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“There's this tremendous mess, of waves all over in space, 

which is the light bouncing around the room, and going from one thing to the other...

And it's all really there!

But you gotta stop and think about it, about the complexity to really get the pleasure. 

The inconceivable nature of nature! ”

Richard P. Feynman
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Abstract

Direct current conductivity and morphological characterization has been 

performed on a wide range of films made from bundled single wall carbon nanotubes, 

produced by a selection of commercial suppliers. The conductivity increases with 

increasing nanotube graphitization but decreases with increasing film porosity, P, and 

mean bundle diameter, <D>. Computational studies show that the network conductivity is 

expected to scale linearly with the number density of inter-bundle junctions. A simple 

expression is derived to relate the junction number density to the porosity and mean bundle 

diameter. Plotting the experimental network conductivities versus the junction number 

density calculated from porosity and bundle diameter shows an approximate linear 

relationship. Such a linear relationship implies that the conductivity scales quadratically 

with the nanotube volume fraction, reminiscent of percolation theory. More importantly it 

shows the conductivity to scale with <D>'^. Well-defined scaling with diameter and 

porosity allows the calculation of a specific conductivity expected for films with porosity 

of 50% and mean bundle diameter of 2 nm. This predicted specific conductivity scales well 

with the level of nanotube graphitization. Single wall earbon nanotubes synthesized by the 

arc-discharge method (Iljin Nanotech Ltd.) and HiPCO method (Carbon Nanotechnologies 

Inc.) exhibited the highest DC conductivities with values of 2.62 xlO^ Sm'' and 1.67 x 10“^

Sm respectively.

Flexible, transparent, and very conducting thin composite films consisting of

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), filled with both arc discharge

and HiPCO SWNTs, at high loading level, have been prepared. The films are of high

optical uniformity. The arc discharge nanotube filled composites were significantly more

conductive, demonstrating DC conductivities of > 10^ Sm‘* for mass fractions > 50 wt%.
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The ratio of DC to optical conductivity was higher for composites with mass fractions of 

55-60 wt% than for nanotube-only films. For an 80 nm thick composite, filled with 60 wt% 

arc discharge nanotubes, this conductivity ratio was maximized at aoc/cfop = 15. This 

translates into transmittance (550 nm) and sheet resistance of 75 % and 80 Q/n, 

respectively. These composites were electromechanically very stable, showing < 1 % 

resistance change over 130 bend cycles.

Aqueous dispersions of silver nanowires were used to prepare thin, flexible, 

transparent, conducting films. The nanowires are of length and diameter close to 6.5 pm 

and 85 nm respectively. At low thickness, the films consist of networks but appear to 

become bulk-like for mean film thicknesses above ~160 nm. These films can be very 

transparent with optical transmittance reaching as high as 92% for low thickness. The 

transmittance (550 nm) decreases with increasing thickness, consistent with an optical 

conductivity of 6472 Sm ’. The films are also very uniform; the transmittance varies 

spatially by typically < 2 %. The sheet resistance decreases with increasing thickness, 

falling below 1 Q/~l for thicknesses above 300 nm. The DC conductivity increases from 

2x10^ Sm'' for very thin films before saturating at 5x10^ Sm'' for thicker films. Similarly, 

the ratio aoc/crop increases with increasing thickness from 25 for the thinnest films, 

saturating at -500 for thicknesses above -160 nm. This is one of the highest eonductivity 

ratio ever observed for nanostructured films and is matched only by aligned copper 

nanowire grids and doped metal oxide films. These nanowire films are electromechanically 

very robust, with all but the thinnest films showing no change in sheet resistance when 

flexed over > 1000 eycles. Sueh results make these films ideal as replacements for indium 

tin oxide as transparent electrodes. Films with optical transmittance and sheet resistance of 

85 % and 13 Q/_ respectively were prepared. This is very close to that displayed by 

commereially available indium tin oxide.

VIII



Acknowledgements

First and foremost I would like to thank my supervisor. Prof. Jonathan N. 

Coleman. He has managed to perfect the art of supervision by mixing solid direction, 

advice and when necessary, reassurance with a very approachable and fun attitude. Very 

special thanks go to Dr. Sukanta De. Not only has he been a constant source of advice and 

help in the laboratory but he somehow managed to proof read this too and I shudder to 

think of the mistakes I would have made in both without his input.

This research was carried out as part of collaborative project with Hewlett 

Packard, whose research staff have been nothing but helpful and supportive through the 

last four years. Many thanks to Vittorio, Jerome, Kev, Richard, Graeme, Liz and Anna, 

who had to sit through even more meetings than I did. There were a number of different 

groups working on this project and I was fortunate to end up working with a number of 

very helpful, positive and talented scientists who contributed to this research. To each I 

owe a very large “thank you”. Evelyn Doherty completed, with help from Jerome, all the 

electromechanical measurements reported in this thesis. Not only did she contribute much 

to this thesis, but she has been a good friend too. 1 would also like to thank Prof. Werner 

Blau for his support. The atomic force microscopy work reported in this thesis was 

completed by Peter Nirmalraj. He has always been helpful, friendly and ready for a 

discussion. Many thanks to Peters supervisor. Prof John Boland, who has been a driving 

force in the HP project, helping all the students get to where they needed to be. Many 

thanks are owed to Luiz Pereira and Dr. Mauro Ferreira who completed the computational 

work on nanotube networks. As I am by no means a chemist, I had on many occasion the 

need for chemical enlightenment. My thanks to Dr. Amro Satti and Prof Yurii Gun’ko for

IX



providing such enlightenment and for putting up with my constant surprise visits to the 

office.

I must thank the technical and administrative staff that made sure everything ran 

smoothly and were helpful and friendly doing it. In the School of Physics I would like to 

thanks John Kelly, Jemmer, Ken, Safety Joe, Dave, Pat, Gordon, Gillian, Una, Rebecca, 

Robbie, Samantha and Chris Smith. In CRANN I have Lia, Jacqueline, Tracey and Jen to 

thanks for all the help with eonferences, fees and all the stuff I don’t like to deal with. I 

would like to thank Des for his all-around help and friendliness. I would also like to thank 

Chris Keely for initially letting me fool around in the Ml lab and also for his work in 

managing the HP project. The CMA staff was and are very helpful and accommodating 

and I’m very grateful for that. Thanks to Neal, Clodagh, Anthea, Leona, Amanda and 

Colin. I think over the last four years I think 1 must have used more acetone than any other 

person in the college. Thanks to Marcus and Colm in the Hazardous Materials facility for 

always getting me what I needed. Thanks to the Materials Ireland staff, Ramesh, Trevor 

and Eddie, for allowing the use of the lab throughout the years.

Very big thanks to the members, old and new, of the Coleman and Blau groups 

who have made this journey a treat. They are a welcoming and fun bunch to work with and 

I hope 1 will be there for another few Gluhwein parties. In no particular order thanks to 

Valeria, Anna, Fiona, Yenny, Umar, Shane, Helen, Chris K, Zhenyu, Rickard, Darren, 

Niall, Paula, Denise, Karen, Marguerite, Mustafa, Paul, and the new kids on the block 

Brian, Pete, Ronan, Arlene, and finally Sophie who started out being a helpful and fun 

summer student and ended up being even more help and fiin as a post grad.

Along the way 1 received much help from summer students and so 1 would like to 

thank Tom Quinlan, Ming, Aleksey, Sebastien D, Thom Higgins, Abhiti, Sebastien C, and 

Alain.

X



Finally I would like to express my appreciation and gratitude to those who made 

this possible. To my grandparents, Ernest and Elizabeth Lyons and William and Esther 

Dunne, and especially to my parents Trevor and Jermifer. They have always done their best 

to provide for me, allowing me to try and educate myself as best as I could, and more 

importantly, supported me in all my endeavours, of which this thesis has been the most 

challenging. Thank you. I’ll get a job soon, I promise!

XI



J - - -I* •
T-v' ■'; 1, Tv -yS - ‘ ^ I-- :rV- '>*

•. I ’ , ' ‘ I I < •? 1^ . l '

".I. - v ■ .:.. . ■

■ ■■••■'V •■ ■ ■: -■

I'j. ;

. 1 'I t'm
•'l I f'

r .

1- -v

A-., ^V''- „ I I • •• '

I,

i'' ,

h'-:-
• -V ■ *"1 ^

I " •." I:• H 'I -̂■ ^1 ■'■>

• ' fr;," v ••*<'.-
If

Xiii ■
•'J ■ , I f,

^ - 4't-. '

■. , , , ■*
> 1> V, . w • . w 1 ^

^ ••iiii ... .................... .. .11 •
^ •'I " - V. « f • >• ittilii.'-* ;<*, 1 ^ 3 ■»,! '

li.' . I * • y', > , , .. i ' ...............................m " •
k^„' ^ i" is; -■-..■r ...

v .■'■

t'l

fl" .

r •-

XII

■'., vif*J ■' ' l^' -ill^ii ii.^ ■■'

] „ *■ ,, ■ ■*■■ I;. j/i, f’ , "
' ' ' =■ . J'i ! .'I-"y\v'll I * '

II II .11 II ,

II.. * h
Jl . -

r Ml

y - iV



Table of contents

DECLARATION 

ABSTRACT 

ACKNOWLEDGES 

TABLE OF CONTENTS

I

VII

IX

XIII

CHAPTER 1: MOTIVATION AND THESIS OUTLINE

LI Motivation

1.2 Thesis outline

1.3 References

1

3

5

CHAPTER 2: THEORY AND EXPERIMENTAL TECHNIQUES

2.1 Optical and direct current conductivity

2.2 Electronic conduction in thin metallic films

2.3 Interaction of light with matter

2.3.1 The Beer-Lambert Law

2.3.2 The Interaction of light with thin metallic films

2.4 Experimental techniques

2.4.1 UV-Vis-NIR Transmittance and absorbance spectrophotometry

2.4.2 White light flat bed transmittance maps

2.4.3 Electrical Measurement: 2- and 4- lead characterisation

2.4.4 Resonant Raman spectroscopy

2.4.5 Scanning electron microscopy

2.4.6 Atomic force microscopy

2.5 References

7

15

17

18 

21 

31

31

32

33 

36

40

41 

44

XIII



CHAPTER 3: MATERIALS 49

3.1 Introduction 49

3.2 Indium Tin oxide 49

3.3 Carbon Nanotubes 51

3.3.1 Carbon 51

3.3.2 Structure of Single Walled Carbon Nanotubes 55

3.3.3 Electronic properties of Single Walled Carbon Nanotubes 57

3.3.4 Resonant raman spectroscopy of graphene and carbon nanotubes 60

3.3.5 Physical properties of Single Walled Carbon Nanotubes 62

3.3.6 SWTHESIS AND PRODUCTION OF SINGLE WALLED CARBON NANOTUBES 63

3.3.7 Separation and dispersion of Single Walled Carbon Nanotubes 64

3.4 Silver Nanowtres 68

3.4.1 Structure of Silver Nanowires 69

3.4.2 Electronic and Optical properties of Silver Nanowires 72

3.4.3 Physical properties of Silver Nanowires 74

3.4.4 Synthesis and production of Silver Nanowires 75

3.5 Electrically conducting polymers 79

3.5.1 PEDOT: PSS ELECTRONIC AND PHYSICAL PROPERTIES 79

3.5.2 PEDOT:PSS SYNTHESIS 83

3.6 Transparent conductors based on nanomaterials 84

3.7 References 89

CHAPTER 4: THE RELATIONSHIP BETWEEN NETWORK MORPHOLOGY AND

CONDUCTIVITY IN CARBON NANOTUBE FILMS 101

4.1 Introduction and background

4.2 Experimental procedure

4.3 Results

4.4 Discussion

XIV

101

102

105

112



4.4.1 Inter-bundle junction density and bundle connectivity

4.4.2 Relationship between network conductivity and Nj

4.4.3 Effect of intrinsic nanotube properties

4.4.4 Estimation of inter-bundle resistance

4.4.5 Parallels with percolation

4.5 Conclusions

4.6 References

115

120

123

124

125

126

112

CHAPTER 5: TRANSPARENT. CONDUCTIVE AND FLEXIBLE FILMS BASED ON

CARBON NANOTUBES_______________________________________________________ 129

5.1 Introduction 129

5.2 Transparent, conductive and flexible films of single walled carbon

nanotubes

5.2.1 Introduction

5.2.2 Experimental Method

5.2.3 Results and discussion

5.2.4 Conclusions

5.3.1 Introduction

5.3.2 Experimental procedure

5.3.3 Results and Discussion

5.3.4 Conclusion 

5.4 References

130

130

131 

135 

146

5.3 Improving network conductivity by addition of a conducting polymer 147

147

148 

151 

162

162

CHAPTER 6: SILVER NANOWIRE NETWORKS AS FLEXIBLE. TRANSPARENT.

CONDUCTING FILMS: EXTREMELY HIGH DC TO OPTICAL CONDUCTIVITY

RATIOS 167

6.1 Introduction and background 167

XV



6.2 Experimental procedure

6.3 Results and discussion

6.4 Conclusions

6.5 References

170

183

184

168

CHAPTER 7: CONCLUSIONS AND FUTURE WORK 187

7.1 SUMMARY OF RESULTS

7.2 Conclusions

7.3 Future work

187

189

190

CHAPTER 8: APPENDIX 193

8.1 List OF Publications 193

XVI



Chapter 1 : Motivation and Thesis outline

1.1 Motivation

The success of mankind at becoming the dominant species on this planet can be 

attributed to our ability to utilise and control the materials available. Since the very 

beginning we have used stone and wood to provide shelter and tools. By 10000 BC‘ we 

had, through these advancements, developed agriculture which provided us with a firm 

base for social, economic and technological advancement. The extraction and use of metal 

was a milestone in the exploitation of natural materials but it is only since the birth of 

modem science in the 16th century that humans began to explore and explain the natural 

world in a quantitative way. The study of materials has always been of importance to 

society. Indeed, modem day materials science has its roots in the ancient ‘art’ of 

metallurgy and man’s desire to control the properties of materials. The modem day field 

can be traced back to the late 19'*’ and early 20'*’ century when industrial demands created a 

need to not only use materials but to understand their properties. This understanding has 

given us an unprecedented control over materials in both development and applications and 

is the reason behind the current level of technology.

One of the biggest areas in technology today is electronic visual displays. The 

original televisions and computer monitors were based on cathode ray tubes but have 

recently been replaced by devices designed to be, amongst other things, slimmer with a 

larger screen area. For many years the race for improvement lay in the fields of size, 

definition and colour range. We have achieved screens the size of pool tables (Panasonics

1



150” ‘Life Screen’ plasma television) and developed high definition and high dynamic 

range displays^ but one area that will be key for the development of possible future 

displays is flexibility and mechanical robustness. These displays, which include plasma, 

liquid crystal and light emitting diode cells, require transparent electrodes. Currently the 

materials of choice are metal doped oxides such as indium tin oxide (ITO).^ This oxide, 

while providing excellent optical and electrical properties,"' is very brittle and can crack 

easily resulting in barriers to electrical conduction.Couple this problem with the rising 

cost of indium^ and the high temperature processes required to form the oxide, and it 

becomes obvious that a more robust and cheaper alternative must be found.

The discovery of Fullerenes and other related structures in the 1980’s and 90’s,*'^ 

along with development of technology enabling examination of such small objects, has 

presented the world with an interesting and very large range of new possibilities. In 

particular, quasi 1-Dimensional structures, such as carbon nanotubes and silver nanowires, 

present an appealing possibility for transparent electrode materials.'"'" Networks of such 

structures would not only provide electrical conduction and optical transparency due to the 

tubes and wires intrinsic properties but also a mechanical edge as the individual 

components would have a degree of freedom and ductility. The motivation behind this 

thesis is to understand the electrical conductivity in such networks and use this 

understanding to control the relevant parameters, resulting in the fonnation and 

characterisation of highly conductive, transparent and flexible networks based on quasi 1 - 

Dimensional metallic nanostructures.



1.2 Thesis Outline

Chapter 2 - Theory and characterisation methods. This chapter will begin with a 

discussion on direct current and optical conductivity. Ohms law will be introduced and a 

classical expression for conductivity derived. The interaction of light with matter will be 

discussed with emphasis on metals. The transmittance of a thin metal film will be related to 

the films sheet resistance. The theory and experimental setup used for observing some 

relevant spectroscopic phenomena will be discussed. Techniques for measuring electrical 

conductivity will be presented. Finally, the theory and operation of the scanning electron 

microscope and atomic force microscope, useful tools for imaging 1-Dimensional 

nanostructures, will be presented.

Chapter 3 - Materials and background will begin with an introduction into the industry 

standard for a transparent conductor. Indium Tin Oxide. Quasi 1-Dimensional 

nanostructures will be introduced, concentrating on carbon nanotubes and silver nanowires. 

The production, structure, properties and applications of said nanostructures will be 

presented. This will be followed by a brief section discussing electrically conducting 

polymers. Specifically, an overview of the synthesis and properties of Poly(3,4- 

ethylenedioxythiophene) poly(styrenesuifonate) (PEDOT:PSS) will be given.

Chapter 4 - The relationship between network morphology and conductivity in carbon 

nanotube films.A large number of networks prepared using commercially available 

carbon nanotubes have been prepared and characterised. The network connectivity, 

described by the inter-nanotube junction density, will be shown to control the network 

conductivity. Furthermore, the specific conductivity of the nanotube networks will be 

shown to scale with a spectroscopic metric describing the crystalline purity of the carbon 

nanotubes. This will demonstrate that the properties of both the nanotubes and the network 

are important in preparing high conductivity films.



Chapter 5 - Transparent, conductive and flexible films based on carbon nanotubes. 

Highly conductive, transparent and flexible films prepared from carbon nanotubes have 

been prepared. This chapter will present a method to produce highly conductive and 

uniform thin films of carbon nanotubes. The optical and electrical properties will be 

presented, concentrating on the optical uniformity and electromechanical stability. 

Furthermore, the addition of such networks to a conducting polymer matrix will show an 

increase in the desired properties, leading to some of the most conducting polymer 

composites known.

Chapter 6 - Silver Nanowire Networks as Flexible, Transparent, Conducting Films: 

Extremely High DC to Optical Conductivity Ratios.’^ Thin networks of silver nanowires 

have been fabricated. This chapter presents the preparation and characterisation of thin 

films prepared using silver nanowires. The films will be shown to be of high quality and 

uniformity, displaying sheet resistance and visible region optical transmittance values 

which make them applicable as flexible, transparent electrodes.

Chapter 7 - Conclusions and future work. A summary of the main results will be given. 

This will be followed by experimental conclusions. Future work will then be discussed.

Chapter 8 - Appendix. A list of relevant publications is outlined.
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Chapter 2 : Theory and experimental

techniques

In this chapter the relevant theory and experimental techniques will be outline. 

This thesis ultimately is concerned with the electronic and optical conduction in very thin 

metallic films composed of 1-Dimensional nanostructures. To this end the chapter will 

begin with an introduction to some relevant electronic and optical theory. Then the 

experimental techniques employed, including electrical, optical and microscopy 

measurements, will be introduced and a brief account of the theory and operation of each 

will be presented.

2.1 Optical and direct current conductivity

In this thesis the performance of transparent and conducting films are rated by 

using a figure of merit based on the optical and direct current (DC) conductivities. Both are 

determined by the response of electrons to an applied electric field, for optical conductivity 

the electric field is time varying with a high frequency i.e. light waves, while for direct 

current conductivity it is static as for an applied voltage.

The idea of the direct current conductivity is a relatively simple concept. The 

electric field created by a non-oscillating direct current voltage source connected to metal 

acts to accelerate the charge carriers through the medium. As they propagate through the



medium they suffer eollisions due to defeets in the erystal strueture of the metal, the static 

positive ion array and other electrons. A materials resistance arises from collisions causing 

the electron drift velocity, Vd, to decay to zero exponentially with a time constant r. The 

equation describing the acceleration of electrons under an applied electric field £ at a given 

time, t, is given by'

dt T )
= -eE - ev X B (2.1)

rrie is the effective mass of the electron, v is the electron velocity, e is the charge of an 

electron (1.602xl0''^C) and B is the magnetic field. For a direct current field the solution 

to Equation 2.1 has the form

erv,=- —E (2.2)

The constant of proportionality between the |v^| and |E| is called the carrier mobility given 

by

<; =+-
er (2.3)

The current density, J, is the induced current per area (Amperes/ meter^, Am'^) 

created by the application of an electric field, E with units of Newtons per Coulomb, NC'. 

It is simply given be n[-e)\j where n is the electron density. It follows that

J = ^E
(2.4)

The current density is related to the electric field by the direct current conductivity, ctdc, 

according to Ohm’s Law which states'



J = aE (2.5)

And so

ne T 2
C7^c=---------= (2.6)

The conductivity, with units of Siemens per meter (Sm''), gives a measure of the 

ability of a material to transport electric charge. This equation shows the DC conductivity 

is proportional to the number of electrons per volume available for conduction and the 

average distance an electron travels between collisions, described by the time constant r.

This thesis is concerned with electronic conduction in networks of carbon 

nanotubes and silver nanowires. In such a network the individual components can be 

considered as randomly orientated conductive 1-Dimensional structures. Current can flow 

because of junctions between adjacent wires or tubes, creating an electrical pathway 

through the medium. These junctions create a potential barrier to the tunnelling of 

electrons between components, resulting in an associated resistance. And so, the 

conductivity of the individual components as well as the number of junctions per volume 

with junction resistance, Rj, will both have a role to play in the conduction process. The 

resistance associated with a junction can be measured using experimental tools such as the 

atomic force microscope and for carbon nanotubes this can reach values of up to MQ. 

The electronic connectivity of carbon nanotube bundles were investigated by Nirmalraj et 

al.^ In this study they were able to either increase or decrease the mean junction resistance 

by either annealing the sample or treating it with acid. The network conductivity of the 

films subjected to different treatments scaled very well with the inverse of the mean 

junction resistance showing that the conductivity of a 1-Dimensional nanostructure 

network with large is critically dependent on the junction resistance and nanotube/wire 

connectivity.



The optical conductivity, cop, describes how a material responds to an 

alternating electric field. Light is a high frequency electromagnetic vibration in which 

electric and magnetic fields oscillate in phase perpendicular to each other, along the x and y 

planes respectively with the wave vector directed along the z-direction. A monochromatic 

plane light wave, traveling with velocity c, which is both time {t) and spatially (r) 

dependent, can be described in terms of the wave-vector, q, the angular frequency, a>, and 

the maximum amplitude, Eo, b/

E(r,0 = Eoexp{/(q t-cjO} (2-7)

In a vacuum the wave is in its simplest form as there is no dissipation or any 

other complications. If a medium is subjected to an alternating electric field such as that 

present in a light wave then a redistribution of the charge in the medium occurs. This can 

create dipoles and magnetic moments, changes in polarization and induced current as the 

time varying electric and magnetic fields distort the bound charges. In an absorbing 

medium the wave attenuates due to damping by the bound charges. The current density, J, 

arising as a result from the motions of the electrons in the applied field can be described by 

Ohm’s law (Equation 2.5), showing that current density is proportional to the electric field, 

E, with the materials conductivity, cr, defining their ratio.

The complex refractive index, /V, is a function describing the response of a 

medium to an alternating electric field and consists of the real (n) and imaginary {k) 

components.

N = n + ik (2.8)

As a wave advances through a medium the amplitude of the electric field is decreased by a 

factor of exp{-27di/n}^ per wavelength of the light in the medium. The decrease in 

amplitude is dependent on the imaginary part of the refractive index which is also known 
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as the extinction coefficient. The real refractive index and extinction coefficient, are 

completely detennined from the materials real conductivity cr,, the real dielectric constant,

£•[, which gives a measure of how much resistance a material gives to the formation of an

electric field (measured in Farads/meter, F/m) and the real part of the permeability, 

which describes the materials ability to support the formation of a magnetic field (units of 

Henry per meter, Hm"'). The dielectric constant is given by^

s-e^+iSj (2.9)

where £> is the imaginary part of the dielectric constant and £■/ and S2 are given by^

1 ^^<^2
=1-------- ^

CO
(2.10)

and

4;rcr,
CO

(2.11)

The refractive index and extinction coefficient can be expressed as

2 ^n = —i 
2

+
47ra 

CO J
+ £1 (2.12)

+
4;rcr

\ CO )

nl/2

(2.13)

In terms of n and k, the dielectric constant, the permeability, ///, and real conductivity are 

given by

n^-k^=£,^i, (2.14)
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= (2.15)
m

The complex wave-vector is given by

(2.16)

Where is the direction of propagation and

„ CO ' nco .kco „q = — N =-----h;— (2.17)
c c c

The real part of the wave-vector expresses the travelling wave while the 

imaginary part takes into account the attenuation of the wave as described by k. In a metal 

there is a characteristic length scale over which an electromagnetic wave decreases by a 

factor of Me and is known as the skin depth, So.

So =
Inco/u^cj^

(2.18)

This is related to the absorption coefficient, a, by

J
(2.19)

where

a = ^ (2.20)A,
Rearranging Equation 2.15 for k and substituting into Equation 2.20 we see that

a =----- — (2.21)
nc
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This equation shows that as the optical conductivity increases so does the 

absorption coefficient and the wave attenuates strongly in the medium and reduces the 

transmitted components of an incident electromagnetic wave.

A material requires a large DC conductivity and high transmittance in order to 

perform as a transparent electrode. Unfortunately a high conductivity also results in a large 

absorption coefficient, reducing the transmittance of the material. To reduce the absorption 

of light in an absorbing material the thickness must be reduced to very small dimensions. 

The thinnest material known is Graphene, a sheet of carbon atoms which are bonded in a 

2-dimensional honeycomb type lattice. Due to linear energy dispersion at high symmetry 

points in the Brillouin zone, or Dirac points, electrons and holes can be described as zero 

effective mass particles by the Dirac equation.** Coupling the exciting electronic properties 

with visible transparency and chemical and mechanical robustness makes Graphene a very 

promising material for photonics and optoelectronics.' Quantum theory shows that 

materials with finite dimensions, such as Graphene, exhibit quantised conductance Go, with 

a value of*

^2

Go - — = 7.748xl0-'5 
° h

(2.22)

Isolated single layers of Graphene exhibit a conductiance of 2Go, even when the 

carrier concentration tends to zero.'*' This shows the maximum conductance of a graphene 

sheet is 15.49xlO'^S. Relating this 2-dimensional property to the 3-dimensional equivalent 

can be done by dividing by the thickness of one flake, ~0.35nm. This results in a 

conductivity value of 4.4x1 O^Sm'', a very low conductivity when compared to that of bulk 

metals (-lO^Sm’') The optical conductivity of Graphene is the given by the universal 

constant e^/4^." The transmittance of a single Graphene layer can be calculated by

applying Fresnel equation in the thin film limit giving 12
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T = {\ + Q.57j;^)~^ ^1-71^^91.1% (2.23)

The symbol ^ represents the fine structure constant which is a fundamental

constant describing the coupling in electromagnetic interactions. It has the form 12

/ = (2.24)
;re„c 137

This shows that the transmittance of a Graphene layer is frequency independent 

and only depends on the fine structure constant, resulting in a single layer absorbing 2.3% 

of incident light. This is a significantly large value for a layer of material only one atom 

thick, with a few layers of Graphene absorbing nearly 10 % of incident light with a 

thickness of ~lnm.

These fundamental limits to the performance of Graphene in terms of

conductivity and transmittance have been discussed by De et al.‘^ In their report the

authors rated optical and conductivity results reported for networks of Graphene flakes.

They argue that undoped, pristine mono- and few layer-Graphene networks should exhibit

a maximum optical and direct current (DC) conductivity ratio of 2.55, far below the value

required for application in even the most basic transparent electrode roles. The authors

reported a large variation in conductivity ratios from the literature and have concluded that

the main reason for the spread of values was due to variation in DC conductivity caused by

morphological effects such as changes in porosity. This limit to the conductivity and

transmittance extends only to pristine un-doped Graphene as Equation 2.22 is only

appropriate when the Fermi level is at the Dirac point.'*’ By applying a gate voltage or

doping, the Fermi level can be shifted and the conductivity is related to the level of doping

by^ <^z)c ~ where e is the charge on an electron, n is the carrier (electron or hole)

density and is the carrier mobility. Unintentional substrate induced doping by has been

reported''’'*’ but for doping to create the minimum conductivity required for transparent 
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electrode purposes a value of «^>1.3xlO'^V''s'' must be realised. Graphene has been 

shown to exhibit carrier concentrations as high as «=3xl0’^cm‘^ when n-doped by a poly

vinyl alcohol coating.Although Graphene’s carrier mobility is reduced when placed in 

contact with a substrate, values of 4”=4xlO‘^cm'^V''s-i are thought to be attainable.'* If the 

transmittance is not changed upon doping then the values given above for the carrier 

concentration and mobility would lead to a sheet resistance comparable to Indium Tin 

Oxide accompanied by a transmittance of 91%," making it a very applicable material in 

the role of transparent electrodes.

1,192,2 Electronic conduction in thin metallic films

The phenomenon of current flow has been of interest since the 18*'’ century but it 

wasn’t until 1827 that a quantitative description was published by Georg Ohm in his paper 

“Die galvanische Kette, mathematisch bearbeitet" (The galvanic circuit investigated 

mathematically).^^ Ohm’s Law describes the relationship between the voltage, V, applied 

between two points of a metallic body and the current, /, flowing through it and takes the 

form

V = IR (2.25)

where R is the resistance and is dependent on the conductivity and sample size and 

independent of the current. For a conductor which conductivity, a, and length and cross 

sectional area, L and A, respectively the resistance is

R = --
a A

(2.26)

Substituting into Equation 2.25 gives

<y
(2.27)
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where

/ = ! (2.28)

is the current density. Using the relation, formulated by Kirchoff, between voltage, V, and 

electric field, E, inside the conductor, E= V/L, we arrive at one of the most common forms 

of Ohm’s Law, given earlier in Equation 2.5.

J=C7E (2.5)

When investigating the electrical properties of thin uniform films the resistance is 

often given by a 2-Diniensional quantity known as the sheet resistance Rs. From Equation 

2.26 we have

R=-- = (2.29)a A a Wd ^ ’

where W and d are the width and thickness which make up the cross sectional area A of the 

sample. The resistivity is simply the reciprocal of the conductivity. Grouping the resistivity 

and thickness together results in

R = ^- = Rstw ^ w (2.30)

This gives the expression for sheet resistance

^ L (2.31)

And finally, linking the conductivity to the sheet resistance using Equations 2.29 and 2.31 

gives
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R. = (2.32)

The sheet resistance is a quantity having units of Ohms (Q). However, this is 

confusing as it implies that the sheet resistance is equivalent to the bulk resistance. In order 

to avoid confusion the units of sheet resistance are given as Ohms per square (Q/n) 

because measuring the resistance of a square sample gives a direct measurement of the 

sheet resistance, regardless of the squares dimension. Sheet resistance is particularly 

useful when investigating thin films. Generally, any thin conducting films used in 

electronic applications will have a uniform thickness to ensure no variation in the 

resistance. If this is the case then the sheet resistance can be measured simply and directly 

using a surface probe electrical measurement, resulting in a measure of the sample’s 

resistance without requiring knowledge of the materials thickness.

4 1

2.3 Interaction of light with matter ’

Of all the senses available to humans, sight is one of the most important. The 

interaction of light with matter produces a range of effects which help us navigate and 

understand this complex world. Optical processes and applications have long been of 

interest in the research and development of different technologies and the understanding 

and control of this interaction is essential in the field of optoelectronics.

Light can interact with matter in whole range of ways, producing a similarly 

large range of effects. These interactions can be condensed in to three main groups, 

reflection, propagation and absorption. The level at which these processes occur for a 

certain medium defines how they behave optically. An incident photon can be reflected 

from the surface atoms of a material, such as the case for many metals. Others may
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propagate through the medium with a lower velocity, resulting in a change in the direction 

of propagation, known as refraction. If the photon has the same frequency as certain 

transition frequencies of the atom, then they can be absorbed, which reduces the intensity 

of beam as it propagates and as such controls the materials transmittance. Photons may 

also be scattered by sample atoms in which case they can be re-emitted with the same 

frequency (Rayleigh scattering) or different frequency (inelastic scattering). In certain 

materials luminescence occurs in which the incident photon raises an atom to higher 

energy level only to have it spontaneously emit light with a lower frequency at a later time. 

In the case of transparent electrodes for visual displays it would be beneficial for the 

material to exhibit low reflection, refraction and absorption resulting in a high visible 

transmittance.

2.3.1 The Beer-Lambert Law

The Beer-Lambert law describes the exponential relationship relating the 

absorption of light to the properties of the material through which the light is passing. 

Although the relationship is attributed to Johann Lambert, a Swiss physicist who published 

a book entitled Photometria in 1760, the law was first discovered by Pierre Bouger, a 

French mathematician. In 1729, thirty years before Lambert, Bouger published Essai 

d'optique sur la gradation de la lumiere in which he discussed the loss of light after 

passing through a given distance in the earth’s atmosphere. Bougers’s and Lambert’s 

findings were further expanded by the German physicist August Beer, who published a 

book entitled Einleitung in die hohere Optik in 1854. In his work he expanded on the initial 

exponential law in order to investigate the absorption of liquids, relating absorption to the 

concentration of the liquid under investigation.
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The Beer-Lambert law can be derived by considering a beam of light propagating 

along the z-direction and incident normal to a thin slice of material with thickness dz. The 

material is considered to consist of absorbing particles and the slice is assumed to be thin 

enough that no particles overlap when viewed from the z-direction. The intensity, 

measured in lumens/m , of the incident light is reduced upon travelling through the 

material due to the interaction of photons with the particles, which depends on the 

absorption cross-section, cp, and the concentration of particles in the thin slice in N. The 

change in intensity, diz, from the initial intensity L, can be written as

d4 = —Iz^pNdz (2.33)

which has a negative sign to account for the reduced intensity. The solution is obtained by 

integrating both sides of which yields

4 = —ipNz + C (2.34)

where C is a constant. For a real slice of material with thickness d, measured in meters, the 

intensity before propagation is lo and after propagation is /, which gives

Ln(Ici) — LnOo) — —(pdN (2.35)

The transmittance, T, is defined^^ as the amount of incident light that propagates through 

the sample and is a simple fraction and so

T = ^ = (2.36)

22The absorbance of a medium is defined as

A' = -loge(T) (2.37)

and thus
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a! = (pdN = a' (2.38)

where a’ is the extinction coefficient of the material which describes the extent that the 

intensity of a beam of light is reduced when passing through a certain medium and has 

units of m'‘.

Modifying the expression to remove the natural logarithm gives

This gives a measure of the absorption of light after passing through a sample with 

thickness d, of concentration, c (in moles), and molar absorption coefficient, which is a 

quantity which describes the level of absorption of a certain wavelength of light as it 

passes through a certain medium and has units of m /mol.

Figure 2.1 Schematic representation of a Beer-Lamhert law measurement. A sample with 

absorption coefficient a, or equivalently a molar absorption coefficient £ and 

concentration c is irradiated with a beam of light with intensity Iq, transmitting a beam 

with intensity I-. The measurement of I as a function of wavelength enables the calculation 

of the sample absorbance from Equation 2.37
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This is a very useful analytieal tool as it allows the ealculation of the sample 

concentration or molar absorption coefficient by spectroscopic methods. Figure 2.1 is a 

schematic representation of an absorption measurement.

2.3.2 The interaction of light with thin metallic films^

Consider a plane wave incident, with wavelength Xq, from a vacuum into a plane 

isotropic material at normal incidence. The medium is considered to have an infinite 

thickness. The incident wave, with subscript i, propagating along the Nqi direction, has an 

electric field strength {E) and magnetic field strength (Hi), at position r and time t, given 

by

E. =Eo,exp{/(q,*r-izr./)} (2.7)

H,=n,,xE, (2.40)

Here qr, is the incident wave-vector, and co is the frequency of the oscillating 

electromagnetic field. One part of the electric and magnetic field enters the medium while 

the other is reflected off the surface. The portion that enters the medium are written as

E, =Eo, exp{i(q,T-cT,r)} (2.41)

H, - n„xE, (2.42)

While the portion that is reflected from the surface are written as

E. =Eo,.exp{/(q,.r-c7,.t)} (2.43)

H = n X E
r h’' ''

(2.44)
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Due to the boundary conditions the amplitudes of the incident {Em, Hm), transmitted {Em, 

Hot) and reflected {Eor, Hor) waves related by

^Ot ~ ^oi (2.45)

(2.46)

From Maxwell’s equations^^ we obtain

NE„=E,,-E,^ (2.47)

The symbol N denotes the complex refractive index given by TV = m + /7r, which is a 

combination of the real refractive index n and the extinction coefficient k. Combining this 

with Fresnel’ formulae^'^ for transmission and reflection coefficients (f and r respectively) 

we find

Epr 1-A^ 

Eot 1 + A^
(2.48)

t =
Eot l + N

(2.49)

with a phase change upon reflection"* of

= arctan\[ (2-50)
l-« -r

The reflectivity, R, is defined as the ratio of the time averaged energy flux reflected 

from the surface, Sr, to the incident flux 5,. They are expressed*^ as the Poyntig vectors

5,,=—(2.51) 
4.;r

|E„xH„| (2.52)
4;r
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Substituting the electric and magnetic fields given by Equations 2.7, 2.37-2.41 into these 

Poyntig vectors yields

R = ^ = - ^0r\ •=n = \-N
l + A^

{\-nf+k^

{\ + nf+k^
(2.53)

Similarly, the transmission, T, can be expressed as

An
(1 + nf

\-R (2.54)

where f, is the real part of the complex dielectric constant of the medium s which is 

made up of the real and imaginary, £•,, dielectric constants . The square root of is equal 

to the real part of the complex refractive index, n. s, £•, and are related by

s-s^-vis-^ (2.55)

The dielectric constant connects the electric field strength E and the electric displacement

/)by

D = ^E (2.56)

Up until now we have considered the transmittance of a normally incident plane 

wave through a medium with infinite thickness. This thesis is concerned with thin films 

and so we must look at the transmission of a single layer with finite thickness. This is done 

by considering a wave incident on the surface of the film which is split into reflected and 

transmitted parts. Due to the presence of a second interface, the back of the film, there will 

be a similar division each time the wave strikes an interface (Figure 2.2). The total
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transmitted wave is then obtained by summing the multiply-reflected and multiply- 

transmitted components.

Figure 2.2 Schematic representation of the multiple reflections and 

transmissions of light propagating through a thin layer in vacuum. The angle of incidence 

is depicted as being non-normal for illustrative purposes.

For a single layer the Fresnel coefficients of propagation from vacuum to the 

medium are given by r, and f,. The corresponding coefficients of propagation from the

medium back into the vacuum are given by r, and f .

The successive amplitudes of the waves reflected back into the vacuum are given 

by r^f,i[rj,-tffrfifr^rf.............. And the transmitted values are

............The phase change upon traversing the film is expressed as

= ^ (2.57)
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The phase change upon reflection is

- arctan f__ -2A: (2.58)

The attenuation of the wave as it propagates through the medium is described by the 

absorption coefficient which has the form, given earlier

(2,59)
-I,

Substituting these equations into the summation of the transmitted wave components the 

final expression for the reflectivity and transmittance for a medium with finite thickness, Rf 

and Tf, are given by'*

Rf =R
(l-e-“‘‘)' + 4e-“"sin'p 

(l - Re"”* )■ + 4Re-“"sin-(p +
(2.60)

[^(l-R)'+4RsinVr ^-ad

(l - Re'"')' + 4Re-“‘‘ sin' (P + )
(2.61)

For cases when the incident wavelength is greater than the film thickness the 

interference term in Equation 2.61 (4Re"“‘*sin'(p + ^^)) can be neglected. Substituting the

expression for into Equation 2.58 the transmittance can then be written as'*

(l-R)-|l + A:;/,|e-ad

l-R'e2„-2ad (2.62)

For optically very thin layers {nd<^X) the terms ad and /? are very small and therefore the 

reflection Rf '\s close to zero. The transmission through the medium is then given by'*
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Ankdexp---------=(l-i?) expl-Oft/} (2.63)
I ^

However, in the case of a very thin metallic film the transmittance given by 

Equation 2.61 can be simplified by relating the real and imaginary refractive index and 

dielectric constant in Equations 2.14 and 2.15, giving

4 + 8^2^ //l^ + (+ £-2 )
(2.64)

The imaginary part of the dielectric constant is related to the optical conductivity and the 

impedance of free space, Zo=377Q, by"*

° (2.65)
In

Multiplying this equation above and below by Xod gives

Ins^ci „ ,
(2.66)

If el, which is the case for metals, then substitution of Equation 2.66 into 2.64 yields

T=\ i + ^o^opd^ (2.67)

In the case of transparent electrodes it is beneficial to be able to link the sheet 

resistance, Rs, and the transmittance, Tf.

Rearranging Equation 2.32 for d and substituting into Equation 2.67 gives

1

I ^0 ^op

2R, a

(2.68)

dc J
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Figure 2,3 Theoretical plot of transmittance versus sheet resistance for three different 

ratios of cyoc/o'op, calculated using Equation 2.68. For transmittance and sheet resistance 

values necessary for integration in devices as a transparent electrode the ratio of the direct 

current conductivity, <Jdc. io the optical conductivity aop must be maximised, resulting in a 

shift of the plotted curve to the top left.

This equation shows that the value of the ratio ^dJ^op for a given value of

transmittance and sheet resistance can be used as a figure of merit for transparent 

conductive films as high values of transmittance and low values of sheet resistance, 

necessary for device applications, correspond to larger ratio values. It is important to note 

however, that Equation 2.68 is only a construction used only to relate the transmittance and 

sheet resistance of a thin metallic films in such a way that results in a convenient figure of
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merit. Both ctdc and are inter-dependent on the film thickness as described by Equation 

2.31 and as such Equation 2.68 is a convoluted, empirical expression which does not 

describe any underlying physical processes. Instead it allows the performance of a 

transparent conductor, in terms of Rs and 7), to be numerically ranked by the dimensionless 

ratio of ^dJ<^op and visually represented in a graph of 7) against Rs, such as the graph in 

Figure 2.3.

In order to be considered for transparent conductor (TC) purposes, a material must

possess both high visible region transmittance and high electrical conductivity. High

visible region transmittance is a critical factor when designing visual displays based on

devices such as light emitting diodes (LED) and plasma cells. In both display types, TCs

are used as display electrodes,^^’^^ controlling current flow in individual pixels, while

allowing the transmission of the emitted light. Ideally the material should possess, along

with high transmittance, a flat visible region absorption profile.^^ When incorporating a

candidate TC into devices it would be advantageous in terms of patterning and production

to have very thin films in order to keep topographical deviations to a minimum,^** while at

the same time keeping transmittance high. The reduction in the thickness of a conducting

film will have the adverse effect of increasing the sheet resistance, which should be

counteracted by maximising the conductivity. For example, solar cell modules suffer

electrical losses due the resistance of the TC resulting in a decrease in device efficiency of

15-25% for the more cost effective devices.Rowell and McGehee^^ calculated the

fractional loss in efficiency of a solar cell due to TC resistance using a simple model of the

Joule heating loss in the TC layer. They calculated that for a device with optimal width and

TC film thickness, an efficiency of >80% can only be attained by a TC thin film with a

sheet resistance of < 10f2/n and a transmittance of > 90%.^^ Other display-applicable

devices such as organic light emitting diodes (OLEDs) also suffer power loses due to the

resistance of TC layers.Tests on separate OLED devices incorporating ITO and SWNT 
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thin films with respective sheet resistances of 20Q/n and 200Q/n as electrodes showed 

that the total light output was reduced by two orders of magnitude when using the more 

resistive film.^’ Although a lower sheet resistance is preferable, most technology platforms 

can function with Rs< lOOQ/n and as such the minimum sheet resistance and transmittance 

requirement is often quoted as Rs < lOOQ/n and T > 90%, ’ which, when factored into 

Equation 2.68, gives a value of aoc/ciop > 35. This can be considered the minimum value 

required for a material to be used as a transparent electrode.

It is interesting to note that a value of transmittance has been related to both the 

absorption coefficient and the optical conductivity. The Beer Lambert Law includes a 

thickness term which can be related to the sheet resistance by manipulating Equation 2.31 

and converting the conductivity to resistivity, giving

^DC^S ^ s
(2.69)

Relating this measure of d to the transmittance T gives

T — exp
^ -ap^

\ j

(2.70)

In order to determine the applicability of Equations 2.68 and 2.70, a Taylor 

expansion of transmittance versus sheet resistance can be conducted by

e =l + x + — + —.
2! 3!

(2.71)

and

(1 + x) — 1 “h CCV "f--------- 1--------
2! 3!

(2.72)

These expansions coincide up to the first order for
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■^0 ^Op
ap = — .-

2 a
(2.73)

DC

This can be seen graphically in Figure 2.4, showing the equivalency of describing the 

transmittance by both the extension of the Beer-Lambert Law and the relationship in 

Equation 2.68. In both cases the slope of the curves can be used as a figure of merit for 

transparent conductors, allowing comparison of the optical and properties of different thin 

films. Using the Beer-Lambert law, the figure of merit is ap, which results in a figure of 

merit with units of Ohms whereas the figure of merit, crop/o'DC, results in a dimensionless 

quantity.

Transmission

Rs (Ohm/n)

Figure 2.4 Theoretical plot of Equation 2.65 (red line) and Equation 2.67 (blue line).

As such, aop/coc (or more intuitively ctdc^ctop as an increase in this ratio

corresponds with an improvement in the optical and electrical properties) is used as a

figure of merit in this work to describe relative performance of transparent and conductive

films.
30



2,4 Experimental techniques

2.4.1 UV-Vis-NIR Transmittance and absorbance spectrophotometry22,33

Figure 2.5 Schematic representation of the UV-Vis-NlR absorption/transmittance 

spectrophotometer used in this work

Spectrophotometry is the study of the interaction of electromagnetic radiation 

with matter over a range of wavelengths. UV-Vis-NIR refers to the ultraviolet-visible-near 

infrared section of the electromagnetic spectrum which is used in this type of spectroscopy. 

In this work a Varian Cary 6000i UV-Vis-NIR spectrophotometer with a spectral window 

of 175 - 1800 nm was used to analyse SWNT aqueous dispersions as well as measure the 

visible transmittance of SWNT, SWNT/PEDOT and AgNW thin films. A schematic 

diagram of the device is shown in Figure 2.5.

In this device light sources, including a Xenon lamp. Tungsten halogen and 

deuterium arc source, provide a broad range of wavelengths. This source is collimated by
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the entrance slit to the monochromator which separates the light source into its individual 

wavelengths. This is done is such a way as to ensure only one wavelength is exiting the 

monochromator at any one time. The single wavelength beam is split into two equal 

intensity beams by a beam splitter. One beam is passed through a reference cell while the 

other is passed through the sample in question. These beams are then detected using a 

photomultiplier tube and an InGaAs photodiode. This information is interpreted using the 

Beer-Lambert Law and a measure of how much light is absorbed / transmitted can be 

deduced. This allows for a wavelength dependent measure of the absorption/transmittance 

and through it insight into the optical processes occurring in the sample.

2.4.2 White light flat-bed transmittance maps

Wavelength dependant optical transmittance measurements can be achieved by 

using a transmittance spectrophotometer. However this technique is limited as it does not 

gather information about the spatial optical uniformity. For a component to be integrated 

into an optoelectronics device the optical properties are generally required to be 

homogenous and even throughout its entirety.

In this work an Epson Perfection V700 Photo flat-bed transmission scanner was 

adapted for this purpose. The scanner has a bit depth of 48 bits per pixel and a spatial 

resolution of 6400 dpi. The output was calibrated using a number of neutral density filters 

allowing for position dependant white light transmittance measurements. From this a 

transmittance map of the sample can be created with a spatial resolution of 4 pm. From 

these maps a mean and standard deviation value can be calculated and used as a measure of 

the spatial uniformity of transparent films.
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2.4.3 Electrical Measurement: 2- and 4- lead characterisation^"^

Measurement of resistance and calculation of conductivity is of upmost 

importance in developing new electronic components. Generally this involves connecting 

electrical contacts to a sample with known dimensions and applying a voltage. The 

resultant current flow is measured and the resistance, determined using Ohm’s Law, can be 

converted easily into direct current conductivity.

Figure 2.6 Schematic representation of 2-point and 4-point probe measurements. A) 2- 

point probe measurements are performed by contacting a sample with metal electrodes 

and measuring the sample resistance as a function of length. B) 4-point measurements are 

performed after depositing metal contacts on the sample surface. Force probes FI and F2 

are used to apply a potential while source probes SI and S2 measure the resultant current 

flow. Sheet resistance values are calculated using the sample width, w, and length, 1.

For thick, conductive samples a 2-lead probe resistance measurement (Figure 2.6 

A) is used as it results in current flow throughout the entirety of the sample. In this 

measurement metal electrodes are applied to the ends of a strip of the material. Electrical 

leads are attached and the resistance is measured. By shortening the sample and reapplying
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electrodes a number of times a plot of voltage versus length can be obtained. The 

resistance, R, is related to the length of the sample by

R — — + RcaA
(2.74)

where / and A are the sample length and cross sectional area respectively, R is the 

measured resistance and Rc is contribution to the measured resistance from the leads used 

to connect the sample to the measuring device along with a contact resistance between the 

electrode and sample. The conductivity can then be calculated from the slope of the 

resultant linear plots. The unwanted resistance contribution, Rc, can be minimised by using 

highly conductive leads that are glued to the sample with a conductive paint, such as silver 

paint.

As the dimensions of a sample are reduced the relative contribution to the overall 

resistance from the contact resistance increases and can result in very inaccurate 

measurements. In order to change this, the 4-lead technique is used.^^ This technique 

involves applying four collinear leads to the surface, two force leads and two sense leads 

(Figure 2.6 B). Specifically, in this method four equidistant, collinear silver wire contacts 

were fixed onto the film surface using silver paint. The electrodes were then connected to a 

Keithley 2400 source meter to measure the current-voltage behaviour of the sample.

A potential is applied through the force leads (FI and F2) resulting in current

flow across the sample. As a current is passed through the sample via the outer probes it

sets up an electrical potential gradient, and the resulting difference in potential between the

two inner sense probes (SI and S2) is measured with a high-impedance voltmeter. The

current (7) creates a voltage drop RJ, where R^ is the resistance of the sample. The lead and

contact resistances of the force leads cause a voltage drop given by RfiI and Rf2I

respectively, where Rfi and Rf2 are the resistances of the force leads, including the contact

resistance. The sense leads measure the overall voltage drop, with contributions from the 
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sample in question along with the eonneetions i.e. Rfil + R^I + Rpil- However, the sense 

leads measure the voltage drop associated with the sense leads, Rsil’ and Rs2l\ where I’ is 

the current in the voltmeter measuring the voltage drop across the sense leads and Rsi and 

Rs2 are the overall resistances of the sense leads and their associated contact resistance. In 

total, the voltmeter connected across the sense leads measures the voltage drop, RsiI’ + 

Rx(I+r) + Rs2l ’- Due a large impedance in the sense lead circuit 1’ « I and so the error in 

the voltage due to Ohmic potential-drops across the sense leads is negligible. This ensures 

that the measured difference in potential is equal to the difference in potential across the 

sample. From this measurement and knowledge of the samples dimension the sheet 

resistance can be calculated.

In the field of semiconductor devices a well-known method of detennining the 

sheet resistance of an approximately two-dimensional is the Van der Pauw method. In 

1958 Leo Van der Pauw outlined a method of determining the resistivity of a disc with 

arbitrary shape,^^ although symmetrical samples result in a reduced measurement error. In 

this method four small electrical contacts (M, N, O, P) are placed around the circumference 

a sample that possesses uniform thickness and no isolated holes. Current, Imn, is caused to 

flow along the circumference of the sample using contacts M and N and the voltage, Vqp, 

across the opposite edge (contacts O and P) is measured. The resistance Rmn.op, can be 

determined from Ohms Law and a similar measurement can produce the resistance Rno.pm- 

The Van der Pauw formula,

g-nRMN.Op/f^S -|- q-^I^NO,Pm/I^S = \ (2.75)

can be rearranged to the form

^ _ n Rmn.op+Rno.pm r I Rmn.op\ (2 16)
^ in2 2 \Rno.pm/

where/is a correction factor based on the ratio Rmn.op! Rno.pm-
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The Van der Pauw variation of the 4-lead resistance measurement is the 4-point 

probe method.In this method the co-linear leads are replaced by four equally spaced 

metal point contact probes, all having the same finite radius. These contacts, with inter

probe distance d, are pressed against the sample surface and generally these tips are spring 

mounted to avoid damage to the sample surface, although they can still be detrimental to 

very thin films like the films investigated in this thesis. The sample area must be very large 

compared to the inter-probe spacing. The sheet resistance a semi-infinite thin sheet with 

thickness t can be calculated from current and voltage measurements of the sample using 

the expression

Rs = 2ntdj (2.77)

2.4.4 Resonant Raman spectroscopy"’^'^^

Raman spectroscopy is a technique used to study the change in frequency of a 

photon after interaction with a material.^** For simplicity, consider a monochromatic wave 

of light propagating in the z-direction with an oscillating electric field interacting with a 

diatomic molecule. The amplitude electric field, E,:, at a given time t can be written as

= E° cos(27rv„0 (2.78)

Were is the maximum amplitude of the electric field and vo is the frequency. The 

natural vibration of the molecule is Vv and the normal vibration vector, as a function of 

time, can be written as

q„ = q“ cos(2;rv/) (2.79)

A dipole moment, cp, is induced when the monochromatic light interacts with the 

molecule and can be expressed in terms of the polarizability tensor of the molecule, ij/.
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<p = (2.80)

The induced dipole will oscillate and emit light at three different frequencies which 

can be determined by expanding the polarizability tensor as a Taylor series in the normal 

vibration vector as follows;

^ dif/ ^
qv+- (2.81)

Upon substitution of Equation 2.78 and 2.79 the dipole moment can be expressed as

tp = cos(2;rvQr) +
dif/ ^

q“ {cos[2;r(Vo -vjr] + cos[2;r(vo + vjr]} (2.82)

The three frequencies of scattered light are Vg, (Vo-Vv), and (vo+v,.). The scattering 

process which results in no change in frequency is known as Rayleigh scattering. The other 

two scattering processes, which result in a shifted frequency by an amount equal to the 

natural frequency of the molecular vibration, are collectively known as Raman scattering. 

The light which has been scattered with lower energy, (vo-Vv), gives rise to Stokes peaks, 

while the light scattered with higher frequency, (Vo+Vv), causes Anti-Stokes peaks in the 

Raman spectrum.

Typically, Raman spectra are plotted with intensity (arbitrary units) against the shift 

in wavelength, or Raman shift, r', with units cm''. The Raman shift is calculated by

. _ J__ 1_
A) A-

(2.83)

Were Ao and A^, are the wavelengths of the incident and scattered light effectively. If 

the Raman spectrum is plotted in this way then the Rayleigh line will have a zero Raman 

shift value and the peaks in the spectra will correspond to a Raman active vibrational

mode. A vibrational mode will only be Raman active if the rate of change of the
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polarizability tensor, y/, with respect to the molecular normal vibration vector has a non

zero value i.e.

^ dxj/ ^
^0 (2.84)

In a molecule with a centre of symmetry, a change in polarizabilty occurs when the 

centre of symmetry is retained and thus symmetrical vibrations are Raman active. As such, 

symmetry considerations and group theory are useful tools in determining Raman active 

modes.

The particular type of Raman spectroscopy implemented in this work is known as 

Resonance Raman spectroscopy.^^ In Resonance Raman spectroscopy the energy of the 

incident radiation or the scattered radiation coincides with an electronic transition in the 

investigated species, allowing investigation into otherwise weak Raman active modes. 

This enhances the vibration modes associated with the excited electronic transition and the 

scattering intensity is increased, in some cases by up to 10','*^ which provides more 

spatially specific spectra as only a few molecules experience the increase in scattering.

Resonance Raman spectroscopy is particularly suited to the study of carbon 

based materials and much work has been done in the area Resonance Raman spectroscopy 

of carbon nanotubes"" and Graphene."*^ The Raman spectral features of Graphene and 

carbon nanotubes will be discussed in the following chapter.

Raman spectroscopy is named after the Indian scientist C. V Raman, who along

with K. S. Krishnan, first reported inelastic scattering of monochromatic light in 1928."*^

Two soviet scientist, G. S. Landsberg and L. I. Mandelshtam, had discovered the effect

earlier than Raman and Krishnan but unfortunately published their results at a slightly later

time."*^^ Since then technology advancements have improved the accuracy and ease of use

of Raman spectrometers.
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Figure 2.7 Schematic representation of fundamental components in a Raman 

spectrometer.

A basic Raman spectrometer is outline in Figure 2.7. A laser is used to provide a

monochromatic, coherent and micron sized light beam. After passing through a bandpass

filter to ensure monochromaticity, the beam is focused on the surface of the sample. The

reflected light is passed through a Rayleigh scattering filter to reduce its contribution as it

is statistically the dominant process and then a variable monochromator. The filtered light

is then colleeted by a CCD camera linked to a computer resulting in a spectrum consisting

of the variation of inelastic scattering intensity with changing wavenumber, which is the

difference between the excitation wavelength and the scattered wavelength. The scattering

intensity is related to the polarizability of the molecule, or the tendency of the electron

cloud or charge distribution to be distorted by an external electromagnetic field. Some
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specific Raman techniques include time-resolved Raman scattering, which monitors a 

chemical or physical process over a set time period giving information about the evolution 

of the system, and surface enhance Raman spectroscopy which enhances Raman scattering 

due to adsorbed molecules on a metallic surface.

2.4.5 Scanning electron microscopy^^’"^^

Traditionally a microscope is an instrument which allows the visual study of 

small objects by using multiple lenses to focus the light from a sample area into the eye or 

other light collector. Fundamentally this is based on the interaction of the visible region of 

the electromagnetic spectrum (300 nm < X < 800 nm) with the object in question and as 

such has a theoretical limit, with white light, of ~ 0.3 pm.^^ In scanning electron 

microscopy (SEM) high energy electrons are produced in a vacuum by a number of 

possible processes which have, depending on the accelerating voltage, wavelengths of the 

order of 10'^ - 10“'^ m. The electrons are focused into a beam which is raster scanned 

across the surface of a metallic sample resulting in the backscattering of electrons and 

other emissions. Detection of these electrons can be used to form an image of the surface 

with a resolution as low as a couple of nanometers

Generally electrons are produced by two main sources. Thermionic emission of 

electrons from the surface of a metal is caused when a sufficiently large voltage is applied 

across a suitable metal electrode. The emission current is dependent on the temperature and 

work function of the metal with tungsten (W) being a common choice. Another route, that 

doesn’t require such high temperatures, is field emission. A very strong electric field 

applied to the surface of metals can cause the emission of electrons. This technique is in 

many ways preferable to thermionic emission due to a lower temperature and, depending 

on the filament work function and shape, the ability to be performed using relatively low 
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voltages. These phenomena are the basis for an electron gun which accelerates the emitted 

electrons to high energies (between < 1 keV and ~30 keV). The electron beam is then 

passed through a number of electric or magnetic field condenser lenses which focus the 

beam into a nanometre sized spot on the surface of the sample. A tear shaped interaction 

volume extends into the body of the sample and it is in this volume that the majority of 

electron perturbing processes such as inelastic and elastic scattering occur. Inelastic 

collisions between electrons and surface atoms can result in the emission of secondary 

electrons from the K-shell of the sample atom. This process only results emission of 

electrons very close to the impinging electron beam which makes it a favourable and 

common way to image surfaces at high resolution. Electrons can be elastically scattered 

from the sample atoms and a small fraction are back scattered. These can be collected and 

used to gather information on the contrast between chemical composition from the 

different degrees elemental species backscatter electrons.

In this work two SEMs were used, a Hitachi S-4300 and a Zeiss Ultra. The S- 

4300 is cold field emission based microscope with an accelerating voltage capability of 0.5 

- 30 kV. It is fitted with secondary electron and x-ray detector and has a resolution of 1.5 

nm at 15 kV. The Ultra has a thermal field emission electron source with an accelerating 

voltage range of 0.02 - 30 kV and a resolution of 0.8 nm at 15 kV. It is equipped with a 

high efficiency in-lens secondary electron detector allowing very detailed topological 

imaging.

2.4.6 A tom ic force m icroscopy*^’*^

Atomic force microscopy (AFM) images surfaces through the measured repulsive 

or attractive forces experienced by a solid probe when in close proximity with the surface. 

The deflection of a piezoelectric cantilever equipped with a sharp probe at its tip is
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measured by a reflected laser, schematically shown in Figure 2.8. As the tip is brought 

close to the surface it first experiences an attractive force due to the Leonard-Jones type 

potential and as the distance decrease down to atomic levels the force turns repulsive as the 

Pauli exclusion principle prohibits the tip and surface electrons from occupying the same 

state and space. This enables three main imaging modes, contact, non-contact and tapping 

modes.

Figure 2.8 Schematic diagram of the operation of an AFM, specifically in the conductive 

mode.

In the contact mode the tip is raster scanned across the area of interest. The tip is

kept close enough to the surface to experience the repulsive exclusion force. Due to the

steep potential gradient when the tip is in contact with the surface the force experienced by

the tip varies greatly with small distances and any deflection of the tip as it moves across 
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the surface is measured by a deflected laser beam. The amount of deflection of the 

cantilever can be related to the force experienced by the tip once the spring constant of the 

cantilever is known. Under certain circumstance this can result in atomically resolved 

images, however, because the tip is in contact with the sample surface, scratching and 

damage to both tip and surface can occur. Non-contact mode is less destructive as the tip is 

held 50- 150 angstroms above the surface.

The close proximity of the tip results in attractive van der Waals forces which are 

measured and converted in a topographic image. Although this is less intrusive the 

measured force is quite weak and as such the resolution is not as high when using optical 

detectors. By monitoring the frequency of vibration of the cantilever any changes can be 

correlated with a change of force and so can be used to image to a higher resolution in non- 

contact mode.

As both contact and non-contact modes have disadvantages in certain areas a third, 

intermediate, mode is used. An external piezoelectric device actuates the cantilever to a set 

frequency which is monitored as the probe traverses the surface. The amplitude of 

vibration is set at 10 - 100 nm and when the tip comes close to the surface the change in 

the experienced force dampens the vibration. This is measured and by keeping the 

oscillation amplitude constant the distance between surface and probe is measured 

providing a surface map of the sample. This mode has less of an impact than contact mode 

and can provide good resolution.

Normal AFM imaging techniques are limited to topographical and mechanical 

information without gleaning much information about the electronic properties of the 

sample under investigation. An AFM technique which is quite useful in the study of 

nanoscale metallic systems is conductive atomic force microscopy (C-AFM). By coating 

the tip in a conducting material, a chromium/platinum coating was used in this work, the
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probe can essentially become a nano-electronic contact. When the probe is held at ground 

and a direct current bias (0.2 mV to 2 V) is applied to the sample (Figure 2.8) any contact 

between the two results in current flow which is recorded. In conjunction with measuring 

the current flow, the AFM can create a topographic map allowing the superimposition of 

the two images and the investigation into local electronic conduction. This is very useful 

for investigating 1-Dimensional nanostructure and has been used to study the electronic 

properties of individual carbon nanotube bundles deposited on an insulating substrate. 

Nirmalraj et al,^ Fujiwara et af' and Stadermann et have used the technique to 

investigate the conductance of carbon nanotube networks. They showed that the resistance 

measured jumped dramatically at SWNT bundle junctions and that when the measured 

resistance jump was used to calculate the network conductivity from suggested model^^ the 

results agreed well with experiment.^
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Chapter 3: Materials

3.1 Introduction

The purpose of this chapter is to introduce the materials used throughout this 

research. Single wall carbon nanotubes (SWNTs), Silver nanowires (AgNWs) and the 

electrically conducting polymer poly(3,4-ethylenedioxythiophene) doped with 

poly(styrenesulfonate) (PEDOTiPSS) all exhibit interesting and indeed very useful 

properties. This chapter will act as an introduction to these materials, providing a broad 

overview of the structure, properties and synthesis while indicating the relevant advantages 

offered by these materials as well as problems associated with them. It is the hope that this 

information will persuade the reader that these nanomaterials are a viable choice in the 

pursuit of conductive, transparent and more importantly, flexible electrodes.

3.2 Indium tin oxide

Certain metallic oxides have been known for a long time to display both electrical 

conductivity and optical transparency. Badeker' reported conducting and transparent thin 

films of cadmium oxide prepared by thermal oxidation of sputtered cadmium films as far 

back as 1907. Since then, semiconducting oxide films have attracted a lot of investigation 

due to the many possible applications of transparent conductors. One of the main areas of 

interest is the use of transparent conductors in flat panel displays. Unlike cathode ray tubes.
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flat panel displays require a conducting, transparent material with the industry standard 

being indium tin oxide (ITO).

Indium tin oxide is name given to tin-doped indium oxide films. Indium oxide 

(In203) is a doped n-type semiconductor, typically consisting of -90% In203 and -10% 

Sn02. ITO has a cubic bixbyte structure, the same crystal structure as undoped-bulk In203.^ 

The nature of ITOs electrical conductivity is still highly contentious."^ Doping ln203 with 

Sn02 replaces In^^ with Sn"*^, injecting charge carriers into the lattice and partially filling 

the conduction band.^ It has been proposed that oxygen vacancies create an impurity band 

which overlaps the conduction band, creating a degenerate semiconductor,^ and recent 

work has shown that hydrogen atoms at interstitial or oxygen defect sites can create 

shallow donor states in both In203 and Sn02, both of which contribute to the electrical 

conductivity."* Early measurements indicated a direct band gap of -3.75eV using optical 

methods, with lower energy forbidden transitions occurring at 2.619eV.^ Recent studies 

have set an upper limit on the fundamental band gap of ITO at 2.9eV with the optical band 

gap having an energy of 3.75eV. Due to this, ITO exhibits strong absorption above 4eV 

with lower energy absorption related to scattering by tin atoms and grain boundaries.^

ITO thin films are always polycrystalline and optimised deposition can result in 

films which display conductivities as high as 1.2x10^ S/m,^ with a carrier concentration 

and Hall mobility of 1.38xl0^'cm'^ and 53.5cm^(V s)'*) respectively.^ This high electrical 

conductivity is accompanied by a visible region transmittance > 80% as well as high 

infrared reflectance.^ These electrical and optical properties make ITO a suitable material 

for rigid transparent conductor roles.^ However, due to ITO’s crystalline nature, thin films 

of the material crack during tension and compression,'** showing large increases in the 

resistance of the samples." '^ This mechanical instability, along with the scarcity of 

Indium^ renders ITO unsuitable for the next generation of flexible displays.
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3.3 Carbon Nanotubes

3.3.1 Carbon

Carbon, it could be argued, is perhaps the most important element in existence. Due 

to its accommodating electronic structure it can, and does, form the basis of a vast array of 

chemical compounds.'^ Indeed, this ability allowed the formation of the earliest and 

simplest organisms which in turn evolved into life as we know it today. This argument is 

based on the fact that carbon has four valence electrons with an isolated electron 

configuration of ls^2s^2p^ which allows for each carbon atom to bond with up to four other 

atoms.Not only does this create the possibility of very complex and multiple component 

molecules but also, due to the carbon atoms’ ability to share electrons between them in

strong ;T-bonds, facilitates very stable two dimensional structures 15

2^2Carbon has an electron configuration of Is 2s‘'2p which would suggest that a 

maximum of two electrons are required to fill the valence energy level. However, these 

orbitals experience hybridisation in which the lower energy 2s^ shell mixes with the 2p- 

orbitals to create hybrid orbitals with relative directionality. This essentially convert’s 

carbon from a species with two half-filled orbitals into one that can have a maximum of 

four and so allowing it to bond to up to 4 other atoms. These hybrid orbitals allow carbon 

to exist in a number of different allotropes, whose properties depends on the orientation of 

these hybrid bonds.

Probably the best known carbon allotrope is diamond. This crystalline material 

consists of carbon atoms covalently bonded to four other carbon atoms through sp^ 

hybridized cr-bonds in a tetrahedral arrangement. The identical bonds in this lattice (shown 

in Figure 3.1) result in diamond being extremely strong, making it very useful in industry. 

Its other properties include high thermal conduction, high optical dispersion'^ as well as a

wide band gap making it an electrical insulator. 15
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Figure 3.1 Crystalline structure of diamond showing the tetrahedral sp^ hybridised bonds.

The most energetically favourable and common allotrope of carbon is known as 

graphite.'^ In this arrangement, sheets of strongly bound atoms are weakly held together in 

layers by van der Waals forces. In each individual layer every carbon atom is bonded to its 

three nearest neighbours through cr-bonds of the sp^ hybrid orbitals. The hybridisation of 

these orbitals results in a lone 2p orbital perpendicular to the plane of the sheet which 

overlaps above and below the sheet with neighbouring 2p orbitals to form a delocalised 

bonding state, known as .^-states, and the anti-bonding ;T*-states. This bonding network 

then interacts weakly with other sheets to form a three dimensional layered structure 

(Shown in Figure 3.2). The physical properties of graphite, including electrical

conductivity, are highly anisotropic due to these layers confining it applications 15

A single layer of graphite, called Graphene, was thought impossible to isolate due 

to thermal fluctuations which make it energetically favourable for two dimensional 

crystallites to rearrange themselves into 3-D structures.'^ However, Graphene has been 

epitaxially grown on certain substrates, the first report of which dates back to 1966 when 

chemical vapour deposition was used by Kara et al‘^ to grow mono- and few-layer 

Graphene on transition metal substrates. In 1976 Isett et al‘^ reported the formation of 

mono-layer Graphene on the surface of Ni(lll) via annealing induced segregation of 

carbon. The structure of mono-layer Graphene on the surface of Ni(l 11) were determined 

by Rosei et al^^ and later re-evaluated by Gamo et af‘ in 1997. However, these epitaxially
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grown Graphene films are not considered isolated as interaction with the substrate alters 

the electronic structure of Graphene and hence measurement of its electronic properties 

have proven elusive.

A

•S...*45i

Figure 3.2 Figure showing how an individual graphene sheet can play the role of building 

block for different carbon allotropes. A) Graphite occurs when graphene sheets are 

stacked together. B) Rolled into a cylinder the sheet becomes a single wall carbon 

nanotube. C) Graphene can be wrapped into a ball, giving birth to large variety of 

Fullerenes. (Image reproduced from Nat. Mat. 6, 183-191 (2007))

In 2004 the first example of an isolated single layer was demonstrated by 

Novoselov et.al^^ via mechanical cleaving using scotch tape and other routes have been
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demonstrated such as liquid phase exfoliation.^^ In particular, Hernandez et af'* 

demonstrated a solvent based method of exfoliating individual, defect free. Graphene 

sheets from bulk graphite. This work was built on by Kahn et In their report the 

authors outlined a process for exfoliating graphite in solvents using low power sonication 

to produce high concentration (1.2 mg/ml) dispersions of Graphene, with flake lengths 

above 1 pm. In similar work Lotya et reported exfoliation of Graphene from graphite 

in water/surfactant solutions which resulted in a large percentage of mono- (~3 %) and 

few-layer (~40 %) Graphene flakes. Lotya et went on to improve their surfactant- 

stabilised Graphene dispersions, producing up to 20 % mono-layer Graphene sheets with 

an average length and width of ~1 pm and 400 nm respectively. Such techniques have 

given researchers the chance to investigate Graphene’s extraordinary properties with the 

focus being on its electronic nature. In an isolated Graphene flake the unhybridized n- and 

71*- states mentioned above give rise to a valence and conduction band in the band 

structure which meet at two points in the Brillouin zone which lie at the Fermi level. Since 

there is no energy gap between the two bands and the density of states vanishes to zero at 

the Fermi level Graphene is sometimes referred to as a zero gap semi-conductor.^*

The Graphene hexagonal lattice is the buildings block for a host of novel and 

interesting structures. In 1985 Kroto et al were investigating the conditions for the 

formation of atomic carbon clusters in the atmospheres of giant red stars. This resulted in 

the discovery of the Buckminsterfullerene, the first member of the new carbon allotrope 

family, the Fullerenes, to be studied and characterised. Where diamond is a three 

dimensional crystalline structure and graphite is essentially stacked two dimensional 

crystals, fullerenes are hollow balls, tubes or ellipsoids consisting entirely of carbon. For 

example, the Buckminsterfullerene has a molecular formula of Ceo and a truncated 

icosahedron structure consisting of twenty hexagons and twelve pentagons (Shown in

Figure 3.2 C). However, the history of the specific class of Fullerene, the carbon nanotube, 
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dates back over 50 years when the first carbon nanotube-like structures were seen in 1952 

by Radushkevich and Lukyanovich who published clear images of 50 nanometre diameter 

tubes made of carbon in the Soviet Journal of Physical Chemistry?^ Due to the journal 

being in Russian and the lack of access to soviet journals caused by the cold war the 

discovery went largely unnoticed. In 1976 Oberlin et af‘ studied the carbon nanofibres 

produced by the pyrolysis of benzene using electron microscopy. In their report they 

showed an image of a nano-scale tube of carbon but unfortunately the resolution as not 

sufficient to confirm the presence of a graphitic structure. In 1991 Ijima reported the 

formation of coaxial helical tubes of graphitic sheets in the soot of an arc-discharge 

reactor.^^ These tubes, which have become known as carbon nanotubes, can consist of 

multiple concentric layers, called multiwall carbon nanotubes (MWNT), dual layer, called 

double wall carbon nanotubes or a lone layer, shown in Figure 3.2 B, called single wall 

carbon nanotubes (SWNT) which were separately reported in 1993, by Ijima^^ in the NEC 

corporation and Bethune et af‘^ in the IBM research division. Carbon nanotubes hold great 

interest and promise in the field of nanotechnology due to their extraordinary properties. 

The structure and properties of carbon nanotubes will be the focus for the next section of 

this chapter.

3.3.2 Structure of Single Wall Carbon Nanotubes

To form a single wall carbon nanotube, a single graphene sheet must be rolled to 

form a seamless cylinder, the dimensions of which lie in the nanometer scale for the 

diameter and from micrometer to centimetre in length, giving them extremely high aspect 

ratios. This tube can be closed at each end by a hemispherical cap composed of 

hexagonally bonded carbon atoms with pentagonal defects.
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The joining of the ends of a vector connecting any two crystallographic equivalent 

points will produce a nanotube with specific orientation. The crystal lattice translation 

vectors Ui and 0.2, depicted in Figure 3.1.3, can be linearly combined to give the chiral 

vector Cl,.

Cfi = nai + 77102 (3.1)

ai
B

{nji) armchair
armchair zigzag chiral

Figure 3.3 A) Figure representing the translation vectors aj and 0.2 and the wrapping or 

chiral vector 'Ch, here defined as OA. In this example the (5, 2) chiral vector is shown. B) 

Representative models of the three main nanotube groups, armchair, zigzag and chiral.

The indices (n, m) are integers which describe the nanotubes crystallographic 

‘finger print’ or chirality.Although there a large number of possibilities in the variation 

of chiralities, limits do exist due to strain energies associated with the bending of the sp^ 

bonds between adjacent carbon atoms and the diameter tends to lie around 1.5 nm.'^ The 

diameter of a nanotube can be determined if the chirality is known as the diameter is 

simply given by L/ti where L is the circumferential length and

^ = khl = ■\Jch-Ch = + m2 + nrn (3.2)
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And so

d = {a^hn? + + nm)/n (3.3)

Although there are a host of chiralities, two distinct combinations of integer indices 

gives achiral nanotubes (see Figure 3.13 B). These are (n, 0) and (n,n), sometimes referred 

to as zigzag and armchair tubes respectively because of the pattern associated with the 

carbon carbon bonds along the chiral vector c/,. These special cases correspond to a chiral 

angle, 9, of 0° for the zigzag and 30° for the armchair. All other wrapping vectors with a 

chiral angle in the range 0< 9 < 30° are referred to as chiral.

Figure 3.4 Valence band and conduction band dispersion in the first brillouin zone of a 

single graphene layer. (Image reproduced from J. Phys.: Condens. Matter 21 323201 

(2009))

3.3.3 Electronic properties of Single Wall Carbon Nanotubes

Since a nanotube consists of rolled graphene it is instructive to first consider the 

electronic structure of a sheet of graphene in the x-y plane. In this system each carbon
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atom has three sp' hybrid o^bonds to neighbouring resulting in a hexagonal ‘chicken wire’ 

structure. This leaves a lone electron in the orbital of each atom. These combine and 

result in the ;Tand n* states. Due to the high number of atoms involved in this extended tt 

system and the exclusion principle, the states are split to form 7t and n * bands. There are 

two electrons per hexagonal unit and this means that the lower p band is completely filled. 

The energy dispersion of graphene in the first Brillouin zone can be calculated using a tight 

binding method^^ and is shown in Figure 3.14 showing that at the high symmetry K point 

the .;Tand n * states are tangent to each at the Fermi level.

c)
15

-10

-5
>

O) 
<D

-5

-7i/T 0 7c/T 0.0 0.5 1.0 1.5
Wave vector DOS {stales/C-atom/eV)

Figure 3.5 A) The conduction and valence bands of the graphene layer in the T' Brillouin 

zone calculated according to the n -band nearest-neighbor tight-binding model. The 

cutting lines of the zone folding scheme for the (4, 2) nanotube are shown as dashed 

lines.^^ B) Band diagram for the (4, 2) nanotube obtained by zone-folding from A). C) 

Density of electronic states for the band diagram shown in B). (Image reproduced from 

Physics Reports 409 (2), 47-99 (2004))
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So far the electronic structure of an unrolled nanotube has been discussed, but to 

understand the properties of carbon nanotube the consequences of rolling the graphene 

sheet must be addressed. In the above treatment, Bom-von Karman periodic boundary 

conditions apply,k.r = 2nj, where k is the electron wavevector, j is an integer and f is 

any lattice translation vector. In reciprocal space the spacing of k states with respect to the 

number of states, N, and parallel to f is given by

^ = - (34)
dN Irl ' '

If the graphene sheet is assumed to be infinitely long, |r| is infinitely large and so 

the spacing between k states in infinitely small in any direction. When you roll up a 

graphene sheet to form a nanotube |r| along the tube axis in infinite but along the 

circumference of the tube the boundary condition becomes k-C^ — 2nj. Since the chiral 

vector is usually only tens of nanometers long the k states along are discrete. The 

allowed k states of a nanotube are restricted to lines within the first Brillouin zone parallel 

to the tube axis. The allowed wave vectors of the nanotube in reciprocal space can be 

mapped onto the first brillouin zone of graphene (Figure 3.1 Through this restriction 

the energy dispersion can be obtained and an example of a (4, 2) nanotube is shown in 

Figure 3.1 A. As shown in Figure 3.14 B there is a gap between the conduction and 

valence bands everywhere in the Brillouin zone except the K points and unless the vector 

K, connecting the zone centre and zone edge is allowed, the nanotube will have a bandgap. 

The curvature of the bonds along the circumferential direction are slightly distorted 

resulting is degeneracy of the A^-point in the direction of If. As a consequence the only 

truly metallic zero bandgap nanotubes are those having n = m or when n is a multiple of

3. 15
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This metallic / semiconducting variation is apparent when describing the density of 

states (DOS) of the nanotube from their individual energy dispersions. When looking at the 

DOS energy dependence a non-zero value is seen for metallic nanotubes, whereas 

semiconducting tubes exhibit a zero DOS.^*^ The 1-Dimensional nature of nanotubes also 

gives rise to important singularities called van Hove singularities'^ which appear at band 

minimums where the bands overlap. Furthermore these singularities have energy gaps 

which are directly related to the chiral vector and hence the nanotube diameter. Since the 

gaps are structure dependent and can result in sharp optical transitions the DOS plays an 

important role in the spectroscopy study of carbon nanotubes.

3.3.4 Resonant Raman spectroscopy of Graphene and Carbon Nanotubes

As graphene is the building block of the Fullerene family, including carbon 

nanotubes, it is instructive to first consider its Raman spectrum. There are three sharp 

peaks in the Raman spectra of graphene, the G-band (~1580cm.i), the D-band (~ 13 60cm'') 

and the 2D-band (~2700cm'').^'’’'"^ The doubly degenerate E2g mode at the Brillouin zone 

centre gives rise to a sharp peak in the Raman spectrum at ~1580cm''."" This so-called G- 

band is due to the first order mode arising from in-plane longitudinal and transverse lattice 

vibrations."" The G-band position increases as the Fermi energy increases when graphene 

is doped"'^^"' due to a non-adiabatic breakdown of the Kohn anomaly."^^ The G-band full 

width at half maximum increases with increasing Fermi energy as phonons are restricted

from decaying to electron-hole pairs due to the Pauli exclusion principle. 42.45

The peak at ~1360cm'', which is due to an in plane Ajg zone edge mode,"" is called 

the D-band and is a dispersive second order process which only becomes active with the 

introduction of defects to the graphene sheet, either crystal edges or lattice defects.
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The second order of the D peak is known as the 2D peak and is attributed to a two 

phonon fourth order scattering process.'*^’’''' Due to double resonance, this peak changes in 

position with varying excitation energies."*^’ This peak can be used to discern the number of 

graphene layers in a sample."*^ Unlike a single graphene layer, which has a single 2D peak, 

a multilayers of graphene exhibit a 2D peak with four components, Dib, Dia, D2A and D2B 

because the electronic interaction between layers splits the n and n* bands into four 

bands. As the number of layers is increased from a bilayer the relative contribution of the 

Dj peaks is reduced and after five layers the spectra is a near match to that of bulk 

graphite.Furthermore, the 2D peak intensity can give information about the doping 

level.'^^’'^^ The 2D peak position increases for p doping while it decreases for n doping"*^ and 

as the doping level increases the intensity of the D band decreases.'**

The typical Raman spectra of carbon nanotubes displays number of key features, 

including the radial breathing modes (RBM) of the NTs (~ 200 cm"'), the D-band (~ 1300 

cm"'), the G-band (~ 1570 cm"'), and the 2D-band (~ 2600 cm"'). The RBM is a first order 

phonon mode in which the carbon atoms move coherently in the radial direction, 

perpendicular to the nanotube axis, which stretches the carbon-carbon bonds. The 

frequency of the RBM is inversely proportional to the SWNTs diameter, and can be used 

to assign the chirality of the investigated nanotube.The D- band is a peak attributed to 

defect induced disorder in the crystal lattice.^" The D-band is a second order one-phonon 

resonance mode'*^ which disappears in perfect crystal lattices.The G-band is a first 

order phonon mode associated with the vibration of the two carbon atoms in the nanotube 

unit cell. It results from two vibrational modes, in-plane vibrations along the nanotube axis 

(longitudinal optical mode , LO) as well as in-plane vibrations along the circumferential 

direction of the nanotube (transvers optical mode, TO).^^ The G-band consists of two main 

peaks attributed to the axial and circumferential vibrations, the G^ and G" peaks.For 

semiconducting nanotubes the G+ and G- bands are assigned to the LO and TO vibrational
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modes respectively, the opposite of metallic nanotubes in which the and G' bands are 

assigned to the TO and LO respeetively.^^ The 2D-band peak is due to two-phonon seeond 

order scattering process.'*^ For individual SWNTs, both metallic and semiconducting, the 

2D peak is a 2-peak stmcture and information about the chirality can be determined.^"'

3.3.5 Physical properties of Single Wall Carbon Nanotubes

The crystal structure and unique electronic properties of carbon nanotubes give rise 

to a number of very advantageous physical properties. As discussed previously, the sp^ 

hybrid bonding regime give rise to a delocalised tz electron system. Theoretical 

calculations^^ have shown that in contrast to other metallic wires, the electrons experience 

an effective disorder averaged over the tube circumference, leading to electron mean free 

paths that increase with diameter. Single wall carbon nanotubes have a theoretical cuirent 

density^^ of 4 x 10^ A/cm^ which is three orders of magnitude larger than copper. The 

carbon atoms found in a nanotube lattice are strongly bonded. These bonds are quite stiff 

and result in high longitudinal sound velocity (~ 20 Kms’’) and very good thermal 

eonduction (1750 - 5800 Wm''K'').'^

Nanotubes exhibit a very high Young’s modulus and strength while being relatively 

light weight with a low density of 1500 Kg/m^, much lower than that of steel (~ 7800 

Kg/m^). Theoretieal ealculations^^ predict a Young’s modulus of the order of 1000 GPa 

which has been confirmed indireetly and directly. Lourie et used Raman speetroseopy 

to monitor the shift in position of the 2D band during cooling-induced compressive 

deformation of SWNTs embedded in an epoxy matrix and were able to calculate a Young’s 

modulus value of 3000 GPa from a thermal stress model. Krishnan et used 

transmission electron microscopy to measure the freestanding room temperature vibrations 

of a range of SWNT. From this an average value for the Young’s modulus of SWTsfTs was
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calculated to be 1250 GPa. These values are superior even to Kevlar (130 GPa) making 

carbon nanotubes one of the stiffest materials known. They also exhibit strengths of 

between 50 and 100 GPa which is extremely high when compared to even the best steel (~ 

5.5 GPa). Nanotubes have also shown to be able to withstand very high bending radii and 

kinks^*’ which, and along with their electronic properties, make them remarkably suitable 

as network components in flexible electronics.

3.3.6 Synthesis and production of Single Wall Carbon Nanotubes

Carbon nanotubes can be synthesised using a number of different routes with four 

main techniques dominating the field. These are arc discharge,^^ laser ablation,^’ chemical 

vapour deposition (CVD)^^ and gas phase catalytic growth.^^

Arc discharge involves passing a current between two graphite electrodes causing 

the vaporisation of the carbon anode to a buffer gas.^^ Gas phase catalytic growth involves 

passing CO gas dosed with an iron-cobalt catalyst through a heated reactor, resulting in 

nanotubes growth on the reactor walls. The CVD process is quite similar to gas phase 

catalytic growth. It involves preparing a substrate with metal catalysts before placing it in a 

high temperature chamber. A carrier gas and carbon source gas are then passed over the 

substrate, causing the growth of nanotubes at the metal catalyst covered substrate as 

opposed to the reactor wall.^^ Laser ablation nanotubes are created when a pulsed laser 

sublimates a graphitic target at high temperature chamber while an inert gas is bled into the 

chamber. The carbon vapour condenses on cooler parts of the reactor where they can be 

collected.^' As the two main nanotube types used in this work were prepared using arc- 

discharge and gas phase catalytic growth these will be discussed in more detail.

Multiwall nanotubes were first found in the soot produced by the arc-discharge

method.In an inert atmosphere a DC voltage is applied across two closely spaced (~ 1
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mm) graphite electrodes. This voltage induces a dielectric breakdown of the gas between 

the electrodes allowing current flow via an electric arc which produces very high (-3000 

°C) temperatures. The vaporisation of the graphite from the anode produces nanotube 

growth on the cathode. This technique allows control over production of SWNT or MWNT 

by doping the anode with metal catalyst such as Fe, Co, Ni, Y or Mo, while at the same 

time controlling the diameter of the tubes by using different inert gases (He, Ar) and 

pressures.

The gas phase catalytic growth technique involves decomposing an organometallic 

precursor at high temperature in an inert environment.^^'^ Organometallic compounds are 

sublimated or evaporated and fed into a high temperature (900-1200*^0) inert gas furnace. 

When the molecules decompose, the metal species coalesce into nanoparticles which act as 

catalysts for the growth of nanotubes. The decomposition supplies initial amounts of 

carbon for the growth and other carbon containing gases such as acetylene, methane, 

hexane etc are supplied to increase the carbon source. The specific variation of the gas 

phase catalytic growth technique used to produce some of the SWNTs employed in this 

researeh is known as HiPCO® (High pressure carbon monoxide). In this process Fe(CO)5 is 

used to produce iron nanoparticles that act as nucleation sites for the transformation of high 

pressure carbon monoxide into carbon which subsequently form the nanotubes.

3.3.7 Separation and dispersion of Single Wall Carbon Nanotubes

So far the nanotubes that have been considered have been isolated single tubes. 

Unfortunately individual nanotubes are difficult to obtain. Due to the delocalised n system 

residing on both the inner and outer surface of the tube they exhibit very strong van der 

Waals attraction.^** This causes the nanotubes to aggregate into ropes, or bundles, as they 

are commonly known. The diameter and length of the bundles can reach tens of

64



nanometers while the length is dependant only on the constituent nanotube’s length. This 

agglomeration has a number of property degrading consequences. Since individual 

adjacent nanotubes in a bundle are bound by low energy dipole interactions they can 

experience slipping along the tube axis which can reduce their mechanical properties 

appreciably. Nirmalraj et used conductive atomic force microscopy to measure the 

resistance associated with the junction of nanotube bundle in a disordered network. It was 

shown that as the diameter increased the junction resistance increased directly showing a 

need to de-bundle nanotubes for any conductive network applications.

Production of nanotubes results in a mixture of semiconducting and metallic 

nanotubes and consequently any bundle arising from such a mixture will have poorly 

defined electronic properties. This blurring of the electronic structure negates any 

contribution from the required nanotubes. It would be beneficial to be able to separate 

metallic and semiconducting nanotubes in order to obtain the required properties for a 

certain technology platform and a lot of research has been conducted in order to reach this 

goal.^* Different approaches to the separation of nanotubes include size-exclusion or ion- 

exchange chromatography^^'^^ and electrophoresis.Zheng et used DNA to assist 

with the dispersion of nanotubes. After dispersion, ion exchange chromatography was used 

to separate nanotubes with different chiralities, allowing the separation of metallic and 

semiconducting nanotubes. Kjupe et af‘ demonstrated separation of metallic and 

semiconducting nanotubes using electrophoresis. In their experiment an applied electric 

field induced dipoles in solvent suspended nanotubes. With the metallic tubes having a 

larger electric dipole they migrated along the electric field gradient resulting in the 

deposition of metallic nanotubes on the electrode. While this technique was able to isolate 

a collection of nanotubes with 80 % exhibiting a metallic structure, the mass of nanotubes 

purified was only 0.1 % of the initial value and as such this technique is not suitable for 

large scale processing.
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Perhaps the most promising separation method is based on density gradient 

ultracentrifugation In this method the different buoyant densities of different

nanotube structures in exploited. The buoyant density of a given nanotube is related to the 

mass per volume, with the volume depending on the nanotube diameter. As discussed 

earlier, the electronic structure of carbon nanotubes is critically dependant on their 

diameter and so this technique facilitates the separation of semiconducting and metallic 

SWNTs.

Individual nanotubes can be separated from bundles via ultrasonication in an 

aqueous surfactant solution.*^ The nanotube dispersions can then be centrifuged at a very 

high revolutions per minute (RPM), known as ultracentrifugation, in a density gradient 

medium. The centripetal forces resulting from ultracentrifugation separate the nanotubes 

according to their buoyant densities, with nanotubes remaining in the fraction of the 

density gradient that matches their buoyant density. This allows the collection of separated 

nanotubes with Arnold et af” reporting a narrow diameter distribution in which > 97 % of 

the SWNT had diameters within a 0.02 nm range. A hydrodynamic model describing the 

separation of surfactant-suspended SWNTs in a density gradient medium was developed 

by Nair et af\ showing that the effective densities of the suspended SWNT depends on the 

number of adsorbed surfactant molecules on each nanotube. Using DGU, Green et af 

produced transparent and conductive thin films of predominately metallic SWNTs. Their 

results showed that using metallic SWNTs, an increase in conductivity of ~5.6 was 

obtainable. Further, they showed control over the colour of the film by using different 

diameter metallic SWNT. On the other hand, Nougaret et af^ fabricated field effect 

transistors from separated semi-conducting SWNTs, showing the potential of electronically 

separated SWNTs in important devices.

While this is an important step in the utilisation of these unique molecules,

aggregation is the tallest hurdle in the race to fully exploit the very useful properties of 
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carbon nano tubes. With this in mind a large amount of work has been done to tackle the 

problem."^ A number of routes have been reported to isolate individual nanotubes in the 

liquid phase and a brief overview of these will be presented below.

The use of acids, covalent functionalization, macromolecules, surfactants and 

certain solvents have all yielded exfoliation of nanotubes to a certain degree, each with 

their own advantages and drawbacks. Very high concentrations (~80 mg/ml) of SWNTs 

have been reported when dispersed in superacids. ' Superacids are those with acidity 

greater than that of pure sulphuric acid such as Fluoroantimonic acid (HSbFe) and 

Fluorosulfuric acid (FSO3H). These acids induce protonation of the SWNT side wall, 

altering the tubes electronic properties and eliminating van der Waals interactions between 

individual tubes. Instead an electrostatic double layer is formed from the protons and the 

acid supplied counterions, preventing the SWNTs from aggregating. Even though this has 

resulted in high dispersion concentrations, the use of superacids can damage the SWNT 

lattice and is unattractive for any large scale industrial processing.

It has been shown that functional groups can be covalently attached to the side

walls of carbon nanotubes.This can help the dispersability of nanotubes in a number of

ways. In some cases the stabilization is due to steric considerations. Interacting groups on

separate nanotubes, when in close proximity, lower the systems entropy and hence increase

the free energy of the system, promoting repulsion between individual tubes. In other cases

the functional groups provide electrostatic stabilisation, Zhao et af^ functionalized SWNT

with Poly(aminobenzene sulfonic acid) (PABS) and polyethylene glycol (PEG), achieving

SWNT concentrations of up to 5 mg/ml in water. High quality dispersions of

functionalised SWNTs were reported by Amiran et In this study a number of

functionalized SWNT types were exfoliated in common solvents to high levels with an

average bundle diameter of 5-6 nm occurring at a concentration as high as 1 mg/ml. Other

chemical routes include the fonnation of charge transfer complexes. Reduction with alkali
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metals forms a carbon nanotube salt which can result in a true solution of nanotubes in 

certain organic solvents with a concentration of up to 4.2 mg/ml reported.

-95A large range of macro molecules have reportedly exfoliated nanotubes. Star et al 

and Coleman et have shown that polymers such as PmPV and mpNV can be non- 

covalently attached to the nanotube side wall assisting exfoliation. Biomolecules such as 

DNA, synthetic oligonucleotides and peptides have also exhibited the ability to exfoliate 

nanotubes.This occurs by non-covalent attachement of the biomolecules to the 

nanotube, and in the case of DNA this can take on a helical form. Cathcart et al reported 

spontaneous debundling of nanotubes in DNA. This is important for the implementation of 

carbon nanotubes in biological systems where they have shown promise as artificial

muscles, sensors and other applications. 102.103

One of the main attractions to using macromolecules such as DNA and surfactants 

is the ability of using water as the dispersing medium. This is highly advantageous for the 

large scale processing and implementation of carbon nanotubes. The use of surfactants to 

disperse and isolate nanotubes has been extensively researched.Surfactants are 

amphiphile organic molecules possessing a hydrophobic chain capped with a hydrophilic 

head and the most eommonly used surfaetants are sodium dodecyl sulphate (SDS), sodium 

dodecylbenzene sulphonate (SDBS) and sodium cholate (SC). These molecules can induce 

a surface charge which attracts counterions from the liquid. This attraction forms micelles 

around the nanotubes which, due to the Coulomb repulsion arising from the double layer, 

separate and stabilizes the nanotubes.

It would be benefieial to be able to disperse SWNTs in the liquid phase without the 

need for macromolecular stabilization or chemical treatment as this would simplify any 

processing required. Organic solvents such as N,N-dimethylformamide (DMF), N- 

methyl-2-pyrrolidone (NMP)'”^ and other amide"® and organic solvents'" have been used
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to produce stable dispersions of SWNTs. Ausman et suggested that successful! 

solvents require high electron pair donicity, low^ hydrogen bond donation parameter and 

high solvatochromic parameters. Giordani et reported a large population (~ 70 %) of 

individual SWNTs dispersed in NMP at a concentration of 0.004 mg/ml which were stable 

for weeks. Bergin et al^‘^ exfoliated up to 40 % individual SWNT in ;>^butyrolactone, 

known in some circles as liquid ecstasy. Bergin et al also reported on the spontaneous 

exfoliation of SWNTs in NMP with athermal solubility. The ability of solvents to disperse 

SWNT has been shown to correlate well with the Hansen solubility parameters and is 

related to the SWNT and solvent surface tension.''"^ Although certain questions still need to 

be answered about the mechanism involved, this provides a route to the provision of a host 

of solvents theoretically capable of dispersing SWNTs to a high quality. Through this 

advancement, hopefully, varied and interesting application of SWNTs will be realised.

3.4 Silver Nanowires

3.4.1 Structure of Silver Nanowires

Silver, atomic number 47, is a transition metal and one of the so called ‘noble’ 

metals. Bulk silver, a precious metal with a face centred cubic crystal structure (Figure 3.1, 

is of interest in many areas. Its malleable nature and high optical reflectivity combined 

with the highest thermal conductivity of any metal and the highest electrical conductivity^’ 

of any element makes it a desirable material for many applications. It has long been used to 

make jewellery and other decorative items but a low contact resistance and excellent 

electrical properties has made it an important material in electronics. It is reasonably inert 

and does not oxidise under normal conditions, it does however, react with sulphur to 

produce silver sulphide which tarnishes the surface and as a result can limit the use of 

silver in certain situations.
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Figure 3.6 Face centred cubic lattice found in silver. The [1,1,1] and [1,1,0] crystal 

directions are shown for illustrative purposes.

Due to its high thermal (429 Wm''K'' @300K)"^ and electrical conductivity (6.3 x 

10^ Sm"')"^, silver is a promising material in the development of nanometre sized wires. 

Silver nanowires are of great interest as interconnects and other roles in nanoscale 

electronic devices"^ and for forming thin networks for electrode purposes."^ Silver 

nanowires (AgNWs), unlike carbon nanotubes, are solid crystalline structures. Their 

lengths can range from hundreds of nanometres up to tens of microns and diameters as low
I f o

as 0.4 nm have been reported with the upper limit lying were nano ends and micro 

begins. Like the bulk material, silver nanowires exhibit a face centred cubic structure 

(shown in Figure 3.1) with Sun et al“^ reporting a lattice constant of-4.08 A which is very 

close to the accepted value (-4.09 A). The nanowire axis crystallinity and hence the 

exterior side walls and end facets have been shown to vary depending on the synthesis type
I/O

and conditions. Hong et al reported monocrystalline silver nanowires with very low 

diameter of 0.4 nm while Nielsch et al^^^ grew thicker (-50nm) monocrystalline structures. 

They both displayed the [1,1,0] crystal orientation along the wire length and [2,2,0] 

perpendicular to the wire axis but the atomically thin wires exhibited some lattice
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distortion due to the low dimensionality. Others’reported bicrystal nanowires, with a 

mean diameter of 38 nm, that were twinned along the [1,1,1] crystal direction which is the 

most stable orientation in a face centred cubic lattice.

Figure 3.7 Example SEM images of the silver nanowires used in this work. A) Eligh 

magnification shows the uniform diameter of each nanowire as well as the triangular wire 

ends. Note the cubic silver nanoparticle, a remnant from the synthesis reaction B) Lower 

magnification shows the long straight structure of these nanowires. C) and D) Side view of 

a nanowire network clearly shows the fivefold symmetry described.

The preference to form the [ 1,1,1 ] twin has been reported by many groups ' and

can result in a cyclic penta-twinned structure. In this structure five identical crystal wires

are twinned along the [1,1,1] crystal face forming a structure with a pentagonal cross

section and with [1,0,0] sidewalls. This diversity in the grown structures may result in
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varying properties and nanowire reactivities enabling control over the required nanowire 

features.

3.4.2 Electronic and Optical properties of Silver Nanowires

In a silver atom the closed atomic orbitals up to 4p^ are tightly bound to the ion 

core and as such can be neglected when considering silvers energy band structure. This 

leaves eleven electrons in the silver primitive cell which form a number of energy bands. 

The higher energy bands are known as 5-bands which spread over a broad range.They 

overlap the lower energy d-bax\A complex at the high symmetry point, W, in the first 

brillouin zone.’^^ The c/-band complex lies very low in energy, lower than other noble 

metals, and inhibits interband optical transitions which gives rise to silvers lack of colour. 

Bulk silver displays a very high electrical conductivity which, being an intrinsic property 

should remain constant as the size of the material is reduced. However, as the dimensions 

are reduced down to nanometer sizes the electron mean free path is hindered due to the 

increasing confinement. At room temperature the electron mean free path in silver is 52 nm 

meaning that, statistically an electron will travel 52 nm before a scattering event. On 

average the length of AgNWs can vary between a few and tens of micrometers, but the 

diameter can decrease down to few-atom thickness. Reaching a dimension comparable to 

the electron mean free path results in an increase in surface scattering events, interrupting 

and scattering the electrons and severely reducing conductivity.'^^ Zhang et showed 

that the resistivity of silver films increases dramatically once the thickness is reduced 

below the electron mean free path and reached a conductivity value a quarter of the bulk 

value when the thickness was reduced to ~ 39 nm (assuming an even distribution of elastic 

and in-elastic collisions). For a silver nanowire with a diamater of 50nm at a temperature 

of 4.2 K Graff et measured a conductivity of 6.1 x 10^ Sm'' which is two orders of
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magnitude lower than that of bulk silver. Decreasing the nanowires diameter down to 15 

nm, Park et al''^ recorded conductivities of 5 x 10“^ Sm'' for DNA-templated nanowires. 

Interestingly, copper nanowires with a width of 50 nm have been shownto exhibit a 

conductivity of 3.3 x 10^ Sm'* after an anneal stage which reorders the nanowire crystal 

structure to a lower energy configuration.

This decrease in nanowire conductivity with diameter becomes even more 

apparent once the critical dimension nears the Fermi wavelength, Af = 27i/kF, where kp is 

the Fermi wavevector. Under these conditions the conductance becomes quantized in units 

of Go=2e~/h due to confinement of the transverse modes.*^‘ This has been reported by 

Zhao et For AgNWs with seven atoms per cross section they calculated the 

conductance to have peaks at 1 Go, 2.6 Go and 4 Go which agrees well with the 

experimental results obtained by Rodrigues et who investigated the transport

properties of different atomically structured nanowires.

The reduction in dimension of materials can change the optical properties of 

materials due to a number of phenomena. One of the most pronounced effects is the 

coherent excitation of the nearly free electrons in the conduction band which result in 

plasmons, quantized oscillations of the free electron density. Silver nanowires exhibit 

transverse and longitudinal plasmon resonance. These plasmons result from the coherent 

coupling of the surface states with incident electromagnetic waves with wavelengths 

greater than the wire dimension. In the case of nanowires the diameters are generally < 100 

nm and this results in a transverse plasmon with a wavelength of 410 nm while the 

longitudinal plasmon oscillation can be tuned by varying the length, vanishing to zero at 

long lengths. The surface plasmons result from a strong coupling which is enhanced by the 

end facets of the nanowire. These acts as scattering centres which helps compensate any 

momentum difference between the incident photon and the silver plasmon modes. It has
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been shown*^'^ that radially symmetric AgNWs allow the propagation of surface plasmons 

quite well even when subjected to a bend radius of 4 Dm. Inter-nanowire Plasmon 

coupling was observed and a Plasmon propagation length was found to be > 3 Dm. 

Ditlbacher et al'^^ reported on Plasmon propagation in chemically grown AgNWs. It was 

found that the Plasmon propagation lengths reached ~10 pm and the end facets exhibited a 

reflectivity of -25% making the wires applicable as Fabry-Perot resonantors. The optically 

excited surface plasmons can therefore be created, guided and controlled, making silver 

nanowires very interesting in the fields of nanoscale plasmonics and quantum optics.

3.4.3 Physical properties of Silver Nanowires

In the bulk regime the ratio of surface atomic species to those in the interior is very 

small. As the dimensions decrease this ratio increases and for nano-dimensioned wires this 

ratio is very large. Another result of decreasing the material size is a reduction in the 

relative number of defects in the bulk, with some nanowires showing exceptional 

crystallinity and surface structure.As a consequence the physical properties of materials 

vary due to size effects with mechanical properties generally increasing with reduced 

dimension. The first reported mechanical results for silver nanowires was by Li et alJ^^ 

They used a nanoindenter to probe an AgNW with a diameter of 42 nm and found the 

elastic modulus to be 88 GPa which lies close to the accepted value of 76 GPa.’^^. In work 

completed by Cuenot et the elastic modulus of silver nanowires as a function of 

nanowire diameter was investigated using atomic force microscopy. It was found that for 

diameter >70 nm the measured values were independent of diameter with a value 

averaging around the accepted value. As the diameter was decreased there was an increase 

in the eleastic modulus. The elastic modulus was nearly twice the value of the bulk (140 

GPa) for a naowire with a diameter of 30 nm. The wires exhibited no structural change
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when the diameter was reduced and the increase in modulus was explained by surface 

tension effects. Wu et al measured an average elastic modulus of 102 GPa for silver 

nanowires with diameters between 22 and 35 nm. Furthermore, they showed that an 

annealing step increases the yield strength to a value of 7.3 GPa while the elastic modulus 

didn’t change. This yield strength is considerably higher than bulk silver (55 MPa). This 

increase in mechanical properties is advantageous when considering the use of silver 

nanowires in nanodevices.

The thermal conductivity of silver is exceptionally high and exceeds that of any 

other metal.Theoretical calculations have shown'^^ that as the diameter of metallic 

wires is reduced to the thermal conductivity increases dramatically due to an increase in 

surface scattering. In other calculations the thermal conductivity was seen to degrade at 

diameters in the range of 500 nm, reducing to half the bulk value when the diameter 

reached the electron mean free path length scale.The thermal conductivities of 

individual silicon nanowires were measured by Li et and were over two orders of 

magnitude lower than the bulk value. They also observed a deviation from the Debye T^ 

law’"*^ for the lowest diameter (22 nm) wire, indicating that processes other than surface 

scattering affect the thermal conductivity in such confining structures. To the best of my 

knowledge no experimental measurement on the thermal conductivity of individual 

AgNWs has been reported but it is expected that such a decrease in the thermal 

conductivity would follow the behaviour exhibited by copper nanowires.

3.4.4 Synthesis and production of Silver Nanowires

The synthesis of silver nanowires generally falls into three main categories, 

physical'^^ and electrodepositionand chemical.'"^"* The chemical route will be given 

more attention as the silver nanowires used in this work were produced in this fashion.
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Electrodeposition involves reducing silver ions from an electrolyte solution which 

collect on the circuit cathode and form nanowires. Generally this procedure relies of 

physical confinement in order to direct the silver growth. For example Chakravorty et 

prepared silver nanowires with diameter ~2 nm and lengths of ~ 2 mm by electrically 

reducing silver ions from a silver nitrate solution in the pores of a polyvinyl alcohol 

membrane. In another case’"'^ aluminium and alumina film were used as templates to grow 

nanowires in an electrochemical bath. These wires exhibited good monodispersity and 

lengths of up to 30 mm with diameters ranging from 180 - 400nm for the aluminium 

templated growth and 25 - 40 nm for the alumina template nanowires. The same authors 

also reported on monocrystalline silver nanowires using a similar technique and alumina 

membranes as the growth channel.

Chemical routes to the synthesis of AgNWs usually involve the chemical reduction 

of silver ions from an electrolyte solution at the interface of a seed or template material.

In some cases this is achieved by using membranes with nanosized pores similar to 

electrodeposition as demonstrated by Barbie et In this synthesis a gold film was 

evaporated onto one side of a polycarbonate membrane which was then immersed in a 

commercially available Ag-ion-containing amplification solution. This resulted in the 

spontaneous reduction of silver at the gold interface and the subsequent nanowire growth 

in the membrane pores. In a similar scheme Zhang et used aluminium oxide templates 

to grow Ag nanotubes with diameters ranging between 25 and 60 nm. A derivative of 

templated chemical growth was used by Hong et to grow extraordinarily thin 

monocrystalline AgNWs. In their setup they used ultraviolet radiation to increase the 

reduction rate of silver nitrate in the pores of self assembled arrays of 

calix[4]hydroquinone nanotubes. The nanowires produced were stable in ambient 

atmosphere and aqueous environments, something which is not often reported for such thin 

metal nanowires.
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Figure 3.8 Schematic representation of the growth of silver nanowires by the soft solution 

process. A) A fivefold symmetrical silver nanoparticle act as a nucleation sites, specifically 

at the twin planes (red lines). The [1,0,0] side surface interacts strongly with the PVP 

molecules, passivating the side surface and constricting growth to the [1,1,1] capped ends. 

B) Nanorods grow into longer nanowires with addition of material to the [1,1,1] end faces

by Oswald ripening process. 123

One of the most investigated AgNW synthesis method is known as soft solution

processing.In this scheme metal nanoparticles act as seeds for the nucleation

and growth of nanowires fuelled by the reduction of silver nitrate. Wet chemical synthesis

of silver nanorods and nanowires of controllable aspect ratio was reported by Jana et al'^^

in 2001. Silver seeds with a diameter of ~4 nm were used as nucleation sites for the

reduction of silver nitrate by ascorbic acid in the prescene of the cationic surfactant

cetrimonium bromide (CTAB). This surfactant acted as a template for AGNW growth. Sun

et al“^ were able to control the growth of AGNWs using poly(vinyl pyrrolidone) (PVP)
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and other surfactants as stabilisers in the platinum nanoparticle seeded growth of AGNWs 

by the reduction of silver nitrate by ethylene glycol. This produced bi-crystalline 

nanowires with aspect ratios as high as 1000. The same group reported further on the 

growth mechanism of multiply twinned nanowires'^^ which were discussed in the section 

dedicated to the structure of AGNWs. They found that the wires produced were bound by 

[1,0,0] crystal faces on the side of the wires and [1,1,1] facets at the wire ends. These 

crystal surfaces were shown to have very different reactivities to dithiol molecules causing 

the passivation of the sidewall with PVP molecules.

This essentially blocks the sidewall from further growth forcing nucleation on the 

[1,1,1] end faces then further growth by Oswald ripening. This process has been developed 

to use a number of capping and control agents over the last couple of years so much so that 

it is the subject of a review in Reviews on Advanced Materials Science by Zhang et 

Both Murphy et and Zheng et reported synthesis of AGNWs without the use of 

surfactant template or nanoparticle seeds by the reduction of silver nitrate using sodium 

citrate. This resulted in the formation of a mixture of nanoparticles, rods and wires. The 

nanowires were then separated from other structures by centrifugation. In both cases the 

wires had diameters of between 30 and 50 nm. Both nanowire samples showed the same 

structure as that reported by Sun et al'^\ that of a fivefold symmetrical twinned crystal 

discussed earlier. A novel method was pioneered by Braun et In their work a single 

DNA molecule was used as a template scaffold in the formation of AGNWs by reduction 

of silver nitrate. This process was accommodated by ion exchange between Ag* and Na' 

from the DNA strand, creating nanometre aggregates which facilitated further deposition. 

The wires, which had a thickness of-100 nm and a length of-12 Dm, were seen to consist 

of 30 -50 nm diameter grains. Silver coating was performed after attaching the DNA strand 

to gold electrodes, allowing the electrical characteristics of the nanowire to be investigated. 

They showed non-Ohmic features which was suggested to arise from inter-grain resistance. 

78



3.5 Electrically conducting polymers

Organic polymers have an important place in product manufacturing. They can 

possess high malleability, tuneable physical properties and good chemical resistance which 

make them very useful in a host of applications. They have proven so versatile that plastics 

have replaced wood, metal, ceramics and other materials in many of their traditional roles. 

For the most part organic polymers show electrically insulating properties which has 

limited their applications in the electronics industry to structural components. In 1978 H. 

Shiakawa of the Tokyo Institute of technology and A. Heeger and A. MacDiarmid of the 

University of Pennsylvania published a paper in the Journal of the American Chemical 

Society reporting the synthesis of highly conducting films of derivatives of polyacetylene 

(CH)x.'^^ This work caused huge interest as the many possibilities of conducting plastics 

were imagined and they received the Nobel Prize in Chemistry in 2000 for “their discovery 

and development of conductive polymers”.

The electrically conducting mixture of the polymers Poly(3,4- 

ethylenedioxythiophene) and poly(styrenesulfonate) (PEDOT:PSS) was used in this work 

and its properties and synthesis will be discussed below. This polymer mixture has high 

conductivity, optical transparency and a good film forming ability which makes it very 

applicable in the field of transparent electrodes.

3.5.1 PEDOT: PSS electronic and physical properties

The electronic conductivity of certain polymers arises from their bonding scheme.’^ 

Polymers contain repeating units, called monomers, which are joined to form large chain

like molecules. Generally the carbon atoms in the backbone of such molecules are 

covalently bonded by sp^ hybridized a -bonds. In this scheme the valence electrons are

tightly bound with low mobility and as such do not contribute to electrical conduction.
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However, the unique electronic structure of carbon allows it to form sp^ hybrid orbitals 

which can overlap in neighbouring carbon atoms to form sp^ bonded polymer backbones, 

known as conjugated polymers. In this situation there exists a single electron per carbon 

atom in a p-state orthogonal to the three cr-bonds. An illustration of sp^ bonding scheme is 

shown in Figure 3.1 Overlap of adjacent p-states form a delocalised .^r-bond system along 

the length of the chain giving rise to an electronic band. If the bond length of the single and 

double were identical this would lead to metallic transport properties. However, Peierls 

instability'^'' splits this band into 2 sub-bands, the valence and conduction band. The 

completely full valence band is separated from the empty conduction band by an energy 

gap, making the material a semiconductor. For example PEDOT has a band gap in the 

range of 1.5-1.6 eV.'^^ The electronic properties of conductive polymers can be changed 

by doping the material by oxidation or reduction. This injects charge carriers, electrons or 

holes, shifting the Fermi level of the material and allowing conduction.

ir-bond

\

Figure 3.9 Graphic illustration of covalent bonds in a conjugated system. Alternating 

double-single carbon-carbon a-bonds make up the polymer back bone. The p-states, here 

shown in the z-direction, overlap to form n-bonds.
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Poly(3,4-ethylenedioxythiophene) is a conjugated polymer based on a monomer 

consisting of a sulphur containing five membered ring (shown in Figure 3.1 A). In its 

neutral state PEDOT exhibits relatively high electrical conductivity of up to 4 x 10^ Sm'^ 

PEDOT also exhibits good thermal stability, with continuous degradation occurring at 150 

“C and complete decomposition at 390 Due to a bandgap of-1.5 eV which peaks at 

2 eV PEDOT absorbs strongly in the middle of the visible spectrum giving it a dark blue

colour. 155

Figure 3.10 Chemical structure of A) the PEDOT monomer 3,4-ethylenedioxythiophene 

and B) the PSS monomer styrenesulfonate. C) Polymerization of PEDOT in the presence of 

PSS results in a salt like chemical structure. D) Visual representation of the PEDOT. PSS 

structure proposed by Kirchmeyer and Reuter (Image partially adapted from “PEDOT as 

a Conductive Polymer. ” (Taylor and Francis, 2010)).

Like most semiconducting polymers PEDOT can be repeatedly doped and dedoped 

to both the n- and p-states.’^^ This increases the conductivity up to ~ 2 x lO"* Sm”' and 

unlike most other conducitng polymers the absorption maximum shifts to 0.6 eV rendering
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PEDOT nearly transparent in the visible spectrum.Thin films of doped PEDOT show 

good stability and as such have received much attention as components in many 

technologies. There is interest in applying PEDOT as electrodes in capacitors,as 

antistatic and electrostatic coatings and due to the option to repeatedly doped and de-doped

it is off interest to electrochromic applications. 155

However, on its own, PEDOT is insoluble'^’ and as such is very difficult to 

process rendering it inapplicable to many technologies. This hurdle is addressed by 

polymerizing PEDOT in the presence of a water soluble polyelectrolyte Poly(styrene 

sulfonate) (PSS).'^^ This molecule is a sulfonated polystyrene with a monomer structure of 

that shown in Figure 3.1 B. In the PEDOTiPSS mixture part of the PSS sulfonyl group is 

deprotnated leaving a negative charge while the PEDOT chain carries a positive charge. It 

has been proposed that PEDOT exists as chain comprising 16-18 monomer units which are 

bound to much large PSS chains.They form a salt like complex which allows the 

dispersion of PEDOT:PSS in an aqueous emulsion which can be processed with ease.

Although the addition of PSS allows the application of PEDOT:PSS via an aqueous

emulsion it also results in reduced electrical properties. In chemically polymerized

PEDOTiPSS there is an excess of PSS which coated nanometre sized particles of

PEDOT:PSS. Any deposition, be it spin coating, drop casting etc, results in a film of

PEDOT:PSS domains with dimensions of varying size, a typical length/width would be

~25nm, that are separated by layers of PSS. This dielectric gap results in a tunnelling

barrier which decreases the conductivity.'^^ In the case of the PEDOT:PSS used in this

work (Clevios™ P) the electrical conductivity can be tailored by varying the PEDOT.PSS

ratio and does not exceed 1 x 10^ Sm"'. Work has been carried out to investigate the

morphological affect has on PEDOTiPSS film conductivity. It has been reported that the

addition of high boiling point solvents and certain polar solvents to the PEDOTiPSS

dispersion results in conductivity increase.This has tentatively been explained by 
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swelling of the polymer nanopartieles and a redueed PSS surfaee layer and resulted in three 

orders of magnitude increase in the conductivity.Other effects such as conformational 

changes to the PEDOT chains and screening effects between PEDOT and PSS due to polar 

solvents have also been suggested in work that ,after treatment with ethylene glycol, 

resulted in a conductivity of 2 x 10"^ Sm"'.'^* Along with high visible transmissivity and 

good stability PEDOTiPSS’s properties have made it a material of interest in the areas of

transparent electrodes for use in devices such as OLEDs, 162

3.5.2 PEDOT: PSS synthesis

The synthesis of PEDOT can be obtained through two main routes. These are 

oxidative chemical polymerization and electrochemical polymerization.’^^ Ethylene 

dioxythiophene monomers can be polymerized by chemical reduction using ferrous 

oxidising agents.These normally include ferric chloride (FeCb) and feme tosylate 

(Fe(CH3C6H4S02)3). This produces black, insoluble powder which can be reduced to its 

neutral state with the use of hydrazine in acetonitrile. In order to synthesize PEDOTiPSS 

EDOT monomers are polymerizes in an aqueous solution of poly(styrenesulfonate) using 

sodium persulfate (Na2S208) as an oxidising agent, producing a dark blue aqueous

emulsion. 155

Electrochemical oxidation of PEDOT requires the presence of EDOT monomers 

and tetraethylammonium perchlorate (Et4NC104) in propylene carbonate (C4H6O3) or 

acetonitrile (CH3CN). This can be advantageous as the experimental setup required results 

in the ability to form thin films on the working electrode and is very controllable. In order 

to synthesis PEDOTiPSS an electrochemical oxidation polymerization can be conducted in

an aqueuos solution of poly(styrenesulfonate) (PSS). 155
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3.6 Transparent conductors based on nanomaterials

A replacement for current transparent conductive electrodes has long been 

sought as mechanical and production problems with the doped oxide standards render them 

unlikey to be used in next generation displays and devices. Much work has been done in 

developing networks for nanostructures, such as carbon nanotubes, for application as 

transparent electrodes and is the subject of a review published in 2006.’^^ There have been 

many reports on the different methods of fabricating and improving the properties 

nanostructured network and a brief overview of the field will be given in this section. The 

emphasis will fall on films constructed from single wall carbon nanotubes with silver 

nanowires and graphene receiving some attention.

In 2004 researchers in the Departments of Physics and Chemistry in the 

University of Florida reported the fabrication of transparent and conductive single wall 

carbon nanotube films. In their work Wu et demonstrated deposition of homogenous 

SWNT films by vacuum filtration onto a filter membrane. The filter membranes were 

dissolved in solvents which allowed transfer of the films to a substrate for electrical and 

optical characterisation. A film with a thickness of 50 nm showed exhibited a sheet 

resistance of 30Q/n with a transmittance of > 70%. They used their films to fabricate an 

electric field-activated optical modulator, showing the applicability of SWNT transparent 

films in certain electronic roles. Kaempgen et reported the production of transparent 

single wall nanotube films by a simple spray technique. The deposited films showed a 

transmittance value of 90% with a sheet resistance of IkQ/n which did not vary under 

mechanical stress, including folding. Spray deposition also was used by Artukovic et 

in 2005. They incorporated these films in the production of flexible transistors which 

showed promising results, however they suggested that improved network properties 

would result in a better device performance. Another example of SWNT thin film
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fabrication was developed by Zhou et and reported in 2006. They deposited CNT films 

on alumina filter membranes from which they were successful at lifting the entire film off 

with an electrostatic elastomer stamp made from polydimethylsiloxane (PDMS). The 

network was then transferred to a substrate by using heat to thermally release the network 

from the surface of the stamp. This novel method had the added attraction that the PDMS 

stamp shape could be easily changed, allowing the easy patterning of SWNT films. Films 

prepared this way showed a low Rs of ~120Q/d combined with a relatively high 

transmittance of -80%. Carbon nanotube thin films were incorporated into the architecture 

of an organic light emitting diode display as transparent electrodes by Zhang et al . Using 

an elastomer stamp, they transferred the films, deposited by vacuum filtration, to both glass 

and polymer substrate and patterned the film with O2 plasma. The devices showed good 

stability and lifetime, however the brightness and current density were much lower than 

similar devices based on indium tin oxide electrodes which the authors suggested was a 

result of a lower work function of the nanotubes. The surface roughness, critical for 

incorporating these films in devices, was greater than that of ITO by a factor of three. 

Hence the authors suggested improvements in network morphology and intrinsic nanotube 

conductivity are required for the exploitation of SWNTs in such roles.

As nanotube networks are essentially an ensemble of 1-Dimesional wires it can 

be expected that as the thickness is decreased there is a point below which conducting 

pathways through the film as lost. This phenomenon is described by percolation theory and 

was investigated for carbon nanotubes by Hu et The sheet resistance was measured as 

a function of the network density and good agreement with theory was observed. The same 

group went on to study the effect of nanotube aspect ratio on the network conductivity. In 

their report Hecht et af'^ described the relationship between network conductivity and the 

constituent tube length and diameter. By controlling the bundle length using high power 

sonication they were able to deposit films with similar bundle diameters but with varying
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bundle length. From their data they determined the conductivity to scale with the bundle 

length as They also argue that the conductivity should scale with the diameter as

D ” where 0<n<2, showing the importance of working with long, thin nanotube bundles.

The effect of acids on the electronic structure of carbon nanotubes was 

investigated by Graupner et in 2003. Treatment of thick nanotube networks with a 

number of Bronsted acids produced p-doped nanotubes, shifting the Fermi level closer to 

the valence band, however they did not report on the conductivity of their treated films. In 

an attempt to decrease the sheet resistance of transparent SWNT films by taking advantage 

of such doping, Geng et subjected their films to a 12 M nitric acid bath. They observed 

an increase in conductivity by a factor of ~2.5 with no appreciable change to the 

transmittance. However, this increase was associated with the removal of residual 

surfactant used in the dispersion process as opposed to chemical doping of the tubes. The 

same authors went on to investigate the effect of different surfactants on the optical 

properties of CNT films. Residual surfactant from the dispersion process was seen to 

suppress certain optical transitions, namely the Sll, S22 and Mil peaks. The films were 

then treated with nitric acid to remove the surfactant and restore the peaks. This treatment 

caused an increase in both the optical and DC conductivity with the acid treated films 

displaying a conductivity ratio croc/crqp=25.3, a result close to the required value of 35. 

Bromine (Br) doping of carbon nanotubes was reported by Fanchini et af'K After chemical 

etching of the nanotubes, the authors were able to introduce one Bromine atom for every 

twenty Carbon atoms in the hexagonal lattice by treatment with phosphorous tribromide 

(PBrs). The electronegative Bromine sites lowered the Fermi level and produced an

JOacceptor peak which resulted in a conductivity increase. In a similar report, Parekh et al 

demonstrated a fivefold increase in conductivity upon treatment with nitric acid and 

thionyl chloride (SOCL2) which caused the nanotubes to be functionalised with chlorine 

and acyl chloride groups. The conductivity increase was attributed to a shift in the Fermi 
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energy which, although smaller than the shift that occurs with Bromine functionalization, 

still has a measurable effect. Although acid treatment has been shown in many cases to 

cause an increase in the film conductivity it is in many ways an undesirable means to an 

end as residual ions can be detrimental to some materials used in display devices.

Other routes to transparent electrodes based on carbon nanotubes have revolved 

around the addition of a conducting polymer. Ham et af^ used spin coating and bar rolling 

on dispersion based on a number of single wall carbon nanotube types mixed with 

PEDOTiPSS to prepare transparent films. These films displayed a sheet resistances in the 

range of kQ coupled with a transmittance > 70%. Moon et af dispersed acid treated 

SWNTs and MWNTs in a PEDOT aqueous solution. They deposited transparent films 

using the bar coating method which proved to be robust and flexible and exhibited 

optimised values of sheet resistance and transmittance of 247 Q/n and 84.7 % respectively. 

A large scale method of preparing SWNT/PEDOT:PSS composite films was demonstrated 

by Mustonen et af^ in 2007. They deposited conductive patterns using an inkjet printer 

and a film with a transmittance of -90% was accompanied by a sheet resistance of 

-lOkQ/a. In order to take advantage of the existence of metallic nanotubes Wang et aP 

isolated metallic SWNTs by selective interaction of poryphins with semiconducting 

nanotubes. The authors then proceeded by preparing both PEDOT:PSS/metallic SWNT 

composites and deposited films by spraying. These composites displayed better properties 

than a mixed nanotube composite control with sheet resistances reaching ~300f2/n for a 

transmittance of -82%. Flexible organic light-emitting diodes were fabricated using a 

PEDOT;PSS/SWNT composite as the anode by Wang et These devices demonstrated 

a lower turn on voltage and higher luminous intensity than those using ITO as the anode. 

Carbon nanotubes and their composites have been shown to exhibit respectable values of 

conductivity and optical transmittance, particularly in the case of acid treated films.
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However, as the race for transparent, flexible and conductive films speeds up, other options 

will need to be investigated in order to determine the most suitable material.

Individual silver nanowires (AgNWs) have shown very high conductivities 122

and pioneering work done by Lee et af^ in 2008 demonstrated very large cjDc/<yop 

conductivity ratios for random networks of AgNWs. They produced nanowires using a soft 

solution synthesis which displayed an average length and diameter of 8.7 pm and 103 nm 

respectively. By drop casting solutions of AgNWs onto transparent substrates and 

annealing at a low temperature to remove residual surfactant, sheet resistance and 

transmittance measurements showed a maximised value of 16Q/n and 86%, which 

corresponds to a conductivity ratio value of ooc/crop-150. Using these networks they 

fabricated simple organic photovoltaic cells which, along with being flexible, exhibited a 

19 % higher photocurrent than a similar device fabricated using ITO as the electrode. Their 

report showed that silver nanowires, unlike carbon nanotubes, are relatively easy to process 

and even at such an early stage, rival ITO in the conductivity and transmittance.

Graphene has drawn much attention since its discovery in 2004.^^ Due to its 2- 

Dimensional shape and unique electronic structure it has been considered as promising 

transparent conducting material’^^ and in 2008 a number of groups reported on the use of 

Graphene in such a capacity.Like carbon nanotubes. Graphene is not easily dispersed 

and due to this there is a substantial barrier to its application.^'* It has been shown however, 

that oxidised Graphene, which has considerably poorer electrical properties, can be 

suspended more readily.'^'* Once the Graphene oxide has been deposited in a layer or film 

it can be reduced through chemical treatment and other methods to return it to its 

conducting state.Eda et reported on a method of depositing uniform Graphene 

oxide films from solution by vacuum filtration followed by a transfer to a suitable 

substrate. After transfer and filter membrane dissolution the Graphene oxide were
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chemically reduced by hydrazine vapour and anneal in nitrogen at 200°C. Although this 

method showed the ability to form very thin and transparent films the associated sheet 

resistance was very high, in the kf2 range. A dip coating method of producing Graphene 

oxide films was demonstrated in the Max Planck Institute by Wang et af^. The film 

coating process was followed by a 1100°C anneal in argon and/or hydrogen. A post

reduction film with a 10 nm thickness exhibited a transmittance (lOOOnm) and sheet 

resistance of 70.7% and 1.8k£2 respectively. They used these films to prepare a thin film 

transistor which showed a power conversion efficiency of 0.26% which was lower than 

that of a standard control device. Wu et spin coated functionalised Graphene films 

onto quartz slides. They then reduced the samples by high temperature vacuum annealing. 

For a 7 nm film they reported a sheet resistance and transmittance (550 nm) of 80Q/n and 

82% respectively, a considerable improvement on previous reports. They incorporated 

these reduced Graphene films into organic light-emitting diodes and the resultant devices 

showed comparable current densities, luminance and external quantum efficiencies to 

those of an ITO based control device.
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Chapter 4 : The relationship between network 

morphology and conductivity in carbon

nanotube films^

4.1 Introduction and background

The relationship between transparency and sheet resistance for thin conducting 

films is controlled by the ratio of direct current conductivity (ctdc) to optical conductivity 

(obp) , such that high values of Obc/oop correspond to the required properties. The value 

of (Top for typical NT films depends on the film density and tends to be close to 1.7 x 10“* 

Sm'* at 550 nm^ Thus, in order to optimise the properties of transparent electrodes, the DC 

conductivity of NT films must be maximised. Currently the best conductivities reported 

have been ~ (5-6) x 10 Sm' . ’ To achieve this the minimum industry requirements, it can 

be calculated that the film conductivity must exceed 7x10^ Sm"’ Thus, procedures must 

be developed to improve the conductivity of even the best NT films. A number of chemical 

routes have been demonstrated to achieve this, namely, via chemical doping^ and 

functionalisation*. However, NT films with conductivity exceeding 7x10^ Sm'' have not 

been reported as yet. In order to produce such conductive films, it will be necessary to fully 

understand the factors controlling the conductivity of NT films.

Unlike the optical conductivity, the DC conductivity is limited by the tunnelling of

electrons from tube to tube (or more realistically from bundle to bundle).^ Thus the overall
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DC conductivity will depend critically on the number of conductive paths through the film 

and the typical number of inter-bundle junctions encountered on a given path. These 

parameters, and so the DC conductivity, are intimately linked to the network morphology. 

Very little work has been done on the effect of the morphological properties of the NT 

films on the conductivity. NT films are always porous and always consist of networks of 

bundles, not individual NTs. The porosity tends to vary from film to film as does the 

bundle size. Thus, any attempt to maximise the DC conductivity must be preceded by 

optimisation of the morphological properties of the film.

In this chapter we explore whether the conductivity is solely limited by the inter- 

NT junction resistance or if it is affected by the properties of the NTs themselves. In 

addition, we attempt to determine how the network properties affect the ultimate film 

conductivity. By measuring bulk DC conductivity of NT films made from a range of 

different NT types, we demonstrate that the film conductivity increases with increasing NT 

graphitisation. In addition, the conductivity decreases both with increasing film porosity 

and with increasing bundle size. Using experiment and computer modelling, we show that 

the conductivity scales approximately with the inter-NT junetion density that we derive in 

terms of porosity and bundle diameter. Finally, we introduce the “specific conductivity”, 

which we show scales with the Raman G/D ratio, emphasising that the properties of the 

NTs themselves and not just the network properties are important for high conductivity 

films.

4.2 Experimental procedure

Different types of single wall NTs (SWNTs), double wall NTs (DWNTs) and 

functionalised SWNTs were purchased from seven commercial producers, as shown in

Table 4.1, and used as supplied. Dispersions of NTs were prepared in different solvents 
102
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and surfactant solutions’^ by stepwise sonication using a high power ultrasonic processor 

model GEX600 (129W and 60kHz) and a low-power ultrasonic bath (model Ney 

Ultrasonic). These dispersions were produced at a starting concentration of 0.444 mg/ml in 

the appropriate solvent by sonicating for 3 minutes using the ultrasonic tip processor. The 

initial dispersions were then diluted to a concentration of 0.08 mg/ml and subjected to 

another minute of high power tip sonication, followed by 4 hours in a low-power ultrasonic 

bath. Finally the dispersions were sonicated by ultrasonic tip processor for 0-15 minutes, 

depending on the tube type. In contrast to other NT types, films from HiPCO SWNT in N- 

methyl-pyrrolidone (NMP) were prepared using dispersions sonicated at a range of 

sonication times: 0, 2, 4 and 6 minutes.

NT films were prepared by filtering 150ml of each dispersion through a porous 

polyvinylidene fluoride (PVDF) filtration membrane (Millipore, Durapore membrane 

filters, 0.45 pm pore size). The deposited NT films were washed with 250 ml of de-ionized 

water followed by 50ml acetone and dried under vacuum at room temperature for 12 hours. 

The dried films, with an average thickness of 20 pm, were peeled off the filter membrane 

and cut into strips with an average width of 2.25 mm for detailed characterisation.

1 -j

The resistance was measured as a function of strip length by a two lead method . 

This is done by applying painted silver electrodes to the ends of a strip, measuring the 

resistance, cutting the end off, reapplying the electrode and re-measuring the resistance. 

This was repeated a number of times to give a set of eight to ten resistance (R) and length 

(L) values allowing the conductivity to be calculated from a=L/RA where A is the cross 

sectional area.
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Supplier Nanotube type
(functional groups in brackets)

Carbon 
Purity (%)

Solvent

Iljin Arc-discharge SWNTs 70-80 SDS/H2O
Nanotechnologies

Carbon
Nanotechnologies

HiPCO SWNT’s >90 NMP,DM
F

Inc.
Nanocyl CCVD SWNT’s >70 NMP

CCVD DWNT’s >90 NMP
Elicarb, Thomas As prepared CVD SWNT’s >70 NMP
Swan & Co. Ltd. Annealed CVD SWNT’s >90 NMP

Southwest CoMoCAT® SWNTs >90 NMP
Nanotechnologies

Inc.
Nanolab CVD DWNTs - NMP

Carbon Solutions As prepared Arc Discharge SWNTs 60-85 NMP
Inc.

P2-SWNT (Low level -COOH) 80-100 NMP,DM
F

P3-SWNT (High level -COOH) 80-100 NMP,DM
F

P5-SWNT (Octadecylamine) 85-95 Chlorofor

P7-SWNT (Polyethyleneglycol) 85-95 H2O

P8-SWNT
(m-polyaminobenzene sulfonic acid)

85-95 H2O

Table 4.1 Commercial NT suppliers and the NT types used in this work. Also shown are the 

NT purities as given by the suppliers ’ website and the solvents used. NB the purity quoted 

is the fraction of the material in the form of NTs.

The graphitisation of the NTs after processing into films was investigated using

Raman spectroscopy with an excitation wavelength of 633 nm (Horiba Jobin Yvon,

LabRam HR Series). For each film, Raman measurements were made on five different

regions of the films. In all cases these spectra were similar for a given film. The five

spectra were then averaged to give a final representative Raman spectrum. The film density 
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was measured by carefully weighing the films using a microbalance and measuring the 

dimensions using a digital micrometer. The porosity of the films was calculated using the 

measured density of the films and the accepted density of SWNTs (1500 kg/m^). The 

average bundle diameters of the deposited films were measured using field emission 

scanning electron microscopy (SEM) (Zeiss Ultra) operated with an acceleration of 5kV 

(resolution ~ 4 nm). In all cases the mean diameters were significantly larger than the 

instrumental resolution.

Figure 4.1 SEM image of the surface of a film prepared from Iljin SWNTs in SDS/H2O. 

This image is representative of all the carbon nanotube films made in this study.

4.3 Results

Direct current (DC) conductivity measurements were made for all NT films. The

bulk conductivity was calculated by measuring the film resistance as a function of strip

length*^. The advantage of this method is that it results in a well-defined potential in these

(relatively thick and in some cases relatively resistive) films, guaranteeing current flow
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throughout the bulk of the film. In all cases the resistance scaled linearly with film length 

as predicted by Ohm’s law. The conductivity is then obtained from the slope of the 

resistance / length curve while the contact resistance is obtained from the intercept. In all 

cases the contact resistance was close to zero. The conductivity of the films ranged from 

2.08 X 10^ Sm"' for the film of Nanocyl SWNT dispersed in NMP up to 2.62 x 10^ Sm'* for 

the film of arc-discharge Iljin SWNTs dispersed in an aqueous solution of sodium dodecyl 

sulphate (SDS). Notably, the carboxylic acid functionalised P3 SWNTs (Carbon solution 

Inc.) dispersed in DMF displayed a reasonably high conductivity (1.3 x lO'' Sm ') despite 

their high levels of functionalisation. This is probably because their -COOH functionalities 

are thought to be predominately at the tube ends'"* and so have limited effect on charge 

transport through the tube bodies.

Skakalova et al. reported the conductivity for Bucky-paper prepared from HiPCO 

SWNT dispersed in sodium dodecyl sulphate (SDS) solution to be 5.5 x lO"* Sm‘', quite 

similar to our result (1.67 x lO"* Sm'') for the film of HiPCO SWNTs dispersed in DMF. 

However, much higher values for conductivity of thin NT films of up to 6 x 10^ Sm'', have 

been reported"* which is comparable to the conductivity of the Iljin SWNT film prepared. 

The difference between these values is most likely due to differences in film morphology 

as will be discussed below.

Two main factors control charge transport through NT films, the conductivity of

the tubes themselves and the ability of the carriers to tunnel from tube to tube. To simplify

matters we neglect variations in metal / semiconductor populations and ignore effeets of

slightly different diameter distributions for different tube types. Within these

approximations the conductivity of the NTs themselves is controlled by the structural and

chemical defect population associated with a given tube type'^. We justify this assumption

by noting that in all cases the networks are made up of bundles, not individual NTs.

Current flow in bundles is thought to be predominately through the metallic NTs.'’ We 
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expect that the effective conductivity of these metallic NTs is strongly affected by their 

defect content'^. The rate of tunnelling across a given bundle-bundle junction is controlled 

by the junction width and the electronic properties of the constituent tubes and so the mean 

tunnelling rate is controlled by the statistics of the distribution of junctions.'^ This is not 

something that is easy to control for a given sample of NTs. However, the number of 

junctions that a carrier must traverse, on average, when travelling through a NT film 

depends on how the NTs/ bundles are arranged within the film i.e. the network 

morphology. For our purposes, we can describe the film morphology using two 

parameters, the porosity and the mean bundle diameter. These parameters then determine 

the junction population in these networks. Thus, in order to investigate the factors 

controlling the conductivity of NT films we quantify the porosity and the mean bundle 

diameter by density measurements and SEM, respectively. In addition, we probe the level 

of defects in each tube type by Raman spectroscopy.

Raman spectroscopy is one of the most widely used techniques to characterise

SWNTs. Shown in Figure 4.2 are the Raman spectra of three selected films, each

displaying a number of key features, including the radial breathing modes (RBM) of the

NTs (~ 200 cm”'), the D-band (~ 1300 cm '), the G-band (~ 1570 cm''), and the 2D-band

(~ 2600 cm”'). For our purposes we are interested in the G- and D-bands. The relative

intensity of the former is generally associated with the level of perfection of the hexagonal

lattice.'^ For samples containing only NTs, the relative intensity of the D-band is related to

the presence of disorder in the tube.^" However, un-purified NT samples also have a

contribution to the D-band from non-NT carbonaceous impurities. In all cases, the tubes

used in this work have been purified by the manufacturer. The quoted purity values are

given in Table 4.1, where available, and in the vast majority of cases exceed 80 %. While it

is prudent to treat manufacturers purity figures with caution, examination of SEM images

have not shown significant quantities of impurities in any case. Thus we associate the D-
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band of our Raman spectra with imperfections to the hexagonal lattice of the NTs. Then, 

by measuring the ratio between the G-band and the D-band intensities Ig/Id we have an 

approximate metric for the perfection of the hexagonal lattice. These ratios varied from 

23.2 for well graphitised tubes (Arc-discharge Iljin SWNT in SDS/H2O) down to 3.2 for 

very defective tubes (Carbon Solutions P7 SWNT in H2O)

Raman Shift (cm h

Figure 4.2 Typical Raman spectra for three of the film types used in this study

The average bundle diameters in the films were measured using SEM. A scanning 

electron micrograph for the film of Iljin SWNT prepared using SDS based dispersions is 

shown in Figure 4.1. This image is typical of NT films in general. The mean bundle 

diameter for this sample was ~ 12 nm. The average bundle diameter varied between 10 nm
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(Carbon Solutions P3 SWNTs in DMF) and 21 nm (Carbon Solutions P2 SWNTs in 

NMP). As can be clearly seen from Figure 4.1, NT based films tend to be quite porous^’. 

The porosity of the films P was calculated from the density of the films /Tfiim and the 

density of NT yONT using P=(l - PfdJpNT)- The porosity of the SWNT films varied greatly 

from 42 % (South Western Nanotechnologies Inc. SWNT in NMP) to 76 % (Nanocyl 

SWNT in NMP). The porosity of the functionalised SWNTs exhibited a smaller variation, 

ranging between 48 % (Carbon Solutions P3 SWNTs in NMP) and 66 % (Carbon 

Solutions P7 SWNTs in water). It should be noted that the porosity is of eourse related to 

the NT volume fraction by Vf=l - P. Both parameters will be used in this work.
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As discussed above, the conductivity of NT films should be dependent on two main 

physical aspects, the NT structure (graphitisation) and the film morphology. Using the ratio 

of Raman G-band (/c) to D-band {Id) intensities as a proxy for structural perfection, a 

graph of the film conductivity as a function of Iq/Id was plotted (shown in Figure 4.3). 

While the data points are quite scattered, it is clear that the eonduetivity tends to be larger 

for films made from tubes with higher Ic/Id i e, higher structural perfection. This is 

unsurprising as the eonduetivity of individual NTs has been shown to be heavily 

dependent on the presence of defects in the graphitic structure. These defects can include 

pentagons, heptagons, vacancies, dopants, or functional groups that all act to alter the 

electronic structure of the perfect tubes.
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Figure 4.4 Film conductivity as a function of film porosity showing a decrease in 
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The film morphology can be determined by porosity and the average bundle 

diameter. The film conductivity was plotted as a function of porosity (shown in Figure 

4.4). While the data displays some scatter, the trend of decreasing conductivity with 

increasing porosity is clear. Qualitatively, this makes sense as a sparse network (more 

porous) would certainly be expected to be less conductive.
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Figure 4.5 Film conductivity as a function of bundle diameter showing higher conductivity 

for more exfoliated films.

Figure 4.5 shows a plot of conductivity versus mean bundle diameter. Again, while 

some scatter is observed, the trend is clear with the conductivity decreasing steadily as the 

bundle diameter increases. This latter phenomenon is not unexpected. Hecht et al.^^ 

predicted in 2006 that the conductivity of thin NT films should scale approximately as
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I/D', as a result based on an analysis of the dependence of the number of junctions in a

system on the level of bundling. 22

4.4Discussion

4.4.1 Inter-bundle junction density and bundle connectivity

Ho'wever, any more detailed analysis of the conduction process would have to 

consider the number of conducting pathways through the film. This is less straightforward 

and would require detailed knowledge of the arrangement of bundles within the film*. It can 

be postulated that the number of conductive paths is related to the number density of inter- 

NT junctions. This is a quantity that is much easier to calculate. An estimate of the number 

of junctions per unit volume of film Nj can be obtained by calculating the number of 

bundles per unit volume and multiplying by half the mean number of junctions per bundle 

<0>/2. The number of bundles per unit volume is related to the film density and the mean 

bundle diameter <D> giving

--rziTTr/ (4-1)2 Kip)\L)IA ' n{D)\L)

Where <L> is the mean bundle length and <co is the mean number of junctions per 

bundle. Using <6>i2 accounts for double counting of junctions.

Estimating <6> is slightly less straightforward. A cylindrical shell of thickness <D> 

surrounding a test bundle (diameter <D>) was considered as a simple example. It is then 

necessary to estimate how many bundles (diameter <D>) intersect this shell under 

circumstances similar to those within a NT network. To start, an estimate of the volume of 

intersection of an arbitrary bundle within the shell is made. While the volume of
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intersection for two cylinders (diameters <D> and 3<D>) under these circumstances {<D> < 

cylinder axis separation < 2<D>) can be calculated, the result is not a simple analytic 

function^^. However it can be shown numerically that the volume of intersection scales 

with <D/. It is assumed that the mean volume of intersection is just Vint=K<D>^ (k is 

assumed to be invariant with bundle diameter and film porosity). The measured density of 

the film is then used to estimate the total mass (associated with intersecting bundles) 

contained within the shell divided by the mass per volume of intersection {Mi„,=pNT k 

<D>^). It is approximated that every bundle intersecting the shell is in contact with the test 

bundle. This means that the number of junctions per bundle is just the number of bundles 

within the shell so

= (4.2)
Pnt 4/^(0} k{D)

However not all the bundles intersecting the shell are actually in contact with the 

test bundle. To account for this, it is assumed (see below) that Equation 4.2 is correct 

within a constant factor. This allows Equation 4.2 to be rewritten as

(4.3)

Where all constants ar e consolidated in a single constant fi.

To test the veracity of this approach numerical simulations to model the 

connectivity of a conducting network formed by a large number of rods were performed. “ 

Because the network is inherently disordered, fluctuations in the network coimectivity 

must be accounted for by considering a truly disordered network made of randomly 

distributed finite-sized one-dimensional rods contained within a box of side 2L x 2L x 4L,

4The computational simulations reported in this thesis were performed by Luiz F. C. Pereira 
and Dr. Mauro Ferreira of the School of Physics, Trinity College Dublin
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where L is the rod length. The rods are assumed to be identical with diameter D, length L 

and aspect ratio {AR) defined as AR=L/D. The volume fraction of rods Vf is related to the 

porosity P by Vj=l - P and is easily obtained by calculating the volume occupied by the 

rods within a sampling cubic box or arbitrary size.

Volume fraction, Vf=1-P

Figure 4.6 Computer simulations of properties of random networks of rods (a) 

Calculations of mean number of junctions per rod <9> as a function of volume fraction for 

three different aspect ratios. Inset: mean number of junctions per rod as a function of 

volume fraction times the aspect ratio showing universal scaling as predicted by Equation 

4.3.

The connectivity of the network can be calculated by looking at the shortest

distance between rods within the sampling box. If the shortest distance between two rods is

less than the rod diameter, it can be assumed they are connected. By counting over all 
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possible pairs within the box the connectivity of the network can be mapped. This 

approach allows the number of junctions per rod, <6>, to be calculated. It should be noted 

that statistical significance is only achieved after several configurations of disorder which 

allows calculation of the dispersions in the volume fraction and in the mean number of 

connections per rod, respectively.

As predicted by Equations 4.2 and 4.3, the calculated value of <6> increases linearly 

with the volume fraction F/, with an increase rate which depends on the AR of the rods (see 

Figure 4.6 inset). When plotted as a function of the product VfX L/D (Figure 4.6 inset), <&> 

grows linearly along the same straight line for all aspect ratios, confirming the veracity of 

Equation 4.3. By comparison of the measured slope of Figure 4.6 (inset) with Equation 4.3, 

a value [i can be estimated giving f5~ 1.93. The calculated values of (5 can be used to show 

that (d> ranges 54 to 124 junctions/pm of bundle length for the P2-NMP and HiPCO-NMP 

samples, respectively. It should also be pointed out that P (and hence k) is invariant with 

bundle diameter and volume fraction. Combining Equations 4.1 and 4.3 an expression for 

the number of junctions per unit volume is obtained

ip
n (tf) ^ (D-) (4.4)

were (1 - P)=Vj, the NT volume fraction. The junction number was calculated to 

vary from 1.8 x 10^^ m'^ for Nanocyl SWNT in NMP to 3.7 x 10^^ m'^ for the P3 SWNT in 

DMF.

4.4.2 Relationship between network conductivity and NJ

As discussed above, the network conductivity is expected to depend on both the NT

conductivity and the network morphology. However, if the NTs themselves are much less
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resistive than the junctions it could be expected that the network properties dominate the 

network conductivity. In this scenario, the network conductivity would be expected to 

scale approximately with Nj.

1000 10000
<0>N=2N.V

Figure 4.7 Calculations of the conductance of a network of N rods as a function of the 

number of junctions per rod, <6>, times N, <a>N, for three different aspect ratios. G is 

expressed in units of (Go) where Go is the junction conductance. The fact that all curves 

asymptotically approach the dashed line (linear scaling) shows that the conductance 

scales with the number of junctions per unit volume, Nj, where Nj=<6>N/2V, with V as the 

volume of the box containing the rods. Inset: The same data shown on a linear-linear plot. 

The dotted line represents G/Go= S^IO'^Nj.

Numerical simulations can be used to investigate the relationship between the

network conductivity and the number of junctions per unit volume, Nj. How the 
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conductance, G, of the disordered networks scales with the mean number of connections 

per rod <d> can be investigated once the scaling of the average connectivity and volume 

fraction is known. When calculating <d> (Figure 4.7) the connectivity of the networks can 

be mapped, identifying which tubes are connected and how they are distributed across the 

film. By enclosing this network in a sampling box the number of tubes intersecting 

opposite sides can be estimated. These pairs of opposite sides can be considered as 

electrodes. The box size used was 2L x 2L x 4L with the electrodes being placed on 

opposing 2L x 2L faces {L being the rod length). A large number of conducting NTs were 

used to model nodes connected by resistors of resistance Ro (conductance Go=l/Ro)- The 

resistors were used to represent the barrier experienced by charge carriers in attempting to 

hop between neighbouring tubes.

Upon defining the network the equivalent resistance (and hence conductance) 

between two arbitrary nodes can be calculated. Calculations were carried out for boxes 

with different number of nodes and hence different number of nanotubes, N. The largest 

calculation carried out was for a number of rods A=1860 such that <^^=26000. In order to 

achieve statistical significance all the results were obtained after averaging over several 

configurations of disorder. Calculations based on larger values of N were unattainable due 

to time restraints on computational power.

The calculations above show that, for each value of rod aspect ratio (AR), the 

conductance increases monotonically with <6> (Figure 4.8). To understand the relationship 

between the conductivity, as represented here by the network conductance and the number 

of junctions per volume Nj by noting the relationship

' 2 1/
(4.5)

Where N/V is the total number of rods per unit volume.
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Figure 4.8 Calculations of the conductance of a network of M rods as a function of the 

number of junctions per rod, <6>, for three different aspect ratios. For each aspect ratio 

(AR) the network conductance increases monotonically with increasing<9>.

The conductance is plotted in Figure 4.7 as a fraction of <6>N=2NjV for three 

different rod aspect ratios. For each aspect ratio, the conductance increases with increasing 

<9>N. While each curve is independent at low values of <9>N, they come together for values 

of (9>N ~ 5000 and subsequently appear to scale with the same linear trend. As the box 

volume V was constant in all cases, this strongly suggests that, for values of <9>N > 5000, 

the network conductance scales linearly with TV,. Due to time constraints on computational 

time, data points with a large enough <9>N to show unambiguously that the data for each 

aspect ratio converge on the same straight line were not performed (calculations with AR = 

40 are considerably more time consuming). However by plotting the high aspect ratio data

118



on a linear-linear curve (Figure 4.7 inset), it can be seen that the curves for each aspect 

ratio increase linearly with similar slopes, G/Go=8 x 10* x IVNj. The lowest value of Nj of 

the experimental NT films was measured to be ~1.8 x 10‘ m"'. Coupled with the size of the 

box used in the computation (taking L > 1 pm), the realistic lower value for a network of 

<0>N=2NjVcan be estimated to be 1.8 x 10^, well into the region where the data is expected 

to coalesce on the same straight line. Thus, in any real network, it can be confidently said 

that G/Go oc Nj for all aspect ratios. This linear relationship between network conductance 

G and Nj allows the conductivity (with reference to Equation (4.4)) to be written as

(1-P)'
<y « K , f = K-

(tf) -(D>> (4.6)

Where at is a constant for a given tube type. Note that this expression scales as 

I/<D^> not 1/<D^> as suggested previously by Hecht et

The experimental data was examined in order to ascertain any relationship between 

network conductivity and junction number density as seen in numerical studies discussed 

above. Shown in Figure 4.9 is a plot of cr versus Nj for each type of NT that was studied. 

An approximate linear scaling for the HiPCO-DMF and HiPCO-NMP NT films was 

observed. Additionally the majority of functionalised and all of the “other” NTs followed 

the same approximate linear trend. However, two problems are made clear: the 

conductivity of all the functionalised tubes does not scale well with Nj and the graph 

contains significant scatter. These two points will be addressed below.
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Figure 4.9 Approximate scaling of conductivity with number density of inter-NT junctions. 

The dashed lines illustrate linear scaling as described by the attached equations.

4.4.3 Effect of intrinsic nanotube properties

As described above, both modelling and experimental data suggest approximately 

linear scaling between network conductivity and the junction number density. However 

this can only occur if all the tubes have the same intrinsic conductivity. With reference to 

Figure 4.5, this is not the case. Thus, the effect on the film conductivity on variations in the 

intrinsic NT properties must be extracted. This was done by comparing the conductivities 

of all the networks studied in the absence of any morphological differences. The 

conductivities of each film were rescaled to represent the conductivity of a film whose
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porosity and mean bundle diameter were fixed at specific values Po and Dq. This was done 

by combining the linearity of crand Nj with Equation 4.4. Variations in this parameter are 

then due to intrinsic differences between tube types. This specific conductivity ao was 

calculated from

^ 2/3{l-Pof
N, ;r Dl

(4.7)

This method can also be used to estimate the maximum realistic conductivity 

values attainable by appropriate choice of P and <D>. The porosity of NT films is very 

difficult to control so an average value of Po=0.5 was chosen. Small bundle sizes are 

expected to lead to more conductive films so a realistic minim.um values <Do>=2nm v/as 

chosen. Using Equation 4.7 the specific conductivity was calculated to range from 4.8 x 

10^ Sm ' for Nanocyl SWNT in NMP up to 1.5 x lO’ Sm'* for HiPCO dispersed in DMF. It 

should be pointed out that the upper end of this scale is more than twenty times as high as 

the most conductive NT film reported to date"^ which suggests that further improvements 

on the state of the art are possible. From Figure 4.3 it was shown that variations in the 

defect population in the NTs, determined by their Ig/Id ratio, results in variations in the 

network conductivity. This means that the network conductivity should scale with the Iq/Id 

ratio once morphological effects are negated.

From Figure 4.3 it is known that variations in the defect population and hence 

variation in the NT conductivity result in variations in the network conductivity. This 

means that when morphological effects are removed, the conductivity should scale with a 

parameter related to the conductivity of the individual NTs. Earlier, the Raman ratio Ig/Id 

was used as a proxy for such a parameter.

Figure 4. 4.10 shows a plot of specific conductivity versus Raman ratio.
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Figure 4.10 Scaling of specific conductivity with the Raman ratio. The specific conductivity 

is the conductivity rescaled to represent the conductivity of a network produced from the 

same tubes but with mean bundle diameter <D> =2 nm and porosity P=0.5. This scaling 

demonstrates that the deviations from linearity in Figure 4.9 can be correlated to the level 

of graphitization of the NTs.

Iljin SWNTs show very high purity and intrinsic conductivity and its

corresponding data point lays in-line with the other samples. HiPCO NT samples are

grouped strongly at the top right of the graph indicating relatively high levels of perfection

and intrinsic conductivity. Conversely, the “other” tube types show a low specific

conductivity irrespective of Raman ratio. Interestingly, the specific conductivity of the

functionalised NTs scales exponentially with Raman ratio. This behaviour is most clear for

this category because the base tubes are identical with the only variation being the type and 
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degree of functionalisation. In general it is clear that cxo scales very strongly with Raman 

ratio and hence the perfection of the NTs. While not surprising, this clearly shows that 

when morphological effects are removed the NT perfection controls the film conductivity.

This analysis shows that, in addition to depending on the conductivity of the 

individual NTs, the film conductivity depends on the morphological properties of the 

network, specifically the junction number density, which can be expressed in terms of P 

and <D>. It must be emphasised that these results are semi-empirical. For example. 

Equation 4.6 makes no mention of tube length, even though Hecht et showed that film 

conductivity does indeed scale with tube length. A length dependence could be found by a 

rigorous analysis of the relationship between conductivity and Nj, i.e., /c=f(L). 

Nevertheless, the data presented in this work shows that high conductivity is achieved for 

lower porosity films and/or films produced from smaller bundles. This observation also 

explains why the HiPCO films investigated in this work have conductivities an order of 

magnitude below the best films from literature"^ and the Iljin film has conductivity 

comparable to the best films from literature as they have a very long length (~1-10 pm). 

High conductivity films are generally made from ultracentrifuged dispersions that consist 

mainly of individual NTs and very small bundles. This translates into low values of D and 

hence high conductivities. In this work, no attempt was made to fully exfoliate the NTs, 

resulting in large D values and so lower conductivities.

4.4.4 Estimation of inter-bundle resistance

According to Figure 4.7, the network conductance scales linearly with Nj. This 

scaling relationship can be written as G=2NjVNGom, where m is the common slope found 

in. Figure 4.7. The data in Figure 4.7 was calculated using a box size of 2L x 2L x 4L with
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the electrodes on opposing 2L x 2L faces. The conductance G can be converted to 

conductivity cr and when the dimensions are taken into account cr =32mL^GoNj. This can 

be compared to the experimental data presented in Figure 4.9 remembering that the 

parameter L used to define the box size was set as equal to the rod length in all cases. 

While the bundle length in the films are not known it can be assumed that it is significantly 

larger than the NT length and 1pm < L < 50pm (HiPCO NT have <L> -0.8 pm, while 

Iljin have <L>~3.5 pm^^). In the model, the NTs have zero resistance, meaning that the 

network conductivity was due only to the junctions. This approximation is most valid for 

the tubes / bundles with the highest intrinsic conductance. Thus, this model is most 

applicable to NT films consisting of either (1) larger bundles that are effectively metallic or 

(2) individual metallic-only nanotubes. From Figure 4.10 it can be seen that the network 

prepared from Iljin SWNT in SDS/H2O had the highest intrinsic conductance. Figure 4.10 

shows that o=4xlO''^7y,. Comparing this with the equation above and noting that m=4 x 

10"^, the interjunction resistance can be estimated as 70 kQ<^o<3.5MQ from Figure 4.10. 

This value is smaller than that estimated by Stahl et al.^^ for the inter-tube coupling 

resistance in NT bundles. This is surpnsing as the inter-bundle junction resistance would 

be expected to exceed the intra-bundle tunnelling resistance. The reason for the 

discrepancy is not clear but it is unlikely to be due to the bundle length estimate as the 

bundle length is not expected to exceed 50pm in the NT films studied in this work.

4.4.5 Parallels with percolation

Finally it is worth noting that the relationship between conductivity and NT volume 

fraction expressed in Equation 4.6 is reminiscent of the standard percolation equation 

describing the conductivity of conductor-insulator composites^^ ao(Vf- Vf^ritf, where

Qo is a constant related to the conductivity of the conducting inclusions,^* Vfcru is the 
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critical volume fraction above which the first conducting path through the sample is 

formed (the percolation threshold), and t is the critical exponent, the similarity becomes 

more marked when one realises that for NTs, the percolation threshold is generally in the 

range of 0.1 % - 1%^^'^' and so at the high volume fractions studied here, Vf- Vf,crir=^ Vf. 

More interestingly, in simple systems the critical exponent is thought to take the universal 

value of /=2.0 in three dimensions^’. Taking these facts into account, the percolation 

equation becomes identical in form to Equation 4.6. However such similarities are 

deceptive. The percolation equation is only truly valid close to the percolation threshold 

which is not the case here. In addition. Equation 4.6 is derived from consideration of the 

density of junctions in a dense network, not a percolating system. However, the 

comparison is instructive nevertheless. In 2007 Blighe et alJ^ reported percolation-like 

behaviour with f=2.2±0.2 for very high volume fraction polymer-NT composites (10% < Vf 

< 45%). This was cited as an example of percolation -like scaling, far from the percolation 

threshold, that is contrary to general expectations. However, the result obtained here 

suggests that the measured exponent may be more indicative of network behaviour, 

described by Equation (4.6), than percolation. In fact, the /rvalue associated with the data 

presented by Blighe et al. can be back calculated. Using <'Z)>=13nm and x 10 Sm' 

a value of /r=l.l x 10' Sm was calculated, in good agreement with the range estimated 

above.

4.5 Conclusion

In conclusion the conductivity of NT films prepared using a large number of 

different tube types was measured. The films were characterised by Raman spectroscopy, 

SEM and density measurements which led to a calculation of the Raman G:D ratio, the
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mean bundle diameter <D>, and the film porosity P. It was found that the conductivity 

tended to increase in films made from less defective tubes. However the conductivity was 

lower for films that were either more porous or contained larger bundles. Computer 

simulations showed that the conductivity of a network of conducting rods should scale 

linearly with the inter-rod junction density. Expressions for the number of junctions per 

nanotube and the number density of junctions in terms of the porosity and mean bundle 

diameter were derived. Experimentally, approximate scaling of conductivity with the 

junction number density was observed. This allowed the calculation of a specific 

conductivity, i.e., the expected conductivity for a network of tubes with P=0.5 and 

<'Z);=2nm. This specific conductivity tends to scale strongly with Raman ratio. This 

demonstrates that the properties of both the nanotubes and the network are important for 

high conductivity films. This work makes it clear that if highly conductive films are 

required, one needs to work with very conductive, defect-free NTs that have been 

extensively exfoliated and arranged into dense films.
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Chapter 5 : Transparent, conductive and

flexible fllms based on carbon nanotubes

5.1 Introduction

In the previous chapter it was shown that the conductivity of thick carbon 

nanotubes films depends strongly on two factors. First it was shown that in order to obtain 

high conductivities, the constituent nanotube bundles must have a low diameter and be 

arranged in as dense a network as possible. This decrease in bundle diameter and porosity 

leads to a high inter-tube junction density, the parameter governing the ability of charge 

carriers to move through the network. Secondly it was shown that, once morphological 

factors have been taken into account, the network conductivity increases with the ratio of 

the G-band to D-band as measured by Raman spectroscopy.

However, the thick films investigated in the previous chapter are of little interest for 

optoelectronic applications as they are not transparent and for the most part are too 

resistive for many applications. Using the knowledge gleaned from the previous work, this 

chapter presents a process for fabricating thin, transparent and conductive carbon nanotube 

films. Furthermore, it will be shown that the addition of nanotubes to a conducting polymer 

matrix improves the optical and electrical properties.
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5.2 Transparent, conductive and flexible films of single 

wall carbon nanotubes^

5.2.1 Introduction

Even though some of the networks prepared in the previous chapter displayed high 

conductivities (Iljin Nanotechnologies, Carbon Nanotechnologies Inc.) they are unsuitable 

for display electrodes due to their large thickness. In order to utilise carbon nanotube 

networks as display electrodes they must be thin enough to transmit light while keeping a 

high DC conductivity. There are two issues requiring attention in order to fabricate very 

thin films. The first is to address the issue of nanotube aggregation. The thick films 

investigated previously were prepared from a large volume of nanotube dispersion, making 

extensive exfoliation difficult due to the long preparation time. Dispersions used to prepare 

very thin films on the other hand pose no such problem due to the small volume required to 

prepare a film (assuming the concentration is fixed). This in turn should cause an increase 

in junction density in the network and a decrease in porosity, both of which have been 

shown to scale with increasing DC conductivity.^ The second issue is the transfer of these 

thin films to a suitable substrate for both electrical and optical characterisation. Although a 

process for such a feat has already been developed^, it is prudent to perfect this process 

when being used in the lab.

This section addresses these issues as well as showing characterisation of the 

electrical, optical and mechanical properties of thin films made from arc-discharge Iljin 

SWNTs dispersed in a number of aqueous surfactant solutions.
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5.2.2 Experimental Method

One of the major problems in utilising the impressive electrical and mechanical 

properties of carbon nanotubes is their tendency to aggregate into large bundles. There has 

been a lot of work done to debundle nanotubes using acids"*’^, macromolecules and 

surfactants^’^ and organic solvents'®’". Once the nanotubes are deposited on a filter 

membrane, the membrane itself must be removed by dissolution in organic solvents^ in 

order to transfer the film to a substrate for characterisation. Mixed cellulose ester filter 

membranes (MF-Millipore Membrane, mixed cellulose esters. Hydrophilic, 0.025 pm, 47 

mm) were used as they are soluble in many solvents. This renders any solvent based 

dispersion useless as they would destroy the membrane during filtration and so this work 

was limited to using aqueous solutions of surfactants as a nanotube dispersant.

Aqueous solutions of surfactants were prepared at a concentration of 5 mg/ml by 

overnight stirring. These solutions were used to make stock dispersions of both Iljin arc- 

discharge SWNTs (Iljin Nanotechnology) and HiPCO SWNTs (Carbon Nanotechnology 

Inc.) such that the mass ratio was 5:1 (nanotube concentration 5 mg/ml). Each dispersion 

was subjected to 5 minutes of high-power tip sonication (Vibra Cell CVX; 750W, 20 % 60 

kHz), then placed in a sonic bath (Model Ney Ultrasonic) for Ih, and then subjected to 

another 5 min of high power sonication. They were then allowed to rest over night before 

being centrifuged at 5500 rpm for 90 min. The supernatant was carefully decanted and 

saved. The post-centrifuge nanotube concentration was determined from absorbance 

measurements (Cary 6000i).

To be able to prepare films of controllable thickness a metric of some sort must be 

determined. If we assume that the porosity of nanotube films doesn’t deviate with reduced 

thickness then we can control the thickness by simply controlling the mass deposited. The 

film thickness, t, was calculated from the deposited mass per unit area, M/A, using M/A =
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pt, where p is the film density. While the density is not known for these thin films, it was 

shown in the previous chapter that the vast majority of thick films made form a range of 

nanotube types had densities between 450 and 700 kg/m^ (nanotube networks tend to be 

very porous). Thus the density is taken as 570 ± 150 kg/m^ accepting this will result in a 

~25 % error in the nominal thickness and any dependant quantities such as DC or optical 

conductivity. Initially, HiPCO SWNT films with a thickness of -lOOnm and 200nm were 

prepared by diluting the stock dispersions down to concentrations ranging between 10 * 

mg/ml and 10'^ mg/ml in order to determine the concentration that resulted in the highest 

conductivity. This dilution was accomplised by addition of surfactant stock solution and 1 

minute tip sonication. Electrical testing of the films showed that although there was only a 

small variation, a maximum DC conductivity was found for films prepared from 

dispersions with 0.005 mg/ml.

Transferring the films deposited from the cellulose ester membranes entails 

washing the film after filtration with Millipore water and then rolling the film onto a pre

heated (~90°C) Polyethylene terephthalate (PET) sheet. Pressure is then applied for a set 

amount of time before dissolving the membrane away using acetone and methanol.

Problems with the film lifting off the PET during processing were addressed by 

varying the pressure applied during drying (290 gcm'^ down to 2.9 gcm'^) and the drying 

times (2hrs @ 90°C on a hot plate, 6hrs Room T in vacuum). The conductivity of the 

HiPCO SWNT films increased with decreasing pressure, but this was countered by a low 

adhesion of the film to PET resulting in the film being destroyed during the dissolving 

process. A value of 175 gcm'^ was chosen as it gave slightly lower conductivities but better 

adhesion and hence a better chance of a fully transferred film. While different setting times 

and temperatures affected the conductivity slightly, an optimum level of conductivity and 

film stability was seen with the 2hrs at 90**C on a hot plate.
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The membranes were initially dissolved by simply placing the film in four 

sequential baths of acetone followed by a final wash of methanol and then drying in air. 

The turbulence of the liquid bath caused damage to the fragile films, resulting in the film 

lifting of the PET. An initial exposure to acetone vapour was used before using liquid 

baths. The exposure to acetone stiffened the membrane and allowed liquid baths to be used 

with little damage to the film. The effect of the level of removal of MCE from the film 

surface on the conductivity was investigated by varying the exposure time to the solvent, 

the volume of solvent and the number of baths used. The conductivities of the films were 

similar, allowing us the use four 15min exposures to 500ml acetone followed by 15mins 

exposure to 500ml methanol.

As films of arc-discharge Iljin SWNTs produced the highest network conductivities 

in the previous study they were used for the remainder of work presented in this section. 

Films with a thickness of ~50 nm were prepared using the optimised technique discussed 

above with dispersions of aqeuous solutions of sodium dodecyl sulphate (SDS), sodium 

dodecylbenzene sulfonate (SDBS), lithium dodecyl sulphate (EDS),Sodium Cholate (SC) 

and Triton® X-100. We found the conductivities of these films to be (2.3 x 10^, 2.1 x 10^, 

2.2 X 10^, 1.9 X 10^, 3.8 x 10"* Sm'') respectively. We suggest that the deviation of the 

Triton results is due to lower dispersion quality and hence a poorer quality film. Due to 

their popularity, we chose to focus on SDBS and SDS for the remainder of this work.

A range of films were then fabricated with thicknesses ranging between 10 - 100 

nm. Transmission scans were made using an Epson Perfection V700 photo flat-bed 

transmission scanner with a bit depth of 48 bits per pixel and a spatial resolution of 6400 

dpi. The numerical output of the scanner was calibrated by scanning a range of neutral 

density filters. The resultant calibration curve was used to transform the output to represent 

transmittance. This results in a transmittance map with a transmittance value for every

133



pixel. Transmission maps were transformed into absorbance maps by applying A = -log T 

to each pixel. The mean and standard deviations of the transmittance or absorbance were 

calculated from the entire data set (i.e., from the entire set of pixel values). Scanning 

electron microscopy measurements were made using a Hitachi S-4300 field emission 

scanning electron microscope. Charging was avoided by transferring the nanotube film 

from cellulose membrane to a glass substrate coated with a thin gold/palladium film. 

Atomic force microscope images were obtained using a Dimension V AFM.^ In order to 

extract the topography and conductance data simultaneously, the microscope was operated 

in the conductance imaging mode (C-AFM).^ In this technique, the AFM tip acts like a 

mobile probe on the surface and is held at ground potential and a DC bias is applied to the 

sample. The z feedback signal is used to generate a normal contact mode AFM topographic 

profile, and the current passing between the tip and the sample is measured using a pre

amplifier to generate the conductance image. A bias voltage of 0.2 mV up to 1 V is applied 

to the electrode on the surface that drives current through the wires. A current range of 2 

pA tol pA can be detected by the pre-amplifier in the C-AFM module. For this purpose, a 

Cr/Pt-coated conductive tip with a force constant of 3 N/m and a resonant frequency of 75 

kHz was employed. In all cases, the loading force employed during measurement was 

approximately 15 nN. (The tips were purchased from Budget Sensors, ElectriMulti 75.) 

Optical transmission spectra were recorded using a Cary Varian 6000i, with a sheet of PET 

used as the reference. Sheet resistance measurements were made using the four-probe 

technique with silver paste electrodes of dimensions and spacings typically of ~ millimetre 

in size and a Keithley 2400 sourcemeter. Electromechanical measurements were made 

using a Zwick Z0.5 Proline tensile tester.'^’ The AgNW film on PET was bent into a semi 

circle, which was constrained by the grips of the tensile tester. The film was connected via

* The AFM and C-AFM measurements were performed by Dr. Peter Nirmalraj of the School of Chemistry, 
Trinity College Dublin.

The electromechanical measurements were performed by Evelyn Doherty of the School of Chemistry, 
Trinity College Dublin and Jerome Joimel of Hewlett Packard DIMO, Liffey Park Technology Campus, 
Bamhall Road, Leixlip, Co Kildare, Ireland.
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two electrodes (attached to the grips) to a Keithley KE 2601. The bend radius was then 

defined by the distance between the grips. The inter-grip distance was then oscillated 

typically between 15 and 5 mm over many cycles. LabVIEW software recorded film 

resistance, inter-grip distance, and cycle number.

(C) Scan, 40nm (D) Scan, 80nm

Figure 5.1 Photographs of 40 and 80 nm thick lljin SWNTfilms (SDS) respectively. (C) 

and (D) Optical white-Light transmission scans of the films pictured in (A) and (B).

5.2.3 Results and discussion

Shown in Figure 5.1 A and B are photographs of films of lljin SWNT (SDS) with 

thicknesses of 40 and 80 nm respectively. To investigate the optical quality of the films 

transmission scans of the same films (Figure 5.1 C and D) were made. These scans are 

effectively white light transmission maps of the films. Scans were performed with a spatial 

resolution of 4 pm (6400 dpi). The spatially averaged white light transmittances were 75% 

and 61% for the 40nm and 80nm films respectively. The uniformity of these films is given 

by the standard deviation of the transmittance, calculated over the entire film area, which 

were 0.9% and 1.1% for the 40nm and 80nm film respectively. The ratios of standard
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deviation transmission to mean transmission for these films were 1.2% and 1.8% 

respectively. The low value of this quantity indicates the very high quality and optical 

uniformity of these films.

B) t=40nm

500 nm

C) t=80nm

' • * *

5 j.*n

500 nm

Figure 5.2 (A-C) SEM images of selected nanotube films of various average film thickness. 

(D) An AFM image of the surface of a 10 nm thick Iljin/SDS film. (E) A conducting-AFM 

image of the same region pictured in (D). (F) An AFM image of analigned region of a 50 

nm thick Iljin/SDS film.
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In order to characterise the film morphology, SEM micrographs of nanotube films 

with different thicknesses were recorded. This is important as nanotube film conductivities 

scale with bundle diameter and film density. Representative images for the SDS based 

films are shown in Figure 5.2 A-C for films of 20, 40 and 80 nm thickness. Such images 

are typical of SWNT networks and show a porous network. For all thicknesses, the mean 

bundle diameter was invariant at ~12 nm. In addition it appears as if the 20 nm thick film is 

less uniform than the thicker films, a point that will be discussed below.

The film morphology was further characterized by AFM and C-AFM. Shown in 

Figure 5.2 D is an AFM image of the surface of a 10 nm thick film of Iljin SWNTs 

prepared from SDS. It should be emphasised that this is an average thickness, calculated 

from a deposited mass per unit area of 5.5mg/m^. As shall be seen below, considerable 

variations in local thickness are observed in this low thickness regime. In any case, a 

network similar to that in Figure 5.2 A can clearly be seen. Shown in Figure 5.2 E is a C- 

AFM current map of the area of the Iljin film shown in Figure 5.2 D. The current map of 

the Iljin film is similar to the topographical map in Figure 5.2 D showing a network of 

SWNT bundles from which current can flow out of the plane of the film. This is important 

as it shows that current can be gathered uniformly from all areas of the surface of these 

films. This is a critical property for any material with potential for use as an electrode. 

Interestingly, domains of aligned nanotube bundles (Figure 5.2 F) are sometimes seen. The 

formation of these regions may reflect the presence of a nematic phase of bundles in the 

dispersion.

For both SDS and SDBS films, the transmission spectra (Figure 5.3) were relatively 

featureless, displaying a slight dip around 700 nm which is associated with the presence of 

S22 optical transitions. Sharp transitions associated with van Hove singularities were not 

observed, probably due to broadening associated with nanotube aggregation . In all cases
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the transmittance decreased with increasing thickness, while the spectral profile remained 

invariant.

Wavelength (nm)
Figure 5.3 Transmission spectra for Iljin SWNT films (SDS) of thicknesses between 20 nm 

and 100 nm.

Shown in Figure 5.4 A is the transmittance, T, (A= 550nm) as a function of film 

thickness, t. For both film types, T falls from ~ 95% for 10 nm thick films to ~ 60% for 100 

nm thick films, with all data falling on the same line. By modelling the interaction of thin 

conducting films (t « A) with light, the transmittance is related to the film thickness, t, by 

Equation 2.67 and has been fitted to the data in Figure 5.4 A as shown by the dotted line. 

This curve fits both data sets well giving opp = 1.7 ± 0.4 X 10^ Sm'' (A = 550 nm), 

reasonably close to previously measured values of ~1.5 x lO"* Sm'' for thin films of both
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lljin SWNTs'^ and laser produced SWNT.’'^ This agreement shows that our thickness 

calculation is reasonably accurate.

The measured sheet resistance for both surfactant types is shown in Figure 5.4 B as a 

function of film thickness, varying from ~3 kD/^ for t=10nm to 50-70 Q/J for /=100nm. 

It is immediately clear that the SDS based films are slightly less resistive than the SDBS 

based films. As shown by the dotted lines, both data sets scale well as = 1 / for 

t>40 nm, suggesting the film morphology becomes thickness-invariant above this 

thickness.

The DC conductivity is shown in Figure 5.4 as a function of thickness. In line with 

the sheet resistance data, the conductivity is reasonably constant at higher values, but falls 

off below /=40 nm. The thicker films have conductivities (t>40 nm) of 1.9 ± 0.5 x 10^ 

Sm'* and ± 0.5 x 10^ Sm'' for SDBS and SDS based films respectively. These

conductivities are exceptionally high. The state-of-the-art for thin (un-doped) nanotube 

films is opc<=l-5 xlO^Sm"' which was measured for spray cast networks of lljin SWNTs.’^ 

It is speculate that the high conductivity of these films is due to the length of these lljin 

SWNTs.

AFM measurements were performed on sparse deposited networks. This allowed the 

measurement of bundle lengths. The lengths were measure to be between 1 and 10 pm 

with a mean and standard deviation of 3.5 pm and 2 pm respectively. For comparison 

purposes, the same measurements were carried out for sparse networks of HiPCO SWNTs 

prepared under similar conditions, measuring a mean and standard deviation of 0.8 pm and 

0.4 pm respectively. As the conductivity of the nanotube films is expected to scale with 

bundle length,*^ L, as croc \ the length of these tubes are believed to be an important 

factor contributing to the high conductivity of these films.
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Deposited mass per area, 
M/A (mg/m^)
10 40

Figure 5.4 Properties of nanotube films as a function of film thickness, t, for both SDS and

SDBS films. A) Optical transmittance, measured at 550 nm. The dotted line is a fit to

Equation 2.67, consistent with an optical conductivity of 1.7x10'* Sm'*. B) Sheet resistance.

The dotted lines are fits to Rs = l/(<JDct), where Odc is the DC conductivity. The upper and

lower curves are consistent with DC conductivities of 1.9x10^ Sm'* and 2.3x10^ Sm'*

respectively. C) DC conductivity, calculated from Rs = Ifiaoct). The upper and lower

dotted lines illustrate DC conductivities of 2.3x10^ Sm~‘ and 1.9x10^ Sm ' respectively. D)

Film non-uniformity as defined by the standard deviation of local absorbance measured

with a spatial resolution of 4 /urn (scan area 2mmx2mm).
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A number of recent papers have found a fall-off in conductivity at low thickness, 

similar to that observed here'^. In very thin films, this can be attributed to percolation 

effects’^. It is proposed that a network above the percolation threshold can be characterised 

by non-uniformities in a real nanotube density when measured on length scales similar to 

the mean nanotube length. This effect can be explored in more detail by measuring the 

local non-uniformity of the films as a function of thickness. This is done by recording 

transmission scans (pixel size 4 pm) of a number of the films discussed above. The 

resulting transmission maps is transformed into absorbance (A) maps using A = -/og T. 

According to the Beer-Lambert law, the absorbance is proportional to the number of 

absorbing objects per unit area. This means the absorbance map is a measure of the spatial 

distribution of nanotubes per 4 pm pixel.

The non-uniformity is defined here as the standard deviation of absorbance as 

measured over a 2 mm x 2 mm grid (500 x 500 pixels). A large degree of non-uniformity is 

associated with a high standard deviation. The data for non-uniformity versus sample 

thickness is plotted in Figure 5.4 D. It is clear from this data that the non-uniformity is 

constant for thicker films but increases sharply for films thinner than 40 nm. This increase 

in non-uniformity correlates almost exactly with the thickness below which the 

conductivity falls off. Thus, a percolated network becoming bulk-like can be observed by 

measuring the point when the uniformity becomes invariant with thickness.

The uniformity of these nanotubes films was investigated using spatially resolved 

transmission/absorbance measurements. However, it is noted that these results apply only 

to the type of films studied in this work i.e .those produced by vacuum filtration. A number 

of different techniques have been successfully demonstrated to produce nanotube films, 

spin coating, dip coating etc. It is likely that each of these techniques results in different 

degrees of uniformity.
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Figure 5.5 Transparency as a function of sheet resistance for both SDS and SDBS films. 

The dotted lines are fits to Equation 2.68, consistent with cToc/t^op values of 13.0 and 10.5 

for SDS and SDBS based films respectively. Inset: Transparency-sheet resistance data 

plotted to highlight the applicability of Equation 2.68.

Shown in Figure 5.5 is the transmittance (A =550 nm) plotted as a function of sheet 

resistance for both SDS and SDBS based films. Equation 2.68. has been fitted to the data 

for both film types as shown by the dashed lines. In the inset the data is re-plotted such that 

data following Equation 2.68 should follow a straight line, with the data showing good 

linearity. The fits give values of the conductivity ratio to be opc/crop = 13.0 and aodcrop = 
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10.5, reasonably consistent with the values for aoc and aop calculated previously. These 

conductivity ratios are quite high. To my knowledge, the state-of-the-art T, Rs data for as- 

prepared nanotube films, such as those presented here, results in ctdc/o-Qp =13-16.'** The 

best results for as-prepared films produced from commercially available nanotubes have 

been for films of Iljin SWNTs, giving obc/oqp = 10.1.'^ Thus the SDS data presented here 

is slightly ahead of the state-of-the-art for as-prepared films of commercially available 

SWNTs.

However, as mentioned above, industry requires Rs< 100 fi/n coupled with r> 90 

% (/l= 550 nm) for a material to qualify as an ITO replacement.'^ Using Equation 2.68, this 

means (Tdc^ctop > 35. As crop is more or less fixed in these films, this means opc must be 

increased by a factor of x2 - 2.5 to ~ 5 x 10^ Sm'' to meet industry requirements. The state- 

of-the-art as-prepared samples described above were improved by x2.5 by acid post

treatment, resulting in opc/ocy, = 26. However, this technique is problematic if the 

nanotube films are to be used as electrodes in OLEDs or organic solar cells, as the presence 

of small mobile counter-ions may poison the active layer. It would be favourable to 

develop a nonchemical method to increase aoc/crop- There are two possibilities. The first is 

to prepare high volume fraction polymer-nanotube composite films using conducting 

polymer matrices. Such materials have recently been demonstrated, showing reduced crop

')C\resulting in increased croc/crop- Secondly, exfoliation of the nanotubes followed by film 

formation in such a way as to frustrate nanotube re-aggregation would result in films with 

smaller bundles. It has recently been suggested that the conductivity scales as D' . Thus, a 

decrease in bundle diameter by only a factor of xO.7 to ~15 nm would be enough to 

increase oodcjop by x2.8.

As mentioned above, these films have optical and electrical properties close to what

is required to replace ITO. However, they are potentially even more useful as a flexible,
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transparent, electrode material. Such a material is of considerable interest as an electrode in 

applications such as e-paper. To test this, Iljin SWNT films on PET, made from SDS and 

SDBS at a number of thicknesses were prepared. In addition, a 60 nm thick ITO film was 

prepared for comparison. In each case the sheet resistance was monitored during bending 

with the nanotube film both in tension and in compression. The films were bent from an 

initial radius of curvature of 7.5 mm to a final radius of 2.5 mm before being relaxed. 

Shown in Figure 5.6 A is the sheet resistance versus radius of curvature during both the 

bending and release phase (note that the magnitude of the average strain felt by the film is 

plotted in the top axis^^). As expected,^^'^"' ITO fails catastrophically on tensile bending, 

with the sheet resistance increasing irreversibly by almost two orders of magnitude. In 

comparison, the sheet resistance of the SDS-based Iljin films (Figure 5.6 B-E) vary by < 1 

% during both bend and release phases for films both in tension and compression. In 

contrast, while the SDBS film was very stable in tension, its sheet resistance varied 

significantly while bending in compression.

While these nanotube films are clearly relatively stable during one bend cycle, it is 

important to ascertain their stability over many bend cycles. Shown in Figure 5.6 F-J is the 

mean sheet resistance per cycle plotted versus cycle number for the same films examined 

in Figure 5.6 A-E. In Figure 5.6 F, cyclic test data for an ITO/PET film is shown. In this 

case to avoid immediate failure, the film was tested at much lower curvature with 

minimum bend radius on each cycle of only 20 mm. The sheet resistance of this film 

increased by a factor of x8 before failing around cycle 150. In contrast, the sheet resistance 

of the SDS-Iljin films fell by <5 % in compression and <2 % in tension over -2000 cycles. 

The SDBS-Iljin films were similarly stable in tension but underwent a decrease in /?., of -8 

% when cycled in compression. Note that none of these nanotube films failed during these 

measurements. The number of cycles was limited by time constraints.
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Figure 5.6 Data showing the electromechanical stability of nanotube films. A-E) Sheet 

resistance of films of ITO and nanotubes (prepared from SDBS and SDS of different 

thicknesses) during a bend cycle where the bend radius is reduced from 7.5 mm to 2.5 mm 

before relaxing back to 7.5 mm. Shown on the top axis is the strain associated with these 

bend radii. The ITO sample was measured in compression only, while the nanotube 

samples were measured both in tension and compression. Note that ITO fails completely 

under these conditions with Rs remaining at ~3xI0‘^ Q/Owhen the sample was released 

(upper portion of curve). In contrast, the sheet resistance of the nanotube films vary by no 

more than 5%. F-J) Average sheet resistance per cycle for films identical to those in A-E) 

as a function of cycle number. For the nanotube films, each cycle was a bend-relaxation 

cycle as described above. However, to avoid failure on the first cycle, the ITO film was 

only bent to a radius of 20 mm. Note that while the ITO film failed after 160 cycles, the 

nanotube films were not observed to fail. Rather, the number of cycles was limited by time 

constraints.
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5.2.4 Conclusions

Thin, flexible nanotube Aims with DC conductivity surpassing the state of the art 

were prepared. Initial tests have shown that dispersing the nanotubes with the surfactant 

sodium dodecyl sulphate gives the most conductive films. It was found that the optical 

transmittance of SDS-prepared films scales with thickness as expected for a thin metallic 

film. Data analysis gives a value for the optical conductivity (/l=550 nm) of 1.7 x lO"' Sm"', 

similar to previous measurements. For thicknesses above 40 nm, the in-plane conductivity 

is constant at ~2 x 10^ Sm''. However, below 40 nm, the conductivity falls off rapidly. This 

behaviour correlates with measurements of the film non-uniformity which show films with 

t <40 nm to be significantly less uniform. Conductive AFM measurements show the 

current flow out of the film to be very uniform on length scales greater than ~2 pm. For 

films with t >40 nm the ratio of DC to optical conductivity was ctdc^ctop = 13.0, leading to 

values of transmittance and sheet resistance such as 7"= 80 % and =110 Q/n for the t = 

40 nm film. The electromechanical stability of our films was characterised by monitoring 

the sheet resistance during bending. Sheet resistance was monitored during one bend- 

release cycle as a function of strain for films bent both in tension and in compression. In 

addition, the average resistance per cycle was monitored over many bend cycles. It was 

found that the resistance change was very small over the first cycle and typically <5 % and 

<2 % over >2000 cycles for films bent in compression and tension respectively. These 

results show that, pending a factor of x3 increase in conductivity, these materials may be 

suitable for use as an ITO replacement material.
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5.3 Improving network conductivity by addition of a

conducting polymer20

5.3.1 Introduction

To achieve a conductivity ratio oodcrop > 35 a DC conductivity of gdc ~ 5.3 x 10^ 

S/m is required. However, while nanotube films have displayed aodoop ratios of up to 13 

for as-prepared films'^ and up to 25 for acid-treated films’^, there is still a lot of work to be 

done in order to create a viable replacement for ITO. While acid-treated films have 

conductivity ratios approaching the target, these films may be unsuitable for organic light 

emitting diode (OLED) applications as the presence of residual mobile counter ions can 

poison the emissive layer. In addition, nanotube films tend to be relatively porous^ and 

have significant surface roughenss'^, properties that can be detrimental to certain electrode 

applications. In many ways, it would be preferable to have a polymer-nanotube composite 

film as the electrode. However, such composites have traditionally had low 

conductivities,^^ typically < 10 S/m,'^ and so a low GodGop ratio. Recently a number of 

papers have appeared which have broken this paradigm. This has happened in two ways. 

Blighe et al. demonstrated a filtration-based method to prepare very high volume fraction 

polymer-nanotube composite films.Even while using an insulating matrix (polystyrene), 

these films demonstrated conductivities up to 10“* Sm''. The other method has been to use 

conducting polymers as matrices.^’ While these composites prepared with small-ion-doped 

conducting polymers are unsuitable for use in applications such as OLEDs due to mobile 

counter ions, composites prepared from conducting polymers doped with large immobile 

counter-ions pose no such problem. Such a polymer is poly(3,4-ethylenedioxythiophene) 

doped with poly(styrenesulfonate) (PEDOT:PSS). Here the PEDOT chains are positively
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charged, while the PSS chains are negatively charged. Recently'**'^* PEDOT has been 

combined with carbon nanotubes to produce composites with conductivities of up to ~ 7 x 

10“^ S/m.^^ Such films displayed aod^yop ~ 9, which is impressive but could be improved 

upon. In this section, two previous approaches to prepare high volume fraction composites 

will be combined to prepare high volume fraction composites from SWNTs blended with 

PEDOTiPSS.

5.3.2 Experimental procedure

HiPCO SWNTs were purchased from Unidym (www.Unidym.com/), while Iljin arc 

discharge SWNTs were purchased from Iljin Nanotech Co., Ltd. 

(www.iljimianotech.co.kr/). PEDOTiPSS was purchased from HC Stark under the 

tradename Baytron PH500 (www.hcstark.com). The PEDOTiPSS used in this work was 

purchased as a suspension of polymer nanoparticlcs, each a few tens of nanometers in 

diameter. Stock SWNT dispersion were prepared using the technique outlined earlier in 

this chapter. Briefly, an aqueous solution of sodium dodecyl sulphate was used to disperse 

SWNTs using high power sonication. Centrifugation was performed and the supernatant 

kept. Absorption spectroscopy was used to determine the concentration of the SWNT 

dispersion.

Nanotube-PEDOTiPSS composite dispersions were subsequently prepared by

mixing the required volume of nanotube stock solution and PEDOTiPSS dispersion,

keeping the partial nanotube concentration in the composite dispersion at 0.005 mg/mL.

Note that no secondary dopant was added to the PEDOTiPSS. This composite dispersion

was then subjected to 1 minute high-power sonication. The composite films were prepared

by vacuum filtration using porous cellulose filter membranes (MF-Milliporemembrane,

mixed cellulose esters, hydrophilic, 0.025 pm, 47 mm diameter). The films thicknesses 
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were controlled by the volume of dispersion filtered and hence the deposited nanotube 

mass. The deposited films were washed with 200 mL of Millipore water followed by a wet 

transfer (see previous section) to a polyethyleneterephthalate (PET) substrate using heat 

and pressure. The cellulose filter membranes were then removed by treatment with acetone 

vapour and subsequent acetone liquid baths followed by a methanol bath. The diameter of 

the films was 36 mm. The film thickness, t, was calculated from the deposited mass per 

unit area, M/A, using M/A = pi, where /ois the film density. The film densities were 

estimated to be 600 - 900 kg/m^ for mass fractions from 0.8 to 0.2. These values are 

estimated by calculating the weighted average values of the densities of porous nanotube 

films (~450 kg/m^)^ and PEDOTiPSS (-1000 kg/m^). The thickness was estimated to be 

correct to within 10 %. This means that the DC and optical conductivities carry an error of 

10 %. Transmission scans were made using an Epson Perfection V700 photo flat-bed 

transmission scanner. Scanning electron microscopy measurements were made using a 

Hitachi S-4300 field emission scanning electron microscope. Atomic force microscope 

images were obtained using a Veeco Nanoman AFM system. In order to extract the 

topography and conductance data simultaneously, the microscope was operated in the 

conductance imaging mode (C-AFM). In this technique, the AFM tip acts like a mobile 

probe on the surface and is held at ground potential, and a DC bias is applied to the sample. 

The z feedback signal is used to generate a normal contact mode AFM topographic profile, 

and the current passing between the tip and the sample is measured using a preamplifier to 

generate the conductance image. A bias voltage of 0.2 mV up to 1 V is applied to the 

electrode on the surface that drives current through the tubes. A current range of 2 pA to 1 

pA can be detected by the preamplifier in the C-AFM module. For this purpose, a Cr/Pt 

coated conductive tip with a force constant of 3 N/m and a resonant frequency of 75 kHz 

was employed. In all cases, the loading force employed during measurement was 

approximately 15 nN. (The tips were purchased from Budget Sensors, ElectriMulti 75.)
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Optical transmission spectra were recorded using a Varian Cary 6000i. In all cases, a sheet 

of PET was used as the reference. Sheet resistance measurements were made using the 

four-probe technique with silver electrodes of dimensions and spacings typically of ~ 

millimetres in size and a Keithley 2400 source meter. Electromeehanical measurements 

were made using a Zwick Z0.5 Proline tensile tester. The composite films on PET were 

bent in to a semicircle, which was constrained by the grips of the tensile tester. The film 

was connected via two electrodes (attached to the grips) to a Keithley KE 2601. The bend 

radius was then defined by the distance between the grips. The inter-grip distance was then 

oscillated between typieally 15 and 5mm over many cycles. LabVIEW software recorded 

film resistance, inter-grip distanee, and cyelenumber.

Figure 5.7 Raman spectra of (top) a PEDOT. PSS film prepared by vacuum filtration on a 

cellulose filter, (middle) the same film after transfer to PET , and (bottom) an 

Iljin/PEDOT.PSS film prepared on a cellulose filter after transfer to PET.
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5.3.3 Results and Discussion

Composite films were prepared by vacuum filtration from aqueous dispersions with 

PEDOTiPSS as the matrix and both Iljin and HiPCO SWNTs as the filler. For both filler 

types, films containing a range of mass fractions from 20 to 100 % (nanotube only) were 

fabricated at a fixed nominal thickness, t = 50 nm. In addition, for a fixed mass fraction (55 

wt% for HIPCO, 60 wt% for Iljin), films were prepared with a range of thicknesses. It is 

important to verify that the polymer nanoparticles are not lost through the filter but remain 

to form part of the composite film. To check this, we prepared PEDOT:PSS films on 

cellulose membrane filters before transferring to PET substrates. These films were 

electrically conductive, confirming the presence of PEDOT:PSS. In addition, Raman 

spectra {Xex = 633 nm) collected both on the filter and on PET showed the presence of 

PEDOT:PSS through its characteristic bands at 440 and 1420 cm'' ^^(see Figure 5.7, top 

and middle, arrows indicate the peaks). In addition, Raman spectra measured on Iljin / 

PEDOT:PSS composite films also showed the presence of these PEDOTiPSS bands. (NB 

these bands appear weak in the composite film due the relatively high intensity of the 

nanotube bands). Thus, it is believed that the polymer is retained on the filter to form 

composite films.

A) Iljin, Photo B) Iljin, Scan

CRANN

Figure 5.8 A) Photo of a t = 60 nm, 60 wt% Iljin composite film. B) Transmission scan 

(150dpi) of the same film as A.
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A photograph of a typical composite film (60 wt% Iljin, thickness t = 60nm) is 

shown in Figure 5.8 A. The high film quality is immediately apparent. To explore this in 

more detail, transmission scans of the same film were made (Figure 5.8 B). This scan is 

effectively a white light transmission map of the film with a resolution of 160 pm (150 

dpi). The spatially averaged white-light transmittance was 81 % for this film. The 

uniformity of the film is given by the standard deviation of the transmittance, calculated 

over the entire film area, which was 0.8 %. The ratio of standard deviation transmission to 

mean transmission was 1 %. The low value of this quantity indicates the very high quality 

and optical uniformity of these composite films.

A) HiPCO. SEM B) Iljin, SEM

500 nm 500 nm

Figure 5.9 SEM images of nominally 50nm thick SWNT/PEDOT.PSS composite films 

prepared using (A) HiPCO nanotubes (Mf= 55%) and (B) Iljin nanotubes (Mf= 60 %).

Shown in Figure 5.9 A-B are representative SEM images of the surface of both 

HiPCO (Mf= 55 %, t = 50 nm) and Iljin (M/= 60 %, t = 50 nm) based composites. For the 

HiPCO case, the network is hardly visible, appearing obscured by a polymer coating which
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fills much of the networks free volume. For the Iljin composites, the polymer coating 

appears to be limited to a cylindrical shell surrounding the Iljin nanotubes. This disparity in 

coating may indicate differences between the surface energies of Iljin and HiPCO SWNTs 

or may simply be a reflection of differences in pore structure and / or size for the two film 

types. Nevertheless, both films have some free volume, making the surface of these films 

rough on the scale of tens of nanometers.

C) Iljin, C-AFM

10jim;

Figure 5.10 AFM images of nominally 50 nm thick (A) HiPCO/PEDOT.PSS and (B) 

Iljin/PEDOT. PSS composite films. (C) Conductive AFM image of the same Iljin film area 

as B.

Shown in Figure 5.10 A is an AFM image of the surface of the HiPCO composite 

film shown in Figure 5.9 A. The network is not resolved in this image due to the polymer 

coating. Note that considerable surface roughness can be seen in this image. For the Iljin 

composite, AFM images show a network of straight, well defined bundles (Figure 5.10 B). 

This network is considerably less rough than the HiPCO composite discussed above. 

Shown in Figure 5.10 C is a conductive AFM current map of the area of the Iljin composite 

shown in Figure 5.10 B. The current map of the Iljin film is very similar to the

topographical map in Figure 5.10 B showing well defined polymer coated SWNT bundles
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which act as current paths out of the plane of the film. This is important as it shows that 

current can be gathered uniformly from all areas of the surface of these films, a critical 

property for any material with potential for use as an electrode. Surprisingly, it was 

impossible to detect a C-AFM signal ft-om the HiPCO based composites, perhaps due to 

the thick polymer coating.

These films were also characterised for both their electrical and optical transmission

properties. For comparison, initially a 50nm thick film of PEDOT:PSS was characterised.

This displayed optical transmittance (A = 550 nm) of 93% and sheet resistance of

3.7Mr2/n, equivalent to a DC conductivity of 5S/m. This is in line with what we expect for

PEDOT:PSS without secondary doping.^"* For the composite films, optical transmittance

versus wavelength spectra were flat and reasonably featureless for both composite types

(similar to previously published spectra^*, see Figure 5.3. In general, as the nanotube mass

fraction increased, the transmittance decreased while the spectral shape remained

unchanged. The transmittance at A = 550 nm is shown plotted as a function of mass

fraction in Figure 5.11 A for both composite types. In both cases, the data are similar,

falling from 90 - 95 % for the 10 wt% sample to ~75 % for the 100 wt% sample. The sheet

resistance, as measured on the same films, is shown in Figure 5.11 B In both cases, the

sheet resistance falls slightly with increasing mass fraction. However, the Iljin composites

are less resistive, falling to Rs ~140Q/n compared to a minimum value of ~ 450Q/n for the

HiPCO composites. The nominal DC conductivity, opc, as a function of nanotube mass

fraction is shown in Figure 5.11 C and emphasises the higher conductivity associated with

the Iljin composites, which reach a maximum value of 1.4 x 10^ S/m compared to a

maximum value of 4 x 10^ S/m for the HiPCO composites. In both cases, the maximumin

DC conductivity occurs for the nanotube-only film (100%). Interestingly, neither

composite type faithfully follows percolation-like scaling, the general form of which is

shown by the dotted line.
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Figure 5.11 Optical and electrical data for PEDOT. PSS-based composites filled with both 

HiPCO and llJin SWNT. (A) Transmittance (A = 550nm), (B) sheet resistance, and (C) DC 

conductivity as a function of nanotube mass fraction for films with nominal thickness of 50 

nm. The dotted line in (C) illustrates quadratic behaviour expected for percolating 

nanotube networks. (D) Ratio of DC to optical conductivity as calculated from the sheet 

resistance/transmittance data using Equation 2.68 for both Iljin and HiPCO composites as 

a function of nanotube mass fraction. (E) Transmittance (550nm), (F) sheet resistance, (G) 

DC conductivity, and (H) ratio of DC conductivity to optical conductivity as a function of 

film thickness for films of mass fraction 55 % (HiPCO) and 60 % (Iljin). The dotted line in 

E is a fit to Equation 2.67. The dotted lines in F and G illustrate the behavior expected for 

bulk materials.

In order to identify the optimum mass fraction for further studies, we use the data in

Figure 5.11 A, B to calculate ODcIfyop as a function of Mf, using Equation 2.68. This is
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shown in Figure 5.11 D for both composites. It is noted that CToc/f^Op depends weakly on 

Mf, and appears to peak at 60 and 55 wt% for Iljin and HiPCO composites, respectively. 

This will be discussed in greater detail below.

With this in mind, films with mass fractions fixed at the optimized values (60 and 

55 wt% for Iljin and HiPCO) for both composite types but with a range of nominal 

thicknesses from f = 20 to 200 nm were prepared. As before, for each film, the 

transmittance and sheet resistance were measured. Again, the transmittance spectra were 

relatively featureless. The transmittance at 550 nm was plotted as a function of nominal 

thickness in Figure 5.11 E. Both data sets fall on the same curve, with T decreasing as t is 

increased. For thin conducting films, the transmittance is related to the film thickness by 

Equation 2.67. and has been fitted to the data in Figure 5.11 E as shown by the dotted line. 

Both data sets can be very well fit by Equation 2.67, taking aop = (11 ± 0.1) x lO"* S/m (A 

= 550nm). This value is significantly lower than that of aop = 1.5 x 10'^ S/m {A = 550nm) 

found for neat films of SWNTs.'^''^ The sheet resistance data for the same films are shown 

in Figure 5.11 F. In both cases, Rs falls with increasing t, with the Iljin composites 

significantly less resistive. Both data sets are well fit by ctdc =1/Rst, for / = 40 nm, 

suggesting the film morphology becomes thickness invariant above this thickness. The 

nominal conductivity is shown in Figure 5.11 G as a function of thickness. In line with the 

sheet resistance data, the conductivity is reasonably constant at higher values, falling off 

below t = 40 nm. These optimised films have mean conductivities {t > 40 nm) of apc = 

(1.65 ± 0.2) X 10^ and (4.0 ± 0.4) x 10^ S/m for Iljin and HiPCO composites, respectively.

It is worth noting that these conductivities are extremely high even for composites 

with conducting matrices. Bulk composites prepared from SWNTs embedded in 

polyacrylonitrile have reached conductivities of 1.5 x 10"* S/m.^^ Composites based on 

SWNTs embedded in PEDOTiPSS have also shown very high conductivities, reaching
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values of ~7 x S/m. However, to my knowledge, this work is the first to demonstrate 

composite conductivities greater than 10^ S/m. There are two main reasons why such high 

conductivities were achieved. The first is that we use Iljin nanotechnology Inc. arc- 

discharge SWNTs, which are well known for their ability to form highly conductive 

nanotube films.In fact, the state-of-the-art for nanotube films is for films prepared using 

Iljin SWNTs, displaying conductivities as high as 2 x 10^ S/m.'^ The second reason is that, 

building on previous work,^^ it is possible to attain nanotube mass fractions far in excess of 

any others reported in the literature. It is this combination of highly conductive tubes at 

high mass fraction that gives such superlative properties.

The ratio croc/fyop was calculated as a function of film thickness from the data in 

Figure 5.11 E-F using Equation 2.68. This data is shown in Figure 5.11 H and scales with 

thickness in a fashion similar to the DC conductivity. At thicknesses above 80 nm, (Joc/crop 

saturates close to values of 15 and 3.3 for the Iljin and HiPCO composites, respectively.

As described above, many applications require low sheet resistance coupled with 

high transparency. To this end, transmittance was plotted versus sheet resistance for all 

four data sets (fixed t, varying Mf, and fixed Mf, varying t, for both nanotube types) in 

Figure 5.12. For each tube type, both data sets (varying both t and Mf) fall close to the 

same curve as illustrated by the dotted lines. The Iljin data, however, is shifted to lower Rs, 

in line with their higher conductivities. The data has been fitted using Equation 2.68 in 

Figure 5.12 are consistent with croc/o'Op - 14.8 and 3.3 for the Iljin and HiPCO composites, 

respectively. These values are as expected from Figure 5.11 H. It is interesting that the data 

found by varying Mf for fixed t also falls on this line. This can be seen more clearly by 

plotting the data as versus 1/Rs as shown in the inset of Figure 5.12. Here, data

described by Equation 2.68 on a straight line. This is observed for all data (except for those 

films with the lowest values of t or Mf) with linearity illustrated by the dotted lines. This
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shows that, not only are the films prepared by varying t described by Equation 2.68, but the 

films prepared by varying Mf are also. This is interesting as it shows that composites with 

different mass fractions of nanotubes tend to have similar values of opc/crop-
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Sheet Resistance, (Q/Sq)

Figure 5.12 Transmittance (k = 550nm) plotted as a function of sheet resistance for all the 

samples measured in this work. The dotted lines are fits to Equation 2.68. Inset: 

Transmittance versus sheet resistance data plotted to emphasize how well these data are 

fitted by Equation 2.68. The dotted lines are equivalent to the fit lines in the main figure.
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Referring back to Figure 5.11 D it is noted that while ooc/oop displays a clear peak 

for each composite, its overall dependence on Mf is very weak. Thus, obc/oop only varies 

between 8 and 15 for the lljin networks and between 1 and 3 for the HiPCO networks over 

the entire range of mass fractions. This relative invariance suggests that reductions in the 

mass fraction, while resulting in a more open nanotube network, do not significantly 

change the network topology or connectivity.

Another interesting point is that the data for the nanotube-only films fall close to, 

but slightly below these trend-lines, illustrating their inferior properties. This is in contrast 

to the vast majority of polymer-nanotube composites where the electrical properties are 

significantly reduced by the presence of polymer layers, which act as tunnelling barriers, 

between adjacent nanotubes. ’ The fact that the electrical / optical properties of these 

composites are certainly not inferior but actually superior to the nanotube only films 

suggests that inter nanotube polymer layers do not significantly inhibit intertube electron 

transfer at nano tube junctions. It was proposed that this lack of tunnelling barriers, coupled 

with the reasonably low optical conductivity observed in composites, contributes to these 

high values of ooc/obp. That obc/oop displays a peak when plotted versus mass fraction 

shows that the DC and optical conductivities scale differently with nanotube mass fraction. 

Thus, the balance between charge transport and light absorption is optimised at certain 

mass fractions {(Tdc/ctop = 12.7, M/ = 60 wt%, ? = 60 nm). It is noted that this is higher than 

the value measured for Iljin-only films of the same thickness (croc/crop = 8.1, Mf= 100 

wt%, t = 60nm).

Overall, the highest value was <TDc/<yop = 15.0 ± 1.2 (lljin, Mf= 60 wt%, ? = 80 nm). 

This is significantly higher than both the highest published value of ~9 for simple polymer- 

nanotube composites^‘ and the value of ~12 obtained for composites of lithium-doped

SWNTs. (In the previous two papers, ctdc/ctop was not quoted. They were calculated from
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published Rs, T data.) Note that the value of croc/crop = 15.0 ± 1.2 is higher even than the

highest value reported for undoped SWNT - only films (opc/cro/) = 10.1).'^ Only data for

aeid-treated SWNT networks have resulted in higher values (cdc/ctop - 25) 13
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Figure 5.13 Electromechanical measurements made on composites with t = 50 nm and Mf 

= 55 % (HiPCO) and Mf = 60 % (lljin). (A) Sheet resistance versus radius of cur\’ature for 

one bend/release cycle measured for films both in compression and intension. Inset: 

Results for a film of ITO on PET. (A) Mean sheet resistance per cycle as a function of cycle 

number for films in both tension and compression. Inset: Results for a film of ITO on PET.

Finally, these composites are close to being a viable replacement for ITO and they

are potentially even more useful as a flexible, transparent, electrode material. Such a

material is of considerable interest as an electrode in applications such as e-paper. To test

this, composite films on PET using both lljin and HiPCO nanotubes as filler {t = 50 nm,

Mf/ijin = 60wt %, Mf HiPCO =55 wt%) were prepared. In each case, the sheet resistance

during bending was monitored with the composite film both in tension and in compression.

The films were bent from an initial radius of curvature of 7.5 mm to a final radius of 2.5 
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mm before being relaxed. Shown in Figure 5.13 A is the sheet resistance versus radius of 

curvature during both the bending and release phases (note that the magnitude of the

‘\f\average strain felt by the film is plotted in the top axis). From this data, it is clear that the 

sheet resistance of the Iljin-based composites varies by <1 % during both bend and release 

phases for films both in tension and in compression. In comparison, while the HiPCO films 

are very stable in tension, they undergo a reproducible reduction in resistance of ~10 % 

while bending in compression. For comparison purposes, shown in the inset is data taken 

for an ITO film sputtered onto PET that was subjected to the same test. It is clear that the 

ITO fails catastrophically on tensile bending, with the sheet resistance increasing 

irreversibly by almost 2 orders of magnitude.

While these composite films are clearly relatively stable during one bend cycle, it is 

important to ascertain their stability over many bend cycles. Shown in Figure 5.13 B is the 

mean sheet resistance per cycle plotted versus cycle number for the same films examined 

in Figure 5.13 A. It is clear that the sheet resistance of the Ilj in-based films varied by <1 % 

over ~130 cycles. Similarly, the HiPCO-based composite subjected to tensile bending was 

also extremely stable. However, as before, the compressively bent HiPCO-based 

composite films were relatively unstable, undergoing increases in resistance of ~30 % over 

200 cycles. Note that none of these composites failed during these measurements. The 

number of cycles was limited by time constraints. For comparison, the cyclic test data for 

an ITO / PET film is shown in the inset of Figure 5.13 B. In this case, to avoid immediate 

failure, the film was tested at low curvature, with minimum bend radius of 20 mm on each 

cycle. In stark contrast to the composite films, the sheet resistance of this film increased by 

a factor of 8 before failing around cycle 150. These results can be compared to previously 

published results for (lower conductivity) PEDOT : PSS / SWNT films whose resistance

increased by ~8 % after 1800 bending cycles. 32
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5.3.4 Conclusion

The preparation of thin composite films based on PEDOT:PSS doped with two 

different types of SWNTs was demonstrated. The spatial uniformity of the optical 

transmittance of these films is exceptional. The optical transmittance and sheet resistance 

as a function of both mass fraction and film thickness was measured. While the optical 

properties of both composite types are similar, composites based on arc discharge tubes 

(Iljin Nanotech.) are significantly more conductive than those based on HiPCO tubes, 

reaching conductivities of 1.65 x 10^ S/m. In both cases, the ratio of DC to optical 

conductivity was maximised for mass fractions of 55 - 60 wt%. The highest value found 

was (Tdc/o'Op = 15, which was observed for an 80 nm thick film containing 60 wt% Iljin 

(arc discharge) SWNTs. This film has transmittance and sheet resistance values of T= 75% 

and Rs = 80Q/n. Electromechanical testing showed both composites to be extremely stable 

under flexing and cycling. In particular, the Ilj in-based composites displayed sheet 

resistances which varied by less than 1 % over 130 bend / release cycles. With moderate 

improvement such composites could be suitable for use as flexible electrodes in 

applications such as solar cells or displays.
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Chapter 6 : Silver nanowire networks as 

flexible, transparent, conducting fllms: 

Extremely high DC to optical conductivity

ratios^

6.1 Introduction and background

The main problem with implementing nanostructure networks as transparent 

electrodes has been achieving transmittance and sheet resistance values routinely 

achievable with ITO. The best results for graphene-based films^ have been croc/oop=l 16/ 

while for nanotubes/ cr£)c/ob/>=25 has been demonstrated. Thin films of metallic nanowires 

may bridge this gap. Lee et al. Have pioneered this method by preparing networks of silver 

nanowires (AgNWs) for which we calculate ctdc/o-op = 150. In this chapter, a method is 

demonstrated to produce thin films of silver nanowires with (TDc/obP=500, similar to that 

required to match ITO. These films have DC conductivity of up to 5 x 10^ Sm 8 % of the 

value for bulk silver. Films with Rs = 13Q/a coupled with r=85% were prepared. These 

films are stable under flexing for at least 1000 cycles.
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6.2 Experimental procedure

Silver nanowires were purchased from Seashell Technologies

(www.seashelltech.com) as suspensions in isopropylalcohol (C=12.5mg/mL as measured

by thermogravimetric analysis, Perkin-Elmer Pyris). A small volume of the dispersion was

diluted down to 0.1 mg/mL with Millipore water. This was subjected to half an hour low

power sonication in a sonic bath (Model Ney Ultrasonic). The dispersion was further

diluted down to a concentration C = 0.002 mg/mL with Millipore water and sonicated for a

further 30 minutes. Silver nanowire films were prepared by vacuum filtration of the above

dispersions using porous mixed cellulose ester filter membranes (MF-Millipore membrane,

mixed cellulose esters, hydrophilic, 0.2 pm, 47 mm). A range of films with varying

thickness was prepared by filtering different dispersion volumes, giving different deposited

masses. These films were characterised by their deposited mass per unit area, M/A. The

deposited films were transferred to a polyethylene terephthalate (PET) substrate using heat

and pressure.^ The PET was placed on a hot plate at 100 °C. The AgNW film/membrane

was placed on the PET with the AgNWs in contact with the PET. A 3kg weight was then

placed on top for 2 hours. The cellulose filter membrane was then removed by treatment

with acetone vapour and subsequent acetone liquid baths followed by a methanol bath.^

The film area was 36mm in diameter. Thin silver films were prepared using an Edwards S

Auto 306 evaporator. Commercially available ITO was purchased from UQG Optics Ltd.

Transmission scans were made using an Epson Perfection V700 photo flat-bed

transmission scanner with a bit depth of 48bits per pixel and a spatial resolution of 6400

dpi. The numerical output of the scanner was calibrated by scanning a range of neutral

density filters. The resultant calibration curve was used to transform the output to represent

transmittance. This results in a transmittance map with a transmittance value for every

pixel. Transmission maps were transformed into absorbance maps by applying A = -log T

to each pixel. The mean and standard deviations of the transmittance or absorbance were 
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calculated from the entire data set (i.e., from the entire set of pixel values). Scanning 

electron microscopy measurements were made using a Hitachi S-4300 field emission 

scanning electron microscope. Charging was avoided by transferring the nanowire film 

from cellulose membrane to a glass substrate coated with a thin gold/palladium film. 

Atomic force microscope images were obtained using a Dimension V In order to

extract the topography and conductance data simultaneously, the microscope was operated 

in the conductance imaging mode (C-AFM).^ In this technique, the AFM tip acts like a 

mobile probe on the surface and is held at ground potential and a DC bias is applied to the 

sample. The z feedback signal is used to generate a normal contact mode AFM topographic 

profile, and the current passing between the tip and the sample is measured using a pre

amplifier to generate the conductance image. A bias voltage of 0.2 mV up to 1 V is applied 

to the electrode on the surface that drives current through the wires. A current range of 2 

pA tol pA can be detected by the pre-amplifier in the C-AFM module. For this purpose, a 

Cr/Pt-coated conductive tip with a force constant of 3 N/m and a resonant frequency of 75 

kHz was employed. In all cases, the loading force employed during measurement was 

approximately 15 nN. (The tips were purchased f'rom Budget Sensors, ElectriMulti 75.) 

Optical transmission spectra were recorded using a Cary Varian 6000i, with a sheet of PET 

used as the reference. Sheet resistance measurements were made using the four-probe 

technique with silver paste electrodes of dimensions and spacings typically of ~ millimetre 

in size and a Keithley 2400 sourcemeter. Electromechanical measurements were made 

using a Zwick Z0.5 Proline tensile tester.'’ The AgNW film on PET was bent into a semi

circle, which was constrained by the grips of the tensile tester. The film was connected via 

two electrodes (attached to the grips) to a Keithley KE 2601. The bend radius was then 

defined by the distance between the grips. The inter-grip distance was then oscillated

“ The AFM and C-AFM measurements were performed by Dr. Peter Nirmalraj of the Sehool of Chemistry, 
Trinity College Dublin.

The electromechanical measurements were performed by Evelyn Doherty of the School of Chemistry, 
Trinity College Dublin and Jerome Joimel of Hewlett Packard DIMO, Liffey Park Technology Campus, 
Bamhall Road, Leixlip, Co Kildare, Ireland.
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typically between 15 and 5 mm over many cycles. LabVlEW software recorded film 

resistance, inter-grip distance, and cycle number.

28 mg/m-

CRANN

Figure 6.1 Photograph of a film of AgNWs on PET covering the CRANN logo.

6.3 Results and discussion

Shown in Figure 6.1 is a photograph of a nanowire film on a PET substrate. This 

was prepared by depositing 28 mg/m^ of AgNWs onto a cellulose membrane by vacuum 

filtration. It is clear from this image that the film appears to be of very high optical quality. 

While this is generally true, it is noted that the films appear very slightly milky due to light 

scattering from the nanowires.^ The optical uniformity of the film was tested by taking a 

transmission scan of the deposited film. This involves measurement of the local white light 

transmittance with a spatial resolution of 4pm, measured over an area of 2 mm x 2 mm. 

The uniformity of the transmittance was characterised by calculating the standard deviation 

of the transmittance over all pixels, AT. This worked out to be AT = 1.8 % for the film 

shown in Figure 6.1 demonstrating the optical quality of these films. When normalized to 

transmittance, this gives AT/<T> = 2.1 %. This technique will be used below to investigate 

the film uniformity as a function of film thickness.
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Figure 6.2 SEM images of the surfaces of films of increasing thickness, 46 < M/A < 780 

mg/m^.

The nature of these films was investigated using scarming eleetron microscopy as 

shown in Figure 6.2 A-D. To facilitate SEM analysis, the films were transferred onto 

Au/Pd-coated glass after filtration. Shown in Figure 6.2 A is an SEM image for an M/A = 

46 mg/m film. This image shows a network of nanowires that, while clearly above 

percolation, can be considered sparse. As a result, there is significant non-uniformity, with 

holes in the network (where the substrate is visible) of sizes ranging from 2-6 pm in 

diameter. In Figure 6.2 B-D, successive images for films of increasing thickness {M/A 

increasing from 93 to 780 mg/m ) are shown. It is clear from these images that, as the 

thickness is increased, the networks become less sparse with the substrate appearing less 

frequently.
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Length, L (nm)
Figure 6.3 Statistics relating to the length and diameter of the individual nanowires

In addition, the films appear more uniform; by 780 mg/m^, the substrate cannot be 

seen at all and the network appears spatially homogeneous. From images such as the one 

shown in Figure 6.2 A, the length and diameter of the nanowires can be measured. These 

data are shown in Figure 6.3 in the form of histograms. The length varies from 2.5 to 15 

pm with a mean of 6.6 pm. The diameter varies from 50 to 150 nm with a mean of 84 nm. 

These lengths are larger than those found for most carbon nanotubes, while the diameters 

are almost an order of magnitude larger than that usually found for carbon nanotube 

bundles in thin films.

The transmittance spectra in the visible region were measured for all films studied,

as shown in Figure 6.4. The spectra were reasonably featureless, although those

representing very thin films displayed a number of weak, broad peaks. From these spectra,

the transmittance at 550nm, T, was measured and the sheet resistance, Rs, was calculated

for all the films studied in this work, as shown in Figure 6.5. For the thinnest films {M/A =

28 mg/m ), T approaches 92 % for sheet resistance approaching 100 Q/n. For thick films

{M/A = 230 mg/m ), T approaches 32 % for Rs = 0.5 Q/n. In the middle range, which is of

most interest for electrode applications, the film with M/A = 70 mg/m^ displays T =15 %

and = 3.4 /□, for example.
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Wavelength, X (nm)

Figure 6.4 Film transmittance spectra for selected AgNW films at a range of thicknesses. 

Also shown is the spectrum of a 35 nm thick evaporated silver film.

In general, the transmittance and sheet resistance for thin metallic films are related 

by Equation 2.68 which has previously been shown to accurately describe films of both 

carbon nanotubes'' and polymer nanotube composites.’ This expression has been fitted to 

the data in Figure 6.5 and provides a reasonable fit for M/A > 70 mg/m’. It is clear from 

Figure 6.2 A that films with M/A ~ 70 mg/m are quite sparse and perhaps should be 

considered as 2D networks rather than 3D films. With this in mind, a network to film 

transition occurring at M/A ~ 70 mg/m can be imagined.
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films studied in this work. The solid symbols represent films of AgNWs. For context, data is 

also given for films of evaporated silver, commercial ITO and single wall carbon 

nanotubes.

The fit to Equation 2.68 shown in Figure 6.5 is described completely by 

O£>c/oo/)=500. This ratio can be considered as a figure of merit for thin conducting films. A 

value of opc/oop^SOO is extremely large for a nanostructured thin film. Previous work has 

demonstrated a maximum value of obc/opp = 25 for acid-treated films of SWNTs.'^ This is 

illustrated by plotting on Figure 6.5 data measured in our lab for near state-of-the-art 

nanotube films (Iljin Nanotech, no post-treatment*). These data are described by opc/crcip =
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13, significantly worse than that displayed by the AgNW films. This transmittance-sheet 

resistance data is superior to all data found in the literature for nanostructured thin films. In 

addition, the values presented in Figure 6.5 are slightly better than data recently reported 

for metallic grids.^

To put these sets of data in context, thin silver films with thicknesses of 25, 35, 

and 50 nm were prepared by evaporation (thinner films oxidized, rapidly rendering them 

quite resistive). The transmittance (see Figure 6.4) and sheet resistance was found to vary 

in the ranges 10 % < J'< 40 % and 0.7 Q/n < Rs< 1.8 Q /□ as shown in Figure 6.5. These 

data are well described by Equation 2.68 with croc/crop = 143, far below that measured for 

AgNW films. In addition, T and Rs were measured for two films of commercially available 

ITO. These films had T ~ 97% and Rg ~ 15-30Q/d, giving oodoop = 400-800, slightly 

better than that measured for the AgNW films. It is clear from this graph that the AgNW 

films in this work are significantly better than solid silver films but slightly inferior to ITO. 

This will be discussed in more detail below.

In order to measure bulk film properties such as by aop and gdc, the M/A must be

2
related to the film thickness, t .To do this, a relatively thick film with M/A = 780 mg/m 

was prepared. This film was thick enough to measure its thickness by SEM, giving t = 

1800 nm. Knowing the thickness and mass per unit area allows the film density to be 

calculated from M/A = pt, giving p = 435 kg/m^. From this the porosity was calculated to 

be 96 %. Assuming the film density is invariant with M/A (an assumption that is probably 

less valid at lower thickness), an average film thickness for all films can be calculated. 

Such thickness values should be treated with scepticism for M/A < 70 mg/m^ (160 nm) 

below which the films should be considered 2D networks.
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Figure 6.6 Properties of AgNW films as a function of film thickness, t. For completeness

the deposited mass per unit area is shown on the top axis. A) Optical transmittance,

measured at 550 nm. The dotted line is a fit to equation 2.67., consistent with an optical

conductivity of 6472 Sm'‘. B) Sheet resistance. The dotted line represents bulk-like

behaviour as given by Rs = l/cJoct, where ctdc-^^IO^ Sm'‘ is the DC conductivity. C) DC

conductivity, calculated from Rs = l/croct. The dotted line illustrates a DC conductivity of

5x10'^ Sm'\ D) Ratio of DC to optical conductivity as calculated from the T and Rs data.

The dotted line illustrates conductivity ratio of 500. E) Local non-uniformity of films,

defined as the standard deviation of the local absorbance measured with a pixel size of 4

microns.
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Shown in Figure 6.6 A is a graph of transmittance (550 nm) as a function of film 

thickness. The transmittance, T, scales with thickness, t, according to Equation 2.67. That 

Equation 2.67 is appropriate for these networks is emphasised by the inset, which shows 

that the data is fitted extremely well by this model when appropriately linearised. This 

equation has been fit to the data in Figure 6.6 A over its whole range, yielding a value of 

<yop = 6472 Sm"'. This value is surprisingly low and compares with oqp=l.75x10^ Sm”' as 

measured for our thin evaporated silver films. This is lower than the reported value of 9.4 x 

10^ Sm'* for bulk silver. In any case, it is unclear why these AgNW networks should 

display such low values of oop. The measured value is just 0.07 % of the value for bulk 

silver, a factor that cannot be explained solely by the high film porosity. In addition, the 

optical conductivity is lower than values measured for thin nanotube films (1.5-2 x lO"* Sm' 

‘,X = 550 nm).“'‘^

Shown in Figure 6.6 B is the sheet resistance data as a function of film thickness. It 

can be seen that this data does not scale inversely with thickness as would be expected for 

a bulk material (illustrated by the dashed line). This can be seen more clearly by plotting 

the data as DC conductivity versus thickness using Gdc = l/(Rst) as shown in Figure 6.6 C. 

The DC conductivity is not thickness invariant but increases with increasing thickness 

from ~2 X 10^ Sm'' for the 60 nm thick film up to ~5 x 10^ Sm'' for the 600 nm thick film. 

The conductivity appears to approach saturation for thicknesses greater than 160 nm {M/A 

< 70 mg/m ) i.e. above the network to bulk transition. These conductivities are extremely 

high with the maximum values approaching 8% of bulk silver (6.3 x 10^ Sm''). This 

fraction (8%) is close to the fractional volume of film filled by nanowires (4%). It is also 

worth noting that the conductivity of the evaporated silver films was measured to be 2.6 x 

10^ Sm''. We attribute the difference between this value and the bulk value to the presence 

of a thin oxide layer. These AgNW films also display conductivities much higher than the
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highest conductivity observed for a nanotube films; -6x10^ As the conductivity of

nanostructured films such as these is limited by the presence of inter-wire bundles,''^ we 

suggest that the effective junction resistance in these AgNW films is exceptionally low. 

Previously,'^ computational studies have suggested junction resistances of ~1 Q. This is 

extremely low compared with estimates of nanotube-nanotube junction resistances of ~50

kQ. 16

Equation 2.68 can be used to calculate the conductivity ratio, aDc^cop, as a function 

of film thickness as shown in Figure 6.6 D. Unsurprisingly, this data resembles the DC 

conductivity data with oodoop increasing with increasing thickness from ~ 25 for the 60 

nm thick film up to ~ 500 for the 600 nm thick film. In addition, like the DC conductivity, 

obc’/ob/) begins to saturate above the network to bulk transition. These conductivity ratios 

are exceptionally high compared with other systems. Bulk silver'" has been reported to 

show Godoop ~ 7 although a value of God^^Op = 143 was measured for the evaporated thin 

silver films. In comparison, the highest value recorded for nanotube films" has been 

GodcTop- 25. Only doped metal oxides such as ITO have comparable values (GodGop- 

400-800).

As mentioned above, the DC conductivity and conductivity ratio tend to fall 

off for thicknesses below the network to film transition. This transition can be explored in 

more detail by measuring the local non-uniformity of the films as a function of thickness. 

This was done by recording transmission scans (pixel size 4 pm) of a number of the films 

discussed above. The resulting transmission maps were transformed into absorbance (A) 

maps using A = -logT. By the Beer-Lambert law, the absorbance is proportional to the 

number of absorbing objects per unit area. This means the absorbance map is a measure of 

the spatial distribution of nanowires per 4 pm pixel. For purposes required here, the non

uniformity is defined as the standard deviation of absorbance as measured over a 2 mm x 2 
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mm grid (500 x 500 pixels). A large degree of non-uniformity is associated with a high 

standard deviation. The data for non-uniformity as a function of film thickness is shown in 

Figure 6.6 E. It is clear that the non-uniformity is reasonably constant for thicker films but 

increases significantly for film with thickness below 150 nm. This is very close to the 

estimated network to film transition thickness of 160 nm {M/A < 70 mg/m^). In fact Figure 

6.6 B-E are all similar in that in all cases the data shown deviates strongly from the high 

thickness value for thicknesses below ~ 150-170 nm, emphasising the presence of a 

network to film transition.

Figure 6.7 A) Topographic AFM image of a sparse (M/A=10 mg/m^) AgNW film. B) C- 

AFM current map taken of the same section offilm.

An additional condition for a thin film to act as an electrode is that current 

can effectively flow out of the plane of the film as well as through it. To test this, 

conductive AFM (C-AFM) measurements were performed. Shown in Figure 6.7 A is an 

AFM topographical image of the surface of a sparse AgNW network {M/A = 10 mg/m^). 

All AFM images recorded show a network of straight, well defined nanowires, lying in the
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plane of the film. While the vast majority of wires are conneeted to the network, a small 

number are isolated. Shown in Figure 6.7 B is a conductive-AFM current map of the same 

area of the network shown in Figure 6.7 A.

The current map is very similar to the topographical map and clearly shows a 

nanowire network. This map unambiguously shows that current can flow out of the plane 

of the film from the wire sidewalls to the AFM tip. This is important as it shows that 

current can be gathered uniformly from all areas of the surface of these films - a critical 

property for any material with potential for use as an electrode. We note that none of the 

nanowires in the network are orientated out of the plane of the film. The current is 

collected from the sidewall of the wires.

As mentioned above, these films have optical and electrical properties close to 

those measured for ITO. However, to surpass ITO as a flexible electrode these films need 

to remain transparent and conducting under flexing. Such a material is of considerable 

interest as an electrode in applications such as e-paper. To test this, AgNW films on PET 

were prepared at a number of thicknesses. In each case, the sheet resistance during bending 

was monitored with the AgNW film in compression and in one case in tension. The films 

were bent from an initial radius of curvature of 7.5 mm to a final radius of 2.5 mm before 

being relaxed. This was repeated over many bend cycles. Shown in Figure 6.8 A-C is the 

mean sheet resistance per cycle plotted versus cycle number for three AgNW films of 

different thickness.

The thinnest film {M/A = 39 mg/m^, t = 90 nm) showed reasonably stable sheet 

resistance over the first 200 cycles. However, at this point the film began to fail, with the 

sheet resistance increasing by two orders of magnitude over the next 2000 cycles. In 

contrast, the sheet resistance of the thicker films was virtually unchanged over ~ 2000 

cycles with a deviation of < 2% around the mean. For the M/A = 79 mg/m film (r = 180 
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nm), the sheet resistance for both compressive and tensile bending was measured, as 

shown in Figure 6.8 C.

Figure 6.8 Sheet resistance as a function of cycle number for AgNW films of three different 

thicknesses; A) M/A=39 mg/m^ (t=90nm), M/A=79 mg/m^ (t=182nm), M/A=118 mg/m^ 

(t=271nm). Note all films were measured in compression while the film in B) was also 

measured in tension.
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Both data sets showed little variation in resistance although the results of the tensile 

test were slightly noisier. For comparison, the electromechanical stability of a solid silver 

film with thickness 25 nm was measured (shown in Figure 6.8 D). Here the sheet 

resistance was as stable as the thicker AgNW films. This is in stark contrast to thin ITO 

films which have been reported to fail catastrophically after only 160 bend cycles.” Note 

that none of the films studied in this work failed during these measurements. In each case, 

the number of cycles was limited by time constraints.

However, one problem with these materials is their adhesion to PET. Scotch tape 

tests were performed on AgNW films with thicknesses of 150 nm and 430 nm on PET. 

Unlike carbon nanotube films, both AgNW films failed the test, being completely removed 

from the substrate. While this is a problem, it may not be a fatal one as it is likely that PET 

can be chemically treated to improve the adhesion. Further study should address technical 

problem.

It is prudent to note that above the network to bulk transition, these AgNW 

films display a figure of merit (ooc/obp) of ~ 500, slightly lower than that measured for 

ITO (opc/oop ~ 400 - 800). Unlike ITO,”‘” these films are electromechanically robust 

under flexing. However, transmittance and sheet resistance values matching ITO cannot be 

simultaneously attained. To reach transmittance greater than 90%, reasonably thin films 

must be prepared. Unfortunately, such films have thicknesses below the network to film 

transition and as such have reduced values of croc/crop and so reduced opc- The best results 

achieved were Rs = 13f2/L for T= 85% {M/A = 47 mg/m^, t = 107 nm). This film is below 

the network to film transition and as such displays significant non-uniformity as illustrated 

in Figure 6.8. This non-uniformity will pose a significant problem for real applications. 

These issues could be resolved simply by forcing the network to film transition to occur at 

lower thicknesses. This could be done simply by using AgNWs with lower diameter as the
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transition thickness is probably defined by some multiple of the wire diameter. A similar 

transition has been observed in films of single wall nanotube bundles (diameter ~ 20 nm) 

to occur at / = 40 nm.'^ In this work the transition was observed at t ~ 160 nm for wires 

with D = 84 nm. In both cases, the transition occurs for film thicknesses of approximately 

twice the nanowire diameter. In order to achieve f > 90 % coupled with ctdc/ctop > 400, the 

network to film transition needs to be shifted below 50 nm (see Figure 6.6). If the 

transition occurs for thicknesses of twice the wire diameter, this means wires with 

diameters below 25 nm are required. In addition to improving T, using such low diameter 

wires should have an additional effect. It has recently been shown that the conductivity of 

networks of nanowires increases as the wire diameter decreases.'"*’^® This means that using 

lower diameter nanowires may result in further increases in odc/oo/j, as well as reduction 

in the transition thickness. Recently gold nanowires have been reported with diameters as 

low as 6 nm. Using such wires should result in high work-function, spatially uniform, 

flexible electrodes with high transmittance and extremely high DC conductivity.

6.4 Conclusions

In conclusion, thin transparent, conductive films from silver nanowires have been 

prepared. For thicknesses below -160 nm, these films act like a 2D network while thicker 

films are more bulk-like. The optical transmittance decreases with increasing thickness as 

described by an optical conductivity of aop = 6472 Sm'' (550 nm). The DC conductivity 

increases with thickness from -2x10^ Sm"' for low thicknesses, saturating close to 5 x 

10^ Sm"', 8% of the bulk silver value. This results in films with sheet resistance < 10 Q./L 

as long as the thickness is > 100 nm. In addition the ratio, croc/crop increases with 

increasing thickness, saturating close to 500 for thicknesses > 200nm. The best film had
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7?5=13fi/j for 7’=85%. In addition, these films are stable under flexing with the sheet 

resistance varying by < 2% over more than 1000 bend cycles.

Such films hold great promise as flexible, transparent electrodes. This is especially 

true if they could be fabricated from low diameter nanowires as this would result in better 

uniformity and better results for very thin films. As these films can be prepared from the 

liquid phase, large area electrodes by spraying could be realised. Such a large area, low 

cost deposition method is ideal for industry and may be widely implemented should the 

cost of these materials decrease sufficiently.
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Chapter 7 : Conclusions and future work

7.1 Summary of results

The factors controlling the conductivity in carbon nanotube networks were studied. 

A large range of single wall, double wall and functionalised carbon nanotubes were 

processed from aqueous dispersions into relatively thick films. The films were 

characterized by Raman spectroscopy, scanning electron microscopy, density and 

resistance measurements. The conductivity of these films ranged between 2.08 x 10^ Sm"' 

and 2.62 x 10^ Sm"'. The film conductivity was shown to be dependent on the nanotube 

structural purity, with highly crystalline nanotubes exhibiting the highest values. An 

increase in mean bundle diameter and film porosity corresponded to a decrease in the 

conductivity. This was associated with a decrease in the network connectivity. Computer 

modelling showed that the conductivity of a network of conducting rods scales linearly 

with inter-rod junction density. An expression for number of inter-nanotube junctions per 

nanotube and the number density of junctions was derived from the porosity and mean 

bundle diameter. The conductivity scaled reasonably well with the junction number density 

measured for the prepared films. The specific conductivity, calculated using idealised 

network parameters, of each nanotube type was shown to a scale strongly with the Raman 

G/D ratio.

Single walled carbon nanotubes were exfoliated extensively and deposited as very

thin, transparent films. A method of transferring such thin films to a transparent and

flexible polymer substrate was perfected. Arc-discharge nanotube films with a range of
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thicknesses were prepared using sodium dodecyl sulphate as the stabilizing surfactant. 

These films were characterized optically by visible region absorption spectrometry, 

showing very good transmittance which scaled well with film thickness. The film 

conductivity was constant (-2x10^ Sm'') for thickness’ down to 40 nm, at which point the 

spatial uniformity and hence network connectivity decreases, resulting in a higher 

resistance. For a thickness of 40 nm the films displayed a transmittance and sheet 

resistance of 7’=80% and 7?^=110 f2/r. This corresponds to a value of the conductivity ratio 

<TDc/crqp=13.0. Furthermore, these films were shown to be electromechanically stable. The 

films experienced a very small change (~2-5 %) in resistance over more than 2000 bend 

cycles.

The conductive polymer PEDOT:PSS, was incorporated into nanotube networks. 

PEDOT:PSS was combined with varying mass fractions of arc-discharge and HiPCO 

produced nanotubes to prepare thin composite films. These films where optically 

characterized, showing high spatial uniformity and good transmittance. Arc-discharge 

nanotube composites showed the highest conductivity of 1.65x10^ Sm''. However, the 

ratio of DC to optical conductivity was seen to have a maximum in both cases, at a mass 

fraction of 55-60 wt%. This peaked at a value of <7op/cTDc=\5, corresponding to 7=75% and 

7?,,=80 Q/T, for an 80 nm thick, 60 wt% arc-discharge composite. Both types of composites 

showed extremely high electromechanical stability with the sheet resistance of the arc- 

discharge nanotube composite films displaying less than 1 % change over 130 cycles.

Silver nanowires, which do not experience large junction resistances, were used to 

prepare thin, transparent, flexible and conductive films with a range of thicknesses. These 

films exhibited a saturated conductivity of 5x10*’ Sm'* for thick samples, which decreased 

below -160 nm to from -2x10^ Sm'' The saturated conductivity is extremely high, with a

sheet resistance of <10 Q/l. for thicknesses above 100 nm. The transition from bulk-like to 
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2-Dimensional network is similar to that observed for carbon nanotube networks, but the 

higher transition point reflects the larger mean silver nanowire diameter. The visible region 

transmittance produced flat and relatively featureless spectra that scaled well for all 

thicknesses giving an optical conductivity of crop=6472 Sm'* (550 nm). The conductivity 

ratio ctdc/ctop was shown to increase with thickness and above 200 nm the ratio saturated at 

~ 500. The film most suitable as a flexible display electrode exhibited a sheet resistance 

and transmittance of 13 Q/L and 85 % respectively. The films in this work were cycled 

more than 1000 times in tension and compression and exhibited a variation in sheet 

resistance of < 2 %.

7.2 Conclusions

The intent of the thesis was to demonstrate and investigate the applicability of thin

networks of quasi 1-Dimensional metallic nanostructures as transparent, flexible

electrodes. These results conclusively show that, in order to maximise the film

conductivity, the constituent nanotubes must be defect free and arranged into a dense

network of very thin nanotube bundles. Not only should this result in high conductivities

but also in very homogenous and smooth films which are two properties beneficial for

incorporation into devices. The pure SWNT thin films displayed very high conductivity

accompanied by reasonable visible region optical transmission, close to the values required

for application as transparent electrodes. Even so, there are a few issues to be addressed in

order to optimise the perfonnance of any device in which they are incorporated. As

mentioned previously, surface roughness is important to any multiple-layer devices. Not

only does the incorporation of PEDOTiPSS result in one of the most conductive

composites reported, it also reduces the surface roughness of the film while at the same

time filling the porous structure inherent to a network of 2-dimensional tubes. This edges
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these PEDOT:PSS/SWNT eomposite films eloser to being employed as flexible 

transparent eleetrodes.

The resistance associated with the junctions between carbon nanotubes was 

measured to be very large and, assuming ideal network morphology, there would still exist 

a substantial barrier to the flow of current due to this junction resistance. Networks of 

silver nanowires experience very small junction resistances and hence show very 

promising properties, with transmittance and sheet resistance values matching that of some 

Indium Tin Oxide films. Their 2-diemsnional structure and rigid nature results in very 

large porosities and large surface roughnesses. However, this does not offset the benefits 

arising from very simple processing and extremely low junction resistance. It can be 

imagined that the porosity and surface roughness issues could be solved with novel 

fabrication methods, opening the way for flexible and robust transparent electrodes.

It is the hope that this thesis will usefiill in the implementation of nanostrucutres as 

flexible and tranaparent electred as the information unearthed in this research definitevly 

points the way to increases in electrical and optical properties of nanostructurcd films.

7.3 Future work

As shown in this work, the conductivity of a network of randomly positioned rods 

should have a conductivity that is related to the junction density, which is dependent on the 

rod length and diameter. In the case of nanotubes, the effect of bundle length was 

neglected as a measurement of bundle length in a network is unfeasible. Silver nanowires 

do not experience such a high level of aggregation and the length and diameter of the 

constituent wires in a network should be easily measured. Through this a scaling 

relationship between the morphology controlling factors (wire length, L, diameter, D), and
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conductivity is expected to take the form LD" where - 2 < « < - 4. Such a scaling law would 

allow the conductivity of a film to be contolled by tailoring the wire length and diameter, a 

very advantageous ability when implementing a material in electronics.

Silver nanowires prepared using liquid phase processes tend to have a very large 

length distribution. By reducing this distribution the networks hould be more uniform, with 

a higher connectivity and a lower surface roughness. This would prove to a valuable and 

simple method of improving these films for electrode purposes.

Another positive property of silver nanowires is the ability to prepare aqueous 

phase dispersions, allowing large scale depsoition via spraying and other techniques. This 

is very attractive for industrial applications as it allows a relativley easy, low cost, large 

scale processing, which in the future will be required for all visual display technology 

platforms.

As the field of nanostructure sysnthesis advances, a host of 1 - and 2-Dimensional 

nanostructures are available for implementation in networks. As there is so many possible 

applications for flexible electrodes it is prudent to investigate the various advantages and 

drawbacks of each material. To this end, recent work in this group has concentrated on 

exfoliation of graphene in the liquid phase and through this, deposition of graphene films 

in the hope of taking advantage of graphenes amazing electrical and mechanical properties. 

Also being investigated is the viablility of preparing composites in which two types of 

nanostrucutres, for example carbon nanotubes and graphene, are combined in order to 

attain beneficial properties.

The final aim of this research is to be able to incorporate networks of quasi 1-

dimensional nanostructures as transparent electrodes. Although the main focus has been on

electrodes for display purposes, transparent electrodes are of interest in other

technologically relevant areas including transparent and flexible circuitry. Even the most
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basic of electronic circuits require components such as capacitiors, resistors, transistors, 

diodes and indcutors. One of the most important components are capacitors which are used 

in power storage and certain sensing applications. It would be interesting to prepare 

transparent and flexible capacitors using SWNT thin films as the parallel electrode plates 

and observing how the device characteristics vary, if at all, upon bending. This would be a 

good start to SWNT based flexible circuits.

Of obvious interest is to incorporate thin films of both single walled carbon 

nanotubes and silver nannowires into devices. To this end we have started collaborating 

with memebrs of the optoelectronics group in the Cavendish Laboratory, University of 

Cambridge. Silver nanowire thin films were incorporated into photovolatic devices such as 

hybrid solar cells. Although the results are promising, problems arise from the AgNW film 

surface roughness, which creates shorts in the devices. As mentioned earlier, addressing 

this issues and further study of the resultant device characterisitics is of high importance. 

We have also begun collaboration with researchers in the Photovoltaics and thin film 

electronics laboratory in Ecole Polytechnique Federale de Lausanne, Switzerland. Silver 

nanowire films were used as the front contact in solar cells showed quite good results, 

although with a lower current collection capacity than the reference Indium tin Oxide 

electrodes. Both sets of initial results demonstrate that AgNW network thin films could, 

with some improvement, be used as transparent electrodes in solar cell devices which are 

one of the hottest research topics in the age as people strive for an efficient and sustainable 

energy source.
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