ratios in random CVD grown
CNT network based TFTs. This is due to an increase in the off current caused
by increased probability of metallic pathways. They also produced medium scale
integrated circuits using these CNTs, with promising results.

The concept of transparent CNT TFTs, useful for display applications, was ex-
plored by Unalan et al.126 who investigated the design criteria to obtain suitable
CNT networks. They saw that pristine SWCNT solutions of 0.1 mg/L were needed
to reach this point. This was demonstrated by Cao et al. 127 who produced transpar-
ent, flexible CNT TFTs using CNT networks of varying density for particular layers.
The source and drain electrodes used high density CNT networks significantly above
the percolation threshold whilst the semiconducting layer was a network tuned to
be between the metallic and semiconducting percolation threshold. The CNTs were
CVD grown and transferred to the flexible substrate using an elastomeric stamp.

Patterns were etched into the transferred networks, with a S/D gaps of 30-300//m
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achieved. Poly(dimethylsiloxane) (PDMS) was used for the dielectric layer. Mobil-
ities of "28cm?/V's were achieved at on off ratios of ~ 102. Devices showed good
stability under bending, highlighting the mechanical properties of the CNT networks.
High density CNT networks have also been used for the source and drain electrodes
in partially printed organic TFTs!%,

The sensitivity of CNT TFTs to network density means that purification of CNTs
to increase the percentage concentration of semiconducting chiralities is appealing.
A higher semiconducting CNT concentration will simplify production and improve
performance. The decrease in metallic CNTs results in a higher percolation threshold
for metallic conduction and improves the device on/off ratio. Methods for CNT
chirality purification were discussed in section 2.1.4. Chandra et al.'?® demonstrated
this by producing TFT structures using CNTs with a semiconducting fraction of
>95%. The TFTs were produced on flexible films using photolithography techniques,
with the CNTs applied from solution using dip coating. Mobilities of 35cm?/V's and
on/off ratios of 10° were observed, significantly better than reported for non-purified
CNT devices. It was also observed that mobility decreased with respect to channel
length, caused by an increase in channel resistance. Models suggested that at higher
CNT densities an increase in channel length or semiconducting CNT fraction will be

required to maintain a significant on/off ratio.

7.2.2.2 CNT TFT Devices Produced Using Printing Methods

As investigated earlier in this thesis, inks can be produced using CNTs as the func-
tional component. This development allows for the production of CNT based TFT
devices by printing methods.

A comprehensive review of the progress of CNT inks was published by Rouhi et
al.1 which emphasised that the key challenges facing CNT ink development were
density and chirality control. As previously discussed, excess metallic CNTs within a
network significantly increases the off current of the device, lowering the on/off ratio
and making the devices unsuitable for many applications such as displays. The pro-
spect of CNT semiconducting inks exceeding current commercial alternatives is clearly
possible but it was stated that this is hindered by a lack of fundamental understand-
ing of the effect of various parameters. These parameters include performance scaling
with the source drain channel length and the effect of CNT network morphology upon
device parameter extraction, such as mobility and capacitance. These issues are not
unique to printed devices, but may be exaggerated due to the limited feature sizes
possible using conventional printing technologies. The effects of CNT alignment in the
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source-drain channel are discussed, with random networks being close to optimal for
large (with respect to CNT length) channel lengths. The use of printing technologies
to deposit these inks is also discussed in this review, with gravure and inkjet being
shown as promising but impeded due to difficulties in reducing metallic CNT content
in the inks, resulting in low on/off ratios (a problem explored by Cao et al.!%). It
was suggested that this effect can be minimised by introducing CNT stripes into the
CNT channel perpendicular to the electrodes, effectively reducing the channel width
and hence reducing the off current. The issue with solution deposited networks of
CNTs to form a ’coffee-ring’ effect when drying due to convection currents caused by
solvent evaporation is also discussed. It was proposed that the CNTs align along the
edge of these ring effects, which could be used to improve device characteristics in
small channel length structures. The difficulties in ink optimisation with low CNT
content are highlighted, with emphasis on the lack of fundamental research in this
area.

130 were one of the first groups to produce printed CNT TFTs. By

Beecher et al.
careful solution production to remove all agglomerates that could cause nozzle clog-
ging they were able to inkjet CNT solutions. These were printed onto prefabricated
Ag electrodes with 4um channel lengths that had been evaporated onto Si wafters
with a 150nm oxide thickness. Mobilities of 0.07cm?/V's and on/off ratios of 10° were
observed. The importance of CNT density optimisation was emphasised.

Vaillancourt et al.!3! have produced fully printed CNT TFTs on a flexible sub-
strate using an aerosol printing system. Ag was used for source and drain electrodes,
with channel lengths of 100um achieved. A commercial CNT solution was used for
the CNT layer, this was repeatedly overprinted until a S/D resistance of 2004$2 was
achieved. An ion gel was printed as the dielectric and PEDOT was used for the gate
electrode. Kapton®), a commercial polyimide film, was used as the substrate. The
ion gel and the CNT layer appeared to interact in the final device, lowering the S/D
resistance to 72kQ. On/off ratios of 10? were reported, but no mobility data was
provided. However, operating frequencies as high as 5GHz were demonstrated in a
circuit containing printed resistors.

Similar results were achieved by Ha et al.'3? who also used aerosol printing to
produce digital circuits (inverters, NAND gates and ring oscillators). Purified semi-
conducting CNTs stabilised in water were sprayed on prepatterned source and drain
electrodes (not printed). PEDOT was used for the gate electrode and ion gel for
the dielectric. As previously seen, mobility and on/off ratio were dependent on film
density, with printed high density films showing mobilities of 31¢m?/V's and on/off
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ratios of 103, and low density films showing mobilities of 9¢m 2/V's and on/off ratios
of 105.

By preparing suitable solution concentrations, inkjet printing has been shown as
a viable process to tune CNT TFT properties by Okimoto et al.15. Source and drain
electrodes were produced by repeated overprinting to form a high density network,
whilst the semiconductor layer was formed using the same ink with fewer printing
repetitions. The resulting architecture is similar to that produced by Unlan et al. 126
The devices are shown schematically and optically in Figure 7.2.3. Device mobilities
varied from 4.2 to 49crn2/V's with corresponding on/off ratios of approximately 103>to
1.5 observed for the varying CNT densities. The channel length dependence was also
investigated, with a clear dependence of mobility and on/off ratio upon the length
observed, as shown in Figure 7.2.4. The increase in length reduces the metallic
percolation across the channel resulting in the higher on/off ratio, as also observed
with other deposition techniques. It was also noticed that as the CNT network
density decreases, so does the linearity of the source-drain IV characteristics, as can
be observed in Figure 7.2.5a and b. The sharp increase in on/off ratio below the
threshold CNT network density and reduction in mobility with reducing network
density was also noted, and can be seen in Figure 7.2.5d. The corresponding effect
upon the transfer characteristics is clear in Figure 7.2.5c, with devices above the

percolation threshold showing little gate voltage dependence.
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Figure 7.2.3: Visualisation and optical image of CNT TFT devices. The use of
repeated overprinting to control the network density is clear. Image reproduced from
"Tunable Carbon Nanotube Thin-Film Transistors Produced Exclusively via Inkjet

Printing’. I5
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Figure 7.2.4: Channel length dependence of the on/off ratio, mobility and S/D res-
istance of fully inkjet printed CNT TFTs. Image reproduced from ’'Tunable Carbon
Nanotube Thin-Film Transistors Produced Exclusively via Inkjet Printing’ 15.
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Figure 7.2.5: The effect of CNT network density upon the properties of an inkjet
printed CNT TFT. (a) shows the IV output of a high density device, (b) a low
density device, (c) shows the transfer characteristics of various density devices, (d)
shows the effect upon on/off ratio (red squares) and mobility (blue and green circles).
Image reproduced from 'Tunable Carbon Nanotube Thin-Film Transistors Produced
Exclusively via Inkjet Printing’ 15.

A number of devices have been reported as printed using gravure by Noh et al. 81,82
Functional logic circuits were produced using gravure for all device layers. Ag nan-
oparticle inks were used for all electrode and BaTi03 nanopowder (50 nm) hybrid
poly(methylmethacrylate) inks for the dielectric. Both were printed using conven-
tional roll-to-roll gravure. SWCNT solutions were deposited using roll-to-plate grav-
ure. The reasons for changing from a continuous to a batch printing method were
not clarified, however it may be due to the low concentration CNT solutions having
viscosities too low for roll-to-roll gravure ink feed systems. The limitations of gravure
for electrode printing was also visible, with edge defects visible on the electrodes.
This caused variation in TFT performance, with fluctuations of 500% seen in device
characteristics in the worst case. By process optimisation to reduce the line inhomo-
genity the device variance was reduced to 30-100%. Channel lengths of 170pm were
printed at channel widths of 3mm. Different TFT characteristics required for device
functionality were produced by varying the CNT concentration deposited. Mobilities
of 0.2cni2/V s and on/off ratios of 104 were seen for the lower concentration ’‘drive’
TFTs, and mobilities of 0.5¢cm2/Vs and on/off ratios of 102 were seen for higher

concentration ’load’ TFTs.

165



7.3 Conclusions

This chapter has introduced the concept of field effect devices, in particular TFTs.
The structure and operation of TF'T devices has been outlined and important device
parameters highlighted. Common materials and material requirements have been
discussed.

A literature review has been presented highlighting many major developments
in the field of printed organic TFTs. It is clear that device performance is limited
by the poor mobility and stability of organic semiconductors, areas in which CNTs
should excel. The use of printing as a method for producing organic TFTs is well
established, with inkjet being popular. In term of high speed roll to roll processes
gravure is commonly used, however flexography has been proven to be capable of
printing electrode and semiconductor layers. The key barriers to printed TFTs are
layer homogeneity, feature size and overprinting registration.

Many results have been published using CNTs in TFT devices produced using
'dry’ processes. The effect of using a network structure with metallic content is
clearly a compromise between device performance and architecture. Results show
that network density is crucial to mobility and on/off ratio. CNT devices tend to be
p-type in nature, with mobilities exceeding organic semiconductors regularly observed.
However, optimisation is required to achieve similar on/off ratios. This is still true
if the CNT layers are deposited using solution processing methods. CNT based inks
have been deposited using inkjet, aerosol printing and gravure. The optimisation of
what is often referred to as the ’CNT ink’ is crucial to device performance, however
these are often not inks in the printing sense of the word, merely CNT dispersions with
no binder present. Device architectures tend to be larger than those produced using
photolithography or similar methods, emphasising the issue of channel dimension
dependent mobility and on/off ratios.

Reported TFT properties vary considerably, however it is clear from the literature
that characteristically semiconducting polymer based printed TFTs have low mobility
but good on/off ratios, whilst CNT based devices show higher mobility but lower
on/off ratios. In the literature for printed devices above organic based devices reported
mobilities between 0.02 and 3cm?/V's, whilst CNT based devices reported between
0.07 and 49cm?/V's. With regards to on/off ratio organic devices ranged between 102
to 10” and CNT based devices between 1.5 and 107. A wider range of examples is
shown graphically in Figure 7.2.2.
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It is clear that CNT based devices show significant advantages to equivalent or-
ganic polymer based systems, however the use of high speed, roll to roll techniques
with both types of devices is still at an early stage. Much research seems to focus on
inkjet and gravure, however both have limitations which have been discussed above.
This thesis has previously presented the development of a CNT based ink suitable
for flexography or gravure printing. Flexography could eliminate the electrode edge
defects reported in the literature due to the continuous image carrier, and is therefore
a promising candidate for further investigation into the production of CNT based
TFTs printed using entirely high speed, roll to roll techniques. Also, as reported in
Chapter 2, flexography has not been reported as a method for deposition for CNT
networks, therefore this is an area for further study.

167



Chapter 8

Experimental Techniques and
Equipment

8.1 Introduction

This chapter introduces the theories, equipment and experimental methods utilised
in the production, optimisation and characterisation of CNT based TFT structures.
Functional TFT structures were produced using the CNT based inks introduced in
the previous sections of this thesis as the active semiconductor layer. All layers were
manufactured using high speed, roll-to-roll capable techniques which are suitable for
upscale to industrial production.

All devices were characterised in accordance with the IEEE Standard for Test
Methods for the Characterisation of Organic Transistors and Materials (IEEE Std
1620-2008) 133, This specifies that the following sample characteristics that are re-
quired to be reported:

e Transfer (Ips vs. Vgs) curves, including the on/off ratio, mobility and threshold
voltage (V1) which can be empirically derived from the data.

e IV (Ips vs. Vpg) output.
e Gate leakage (Igs vs. Vgs).

Also the following sample characteristics are recommended to be reported:
e Stray capacitance (Cgs and Cgp).

e Device parameters:

— Geometric:
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*x Gate structure configuration.
* Source and drain electrode configuration.
* Channel length and width.

* Dielectric thickness.
— Fabrication:

* Substrate composition.

* Deposition processes used for all layers.

e Sample population.

All required and recommended characteristics will be reported for samples described
in this thesis.

8.2 Device Production

8.2.1 Flexographic Printing
8.2.1.1 Theory

The principles of flexographic printing are described in section 1.1.1.1.

8.2.1.2 Equipment

All flexographic printing was performed using an IGT F1 flexographic printability
tester, an image of which is shown in Figure 8.2.1. The F1 is a pressure driven
system, in which only the plate cylinder is driven. The substrate, impression cylinder
and anilox cylinder are driven by contact pressure from the plate cylinder. This results
in engagement pressures between the printing plate and substrate being significantly
higher than in conventional independently driven substrate web systems. This reduces
the printing resolution and causes feature deformity due to ink spreading. However,
results from the printability tester are still applicable to industrial scale flexography
presses which is key for potential manufacturing scale-up.

To print, ink is manually deposited directly onto the anilox cylinder which is
brought into contact with the plate cylinder. The plate cylinder is then rotated
during which time the ink is doctored into the anilox cells and deposited onto the
relief image areas of the plate. The substrate is then brought into contact between
the printing and impression cylinder and drawn through, patterning the ink onto the

substrate. The point of contact between the printing plate, substrate and impression
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cylinder is shown in Figure 8.2.2. The anilox-to-plate and plate-to-substrate pressure
can be specified in steps of 25N. Other system variables available are the printing
speed and the number of revolutions for which the anilox and plate cylinders are in
contact prior to substrate engagement (known as inking revolutions). Anilox cylinders

are available in nominal volumes of 2.7, 8.0, 12.0 and 24.0cm3/m 2.

Figure 8.2.1: Photograph ofthe IGT FI flexographic printability tester used for device
production.

FI plates measure 52.5cm by 5.0cm. Solid arecas (known as bearer bars) are re-
quired to be placed on either side of the printing image to support the relief structure
and avoid deposition from non imaged areas of the plate during printing. This con-
strains the available image area to a maximum width of 4.0cm. The plate is mounted
onto the cylinder using conventional flexographic mounting tape. The plate mounted

on the impression cylinder can clearly be seen in Figure 8.2.2.

Figure 8.2.2: Close up view of the point of contact between the printing plate, sub-
strate, substrate holder and impression cylinder. Note how the substrate is driven by
pressure between the two cylinders.

Substrates are usually mounted onto a rigid substrate carrier which is drawn

between the plate and impression cylinder, as seen in Figure 8.2.2. The system
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was not designed with accurate overprinting in mind, however by careful placement
of the substrate carrier within the track (shown clearly in Figure 8.2.1) adequate
overprinting registration can be achieved. This is due to the fact that the plate
cylinder always rotates to the same location before pressure is applied to the substrate

between the impression and plate cylinders.

8.2.1.3 Method

When printing multilayered devices on the F1 care must be taken at each step to
ensure accurate overprinting. Plates were mounted using a hard tape to improve solid
area printing. Manual mounting allowed plates to be mounted with an accuracy of
approximately £5mm to the previous plates position in the print direction and £1mm
across the print direction. Substrates were cut to fit the substrate carrier width and
fixed in position using adhesive tape. Substrate mounting position was achieved with
a repeatability of approximately +1mm in the print direction and approximately
+0.5mm across the print direction. The substrate carrier must then be mounted
into the F1 as shown in Figure 8.2.2. This could be achieved with a repeatability of
approximately +0.1mm in both axis due to the limits of the printing track.
Optimal print settings and anilox volumes were chosen for each layer printed, the
details of which are discussed in the relevant chapters. Printing pressures had to be
high enough to avoid slipping between the anilox or substrate and the printing plate
whilst being low enough to minimise plate deformation and ink spreading effects.
During printing ink was applied to the anilox as necessary to maintain cell flooding.
All samples were oven dried as per ink specifications discussed in the relevant

chapter.

8.3 Printed Feature Characterisation

8.3.1 Surface Profile Analysis
8.3.1.1 Theory

Surface profiles were analysed using white light interferometry (WLI). WLI is a non
contact measurement technique that is based on the analysis of the interference ef-
fects between light reflected from a sample surface and light reflected from a reference
surface. The constructive or destructive interference between the two waves results

in interference fringes in a combined image. There are a number of WLI techniques

171



available, however all data presented in this thesis was collected using vertical scan-
ning interferometry (VSI). It must, be noted that this technique relies on reflected
light from the sample, and therefore cannot be used on non reflective samples such
as CNT prints. Further details on the white light technique and its applicability to

printed feature measurement are available from a number of sources 134;135.

8.3.1.2 Equipment

All surface profile data presented in this thesis was obtained using a Veeco Instruments
Wyko NT9800 wide area white light interferometer, as shown in Figure 8.3.1. Data

is processed using proprietary instrument software.

Figure 8.3.1: Photograph of Veeco 9800 wide area white light interferometer.

8.3.1.3 Method

Samples were imaged in VSI mode using suitable optical magnification.

8.4 Device Characterisation

The required parameters for device characterisation were outlined in section 8.1. The
specific methods for measurement and calculation of these parameters are outlined be-
low. As an aside on notation, within the field voltages and currents between electrodes
are usually identified by the respective symbol followed by two letters in subscript
that identify the electrodes being measured between (S, D and G for source, drain
and gate respectively). For example /DS is the current between the source and drain

electrodes. This notation is used throughout the following chapters.
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8.4.1 Transfer Characteristics

8.4.1.1 Theory

Transfer (Ips vs. Vgs) measurements are used for calculation of the field effect
mobility, threshold voltage and on/off ratio of devices. When sweeping the gate
voltage between two values in discrete steps, the resistance between the source and
drain electrodes should change. By application of a small constant potential difference
across the two electrodes, the change in current can be measured. The slope of this

curve is known as the transconductance (g.,) and is expressed as

6Ips

Im = $Vas

IEEE Std. 1620-2008 states that the carrier mobility can be calculated using the
transconductance. A number of methods are available to calculate this, with the most

(8.4.1)

common being the linear regime method. This assume that the TFT is a linearly
variable resistor, with the resistance between the source and gate voltages being
directly proportional to the gate voltage. This assumption is usually valid between
certain ranges of V. To calculate this value from the empirical transconductance
data the relationship between Ips and V pg must be derived. Ipg is defined as the
rate of flow of charge through the semiconductor channel of width W and length L,

and can therefore be expressed as,

QWL
l;
where @; is the electric charge transferred through a unit area in a time ¢; . The

Ips = (8.4.2)

charge density is governed by the capacitance per unit area (C;) across the channel
such that

C; =2t (8.4.3)

The time taken for the current to flow across the length of the semiconducting

channel is proportional to the velocity (v) of the charge carriers such that

ti=—. (8.4.4)

This velocity is known to be proportional to the electric field such that

v=pkE (8.4.5)
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where p is the carrier mobility and F is the electric field along the channel, established
by the potential difference between the source and drain electrodes such that
Vbs

E=-2% (8.4.6)

By substitution of Equations 8.4.3, 8.4.4, 8.4.5 and 8.4.6 into Equation 8.4.2 it

can be seen that

W
IDS = TCULVpngs. (847)
Differentiating with respect to Vs to find the transconductance in Equation 8.4.1
gives
0lps W
= —C; . 4.8
Wos L CinVps (8.4.8)
Which rearranged for u gives
_ dlps L

(8.4.9)

o= 0Ves WC;iVps

It must be noted that this derivation assumes the threshold voltage (V) is zero
and is only valid if Vps < Vgs (assuming the device is p-type). If the threshold
voltage is more than zero then this needs to be taken into account by substitution of
Ves by (Ves-Vr) to account for carrier accumulation up to the relevant conduction
level. Also it must be noted that this method is not ideal when considering CNT

109) " however it is still commonly

networks (for reasons discussed by Rouhi et al.
applied in literature.

The threshold voltage can also be derived from the transfer curve. The threshold
voltage is defined as the minimum Vg at which the drain current starts to increase,
indicating that the transistor is 'on’.

Finally, the on/off ratio is also a critical property of all transistors. It is defined
at the ratio between the maximum and minimum drain currents measured on the
transfer curve. This may be dependent on Vpg, and the largest ratio observed is

usually reported.

8.4.1.2 Equipment

All TFT characterisation was performed using an Agilent E5262A 2-channel source
monitor unit. Sample contact was performed using a Signatone S-1160 four point
probe station, using 5um titanium tips which allowed for consistent contact placement
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and pressure. Instrument control and data collection was performed remotely using
the Agilent EasyDesktop software. A photograph of the equipment used is shown in
Figure 8.4.1. Data was collected in an environmentally controlled laboratory. The
E5262A can reportedly force and measure voltages to a worst case of £0.04% and
can force and measure currents to a worst case of +0.12% 136. Measurement of the
IV characteristics of a calibrated ohmic sample of ITO coated glass was performed to
validate equipment accuracy. Analysis of results was performed in OriginLab Origin

7.

Figure 8.4.1: Photograph showing Agilent E5262A plus Signatone S-1160 probe sta-
tion.

8.4.1.3 Method

The TFT was connected into the circuit shown in Figure 8.4.2, in accordance with
established techniques137. V' Gs was swept from 0 to -80V in steps of 100mV whilst
V' Ds was held constant at IV. These values were chosen as the operating range of
the device after a number of scoping experiments. V GS steps were made at suitable
intervals. A Faraday cage was not used for these experiments.

Transconductance was derived from the transfer data for use in determining the
effective mobility by means of the linear regime method. This was performed by
fitting a linear line of best fit to the area where the resistance between the source and
drain electrodes is seen to change in a linear fashion. In the results presented a gate
voltage range of 5V was used when approximating the gradient to provide a suitable
average from which to fit. An example transfer curve ofa MWCNT device presented

in this thesis and the linear fit are shown in Figure 8.4.3.
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(Al,>
Figure 8.4.2: Circuit diagram for measuring transfer characteristics.

8.4.2 IV Output
8.4.2.1 Theory

The dependence of Ips upon V pg is dependent upon Vg, as stated in Equation
8.4.7. By holding Vg constant and sweeping V pg the IV characteristics of the
semiconductor layer can be measured and compared to that at varying values of Vgs.
By comparison of IV output characteristics at values of Vgs above and below V1 the
FET behaviour of the device can be observed. IEEE Std. 1620-2008 recommends
that a minimum of three Vg values that reflect the operating range of the TFT are
tested.

8.4.2.2 Equipment

See Section 8.4.1.2 for details of equipment used.

8.4.2.3 Method

The TFT was connected into the circuit shown in Figure 8.4.4, in accordance with
established techniques!3”. V pg was swept from 0 to 20V in steps of 100mV whilst
Vs was held constant at values of 0, 40 and -40V. V pg steps were made at 100ms

intervals. RF interference was minimised.
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Figure 8.4.3: Transfer characteristics ofa MWCNT based TFT device. Linear regime
is highlighted and a best fit approximation has been made.

8.4.3 Gate Leakage
8.4.3.1 Theory

Gate leakage is the flow of current from the gate electrode to the source and drain
electrode, through the dielectric layer. This is undesirable and should be avoided.
Dielectric breakdown may occur at high voltages, therefore voltages should be applied
across the operational range of the transistor and any leakage current measured.
Leakage current may be observed at all voltages, however if /Gs < 0.001/Ds during
application of a potential across to the gate electrode then the leak is considered
acceptable. Ifsignificant gate leakage is observed then this indicates that the dielectric
layer is not insulating. In printed TFTs this is often due to print defects causing short

circuits or inadequate material deposited resulting in insufficient layer thickness.

8.4.3.2 Equipment

See Section 8.4.1.2 for details of equipment used.

8.4.3.3 Method

The TFT was connected into the circuit shown in Figure 8.4.5, in accordance with

established techniques137. VGS was swept from 0 to 20V in steps of 10OmV. V GS
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Figure 8.4.4: Circuit diagram for measuring IV characteristics.
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steps were made at 100ms intervals. RF interference was minimised.
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Figure 8.4.5: Circuit diagram for measurement of gate leakage.

8.4.4 Stray Capacitance

8.4.4.1 Theory

Stray (or parasitic) capacitance is the interlayer capacitance between the source and
drain electrodes and the gate electrode. This capacitance will limit device speed and

should be minimised. Minimising the electrode overlap and careful dielectric layer

design will reduce the stray capacitance.
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8.4.4.2 Equipment

Capacitance was measured using an AIM LCR Databridge 401, as shown in Figure

8.4.6.

Figure 8.4.6: Photograph of AIM LCR Databridge 401.

8.4.4.3 Method

Capacitance was characterised at a frequency of 1kHz, in accordance with IEEE Std.

1620-2008. Ccs and Cgd were both recorded.

8.5 Conclusions

This chapter has focused on the experimental techniques and equipment used to pre-
pare and characterise the CNT based TFTs. The precise details of device fabrication
differs depending on the generation of device, and will be outlined in the relevant res-
ults section. All samples are characterised in accordance with IEEE Std. 1620-2008.

The next chapter will detail the first generation devices, which were designed as
proof of concept and used MWCNTs. Further device design optimisation was per-
formed, and SWCNTs inks were employed for the semiconducting layer in subsequent
devices. The optimisation, preparation and characterisation of these second genera-

tion devices is discussed in further chapters.
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Chapter 9

Proof of Concept - MWCNT Based
Field Effect Devices

9.1 Introduction

The aim of the work described in this chapter was to print and characterise MWCNT
based TF'T devices produced using roll-to-roll capable techniques. The ultimate aim
of this work is to use flexography for all device layers. To achieve this two TFT
structures were designed to be printed using an IGT F1 flexographic printability tester
(the details of which are discussed in section 8.2.1). The devices were then produced,
with each layer characterised individually to determine the parameter values required
for reporting in IEEE Std. 1620-2008 and assess the suitability of the production
methods used. The devices were then characterised electrically and comparisons
made.

To minimise the effect of CNT network density dependence upon the resulting
device performance all devices were constructed using a MWCNT ink based on the
parameters defined as a result of the previous work described in this thesis. MWCNTs
tend to show semimetal behaviour (see section 1.2.4) therefore network density is not
a critical factor. The CNT concentration was 2wt% in all inks used in this chapter.

The target was to produce a device that showed field effect behaviour and investig-
ate the ability of the IGT F1 to produce TF'T device structures. These structures can
then be optimised and a SWCNT ink used for semiconducting properties in further
study.
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9.2 Device Design

TF'T device design is by necessity a compromise between material and manufacturing
process limitations. In the case of the devices presented in this chapter flexography
was chosen as the manufacturing method for all layers. Flexography has a number
of advantages that are of particular benefit to TF'T structures. Firstly the ability to
produce a continuous, uniform feature is ideal for electrode production as line inhomo-
geneity has been shown to affect device performance®. The independence of the ink
metering system from the image master may also be of benefit to CNT based TFTs
as the electrical behaviour of the CNT network has been shown to be dependent upon
network density, a factor which is directly proportional to the ink volume deposited.
The wide range of printable rheologies allows flexibility in ink development, key when
using developmental CNT inks and with varying layer requirements. The roll-to-roll
capability of the technique is appealing from an industrial relevance point of view,
and the low cost of image masters compared to similar technologies such as gravure
is attractive for experimental design optimisation. Although flexography has been

13;121

reported to be used for printing individual layers , no work has been reported

which uses flexography for every individual layer.

9.2.1 Materials

When considering the materials to be used for device production, priority must be
given to functionality. Layers must also be compatible for overprinting, where com-
ponents of inks used in upper layers of the device must not negatively affect the layers
beneath. Material stability must also be a consideration if longer device lifetimes are

desirable. Further discussion on materials choice is presented below.

9.2.1.1 Semiconductor Layer

One of the motivating factors behind the development of the CNT based inks presen-
ted in this thesis was the potential for use in printed electronics applications. One
application where CNTs show significant potential is TFT devices, as presented in
chapter 7. Therefore the work presented in this chapter will use the CNT based inks
formulation optimised previously in this thesis.

As stated in section 1.2.4, MWCNTs show a semimetal behaviour and therefore
will not be suitable for use in transistor applications where low off currents are re-
quired. However for variable resistance applications and proof-of-concept TFT devices

MWCNTs are a viable material. The semimetal behaviour also means that device
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characteristics are less dependent upon CNT network density, hence high concentra-
tion inks can be used which will provide viscosity appropriate for flexography and
result in networks that are significantly above the percolation threshold density. The
ink used in the devices are based on the research presented in part II. The ink con-
tained 2wt% CNTs (Baytube C150P, used without modification), and was mixed for
30min using an ultrasonic probe at the same settings described in section 3.2. This
concentration was selected because the ink characteristics were well defined in previ-
ous work, and it was known to give a homogeneous network. NMP was used as the
solvent and PVA was used as the resin at a 1:1 ratio. The ink formulation contents
are shown in Table 9.2.1.

| Constituent | Target Mass |g] |

CNT 04
NMP 17.8
PVA 4
| Total Mass | 20 |

Table 9.2.1: Target ink constituent mass for 2wt% MWCNT based ink for use in TFT
structures.

9.2.1.2 Source and Drain Electrodes

The key property of the source and drain electrodes is to provide a low resist-
ance ohmic contact to the active semiconductor layer. Ag has been shown to be
a suitable material, having been used for CNT based TFT devices by a number of

81:82,130:131 A commercial nanosilver based ink (Inktec PR-030) formulated

groups
for flexographic printing was used. This ink was selected due to the low resistivity
obtainable and the excellent printability. This ink contains silver particles of an av-
erage diameter of approximately 30nm which when deposited need to be sintered to
cause the particles to coalesce and achieve maximum macroscopic conductivity. This
generally requires high temperatures and long drying times, with drying conditions
of 130°C for 5 minutes recommended by the manufacturer. These drying conditions
are not ideal for further roll-to-roll upscaling, however advances in rapid ink cur-

138

ing technologies have been made '*®*. The manufacturer claims sheet resistivities of

approximately 45m$2/[] are achievable.
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9.2.1.3 Dielectric Layer

The ink used for the dielectric layer was a commercial dielectric ink produced by
Gwent Electronic Materials (D2090130P5 Pink Dielectric Ink). Suggested drying
conditions are 130°C' for 10 minutes. The ink is based upon a thermosetting polymer

and scoping experiments showed it to have suitable adhesion and insulating properties.

9.2.1.4 Gate Electrode

The ink used for the gate electrode was a commercial silver ink produced by Gwent
Electronic Materials (C2090210P12 silver ink). This ink is based upon a micro-
particle formulation and the manufacturer claims sheet resistivities of approximately
200mS2/0 are achievable. Suggested drying conditions are 130°C for 10 minutes.
This ink was chosen due to the fact that it is formulated to be compatible with
the dielectric ink described above. This layer compatibility is critical as damage to
the insulating layer will result in significant gate leakage which will prohibit device

functionality:.

9.2.1.5 Substrate

The substrate chosen for this work was a polyester based film. Substrate thickness was
specified as 350um, with the average surface roughness measured using white light
interferometry as 138nm. This substrate was chosen due to the rigidity providing
good device support and the suitable printability in terms of adhesion and wetting

observed in preliminary experiments.

9.2.2 Structure

The basic structure of a TFT is well defined and described in detail in section 7.1.1.
A top gate top contact (TGTC) architecture (shown in Figure 9.2.1) was chosen to
ensure layer compatibility. Preliminary tests indicated that the NMP used as the
solvent in the CNT inks may be incompatible with the nanosilver ink used for the
electrodes. As a result the MWCNT layer was required to be the initial layer depos-
ited. This constrained the design to the TGTC structure. Two electrode structures
were chosen, the details of which are described in section 9.2.2.2. Both structures were
defined on a single printing plate to ensure consistency in print conditions. Layer di-
mensions were defined to compensate for the poor registration capabilities of the F'1

(discussed in section 8.2.1), and are discussed in the relevant sections below.
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Gate Contact
Dielectric
Source/Drain Contacts

Semiconductor

Figure 9.2.1: Top gate, top contact TFT structure shown schematically from a top
down and cross section view. Devices were printed from left to right as viewed, (a)
shows the parallel electrode structure design, (b) the interdigited electrode structure
design.

9.2.2.1 Semiconductor Layer

The master image for the semiconductor layer is shown in Figure 9.2.2. This was
defined as a 20mm solid square. The size was dictated by the registration capability
of the FI, as the source and drain electrodes will need to be overprinted to ensure a

semiconducting channel between the electrodes.

20mm

20mm

Figure 9.2.2: Semiconductor layer master image used in the production of MWCNT
devices.

9.2.2.2 Source and Drain Electrodes

Two electrode structures were chosen, the image masters for which are shown in Fig-
ure 9.2.3. One structure (Figure 9.2.3a) consists of the source and drain electrodes
parallel to each other, with a 2mm channel length defined. Assuming accurate over-
printing this structure provides a nominal channel length of 2mm and channel width
of 20mm. The second electrode structure was an interdigited design with a nominal
channel length of Imm and width of 42mm, assuming the channel exists between
the overlapped electrodes only and the channel width is a summation of the over-
lapped section widths. Both electrode structures featured large contact areas defined

to simplify contact during characterisation.
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The parallel electrode structure offers a number of advantages, including structure
simplicity (especially important for further miniaturisation). However registration
requirements are equal to the channel length. The interdigited structure provides
greater margin for registration error at the expense of structure complexity and overall
device size. Channel lengths and widths are not a critical factor at this scale when
considering semimetal MWCNTs at network density used. The key factor is to ensure

no contact between electrodes which prohibit device functionality.

a) 43mm 10mm

2mm »

1mm

Figure 9.2.3: Parallel and interdigited source and drain electrode image masters used
in the production of MWCNT devices.

9.2.2.3 Dielectric Layer

Figure 9.2.4 shows the image master defined for the dielectric layer printing. This
is defined to cover the entire electrode and active layers including significant margin
for registration error, taking into account the fact that the gate electrode layer to be

deposited above cannot contact the source and drain electrodes.

59mm

32mm

Figure 9.2.4: Dielectric layer master image used in the production of MWCNT
devices.

9.2.2.4 Gate Electrode

Figure 9.2.5 shows the image master for the gate electrode. For simplicity of pro-
duction the design was kept as a solid area. This minimised the potential for poor
contact at the substrate to dielectric layer step at the expense of introducing high
parasitic capacitance. The large arca of the source and drain electrodes which will be

overlapped by the gate electrode (assuming ideal registration) will cause a significant
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parasitic capacitance which will reduce device speed. However for the development

of a proof of concept device this was considered acceptable.

60mm

20mm

Figure 9.2.5: Gate electrode layer master image used in the production of MWCNT
devices.

9.2.3 Design Summary

The overall device structure was defined by the limitations of the CNT ink with
respect to layer compatibility. Further design requirements were specified by the
equipment limitations in this initial trial. This results in relatively large structures
in TFT terms, however as the initial aim is to observe field effect behaviour the
simplicity of production takes precedence over device performance. Further design
optimisation can be performed after the concept is proven viable.

Although flexography is a roll-to-roll capable technique, as previously mentioned
the FI is a batch printing device. To ensure printing consistency each printing batch
would produce two devices, one of each architecture. The complete printing plate
master images are shown in Figure 9.2.6. Solid areas were included for layer char-
acterisation and registration lines were provided as an optical guide in the print

direction.

Figure 9.2.6: Image masters for the four printing plates used in the device production
of MWCNT based TFT structures.
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9.3 Device Production and Structural Characterisa-
tion

Each layer was produced sequentially, with devices imaged and characterised as ne-
cessary at each step. Each step required specific processing parameters due to the
design and materials used, the details of which are defined in each relevant section.

9.3.1 Semiconductor Layer

The semiconductor layer was printed using an anilox-to-plate pressure of 100N and a
plate-to-substrate pressure of 200N. These pressures were chosen after visual analysis
of prints produced in preliminary trials. The anilox used had a nominal cell volume of
8.0cm?/m?. Assuming this is the correct anilox cell volume and an ink release rate of
approximately 40% 3% this should result in a theoretical ink film thickness of 0.13 um.

Figure 9.3.1 shows a digital scan of a representative MWCNT layer print. Average
spread in the print direction from the nominal specified size was 76 +10um and across
the print direction was 43+10um. This size increase is likely due to ink spreading
during the printing process. The inhomogeneity of the feature can be observed in
the optical image. This consists of two dominant features. The first is the excess
deposits at the feature boundaries. This is due to ink spreading during the printing
process, an effect which is increased when using systems where the substrate is driven
by plate-to-substrate pressure such as the F'1 due to the high engagement pressures
required. This effect also manifests itself in ink build-up along the print direction.
This ink flow is caused by hydrodynamic pressures at the nip contact, and can also be
reduced by decreasing the printing pressure. However a minimum pressure is required
by the F1 system to accurately engage and move the substrate. The second feature is
a stripe pattern along the print direction. This pattern is a known phenomenon when
printing solid areas and is often referred to as ’viscous fingering’ or ’tiger striping’. Is

13;139 140;141 printing and the causes

has been observed with gravure and flexographic
are still unclear. Bornemann et al. 7% suggest that it is due to either hydrodynamic
instabilities, dewetting or drying (specifically Marangoni) effects. Further device pro-
duction will require optimisation to reduce this effect, as it may be detrimental to

device performance.
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Figure 9.3.1: Optical scan of representative print of 2wt% MWCNT ink. Printing
direction was left to right.

9.3.2 Source and Drain Electrodes

The source and drain electrode layer was printed using an anilox-to-plate pressure
of 100N, a plate-to-substrate pressure of 150N and an anilox volume of 8.0cm3/m 2.
These pressures were chosen after visual analysis of prints produced in preliminary
trials.

Figure 9.3.2 shows a digital scan of representative prints of parallel and interdi-
gited electrode structures. Channel lengths and widths can be measured using white
light interferometry (for details on this technique see section 8.3.1). For the parallel
electrode structure the average channel length was measured to be 1.85+0.02mm at
a channel width of 20.43+0.02mm (width of MWCNT layer) assuming accurate re-
gistration. For the interdigited electrode structure the channel length was measured
to be 0.91£0.02mm at a channel width of 43.33£0.6mm, again assuming accurate
registration. The reduction in channel lengths and increase in channel widths is due
to the spreading of printed features. This may need to be compensated for in further

designs if devices require minimum printable channel widths.

a) b)

Figure 9.3.2: Optical scans of representative prints of (a) parallel and (b) interdigited
electrode structures printed above the CNT layer. Printing direction was left to right.

188



9.3.3 Dielectric Layer

Initial trials showed poor printability of the chosen dielectric ink resulting in gate
leakage and resulting non-functionality of the device. Further devices were produced
using the meyer bar coating system (see section 3.4.1 for details) for this layer as the
design allowed sufficient registration margin for this to be viable. Repeated overprints
were performed till repeatable insulation was achieved. Final devices were produced
using a total of 4 coatings alternating between bar US20 and US8 to minimise layer
inhomogeneity caused by the bar structure. This resulted in a dielectric layer thick-
ness of 24.1 + 3.2um. Capacitance per unit area was measured by construction of
a test parallel plate capacitors with a plate area of 1cm?. This was measured to be
292 + 103pF/cm?.

9.3.4 Gate Electrode

Because the device substrates had to be altered to bar-coat the dielectric layer regis-
tration for flexographic printing of the gate electrode would prove to be difficult. As
a result of this the gate electrode was also bar-coated. This was coated using a US20
bar (see Table 3.4.1 for details).

9.3.5 Summary

A representative image of the completed device is shown in Figure 9.3.3. Printing of
the CNT and source/drain electrode layers was successful. Further design optimisa-
tion must concentrate on reducing feature sizes whilst compensating for ink spread
and improving CNT layer homogeneity. Further research into available dielectric inks
is required to obtain a suitable ink with improved printability. There is no reason why
the gate electrode cannot be flexographically printed in further devices. Registration
achieved was of higher accuracy than initially expected which provides further scope
for feature miniaturisation. It must be noted that the magnitude of many issues ob-
served from this printing will be reduced when performed on a conventional driven
web press where impression pressures can be reduced. An example of the resolution
achievable by an industrial scale flexographic press is given by Deganello et al.1*? who

achieved reliable and repeatable printing of silver grids with line widths of 74.6um.
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Figure 9.3.3: Representative image of a completed interdigited electrode device.

9.4 Electrical Characterisation

All devices were characterised in accordance with IEEE Std. 1620-2008, using the
methods outlined in section 8.4. Data shown is from a representative sample unless

otherwise stated.

9.4.1 Gate Leakage and Capacitance

The first experiment performed on every device produced was to test the IV charac-
teristics between the gate and source/drain electrodes within the selected range of -80
to 80V. Any devices which showed a significant gate current leakage to this test was
discarded, in line with the rules discussed in section 8.4.3. Capacitance between the
gate and source/drain electrodes was also measured in accordance with the method
outlined in section 8.4.4. The measured values are shown in Table 9.4.1. These results
are not significantly different, which is unsurprising given the similar surface areas
of the electrode structures which form the plate area of the equivalent parallel plate
capacitor. Differences in observed capacitance can be assigned to variability in the

electrode areas coated when using the draw down method for the gate electrode.

Sample Electrode Type Capacitance [nF]

Interdigited 1.7+0.84
Parallel 0.88

Table 9.4.1: Average device capacitance magnitudes of the two electrode structures
investigated in this chapter. No errors are reported for the parallel electrodes due to
the lack of samples tested.
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9.4.1.1 Device Hysteresis

Device reaction is slow and significant hysteresis is observed. This is likely due to a
number of reasons. High parasitic capacitance caused by the electrode overlap will
have a small effect, but polarisation of the dielectric is likely to be the main cause. For
example Figure 9.4.1 shows the result of three transfer sweeps performed on the same
sample under identical conditions. The second test was performed approximately
11 hours after the first. The third was performed approximately 50 hours after the
first. The final /ON current is similar for all sweeps, however the IOFF current is
not, suggesting insufficient relaxation time between the first and second sweep. This
affects the measurement of the transconductance as well as the measurement of the
on/off ratio. Due to this all tests are performed with large timescales between test
times where possible to allow initial conditions to be restored. Comparison of /ON

currents measured using the same settings is not affected.
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0.42 Third Sweep

0.44

.80 -60 -40 =20 0

Figure 9.4.1: Transfer characteristics of an interdigited sample from -80 to 80V.
Measurements were performed under identical conditions, with a time delay of 11
hours, 11 minutes and 22 seconds between first and second test and 50 hours, 32
minutes and 4 seconds between the third and first. V' Ds was 0.5V.

191



9.4.2 Response Time

As stated above, response time of the devices was observed to be slow compared to
conventional devices. To investigate this time delay the source drain current was
monitored after a rapid increase of gate voltage from 0 to -80V in 100ms, which was
then held for 12000s. Due to the limitations of the controlling software the fixed
voltage of -80V applied was actually a slow voltage sweep, immediately applying -
79.8V and sweeping to -80.2V in 0.001V steps at 30s delays. The results of this
experiment are shown in Figure 9.4.2. This indicates an inverse negative exponential
increase in source drain current that reaches a maximum of approximately 1.25mA.
It takes approximately 9000 seconds for the trend to reach a state that appears linear
and as such is likely due to the slow gate voltage sweep applied. Further testing to
this magnitude of gate voltage must be performed over this timescale. This timescale
suggests polarisation of the dielectric is occurring.
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Figure 9.4.2: Ips dependence with time after Vs of -80V was applied. V ps was 1V.

As a result of this response time care must be taken when performing transfer

measurements. Figure 9.4.3 shows the maximum current measured during transfer
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measurements performed over the same gate voltage range but over different times
as a result of varying the sweep step delay. Sufficient time delays between sweep
steps must be made to ensure maximum device performance can be reached. Notice
the 70N current reached using 0.1 and Is step delays is below the minimum current
observed in Figure 9.4.2, indicating that these are not indicative of the potential of

the device.
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Figure 9.4.3: Maximum current measured during transfer measurements from 0 to
-80V in 100mV steps at varying time delays between steps. Vos was IV.

9.4.3 IV Output

Figure 9.4.4 shows the IV characteristics of the semiconductor channel of a repres-
entative interdigited electrode sample at gate voltages of -40, 0 and 40V. Note the
dependence ofthe gradient upon the gate voltage, an indicator of FET-like behaviour.
The increase in change of gradient at negative gate voltages compared to positive gate

voltages is indicative of p-type devices.
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Figure 9.4.4: IV characteristics of an interdigited electrode sample at gate voltages
of -40, 0 and 40V.

9.4.4 Transfer Characteristics

Figure 9.4.5 shows the positive and negative gate voltage characteristics of a repres-
entative interdigited electrode sample. Hysteresis is apparent from the 0V Vg values,
see above for discussion on this point. The sweeps had to be performed independ-
ently due to software limitations, however the negative sweep was performed when
the device was time stabilised, and as such the initial current is considered correct.
The transfer characteristics are indicative of p-type behaviour, in line with other CNT

based devices reported in the literature (see section 7.2.2).
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Figure 9.4.5: Transfer characteristics of an interdigited sample from -80 to 80V.
Positive and negative sweeps were performed independently. V ps was 0.5V.

9.4.4.1 Electrode Type Comparison

The transfer characteristics of the two electrode types are shown in Figure 9.4.6.
Both show similar characteristics and on/off ratios. The interdigited electrode shown
has an on/off ratio of 1.46, the parallel has a ratio of 1.77. Current magnitudes are
different due to the shorter channel length of the interdigited electrode resulting in a

smaller source-drain resistance.
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Figure 9.4.6: Comparison of interdigited (black, left axis) and parallel (red, right
axis) transfer characteristics. Both electrodes were measured at a ¥ Ds of 0.5V and
at a sweep delay of 30s. Note that the Y scales are different in magnitude, but not
proportion.

9.4.42 Mobility and On/O ff Ratio

From the linear regime of the transfer characteristics the mobility can be calculated,
in line with the method outlined in section 8.4.1. The ratio of the maximum on and
off currents can also be calculated from the same results. The summary of these
results is shown in Table 9.4.2. Interdigited electrode structures appear to show a
higher mobility than the parallel, with a similar on/off ratio. This is counter to the
results of Cao et a/.128, who state that the on/off ratio decreases at larger channel
widths due to the higher off current. However the off and on currents observed were
similar for both electrode structures, resulting in the similar ratios, as seen in Figure

9.4.6.
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Sample Electrode Type Average Mobility [cm2/Vs\| Average On/Off Ratio

Interdigited 756.9T407.2 1.75T0.26
Parallel 338.5 1.77

Table 9.4.2: Average mobility and on/off ratio of the two electrode structures invest-
igated in this chapter. No errors are reported for the parallel electrodes due to the
lack of samples tested.

9.4.5 Stability Over Time

Figure 9.4.7 shows two transfer measurements made of an interdigited sample made
using the same test parameters. The two tests were performed 17 months apart.
During this time the devices were stored without environmental protection at room
temperature and humidity. The characteristics appear similar, with an overall de-
crease in semiconductor channel resistance visible, the cause of which may be due
to minor temperature variations in the test environment. Mobility and on/off ratio

appear unchanged.

0.65
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0.55-
<
E
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0.45-
0.40-
-80 -60 -40 -20 0
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Figure 9.4.7: Transfer characteristics of an interdigited sample from 0 to -80V per-
formed 17 months apart. V' DS was 0.5V.
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9.4.6 Discussion

The electrical characterisation of the MWCNT based TFT structures proved that the
devices show FET like behaviour. The current between the source and drain elec-
trodes could be controlled by the application of a potential difference bias between
the gate electrode and active layer. The magnitude of this effect was small, however
this was expected as MWCNTs were used for the active layer, which are known to
display semimetal properties (see section 1.2.4), resulting in high off currents. The
devices showed p-type behaviour consistent with results from the literature 122, It was
also observed that device response was slow with large hysterisis, this is likely due to
a combination of factors. The dimensions of the device are large with a high para-
sitic capacitance caused by the electrode overlap, although this is not likely to affect
the device performance over the time periods observed. The timescale of the effects
suggests gate dielectric polarisation. This caused hysteresis in the source/drain res-
istance, resulting in care having to be taken when selecting measurement parameters
and when repeatedly testing devices. The two electrode structures selected performed
similarly in terms of device attributes. The reduction in on/off ratio due to the in-
creased channel length of the interdigited electrode structure was not observed, this
may be due to the high network density minimising this effect. Device mobilities were
high compared to many reported organic TFTs311%111 " however on/off ratios were
considerably lower due to reasons already discussed. The high mobility is due to the
semi metal nature of the MWCNT devices, as highlighted by the low on/off ratio, and
is in line with the trends observed for CNT based TFT devices reported by Sun et
al.1. Devices showed excellent stability over time, with FET like behaviour of similar
magnitudes still observed after 17 months, with no special precautions taken when
storing samples. A decrease in the channel resistance over time was observed, the

cause of which may be due to channel doping, though the origin of this is unknown.

9.5 Conclusions

To conclude this chapter, the concept of using flexography to print the key layers of a
CNT-based TFT device has been proven. The devices cannot be said to be transistors
in the true sense of the word due to the high off currents observed, however they can
be considered as variable resistors.

Flexography proved capable of patterning the CNT based ink, however print de-
fects such as ink spread and viscous fingering were observed. The ink spreading

is exaggerated by the printing method used, when upscaling to a driven substrate
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web device the effect will be minimised. Viscous fingering is a common issue when
printing solid areas. Further design optimisation is required to ensure eflicient net-
work percolation along the channel length, minimising detrimental effects caused by
this inhomogeneity. Flexography also proved suitable for electrode production, with
minimal edge defects observed compared to alternative printing methods.

Device performance was characterised and compared to suitable literature. Mo-
bilities were high compared to organic TFT devices, however on/off ratios and device
response speeds were poor in comparison. This was caused by material and design
compromises. One key improvement in device performance compared to organic struc-
tures was in the long term stability, which proved to be excellent. This is due to the
chemical stability of CNTs compared to commonly used organic semiconductors 1%,
The two electrode structures tested did not have a significant effect upon device
performance at this scale.

It must be noted that these initial devices are compromised in a number of aspects,
primarily in the aspect of channel length and electrode overlap. These were initially
thought to be close to the limits of what the printing equipment used could achieve,
and not representative of the flexographic process. However during device production
it was seen that the safety margins applied to the device design were conservative,
and significant improvements could be made whilst still using the same equipment.
Further investigation into the limits of the F1 is required to optimise the design.
The use of bar coating for the printing of the gate dielectric and electrode was due
to material selection, further optimisation in this area should allow the overall aim
of using flexography to print every layer of the device to be achieved. The final
limiting factor performance of the TFTs described in this chapter was the use of a
high density MWCNT network as the active layer. This was suitable for proof of the
concept, however further devices should use SWCNT networks of suitable densities

to improve the on/off ratio.
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Chapter 10

Flexographically Printed SWCNT
Based Field Effect Devices

10.1 Introduction

The aim of the work described in this chapter is to further develop the MWCNT TFT
devices produced in the previous chapter, working towards the aim of producing the
first fully flexographically printed CNT based TFTs. To achieve this, firstly the key
issues highlighted by the previous work must be addressed. These include minimising
the parasitic capacitance of the device, reducing the channel length and optimising
the materials to achieve flexographic printed TFTs.

To achieve this preliminary experiments were performed to quantify the limits
of the IGT F1 in terms of registration and feature size. This allowed optimisation
of the device design. In terms of materials a suitable dielectric ink was be selected
to allow the layer to be flexographically printed. SWCNTs were used instead of the
MWCNTs that were used in the previous study. This was expected to reduce the off
current resulting in a corresponding increase in the on/off ratio. However the use of
SWCNTs does increase the complexity of the device production as for optimal results
the network density needs to be close to but above the percolation threshold. From
the printed MWCNT results described in chapter 9 it appears that the percolation
threshold is between 0.5 to 1wt% for the bar coated samples. This corresponds
with the percolation threshold observed in many publications 3270, Inks should be
formulated in this concentration range. It was also seen that the reduction in CNT
concentration will have the corresponding effect of reducing the ink viscosity, which
may increase the magnitude of the layer inhomogeneity observed in the MWCNT
prints (see section 9.3.1). Steps will need to be taken to reduce the impact of this

effect upon device performance.
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An optimised TFT structure design was produced, with each layer characterised
individually to determine the parameters required for reporting in IEEE Std 1620-
2008. The devices were then characterised electrically, again in accordance with
the aforementioned standards, and the performance assessed in relation to previous

devices and devices reported in relevant literature.

10.2 IGT F1 Registration Capability

During the printing of the devices reported in the previous chapter it was apparent
that the device design was excessively conservative in terms of the safety margin for
overprinting registration. This resulted in a large dimension device with high channel
lengths and parasitic capacitance. This caused slow device response times and high
hysteresis in the source/drain resistance. To reduce this a study was performed to
accurately assess the registration capabilities of the IGT F1. Two layers were printed,
with crosses used as registration marks. The machine was reset between prints, with
the plate removed from the plate cylinder and remounted to simulate the printing
of different layers. A SWCNT based ink (1wt%, 1:1 PVA:CNT, NMP solvent) was
used for the lower layer and a nanosilver ink (InkTec PR-030) for the upper layer to
simulate further device production, as errors have been seen to occur due to slipping
between the plate and substrate, the effect of which may be dependent upon the
ink used. Print settings used were identical to those used in the previous device
production chapter for the relevant layers (see section 9.3). The prints were digitised
and the deviation in and across the print direction measured. In total 16 samples
were produced, with two sets of registration marks measured on each print at opposite
corners of the printing area to account for skew in the print.

The results of this study are shown in Table 10.2.1. It can be seen that the
deviation across the print direction is smaller than in the print direction. This is
unsurprising due to substrate movement being constrained by the F1 across the print
direction (see figure 8.2.2). Standard deviation is high for both directions, therefore
when considering device design the margin for registration error should be a minimum
of twice the reported deviation. Skew was observed in the overprinted images resulting
in differing registration depending on the image position. This is due to plate and
substrate mounting errors, and can only be minimised by careful preparation during

production.
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Magnitude Deviation [mm]
Across Print Direction 0.8+0.7
In Print Direction 1.8+1.7

Table 10.2.1: Average deviation of position of overprinted features printed using the
IGT F1

10.3 IGT F1 Track and Gap Capability

To further reduce the parasitic capacitance of the device design the planar area of the
source and drain electrodes should be reduced. Device speed will also be increased by
reducing the channel length. This reduction in electrode size and separation must be
achieved whilst still maintaining a conductive track to suitable contact points and not
causing conduction between the source and drain electrodes. Significant ink spreading
was also observed in the prints described in the previous chapter, resulting in a
difference between the dimensions of the final structure and the specified dimensions.
This phenomena should also be investigated.

To investigate this, two electrode structures were printed on the IGT F1 and the
profiles measured using white light interferometry. Both structures had a 0.5mm gap
separating the two electrodes. One structure had an electrode thickness of 1mm, the
other 0.5mm. Devices were printed using the lowest engagement pressure printable
(50N) and the lowest anilox volume available of 2.7¢m3/m?2. The same nanosilver ink
used for device electrode production (InkTec PR-030) was used.

The results of the trial are summarised in Table 10.3.1. Significant spreading can
be seen on all printed lines. Significant decrease in the printed gap size is observed as
a result, which can be used to minimise the channel length in printed devices though
care must be taken not to cause shorting between the electrodes. A nominal 250 um
gap is printable using the F1 with 500um electrode widths.

The spreading tends to increase at the end of the lines in relation to the print
direction, as shown in the white light profile image in Figure 10.3.1. This spreading
caused by the separation of the relief area of the image master from the deposited
ink film should be compensated for in the design. A similar effect, but not as severe

in magnitude, is seen at the initial contact points.

10.4 Device Design

The compromises made in the design used in chapter 9 detrimentally affected the

performance of the resulting devices. As previously discussed, the design of a TFT
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Electrode Width [pm] Gap Width [pm]
500pm Electrodes, 500pm, Gap

Polymer Plate 471.0 501.5
Print Average 730.0T41.7 268.9T39.4
Percentage Change 55.0% -46.4%
500pm Electrodes, 500pm Gap
Polymer Plate 469.4 274.0
Print Average 702.5T12.4 80.4T5.2
Percentage Change 49.7% -70.7%

Table 10.3.1: Table summarising the results of the track and gap study performed on
the IGT FI for electrode optimisation.

Figure 10.3.1: Grayscale representation of profile data from electrode tip showing
shorting across the channel length. Lighter areas indicate raised points.
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structure is determined by the materials and manufacturing process used. By optim-
ising the manufacturing process and using more suitable materials the performance
is expected to improve with respect to on/off ratio, mobility and device response. In
terms of the manufacturing process flexography is used for the production of all lay-
ers, for reasons described previously (see section 9.2). The use of flexography has now
been proven to be suitable for the electrode and active layers, and its suitability for

manufacturing the dielectric and gate insulator is to be investigated in this chapter.

10.4.1 Materials

In terms of materials selection the previous work showed that MWCNTs provided
device functionality, but were limited in performance. The Ag inks used for the
electrodes was seen to be suitable. The dielectric ink used was not suitable for flexo-
graphic printing. Optimisation of the active and dielectric layer is required to improve

performance.

10.4.1.1 Semiconductor Layer

As stated above, MWCNTs were seen to provide device functionality but at the
expense of high off current due to their semimetal properties. Although a SWCNT
network will show semimetal properties at high densities, as the density is reduced
towards the percolation threshold the on/off ratio should increase, as seen in the
literature (see section 7.2.2). All the research concerning CNT based inks presented
so far in this thesis has used MWCNTs for cost reasons. However the substitution
of MWCNTs with SWCNTs is possible, though it has been shown that SWCNTs are
harder to disperse due to the higher quality of the CNT structure resulting in fewer
defects. The defects act as functionalisation sites, which affect the solubility of the
structure. As a result it is unlikely that the high concentration MWCNT inks can
be reproduced with SWCNTs, though lower concentration inks will be required to
achieve suitable density networks.

The inks used in the device are based on the research presented in Part II. Two
inks were produced containing CNT concentrations of 0.5 and 1wt%. The CNT used
were Thomas Swan EliCarb SW and were used without modification. Inks were mixed
for 45min using an ultrasonic probe at the same settings described in section 3.2.1.3.
NMP was used as the solvent and PVA was used as the resin at a 1:1 ratio. The ink

formulation contents are shown in Table 10.4.1.
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Constituent lwf%r%a;nl\c/[:nstsr:[ai]ion O.S;a%)ggoll\:{ca;?tl[’ﬂion
CNT 0.2 0.1
NMP 19.6 19.8
PVA 0.2 0.1

| Total Mass | 20 | 20 |

Table 10.4.1: Target ink constituent mass for 0.5 and 1wt% SWCNT based ink for
use in TFT structures.

10.4.1.2 Source and Drain Electrodes

A commercial nanosilver based ink (Inktec PR-030) was used due the suitability
shown in previous devices and optimisation tests. The properties of this ink were

discussed in section 9.2.1.2.

10.4.1.3 Dielectric Layer

The ink used for the dielectric layer was a commercial dielectric ink produced by
Gwent Electronic Materials (D2071120D1 Polymer Dielectric). Scoping experiments
showed it to have suitable adhesion and insulating properties. These experiments
also indicated improved flexographic printability in comparison to the D2090130P5
ink used in the previous experiments, a major consideration as device production by
flexography was a key target for the work. Suggested drying conditions are 130°C for

10 to 15 minutes.

10.4.1.4 Gate Electrode

A commercial silver based ink (Gwent Electronic Materials C2090210P12 silver ink)
was used due the layer compatibility shown in previous devices. The properties of

this ink were discussed in section 9.2.1.4.

10.4.1.5 Substrate

The polyester based film used for previous devices was used. For further details see
section 9.2.1.5.

10.4.2 Structure

The experimental determination of the layer registration and feature size capabilities
of the IGT F1 system (see sections 10.2 and 10.3) allows the optimisation of the
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Figure 10.4.1: Top gate, top contact TFT structure shown schematically from a top
down and cross section view. Devices were printed from left to right as viewed.

design by reduction of feature dimensions. The TGTC structure was maintained due
to the previously discussed layer compatibility issues. The overall device layout is

shown in Figure 10.4.1.

10.4.2.1 Semiconductor Layer

The semiconductor layer master image is shown in Figure 10.4.2. The image consists
of repeated 0.1mm lines placed perpendicular to the electrode direction separated by
0.1lmm spacings. The lines are used to separate the image to avoid inhomogeneities
forming parallel to the print direction, a technique similar to that proposed by Rouhi
et al.l09 to reduce the effective channel width and by Hamblyn et al. 143 to reduce
viscous fingering effects. The striping results in a nominal channel width of 2.5mm
(5mm including gaps), though ink spreading will increase this value significantly.
The dimensions of the CNT layer were selected with regards to the registration
limit of the FI investigated in section 10.2, with the channel length direction dimen-

sion of 3min being twice the average registration accuracy observed.

10.4.2.2 Source and Drain Electrodes

The image master for the source and drain electrodes is shown in Figure 10.4.3.
The electrodes are 200pm wide with a source to drain gap of 250pm, values that
were selected as the minimum that can be reliably printed based on the results of
scoping experiments including those described in section 10.3. The contact areas

were positioned so that they are the final areas to be printed and the electrode tracks
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Smm

3mm

Figure 10.4.2: Semiconductor layer master image used in the production of SWCNT
devices. Lines are 0.lmm repeated at 0.Imm spacings.

28.5mm

Figure 10.4.3: Source and drain electrode image masters used in the production of
SWCNT devices.

diverge to avoid shorting due to spreading at the point of disengagement of the imaged
area of the plate and substrate, a phenomenon noted in earlier trials. The electrode
tips at the start of the print direction were also rounded to minimise this phenomenon.
The minimisation of the electrode widths serves to decrease the conductive area of

the layer, hence reducing the parasitic capacitance.

10.4.2.3 Dielectric Layer

The dielectric layer master image is shown in Figure 10.4.4. The dimensions of this
layer do not affect the device performance, and as a result are made arbitrarily large

to minimise the possibility of poor registration.

10.4.2.4 Gate Electrode

The gate electrode layer master image is shown in Figure 10.4.5. Minimisation of the
parasitic capacitance of the device is achieved by the reduction in the surface area of
the source and drain electrode, hence the dimensions of the gate electrode not being

of critical importance to device performance.
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Figure 10.4.4: Dielectric layer master image used in the production of SWCNT
devices.

35mm

6mm

15mm

Figure 10.4.5: Gate electrode layer master image used in the production of SWCNT
devices.

10.4.3 Design Summary

The device structure for the TFTs produced in this chapter was an evolution of
the structure produced in chapter 9. The key improvements made were the use of
SWCNTs and the minimisation of the electrode size and channel length. This was
expected to reduce parasitic capacitance, increase device response speed and improve
mobility and on/off ratio.

The final printing plate master images are shown in Figure 10.4.6. Two devices
are produced in each batch. Crosses were included to improve visualisation of layer

registration.

10.5 Device Production and Structural Character-
1sation
10.5.1 Semiconductor Layer

The CNT layer was produced using a specified engagement pressure of 75N using an
anilox volume of 8.0cm3/m 2. These settings were selected after scoping experiments

in which prints were characterised by electrical and visual properties. Assuming the
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Figure 10.4.6: Image masters for the four printing plates used in the device production
of SWCNT based TFT structures.

Figure 10.5.1: Optical scan of representative print of Ilwt% SWOCNT ink. Printing
direction was left to right.

nominal anilox cell volume and an ink release rate of approximately 40% 135 this should
result in a theoretical ink film thickness of 64nm for the Iwt% concentration ink and
32nm for the 0.5wt% concentration.

The use of plate patterning to minimise the effect of layer inhomogeneities per-
pendicular to the channel length has had a significant effect, with no viscous fingering
and minimal ink spreading visible despite the non-ideal viscoelastic properties of the
ink for flexographic printing. The line spacing is of sufficient magnitude to still be
visible in the print despite the line spread, which occurs in isolated areas. Inhomo-
geneous areas are still apparent where ink spread causes coalescing of the lines. This
appears to lead to higher density areas, as visible in the lower right portion of the

print.

10.5.2 Source and Drain Electrodes

The source and drain electrode layer was printed using an anilox-to-plate pressure of

60N, a plate-to-substrate pressure of 60N and an anilox volume of 2.7cm3/m 2. These
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Figure 10.5.2: Optical scan ofrepresentative print ofelectrode structure printed above
the CNT layer. Printing direction was left to right.

settings were based upon the settings used in the track and gap trial discussed in
section 10.3.

Figure 10.5.2 shows an optical scan ofa representative device. The average channel
length was measured using WLI techniques, from which a value of 120 £ 15fim was
obtained, a drop of 52% from the nominal value. The divergence of the electrode to
the contact points ensures no shorting between the electrodes occurs, however the
rounding of the tips at the point of contact between the imaged area of the plate and
the substrate did not remove spreading at this point. This resulted in some devices
shorting, though the majority of prints were suitable. Any reduction in channel length
in this area is irrelevant to device performance due to it being outside the active layer

overlap.

10.5.3 Dielectric Layer

The dielectric layer was printed using an anilox-to-plate pressure of 100N, a plate-
to-substrate pressure of 150N and an anilox volume of /2c¢m3/m 2. These settings
were optimised in a series of preliminary printability trials. Initial tests indicated
that repeated overprinting was necessary to ensure no gate leakage current occurred.
Initial trials printed upon solid areas indicated that four overprints were necessary
to ensure an insulating layer was formed, however devices produced using four layers
showed significant leakage current, rendering them unusable. This was because the
source and drain electrode layer was rougher than the lower layer used in the earlier
trial. All further devices used five overprints of the dielectric layer. This resulted in

an average layer thickness of 49.2 + 4.6/im.

10.5.4 Gate Electrode

The gate electrode was printed using an anilox-to-plate pressure of 100N, a plate-to-

substrate pressure of 150N and an anilox volume of 24cm 3/m 2. These settings were
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Figure 10.5.3: Representative image of a complete, fully flexographically printed,
SWCNT based, TFT device.

optimised in a series of preliminary printability trials. Two overprints were required
to ensure conductivity along the entire electrode due to the step at the edge of the
dielectric layer. Average device capacitance was 51+ 16pF, a significant decrease from
the previous generation of devices reported in chapter 9. Assuming nominal device

area, this results in an average capacitance per unit area of 386.9pF/cm 2.

10.5.5 Summary

A representative image of the completed device is shown in Figure 10.5.3. This is the
first reported example of a CNT based TFT structure printed entirely using flexo-
graphic methods. In terms of channel length and parasitic capacitance this device
structure is near to optimal for a TFT designed with the aim of minimum response
time printed using the IGT FI printability tester. An indicative visual representation
of the registration capabilities of the equipment can be seen from the registration
marks shown. Further device optimisation will only be obtained by material im-
provements, or by manufacture using flexographic presses with independently driven
substrates, accurate plate-to-substrate engagement control and accurate registration

capabilities.

10.6 Electrical Characterisation

All devices were characterised in accordance with IEEE Std. 1620-2008, using the
methods outlined in section 8.4. Data shown is from a representative sample unless

otherwise stated.

10.6.1 Gate Leakage and Capacitance

Initial devices produced using four overprints for the dielectric layer were seen to

have significant gate leakage, as reported in section 10.5.3. Another factor observed
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Figure 10.6.1: Repeated IV sweeps between source and gate electrode of a sample
printed with 4 overprints of dielectric.

during the experiments to characterise the gate leakage was that there was a threshold
leakage voltage (known as the dielectric breakdown voltage) above which the leakage
current was observed, and that this breakdown voltage appeared to become lower
after repeated tests. This can be observed in Figure 10.6.1, where three IV curves
of the source to gate electrodes are plotted, which were taken one after the other.
Note the breakdown voltage for leakage dropping from approximately 65V to 20V.
All further devices were repeatedly tested for gate leakage in this manner before
subsequent characterisation. Gate leakage was not observed to be significant, with
no breakdown voltage observed within the measured range in samples printed with
five overprints for the dielectric layer.

Capacitance between the the gate and source/drain electrodes was also measured
in accordance with the method outlined in section 8.4.4. The measured values are
shown in Table 10.6.1. The 0.5wt% SWCNT devices show lower capacitance than

the Iwt% devices, as both were prepared identically it can only be assumed that this
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| SWCNT Concentration [wt%] | Capacitance [pF] |

1 53.40 +£17.33
0.5 26.90 £3.57

Table 10.6.1: Average device capacitance magnitudes of the two SWCNT concentra-
tions investigated in this chapter.

is due to the higher S/D resistance. The capacitance is multiple orders of magnitude
lower than the MWCNT devices previously reported. This is due to a combination
of the reduction in electrode area and the change in dielectric material. The new
material and reduced electrode overlap has led to a reduction in parasitic capacit-
ance and dielectric polarisation leading to a corresponding improvement in device
response. However any drop in capacitance due to the dielectric material is not ne-
cessarily advantageous. It has been observed by Kim et al.'* that a reduction in
dielectric thickness (and hence an increase in device capacitance) causes an increase
in on/off ratio. As reported above, the number of layers printed was the minimum to
obtain suitable insulation, therefore any further increase in capacitance would require
a higher dielectric constant material at this layer thickness.

10.6.1.1 Noise

Due to the high S-D resistance of the samples and the requirement for the S-D voltage
to be significantly lower than the gate voltage for calculation of the mobility (see
section 8.4.1) many transfer measurements were observed to show significant random
noise. To minimise the effect of this data was smoothed by the adjacent averaging
method, with a sample size of 10 points. Unless otherwise stated, all transfer data
presented in this chapter has been smoothed, and smoothed data was used for all

mobility and on/off ratio calculations.

10.6.1.2 Device Hysteresis

Figure 10.6.2 shows the results of two transfer measurements, with the second meas-
urement started 4s after the end of the first. No significant hysteresis is observed,
indicating that the sample relaxation time is suitable for repeated measurements with

minimal delay, unlike the devices discussed in section 9.4.1.

10.6.2 IV Output

Initial IV characteristics of devices commonly showed non-ohmic tendencies. This is
highlighted in Figure 10.6.3. This has been observed at low temperatures by Kim e?
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Figure 10.6.2: Two sets of transfer characterisation data of a representative sample.
The time (t) refers to the start of the measurement sweep, and total time for the
sweep was 130s, meaning that the second sweep was performed 4s after the end of
the first.
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Figure 10.6.3: Source-drain IV characteristics of a representative 0.5wt% CNT con-
centration device. To highlight the non linearity of the sample a linear approximation
of the 0 to 2.5V range has been projected to 20V.

al.u who attributed it to the potential barrier formed at tube contact points. It is also
reported to be visible at room temperature in printed networks47 and SWCNT based
printed TFTs15130. The results of Okimoto et al. 15 show the IV characteristics being
linear at higher CNT densities and non-linear when below the percolation threshold,
therefore this non-linearity may be an indicator that the solutions are approaching the
percolation threshold. It may also be due to poor S/D contact with the CNT layer,
however Ag is a common electrode material and no non-linearity was observed with
the high density MWCNT networks. The 0.5wt% device IV characteristics appear to
show more pronounced non-ohmic characteristics compared to the Iwt% devices.
The IV output characteristics of representative lwt% and 0.5wt% samples are
shown in Figures 10.6.4 and 10.6.5 respectively. Field effect behaviour is observed,
however the effect is small. Both devices show a more significant effect at negative

gate voltages, an indicator of p-type behaviour.
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Figure 10.6.4: IV characteristics of a Ilwt% SWCNT based sample at gate voltages
of -80, 0 and 80V. The two 0V datasets were measured before measuring the +80V
and -80V characteristics to ensure device was in a stable state.
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Figure 10.6.5: IV characteristics of a 0.5wt% SWCNT based sample at gate voltages
of -80, 0 and 80V. The two OV datasets were measured before measuring the +80V
and -80V characteristics to ensure device was in a stable state.
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Figure 10.6.6: Comparison of Iwt% (black, left axis) and 0.5wt% (red, right axis)
concentration transfer characteristics. Devices were measured at a Vos of IV and at
a sweep delay of Is at IV steps.

10.6.3 Transfer Characteristics

The transfer characteristics of both CNT concentration devices are shown in Figure
10.6.6. The increase in noise in the 0.5wt% sample may be due to the lower drain
currents seen at the applied drain voltage due to the higher channel resistance. Both

devices show similar characteristics, with p-type behaviour observed.

10.6.3.1 Mobility and On/O ff Ratio

From the transfer data mobility and on/off ratio can be calculated using the method
described in section 8.4.1. The average mobility and on/off ratio for the 1 and 0.5wt%
devices is summarised in Table 10.6.2. Mobility is reduced when the CNT network

density is reduced.

10.6.4 Stability Over Time

Figure 10.6.7 compares two transfer measurements taken 10 months apart of a 1%

SWCNT based sample. Devices were stored without environmental protection at
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| SWCNT Concentration [wt%] | Average Mobility [cm?/Vs] | Average On/Off Ratio |

1 0.14 +0.05 1.12 £0.21
0.5 0.002+0.001 1.02+0.02

Table 10.6.2: Average mobility and on/off ratio of the two CNT concentrations in-
vestigated in this chapter.

room temperature and humidity. Although the magnitude of the source-drain current
has changed, the transfer characteristics have not. The magnitude change may be

due to small temperature differences in the test environment between the two tests.

10.6.5 Discussion

The electrical characterisation of the SWCNT based devices showed field effect beha-
viour, however this is reduced compared to the MWCNT based devices described in
the previous chapter (Chapter 9). The small magnitude of this effect is likely to be
caused by the CNT networks being of a density higher than the metallic percolation
threshold. The results compare favourably with those of Okimoto et al.'® shown in
Figure 7.2.5. Okimoto observed that at network densities higher than the percolation
threshold linear transfer characteristics are observed, similar to those seen in Figure
10.6.6. The paper also shows that as network densities decrease the IV output char-
acteristics become increasingly non-linear, an effect observed in Figure 10.6.3. Finally
the reduction in mobility and stable on/off ratio with decreasing network density are
also consistent with literature. These results strongly indicate that the devices are
functioning correctly but the CNT concentration in the inks was too high, resulting
in network densities that appear comparable to the 4 to 2% regime seen in Figure
7.2.5. The non-ohmic IV behaviour further implies that the devices are approaching
the percolation threshold. Mobility and on/off ratio may have also been impeded by
the low S/D gap, as 100um is shown in Figure 7.2.4 to show the lowest values.

The devices showed significant improvement in response and hysteresis compared
to previous generations. Stability over time was also observed to be excellent, with a
change in S/D resistance attributable to unavoidable variance in temperature.

10.7 Conclusions

To conclude this chapter, the use of flexography to print CNT based TFT devices
has been proven. Devices with practical architecture have been produced using only
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Figure 10.6.7: Transfer characteristics of a 1wt% SWOCNT sample from 0 to -80V
performed 10 months apart. VDS was 2V. Note that the Y scales are different in
magnitude, but not scale.

220



flexography and although electrical performance is poor results are comparable to
those of high density devices in the literature.

By optimisation and characterisation of the printing capabilities of the IGT F1
equipment devices with S/D gaps of the order of 100um were fully printed. As

1.1%3 plate patterning can be used to minimise the effects

suggested by Hamblyn et a
of print inhomogeneities which are common in the flexographic printing process and
exaggerated by the reduced viscosity of the low concentration SWCNT inks. The
dielectric layer required multiple overprints, which would not be ideal if production
were to be upscaled. Further materials development in this area is required.

Device performance was characterised and compared to suitable literature. Over-
all performance was poor, however was comparable to high CNT density devices
reported by Okimoto et al.'®. The change of dielectric material, reduction in channel
length and reduction in parasitic capacitance has resulted in devices that show little
of the hysteresis and slow response time observed in previous results (Chapter 9).
IV output showed non-ohmic behaviour, as observed in CNT networks approaching
the percolation threshold 1544130, Transfer characteristics for the two CNT concen-
trations tested showed behaviour consistent with that of devices with CNT networks
in the density range of 4-2% 5. The reduction in mobility observed at lower densities
reinforces this observation. Device stability was excellent over the timescale tested.

The optimisation of the design by thorough characterisation of the printing method
used resulted in efficient architectures that were fully printable by roll to roll methods.
Poor device performance has been observed to be directly due to the CNT concen-
tration, therefore further investigation should concentrate on reducing this whilst
maintaining a printable CNT layer. The use of lower anilox volumes may be a poten-
tial method to achieve this without reducing ink viscosity further by reducing CNT
concentration. Investigation into the effects of channel length would also be advant-
ageous, especially if thorough analysis of device response can be performed. The only
remaining barrier to upscaling device production onto a true roll-to-roll production
line is the drying of the layers, a common issue in printed electronics and an active

area of research.
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Chapter 11

Flexographically Printed CNT Based
TFT Structures - Conclusions

11.1 Initial Aims and Approach

As stated in Chapter 1, the initial aim of this section of work was to:

o develop a CNT based TFT manufactured entirely using processes that can be
scaled for high speed, roll to roll printing techniques.

To this end, an experimental outline consisting of initial proof of concept followed by
incremental optimisation was planned and performed. To achieve the aim of using roll
to roll techniques flexography was chosen to produce all layers. Two generations of
devices were presented in this thesis, the first being the initial proof of concept devices.
These devices were produced using a combination of flexography and bar coating, with
a high concentration MWCNT based ink used for the active layer. The results of this
study were then used to highlight key areas for optimisation, and further study was
then performed to investigate the capability of the flexographic printability tester
used for device production. Once this capability was known, devices were redesigned
to maximise potential performance. These generation devices were then produced
using 1 and 0.5wt% SWCNT based inks using only flexography for all layers. All
devices were electrically characterised in accordance with established standards.

11.2 Overall Results and Conclusions

The experiments described in chapter 9 describe the initial device design and pro-
duction for the proof of the concept that CNT based TF'T devices could be produced

using flexography. The device design was constrained by the a combination of the
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compatibility of the ink systems used and the assumed limitations of the flexographic
printability tester used for production. These limitations resulted in a TGTC struc-
ture with a large source drain gap and high parasitic capacitance. Two electrode
structures were investigated, parallel and interdigited.

Device production was partially successful. The CNT ink was printable using
flexography, but the print inhomogeneities were visible. These were spreading due to
the engagement pressure required for printing and viscous fingering, common with
solid area printing. The source and drain electrodes were printed, with ohmic contact
observed between the CNT and electrode layers. The dielectric and gate electrode
layer were coated using the Meyer bar method due to the dielectric material selection.
Bar coating is a roll-to-roll capable technique, however it is not possible to pattern
in a single step in a production environment.

The electrical performance of the devices was examined, with field effect behaviour
observed, proving the concept of flexographically printed CNT based TFT struc-
tures. Device capacitance was high due to the electrode area overlap of the design.
Slow device response and significant hysteresis during measurement was observed, the
timescales of which suggest that the dielectric is susceptible to polarisation, though
further experiments are required to investigate this phenomena fully. The two elec-
trode structures showed similar performance, with average on/off ratios of 1.76 and
mobilities of 651cm?/Vs. The mobility is significantly higher than commonly repor-
ted organic TFT devices, however the on/off ratio is significantly lower. The high
mobility and off current caused by the use of a high density MWCNT network as
the active layer means that the devices cannot be considered to act as transistors,
however they can be considered as variable resistors. The devices were observed to
show p-type behaviour, which is in agreement with literature on undoped CNT based
field effect devices. The stability of the electrical performance over a 17 month times-
cale was assessed with excellent results, despite no particular precautions being taken
during storage.

The high parasitic capacitance of the devices led to experiments being performed
to establish the maximum capabilities of the IGT F1 flexographic proofing device used
for device production. The registration capabilities were assessed to establish required
margins for overprinting of layers, leading to required minimum margins of 0.8mm
across the print direction and 1.8 mm in the print direction being required. Min-
imum feature sizes were also assessed to minimise electrode areas to reduce parasitic

capacitance and channel lengths to improve device response times. It was seen that
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nominal track sizes of 500um were consistently achievable with 250 um gaps achiev-
able with care. Key areas of ink spreading during plate and substrate engagement
were highlighted, which were factored into further designs.

The final generation of device design reported took the results of the capability
studies into account and reduced nominal source/drain electrode widths to 200 um
with a 250um specified channel length. The CNT layer design was modified to re-
duce unintentional inhomogeneity. The TGTC structure was maintained due to ink
compatibility requirements. A parallel source/drain electrode structure was used for
device simplicity as no significant advantage to the interdigited electrode structure
was seen. The dielectric material was substituted for one with improved flexographic
printability, which also proved to be less susceptible to polarisation. SWCNTs were
used in inks based on the same formulation developed in part II at concentrations of
0.5 and 1wt% to examine the CNT density required to reduce the high off current
with the high density MWCNT network.

Device production was successful. All layers were printed using flexography. The
patterning of the CNT layer reduced inhomogenities parallel to the electrode direc-
tion. Average channel length was 120 £ 15um. A minimum of 5 overprints of the
dielectric layer was required to obtain insulation between the electrode layers. Flexo-
graphy shows a number of advantages over comparable printing techniques, namely
the homogeneity of the electrode structures and flexibility of ink rheologies. The low
image master cost is also a significant advantage for R&D purposes.

The performance of the devices was poor, with mobilities in the range of 0.002 to
0.14cm?/V s and on/off ratios in the range of 1.12 to 1.02 observed. This was not due
to the design optimisation, which was a success with the aims of reducing parasitic
capacitance and improving device response achieved. The electrical performance was
compared to literature and was seen to be comparable to reported high network dens-
ity devices. The reduction in mobility and non-ohmic IV characteristics reinforced
the conclusion that the network densities printed were approaching the percolation
threshold but too high for adequate device performance. Device stability was again
excellent over a 10 month period.

11.3 Summary

In summary, the first ever reported printed TFT devices produced using solely flexo-
graphy, and the first ever use of flexography to deposit CNT networks has been shown.
Flexography is a viable method for TFT device production, and shows a number of
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advantages, particularly in the printing of source and drain electrodes. CNTs have
been shown in the literature to be a potential material for use in the active layer of
TFTs, and this study has reinforced this view, whilst using novel methods for CNT
deposition. Despite poor device performance, the aims of this section of the thesis
have been achieved, however further investigations into CNT network density are

ongoing.
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Thesis Conclusions
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Chapter 12

Conclusions and Further Work

12.1 Initial Aims and Approach

This work has described a comprehensive study to explore the possibility of formulat-
ing an ink containing CNTs and the potential use of these inks in functional devices.
The initial aims, as stated in Chapter 1 were to:

e explore the potential for formulating a CNT based ink by studying potential

resins, solvents and formulation techniques,

e optimise this ink by improvement of CNT dispersion, with emphasis on mixing
and CNT modification, and

e develop a CNT based TFT manufactured entirely using processes that can be
scaled for high speed, roll to roll printing techniques.

To this end two experimental directions were researched. The first was designed to
investigate the first two aims. Following a comprehensive literature review potential
suitable materials, ink formulations and film characterisation parameters were chosen
and experimental techniques to investigate these developed in scoping studies. A basic
ink formulation was defined after consideration of the challenges identified from the
literature and scoping experiments. These challenges include but were not limited to
the solubility of CNTs, the formation of a suitable conductive network, CNT handling
and ink deposition. Several variables were then investigated. Initially these included
the resin material, resin:CNT ratio and processing temperature. Following these
studies a factorial experiment investigating CNT concentration, sonication energy
and CNT functionalisation was performed.

The second experimental direction was designed to achieve the third objective.
A second literature review was performed to investigate the state of printed TFT
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research for both organic and CNT based devices. Experiments were performed in a
systematic fashion, with initial experiments focussing on proving the fundamental vi-
ability of the devices by using a simple design and a MWCNT ink based on the results
of the previous research. Flexography was chosen as the roll-to-roll manufacturing
technique. This design could then be optimised by characterisation of the manufac-
turing equipment and the active material changed to SWCNTs for comparison with
contemporary reported devices.

12.2 CNT Ink Formulation

e Of the resin materials tested, the PA and PVA based systems showed the most
promise for further investigation under the tested conditions. In particular
these systems showed the lowest sheet resistivity and transparency of the printed
films, whilst ink properties were within the ranges specified for major roll-to-roll
printing methods specified in Table 1.1.1. Two mechanisms for this improve-
ment in sheet resistivity and lower transmission could be concluded, with a
combination of the two likely. The results show that the dispersion of the CNTs
is more homogeneous in the PVA and PA polymer matrix under the conditions
tested. It may also be caused by the PA and PVA resin systems having a lower
detrimental effect on the contact resistance within the CNT network than the
alternatives. It was also noticed that the PLA system, despite being marketed
as a conductive polymer, did not improve the sheet resistivity of the CNT net-
work. This may be due to high contact resistance between the polymer and
CNTs, or the poor quality of the dispersion. In summary:

— NC based inks showed the highest viscosity, with PA and PVA based sys-

tems the lowest,

PVA based inks showed the highest surface tension, with all others being

similar,

PA and PVA based systems shows the lowest film transparency,

PA based inks showed the lowest sheet resistivity, with the NC and PLA
systems the highest, and

I

PA based inks showed the highest adhesion, with the NC based systems
being the worst.
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e The ratio between the CNT and resin, in this case PVA, should be optimised to
control ink characteristics. It is intuitive to expect that an increase in polymer
content results in an increase in the viscosity of the continuous phase of the
dispersion, as observed. It can also be concluded that the resin base coats the
CNTs within the ink system, impeding CNT contact within the final network.
Therefore an increase in PVA content results in higher junction resistances
within the network, resulting in a higher sheet resistivity of the macro-scale

film. In summary:

— Increasing PVA content increases ink viscosity.

— PVA content has no significant effect upon the surface tension of the ink.
— PVA content has no significant effect upon the transmission of the film.
— Increasing PVA content increases the sheet resistivity of the film.

— Increasing PVA content above the lowest ratio tested improves film adhe-

sion, though results are inconclusive.

e When using sonication for ink preparation the sample temperature must be
controlled, as literature suggests CNT dispersion instability occurs above 40°C.
However higher temperature may be preferable during dispersion as it results
in an increase in energy in the system, resulting in improved dispersion. Lower
sheet resistivities are observed for films mixed at higher temperatures, there-
fore it can be concluded that the increase in temperature results in a more

homogeneous network. In summary:

— Sample temperature during ink preparation has no significant effect upon

the viscosity of the final ink.

— Sample temperature during ink preparation has no significant effect upon

the surface tension of the final ink.

— Sample temperature during ink preparation has no significant effect upon

the transparency of the resulting film.

— Increasing sample temperature during ink preparation decreases the sheet
resistivity of the resulting film.

e CNT concentration, CNT functionalisation and sonication time are dependent

variables, with optimisation required for application.
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e Increasing CNT concentration increases the critical mixing energy (and hence
sonication time) required to obtain a suitable dispersion, this is due to the
increase in agglomerate density. The deagglomeration of CNT bundles results
in an increase in viscosity as the particle shape tends from spherical to rod
like and an elastic network forms. Increasing CNT network density intuitively

results in a decrease in film transmission and sheet resistivity. In summary:

— Increasing CNT concentration increases the viscosity of the final ink.

— Increasing CNT concentration has no significant effect upon the surface
tension of the final ink.

— Increasing CNT concentration decreases the transparency of the resulting
film.

~ Increasing CNT concentration decreases the sheet resistivity of the result-
ing film.

e Sonication time must be optimised to the CNT type and concentration to
achieve a suitable dispersion without excess damage to the CNT structure.
Sonication is understood to damage the CNT structure, introducing defects,
stretching and eventually cutting the CN'Ts. With regards to the properties of
a printing ink this manifests itself as a decrease in viscosity, which is known to
be dependent on the aspect ratio of particles in suspension. A concurrent effect
is not observed with the sheet resistivity, though it is possible that the dam-
age reduced the junction resistance which is known to be the dominant factor
in network conduction properties. The deagglomeration caused by increased
sonication reduces the transparency of the printed film due to more consistent
coverage, no effect of CNT damage is apparent. In summary:

— Increasing sonication time increases the viscosity of the final ink to a max-

imum, after which a decrease is observed.

— Increasing sonication time has no significant effect upon the surface tension
of the final ink.

— Increasing sonication time decreases the transparency of the resulting film.

— Increasing sonication time decreases the sheet resistivity of the resulting
film.
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e Covalent CNT functionalisation results in a significant change in ink and film
properties. Functionalisation results in an overall decrease in sheet resistiv-
ity of the printed films. From this it can be concluded that the improvement
in dispersion homogeneity and reduction in junction resistance outweighs the
decrease in the resistance of the CNTs caused by the reduction in mean free
path length of the charge carriers caused by scattering as a result of defects.
Ink viscosity magnitude shows little effect upon functionalisation,it can be seen
that functionalisation reduces the critical mixing energy required to create a
homogeneous dispersion. Film transmission is also reduced by the use of func-
tionalised CNTs due to the more consistent film. However, it must be noted that
the degree of functionalisation is a significant factor. Functionalisation results
in CNTs which may initially result in improved dispersion but damage from
sonication is visible from the rheology in lower time scales than samples which
are not functionalised. Excess functionalisation is visible in the sheet resistivity
results, where the O2 samples showed significantly higher sheet resistivities than
the NH3, which is likely to be due to the decrease in tube conductance. The
functionalisation chemistry is also likely to have an effect upon the properties
of the printed film, however no conclusions are possible from the results of this
work. Although two functionality products were used, the majority of effects
seen are more likely to be due to the varying degrees of functionalisation of the

samples. In summary:

— Appropriate CNT functionalisation has minimal effect upon the viscosity
of the final ink.

— Appropriate CNT functionalisation has no significant effect upon the sur-
face tension of the final ink.

— Appropriate CNT functionalisation decreases the transparency of the res-

ulting film.

— Appropriate CNT functionalisation decreases the sheet resistivity of the
resulting film.

— Appropriate CNT functionalisation decreases the critical mixing energy

required to obtain a suitable dispersion.

— Lower concentrations of appropriately functionalised CNTs are required to
achieve similar properties to that of non-functionalised CNTs.
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e This work has also highlighted the inconsistency in CNT batch properties. Al-
though care was taken to source materials from consistent batches and samples
were prepared in a controlled environment significant variation in ink and film
properties were observed. This is not just an issue for printed electronics ap-
plications; it is an issue that needs addressing before the use of CNTs in any

application becomes viable.

12.3 Flexographically Printed CNT Based TFT Struc-
tures

o Flexography can be used to produce every layer of a CNT based TFT structure.
Flexography provides significant advantages to alternative techniques, especially
with regards to electrode edge consistency and controlling layer thickness. Al-
though print inhomogeneities are common in solid areas, especially when de-
positing low density inks, the effect of these can be minimised by careful design.
Basic proofing equipment is capable of producing devices with S/D gaps of as
low as 120pum, however progress is limited by layer registration requiring large
dimension devices. The capability of production scale equipment will increase

print accuracy resulting in significant reduction in device dimensions

e MWCNTs can be used as the active layer in flexographically printed TFT
devices. The on/off ratio of devices is limited by the semi-metal properties
of the MWCNTs, with average ratios of 1.6 observed. The semi-metal CNT
network also resulted in device mobilities of 651cm?/V's. These mobilities are
high compared to that of reported organic devices, however the on/off ratio
is significantly lower. This is due to the semi-metal nature of the MWCNTs
used as the active layer. Two electrode structures (parallel and interdigited)
were assessed with no significant difference in device performance observed.
Device response speed was very poor, likely due to dielectric polarisation, device
scale, the high density MWCNT network and large channel lengths (1.85 and
0.91mm). Devices showed excellent stability over time, with no change in device

performance observed over 17 months.

e SWCNT based devices were produced. Device design was refined following the
MWCNT based results and improvement in the understanding of the capabil-
ities of the printing equipment. S/D gaps were reduced to 120 um and two con-
centration (1 and 0.5wt%) SWCNT inks were printed for the active layer. Low
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on/off ratios (average of 1.12 and 1.02 for the 1 and 0.5wt% respectively) and
mobilities (0.14cm?/V's and 0.002cm?/V's respectively) were observed. When
comparing to literature it was seen that device performance was consistent with
films that were still significantly above the network percolation threshold, hence
the poor performance. The reduction in performance for the lower CNT con-
centration is consistent with observed trends as the devices approach the per-
colation threshold. The reduction in parasitic capacitance and channel length
significantly improved response times. Devices showed excellent stability over
time, with no change in device performance observed over 10 months. Optim-
isation of the CNT network density whist maintaining the printability of the

ink is key to further device development.

12.4 Further Work

This thesis has presented the development of a CNT based ink and proposed and
proven the viability of a potential application whilst employing a novel deposition
technique for the device production. This work opens a number of avenues for further
exploration. In particular the author considers that the following areas should be
prioritised for further investigation:

e Further investigate the use of functionalised CNT structures to reduce require-
ments for undesirable additives in potential commercial ink products. In par-
ticular the type and degree of functionality must be optimised for a particular
ink system and production. This should include investigation into the interac-
tion between the ink base and the functionalisation. The desirable properties

observed with the PA based resin system may be further explored.

e Investigate alternative solvents. NMP was used for all inks in this thesis, for
reasons previously discussed. However it is not desirable from an industrial
point of view. Many printing inks are migrating to water based systems, this
poses a number of challenges for CNT dispersion, especially if additives are to

be minimised. Further work in this area is essential.

e Optimisation of the CNT ink and flexographic printing process for TFT pro-
duction. Flexography offers a number of advantages for TFT printing, not least
for accurate and consistent S/D electrode production and finer control of layer

thickness which may prove key when depositing CNT networks for particular
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applications. However several challenges remain, including minimising print in-
homogeneities for the low solid concentration inks which are required for the
CNT layer, drying of layers in a production environment and identification of
suitable dielectric materials which can be deposited in a minimum of prints.
The production of functional CNT based TFTs on a continuous, roll-to-roll

production line should be the ultimate aim of this work.

e Investigate alternative carbon nanostructures. It has now been shown in lit-
erature that graphene can be produced in solution and printed using inkjet
methods, the investigation of this in an industrial roll to roll environment is of
great interest due to the limitations of the inkjet process.

¢ Improve CNT production consistency. Apart from the widely reported toxico-
logy issues the variation in CNT batch properties is the reason that CNTs have
not yet been employed in commercial applications. This requires a number of
improvements throughout the production process, but it is the author’s opinion
that the key issue is a lack of repeatable, rapid characterisation that can be per-
formed in line with the production process hindering production improvement.

Finally, it must be realised that further ink optimisation research must be performed
with respect to a particular application. The use of CNTs in printed electronics has
long been touted as a potential solution to virtually any problem. This is not the
case, and specific applications require specific ink development. As a result, and as a
direct consequence of this work, a number of new funded projects have been initiated
investigating the characterisation and use of solution processed carbon nanostructures

for photovoltaics, RFID and sensors.

12.5 Final Comments

To summarise, this thesis is the first reported work to study the use of CNTs in a
conventional printing ink formulation with the aim of roll-to-roll deposition. The
effects of various ink production and formulation parameters have been studied and
areas for optimisation identified and investigated. This ink was then employed in the
production of fully printed TFT devices using a novel deposition method which has
not been reported to have been used to produce entire TFT structures or for CNT
network deposition before. It is the author’s hope that this work acts as a stimulus to
further research into the use of CNTs in printed electronics, as it is clear that CNTs
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offer significant advantages over many currently available materials employed in this
field.

12.5.1 Publications

e N. Graddage. Plasma Functionalised Carbon Nanotubes for use in Functional
Inks. In LOPE-C Conference Proceedings, 2011.

e N. Graddage. Carbon Nanotubes as a Material for Functional Printing. In
Printing Future Days Conference Proceedings, 2009.
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