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Dry-Transfer of Chemical Vapour Deposited
Nanocarbon Thin Films

By M T Cole
(Sept. ‘11)

This thesis presents the development of chemical vapour deposited (CVD) graphene and
multi-walled carbon nanotubes (MWCNTS) as enabling technologies for flexible transparent
conductors offering enhanced functionality. The technologies developed could be employed
as thin film field emission sources, optical sensors and substrate-free wideband optical
polarisers.

Detailed studies were performed on CVD Fe and Ni catalysed carbon nanotubes and
nanofibres on indium tin oxide, aluminium and alumina diffusion barriers. Activations
energies of 0.5 and 1.5 eV were extracted supporting surface diffusion limited catalysis for
CNTs and CNFs. For the first time an activation energy of 2.4 eV has been determined for
Cu-catalysed growth of CVD graphene. Graphene was shown to deviate significantly from
the more traditional rate-limited surface diffusion and suggests carbon-atom-lattice-
integration limited catalysis.

An aligned dry-transferred MWCNT thin film fabrication technique was developed using
MWCNTSs of varied lengths to control the optical transparency and conductivity. A process
based on the hot-press lamination of bilayer CVD graphene (HPLG) was also developed.
Transport studies revealed that these thin films behave, in a macroscopic sense, similar to
traditional c-axis conductive graphite and deviate toward tunnel dominated conduction with
increasing degrees of network disorder.

Various MWCNT-based thin film field emitters were considered. Solution processing was
shown to augment the surface work function of the MWCNTS resulting in reduced turn-on
electric fields. Integrated zinc oxide nanowires were investigated and were shown to ballast
the emission, thereby preventing tip burn out, and offered lower than expected turn-on fields
due to the excitation of a hot electron population. To obviate nearest neighbour electrostatic
shielding effects an electrochemical catalyst activation procedure was developed to directly
deposit highly aligned sparse carbon nanofibres on stainless steel mesh.

Highly-aligned free-standing MWCNT membranes were fabricated through a solid-state
peeling technique. Membranes were spanned across large distances thereby offering an ideal
platform to investigate the unambiguous photoresponse of MWCNTs by removing all
extraneous substrate interfaces, charge traps and nanotube-electrode Shottky barriers as well
as using pure, chemically untreated material. Oxygen physisorbtion was repeatedly
implicated through in-situ lasing and in-situ heated EDX measurements, FT-IR and low-
temperature transport and transfer measurements.

A MWCNT membrane absorptive polariser was fabricated. Polarisers showed wideband
operation from 400 nm to 1.1 um and offered operation over greater spectral windows than
commercially available polymer and glass-support dichroic films. Ab-initio simulations
showed excellent agreement with the measured polarisation attributing the effect to long-axis
selective absorption.




Symbols & Abbreviations

S.1. units have been used throughout this thesis, except in the case of gas flow rates, which
are quoted in standard cubic centimeters per minute (1 sccm = 1.67x10® m*/s) and pressure

(mbar, 1 mbar = 100 Pa).

In the first instance, all abbreviations are written in the text and are denoted in the parenthesis

immediately following the first usage.

Unless stated otherwise the notation and symbols have the following meanings;

%T - Optical Transmission (%)
a.u - Arbitrary Units

A - Emission Area (m?)

A* - Effective emission area (m?)
S - Field enhancement factor
c - Speed of light

) - Polariser rotation (°)

e - Electronic charge

E - Energy (eV)

E, - Band gap (eV)

€ - Strain (%)

&o - Permittivity of free space
E. - Activation Energy (eV)
E; - Fermi level (eV)

F - Electric field (V/um)

h - Planck’s constant

I - Current (A)

J - Current density (A/cm?)
k - Boltzmann’s Constant

A - Wavelength (nm)

Ap - Debye length (m)

L - Characteristic length (m)

Ne - Electron density (m™)

P - Pressure (mbar)

R - Growth rate (nm/s)

Re - Reynolds number

S - (plasma) Sheath width (m)
Str37 - SPIP Image Analysis software

Steridian 37 function.
- Time decay constant (s)
- Time (s)
- Temperature (°C, K)
- (plasma) Power (W)
- Free stream velocity (m/s)
- Cathode potential (V)
Vo - Glow potential (V)
- Frequency (Hz)
Y - Kinematic viscosity (kg/s.m)
- Position (m)

S <c o

N

Abbreviations used throughout this thesis have the following meanings.

a-C - Amorphous carbon
AFM - Atomic force microscopy

APTES - Aminopropyl triethoxysilane
CNTs - Carbon nanotubes

CVvD - Chemical vapour deposition
DC - Direct current

DI - Deionised (water)

DLC - Diamond-like carbon

EDX - Energy dispersive x-ray
(spectroscopy)

EDLC - Electric double layer cell

ESR - Equivalent series resistance

-1V-



FN - Fowler-Nordheim (field r-GO - Reduced graphene oxide

emission) RF - Radio frequency
FT-IR - Fourier transform infra-red rpm - Revolutions per minute
(spectroscopy) ss-mesh - Stainless steel mesh
HPLG - Hot press laminated graphene SAM - Self assembled monolayer
ITO - Indium tin oxide SDBS - Sodium
MCE - Mixed cellulose ester dodecylbenzenesulfonate
(membrane) TEM - Transmission electron microscope
MWCNTSs - Multi-walled carbon nanotubes T-CVD - Thermal CVD
NIR - Near infra-red TCO - Transparent conducting oxide
PET - Poly(ethylene terephthalate) TFCs - Transparent flexible conductors
PVD - Physical vapour deposition uv - Ultraviolet
PE-CVD - Plasma enhanced chemical Vis - Visible
vapour deposition XRD - X-ray diffractometry
PMMA - Poly(methylmethacrylate)

Keywords: carbon nanotubes, graphene, alignment, flexible, transparent, conducting,
chemical vapour deposition, field emission, optical polarisation
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Introduction

1. Motivation

We interact with an incredibly large number of electronic devices on a daily basis. From
computers and television displays, touch screens on mobile phones, to energy storage
technologies such as solar cells, as well as sensors and light emitting devices. Conductors,
particularly those offering optically transparent functionality, pervade almost all technologies
to a certain degree or another, as well as a wide variety of other electronic devices, as
illustrated in Figure 1.1. For this very reason new conductive materials, that simultaneously

offer transparency and conductivity, have been the focus of considerable attention.

Trends in materials science and engineering are intimately related to the functionality of
the end-market product and the end-user defined requirements. In recent years one such new
requirement has come to light; flexibility. Disposable, low-cost, light weight and flexible
substrates are attractive for many applications and the ultimate challenge has been, for some

time, to combine both transparency and flexibility in a single conductive material .

It was not until 1995, when various families of conductive polymers were discovered, that
serious applications exploiting flexible and transparent conductive materials were truly
considered. The concurrent development of numerous soft-lithography techniques and
improvements in micro ink-jet and gravure printing improved processability making a
number of exciting new applications, such as electronic-skin and electronic—paper, accessible
for the first time. Unfortunately, these conductive polymers were, and still are highly
resistive. Finding materials with suitable combinations of flexibility, transparency and
conductivity has proven difficult and the envisaged flexible and highly transparent touch
screens, energy storage, sensors, and flexible displays are still some way off. Nonetheless,
various candidate materials have been identified.

Metals, whilst being excellent conductors in their mechanically relaxed state, become
poorly conducting when strained. Moreover, metals become optically opaque at thicknesses
greater than 5 nm, whilst for thickness less than this their conductance drastically reduces™”.

Elastomer-embedded Au ribbons and pre-strained metal bridges have made some progress

" There are several [13] [14] [18] excellent reviews that consider transparent conductors, flexible conductors and
flexible transparent conductors. All provide a good account on the current status of the field.
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Figure 1.1 | Application of TFC nanostructured thin films. (a-f) Display and lighting, (g-j)
energy storage and generation, (k-n) sensors and (0-q) anisotropic porous media are
some of the many applications of flexible and/or transparent conductors. (d) Field
emission sources, (g) supercapacitors, (0) optical polorisors and (m) optical sensors
are highlighted as they have been developed during the work presented in this thesis

work. Images from (51 [12] (81 9] [10] [11] [14,22] f26] [27] [30] [31] (22 [34]
toward enhancing the flexibility performance (Figure 1.2(a))™ %! but little can be done by
way of increasing their optical transparency. Furthermore, these long wire-like structures
cannot be easily processed into thin films — a major hindrance to practical integration and
device development. Micro-crack formation ultimately limits the mechanical

robustness regardless of the patterning or host substratel®*.

Transparent conducting metal oxides (TCO), such as flourine doped tin oxide and (the
increasingly expensive) indium tin oxide (ITO), have dominated the flat-panel display market
for over three decades!?® 2% with little or no competition. Indeed, references to ITO have been
made as far back as 1947 (US Patent #2564707) and indium, tin, antimony and fluorine
alloys have been around since the 1930s™¥). Other more recently developed TCOs include
aluminium, gallium and indium doped zinc oxides. Today, almost all electronic devices that

require transparent conductors employ TCOs because of their excellent optical transparency
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across the visible spectrum, large-area compatibility and high conductivity. The flat panel
display market, which has an estimated net-worth of £61 billion per annum!®®, accounts for
the majority of TCO usage and has been the root cause of the steep rise in indium demand in
recent years. All TCOs have poor flexibility performance, even patterned ‘strain resistant’
TCOs fail under modest flexing due to micro-crack formation (Figure 1.2(b)). Clearly, the
successful use of conventional materials, like physical vapour deposited metals and TCOs, in
exotic and pre-strained structures is costly, time-consuming and generally limited in
broadness of application. A complementary approach is to develop whole new families of

materials and to structure and pattern them in more conventional ways.

Conductive polymers including poly(aniline), untreated, poly(ethyl glycol) (PEG)®" and 2’
-thiodiethanol ~ (TDE) @  enhanced poly(3, 4 -ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT : PSS) and its derivatives are highly flexible, relatively
inexpensive, environmentally friendly and relatively conductive (Figure 1.2(j)). Nonetheless,
they have undesirable hues and sheet resistances that are still too high for many
applications!* *1. The minimum industry standard for display applications is an optical

transmission > 90% and sheet resistance < 100 Q/sq.[*!

. Nevertheless the exact opto-
electronic performance is largely application dependent. For example, displays require highly
transparent and highly conductive electrodes, whilst touch screens and sensors can be far less
transparent, less conductive but must offer higher flexibility. Few materials have reached the
industry opto-electronic standard, notwithstanding any flexibility issues. Metal nanowires,
specifically silver nanowires (Figure 1.2(c)), offer the highest electrical conductivity for a
given transparency!* “®. However, whilst functionally attractive, they are largely inflexible

and rather expensivel*?],

A material with simultaneously high optical transparency, high flexural tolerance and high
electrical conductivity is the ultimate goal. Thin films consisting of low-dimensional carbon
nanomaterials offer a viable solution. These ‘nanocarbons’ come in variety of metallic and
semiconducting forms (Figure 1.2(d,g-p)) and have shown, time and again, to outperform the
competing technologies across a variety of industry important metrics. Furthermore, the
structural anisotropy of the composite nanocarbons promises multi-functional transparent
flexible conductors (TFCs). The various competing technologies are summarised in terms of
their flexibility, transparency and conductivity in Figure 1.2. Clearly the nanocarbons,

specifically graphene and carbon nanotube thin films, are well placed due to their high and
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wide-ranging transparency (2.3 % per graphene layer), high flexibility and broad range of
conductivity. Nanotubes, being more opaque, accommodate higher conductivities and higher

flexibilities.

This thesis documents the authors work on the development of dry-processed graphene and
multi-walled carbon nanotube TFCs offering enhanced functionality over more traditional
and currently available materials. The thin films developed throughout this work have been
evaluated in terms of their functional performance as supercapacitors, field emitting electron
sources, optical sensors and optical polarisers and were fabricated through dry-processing
techniques. That is to say that no wet chemistry has been used. Wet processing damages the
as-grown materials and reduces the size and crystallinity of the composite nanocarbons which
degrades the electronic performance. The structure and the electronic properties of the
nanocarbons are intimately related through the degree of crystallographic disorder. Similarly,
surfactants have been avoided in all cases. The performance of the dry-processed films has
been compared where appropriate to their chemi douche equivalent in an attempt to
understand some of the more important implications of wet processing and network

alignment.

Materials such as pentacene and porous networks of silicon, gallium nitride and zinc oxide
nanowires offer flexible and transparent semiconductivity. However, it is important to note
that the carbon nanotubes and graphene, although semi-metallic in this study, can also be
semiconducting by simple adjustment of the chemical vapour deposition (CVD) parameters.
Combining metallic and semi-metallic carbon electronics promises a viable technological
route toward next-generation flexible transparent displays for handheld devices that are
compatible across a range of display platforms, including: liquid crystal, field emission,
plasma, and even electroluminescent. In all cases it is the driver electrodes that enforce the
structural stiffness of the display. Consideration of flexible transparent semiconducting thin

films is outside the scope of this thesis.

1.1 Objectives

The objectives of this thesis are to understand, develop and employ the underlying thermal
CVD growth mechanisms and functionality of TFCs based on large-area graphene and multi-

walled carbon nanotube (MWCNTS). The major challenges throughout to understand the
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CVD growth mechanism, develop appropriate transfer techniques and evaluate the transport

and opto-electronic performance of the nanostructured carbon thin films.

1.2 Thesis Structure

This thesis charts the authors’ work on the development and understanding of CVD
synthesised MWCNTs and graphene thin films for transparent and flexible electronics
applications; specifically polymer-supported TFCs, field emitters, and free-standing optical
polarisers and optical sensors.

Chapter 2 introduces the reader to the range and history of the various nanocarbon
derivatives and synthesis techniques, with specific emphasis on the chemical vapour
deposition of carbon nanotubes and graphene. To elucidate the underlying chemical vapour
deposition mechanisms and to draw generalisations between nanotube and graphene
synthesis, the authors work on determining the activation energies of indium tin oxide and
alumina supported iron and nickel catalysed MWCNTSs and copper catalysed graphene have
been investigated and compared. The analysis presented suggests that transition metal
catalysed nanotube and nanofibre growth are surface-diffusion limited whilst Cu-catalysed

graphene growth is atom-integration-limited.

The development of nanotube and graphene dry-transfer techniques is detailed in Chapter
3. A MWCNT physical rolling process and a hot-pressed graphene lamination process is
presented. The films® opto-electronic performances are evaluated through UV-Vis
spectrophotometry and sheet resistance measurements. Processability, functionality (as
supercapacitor electrodes) and flexibility issues are also considered. A generalised
macroscopic transport mechanism for large area bilayer graphene and MWCNT thin films is
proposed based on c-axis conduction combined with strong tunnelling artefacts, determined
by low-temperature transport measurements. Decreasing disorder was shown to increase the

deviation from a purely tunnelling model.

The field emission performance of rolled, vacuum filtrated and screen printed nanotube
thin films is examined in Chapter 4. Models are proposed to account for the reduced turn-on
potential for vacuum filtrated films compared to their untreated counterpart. The field

emission performance and characteristics of zinc oxide nanowire ballasted dry-processed
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nanotube films are discussed in addition to those of in-situ grown carbon nanotubes on

electrolysed stainless steel mesh.

MWCNTSs are structurally anisotropic and as such offer TFCs of enhanced functionality if
macroscopic films can be developed to exploit this anisotropy. Chapter 5 describes various
in-situ and ex-situ dry-processing routes to nanotube alignment. A mechanical extrusion
technique, promising process scalability and high degrees of alignment, is exploited to form
optical polarisers and optical sensors. The latter offering the perfect platform to study and
unambiguously determine the photoresponse of multi-walled carbon nanotubes. Experiments
into the photoresponse of such films are described to determine the root cause of the
photoresponse. A model based on the surface migration of weakly bound gas species is
proposed to account for the measured variation in conductivity. Nanotube polarisers with
extinction coefficients well into the near infra-red were developed, outperforming common
dichroic films by some 400 nm. No absorption edge was identified. The limit of this study

was 1.1 um. A generalised model describing the polarisability is also explained.

The conclusions, technological outlook and planned future work are described in Chapter

7.
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2. Introduction

Carbon is a hugely diverse element. It can be conducting, semiconducting or insulating,
chemically inert or extremely reactive, incredibly soft or one of the hardest materials known
and even optically opaque or transparent. The most common carbons forms are diamond and

graphite - two profoundly different materials.

2.1 Carbon & it’'s Nano Derivatives

Very few other materials in nature enjoy the allotropic diversity of carbon. The reason for
which stems from carbons affinity toward atomic orbital hybridisation which allows it to
assume several distinct types of valence bonds. Carbon, a group 14 non-metal, has six
electrons; four in its outermost valence shell (25°2p?) and two strongly bound core (1s?)
electrons. Chemical bonds form when the atomic orbitals of the constituent atoms overlap to
produce molecular orbitals. When two atomic orbitals combine, to form two molecular
orbitals, one of the molecular orbitals has a lower energy (the bonding) and the other has
higher energy (the anti-bonding). When a single carbon atom bonds with a neighbouring
carbon atom, to maximise orbital overlap their orbitals hybridise via the mixing of the
electrons wave functions. Hybridisation involves the combination of atomic orbitals to
produce hybrid atomic orbitals which interact with one another to produce augmented
molecular orbitals. The s orbital is spherical and the three p orbitals align orthogonally in the
X, Yy, and z directions (py, py and p;). The promotion of a 2s electron to the 2p orbital induces
one of three possible orbital hybridisations. p-mixing produces planar sets of hybrid
molecular orbitals where the third p orbital remains unchanged giving rise to two-
dimensional confinement. The one-to-one, 2s-2p, interaction produces two sp® orbitals. The
resulting two ¢ and two m bonds are common to the hydrocarbons, typically found in alkynes
like acetylene. The remaining two hybridisation types are important to diamond and graphite
and the crystallites. In the crystalline phase the 2s, 2py, 2p, and 2p, orbitals are central in
producing strong covalent bonds common to all nanostructured carbons, diamond and
graphite. In the case of diamond, the 2s electron orbital interacts with three 2p orbitals. The
four sp® bound carbon atoms tetrahedrally arrange, as this is the lowest energy arrangement,
in a face-centred cubic lattice via single covalent 6 bonds. The carbon-carbon bond angle and

length are 109.5° and 1.55+0.1 A, respectively. The amorphous carbons (a-C), such as
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2.1 Carbon & it’s Nano-derivatives

Figure 2.1 | The graphene building block. Schematic representation of the various types of
nanocarbon formation based on the graphene unit. Graphene can be wrapped to form
the OD fullerenes (left), rolled into 1D nanotubes (centre) and stacked into 3D graphite
(right). From® %,

tetrahedral a-C / diamond-like carbon, are random assortments of sp? and sp®. Diamond, an

sp® hybridised allotrope, is amongst the hardest materials known and has a density of 3.51

glem®. 1t is highly transparent, has a wide band gap (5.5 eV) and is an extremely poor

conductor due to the lack of free-electrons. In contrast, graphite is a soft opaque material, has

a density of 2.26 g/cm® and is an excellent conductor. Graphite falls into the fourth

hybridisation type. Three sp? orbitals are formed from a 2s orbital interacting with two 2p

orbitals. The resulting hexagonal lattice is maintained by ¢ bonds in the basal plane and has a

bond angle and length of 120° and 1.42 A, respectively. © stacking increases the inter plane

(separated by 3.34 A) Van der Waals forces (temporary electrostatic interactions) and allow

these planes to slide freely making graphite an excellent solid lubricant. These stacks can be

arranged in a variety of ways, including ABAB® (Bernal), alpha!®® (hexagonal), beta®®

(rhombohedral) or turbostratic®? (unaligned / uncorrelated with respect to one another)

configurations — all of which, in the 3D limiting case, show similar electronic properties.

Each carbon atom is covalently bonded to three others. Each carbon contributes a loosely

bound delocalised 7 electron which makes graphite a good conductor in the c-axis (in-plane).

In the past three decades an increasing number of exotic low-dimensional nanostructured

carbon allotropes have been discovered. In order of descending dimensionality these include
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artificial diamond (3D), graphene (2D), carbon nanotubes (1D) and the fullerenes (OD). Such
self-assembly across multiple dimensionalities and over such huge length scales: from the
centimetre-scale diamond to the nanoscopic nanotube, is unique to carbon. Graphene, a single
atomic plane of graphite, is the fundamental unit of the fullerenes, nanotubes and graphite

and can be wrapped, rolled and stacked accordingly to form each, as illustrated in Figure 2.1.
2.2 The History of the Nanocarbons

Owing to the intriguing size-dependent optical, mechanical, magnetic and electronic
properties of many materials, combined with the development of electron microscopes of
ever finer resolution, the field of nanotechnology® was spawned in the mid-1950s and has
burgeoned ever-since. The term ‘nanotechnology’ refers to “the creation of useful materials
(and) devices through (the) control of matter at the nanometre (10”° m) length scale and the
exploitation of (the) novel properties and phenomena developed at (this) scale™®*. The
strong association between carbon and nanotechnology began with the auspicious discovery
of carbon fibres, the macroscopic analogue of the carbon nanotube.

The history of carbon as an engineering material has been closely coupled to our ability to
isolate, albeit synthetically derive or naturally source, its various forms. One of the earliest
and most profound instances of exploiting engineered carbon, specifically filamentous
carbon, was by the pioneer T. Eddison who successfully integrated pyrolysed carbon
filaments into early incandescent light bulbs. These filaments where ohmically heated to
produce light. Unfortunately their fame was short-lived as they were soon superseded by the
more robust tungsten filament we all know today. Consequently carbon research stagnated
for some years and any on-going research progressed at a reserved pace. The demand for
light weight, stiff and strong composites by the automobile and aeronautics industries
stimulated the field once again in the early 1950s. Indeed, it seems that throughout history the
development of the various nanocarbons has been largely stimulated by our desire to find and
develop new and enhanced composite materials to imbed in polymeric hosts. It was such
composite applications that sparked the detailed seminal investigations into the growth of
carbon fibres, specifically through the use of polymer-precursor CVD. During CVD synthesis

the then well-known carbon fibres were, very occasionally, combined with a small number of

“ Nano (yanoc) — From the Latin (nanus) meaning ‘dwarf’, today describes structures smaller than < 100 nm.
“N. Taniguchi
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~_—
DWCNT MWCNT
Figure 2.2 | The nanotube. (left to right). A 4.7 nm diameter double-walled CNT, a seven-walled

multi-walled (MW) CNT (6.5 nm in diameter), and a 6.7 nm five-walled MWCNT®®],

(Scale bar 3 nm)
sub-micron fibres. In the mid-1970s, Baker et al.’*>*! conjectured that the underlying growth
mechanism of these carbon nanofibres (CNFs) was a combination of hydrocarbon precursor
pyrolysis on the transition metal catalysts, carbon diffusion and precipitation. The catalysts
were deemed essential to CNF growth. The first fibres produced consisted of graphitic walls
aligned in an assortment of directions relative to fibre axis. Baker et al. were not the first, by
any means, to observe such sub-micron fibres. Some very early, and largely unnoticed works
go back to 1952, by Radushkevich et al.**! and Tesner et al."*%!. The synthesis of the first sub-
50 nm diameter fibres must really be attributed to M. Endo, A. Oberlin and T. Koyamal*!
who, in 1976, reported hollow tubes, with diameters ranging from 2 to 50 nm formed from
concentrically nested graphitic planes aligned parallel to the tubes long axis. These so-called
“filamentous carbons”, now known as carbon nanotubes (CNTs), unknown to them at the
time, were to be an incredibly rich source of fascinating science over the next three decades.
Unfortunately the lack of repeatable and macro-scale synthesis processes inhibited further

progress for some time and nanotubes did not return to prominence until 1991.
The early-1990s saw a year of renewed interest. The new field of nanotechnology had been

stirred by the independently published electron microscopy studies of lijima et al. 1 (Figure

2.2) and Bethune et al. %21 who, like many in the field, were primarily working on diamond-
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like carbon at the time. Consequently, and rather unfortunately, the accolade of ‘nanotube
discoverer’ is repeatedly and incorrectly awarded to lijima et al.**! due to the sheer impact of
their studies. The individual who coined the now famous term ‘carbon nanotube’ has faded
into history whilst the nanotubes themselves have gone on to achieve equal amounts of fame

and notoriety in a variety of physical, biological and engineering fields.

Rather unexpectedly, the first nanotube-based commercial products, based on conducting
nanotube-polymer composites, have only recently been released into the market by
Hyperion® and otherst*, some 20 years after their discovery. Other viable applications
include heat sink materials, advanced filtration media, atomic force and scanning electron
microscope tips, field effect transistor channels and electrodes, field emitting displays and
environmental lighting, integrated circuit interconnects, optoelectronics components,
supercapacitor electrodes, nanoelectromechanical devices, and chemical, biological and
physical sensing materials that can be optimised by chemical functionalization. This list,

although it may seem so, is not exhaustive.

The discovery of the fullerenes (self-terminated spheres formed from 20-100 trigonally
bonded carbon atoms — the most famous of which being the Cgo Buckminster fullerene; a 60
atom truncated isocahedron 7.1 A in diameter), six years earlier than the work of lijima et
al.”¥ by H. W. Kroto et al."®, set the scene for the nanotubes. However, the nanocarbon
group was incomplete. The zero-dimensional fullerenes had been discovered, isolated and
even grown. So too had the one-dimensional nanotubes, although controlled growth and
understanding of the structures electronic properties were still under heated discourse.
Graphite accounted for the three-dimensional form and was readily available from nature.
However, no two-dimensional allotrope had yet been isolated despite the fact that its
properties had been understood and widely utilised for over 70 years as an academic tool to
predict the electronic properties of other carbon materials, including both the fullerenes and
the nanotubes. Isolation of these 2D crystals had been deemed a natural uncertainty. In the
1934, the theorists Landau and Peierls and later, Mermin, argued that 2D crystals would be
impossible to isolate at finite temperatures, regardless of their constituents, due to lattice
thermodynamic instabilities!”*%. For this reason any significant attempts at direct synthesis
were few and far between and were often hampered before any significant progress could be
made. Graphene remained, for a long time, a purely academic material®®. It would be another

13 or so years before graphene would become a truly realisable, rather than a purely
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Figure 2.3 | The filamentous graphitic carbons. Adapted from Rodriguez et al.’ *°!.

hypothetical, engineering material. In the meantime nanotube research was developing at a

break-neck pace.

Nanotubes exist within a subset of the filamentous graphitic nanofibres (Figure 2.3). The
group is broken-down depending on the orientation of the graphitic planes and consists of the
platelets (or stacked), ribbons, herringbones and nanotubes. Platelet fibres are composed of
graphitic planes that lie perpendicular to the long axis. Ribbons are composed of graphitic
planes that lie parallel to the long axis. Herringbone fibres are an intermediary between the
ribbons and platelets. The graphitic planes form at angles to the fibre axis. The herringbone
and platelet types are often >50 nm in diameter and are referred to as bamboo-like due to
their, typically nitrogen containing, compartmentalised structure. Herein these wide diameter
and crystallographically defective fibres are referred to simply as ‘nanofibres’. Nanofibres are
typically used in energy storage applications, such as electrodes in lithium cells® because of
their highly defective crystal lattices which allow small ions and molecules to intercalate,
thereby offering incredibly high active surface areas. Nanotubes are the fourth member of the
set. They have the smallest diameter of all the filaments, the record being 0.4 nmPY, and are
very similar in their graphitic alignment to the ribbons. The ribbon structure is less
thermodynamically stable than the cylindrical nanotube structure due to the large number of
edge-state dangling (undefined) bonds. Although cylinder formation imparts high levels of

internal strain energy it is, nonetheless, energetically favourable. A similar argument
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explains why the nanotube ends are capped by bisected / semi-fullerene structures. Internal
strain perturbs the sp®> molecular orbitals which augments the electronic character. Nanotubes
can be single-walled (SWCNTSs) or multi-walled and can be anywhere from less than a few,
to several tens of nanometers in diameter and up to a few millimeters in length®2. MWCNTSs

are composed of a series of coaxial, hollow uncorrelated shells®!,

Graphene, as an engineering material, has had a much more enigmatic and even sporadic
developmental history and it was not until 2004 that free-standing graphene was successfully
isolated by mechanical exfoliation* . Contrary to popular belief at the time, this was not
the first instance of engineered graphene production. The early experiments between 1930
and 1960 of Dresselhaus et al.®¥, Hofmann et al.®® and others®" ! on graphite chemical
exfoliation using intercalates - compounds developed to swell, expand and even separate
graphite crystals - had already isolated graphene, albeit extremely small flakes in low
quantities. However, intercalation compounds were of little interest to many. Although the
intercalates could be removed by post-processing rinsing, process variability and the inability
to isolate significant amounts of truly individual graphene flakes limited its commercial and
even scientific valuel®. Since then various approaches to graphene synthesis have been
developed with CVD being one of the most promising. Figure 2.4 illustrates some of the key

steps in the development of graphene processing.
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Figure 2.4 | Graphene isolation. Adapted from (1 (251 [27 [20] [19] [18] [10]

1) Graphite intercalation™ *!J (a,b) Intercalation equipment and solution dispersed graphite flakes. (c) An expanded
intercalated graphite crystal.

2) Mechanical exfoliation (d,e) Schematic and optical micrograph of a bi-layer channel transistor. (f) Atomic resolution
scanning tunnelling micrograph of an exfoliated flake.

3) Silicon carbide (SiC) sublimation (g) A SiC facet illustrating graphene nucleation during thermal restructuring. (h)
SiC crystal structure. (i) Atomic force micrograph (AFM) of a graphene/SiC substrate clearly showing
characteristic plateaus. Insert: AFM cross-section line-scan of the plateau. (j) Optical micrograph of SiC 1-3
layered graphene.

4) Chemical Vapour Deposition (k) SEM micrograph®®. Insert: Aberration-corrected annular dark-field scanning TEM
image showing flake boundaries (500 nm scale bar). Select area diffraction pattern®. (I) TEM of multi-layer
graphene!®. (m,n) Optical micrographs of 1-4 layer large-area films®®!. (0) Raman spectra of 1-4 layer films®. (p-
t) Spatially mapped Raman spectra (D, G, G’, G/D and G’/G ratios)™®. (u) Raman spectra of 1-3 layer flakes!"®..
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2.3 Properties of Graphene & Carbon Nanotubes

The strength of the hybridised sp? bonds, which are incidentally nearly as strong as the sp®
bonds of diamond, impart graphene and the nanotubes with their exceptional and unparalleled
thermal, electronic and mechanical properties. Long-range crystallographic order and
covalent bonding make them excellent conductors that are extremely resilient to atomic
diffusion and electromigration effects and, as a result, are technologically important in
applications such as electronics interconnects, power electronics and thermal management
systems. Current carrying densities >10° A/cm?®?, three orders of magnitude greater than
copper deposited by the Damascene process, and near ballistic electron transport at room
temperature have been reported®® ®. Young’s moduli five times greater than steel are
common, producing extremely robust materials that have attractive combinations of strength
and flexibility. The low number of dangling bonds in the bulk impart nanotubes and graphene
with high inertness to various gas species and resistance in strongly acidic and basic
environments. Rather than chemically reacting with their environments reactants tend to
physically adsorb. Paradoxically this bulk inertness is combined with high chemical
reactiveness at the edge dangling bonds which promises ultra-high single-molecular

sensitivity in various biological sensing applications.

Nanotubes and graphene have proven to be exceptionally rich scientific platforms for
condensed matter physicists due to their intrinsic spatial confinement. Phenomena associated
with two-dimensional confinement, in one-dimensional nanostructures, have been accessed
using nanotubes and have ranged from the Kondo effect!®! to the optical Stark effect® and
Rabi oscillations!®”. In (two-dimensional) graphene, the electrons are confined in one-
dimension and allowed to move freely in the remaining two dimensions. In such two-
dimensional electron gas systems the electrons behave like relativistic particles with a zero
rest mass (massless Dirac Fermions) and rather extraordinarily have permitted table-top
studies of phenomena such as the Klein Paradox'®® and the quantised anomalous quantum
Hall effect - observations normally resigned to more complex, and certainly more costly
experimentation® " Graphene and nanotubes have high electron mobility at room
temperaturel™ " long mean free paths (>1 um)!™ ™! are superconductorst™ " (as is
graphite when intercalated with potassium-containing compounds) and have long spin-

relaxation timest’” 781,

20



2.3 Properties of Graphene & Carbon Nanotubes

Al MWCNTSs GRAPHENE Ref.

2 Young’s Modulus (GPa) 70 200-1,200 >1,000 [79-81]
g Ultimate Tensile Strength (GPa) 0.09 11-150 130 (82]

5 Failure Strain (%) 60 12-23 12 [83, 84]
= Structural Anisotropy Low (3D) High (1D) Medium (2D) /

R Band Gap (meV) 0 <100 <100, Tuneable 1>
& Absorption @ 550nm (%) / ~20 2.3 (66]

Thermal Conductivity* (W/mK) 250 30-3,000 5,300 (87, 88]

g Specific Heat (MJ/gK) @ RT 962 200-600 200-750 (89, 90]

g Coeff. Lin. Therm. Expansion (K*) ~ 10° 10° 5x10° [91-93]

Thermoelectric power (UV/K) 2.5 65 90 92, 94, 95]

2 Resistivity (Qm) 108 10™ 10”7 [96, 97]

2 Max. Current Density (A/cm?) ~10° 10° 2%10° [97-99]
g Quantised Conductance (kQ™) / (6.5)* (6.5)* [200]

g Mobility (cm?/Vs) / / 15,000-200000 171

Table 1 | Physical Properties. Comparison between Aluminium, multi-walled (MW) CNTs and
Graphenel® " (* At room temperature).

Table 1 summarises some of the more interesting properties of MWCNTSs and graphene

compared to aluminium, one of the most widely used materials in the electronics industry.

SWCNTs are rolled graphene flakes. The flake structure, roll angle (known as the chiral
angle) and nanotube diameter are all intimately related to, and are critically important in
determining the nanotubes electronic properties. Evidently an understanding of graphene is

fundamental to an understanding of nanotubes.

A section of the real space honeycomb, densely-packed, graphene lattice, each unit cell
consisting of two carbon atoms, is shown in grey in Figure 2.5(a). Figure 2.5(a) shows the
reciprocal-space graphene lattice (red). The electronic band structure, first predicted by P. R.
Wallace in 19471° depends on the interactions between the spatially localised orbitals of
the two crystallographically inequivalent sub-lattices associated with adjacent atoms, each
having a cosine-like dependence of energy (E) on momentum (k). Sets of wave functions
constructed from tight-binding approximations of the superimposed orbitals give rise to the
pseudo-three dimensional E-k dispersion diagram for the bonding () and anti-boding (n*)-
bands in the first Brillouin zone, illustrated in Figure 2.5(b). The points at which the valence
and conduction bands touch are the so-called Dirac point(s) and are denoted by the high
symmetry K and K’. Graphene owes its semi-metallic character to this band touching (Figure
2.5(b) / Figure 2.6(a)). For energies close to the Fermi level (within ~1 eV) the dispersion

relationship is linearly conical (Figure 2.5(c)). In more traditional electron systems and
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(a)

Reciprocal
lattice

Figure 2.5 | The band structure of graphene. (a) The Brillouin zone with the carbon lattice in
grey and the reciprocal lattice in red. I" and M denote the high symmetry points and
K / K’ the Dirac points. (b) Pseudo-3D energy (E)-momentum (k) dispersion
diagram for the bonding (m) and anti-boding (n*) bands. (c) Linear dispersion
relation (Fermi level located at 0 eV). For doped and gated graphene the Fermi level
shifts along the ordinate accordingly. Adapted from!?.

Large Nano Unbiased Biased
area ribbon bilayer bilayer

LA

Momentum, K

Figure 2.6 | The evolving band gap of graphene. The dispersion relations of (a) large area, (b)
nanoribbon, (c) bilayer and (d) gated bilayer graphene (200-250 meV at F= 1-3x10’
V/cm). Adapted from!™!,

Energy., E

materials the near-ubiquitous quadratic dispersion relation, predicted by the Scrédinger
equation, is most often valid. An important consequence of linear dispersion is that the
electrons effective mass, given by the second order derivative of the dispersion relation, is
zero. The electrons are said, therefore, to be massless. This dispersion relation is largely valid
for mono and bilayer graphene (to a first approximation). Adding subsequent graphene layers
drastically augments the electronic band structure. As the number of layers approaches ten

the electronic structure becomes increasingly complex and tends toward that of turbostratic
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graphite®. The stacking type and width (typically < 10 nm) of the graphene also affect the
band structure!’®®!. Graphene is easily doped which also adjusts its band structure. Many
compounds have been implicated including various photo and electron beam resists, metal
etchants, metal contacts and nitrogen in Hall bar, Van der Pauw, transmission line and two
and four terminal transport studies“®%71 Figure 2.6 illustrates the general, undoped
dispersion relations for large area, nanoribbon, bilayer and gated bilayer graphene. The band
gap of bilayer graphene has been electrically tuned using dual-gated field effect transistor
(FET) structures and operates as an analogue semiconductor with a continuously tunable gap
and carrier doping concentration. In these bilayer FETs the electrons appear more massive
when electrostatically gated - an effect directly probed by the degree of infra-red absorption

during gating™°®.

The graphene lattice can be conceptually rolled up to form a SWCNT (Figure 2.7(a)). The

nanotubes chiral vector and chiral angle describe how the graphene lattice rolls. The chiral

vector (Ch), illustrated in Figure 2.7(b), is defined as;

Ch=n4, +n,4, = (n,n,) (2.1)
where the lattice unit vectors are;
NER NI
a,=|—a,~-al|, a=|—a,—=-a 2.2
a, (2 I (2.2)

and n; and n; are integer values. The corresponding nanotube diameter as a function of chiral

angle is given by;

d= [I—j | =|Co|=/CnCr =ayn? +n,? +npn, (2.3)
T

where | defines the nanotubes circumference and a is the lattice constant and is given by;

a=\[(84) =& 4,) =[2(8,4,) =1.42Ax[3 = 2.46 A (2.4)

The carbon-carbon bond length, a_ . :1.42,&. The chiral angle, ¢ (Figure 2.7(b)) is, as a

0= tanIL—E] (2.5)

result, given by;
2n, +n,
Three SWCNT chirality configurations can be constructed depending on the chiral angle

(Figure 2.7(c)). For 0°<6<30°. For zig-zag (n, 0) nanotubes 6=0°, whilst for armchair (n, n)
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Figure 2.7 | The (academic) construction of SWCNTs from graphene. (a) ASWCNT formed from
a rolled graphene sheet. SWCNTs are uniquely characterised in terms of their chiral
vector, G and a chiral angle, ¢, as illustrated in (b). G is typically expressed in terms of
the unit vectors 4, and 4. and the integers » and ».. (c) SWCNTSs can be subdivided
into three principle groups. When ni=n.=n, then =30" and the SWCNTs are
referred to as armchair (n,n), for m=n and ».=0 thend=0" and the SWCNTs are
zigzag. Intermediary cases (0" <@ <30°") are referred to as chiral, or twisted. An example
of a (5,2) chiral SWCNT is shown in (b). A partially chiral map is depicted in (d). Here
1r:netagll(i)clil(;rleid) and semiconducting (green) SWCNTs have been highlighted. Adapted
rom- .

nanotubes 0=30°. For intermediate ¢ values, where 0°<0<30°, the nanotubes are referred to as
chiral. SWCNTSs are semiconducting except when n;-n; is divisible by three. Such SWCNTSs
are metallic (Eq ~0 eV). All armchair and one-third of all zig-zag nanotubes show this
property. Similarly, all chiral and two-thirds of all zig-zag SWNTSs are semiconducting (Eq
~0.4-0.7 eV). Figure 2.7(d) shows an abridged chiral map of possible semiconducting and
metallic chiral vectors. Chiral identification is achieved using scanning tunnelling electron
microscopy. However strong Van der waals interactions results in nanotube aggregation and
bundling which can make accurate chiral discrimination difficult™®. Separation of SWCNT
by chiral type has proven challenging. Only recently have a few post-synthesis wet chemistry

[110]

post-growth filtration techniques become available!™". No one has grown predominately

single chiral samples.
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Just as graphene can be stacked to form bilayer, multi-layer, and ultimately graphite - all of
which have differing electronic properties - SWCNTSs can be concentrically nested to form
incommensurate MWCNTs which too have differing properties from their single-walled
counterparts. Recent studies have shown that the inter-shell spacing in fact ranges from 0.34-
0.39 nm and decreases with increasing nanotube diameter™ 2 Nonetheless, the
uncorrelated graphitic planes in MWCNTSs have an inter-plane separation approximately
equal to that of bulk graphite (0.335 nm) and as a result tend to exhibit similar properties to
turbostratic graphite®. AIl MWCNTSs are conducting. In the case of SWCNTSs the energy
band gap associated with the nanotube structure is approximately inversely proportional to its
diameter (E, oc1/d)™**. Only the outermost shell of the MWCNT is typically in direct

contact with the electrodes and as a result conduction has been found to take place
predominately in this shell “4 with only weak inter-shell interactions being reported™*>. All
MWCNTSs exhibit semi-metallic characteristics, in-part due to their large diameter which
results in demonstrable room-temperature band gaps approaching that of graphite. Work
function dependent Schottky barrier formation at metal electrodes also impart apparent FET

functionality!®

. Due to their complex structure the detailed transport mechanisms in
MWCNTSs are still poorly understood and the debate is still open as to whether they are a
zero-band gap material. In practice MWCNTS are coined as quasi-metallic due to their low,
but non-negligible band gaps. MWCNTSs have been used throughout the work presented in

this thesis.

Single- and multi-walled nanotubes can be distinguished from one another using a variety
of techniques, the most common of which are transmission and scanning electron microscopy
(TEM / SEM), atomic force microscopy (AFM), electronic transport measurements, UV-Vis
optical spectrophotometry and Raman spectroscopy. Raman spectroscopy is repeatedly used

throughout the presented work and as a result warrants some discussion.

Raman spectroscopy is an important technique as it provides quantitative data, in a non-
destructive manner, on the degree of crystallographic disorder in carbon materials. All carbon
allotropes share two common spectral peaks: a G peak at 1580-1600 cm™ and a D peak at
1350 cm™, as illustrated in Figure 2.8. Ferrari and Robertson defined the G peak as the first
order scattering of the E, phonon at the Brillouin zone centre of sp? carbon bonds™" ',
Whilst the defect induced D peak was defined as the C-C breathing modes of six-fold rings of

K-point phonons of Ay symmetryt**” 1191
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Figure 2.8 | Top-down Vs. bottom-up graphene. Raman spectra (514 nm, 3mW) of high quality
exfoliated (a) highly crystalline mono- and (b) bi-layer graphene samples. (c) Cu-
catalysed (and supported) CVD graphene (this work). The linear increase in the
intensity after 2250 cm™ is a result of substrate optical excitation. Raman spectra
retained their high quality when PMMA transferred to Si/SiO,. (d) Highly defective
reduced graphene oxide (rGO) (Courtesy of G. Eda, Imperial College, London).
Inserts: Optical Micrographs of the synthesised graphene illustrating the high
uniformity of CVD graphene compared to the mechanically (a,b) and chemically (d)
exfoliated samples. D, G and 2D peaks are denoted for clarity.

The ratio of the G to D peak intensities (Io/ Ig) gives a measure of how disordered a graphitic
lattice is and as such is widely used to quantify the degree of disorder in nanotubes and
graphene. Strong D peaks suggest nanocrystallites and lattice defects such as distortion and
vacancies as well as possible lattice straining. Spectra of graphene show a third peak,
historically denoted as the G’ as it is the second largest peak. However this G’ peak, located
at ~2700 cm™, is in fact related to the second order of the D peak and is herein referred to as
the 2D peak for convenience. The D, G and 2D peaks are illustrated in Figure 2.8.

Exfoliated graphite is exceptionally crystalline which accounts for the lack of a defect (D)
peak (Figure 2.8(a,b)). The number of graphene layers can be estimated from the number of
fitted Lorentzians distributions to the 2D peak™®. As the number of layers increases the 2D

peak position positively shifts and increasing numbers of Lorenztians must be used to fit it.
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2.3 Properties of Graphene & Carbon Nanotubes

Monolayers fit a single Lorentzian, whilst bilayers require four® . Similarly, the l,o/lg
ratio can also be used to approximate the number of graphene layers. For graphene
monolayers 2D peak enhancement results in I,p/lg >1-4% (Figure 2.8(a)), whilst for bilayer
and few-layer I,p/lg <1 (Figure 2.8(b)). The Ip/lg ratio continues to decrease as the number
of layers increases. A number of relationships have also been derived to estimate the crystal

size based on the peak position, peak intensities and integrated peak intensities™" 122,

The Raman spectra of nanotubes also have a third region of interest. The radial breathing
mode (RBM) phonon, for SWCNTs, occurs when the nanotube radially expands and
contracts in-phase®!. RBMs occur at 100-500 cm™ and provide a convenient means to
estimate the diameter. MWCNTs do not exhibit RBMs because of incoherent shell
interactions. Raman measurements were performed using a multi-wavelength (70 mW-4.1
W), Ar (100 mW) and He-Ne (30 mW) class 4 and 3B laser-supported Renishaw InVia
system with fused-silica optics operated at 457 nm (Cu supported graphene), 514 nm (Si/SiO,
supported graphene) or 633 nm (CNTSs) at variable powers (<10 mW). Various wavelengths
have been used to obviate substrate electroluminescence and to optimise the measured
signals. Triplicate accumulations and 50 times optical apertures were used throughout. The

spot size was approximately 1.2 um in diameter.

Another important technique repeatedly used throughout the work presented in this thesis
is in quantifying the degree of nanotube alignment. Other techniques*®* **! have been
developed to quantify the degree of alignment, however the simplest is to image process
SEM micrographs to extract a quantative measure of the alignment. This was achieved using
the steradian 37 (Str37) function in SPIP™ image analysis software as demonstrated
elsewheret*®1%1 str37 is defined as the ratio of the in-plane distance between the real
autocorrelation centre and the boundary at which the height of the image has decayed to 37%
of the depth-range at said autocorrelation centre. An autocorrelation is applied to the images
depth-range to infer this position. The decay in the depth-range in all directions is evaluated
and the Str37 value calculated™” **. For perfectly aligned arrays Str37=0, whilst for

disordered networks with exhibit no directional preference, Str37=1.
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Figure 2.9 | Top-down routes to graphene isolation. (a) Mechanical and (b) liquid phase
exfoliation. From2,

2.4 Synthesis Techniques: Top-Down Vs. Bottom-Up

In the strictest sense, nanostructures can be synthesised in one of two ways: top-down (the
successive removal of material) or bottom-up (the self-assembly of single atomic or
molecular units). Their complex structure means nanotubes cannot be synthesised via top-
down techniques. Graphene, on the other hand can and it is in fact the preferable means for
many researchers. Mechanical exfoliation/cleavage from large graphite crystals (Figure
2.9(a)), is essentially a process of repeatedly breaking down graphite and has been proven
extremely successful in producing very high quality flakes®™ (Figure 2.8(a,b)). Liquid phase
chemically exfoliated*? (Figure 2.9(b)) films deposited by Langmuir-Blodgett™* and drop
casting™? techniques have also demonstrated moderate usefulness though the films are
generally of a lower quality. An exfoliation derivative, reduced graphene oxide (rGO), also
offers another possible approach. However, the oxidation through acid treatments and
damaging ultrasonication limit the usefulness of these wet chemistry approaches.
Crystallographically defective flakes are often produced due to edge-dominating effects and
small flake sizes (<5 um) (Figure 2.8(d)). Whilst the simplicity of these top-down approaches
is certainly attractive in a processing sense, they are limited to bench-top-scale applications.
They are time-consuming and require high levels of skill and costly chemicals. The
crystallographic quality is also largely uncontrollable and varies drastically between samples.

Large-area, uniform films cannot be processed in this way.
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Figure 2.10 | Bottom-up ‘growth’ of graphene. (a) chemical vapour deposition, (b) molecular
precursor self-assembly (via benzene derivatives®), (c) carbon segregation
(following ion implantation) and (d) host sublimation of carbon containing
compounds (such as SiC%?*). Adapted from[?.

This thesis is concerned with bottom-up synthesis. Here the nanostructures self-assemble
from molecular or atomic units. High quality graphene has been synthesised in this way
(Figure 2.8(c)).

Perhaps the first bottom-up approach to nanocarbon synthesis was reported by D. Huffman
et al.®® in the 1970s, who produced what was then termed “graphite smoke” in a
rudimentary arc-discharge system. Electric arcs sparked between high voltage graphite
electrodes to produce a ‘“smokey” output that undoubtedly contained a myriad of
(carcinogens, as well as) carbon nanostructures; mostly fullerenes. Collaborating with
Huffman, W. Kratschmer et al.'***! developed the concept to increase yield and to produce
macroscopic amounts of Cg, rather than graphene or nanotubes. Nonetheless, an important
step was made. The process had generality. By heating a carbon source, albeit a solid, vapour
or even liquid, under the correct atmosphere and in the presence of an appropriate catalyst,
crystalline carbon nanostructures could be synthesised.

Despite constituting the fundamental unit of the nanotube the bottom-up synthesis of
graphene has paradoxically lagged that of nanotubes, quite profoundly in fact. Only in the last
six years or so has it appeared that significant progress has been made. As well as CVD,
which will be discussed in some length later, another promising candidate technology is
epitaxial growth on silicon carbide (SiC) (Figure 2.10(d)). Pioneered by W. De Heer et al.[?®)
chemically-mechanically polished SiC substrates are heated under ultrahigh vacuum
conditions (<10™° mbar) to temperatures in excess of 1300°C. The composite Si sublimes
under these extreme conditions leaving surface bound graphene. The technique is important
as SiC is an insulator and the ability to deposit high-quality graphene directly onto dielectrics

opens up a number of important electronics applications. Extremely costly substrates are
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Figure 2.11 | Schematic of typical laser ablation apparatus.*!

required and the process is energetically demanding. Notwithstanding, very high-quality
graphene, of radio frequency (RF) application quality, has been produced™®!. Long
annealing durations make the process rather time-consuming. CVD synthesis (Figure
2.10(a)), on the other hand is, most importantly, significantly faster and comparatively
inexpensive. A number of other more exotic approaches to graphene synthesis have recently
come to light, including flame synthesis™®!, nanotube plasma unzipping™ **1 metal particle

[138] " carbon segregation on carbon-implanted metal supports (Figure 2.10(c)) and

carving
organic self-assembly of benzene derivatives (Figure 2.10(b))®?" ¥ % However, all are (at
this stage at least) bench-top scale and highly uncontrollable. CVD, a process well
understood and infrastructurally accommodated by industry, is one of the few truly viable

techniques for large area, high quality graphene synthesis.

2.4.1 Bottom-up Synthesis

Nanotubes and graphene can be grown by laser ablation™*, electric arc discharge!**, high-
pressure carbon monoxide conversiont**®! and catalytic CVDIM4. Arc discharge and laser
ablation are classified as high temperature (>3000°C) and short timescale reactions (us to
ms), whereas catalytic CVD is a medium temperature (300-1200°C) long timescale reaction
(typically minutes to hours)™®!. Other less common, and certainly non-scalable approaches
include ball milling!**®! and flame synthesis!*®® **). This section provides a general overview

of the more prominent bottom-up synthesis methods.
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Figure 2.12 | Schematic of a typical arc discharge chamber. Adapted from!*!,

A typical Laser ablation / evaporation / vaporisation synthesis reactor is depicted in Figure
2.11. R. Smalley et al. (18] were, in 1995, the first to heavily develop and understand this
technique, predominantly using it for fullerene synthesis. In an inert atmosphere a continuous
wave high powered laser is incident on a solid (or occasionally a liquid) carbon-containing
target, which also often contains Co, Fe, or Ni. The carbon target is rapidly heated to
temperatures in excess of 1000°C which vaporises the carbon-containing target. The ablated’
graphite sublimes forming plasma which is attracted to a cooler counter-electrode. Here it

s nanotubes®™®™@ or (only recently)

precipitates to form the nanocarbons. Fullerene
graphene™™ synthesis have all been demonstrated using this method. Laser ablation tends to
produce high quality, minimally defective structures which are unfortunately accompanied by
a wide variety of undesirable carbonaceous species; a-C being the most prominent.
Aggressive purification and post-synthesis manipulation are frequently required to separate

out the nanostructures from the ‘soot’.

Arc discharge (Figure 2.12) is similar in many ways to laser ablation insofar as it is a

transient sublimation process. A high potential is applied between two closely spaced

¥ The surface removal of material via vaporization.
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graphite electrodes in a vacuum, inert atmospheres (like He, H, and N, 2 33y or Jiquid
environments (such as liquid nitrogen or watert*®* %), The electrode separation is carefully
controlled to induce electrical breakdown between the electrodes. The electric arc passes a
current of 50-200 A which rapidly (<1 s) increases the temperature of the anode to >1000°C.
The carbon source sublimes and the mobilised stream of free carbon atoms emitted from the
anode is carried by the inert atmosphere toward the cooler anode, at which point it condenses
to form the nanotubes*®®, fullerenes™™® or graphene™”. As with laser ablation, either pure
graphite or catalyst doped graphite anodes can be used to selectively synthesise MWCNTS or
SWCNTs. MWCNT and SWCNT growth by arc discharge was first demonstrated by lijima
et al.l® (whilst working at the NEC laboratories) and Bethune et al.!*?! (then at IBM), in 1993.
The nanostructures, as with laser ablation are high quality and defect free as a result of the
high synthesis temperatures. Nonetheless, the end product, again, is usually extremely
contaminated. In the case of nanotubes, 70-80 wt.% of the material is unwanted and after
purification and centrifugation extremely low (<1 wt.%) nanotube yields are not uncommon.

5-35 wt.% account for metal impurities™®!,

Chemical vapour deposition (CVD) differs from the preceding approaches due to its high
controllability. Figure 2.13 illustrates a typical CVD reactor. CVD systems can be either hot
or cold walled. Hot walled systems are globally heated, whilst in cold walled systems smaller
thermally-isolated heaters reside within water-cooled chambers. High quality graphene™,
nanotubes™ and nanofibres*®Y have been controllably synthesised via CVD. Rather than a
transient solid sublimation process, carbon is sourced by the maintained thermal
decomposition (at 500-1200°C) of a carbon contain gas (such as acetylene - C,H,™%?,
methane - CH,*®®!, ethylene - C,H,*%Y, and carbon monoxide - CO®®) which is mixed with
a carrier / etching gas, such as NH3 and H,, to inhibit a-C deposition. Extremely wide ranging
feedstock partial pressures, from 10™ to 10° mbar, can be used to grow nanotubes. Very little
carbon is necessary to grow graphene. Diluted (i.e. low partial pressures, ~102 mbar!*®®)) CH,
and C,H, are commonly used as they are kinetically stable and undergo minimal thermal
decomposition at high temperatures (900°C). Other hydrocarbons have been used, although to
less success*®”). CVD techniques demonstrate significant promise due to simple automation,
high controllability, comparative cheapness, and most-importantly, scalability; all of which

are tantamount to successful commercialisation.
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Figure 2.13 | The plasma enhanced / thermal chemical vapour deposition apparatus for
nanotube and graphene synthesis, as used throughout this work. (a) System
schematic and (b)-(c) optical micrographs of the graphite, ohmically heated stage
during plasma exposure. Samples are loaded onto the heated stage and exposed to the
carbon precursor and etching gases through the shower head™* .

Plasma enhanced chemical vapour deposition (PE-CVD, Figure 2.13(b,c)), a CVD variant,
facilitates accurate nanotube directional control by regulating the strength and direction of an
applied electric-field, or more correctly, the sheath field. A variety of plasma types have been
studied: direct current (DC)®81  hot-filament"*"®! aided DC, RF™ and magnetically
enhanced RF™™ microwave®®® and inductively coupled™™ 8%, In our hot-filament DC
plasma system, ~600 V is applied between a grounded ohmically heated graphite stage
(~600°C) and a gas inlet which strikes the plasma. Not only does the plasma heat and surface
modify the catalyst!*®"! but it also plays an important role in nanotube alignment and a-C
etching™?. Combined ion bombardment and joule heating produce temperatures in excess of
700°C, at least 200°C of which can be attributed to the plasma alone*®l. PE-CVD is most
often used for nanotube growth. Nevertheless, some reports on the PE-CVD of graphene are
appearing[184' 185] though harsh plasma environments make high quality graphene synthesis

challenging.

Figure 2.14(i)(c,d) illustrates nanotube growth with and without plasma. PE-CVD

synthesised nanotubes are often larger in diameter than their thermal CVD counterparts and
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Figure 2.14 | Nanotube catalyst-bed formation. (i) Generalised nanotube growth. (ii) Routes to
catalyst nanoisland formation; (a) Deposition of wet catalyst (e.g. ferritin, metallic
salts, ferrocene, etc.). (b) Plasma, or wet etching of materials such as steel, or PVD
deposited thin films. (c) Thermal coalescence of a PVD deposited thin film. (iii)
Catalyst wetting behaviour. The degree of wetting determines the adopted route or tip
growth mechanism. Illustrations of nanoisland (a) wetting and (b) dewetting. (iv)
Ostwald ripening®?® - catalyst formation and coalescence occurring during increasing
temperatures and / or annealing durations. Gradient arrow indicates either increasing
anneal duration or temperature. The orange central region, where uniform catalyst
particles are formed, denotes the optimal casel?.
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are more correctly referred to as nanofibres (as discussed previously). PE-CVD favours Ni
over Fe catalysts as the latter catalyst is usually plasma-ctched. Figure 2.13 shows the
upgraded AIXTRON Black Magic CVD reactor used throughout this work that can be
operated in either plasma (PE-) or thermal (T-) modes. In the case of nanotubes, the relatively
low growth temperatures typically result in reduced graphitization™®!, though this is not
problematic for the applications considered throughout this work, as highly crystalline
graphitic samples are not essential. Dia e al.**], Chhowalla et al.™®! Robertson ez al.['*
and Amaratunga et al. (1901 have all championed the use of CVD, and variants thereof, due to
their intrinsic controllability. To the best of the authors knowledge, the lowest-reported CVD
growth temperature for nanofibre growth is 270°C, demonstrated by Hofmann et al.l**}! and
300°C for graphene-like films by Li et al.**?. With continued maturity, CVD is the most
promising technique for compatible silicon processing temperatures (< 300°C) and a clear
understanding of the growth dynamics and catalysis will play important roles in achieving
this.

2.4.2 CVD Catalysis of Nanofibres, Nanotubes & Graphene

The general process of nanotube growth is illustrated in Figure 2.14(i). Graphene CVD

proceeds in a similar fashion, though the catalyst restructuring is far less obvious.

In a general sense, catalysts can be thermally annealed™ and/or plasma treated thin
films™®Y, preformed nanoparticlest*®®, bulk materials that have had their surface topography
modified™ or even floating particles!*®. Nanotube catalysts include!*®®; the transition
metals (Fe, Ni, Co)-which have shown the highest catalytic activity. Other much less active
catalysts include the noble metals (Au™ Agl™ cu™™), poor metals (Pb1% In(%) as
well as semiconductors (Gal*®®, Gel®®), oxides (SiO*™ 2% zrO,”®! and carbides
(Sic®y. various metal/metal-oxides including MgO™®  ALOs?® and TiO,M*®
nanoparticles have all shown varied catalysing capabilities. Binary and tertiary catalysts
structures, such as Al,Oa/Fe?%! Mo/Co?%" 2% and Mo/Al,0s/Fe® increase the yields and

growth rates whilst reducing diameter and chiral variations.

Graphene CVD has been demonstrated, both catalytically and non-catalytically, on a wide
variety of metal foils and PVD deposited thin films such as Cu, Ni, Co, Pt, Ru and Ir[?> 20

211 as well as (less efficiently using) numerous alloys™ ** and compounds like AIN®*? and
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ZnS* and even, more recently, oxides?**, nitrides™® and semiconductors!?*® though with
substantially lower catalytic activity. There is not, as yet, any clear mechanism as to why
oxides catalyse nanocarbon growth. The suggested mechanisms are hotly debated. Many
speculate that surface defects nucleate the nanocarbons, whereas others attribute the growth
to chamber contamination. In either case, this thesis is primarily interested in the use of metal
catalysts due to their superior yields, lattice graphitization and high growth rates. Having said
this, the author has completed a significant body of work, none of which is reported in this
thesis, in collaboration with Chalmers University, Sweden, on the direct deposition of CVD
nanocrystalline graphene on Si/SiO,**®, Si/SisN, quartz™®™, sapphire!!”? and GaN™*!,
Many materials it would seem catalyse the nanocarbons with varied degrees of activity. For

the most part, Fe is frequently employed for nanotubes and Cu for graphene.

An important feature of nanotube growth, second perhaps only to the catalyst selection, is
the structural modification of the catalyst prior to carbon precursor exposure. This is not the
case for graphene, where catalyst restructuring appears not to affect the growth. Restructured
catalyst films template the nanotube growth and control the nanotubes diameter and chirality.
Nanoislands can be formed by wet deposition of nanoparticles in aqueous solutions®®
(Figure 2.14(ii)a), plasma etching (Figure 2.14(ii)b) or thermal coalescence (Figure 2.14(ii)c).
Accurate catalyst positional control and sub-80 nm patterning have been demonstrated using

(87 " Spluble metal salts

electron-beam lithography™®! and nanoimprint contact printing
(acetates, nitrates, etc.), bicarbonates, biologically derived catalysts (ferritin), organometallic
/ metallocene compounds (ferrocene)!**®! and metallic colloids are all typical examples of wet
catalysts which are deposited by dipping, pipetting, spray coating, casting, electrochemical
deposition, inkjet printing or microcontact printing methods. Calcination (in ambient
atmosphere) at 200-500°C oxidise these catalysts. The resulting metal oxides are then
catalytically activated by thermal reduction in H, or inert atmospheres. Often samples are

finally exposed to mild O, plasma to remove remaining organics.

Thermal coalescence of sub-10 nm uniform catalyst PVD deposited (e.g. sputtered or
evaporated) thin films is the most common approach to catalyst nanoisland formation (Figure
2.14(ii)c). The catalyst dewets and clusters during thermal (and/or plasma) pre-treatment, due
to surface tension and compressive stresses. This minimises the surface free-energy and
forms the characteristic globular structures, as depicted in Figure 2.14(i)(b). In-situ electron

microscopy studies®™® 22% have evidenced that the catalyst need not be liquid, though some
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Figure 2.15 | Nanotube and nanofibre growth modes. (a) Generalised nanotube growth showing
the catalyst thin film, nano-island formation and nanotube growth with and without
plasma. (b) Weak catalyst-support interaction leading to catalyst dewetting and a tip
growth mode. (¢) Root growth caused by strong catalyst-support interactions resulting
from catalyst wetting upon thermal pre-treatment.

debate still exists. Nanotubes grow at temperatures well below both the catalysts melting and

carbide eutectic temperatures and although these temperatures certainly have a size (i.e.

Gibbs-Thompsons effect) and pressure dependence the extrapolated temperatures are still

higher than the growth temperatures suggesting that catalysts are indeed solid. Ostwald

ripening, an inhibitory affect associated with thermal annealing, accounts for the variation in
nanoisland size and is extremely prominent on highly hydrophobic supports. Higher energy
states exist at the nanoparticles surface, than in the bulk, and it is energetically favourable for

the nanoparticles to agglomerate to form ever larger particles, as depicted in Figure 2.14(iv).

Lengthy annealing cycles enhance agglomeration and cause unsuitably large nanoislands

whilst rapid anneals do not permit complete reduction or surface reconstruction. Evidently

recipe optimisation is important in achieving well defined nanostructures.

Following catalyst restructuring, carbon precursors adsorb and dissociate on the catalyst
surface and the nanotubes, or graphene, grow via carbon precipitation. This common growth
model applies equally well to nanofibre, nanotube and graphene synthesis. Figure 2.15
depicts nanotube tip and root growth modes. The exact growth mode adopted depends on the
strength of the catalyst-support interaction. For example, Ni on silica (SiOy)? is
characterised by a small contact angle (Figure 2.14(iii)a) and has a correspondingly weak
interaction which favours tip growth (i.e. the catalyst resides at the tip of the nanotube during
carbon precipitation). Correspondingly, a hydrophilic interface, for example in the case of Fe

:[222]

on Si***“, has a large contact angle and favours root growth (Figure 2.14(iii)b). Here the
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catalyst particle remains at the substrate interface during carbon extrusion. A vast number of
temperature dependent chemical interactions occur at the support-catalyst interface. At high
temperatures catalysts can be consumed by the substrate due to uncontrolled diffusion, whilst
silicide and carbide formation and alloying inhibit growth and reduce yields. Diffusion

barriers such as SiO,, Al,O, and TiN were developed to solve many of these problems!??® 224,

Less obvious catalyst restructuring occurs in the case of Cu-catalysed graphene. Cu grains
grow during annealing but retain their planar form. Concurrent high sublimation rates during
deposition makes developing a clear understanding of the graphene growth dynamics much
more difficult. Nonetheless, the primary processes involved, namely hydrocarbon adsorption,
dissociation and carbon diffusion and precipitation, are the same as those for nanofibre and
nanotube growth which in themselves provide a useful growth analogue.

2.5 Summary

This chapter presented a comprehensive literature review on the developmental history,
physical properties and the principle advantages of isolation and bottom-up growth, with
particular emphasis on CVD, of nanofibres, nanotubes and graphene.
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Chemical Vapour Deposition of CNFs, CNTs & Graphene

3. Introduction

The following sections report the authors work on determing the validity of the CNT /

CNF diffusion-limited catalysis analogue for graphene synthesis by CVD.

3.1 The Activation Energy of CVD Catalysis:
Nanofibre, nanotube & graphene growth - Are they similarly
rate-limited?

To accurately control CVD deposition insight into the underlying catalysis is necessary. No
general theory of graphitic carbon catalysis via CVD, which spans multiple nanocarbon
allotropes, has been proposed or even experimentally considered. The applicability of
traditional growth models such as the vapour-liquid-solid™® and vapour-solid-solid!®,
applied to more conventional systems such as Si nanowires (where the dissociated silane
saturate diffuses through the Ag nanoparticle) have questionable validity in the case of the
nanocarbons. In general, dissociative hydrocarbon adsorption on metal surfaces is central to
heterogenous catalysis'. This experimental framework has not, as yet, been considered in
regards to graphene growth. As a result generalisations between nanotube, nanofibre and
graphene catalysis, performed in nominally equivalent systems, are missing from the
literature and have yet to be demonstrated. Improved levels of catalysis understanding may
ultimately lead to reductions in synthesis temperatures and the ensuing energy savings will
make CVD processing increasingly commercially attractive. Similarly, a deeper
understanding of the underlying catalysis will permit high-quality nanocarbon growth on

more exotic substrates, such as plastics for example.

3.2 The Rate-Limiting Step?

CVD is characterised by an activation energy (E;). This energy is a composite measure of (i)
surface hydrocarbon adsorption (mass transfer), (ii) hydrocarbon dissociation via pyrolysis,
(iii) carbon diffusion (into the bulk or surface) of the catalyst and (iv) carbon precipitation
and structural incorporation. Figure 3.1(a,b) illustrates CVD in the case of metal catalysed
nanotubes/fibres and graphene, respectively. Note that both nanofibres and nanotubes are

considered in the following study and that the strict distinctions between nanofibres and
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Figure 3.1 | CVD growth. Both (a) nanotube and (b) graphene growth can be modelled in
conceptually similar ways. In particular; (i) hydrocarbon adsorption and (ii)
dissociation, (iii) carbon diffusion and (iv) precipitation. Adapted from . (c) Scheme
representing the various potential rate-limiting steps during CVD growth®!.

nanotubes were made in earlier sections. Figure 3.1(c) depicts a generalised scheme
illustrating the various possible rate-limiting processes. Vertically aligned nanofibres were
grown by plasma enhanced chemical vapour deposition (PE-CVD) to investigate the catalytic
activity of Fe and Ni on equivalent indium tin oxide (ITO) diffusion barriers. To investigate
the effect of the support barrier, Al and Al,O barriers, for equivalent 1 nm Fe catalysts, have
been employed during thermal chemical vapour deposition (T-CVD). The growth rates of as-
grown nanofibres, nanotubes and graphene are presented based on C,H,/NH3; (PE-CVD),
C,Hu/H, (T-CVD) and CyH4/H /Ar (T-CVD), respectively. The corresponding activation
energies have been determined for each and discussed to elucidate the catalysis rate-limiting

step in an attempt to determine the validity of a nanotube analogue for graphene growth.

To accurately measure the nanofibre diameters, and to consider the growth implications of
patterning, dot arrays with a pitch of 2 um and diameter of 80 nm were written by electron-
beam lithography on <100> p-type, boron doped (0.015 Qcm), 200 (£20) nm thermally
oxidized Si substrates. 25-nm-ITO diffusion barriers and 6 nm Ni (99.5%, Advent) or Fe
(99.5%, Advent) films were sequentially deposited by DC magnetron sputtering. For the
nanotubes either a 10-nm-Al or 10-nm-Al,O3 (99.99%, Lesker) film was RF magnetron
sputtered, air exposed and coated with 1 nm Fe by thermal evaporation (Lesker PVD75,
99.95%). For cleanliness, base-pressures below 10 mbar were ensured for all depositions.
As-received 25 pum Cu foils (99.99%, Advent) and PVD deposited Cu thin films (~ 900 nm)
were used to catalyse graphene growth. All catalyst samples were degreased in a 65°C
acetone bath for 1 h prior to growth.
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Figure 3.2 | CVD nanofibres, multi-walled carbon nanotubes and graphene. SEM micrographs of
(a) vertically aligned nanofibres (~2 um separation), (b) MWCNTSs (Insert: HR-TEM
micrograph showing the nanotubes graphitic walls) and (c) monolayer graphene.
Graphene was grown for 5 min at (1) 800°C, (2) 850°C, (3) 900°C and (4) 950°C and
PMMA-transferred to Si/SiO, (300 nm). (Scale bar 2 um).

All nanofibre, nanotube and graphene samples were grown in a commercially available
CVD reactor (AIXTRON, Black Magic). Aligned nanofibres were grown by PE-CVD.
Nanotubes and graphene were grown by T-CVD. For each the growth temperatures were
varied to investigate the corresponding activation energies. Nanofibres were grown by
thermally annealing the 1TO-supported samples for 60 s in NH3 (grade 3.8) and subsequent
exposure, for 1200 s, to plasma (620 V / 35 W) under a 200:50 sccm flow of NH3:C,H,
(dissolved, grade 1.5) at 3.2 mbar. Nanotubes were grown by loading the alumina-supported
samples into the room temperature reactor under a C,H, (8 sccm):H; (192 sccm) flow (26.0
mbar). The low-mass graphite heater was then thermally ramped at 5°C/s and maintained at
the growth temperature (700°C) for 300 s. Graphene was grown by ethylene-based Cu-
catalysis. Cu foils were annealed at 850°C (measured by surface IR interferometry) for 30
mins in a 20:1500 sccm (H2:Ar) atmosphere. Growth was initiated by introducing 7 sccm
ethylene (C,H4, 99.92% purity) under maintained H, (99.98% purity) and Ar (99.998%
purity) dilution. Graphene growth was halted after 300 s prior to flake coalescence!*?. All
samples were cooled to room temperature under ultra-high purity N, (grade 5.5).
Temperatures were monitored using a type K bimetallic-alloy thermocouple. Pressures and
temperatures were accurate to within +0.5 mbar and +3°C, respectively. Temperatures were

maintained to within +1°C throughout.
Figure 3.2 shows SEM micrographs (Zeiss Evo 50 operated at 15 kV / Philips XL30 sFEG

operated at 15 kV) of individual aligned nanofibres (ITO/Ni) (Figure 3.2 (a)), nanotubes
(Al/Fe) (Figure 3.2 (b)) and graphene flakes (Figure 3.2 (c)). Unpolarised 457 nm Raman
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Figure 3.3 | Temperature dependence of nanofibre morphology (1). Length and diameter
variations for ITO-Supported Fe and Ni nanofibres. (a) Diameter and (b) length as a
function of growth temperature (600-860°C) taken from over 400 individual
nanofibres. (u = mean, ¢ = standard deviation)
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spectra confirmed graphene monolayer nucleation. Raman spectra (633 nm) of the nanotubes
confirmed their multi-walled nature, through the absence of any RBM signals and
corroborating SEM diameter data. High resolution transmission electron microscopy (HR-
TEM) studies were performed using a FEI Tecnai F20 operated at 80 kV, which
independently verified the number of graphitic walls (Insert, Figure 3.2 (b)).

3.3 Nanofibres & Nanotubes: PE-CVD Vs. T-CVD

The growth rate for the nanofibres and nanotubes (graphene) samples are defined as the rate
of change of length (diameter) with respect to time. Figure 3.3 shows the length and diameter
histograms of the ITO-supported Ni and Fe-catalysed nanofibres. Increasing the reactor
temperature monotonically increases the growth rate (Figure 3.4). Higher temperatures also
appear to broaden the diameter range whereas, in this instance, the fibre mean diameter was
largely independent of increases in temperature. Mass conservation can be applied to assess
the validity of the nanofibre diameters. For an ideally annealed thin-film, a 10% catalyst
packing density (neglecting interstitial nucleation) with an assumed regular FCC planar
packing (in agreement with the bulk Ni and Fe crystal phases) the catalyst thin-film depth, 6,
and nanofibre catalyst (ideally spherical) diameter, D, are related by D ~12.55, assuming a
perfectly hydrophobic support. This, admittedly simplistic model, indicates that a 5 nm
annealed catalyst thin film will forms catalsyst islands ~ 62.5 nm in diameter thereby
substantiating the experimental observations. The diameters of the Ni and Fe catalysed
nanofibres were approximately equivalent and noticeably larger than those grown using

alumina-supported Fe.

Figure 3.5(a) shows the typical variation in nanotube (Al,O,/Fe) and graphene growth rates
as a function of time, measured by scanning electron microscopy. As is also true for
nanofibres, the growth rates linearly decay and tend to saturate after 15-20 min. The catalytic
activity plateaus due to a-C deposits poisoning the catalyst. This deactivation process is
particularly effective as it prevents the hydrocarbon precursor from reaching the catalyst
surface whilst also preventing carbon precipitation. Similarly, monolayer graphene growth
saturates once the surface is fully covered with graphene because of the absence of a catalyst
to pyrolyse the carbon feedstock. Interestingly, however, we observe subsequent (second)
layer growth in the case of graphene. The exact nucleation sites for these layers is unclear at

this stage, but may perhaps be associated with porous grain boundaries allowing the precursor
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Figure 3.4 | Temperature dependence of nanofibre morphology (2). Nanofibre length mean (i)
and standard deviation (S.D.) (ii) as a function of synthesis temperature (T) for ITO-
supported (a) Fe and (b) Ni catalysts.

access to the underlying Cu catalyst. Alternatively, graphene self-catalysis cannot be ruled

out, as activated charcoal has been shown to nucleate CNTs,

Nanofibre forests showed higher growth rates than individual patterned nanofibres, at
equivalent growth temperatures. Catalyst patterning affected the growth rate. Nanotube
forests have been shown by others™ ! to grow more rapidly at the edge of patterned
catalysts. Gas flow conditions and thermal pre-treatment were considered viable candidate
mechanisms to account for this. However, growth rate perturbation may be attributed to
spatially compounded dissociative heating of the carbon precursor. Kanzow et al.'®, in
agreement with the original suggestions of Baker et al.l'’), conjectured that precursor
decomposition occurring at the catalyst surface is sufficiently exothermic to increase the local
temperature. Although local dissociative heating cannot be completely ruled out and is
undoubtedly an important part of the complete growth mechanism (in the case of nanotubes
and nanofibres, at least), Kricvoruchko et al.™® and Klinke et al.l*! convincingly argued that
the additional heating, for a single catalyst particle, is in fact negligible and cannot

realistically contribute to a catalyst phase change or thermally stimulated variation between
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bulk and surface diffusion coefficients, as initially proposed. Consider the exothermic
hydrocarbon dissociation at the catalyst surface. A temperature gradient would exist across
the bulk catalyst. Since the solubility of carbon in metals is strongly temperature dependent,
increased dissolution occurs in the hotter zones (i.e. at the surfaces). However, over such
small length scales a significant thermal gradient is physically intangible. Any surface
localised exothermic reactions would be much more likely raise the temperature of the entire
catalyst thereby equally modulating both the bulk and surface diffusion characteristics. As a
result, for individual nanotubes and nanofibres, dissociative heating plays a largely minor
role. Yet, when multiple catalyst particles are closely packed, as in the case of nanotube and
fibre forests, the cumulative effect may very well increase the local temperature, albeit
relatively marginally. This may account for the increased growth rates (increasing synthesis
temperature has already been evidenced to proportionally increase the growth rate). The
temperature difference associated with this amplified dissociative heating can be estimated by
comparing the temperature dependent growth profiles of forest nanotubes and the individual
nanotubes for equivalent catalysts and growth conditions. Localised heating suggests and
temperature increase of ~ 50°C due to increased growth rates of some 15%. Due to the

similarities in the processing conditions plasma effects were neglected.

The majority of the growth mechansims reported in the literature focus on surface and bulk
diffusion-limited processes®. The widely accepted model by Baker et al.’” proposed that
carbon diffusion through the bulk catalsyt was the rate-limiting step based on the similarities
in the activation energies of nanofibre growth and bulk carbon diffusionl” & 2% 221 However,
the validity of this mechanism is under some scrutiny for nanofibres and the debate is
ongoing as to whether this model strictly accomodates nanotubes and even graphene. Are
these two seemingly similar carbon-latticed materials similarly rate-limited? Chowalla et
al.?®! for C,H,:NH4/Ni nanotubes grown by PE-CVD, suggested bulk-diffusion limited
growth based on an activation energy of 1.4 eV. Vinten et al.*!!, Puretzky et al.”®, and zhu
et al.?® reported activation energies of 2.1-2.4 eV, whereas Lee et al.’”), Kim et al.?®®! and
Liu et al.” measured activation energies of 1.3-1.7 eV. Hofmann et al.®!, by PE-CVD,
documented an extremely low activation energy of 0.25 eV, ascribing the reduction to plasma
assisted precursor dissociation. Knudsen diffusion has also been considered™”, though the
strong temperature dependence of the growth rates, consistent across multiple studies, casts

some doubt on the validity of the proposed mechanism.
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Figure 3.5 | Nanotube and graphene growth saturation. CVD growth rates of (@) MWCNTSs
(AlL,O,/Fe : 10/1 nm) and (b) graphene.
Figure 3.6 shows the growth rate (R) as a function of reciprocal absolute temperature for
various PE-CVD and T-CVD synthesised nanotubes, nanofibres and graphene!* " °!. Data has
been linearly fitted according to the Arhenius relation;

Roc DS, exp(_Ea)
ke T

(3.1)

where T is the growth temperature, kg is Boltzmann’s constant and D, and S, denote the
carbon diffusivity and solubility prefactorst”. E, is estimated by linear interpolation and
gradient extrapolation™®”. For the ITO/Ni and ITO/Fe nanofibres (closed / open red squares)
the activation energies are 0.51+0.15 eV and 0.44+0.17 eV, respectively. For the Al,O./Fe
and Al/Fe nanotubes (closed / open green squares) the activation energies are 1.33+£0.10 eV
and 1.94+0.96 eV. For Cu-catalysed graphene (orange squares) the activation energy was
2.33+0.10 eV.

Various early work determined the diffusion coefficients and solubility of carbon in Ni, Fe
and Cut®33,

diffusion coefficient against inverse absolute temperature. Majorica et al.*¥! considered the

Here, the diffusion barriers can be extracted via linear interpolation of the

barrier potentials to surface diffusion in polycrystalline Ni (0.27 eV) using surface sensitive
Auger electron spectroscopy whilst Diamond et al.**! focused on the bulk diffusion in Ni
(1.52 eV). Berry et al.* summarised various work on Ni, spanning multiple techniques and
provided a good estimate for the bulk diffusion activation energy (1.49+0.33 eV). Wert,
Emsley, Massaro, Smithells, Homan and Landert? -9 || reported on the carbon solubility
in Fe lattices a (BCC), y (FCC) and polycrystalline phases using various techniques and

cumulatively give a bulk Fe diffusion barrier of 0.81+0.09 eV for a- and polycrystalline
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Figure 3.6 | Nanofibre, nanotube and graphene CVD catalysis activation energies. Arrhenius plot
of the growth rates for > 400 samples. Least-squares fit. E, estimated from gradient
linear interpolation. ITO/Ni - 0.51 (£0.15) eV, ITO/Fe - 0.44 (x0.17) eV, Al/Fe - 1.94
(x0.96) eV, Al,O,/Fe - 1.33 (£0.10) eV. For Cu-catalysed Graphene E, = 2.33 (x0.10)
eV. Supporting data from Hofmann et al.l* ® Ducati et al.["}, Bartsch et al.!}, Coraux et

al." and Li et al.". Experimental uncertainty +10 nm/min, unless otherwise stated.

phases and 1.25-1.68 eV*¥ for the y-phase. Although no empirical data on the surface
diffusion of carbon on Fe is available in the literature the density functional theory
calculations by Jiang and Carter*? suggest a surface diffusion barrier of 0.64 eV. Evidently,
nanofibre activation energies, in both the Ni (0.51 eV) and Fe (0.44 eV) cases, are
significantly less than the values associated with bulk carbon diffusion (Ni~1.50 eV*,
Fe~1.00 eV?) and are comparable to the surface diffusion of carbon on (polycrystalline) Ni
(0.3 eVP) and Fe (0.64 eV!*¥) suggesting a dominant surface diffusion process, even at

! Approximate bulk value for a- and y-phases
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Figure 3.7 | PE-CVD (left) Vs. T-CVD (right). a-C induced surface-to-bulk diffusion
transition. (a) A catalyst particle in the initial state with negligible a-C deposits
permitting predominant surface diffusion. (b) a-C deposits increase during precursor
exposure. Surface diffusion becomes less energetically favourable and the catalyst is
forced to adopt bulk diffusion. The rate limiting step therefore deviates from surface
to a bulk diffusion. Grey areas highlight local saturation. (c) PE-CVD efficiently
etches a-C deposits and thusly retains a low activation energy. Whereas, a-C
removal is far less efficient in T-CVD, hence the dominance of bulk diffusion, and
the correspondingly increased activation energy.

elevated growth temperatures. Indeed, the surface diffusion simulations of Yazyev and
Pasquarellot** support this finding. The extrapolated activation energy also suggests that the
Fe particle may very well be in its polycrystalline or a-phase, a puzzling result as the bulk y-
phase becomes increasingly favoured, due to its thermodynamic stability, at elevated
temperatures (>750°C) and increased carbon content*”!. Nonetheless it is highly probable that

multiple phases exist at particular times during the nanotube growth.

3.4 Support Implications on the Diffusion Regime in T-CVD &
PE- CVD

To demonstrate the growth implications of varied support layers and the variations between
PE-CVD and T-CVD, Al/Fe and Al,O,/Fe systems by T-CVD were considered. The growth
rate initially increases monotonically as a function of substrate temperature before decreasing
at sub-optimal high temperatures (Figure 3.6, green squares). This trend is similar to those
reported by Cui et al.l*! and Ducati et al.[”? using microwave and hot-filament assisted PE-
CVD, as well as Wirth et al.”! for mid-pressure (>10 mbar) T-CVD using Al,O,/Fe. Here
they noted that the sub-optimal decline in growth, as a function of increasing temperature,

ceased at reduced partial pressures. Al/Fe and Al,O,/Fe offer increased growth rates,
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compared to their ITO/Fe counterpart, whilst simultaneously reducing the optimal growth

temperature. Evidently though the broadness of the growth regime suffers.

In the catalyst systems studied, the activation energies (Al/Fe - 1.94 eV, Al,O,/Fe - 1.33
eV) are significantly larger for T-CVD compared to PE-CVD are consistent with y-phase
bulk diffusion (1.68 eV). Though the process remains diffusion limited, the support appears
to have augmented the diffusion regime. Many different factors may account for this. It is
conceivable that the support layer adjusts the diffusion regime by alloying the catalyst with
non-catalytic species!*”. It is also feasible that the support material plays an important role in
the formation of metastable carbides that in turn affect the catalytic activity, which is perhaps
more plausible given the strong temperature dependence of carbide formation[*®!.
Nonetheless, the large disparity between PE-CVD and T-CVD activations energies is
evidently independent of the support material, as the increase is consistent across the Al and
Al,Oy supports. Perhaps the most viable explanation of the reduced barrier can be given by
considering plasma effects. lon bombardment could also heat the catalyst particle thereby
favourably increasing carbon diffusivity and solubility. The temperature dependent plasma
maintains catalytic activity by efficient etching of a-C deposits that inhibit hydrocarbon
adsorption, dissociation and carbon precipitation™®!. Note that in a surface-diffusion limited
case there is no requisite for catalyst saturation as in the case of bulk diffusion. Consider
Figure 3.7. If a surface diffusion mechanism dominates then the catalyst interior has low
carbon saturation. However, as a-C deposits increase, saturated volumes develop (grey,
centre panel). If a-C deposits become significant, in the case of saturated thermal CVD (right
panel), then growth must proceed via less-efficient bulk diffusion in attempts to access and
precipitate through active catalyst sites. The surface diffusion activation energy increases

with hydrocarbon exposure time to the point at which bulk diffusion becomes favourable.
3.5 Al Vs. Al20x Support Layers & T-CVD

The question still remains - why are there such marked differences in the activation energies
of Al,Oy and natively oxidised Al supports? In general, the growth rate of CNTs depends on
the catalytic activity of the surface Fel*®!. Catalytic activity is a function of barrier material
and depth. To rule out thickness issues, nominal 10 nm Al and Al,Oy supports were used
throughout. The results of Lee et al.®® revealed, using secondary ion mass spectroscopy, that

Fe diffuses to a much greater depth in Al supports compared to Al,O3. Furthermore, they
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surmised that the increased support oxidation enhanced catalytic activity giving higher
growth rates. Thus, the variations in activation energies in the Al and Al,O cases are most
likely a product of the variability in C solubility between Fe and the Al-Fe alloying, occurring
as a result of increased Fe migration into the Al support, both of which have strong and

differing temperature dependencies.

3.6 Cu-Catalysed Graphene & the Nanotube Analogue

The solubility of carbon in Cu (<0.001 At.% at 1000°C®" %) is substantially lower than in
either Ni or Fe (~1.3 At.% at 1000°CF?). Since little C can dissolve into Cu one would
speculate that carbon migration is achieved predominately through surface diffusion, as the
nanotube analogue would certainly suggest’®’. Density functional theory calculations,
presented by Yazyev et al.’*! determined surface and bulk diffusion barriers of 0.07 eV and
1.65 eV, respectively. In fact, estimates using the error function form of Fick’s law applied to
the data of McLellen et al.® and Lopez et al.*Y suggest diffusion barriers less than 0.1 eV.
The discrepancy between the diffusion barriers and the estimated activation energy (2.33 eV)
hints that Cu-catalysed graphene growth is in fact not bulk or even surface diffusion limited,
but rather dissociation, precipitation or mass transfer limited. Note that is the catalysis is

unlikely to be diffusion limited it is clear that it too is unlikely to be precipitation limited.

Dissociative heating was proposed to play a critical role for increased levels of surface
diffusion compared to bulk diffusion. The exterior of the catalysts particle was thought to be
hotter than the interior (bulk). The surface therefore offered greater C solubility compared to
the bulk. In the case of Cu-catalysed graphene dissociative heating has negligible
implications on carbon solubility. In metals, solubility positively correlates with increasing
temperature. Nonetheless, Lopez et al.®™ showed that, for Cu/C systems, this dependence is
extremely weak. Moreover, dissociative heating clearly has negligible effects as we have
successfully employed CH,, which undergoes endothermic dehydrogenation, to grow equally
high quality graphene using similar process conditions (Figure 3.8(b)). Intermediary active
hydrocarbons such as ethylene and acetylene, not sourced directly from the hydrocarbon
precursor but rather from its intermediate reaction products, which exothermically
decompose, have been suggested to account for this disparity in the case of nanotubes™.
Indeed, the differentially pumped, electrostatic quadrupole plasma (EQP, Hiden Analytical)

mass spectrum of the methane-based atmosphere, sampled during the growth, supports this
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Figure 3.8 | CH4 Cu-catalysed graphene by T-CVD. (a) EQP mass spectra of the sampled growth
atmosphere during graphene thermal CVD probed downstream of the reactor (CH4:H;
/ 35:175 sccm, 5 mbar, 10 min, 900°C). (b) Raman spectra (457 nm) of monolayer
methane-based as-synthesised graphene on PVD deposited Cu/SiO,/Si.

conjecture and directly evidences high ethylene (28 amu) content (Figure 3.8(a)).
Nevertheless, it is important to realise that peak ambiguity exists within the data as residual
atmospheric N, may similarly account for the apparent ethylene signal. In order to minimise
this ambiguity the chamber was pre-evacuated to <10 mbar and repeatedly Ar purged prior
to growth. As a result it is highly improbable that the large 28 amu signal is residual Na.
Nonetheless, such hypothesises remain largely speculative given the cracking nature of many
mass spectrometers. Nevertheless, increased carbon solubility due to dissociative heating is

certainly far less pronounced in C/Cu systems.

Thermal decomposition of ethylene, in the absence of a catalytic surface, has a barrier of
3.5-4.2 eVP® The kinetics studies of Pirard et al.®®, on MWCNT synthesis over Fe—
Co/Al;O3, offered an ethylene decomposition activation energy of 1.35 eV. Different
hydrocarbon feedstocks display different levels of, and barriers to, dissociation depending on
the catalyst surface. Although the Fe-catalysed ethylene dissociation is less than the estimated
activation energy in this present study, the estimate does lie within the tolerances of the
catalysed and uncatalysed decomposition and as such cannot be ruled out completely. But is
graphene growth truly precursor pyrolysis-limited? The barrier for carbon crystal growth is
2.30 eVP! which shows a remarkable similarity to our estimate (2.33 eV) given

experimental uncertainties.
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It is unclear as to whether the pyrolysis or integration account for the rate-limiting step,
especially given the relative uncertainty in the exact thermal decomposition barrier for Cu-
catalysed ethylene. Indeed, the present data cannot discriminate between the two.
Nevertheless, using low-energy electron microscopy, Loginove et al.’™), for carbon PVD on
Ru(0001), determined an activation energy of 2.00+0.10 eV, suggesting that graphene growth
is not adatom (surface) diffusion limited, but rather (lattice) integration limited. Even with
their contrasting catalyst system the measured barriers show striking resemblance to the
results presented here, and certainly lie within the experimental resolution. Likewise, Li et
al.”® concluded, using isotope labelling, that Ni-catalysed graphene is precipitation limited,

whereas graphene on Cu grows by a surface adsorption process.

3.7 Summary

The activation energies of CVD grown nanofibres, nanotubes and graphene were considered
in an attempt to draw suitable analogies between nano-carbon growth. Figure 3.6 summarises
the key features of this work. Nanofibres and multi-walled nanotubes were shown to adhere
well to the maturing posit of surface-diffusion limited growth for ITO-supported Ni and Fe
catalysts by PE-CVD. Deviation to a bulk-diffusion limited regime occurred for T-CVD
synthesised nanotubes. A possible surface-to-bulk diffusion transition was tentatively
proposed. Growth variations due to the barrier material, namely Al and Al,Ox, were
considered and were ascribed to temperature dependent discrepancies between the carbon
solubility in pure Fe and Fe-Al alloys. Cu-catalysed monolayer graphene was revealed to
significantly deviate from the standard nanotube / nanofibre analogue and clearly evidenced

carbon integration-limited growth with an activation energy of 2.33 eV.
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Nanocarbons on Polymer Supports

4. Introduction

In order to usefully exploit the flexibility and transparency of the CVD synthesised
nanocarbons discussed in the previous section, the supporting substrates must have similar
transparency and flexibility performance. Thus, various transfer techniques must be
developed. This chapter documents the development and opto-electronic / flexibility
characterisation of MWCNT, and hot-press laminated graphene, thin films using dry-transfer
processes to various flexible substrates. The Chapter concludes by comparing the
macroscopic transport characteristics of these nominally metallic thin films by proposing a

disorder dependent tunnelling model.

4.1 Dry-Transferred MWCNT Thin Films

Here the fabrication, optical, mechanical and conductive properties as well as practical
application of well-aligned polymer-supported dry-transferred MWCNTSs and graphene thin
films is reported. MWCNT thin films were prepared by an inexpensive and facile mechanical
dry-transfer process (Figure 4.2) that facilitates large-area roll-to-roll processing on
polycarbonate, ITO coated polycarbonate and Al foil substrates. The opto-electronic and
mechanical properties of the films have been studied in order to ascertain some understanding

of the inter-MWCNT transport interactions and their relation to the films bulk conductivity.

CVD is limited to high-temperature stable, largely inflexible substrates and is therefore
polymer incompatible. Low density short vertically aligned carbon nanofibres have been
directly deposited on high temperature polymerst! (<200°C) but dense tall nanotubes have
not. The presented dry-transfer process functions on the basis that the high surface area of the
nanotubes induces significant Van de Waals forces between nanotubes and the nanotubes and
the transfer substrate which results in substantial binding without the need of additional wet
chemistry. Indeed, Pint et al.”! demonstrated aligned dry contact transfer printing in 2010, at
the same time as the work presented herein, though they required water-assisted CVD to etch
the, most likely, root grown catalyst particles in order to mobilise their SWCNT forest. No

such step is necessary in the technique presented below.
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Figure 4.1 | Nanotube forest characterisation. (a) Side profile SEM micrograph of the source
nanotubes. Insert: High-resolution (HR-) SEM micrograph profile of the side-walls
showing extremely linear growth. (b) Areal SEM micrograph showing the spaghetti-
like morphology of the forest surface. Insert: HR-TEM micrograph of an as-
synthesised MWCNT clearly formed from four graphitic side walls. (c) Raman spectra
(3 mW, 633 nm) of the as-grown MWCNTS.

The vertically aligned, source MWCNT forests were synthesised by Al,O./Fe-catalysed T-
CVD as previously described (Chapter 11). 200-nm thermally oxidised Si wafers (SiO,/Si)
were magnetron sputtered with a 10 nm Al,Oy (99.99%) and 1 nm evaporated (Lesker
PVD75) Fe (99.95%) bilayer catalyst®®. Catalyst samples were loaded into the growth
reactor which was pressurised to a 27+1 mbar under a 4% ultra-high purity C,H, atmosphere
in a Hy (192 sccm) diluent and were grown for up to 600 s (growth rate ~1 pum/s) at 700°c
(5%/s). Forests were controllably grown with lengths from <1 um up to 500 pm (Figure
4.1(a)). The nanotubes had diameters ranging from 10 nm to 40 nm and were formed from 2-5
graphitic walls (Insert Figure 4.1(a)).

Figure 4.2 illustrates the scalable, room-temperature and facile dry-transfer process. The
source MWCNT forests were not chemically treated in any way prior to transfer. Various
polymer destination-substrates were angled toward the as-grown MWCNT forests and rolled
(using a quartz rod 15 mm in diameter) whilst applying ~1 kg/cm? at a roll velocity of ~1
cm/s. The transferred untreated polymers considered in this study included polyethylene
terephthalate (PET) and polypopylene carbonate, as well as aminopropyl-triethoxysilane
(APTES) treated PET/ITO and Al foil. Dry-transferred films had a mean compression factor
(original forest depth / rolled film depth) of 13.8, verified by stylus profilometry (Dektak 200-
Si).

The morphology of the thin films and their constituent MWCNTSs was characterised using a
FEI Tecnai F20 FEG TEM operated at 80 kV, a Carl Zeiss SEM 50 operated at 10 kV and
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Figure 4.2 | Aligned MWCNT dry-transfer process. (a) Cross-sectional illustration of the Si/SiO,
(200 nm) substrates magnetron sputtered with 10 nm AlLO, / 1 nm Fe thermally
evaporated (Lesker PVD). (b) MWCNT synthesis by thermal-CVD: 700°C, 26 mbar,
192 sccm H,:8 sccm C,H,, 10 min. Insert: Optical micrograph of an as-grown 550 um
tall MWCNT forest. (c) PET destination substrate angled toward the sources nanotube
forest. (d) PET and source nanotube substrate compressed by a rolled quartz cylinder,
moving at a rate of ~1 cm/s.

EDX fitted Schottky FEG FEI-Philips XL30 SEM operated at 30kV and an Agilent atomic
force microscope (AFM). Optical characterisation was performed using a Unicam UV-Vis-
NIR spectrophotometer in transmission mode. Additional information on the graphitic
structure of the MWCNTSs was revealed spectroscopically using a Renishaw In-Via, He-Ne
laser operated at 633 nm excitation with an incident power of 0.55 mW. Four-probe bond
pads were patterned using Ag nanoparticle / Anisol dispersions deposited at room temperature
using a vulcanised silicone soft-lithography imprint process. Four probe conductivity
measurements were also performed using a Keithley 2100 Digital Meter. All measurements

were performed at room temperature and pressure.

A typical Raman spectra of a dry-transferred film is shown in Figure 4.1(c). The D, G and
2D peaks are located at 1358.6 cm™, 1584.8 cm™ and 2705.5 cm™. The Ip/l¢ ratio for the dry-
transferred MWCNTs ~0.83. No RBMs were noted. The transfer process did not induce
increased crystallographic disorder.

Figure 4.3 and Figure 4.2(b, insert) show SEM and optical micrographs (Nikon eclipse
MEG6OOL) of the as-grown vertical MWCNT forests and dry-transferred films on
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Figure 4.3 | Patterned dry-transferred MWCNT thin films. (a) Patterning by Mo catalyst
passivation. The Al,O,/Fe bilayer catalyst was patterned using a laser-jet/paper transfer
technique and Mo deposition. Patterned MWCNT films were then transferred to the
destination PC. A self-assembled monolayer APTES was employed for PET/ITO
substrates prior to transfer. (b, €) An aligned MWCNT film patterned into 5 pum
interdigitated electrodes by standard photolithography and O, RIE (0.2 mbar, 100 W,
120 s). Insert: Optical micrograph of a Mo-passivated pre-patterned film transferred to
a PET substrate and a second perpendicularly aligned pre-patterned forest transferred.
(c) AFM micrograph (900 nm x 900 nm) of a dry-transferred MWCNT film on a PC
substrate. Insert: SEM micrograph of a transferred film showing the high level of
macroscopic alignment. (d) Optical micrograph of poly(lysine) treated Al foil with a
dry-transferred MWCNT film. Prior to treatment MWCNTSs did not adhere. Insert:
Schematic of the substrate cross-section. (f) Transparency control by O, RIE with 5,
20, 50 um dots photolithographically defined.

polypropylene carbonate (PPC) and polyethylene terephthalate (PET) substrates patterned by
direct Mo catalyst passivation (Figure 4.3(a)) and O, reactive ion etching (RIE, Philips RIE)
(Figure 4.3(b,e,f)). In the latter case, transparency control was achieved by controlling the
duration of the RIE process, as depicted in Figure 4.3(e,f).

A second approach to transparency control was investigated by controlling the length of the
source MWCNTS prior to the dry-transfer. Figure 4.4 shows optical micrographs of three pre-
patterned transferred samples of differing patterned pitch and source MWCNT length. A wide
range of a patterns and transparencies are accessible. The sheet resistance (Rs) and optical
transmittance (%T) of the thin films were found to be strongly dependent on the length
MWCNTSs. Figure 4.5 shows the optical transmittance of thin films fabricated from MWCNTSs
that are <1 um and up to 500 um in length. The most opaque and highly conductive films had
Rs~1.2 Q/sq. with ~9 % transparency (550 nm). For equivalent samples, two- and four-probe
conductivity measurements yielded Rs ~10.2 Q/sqg. and ~2.6 €/sq., respectively, evidencing a
low contact resistance of 7.6 Q/sg. The most transparent films (85 % for MWCNTSs <1 pm)
had sheet resistances as low as 550-1000 €/sq. Reducing the growth time substantially

increased the optical transmission whilst only increasing the sheet resistance by
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Figure 4.4 | Transparency control and alignment. (a-c) Optical micrographs of Mo-passivated
patterned and dry-transferred MWCNT thin films on PET showing controllable
transparency by adjusting the length of the source nanotubes.

approximately one order of magnitude (Figure 4.6). This observation can be explained due to
the increased number of inter-nanotube junctions for films comprised of shorter nanotubes.
The DC conductivity in such films is strongly dependent on tunnelling between individual
nanotubes. Consequently the conductivity is critically dependent on the number of conduction
pathways, junctions and the network morphology - all of which can are varied by adjusting

the length and the degree of alignment of the networks.

The AC sheet resistance was also investigated at microwave frequencies using a technique
described by Collier et al.l®l. The transmissive sheet resistances, in the 120-175 THz range,
was 0.3 and 640 Q/sq. for MWCNTSs 500 um and 1 pm long, and were broadly consistent
with the DC measurements for films of similar optical characteristics, as discussed previously.
The films demonstrated opto-electronic characteristics nearing the ITO benchmark and
superior characteristics to organics such as enhanced PEDOT:PSS! 2. Note also that the films
showed very little colouration, observed guantitatively as a negligible variation in the rate of
change of transmission with wavelength, across the entire visible spectrum, when compared

to PEDOT:PSS and its undesirable characteristic blue hue, for example.

The degree of alignment of the MWCNTSs within the films is considered in Figure 4.7. It
was found that, depending on the way in which the forests were rolled, both well-aligned
(Figure 4.7(a-d)) and isotropic (Figure 4.7(e,f)) networks could be formed. Extracted Str37
values were approximately 0.26 for the aligned transfers whilst 0.60 for the compressed /
isotropic transfers. A possible benefit to such aligned films is in polarisation sensitive
electrode materials. Figure 4.7(e) shows a fabricated bilayer of crossed and aligned MWCNT
transfers on a PET substrate achieved by two successive transfers of pre-patterned forests.
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Figure 4.5 | Optical transmission. Variation in the UV-Vis-NIR optical transmission of films of dry-
transferred MWCNTS of increasing length.

The use of MWCNT thin films as optical polarisation media is discussed in more detail in
Chapter VI.

A major drawback to the dry-processing was that for MWCNTs <50 um long, a self-
assembled monolayer (SAM) adhesion promoter (APTES) was necessary to improve the
uniformity of the transfer, especially when transferring to 1TO, SiO, and other natively
hydrophobic surfaces. Transfer was successfully demonstrated to natively oxidise (<5 nm) Al
foil using a polylysine SAM (Figure 4.3(d)). Prior to SAM treatment MWCNTSs did not
adhere. Whereas after a dip-exposure (5 min) and N, drying, transfers were increased by up to
nearly 100 % by area. The SAMs investigated were sufficiently narrow and / or porous to

permit significant electrical conduction between the nanotube film and the underlying Al.

Applications of the dry-transferred MWCNTSs thin films were then considered. Carbon-
based electrodes offer extremely high surface areas which make them functionally desirable
for high density energy storage. Because of the binder-less nature, strong surface and inter-
tube adhesion without the use of bonding agents, combined with excellent conductivities and
alignment make these MWCNT thin films ideal candidates for supercapacitor electrodes. To

demonstrate this potential application two-electrode electric double-layer cells (EDLC) were
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constructed. The EDLCs electrodes were fabricated from the dry-transferred MWCNTS.

The EDLCs were constructed by transferring aligned MWCNTSs of varying lengths onto
PET substrates, as before. Given the film’s high conductivity the MWCNTSs functioned as
both the active material and charge collector, reducing the overall material requirements and
therefore increasing the weight fraction of active material in the device. The final devices
were 10 mm x 10 mm (insert Figure 4.8). An insulating porous separator (Celgard 2500)
soaked in electrolyte (1M Tetraethylammonium tetrafluoroborate (Et4NBF,) in propylene
carbonate, Sigma-Aldrich) was then sandwiched between two MWCNT electrodes. Al tape
was used to externally contact to the EDLC. Three different films comprised of different
MWCNT lengths were tested; 1 min (MWCNT length 28.5 pm, active weight 0.6 mg/cm?), 5
min (96 um, 1.1 mg/cm?) and 10 min (235 pm, 2.3 mg/cm?). The electrochemical
characteristics of the EDLCs where obtained by cyclic voltammetry (50 mV/s) and by
galvanostatic charge/discharge (1 mA/cm?), measured with an Autolab PGSTAT302N

potentiostat.
As expected thicker films offered higher conductivities and longer nanotubes showed a
higher capacitance per unit area as well as a lower equivalent series resistance (ESR), both of

which are essential for high power delivery. The capacitance of the two-electrode nanotube
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Figure 4.8 | Flexible dry-transferred MWCNT supercapacitor. Structure using a Celgard 2500
porous separator soaked in Et;NBF,. (a) Cyclic voltammetry for aligned MWCNT
electrodes synthesised for (1) 10 min, (2) 5 min and (3) 1 min. The insert shows a
fabricated device under flexing. (b) Schematic of the supercapacitor structure.

EDLCs was estimated to be between 6 and 17 F/g from the cyclic voltagrams (Figure 4.8) and
the charge/discharge curves from cells charged to 1 V. This is roughly twice the capacitance
reported for sprayed SWCNT devices under similar experimental conditions!®. The ESR
decreases with increasing film conductivity and ranges from 1000 Q (1 min) to 44 Q (10
min), values showing good agreement with the Ry estimates made previously. Although the
overall ESR is still somewhat higher than expected, this is attributed to the resistive contact at
the AI-CNT interface.
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Electrodes of greater active weight increased the energy density allowing the active
material to occupy high ratios of the volume and weight. However, such advantageous
features are often offset by higher ion diffusion barriers in the inner regions of the electrode,
resulting in higher internal resistance and consequently reduced high-power performance.
This factor limits the practical thickness of any nanostructured electrode. Thus, ideally a thick
electrode that possesses both high capacitance and that is operable at high power is desired.
For the thicknesses studied, approximately constant power densities are observed (2.48
kW/kg), indicating that good permeability is maintained even for the thickest electrodes. The
results demonstrated that the MWCNT electrodes are an excellent potential material for

compact, high-power delivery and high-energy-density storage.

4.2 Opto-Electronic Performance of Dry-Transferred
MWCNTs & Hot-Press Laminated Graphene

Although the MWCNTSs considered above offered high conductivities they are of limited use
in many applications because of their relatively low optical transparency. Graphene offers an
extremely transparent alternative. It absorbs only 2.3 % (per layer) uniformly across the
visible spectrum!. Consequently, an extremely wide range of conductivities and

transparencies are accessible by the correct use of the CVD nanocarbons.

Carbon nanotubes and graphene are well suited for transparent flexible electronics for
largely different regions. CNTs are not transparent and films formed from them are, in the
limiting case at least, formed from a large number of overlapping rods which move freely and
dynamically when mechanically strained. These percolative networks are very similar in
morphology to Ag nanowire networks and even (in the most abstract sense) crossed electrode
lines of PVD deposited metals, not unlike those one would normally find in any computer
display. It is these voids that render CNT thin films transparent. ITO, PEDOT:PSS and
graphene on the other hand are optically transparent materials and require no porosity to
achieve this and are, in essence, solid. Evidently one would expect extremely different opto-
electronic, transport and flexing performance from the nanotube and graphene. To investigate
this, a dry-process was developed based on cold-wall CVD synthesised hot-press laminated
graphene (HPLG) for comparison with the dry-transferred MWCNT films.
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Figure 4.9 | Cu grain size post graphene growth. (a) Optical micrograph of the Cu-supported
graphene with select grains highlighted (Scale bare: 50 um). (b) Histogram of graphene
flake size determined by considering the apparent flake size in optical microscopy after
graphene growth at 1000°C using 1000 sccm H, / 35 sccm CH,.

Graphene was grown by metal-catalysed thermal CVD using 25 pum Cu foil (99.999% Alfa
Aesar). Foils were degreased in acetone and isopropanol baths and loaded into an adapted
AIXTRON Black Magic CVD reactor. The chamber was evacuated to <10 mbar and pump-
purged in triplicate under 1000 sccm N». Nitrogen was terminated and the chamber backed to
<10 mbar. 1000-sccm-H, was introduced and stabilised at 10 mbar whilst the low-mass
heater was ramped at 150°C/min to 1000°C to anneal the foils for 300 s. Hydrogen was
reduced to 100 sccm during the thermal ramp and methane (35 sccm CH,) was introduced to
initiate growth. After 300 s, CH4 was terminated whilst maintaining the H, (a-C etchant) flow
allowing the stage to controllably cool at ~ 50°C/min until it was at a temperature <500°C.
Hydrogen was terminated and the chamber flooded with 1000 sccm N, until a temperature
<200°C at which point the samples were unloaded. Temperatures were measured using two
independently mounted type-K thermocouples and a surface focused IR interferometer. Figure
4.9(a) shows a typical optical micrograph of the Cu grain distribution following CVD
graphene growth. Cu grains are nominally between 10-100 um in diameter and had a mean
area of 400 pm? (Figure 4.9(b)).

Figure 4.10 illustrates the hot-press lamination process. Bae et al.'? were the first to
demonstrate a similar process. The as-grown conformally coated Cu/graphene is first passed
through a hot-press laminator (~120°C) where two polymer sheets are bonded to the sample.

One side of the polymer is mechanically removed, which in doing so partly removes the
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Figure 4.10 | Hot-press laminated graphene fabrication. (a) Graphene growth by Cu (foil)-
catalysed CVD and hot-press lamination. (b) Removal of the backside polymer
support. (¢) Cu etching by 22.5 wt.% ferric chloride (FeCls). (d) The remaining
TFCs. Inserts: Optical micrographs of typical HPLG samples.

underside graphene layer which exposes the Cu substrate. The Cu is then etched by bathing

the samples in 22.5 wt.% ferric chloride (FeCls) for up to 5 hf**

whilst gently agitating the
solution to prevent colloids settling. The presented transfer has been demonstrated on
graphene grown on both Cu foils and PVD deposited Cu thin films on Si/SiO;. The inserts of
Figure 4.10(d) show optical micrographs of typical TFCs with areas up to 31 cm® The
attainable area is limited by the size of the CVD reactor not the transfer process. Stylus
profilometry (Dektak 200-Si) revealed typical surface roughness of the order of 1.8+0.4 um,

most of which is solely attributed to the substrate roughness.

Figure 4.11 shows Raman spectra (~5 mW, 457 nm) of the Cu-catalysed CVD graphene in-
situ on the Cu growth substrate. Second-order polynomial fits have been subtracted to remove
the high-wavenumber fluorescence associated with the substrate. The D, G and 2D peaks are
at ~1382.5+6.9 (S.D) cm™, 1581.1+31.9 cm™ and 2762.9+10.7 cm™. The 2D-to-G intensity
ratio can be used to infer the number of graphene layers™™**" and was found to be 0.99+0.17
suggesting a bilayer material™®. Indeed, the 2D-peak can be well fitted, given the noise floor
of the spectrometer, with four Lorentzians, with a full-width half maximum of 50.5+7.1 (S.D)

1

cm™, further supporting the presence of either bilayer or non-interacting few-layer

graphenel™®. Raman data suggests flake sizes of 40-100 nm[®”. To validate the uniformity,
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Figure 4.11 | Discrete Raman spectra. 457 nm Raman spectra of Cu foil catalysed graphene. Four-
fold Lorentzian fitting to the 2D peak indicating bilayer (right).

Raman mapping was employed. Cu-catalysed graphene was polymer-transferred*® to Si/SiO,
(300 nm) substrates and inspected using an In-Vie Renishaw Raman spectrometer fitted with
a piezo-stage using 633 and 532 nm excitations with a spot size of ~1 um. The Ip/ Ig and
I,o/lc Raman maps, of PMMA-transferred samples, are illustrated in Figure 4.12. Note that
the D peak intensity is inversely proportional to excitation energy in graphitic materials®2*,
whereas the G and 2D peaks are largely independent of excitation energy® %! Thus 532 nm
and 633 nm excitations were measured in order to give a clearer indication of the graphitic
quality and layer number. The apparent reduction in quality, inferred from the D/G ratios
(Figure 4.12(a,c)) is simply an artefact of the measurement procedure. In-situ (on the Cu)
spectra (Figure 4.11) are more likely to give a realistic account of the actual graphitic quality
and layer number as the as-grown graphene has not been altered in any way. It is quite
possible that the etching and transfer processes have induced additional disorder. As
illustrated in Figure 4.12(a,c), the D/G intensity ratios are consistently <0.4 across crystals
with an approximate size of 125 um?. Indicated, Figure 4.12 suggests a mean Ip/lg ratio of
0.41-1.3 (532-633 nm) and I,p/lg of 1.3-2.2 (633-532 nm) which shows modest agreement
with the discrete in-situ measurements in Figure 4.11. The layer number is relatively uniform
(Figure 4.12(d)) with ~78.9% (by area) having an I,p/lg ~1.5-2 (3-4 layer), ~14.2% with ~1
(bilayer) and ~6.9% with < 1 (monolayer).
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Figure 4.12 | Graphene uniformity. 532 nm and 633 nm Raman maps of the (a,c) Ip/lg and (b,d)
I,p/l ratios for samples transferred to Si/SiO; (300 nm).

The UV-Vis-NIR spectrum of the as-received polymer substrate and the substrate with the
transferred HPLG is given in Figure 4.13(a). The HPLG absorbs ~4.5% uniformly throughout
the optical window supporting the bilayer conjecture. To independently verify the Raman and
UV-Vis-NIR data, as-grown graphene was transferred to TEM grids and select area electron
diffraction (SAED) patterns were recorded (Figure 4.13(b)) using a FEI Philips Tecnai
operated at 200 keV where the SAEDs were assessed relative to a thallium chloride
calibration standard. Weak patterns from the supporting grid and residual organics are
present. Six-fold symmetry, characteristics of the graphites and graphenes, is clearly seent”
2% 1t is possible that the multiple, unassigned spots are associated with turbostratic alignment

though possible film discontinuity makes verification of this difficult. Certainly the 1010 to

2110 intensity ratio (I54,,/I5,4,), given in the insert of Figure 4.13(b), deviates somewhat

from the more traditional A-A or A-B (Bernal) stacked intensity ratio and suggests this to the

casel*%-%,
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Figure 4.13 | HPLG crystallographic characterisation. (a) UV-Vis-NIR optical transmission of the
as-received polymer substrate (Sub.) and the graphene coated substrate (Sub.+ Graph.).
The green “Graph.” curve is the absorption for the as-received substrate transmittance
subtracted from the substrate and graphene sample. (b) SAED pattern. Insert: Intensity
(1) of the -1010 and -2110 peaks showing deviations from the typical intensity 1,100 < I
o110 Felation for A-A and A-B (Bernal) stacked bilayer graphene.

By way of comparison, solution-processed vacuum filtrated disordered MWCNT thin films
were fabricated, as discussed in more detail in Chapter IV, using the same source MWCNTS
as the dry-transferred thin films. For completeness, CVD graphene films were also transferred

using heat-release tapel® 3.

Figure 4.14(a) shows the optical transmission of the dry-transferred and vacuum filtrated
MWCNTs, HPLG and heat release tape graphene, commercial ITO and commercial
PEDOT:PSS. Substrate effects have not been subtracted. Figure 4.14(b) shows the
corresponding optical transmission (at A=550 nm) as a function of sheet resistance (R;) for the
previously stated thin films in addition to Ag NW networks!®!. The vacuum-filtrated networks,
although comprised of equivalent MWCNTSs as the dry-transferred films, showed a marked
difference in their conductivity with elevated R for a given optical transmittance. Aggressive
ultrasonication, the introduction of surfactants and disordered network morphology have all,
most-likely contributed to a reduction in conductivity. Whether this reduction is simply
attributed with the alignment or chemical processing is unclear. However, EDX and Raman

analysis showed minimal variation in chemical content and negligible reduction in the degree
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Figure 4.14 | Opto-electronic comparison. (a) Comparative UV-Vis spectra and (b) 550 nm optical
transmission against sheet resistance of dry-transferred MWCNTs, ITO, vacuum
filtrated (MCE) MWCNT film, HPLG and PEDOT/PSS:IPA. Insert: log-scale variation
of dry-transferred MWCNT, MCE and graphene (HPLG and tape transfer) films. (b)
Comparative sheet resistance (R;) versus optical transmission at 550 nm (%Tssg) of; ()
ITO (CPFilm OC™), (b) PEDOT:PSS™ and (c)-(d) (poly)ethylglycol (PEG) and 2,2’
thiodiethanol (TDE) enhanced PEDOT:PSS™ 2, (e) Ag NWsP!, (f)-(g) hot-press
laminated graphene (this work), MCE networks (this work) and dry-trasnferred
MWCNT films (this work). Eq. (3.1) fit (grey dot-dash) yields (Gop/Gqc)=1.7x10".
Graphene samples were transferred by hot-press lamination to PET from (h)-(i) 25 pm,
(J) 100 pm, and (k) 127 pm source Cu foil. Graphene (l) was transferred from 900 nm
electron beam evaporated Cu on SiO, by thermal release tape (Nitto Denko).

of graphitisation suggesting that it is most likely the network morphology that dominates.
Increased interface densities increases the effective contributions from the junction resistance,
which dominates the macroscopic transport behaviour in such low-dimensional

nanostructured films.

The sheet resistance and optical transmission are related byt 3 3¢:

2 -2
T :[1+(tz7°jo-opt} :[1+188.5Ri(o-°pt ﬂ (3.2)
S O-dc

Where t is the film thickness, Z, is the impedance of free space (377 ), oo IS the optical

conductivity, and oq4c IS the direct current electrical conductivity. A technologically viable
transparent electrode must demonstrate low R and high T throughout the optical window, and
for an ideal transparent conductor, (copt/cdac)—0. Fitting Eq. (3.1) gives (csopt/csdc):l.Yxlo'1 and
7x107* for the MWCNT thin films and HPLG. By comparison, (csopt/csdc):g.1x10'2 and 4.5x10
3 for graphite and current driven applications. The minimum industry standard for (inflexible)
display TCOs requires 2.9x10 (>90% for <100 Q/sq.)?> ). Evidently the conductance ratio

is someway off the TCO standard but is nevertheless close to the state-of-the-art for thin films
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Figure 4.15 | Flexing performance. (a) I-V response of a dry-transferred MWNT film. Insert: typical
relaxed and stressed response (1.8 V) highlighting significant heating (Initial gradients
evaluated from logarithmic fit). (b) Detail of two stress-relaxation cycles; (1) indicates
the tensioning process, (2) the relaxation phase and (3) a low-noise condition primarily
attributed to film relaxation. Insert: Optical micrograph of the measurement system. (c)
Variation in sample resistance as a function of the radius of curvature. Insert: Optical
micrographs taken during a typical measurement. (d) Effects of uniaxial strain on
nominally-relaxed normalised sample resistance (AR/R,) for ITO, HPLG and the dry-
transferred MWNT films. Failure strains of human skin, cotton fibre and an individual
MWNT are shown for comparison.

prepared from chemically modified graphene®®. Nevertheless, for next-generation
applications flexibility must be critically considered.

4.3 Flexing Performance & a TFC Figure of Merit

The uniaxial mechanical strain response of ITO/PET, HPLG and dry-transferred MWCNTS
were measured using a custom-built motorised system attached to a Keithley source-measure
unit and connected to a LABVIEW controlled computer interface. Experiments were
performed at room temperature and pressure. Samples were contacted using mechanical

clamps and conductive epoxy, as shown in the insert of Figure 4.15(b).
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The maximum uniaxial tensile strain (¢) of commercially available ITO was found to be
~1.2%. HPLG samples failed at ~15% and showed excellent correspondence with the
theoretical values for single flake failure®® 3!, Interestingly, the dry-transferred MWCNT thin
films withstood up to 140% strain (the limit of the apparatus) with only a modest reduction in
conductivity (AR/Ro,~5, where R, denotes the relaxed resistance). Indeed, Liangbing et al.[*”
reported similar exceptional performance for SWCNT thin films. Graphene, although having
excellent optical transparency, as discussed above, offers reduced flexibility compared to the
MWCNT films. The graphene network failed via the formation of inter- or intra-flake
discontinuities, whereas the MWCNT networks became increasingly aligned before the
MWCNT themselves observe any significant strain. Consequently high failure strains are

possible owing to the networks porosity and anisotropy.

To further investigate the intriguing high-failure strains of the dry-transferred MWCNT
networks, dynamic studies were performed, the key features of which are summarised in
Figure 4.15(b). Here the silicone-supported samples were strained to 22% repeatedly and the
current monitored for a fixed bias at a flexing frequency of 0.4 Hz. Measurement noise is
attributed to mechanical interactions between the film and the contacts. Interestingly, this
noise was repeatedly passivated in region 3 of the strain cycle (Figure 4.15(b)). The exact
reason for this in unclear, though it may pertain to the nominally relaxed state of the film. The
insert of Figure 4.15(a) shows the current response for a relaxed and strained film and the
corresponding 1-V characteristics. Figure 4.15(a) also plots the rate of change of current with
time (evaluated at t=0 s) after the bias was applied. This charging type artefact is attributed to
the presence of substantial numbers of inter-tube junctions. When the sample is tensioned the
rate of change of current with time at t=0 s increases for a given potential indicating an
increase in the number, or length of inter-tube junctions. For a bias >1.5 V, the relaxed sample
showed a di/dtj=o ~10* A/s which increased to 1.7x10™* A/s for 22% tensioned films. Figure
4.15(a) also shows evidences the minor increase in the total resistance (i.e. contact resistance

+ bulk resistance) from 62 Q in the relaxed state to 74 Q in the tensioned state.
To further consider the flexing behaviour of the dry-transferred MWCNTS the effect of the

radius of curvature was investigated, as shown in Figure 4.15(c). Electrical contacts were

made using Ag-loaded epoxy. The inserts of Figure 4.15(c) show optical micrographs during
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a measurement. Measurements were acquired from the relaxed state to the strained state.
Across a bend radius of 1-10 mm the measured films showed extremely low, and

predominately uniform, AR/R, of ~0.75.

Evidently the flexing performance of the dry-transferred MWCNTs and HPLG thin films
outperform those of ITO. In multi-functional, flexible transparent and conducting materials a
more suitable figure of merit (FOM) should take into account the materials macroscopic
flexibility. Most studies have focused exclusively on the (cop/cdc) FOM. However, although
ITO performs extremely well in this sense, its flexibility performance is rather poor, as

evidenced. Consider a flexible-transparent-conductor specific FoM, given by;

y | - (%":].(a(A%O j /ag goj (3.2)

(AR/R,) is typically related to € via an Aexp(B.€) type relationship, where A and B are

constants. Thus (0(AR/R,)/0g|; o)=AB. For the ideal transparent conductor (cqpt/cdac)—0 and
ideal flexible conductors d(AR/R,)/0g|. -o—>0. Thus for the ideal transparent flexible conductor
equation (3.2) gives a FoM of 0|p, where the first term accounts for the entire three-
dimensional metric and the second simply on the conductance ratio. For ITO, HPLG and dry-
transferred MWCNTS  ¥|omoe Were 0.004|003, 0.010)p7 and 0.001|p17, respectively. The
combined FoM shows that although ITO has an extremely impressive conductivity ratio, the
exceptional flexing performance and robust nature of the dry-transferred MWCNT thin films
offer the highest performance. HPLG fails on both the conductivity ratio and flexing and will
only be improved through doping and other routes to increase its conductivity.
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4.4 Macroscopic Transport & the Implications of Disorder

In this section comparisons are drawn between the transport properties, and their relation with
the degree of disorder, for the nominally metallic HPLG and dry-transferred MWCNT thin
films developed above. Understanding the macroscopic electronic transport in discrete
networks is perhaps more important than understanding the properties of the single nanotube
and graphene flakes as most, if not all, engineering applications will ultimately employ

macroscopic quantities rather than single nanoscopic entities.

50-nm thick aluminium contacts were deposited onto HPLG samples and sparsely aligned
dry-transferred MWCNT thin films. In the case of the MWCNT samples probes were
patterned either parallel or perpendicular to the nanotubes long-axes (Insert Figure 4.16(a,c)).
Measurements were performed in a custom-built evacuated (<10 mbar) cryostat using a
Keithley 236 source-measure unit, controlled by a LABVIEW user interface via a BLP1.9
low-pass filter. Temperature control was achieved using a cryo-cooler (He working fluid) to
control the temperature from 297 K to 15 K. Samples were heated using a resistively heated
element and monitored using a locally-bonded thermometer in a specifically built copper
enclosure. Low-temperature (4 K) random telegraph signal (RTS) events were measured
using a sister system with devices directly immersed in liquid He and liquid N baths. Figure
4.16 shows the resistance (R) of the measured samples as a function of temperature (T).

The presented data are typical of near-zero band gap, nominally metallic nanocarbonst*!.
Note, sample resistance, rather than resistivity were considered due to conversion issues such
as estimating sample cross-sectional area, etc. Multiple gradients in the resistance (R)-
temperature (T) plot account for distinct activated transport mechanisms, and were similarly
observed, though perhaps to a slightly lesser extent, in the studies of Matsubara et al.*? for
highly orientated pyrolytic graphite (HOPG). They developed models based on stacking-fault
tunnelling and charge transfer by impurity-assisted hopping and thermal excitation across
low-fault potential barriers. Nevertheless, the presented data deviate somewhat from these

simple models. The most striking difference is the ~T/2

trend occurring between 200-300 K.
A large numbers of electrons, or high mobility charge carriers, freeze out at T<200 K, leaving
a localised population. This subsequent charge carrier population dominates the transport.

This non-uniform density of states, as depicted in the insert of Figure 4.16, may possibly give
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4.4 Macroscopic Transport

Figure 4.16 |

Macroscopic transport.
Temperature (T) dependence of
the sample resistance (R). The
Inserts illustrate the geometry
of the electrodes in relation to
the  MWCNT and HPLG
channels. R-T plots for (a)
electrodes patterned parallel to
the long axes of sparse dry-
transferred MWCNTSs. (b) Hot
press laminate  graphene
channel. Ry denotes the
quantum resistance ~ e’/h~28.5
kQ. Insert: Illustrative non-
uniform density of states
(DoS), as a function of energy
(E), showing localised and
conducting states that may
account  for the  high-
temperature T2 regime. (c) R-
T for electrodes patterned
perpendicular to the long axes
of  sparse  dry-transferred
MWCNTs. 3D-Mott variable
range  hopping  (~Twor ),
tunnelling and metallic
contributions are shown in
navy, blue and green,
respectively.
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rise to both localised and conducting states that are accessed across distinct temperature

ranges.

The measured transports characteristics are non-trivial. Though multiple mechanisms
clearly dominate the transport particular features are consistent between the samples. The
considered thin films are formed from ensembles of discrete low-dimensional nominally
metallic units, and as such significant tunnelling contributions are expected. Indeed,
tunnelling conductance, of the form R(T)=(Gr(0) + ¢gT?)™*, where G(0) is the zero-
temperature saturation conductance and g is a barrier, geometry dependent, constant*?,
appears to fit well within particular temperature ranges. To account for the low-temperature
(<15 K) reduction in resistance, specifically in the case of HPLG samples, a parallel metallic
contribution is necessary (Figure 4.16(b)). For sub-100 K temperatures, a c-axis model is
proposed based on tunnelling superimposed with a spatially limited semi-metallic conduction
term, possibly due to a series of overlapping defects at grain boundaries and nanotube
interfaces. Activation temperatures (energies) are intimately related to the network
morphology. Thus, the metallic component may not be absent in the MWCNT networks, but
rather it is accessed at a lower energy range (<15 K). It is reasonable to assume that this
metallic (phonon-limited) contribution is similar to that in single-crystal graphite given the
resemblance in the carrier and phonon densities*! and that this mechanism, associated with
the existence of extended states, can be quantified by Rw(T)=(T?+c)/b where b and c are
temperature invariant fitting parameters. Rt(T) and Ru(T) are shown in Figure 4.16. The
parallel, HPLG and perpendicular where fitted (G+(0) and g) in the tunnelling regime with
5.8x10%/ 4.3x10°/ 2.5x10* Q™ and 7.6x10™/ 3.0x10™%/ 4.2x10® K2Q™, respectively, which
when rescaled to their non-specific forms correspond to within an order of magnitude with the
HOPG data of Uher et al.l*.

Although tunnelling appears to play a key role throughout, it does not account for the
complete observations. Both the graphene and, to a greater extent, the MWCNT films are
characterised by their large numbers of interfaces and their degree of disorder. Such
interfaces, or crystal boundaries, can be described in terms of dislocations. Interfaces can be
highly reflective and may impede c-axis charge carrier motiont*. For sufficiently large
barriers, charge carriers may become localised to a few dominant conduction pathways. If so,

the behaviour would be characterised by phonon-assisted variable range hopping. Indeed, this
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appears to be the case. Tunnelling evolves into 3D Mott variable range hopping transport with
a characteristic T* dependence. Efros-Shklovskii (ES) (T™?) / Mott (T4 crossovers have

[45. 481  Similar

been observed for discrete, nanoscale and nanotube systems elsewhere
transitions are observed given that the ES-type behaviour is intrinsically accommodated by
the proposed tunnelling model. For Mott, the conduction electrons tend to localise in
individual elements, where the term elements, herein, pertains to individual nanotube,
nanotube bundles or graphene flakes. In an ensemble of elements, conduction takes place by
electrons hopping between elements. Tunnelling dominance increases with increasing
network disorder. This dominance is characterised by an increase in the transition temperature
(Rt to Twmot), as denoted by the transition energies in Figure 4.16. Note also that the degree of
disorder is intimately related to the junction number. Resistance rapidly increases as the

number of inter-element junctions increases (with disorder).

RTS events were also observed, at 4 K, in all cases. RTS events are typically only visible
for channels that contain small numbers of activated electrons, where this number itself is
directly affected by discrete transitions in localised trap occupation associated with surface
absorbates (as discussed in more detail in Chapter 1V). At low-temperatures, thermally driven
events occur increasingly infrequently such that individual charge contributions are
observable in the measured channel current. A prerequisite here is the presence of a few, or a
single dominant conduction pathway, perhaps in the form of a single graphene flake or
MWCNT, or MWCNT bundle, consistent with the requisites of Mott conduction.

4.5 Summary

A rapid, facile and inexpensive MWCNT dry-transfer technique has been developed to
fabricate MWCNT thin films on various flexible polymer and conductive substrates.
Transparency control was demonstrated by adjusting the source MWCNT length prior to dry
the transfer. The direct current sheet resistances were found to vary between 1.2-550 /sq.
with optical transparencies of 9% and 85%, respectively, with comparable THz sheet
resistances. Conductivity was found to be stable under flexing for strains up to 140% (the
limit of the testing equipment) with films substantially out performing both ITO and bi-layer
CVD hot-press laminated graphene thin films. The technique described offers a viable means
of depositing aligned nanotube thin films of controlled transparency without the need for

material-degrading ultrasonication and chemical treatments.
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The transport characteristics of dry-transferred and hot-press laminated graphene samples
were considered and fitted well to a parallel combination of a tunnelling, 3D-varbiable range
hopping Mott and high temperature T2 mechanism, the latter being associated with a second
charge carrier population that dominate the sample conductivity due to the presence of both
localised and conduction states. Increased interface density and sample disorder tended to
evolve the transport characteristics toward a tunnelling dominated mechanism, whilst for less
disorder systems Mott and T2 were increasingly prevalent and were not frozen out until

much lower thermal energies.
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Field Emission from MWCNT-based TFCs

5. Introduction

Unlike other conducting thin films, that simply offer large area conductivity, nanostructured
thin films offer additional functionality that can be enhanced and augmented depending on the
alignment of the constituent nanostructures. To achieve reliable and reproducible
performance, engineering applications must exploit the bulk properties of the composite
nanostructures and their alignment in applications that can tolerate the morphological and
electrical variations between nanostructures. This is critical in attaining high yields. In this
chapter the field emission performance of aligned MWCNT-based transparent flexible

conductors is considered.

5.1 Field Emission

Electrons can be emitted from a solid in a number of ways. Of these the most notable are field
emission, thermionic emission and photoemission. Thermionic and photoemission occur when
electrons are thermally or optically excited which allows them to pass over the surface
potential barrier. It is in this feature that field emission drastically differs. Field emission is
strictly defined as the emission of electrons from the surface of a condensed phase, electron-
rich surface into a separate electron deficient phase, usually a vacuum, under the influence of
a large electric field®®. Unexcited electrons quantum mechanically tunnel through the
deformed barrier. Electrons emission occurs at room temperature, making plastic substrates
accessible, and the emitters are consequently referred to as cold cathodes. The intense electric
field profoundly modifies the interface barrier, narrowing it to just a few tens of atoms in
thickness. Electrons tunnel through, rather than over, the barrier resulting in an exponential-

type relationship characterised by an extremely fast on-off time.

In the case of thermionic emitters, found historically to pervade the display industry in the
form of the cathode ray tube, the emission current, work function (¢=4-5 eV) and operational
temperature are intimately related™. To stimulate appreciable emission currents temperatures
in excess of 1500°C are required. Plastic substrates are consequently inaccessible. Thermionic
sources are energetically demanding and the high operational temperatures induce severe
emitter instabilities. Thermionic sources also have extremely poor transient behaviour with
on-off times of the order of seconds. Photoemission on the other hand occurs when electrons

are excited into higher energy states by incident radiation of the correct frequency, V. To
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Figure 5.1 | The field emission process. (a) A large potential difference is applied between an emitter
(grey) and a counter electrode (purple) which liberates electrons from the emitter. (b)
Idealised potential energy profile at the metal-vacuum interface during the application of
an external electric field. Non-idealities are depicted in green. N(E) and J(E) are the
electron density and the emitted current density as a function of energy, respectively. (c)
The emitted current density and corresponding Fowler-Nordheim plot for a traditional
metallic W field emitter showing ideal FN characteristics®!,

achieve this the incident photons must have an energy h.v > ¢, where h is Planck’s constant™.

For most metallic surfaces the corresponding threshold wavelength is in the visible or

ultraviolet region of the electromagnetic spectrum. The primary draw back with
photoemission is that it is difficult to stimulate significant emission currents. Electrons are

only liberated from the emitter’s surface and the energy of the excited electrons is readily
redistributed within the bulk due to interactions with the conduction electrons. Moreover,
much of the incident irradiation is reflected. Photoemission is also largely inappropriate for

optical displays as ambient light results in noisy emission due to the non-negligible variation

in emitter conductivity when optically irradiated!”.
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Field emission sources have a number of extremely attractive features compared to photo
and thermionic emitters. In addition to their room temperature operation, they respond
instantaneously to field variations, have high tolerance to temperature fluctuations and
incident radiation, are highly focusable, have good on/off ratios, possess highly nonlinear

emission characteristics and are capable of providing high emission current densities™.

5.2 Fowler-Nordheim Theory

Field emission is a wholly quantum mechanical phenomenon. It can be succinctly described
in adequate detail using fairly simplistic descriptors based on the free-electron model. Figure
5.1(a) illustrates the process. A potential difference is applied between the electron-dense
emitting surface and a counter electrode. Under sufficiently high electric fields electrons are
extracted. To obtain stable performance vacuums of 10°-10" mbar are usually necessary to
avoid tip damage by gas ionization and ion bombardment. The idealised potential profile is
given in Figure 5.1(b). N(E) shows the variation in the electron density in the emitter. The
majority of electrons are confined to the Fermi Sea. The combined effect of the applied
electric field and the image potential produces a triangular barrier, as shown. Electrons tunnel
through this barrier when it is less than a few nanometers across. Increasing the electric field
increases the barriers gradient and therefore reduces the tunnel width. The narrower the
barrier, at a given electric field, the higher the emission current. Surface contaminants and
engineered coatings, such as Cs (1.9 eV), Ba (2.3 eV) and ZrO (2.3 eV), produce Schottky
rounding and reduce the work function of the emitting surface! which in turn thins the barrier
thereby reducing the turn-on potential. Figure 5.1(c) shows standard emission characteristics
of a metallic W emitter'?.

The emitted current density (as a function of the global electric field, F), J(F), is given by;
A ¢3/2
J(F)= FZexp| —Bv(s) — 4.1
(F) (W(S)} p( ()F (4.1)
where ¢ is the work function of the emitter, A= (e¥/8zh) = 1.54x10° A.eV/V? and B =
(8/3eh)(2m)** = 6.83x10° (V)™ V/m. t(s) and v(s) are the purely mathematical slowly-

varying dimensionless Nordheim elliptical functions® °, and are approximated by;

! Surface impurities cannot be accommodated in the presented model using the Richardson’s composite
work function.

96



5.2 Fowler-Nordheim Theory

t(s) = (3.79x10°)F% / ¢ (4.2)
v(s) = (0.956 —1.062s%) (4.3)

s is the slope correction factor. For simplicity v(s) is most often set to unity with minimal loss

in accuracy.

A rather elegant, modification to equation (4.1) was proposed by Brodie et al.l' to give a
more tractable descriptor. By substituting the current density and emission area with the
measured current (1) and the local electric field with the product of the applied bias (V) and a
geometry dependent field factor, they determined that;
A'A -Bg*?*5
I =V2ﬂ2 (Fjexp[ ﬂ\/ (44)

where A* is the effective emission area,  is the constant electrode separation and B, the field

enhancement factor, is proportional to the aspect ratio of the emitting surface and is given by:

F

p= e (45)

Here Fioca IS the tip enhanced electric field. The sharper the emitter, the greater the
enhancement factor and the steeper the gradient of the potential profile (Figure 5.1(b)), which
narrows the corresponding tunnel barrier. The field enhancement factor is a standard
performance metric that is empirically evaluated by measuring the I-V characteristics and
plotting the so-called Fowler-Nordheim (FN) curve according to;

y=mx+c = In(\%j:(%;/zg)\%ﬂn(igfzj (4.6)

Numerical estimates of B are extracted by linear interpolation of the gradient, where the B, ¢

and 9, in equation (4.7), are known constants.

_dy_davh g s
e T R AR &0

Similarly, the y-intercept specifies either the work function or the effective emission area. The
field enhancement factor has extremely strong geometry dependence. This was succinctly

illustrated through the theoretical work of Rohrbach et al.!** '

. Narrow, elongated emitters
are preferential as they enhance the local field substantially compared to short and stubby

geometries.
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5.3 The History of Field Emission from Carbon

In 1972, graphite fibres were shown to offer enhanced emission stability in modest
atmospheres compared to several common metallic emittersi®®. Wang et al.'! and Geis et
al.”® in 1991, using diamond-based cathodes reported emission at surprisingly low threshold
fields (<3 V/um). Later that same year, Djuba et al.*®! supported their findings by measuring
the emission from arrays of diamond-like carbon (DLC) cones at extraction potentials much
lower than those of either Mo or Hf tips. At the time it was believed that carbon materials
could be classified into two distinct groups based on their proposed emission mechanism.
These were the structured graphites, which emitted as a result of field enhancement, and the
diamond types where band bending effects!*” *® were believed to be important!*®?!. In the
latter, low and even negative electron affinities in wide band gap materials, such as diamond
and its synthetic derivatives, were thought to account for the emission. Electrons that were
injected into the conduction band encountered a reduced barrier and, as a result, were easily
emitted into vacuum. It is now accepted that this is not the case. Band bending would apply
homogenously over the entire surface resulting in spatially uniform emission, yet the observed
emission was always confined within a few highly localized and randomly distributed sites.
The widely accepted model and data were inconsistent. Spatial mapping of the emission
characteristics hinted that there was something peculiar about the emission sites in relation to

the rest of the (apparently) planar coatingt??.

Simultaneous photo and field emission studies employing highly uniform CVD diamond
films showed that the excited electrons were sourced from 5-6 eV below the vacuum level™?.
The electrons were emitted at unexpectedly low-fields due to field enhancement originating
from the crystal grain boundaries’®® 2!, a result that was largely supported by the superior
emission characteristics of highly defective and interface-rich films. As a result, tetrahedral
amorphous carbon (ta-C), a DLC derivative, was heavily studied. It appeared that the ta-C
films only ever emitted after ‘activation’. That is, when a vacuum arc discharge event occurs
with sufficient vigour to perturb the surface topography to form a tip-like structure, typically
at applied fields of 80-180 V/um. Post-emission electron microscopy analysis of these ta-C
coatings revealed sharp topographic features which had a propensity to function as suitable
geometrically enhanced emission sites®!. Prior to activation no surface perturbations existed

and poor emission characteristics, due predominately to the grain boundaries, were recorded.
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5.3 The History of Field Emission from Carbon

Further analysis surmised that what were originally believed to be smooth ta-C films were, in
fact, covered in sub-micron-sized graphitic inclusions and particles’®® which functioned as
emission sites with field enhancements of up to 250 - values far too high to be consistent with
the films apparent planar nature.

A new trend emerged. The production of intentionally diverse composite carbon films, rich
in a variety of graphitic nanostructures become commonplace. These films contained wide
assortments of naturally occurring carbonaceous nanostructures, including, but certainly not
limited to; particles, onions, clusters, fullerenes, nanotubes and nanofibres. These
nanostructured carbon films performed significantly better than both the planar carbon and

Spindt metallic emitters at the time and had turn-on fields as low as 1-5 V/pm.

More recently, field emission has been reported from DLC?% cvD graphite® and
various polymerst®®. Of those materials, those with the highest aspect ratios or particularly
perturbed surfaces were found to outperform the more conformal and smooth coatings.
Evidently sharp tips were still preferential. The first electron emission from a nanotube was
demonstrated by de Heer et al.®¥ who studied the emission properties of MWCNTS in the
mid-1990s where they validated the general appropriateness of the Fowler-Nordheim

equation.

5.4 Nanotube Thin Film Field Emitters

To-date most nanotube-based field emitters have been fabricated by depositing independently
mass produced nanotube-containing pastes or powders. Regardless of the exact synthesis
process the source CNTSs are purified and mixed with an epoxy or binder and are either screen
printed, cast or sprayed to form large-area films or selectively located using electron
microscopy-monitored nanomanipulators®™?. Electrophoresis has also been exploited to
position nanotubes at specific locations!®®l. The emission characteristics of various nanotube
types and geometries has been investigated, including individual SWCNTsP* and
MWCNTsP, nanotube networks embedded in epoxy matrices®® and vertically and
horizontally aligned nanotube arrayst™ *” %8 Studies of pure, chemically untreated nanotubes
transferred to more exotic substrates have been few and far between due to the difficulties in

producing uniform cohesive nanotube films that are free of extraneous chemicals on
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Figure 5.2 | MWCNT thin films by vacuum filtration. (1) Source nanotubes are cleaved from their
growth substrate and (2) ultrasonicated in a surfactant solution of sodium
dodecylbenzenesulfonate (SBDS) and DI water. (3) Nanotube solution vacuum filtered
through a mixed cellular ester (MCE) membrane. (4) MCE/CNT placed in contact with
the destination substrate (e.g. glass, quartz, plastics etc.). (5) The MCE/CNT/destination
substrate and compressed and heated. (6) MCE dissolved in acetone / methanol or peeled
away to leave the destination-supported nanotube network.

substrates other than the growth substrate. The dry-processing detailed in Chapter Il offers a
solution. In this section the field emission characteristics of these dry-processed films are

critically compared with more standard vacuum filtered and screen printed nanotube films.

5.4.1 MWCNT Thin Film Emitters

For high throughput, low-end applications, such as environmental lighting and flexible field
emission-based display backlighting, simple and low-cost processing are stringent
requirements for successful commercialization. Functionality at comparatively high pressures
(10 mbar) with currents of the order of 1-10 mA are necessary. An important feature of the
work is that the emitters considered are low-temperature, plastic compatible. Quartz supported
nanotube thin film electron sources, providing a current density of 100 mA/cm? are
commercially available in portable X-ray systems. However, flexible field emission displays
and environmental lighting are not. To appreciate why, some understanding of and the
limitations associated with thin film deposition techniques were considered. The field

emission properties of CNT films prepared from screen-printed CNT powders®™ and in-situ
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5.4.1 MWCNT Thin Film Emitters

Figure 5.3 | MWCNT thin film field emitters. SEM micrographs of (a, b) Rolled (c, d) Vacuum
filtered (e, f) Screen printed thin film field emitters. The inserts depict the measurement
set-up in each case.

CVD grown arraysi® *!! have been reported and have demonstrated impressive emission

characteristics. Nonetheless, direct deposition by CVD is ultimately limited to high-

temperature compatible substrates. For large-scale production of CNT film, screen printing is
considered to be one of the most effective approaches and has the advantages of low-cost and
easy preparation without size limitations. However, low current densities, low spot densities,
poor emission uniformity and contaminated pastes restrict its application. Nevertheless,
industrial research and development have focused primarily on this approach, though

significant functional improvements are certainly possible.

The field emission performance of the dry-processed MWCNT films, detailed in Chapter
Il, is herein compared to vacuum filtered and commercially available screen printable
nanotube paste, two of the most commonly used approaches to nanotube deposition (Figure
5.3). The same source material was used for the rolled and vacuum filtered films and was
synthesized by thermal CVD on Si/SiO; (200 nm) substrates coated with a bilayer catalyst of
magnetron sputtered Al,Ox (10 nm) and thermally evaporated Fe (1 nm) grown in a 4% high
purity, H, diluted, C,H, atmosphere at a chamber pressure of 26 mbar at 700°C for 10
minutes. These MWCNTSs were rolled onto 150 um ITO coated poly(ethylene terephthalate)
(PET) substrates pre-treated with a self-assembled monolayer adhesion promoter aminopropyl
triethoxysilane (APTES). Transferred MWCNT films were ~20 pum in depth (Figure 5.3(a,b)).
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Figure 5.4 | The effect of solution-processing. Graphitic structure and elemental content
characterisation. (a) Raman spectrum (633 nm, 0.55 mW) and (b) EDX Spectrum of
the as-grown dry rolled MWCNTSs (green) and solution processed vacuum filtered
(Vac. Filt.) emitters (red). Residual surfactant (principally Na) is clearly seen on the
vacuum filtered sample. Insert: HR-TEM micrographs of the as-grown MWCNTSs
used for both the vacuum filtered and dry-process thin films.

Figure 5.2 illustrates the vacuum filtration process, as described in more detail by Wu et
al.*?. 2-mg of the as-grown MWCNTS were cleaved from the growth substrate and dispersed
into a solution of DI water and the surfactant sodium dodecylbenzenesulfonate (SDBS) (1
L:700 mg) using a high power tip ultrasonicator (250 W / 24 kHz) for 10 h. The dispersion
was then filtered through a 50 pum pitch PET mesh to remove residual amalgamates. 5 mL of
the solution was vacuum filtered through a mixed cellulose ester membrane (MCE, Millipore,
0.22 um) and rinsed with DI water. The MCE supported MWCNT networks were then placed
in contact with Al coated glass and heated to 70-80°C in ambient conditions under a
compression of 35 g/cm? for 3 h. The MCE was dissolved in acetone, or gently peeled away
to activate the film. The remaining emitters were rinsed in acetone, IPA, DI water and dried
with N,. For nominally equivalent filtrations the emitters had a 550 nm optical transparency

of ~40% and a sheet resistance of 350 €/sq.

To give a suitable comparison to the current state-of-the-art nanotube-based field emitting
materials, a third emitter was fabricated by screen printing a commercially available (Xintek /
Xinano Materials, XPP08*) 2006 CNT concentration (22 %wt. solid content) paste onto a
screen-printed Ag paste electrode (sintered at ~560°C). These nanotubes were 2-15 nm in
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Figure 5.5 | Morphology and alignment. (a) Vacuum filtered samples show much greater
macroscopic disordered (Str37=0.94) compared to the (b) dry-transferred rolled films
(Str7=0.30).

diameter and <20 pm long. Samples were sintered at ~520°C in a N, atmosphere to increase

the adhesion between the Ag paste electrode and MWCNT film and to remove remaining

organic binders and impurities.

Figure 5.3 shows SEM micrographs of the prepared emitters and the experimental setup.
Al/glass and ITO/PET controls were prepared by magnetron sputtering. The cathode was
fabricated by spray coating a 1:20 (by wt.) polymethylmethacrylate (PMMA): phosphor
mixture onto Corning glass. A 30 nm Al top contact was deposited by magnetron sputtering to
form the partially transparent scintillator.

Equivalent source MWCNTSs were used in the rolled and vacuum filtered emitters. Figure
5.4(a) shows the Raman spectra (633 nm) of the source MWCNTSs in the rolled and the
vacuum filtered films. There is little difference between the two. In fact, ultrasonication has
appeared not to have affected the degree of disorder in the nanotubes at all. A rather
unexpected result. Both the rolled and vacuum filtered samples have an Ip/lg ~0.85.
Sonication has been reported in the past to shorten nanotubes to <5 um in length*!. This
snapping or shortening process increases the number of free edges and henceforth increases
the intensity of the D peak. Dangling bonds are, in many ways, preferential as they form
extremely high aspect ratio, though ultimately unstable, emission sites. Nonetheless, this is
not the case in the solution processed films presented. The spatially averaged EDX spectrum
(400 pm x 400 pm) of the vacuum filtered samples (dry dispersed onto a Cu TEM grid)
revealed surfactant remnants after DI rinsing (Figure 5.4), principally Na.

Another major difference between the samples is the degree of nanotube alignment. Figure

5.5 shows the quantified alignment of the vacuum filtered (red) and dry-processed (green)
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Figure 5.6 | Field emission from MWCNT-based thin films. (a) The electric field dependence of
the emission current. Lower right insert: I-E data. Upper right insert: Measurement set-
up to distinguish the FN regime and the resistive DC limit. (b) Corresponding FN plot.
Dashed lines show linear fits to the FN relation and DC-limits.

P™ image analysis software. Equivalent scale

films using the Str37 function in SPI
micrographs were used. The dry-transferred films show a much greater degree of macroscopic

structural anisotropy (0.30) when compared to the vacuum filtered samples (0.94).

Field emission studies were performed in a home-built turbo-molecular-pumped vacuum
chamber evacuated to <5x10° mbar at room temperature. Poor operational pressures were
intentionally considered to study the robustness of the emitters. Ceramic spacers fixed the
distance between the nanotube thin films and an ITO/glass counter-electrode to 500 um. The
biase was ramped (5 kV source) in <50 V increments and measured using a LABVIEW
controlled HP 34401A meter recording in triplicate over 3 s intervals. The measured emission

areas were approximately 1 cm?.

The I-F and corresponding FN plot are illustrated in Figure 5.6(a) and (b). SEM analysis
revealed that the MWCNTSs are predominantly horizontally aligned. Electrons are transported
along the tube length and are emitted from both the tips and side walls, although the latter less
efficiently. The vacuum, rolled and screen printed emitters had turn-on fields of (defined as
the field required to produce an emission current of 10 nA) 0.70, 0.85 and 1.40 V/um,
respectively. Interestingly the vacuum filtered samples turn on at lower field than the as-

grown nanotubes. The EDX spectrum given in Figure 5.4(b) clearly identifies a relatively
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strong Na (0.7 At.%) signature for the vacuum filtered samples. The surfactant was not
completely removed by DI rinsing. The work functions of MWCNTSs and Na are 5.0 and 2.3
eV, respectively. The Na deposits may account for the reduced turn-on field for the vacuum
filtered sample compared to the dry-processed sample, as illustrated in Figure 5.7. Cryogenic
measurements on Na coated W emitters have previously shown that the work function of the
emitting surface decreases rapidly with increasing sodium coveragel*. Reducing the work
function of the emitting surface reduces the height of the surface potential. This in turn
narrows the emission tunnel barrier for a given electric field. Increasing numbers of electrons
can therefore tunnel at lower fields which is expressed as a higher emission current.
Nevertheless, Na is highly unstable under vacuum and readily migrates during field

applicationt®!.

The schematic inserts of Figure 5.6(a) depict the measurement set-up for the field emission
and DC-limit studies. To validate the observed deviation from standard FN behaviourt*” DC
measurements were employed. Standard FN emission does not take into account electron
transport within the emitter. The critical field, denoted F. for convenience, is the field at
which FN emission departs to DC-limited behaviour. The FN equation is typically applied to
metals and predicts no saturation due to high conductivities and high electron densities® 7.
However, in lower conductivity films, specifically percolating networks, the internal and
contact resistance must be considered. Saturation currents of 2.6, 1.5, and 1.3 mA were

observed at an applied field of 1.5, 2.5, 2.6 VV/um for the rolled, vacuum filtered and screen
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Figure 5.8 | Stability and failure. (a) Temporal stability of the (R) Rolled (red triangles), (V)
vacuum filtered (black diamonds) and (S) screen printed (green circles). (b) SEM
micrographs of the films post emission. The high fields have clearly up-lifted areas
resulting in local over emission and tube burn out.

printed samples, respectively. In the low-field regime (<1.5 V/um) conventional linear FN
behaviour was observed. However, the emission characteristics deviated in the high-field
region due to an emission saturation effect. All three cases showed a similar effect. Collins et
al.”® attributed this deviation to the electrostatic interaction between neighbouring nanotubes.
For nanotube-based thin films these slopes are often attributed to the switchover from a
predominately tip emission to side emission, caused by the differences in interface barriers
and emission geometries. This effect is consistent with the data presented by De Jonge et
al.”! and accounts for the lack of a secondary p-regime in the case of short, axially
conductive vertically aligned nanofibre arrays. In the presented instance, this saturation effect
is more likely ascribed to the internal resistance of the MWCNT film (i.e. the inter-nanotube
tunnel barrier / contact resistance), as discussed. Indeed, the earlier works by Cui et al.*”!
showed that, by measuring the DC transport characteristics in a stacked nanotube structure,
the low-field regime fitted well to pure FN emission whereas the high field regime showed

resistance-limited emission associated with the transport behaviour within the emitter.
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5.4.1 MWCNT Thin Film Emitters

Interface dense films, such as nanotube networks, show an intensified saturation effect as a

result, as evidenced above.

The variations between vertically aligned, well anchored nanofibre emitters and the thin
film emitters above can be generalised if one considers the interaction between the MWCNT
dipoles and the electric field. This interaction dynamically adjusts the nanoscopic structure of
the film. This increases the mean inter-tube separation. In percolation networks conduction is
largely dominated by variable range hopping between nanotubes®”. Under increasing electric
fields the inter-tube separation increases and the effective tunnel barriers, between nanotubes,
similarly increase. As the inter-tube spacing increases the sheet resistance correspondingly
increases which reduces the maximum emission current. The network dynamically adjusts
which ballasts the emission, as shown in Figure 5.6. For strongly disordered, cohesive
networks this effect is less prominent, whereas in aligned anisotropic networks this effect is
amplified. However, this current-limiting mechanism is offset by an increase in local field
enhancement due to topographic variations associated with the nanoscopic motion in the film.
Individual tips move and start to dominate the emission. Poorly bound nanotube films, such as
the rolled film, move more freely than highly bound and self-cohesive nanotube films, such as
the screen printed emitters, causing saturation at lower fields. Interestingly, however, higher
maximum emission currents are observed for the rolled films as the topographic alterations
(which increases the number of emission sites) out-weigh the current reduction by enhanced

inter-tube tunnelling.

Figure 5.8 shows the accelerated lifetime measurements of the emitters performed at 5x10°®
mbar. Both the screen printed and vacuum filtered samples clearly undergo an activation-type
process. The emission current density linearly increases until a stable saturation is reached
after ~250 min. In contrast, the rolled films show consistent emission from initiation until
failure. Rolled films showed catastrophic failure showing no discernible activation. SEM
analysis revealed torn regions of the rolled films (Figure 5.8) indicative of a failure site.
Vacuum filtered samples too showed large pit-like structures. It is conceivable that the higher
degree of nanotube connectivity in the vacuum filtered samples increases the effective self-
adherence of the nanotubes thereby increasing the films resistance to the strong electric fields.
The films deform less during field exposure. The rolled films have a much more anisotropic

structure. The modest tube alignment increases the susceptibility of the film to rupture. In the

107



Field Emission from MWCNT-based TFCs

case of the screen printed sample the exact failure mechanism was less clear and electron

microscopy provided little further insight.

5.4.2 Zinc Oxide Nanowire Ballasted MWCNT Thin Films

In order to attain the enhanced uniformities it is necessary to limit the emission current from
the dominant tips. The spikes in the lifetime measurements of Figure 5.8 are due to the over-
emission and consequent burn out of such tips. The integration of a ballast resistance
structure, engineered using a material which itself is flexible and transparent, would achieve
this. Zinc oxide nanowires (ZnO NWs), wide band gap compound semiconductors of modest
axial resistance, have been previously shown to function as equivalent series resistances in

[51]

periodic nanofibre arrays™™. In addition to the large exciton binding energy, the thermal

stability and high oxidation resistance, compared to nanotubes®®, make semiconducting oxide
nanostructures particularly appealing in ‘poor’ vacuum field emission applications®.
Nanotube/ZnO NW composite emitters offer the benefits of low turn-on fields, associated
with the nanotubes, with an increased functional pressure range and emission uniformity.
Herein data is presented on the development of large area ZnO NW ballasted MWCNT thin

film field emitters.

The low-temperature processability of ZnO makes it a very attractive material. Recently,
several groups have investigated the field emission characteristics of various zinc oxide
(ZnO)-based morphologies, such as tetrapods®™ **, nanodisks"™®, and nanopins®”. Jo et al.®
reported field emission from ZnO NWSs grown by a high-temperature vaporization-
sublimation process on carbon cloth. They noted an extremely low turn-on field ascribed to
the combined field enhancement. Wang et al.’® extended these studies by considering the
deposition of ZnO mulitpods, synthesized by high-temperature (750°C) vapour-solid self-
catalyzing processing on screen-printed MWCNT films on Si substrates. They too found that
combining MWCNTSs and ZnO NWs drastically improved the field emission performance. So
much so, in fact, that the composite demonstrated lower turn-on fields than either of the as-

grown nanostructures on their own.

In an attempt to increase the field enhancement factor and achieve lower field operation

than is generally accessible for pure ZnO-based emitters, dry-processed MWCNT films were
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Figure 5.9 | ZnO NW ballasted MWCNT thin film field emitters. (a) (False coloured) SEM
micrograph of a rolled MWCNT thin film. (b) Optical micrograph of a patterned rolled
MWCNT thin film emitter (top) and ZnO NW coated emitter on APTES pre-treated
PET (bottom). (c) SEM micrograph of a ZnO NW ballasted MWCNT field emitter.
Insert: Schematic of the emitter cross-section. Cross-section SEM micrographs of a (d)
MWCNT emitter and (f) a MWCNT/ZnO NW ballasted emitter. (¢) HR-TEM
micrograph of an as-grown MWCNT.

used as the substrate onto which ZnO nanowires (NWSs) were grown via hydrothermal
processing®?. A 10 mM catalyst solution of zinc acetate dehydrate (98%, Aldrich) in 1-
propanol (spectroscopic grade) was cast at 2000 rpm for 30 s onto the dry rolled PET-
supported MWCNTSs. Vertically aligned ZnO NWs were then grown by dipping the substrates
into an equimolar solution of DI water, 25 mM zinc nitrate hexahydrate (Zn(NOs3),-6H-0,
Sigma Aldrich) and hexamethylenetetramine (HMTA, Sigma Aldrich) heated to 80°C for up
to4h.

Figure 5.9(b) shows a patterned MWCNT emitter. Patterning was achieved by combining
standard low-cost laser jet printing with a nanotube catalyst passivation process prior to CVD
growth. Areal and cross-sectional SEM micrographs of a rolled MWCNT film and ZnO NW
coated film are given in Figure 5.9. The MWCNTSs are ~4 nm in diameter and 500 pum long.
When rolled they form a ~20 pum deep film (Figure 5.9(d)). HR-TEM analysis of the
MWCNT film, shown in (Figure 5.9(e)), indicates the highly graphitic quality of the dry-
processed MWCNTSs that have between 2 and 5 graphitic sidewalls. Figure 5.9(b) shows an
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Figure 5.10 | ZnO NW TEM Analysis. (a) HR-TEM micrograph showing the periodic Wurtzite
structure of the hydrothermal ZnO NW. The insert shows a Fourier-filtered image of the
lattice and a lattice profile evidencing a fringe distance of 3.4 A. (b) SAED pattern.

optical micrograph of a ZnO NW coated MWCNT thin film. The ZnO NWs (Figure 5.9(c,f))
are about 4 pm long, 63+11 nm in diameter and have an areal density of 5x10°> cm™. The
crystallinity of the hydrothermally grown ZnO NWs was studied by cleaving and drop casting
IPA dispersed NWs onto a Si(100) substrate (Figure 5.11(a)) as well as by in-situ analysis
(Insert, Figure 5.11(a)) using X-ray diffractometry (XRD, Bruker D8, Cu-Ka radiation, theta-
theta geometry at 1.541 A). The corresponding Miller indices are noted in the figure. The
ZnO NWs are highly crystalline with unit cell lattice parameters of a = 3.25 A and ¢ = 5.21 A.
The NWs have a hexagonal (Wurtzite) structure similar to bulk ZnO. The strong 26=26° peak
in the MWCNT-supported measurements (Insert, Figure 5.11(a)) originate from the graphitic
planes of the MWCNTSs. Representative HR-TEM and selected area electron diffraction
(SAED) pattern (JEOL 2000FX TEM operated at 400 keV) of the hydrothermally grown ZnO
NWs is given in Figure 5.10 and independently verifies the high crystallinity inferred from the
XRD data.

EDX analysis (Figure 5.11(b)) clearly indicates the purity and stoichiometry of the ZnO
NWs. The strong Si peak is associated with the supporting substrate. Assuming direct
transitions®”, the estimated band gap of the ZnO NWs was determined from optical
transmission spectrophotometry (Figure 5.11(c)). A Tauc gap of 3.37 eV, identical to that of
bulk ZnO and consistent with the results of Anthony et al.’®®!, was estimated by linearly fitting
to the (ahv)? versus photon energy plot!®! (Insert, Figure 5.11(c)), where a is the absorption
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Figure 5.11 | ZnO NW crystallography. (a) X-ray diffraction pattern and (b) EDX spectrum of IPA-
dispersed hydrothermally grown ZnO NWs dispersed on a Si substrate (grey). Insert:
EDX spectrum of the ZnO NWs in-situ on the PET/CNT support clearly evidencing a
strong graphitic signature (green) at 20=26° and the ZnO stoichiometry. (c) Optical
transmission spectrum. Insert: («Av)® against photon energy (/v) giving a Tauc gap of
3.37eV.

coefficient and is assumed to be proportional to -In(T) for a direct transition. T is the

measured optical transmittancel®?.

The emission and FN characteristics of the bare MWCNT and the ZnO NW+MWCNT
films are shown in Figure 5.12(a) and (b). Assuming work functions of 5.3 eV for the ZnO
NWs and 5.0 eV for the MWCNTS, as reported elsewhere®®, the average field enhancement
factors of bare MWCNTSs and ZnO NW coated MWCNTSs were 3457 and 3230, respectively.
Field screening, associated with dense NW packing, has most likely prevented the
enhancement factor from increasing. It is important to stress that for thin films the field
enhancement factor is of little use when adequately describing the emission. The field
enhancement factor relates to the geometry of the emitter!*). Difficulties arise when one is
posed the question: “What characteristic lengths is this field enhancement factor associated
with?” In the case of vertically aligned nanofibres, the answer is simple — the emitter’s aspect
ratio (length/diameter). In the case of nanotube networks, such as those considered here, the
ill-defined morphology of the network gives B a purely academic and comparative function.
Consequently field enhancement factors can only be compared for nominally equivalent thin

films, as was done above.

Large emission currents are important for realizing high brightness field emission displays
and environmental lighting. As shown in Figure 5.12(a), the ZnO NWs reduce the maximum
emission current by around one order of magnitude, under equivalent bias and vacuum

conditions. The emission current has a positive exponential dependence on the applied field.
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Figure 5.12 | MWCNT/ZnO NW field emission performance. (a) Accelerated I-F emission
characteristics performed at 107 mbar and (b) the corresponding FN plot.

Surface protrusions, namely individual nanotubes and nanotube bundles with large
enhancement factors emit at lower fields. As the field increases these ‘dominating’ nanotubes
increasingly emit and eventually burn out before other emitters reach their threshold field.
Thus, the current density is limited by the number of emitters switched on at any given time
and bias. However, in the ZnO NW coated case, the axial resistivity of the nanowires limits
the emission current from dominating emitters. Thus, these emitters do not burn out prior to
the activation of other less-preferential emitters. The effect of the ballast resistance can be
clearly seen in the FN plot shown in Figure 5.12(b). The maximum emission current is
reduced by approximately one order of magnitude following ZnO NW deposition. Resistance
limited field emission is amplified in the ZnO NW coated case. Indeed the bulk resistance of
the nanotube network is combined, in series, with the axial resistance of the NWs which gives

rise to the reduced saturation currents.

The turn-on fields of the bare MWCNTSs and ZnO NW coated samples were 0.9 V/um and
1.6 V/um (for an emission current of 0.1 pA), respectively. The nanotube film does not purely
function as the electrode. Lee et al.’®® Yang et al.® and Wei et al. all reported that
hydrothermally grown ZnO NWs typically emit at fields between 4 and 8 V/um. Li et al.®
too found, using equivalent hydrothermal ZnO NWs, negligible emission occurred for fields
less than 10 VV/um. Thermally grown vapor-liquid-solid ZnO NWs typically turn-on at lower
threshold fields?®* 5 ¢l though rarely less than 3 V/um. Evidently, in the MWCNT+ZnO

NW bi-layer structure detailed here the emission turn-on is dominated by the nanotubes but
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Figure 5.13 | Proposed hot-
b electron injection and emission.
( ) (@) ZnO NW emitter on a standard
_/\ metallic support. (b) ZnO NW
I emitter on a MWCNTs. Hot
electrons accumulate at the
uppermost MWCNT. The
injection depth is increased due to
hot electron emission into the ZnO
NWs. The greater the injection
depth (arrow) the higher the
observed extraction field
(F1<F,<F3). Lines of equipotential
are shown in grey.

current-limited by the nanowires. Yu et al.’® determined similar turn-on fields as those
estimated in this study using Si-supported high temperature deposited ZnO nanomultipods on
screen printed nanotubes. Li et al.’™! reported that conformally coating carbon nanofibres
with ZnO NWs reduced the turn-on field by 4 VV/um. They offered no detailed explanation
simply pointing out that the tip-on-tip geometry of their emitter increased the field
enhancement factor which increased the local extraction fields, though Yu et al.®® reasoned
in favor of electron tunneling through the MWCNT/ZnO NW interfacial heterojunction. It
was argued that, because ZnO has a smaller electron affinity (2.1 eV) than the nanotube
support (4.8 eV), there was a lower-energy threshold for the electrons escaping from the
conduction band into the vacuum. Hence the electrons were more readily emitted from the
nanotube supported ZnO NWs than they would otherwise be in the bare metal-supported ZnO
NW. Although the presented ZnO NW+MWCNT emitters do indeed turn-on at fields much
less than pure ZnO NW emitters (Figure 5.12) the MWCNTs+ZnO NWs do not emit at fields
less than the bare MWCNTS, as the studies of Li et al.® would suggest. One possible
explanation for the reduced turn-on field of the MWCNT-supported ZnO NWs, compared to
standard ZnO NW emitters on metallic supports, and the discrepancy between the results
presented here and those of others can be derived by considering hot emission.

Figure 5.13(b) illustrates a possible hot electron model compared to a metal-supported ZnO
NW (Figure 5.13(a)). The MWCNTSs are highly graphitic and conduct with little scattering

along their length. They have comparatively low electron densities, compared to a metal,
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Figure 5.14 | Nearest neighbour electrostatic shielding. (a) A random network of high-aspect field
emitters and (b) a period array of high aspect field emitters. The local electric fields are
much higher in the periodic aligned array case as the emitters do not shield one another
and give optimal field enhancement factors when the pitch is approximately twice the
nanotube height. From Nilsson et al.2.

which substantially increases the thermalization time (50 fs for a metal'®® compared to 500 fs
for a nanotube!®®). When excited electrons tunnel between nanotubes they have excess kinetic
energy compared to the local population. These hot electrons accumulate at the uppermost
MWCNT at the base of the ZnO NW emitter and are injected from the MWCNTS into the
conduction band of the ZnO NWs through the Schottky barrier. The hotter the emission (i.e.
the greater the kinetic energy of the electrons) the greater the injection depth into the NW.
Combing the potential drop across the length of the NW and the field profile surrounding the
NW (high field at tip, low field at base) then the greater the injection depth the higher the
effective field the electrons see. The higher the observed field the more efficient the emission
and the lower the turn-on field. The rapid thermalisation time and high electron densities in
traditional metal electrodes prevents hot emission which manifests as a high turn-on field.
Returning to the nanotube-supported case, if electrons are injected with high kinetic energy
into a suitably long NW then turn-on fields less than those of the bare MWCNTS are certainly
possible and this would account for the unusually low (less than carbon) turn-on fields
reported by Li et al.®™. The proposed model supports these findings.

Although high currents (mA) have been demonstrated using the nanotube-based thin film
emitters developed here, extremely high current densities are still out of reach. To increase the
emission current density further, which is important for applications such as X-ray and
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microwave sources for example, significantly larger enhancement factors are necessary. For
thin film technologies the high packing densities and nanotube misalignment results in
significant electrostatic shielding which reduces the effective enhancement factort™® ™. Figure
5.14(a) illustrates this nearest neighbour electrostatic shielding processi!. Lines of
equipotential illustrate that although the composite nanotubes have high aspect ratios (and
therefore potentially high field enhancement factors), it is not possible to access them. As a
result, the current densities are substantially reduced. The inter-tube pitch must be
approximately twice their height in order to minimize nearest-neighbor shielding for
maximized emission current (Figure 5.14(b))!Y. Vertically aligned nanotube arrays solve this
problem. Teo et al.*Y reported on the deposition of periodic arrays, grown by PE-CVD where
the plasma sheath field aligns the nanotubes, giving current densities as high as 12 A/cm?
(modulated)!’®. Accurate control over the nanotube alignment was also found to be critically
important in optimizing the field emission properties. PE-CVD offers a viable means of
accurately controlling not only the nanotube density (by careful consideration of the plasma
pre-treatment) but also the alignment, length and even the crystallographic structure. However
the PE-CVD of crystalline nanotubes and nanofibres of plastic substrates has yet to be

demonstrated convincingly. Alternative substrates must therefore be considered.

5.4.3 In-situ Nanofibre Growth on Electrolysed Stainless Steel Mesh

A possible alternative to forming enhanced functionality TFCs out of nanomaterials is to
employ more traditional porous TFC materials and combine them with nanostructures. Porous
metal meshes, one such cheap and widely available TFC, are used in a variety of applications
due to their mechanical flexibility, pitch-controlled transparency, and high thermal and
electrical conductivities. In the past, composites have been developed where CNFs have been
‘glued’ to metallic substrates. Although such composites enhance the substrates field emission
performance, weak adhesion and poor electron transparency at the CNF/substrate interface
results in fibre de-anchoring and resistive losses during operation. Directly depositing CNFs
onto metallic substrates, which has proven extremely difficult in the past due to catalyst
diffusion and passivation, not only greatly increase the robustness of the surface adhesion, but
simultaneously introduces arrays of high aspect-ratio tips which dramatically improves the
field emission performance of the native surfacel™ ™ and will ultimately facilitate the

development of many novel field emission applications.
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3) CNF synthesis by PE-CVD

Figure 5.15 | Nanofibre PE-CVD on electrolysed stainless steel mesh. (a) Schematic of the vertical
CNF synthesis on ss-mesh via electrolyzed etching. Typical applied bias = 10 V (250
V/m, ss-mesh cathode, Fe foil anode). Schematic and optical micrographs of the pre-
treatment process and the PE-CVD system during CNF synthesis (200 sccm NHs: 55
sccm C,H,. 5 mbar / 640 V, 45 W, 70 mA). (b) PE-CVD thermal, plasma potential and
gas flow profiles during synthesis.

The main strategies for composite fabrication are ex-situ coating and in-situ deposition. In
the ex-situ approach a variety of binding materials are employed to increase the level of

adhesion between the substrate and pre-grown nanofibrest™ ®

, as previously discussed.
These nanofibres are homogenously dispersed into binders, such as Teflon and Nafion, via
damaging acid treatments and ultrasonication, and then cast, sprayed, or dip deposited onto
the desired substrates. A huge variety of substrates can be coated in this manner. However,
nanofibre immobilization in the binder medium occludes much of the field emitting surface

and introduces large interfacial resistances. Macroscopically uniform alignment of the
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Fe Cr Ni 0] Mn Si

64.40 18.86 8.30 4.04 2.40 2.00

Table 2 | Typical bulk composition of the as-received ss-mesh by weight per-cent (wt.%b).
Composition determined by EDX spectroscopy.

nanofibres is not possible. In-situ deposition negates many of these detrimental features. In
this case, transition metal catalysts are deposited in powderl™, slurry™® or vacuum
processes’”. Powder and slurry catalyst suspensions require considerable post-processing
and, in practice, during their filtration and preparation experience significant losses in the
available catalytically active species due to attrition®®. Vacuum processes obviate many of
these problems but are comparatively costly and particularly time consuming. Most studies on
the in-situ growth of CNFs on metallic substrates detail the growth of highly disordered and
unaligned nanofibre and nanotube networks and have focused on either catalyst deposition or
surface preparation via physical abrasion and thermal oxidation™ ° &I, Mesoporous silica
supports based on sol-gel preparation®®, carbon cloth™ and plastics®® have also been
considered though they all require direct catalyst deposition prior to growth. Various metallic
alloys have also been considered. Metallic substrates including Kanthal, an Fe-Cr-Al alloy!®*
81 Inconel and Nichrome / Chromel®® have all showed some promise. Rather interestingly
though the catalysts in these studies were typically solution or vapour-phase deposited, iron
nitrate salts, rather than activating the intrinsic catalyst material available in the bulk native
substrate!®. Both Kanthal and Nichrome are over an order of magnitude more expensive per
unit volume than stainless steel. Masarapu et al.®®! reported unaligned synthesis on stainless
steel foil using strong acid exposures. However, as with the studies on Kanthal, Iconel and
Nichrome, the resulting nanofibres were randomly aligned and spaghetti-like in morphology
which degrades the composites field emission performance due to electric filed shielding, as
discussed earlier. Furthermore, the relatively few studies that have managed to grow vertically
aligned forests typically produced conformal and dense forests. Paradoxically, for optimal
field emission, sparse arrays are preferential (Figure 5.14). In light of this it becomes apparent
that there has been very limited success in producing the required geometrically defined CNF

arrays through low-cost means on Fe and Ni containing alloys.

An industry compatible alternative for the direct-deposition of highly-aligned, well-spaced

CNFs on metallic substrates is necessary in order to minimise nearest neighbour
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electromagnetic shielding and produce high-performing field emitting composites. Catalysis
activation of low-cost and widely available Fe, Ni or Co containing metallic supports through
single-step electrochemical reactions offers one possible solution. The technique developed
here produced high levels of CNF homogeneity, superior alignment and excellent inter-CNF
spacing which have yet to be demonstrated elsewhere. In this section we investigate the field
emission properties of these CNF/ss-mesh composites. The results presented establish a
feasible, reliable, and scalable approach to the fabrication of low-end, flexible and porous
field emitting conducting substrates.

Type 304 stainless steel (ss)-mesh (Alfa Aesar, 36% pitch, 50 um fibre diameter) provided
the combined support and catalyst material. The typical bulk composition is detailed in table
2. Preliminary SEM analysis on etchant exposed samples showed negligible surface
alteration, which was not unexpected given the typically high corrosion resistance of stainless
steel. Consequently an electrochemical approach was used to accelerate the surface
preparation. 20x20-mm-samples were connected to the electrodes of a simplified potentiostat
setup, as shown in Figure 5.15(a). Note that, unless otherwise stated, ss-mesh was used as
both the cathode (CNF growth substrate) and the anode (driven electrode). All substrates were
degreased in acetone and isopropanol prior to pre-treatment. No polymer passivation was
applied to the driven electrode. The analyte was a commercially available metal etchant
(Michrochem) nominally composed of phosphoric acid (H3PO,, 66.3-70.3 wt.%), acetic acid
(CH3COOH, 8.7-10.7 wt.%) and nitric acid (HNOg, 1.5-2.0 wt.%) diluted in a 1:1 ratio with
de-ionised (DI) water. The analytes were agitated for 10 min prior to pre-treatment. Samples
were carefully lowered into the solution for 10 s, under zero applied bias, to dynamically
stabilise. A direct-current potential was then applied for a defined time to electrolyze the ss-
mesh. Experiments were carried out at atmospheric pressure and ambient temperature. Figure

5.16(a,b) shows the surface before and after electrolysing pre-treatment.

Nanofibre synthesis was achieved by PE-CVD performed in a cold-walled, commercially
available reactor (AIXTRON Nanoinstruments Ltd.). Pre-treated samples were placed on a
resistively heated graphite stage which was thermally ramped to 600°C (5°C/s) and held
constant for 30 s. The temperature was then further increased to 850°C (5°C/s), and growth
was immediately initiated by the introduction of NH3 (200 sccm) and C,H, (55 sccm) under a

controlled chamber pressure of 5 mbar. A low-power, direct-current glow-discharge plasma
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Figure 5.16 | Electrochemical surface modification. Comparative SEM micrographs of the ss-mesh;
(a) as-received (Insert: low-magnification micrograph of the of the as-received ss-
mesh); and (b) after pre-treatment. (c) Catalyst island diameter (D.y) histogram after the
pre-treatment process. Normal distributions were fitted to data to extract the mean (125
nm) and standard deviation (55 nm). Very few catalysts islands smaller than 50 nm were
observed during high-magnification (<40 nm) inspection.

was then induced through the application of 640 V (45 W, 70 mA) between the stage and gas
inlet to assist in CNF alignment. One major benefit of the direct growth of nanofibres on ss-
mesh through a combined electrochemical process and PE-CVD is that any size and shape of
substrate can be coated which imparts tremendous levels of design flexibility across a variety
of application platforms. After 20 min CNF growth was terminated by evacuating the
chamber to a base pressure of 2x10% mbar and cooling the stage to ambient under a flow of
200 sccm ultra-high purity N,. The complete thermal profile, gas flows, plasma potentials,
and chamber pressures are summarised in Figure 5.15(b). High resolution scanning and
transmission electron microscopy (HR-SEM / TEM), selected area electron diffraction
(SAED) and energy-dispersive X-ray (EDX) spectroscopy were performed using a Carl Zeiss
50 (operated at 10 kV), a JEOL JEM-4000EX (operated at 80 kV), and a Schottky field
emitting FEI-Philips XL30 (operated at 30 kV), respectively, to examine the detailed structure
and morphology of the synthesised CNFs and ss-mesh, in addition to analysing the elemental
content of the analyte pre- and post-processing. Crystallographic information on the CNFs
graphitic structure was extracted using a Philips CM300 field emission-TEM (operated at 300
kV) and an aberration corrected FEI Titan® 80-300 (operated at 80 kV) in scanning TEM
mode with a bright-field detector and annular dark-field detector. Additional data on the
graphitic structure was revealed spectroscopically using a Renishaw In-Via, He-Ne laser,
Raman spectrophotometer operated at 633 nm with an incident power of 3 mW. EM

pT™

micrographs were examined using SPI image analysis software (v. 5.15) to ascertain the

comparative quantified alignment of the CNFs synthesised in this work and to compare with
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Figure 5.17 | Nanofibre diameter as a function of electrolysing time. CNF diameter distributions
for samples electrolyzed for; (a) 7 min and (b) 10 min in a 1:1 solution at 250 V/m.
Normal distribution fits shown indicating the CNF diameter means and standard
deviations

other published data. Field emission measurements were performed using a LABVIEW
controlled, home-built vacuum system evacuated using a turbo-molecular pump to <2x10~
mbar connected to a 5 kV power supply and a HP 34401A source-meter. CNF/ss-mesh
samples formed the cathode and an indium tin oxide coated glass slide formed the anode.
Potentials were swept several times and emission characteristics were recorded on both the

positive and negative incremental sweeps.

Figure 5.16(a) and (b) show SEM micrographs of the as-received ss-mesh and the pre-
treated ss-mesh (1 (DI):1 (etchant), 10 min). Spherical structures (catalyst islands) 125+55 nm
in diameter, were found to cover the surface. High magnification SEM showed very few
catalysts islands <40 nm in diameter. Figure 5.17(a) and (b) show the CNF diameter
distributions for 7 and 10 min pre-treatments, respectively. Two dominant peaks occur in the
normal distributions at 120+£50 nm and 420£170 nm for the 7 min pre-treatment and 210£20
nm and 320£40 nm for the 10 min pre-treatment. These dominant peaks tend to a single
diameter for increasing treatment times. Furthermore, the single peaks occur at increasingly
large diameters indicating enhanced levels of surface uniformity over increasing electrolyzing
durations. Accurate control over the pre-treatment time was vital for reproducible CNF
growth. Varying the pre-treatment time coarsely controlled nominal catalyst island size, and
the consequent CNF diameter. However, this approach to diameter control was limited by

modest content variation in the as-received ss-mesh samples which affected the surface
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Figure 5.18 | Nanofibre growth with and without pre-treatment. SEM micrographs following
exposure to PE-CVD growth conditions. (a-c) As-received ss-mesh. No CNF growth
was observed. (d-f) Pre-treated mesh after PE-CVD. CNFs are clearly seen. The
catalyst bed was prepared by the electrolyzed etchant technique.

modification rate. It was found that opting for a less aggressive electrolysing environment
reduced the rapidity of the pre-treatment process and increased the degree of control. Using
ss-mesh of higher uniformity may also permit greater diameter control.

Figure 5.18(a-c) and (d-f) show SEM micrographs (post-CNF synthesis) of the untreated
as-received ss-mesh and the pre-treated ss-mesh, respectively. No CNFs were observed on the
as-received ss-mesh, whilst vertically aligned CNFs grew on the pre-treated samples. The
nominal length and diameter, which depend on the exact growth conditions, of the CNFs on
the pre-treated ss-mesh were 10-50 pum (linear growth rate = 8-40 nm/s) and 70-310 nm,
giving typical aspect-ratios in excess of 150. Figure 5.19(a) shows Raman spectra obtained
under ambient conditions. Interestingly, little-to-no substrate electroluminescence related
spectral features were observed. Lorentzian fitting to the measured spectra revealed nominal
D and G peaks at ~1329 cm™ and ~1595 cm™, respectively. An Ig/lp ratio of 1.67-1.85,
indicate that the CNFs are formed from relatively small carbon clusters and are most likely
bamboo-structures, which is not wholly unexpected given the use of plasma during

s %1 Raman spectra were obtained at various positions and were consistent

synthesi
between the central and peripheral regions, demonstrating a high level of macroscopic

uniformity in the electrolysing process and CNF growth. Figure 5.19(b) shows a typical HR-
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Figure 5.19 | Nanofibre characterisation. (a) Raman spectra collected at 3 mW incident power (633
nm excitation). The three spectra represent accumulations at locations A, B, C (detailed
positions are shown on the insert). Intensity spectra, measured in arbitrary units (a.u),
are vertically displaced for clarity. (b) A typical HR-TEM micrograph of a synthesised
CNF highlighting the defective bamboo-structure. (c) High-resolution micrographs and
the corresponding SAED pattern (Lower left insert) evidencing the multiple graphitic
side-walls. Upper right insert: Low-resolution TEM micrograph showing an extruded
catalyst particle at the CNFs tip.

TEM micrograph of a synthesised CNF. The crystalline nature of the side-walls is evidenced
in Figure 5.19(c). The graphitic multi-walled CNFs are formed from 14-44 graphene planes
with an inter-plane separation of ~0.39 nm. The characteristically nested circular features in
the SAED pattern (lower insert, Figure 5.19(c)) support the relative crystallinity assessed
from the Raman spectra, and the polycrystalline turbostratic nature associated with the
multiple graphitic side-walls®™. The HR-TEM analysis verified that the CNFs were formed
from multiple defective bamboo-type sections spaced ~80 nm apart, and that the
electrochemically derived catalyst particles tended to reside at the tips of the CNFs suggesting
a predominately tip-growth mechanism (upper right insert, Figure 5.(c)). Cross-sectional EM
analysis showed that approximately 42% of the total surface area was coated with vertically
aligned CNFs. CNF packing densities and inter-CNF spacing were estimated to be 4x10® cm™
and 0.5-5.0 pm, respectively.

Figure 5.20 shows the UV-Vis spectra of the as-received ss mesh and the nanofibre coated
ss mesh. The ss-coated mesh has an optical transparency, at 550 nm, of ~25%. The CNFs
reduced the transparency of the as-received ss-mesh by ~10%. Higher levels of transparency

can be achieved using wider pitched mesh.
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Figure 5.20 | Composite transparency. UV-Vis spectra of the as-received 50 um pitch ss-mesh and
the CNF coated ss-mesh. The nanofibres uniformly reduce the transmission by 10-11%
across the entire optical window.

To investigate the mechanical robustness of our CNF-coated samples were flexed through
approximately 10% cycles through an approximate bend radius of ~4 mm (sample dimensions
10 mm x 10 mm) to examine the extent of CNF de-binding. SEM analysis confirmed a
negligible loss in CNFs post-flexing. However the ss-mesh did become increasingly brittle
following the high-temperature CNF synthesis. One way to maintain mechanical stability of

the ss-mesh is to reduce both the synthesis temperature and thermal ramp.

In order to demonstrate the commutability of the pre-treatment process, electrolysed mesh
samples were exposure to various proven nanotube and nanofibre growth conditions (see
chapter I1). Exposure to alternative growth conditions formed nanofibres of varying types, as
expected. For example, 4% C,H, diluted in a H, atmosphere (25 mbar) at 700°C, resulted in a
conformal coating of extremely dense vertically aligned forests of multi-walled nanotubes,
10.6+4.7 (S.D) nm in diameter. The suitability of both Fe and Ni foil anodes was also
investigated (foil anode, ss-mesh cathode). Uniform CNFs were formed in both cases and
negligible variation in CNF uniformity was observed by SEM microscopy for pre-treatment
durations of 600 to 1200 s.
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Figure 5.21 | Composition of the electrolyte post-treatment. EDX spectrum of the etchant solution
post-processing. Rather unexpectedly, no Fe or Ni peaks were found across a wide
range of process times and anodic potentials.

A large body of literature exists on the nitric and phosphoric acid corrosion resistance of
stainless steel® 4. However, in most investigations standard potentiostats were used. Here
the driven and measuring electrodes are polymer passivated relative to the material under
study. Hence the available data, and speculations therein, only partly explain the surface
evolution observed in this study. Nonetheless, two processes clearly dominate: dissolution and
driven-precipitation. Driven-precipitation refers to the effect of the externally applied electric
field. In an attempt to resolve the question: Is the solution etching (dissolution) or
electroplating (driven-precipitation)? A variety of pre-treatment times, anodic potentials,
polarities and electrode materials were investigated. A complex relationship exists between
the dissolution and precipitation mechanisms occurring during the pre-treatment. In a weakly
electroplating process the divalent Fe and Ni ions, the necessary CNF catalysts and primary
constituents in the ss-mesh, liberated from either the counter electrode (Fe or Ni foil, Advent,
99.5%) and / or the ss-mesh itself, is deposited on the ss-mesh. However, to achieve this
extent of surface roughness through dissolution alone, very high dissolution rates would be
required. These would potentially exceed the liberation rate of the analyte, suggesting the
presence of a concurrent surface evolution process. Nevertheless, the source of the catalyst

material requires some clarification. If a dissolution-type process dominates then the acid pre-
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Figure 5.22 | Comparative alignment of various CNF deposition techniques. SEM micrographs
reproduced from (a) Vander Wal et al.'l, (b) Martinez-Hansen et al.®!; (c) 7 min. (this
work) and (d) 10 min. pre-treatments (this work).

treatment would simply increase the surface roughness of the ss-mesh whilst removing
catalytically-poisonous material®. In this instance, catalyst island formation would be
achieved through the removal of surface contaminants. To investigate this further, and
potentially remove the possibility of driven-precipitation, electrolyzed pre-treatment was
repeated using a graphite anode. Samples were then exposed to typical CNF synthesis
conditions, as described above. Graphite was selected due to its excellent corrosion resistance
to phosphoric and nitric acid® and negligible Fe, Ni or Co content (EDX data not shown).
Analytes were electrolyzed for 10 min. Characteristic globular catalyst islands were formed,
though much larger in size (560£260 nm). In this instance no CNF growth was observed upon
PE-CVD. This supports the conjecture that during the pre-treatment the analyte not only
etches the ss-mesh but also, and perhaps more importantly, functions as a weakly

electroplating (driven-precipitation) solution of the liberated metallic ions.

At this stage the role of the acetic acid is still unclear. Nevertheless, type 304 stainless steel
has demonstrated extremely high resistance to acetic acid®. Plasma exposure during CNF
synthesis is also believed to play an important role in catalyst reduction and surface evolution,

rather than simply aligning the CNFs'®® ®!. Thermal CVD alone typically formed low-density,
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Figure 5.23 | Field emission performance. (a) Comparative FN plot of the as-received ss-mesh and
the CNF/ss-mesh composite. Experimental data fitted to eq. (4.4). Insert: Electric-field
dependence of the emission current density. (b) Temporal stability test conducted at
5x10® mbar. Inserts: HR-TEM micrographs of a narrow CNF tip. The metallic catalyst
and a-C dominate the emission sites. (c) Successive cyclic stability test. (d) FN plot of
the cyclic performance. Insert: Variation in threshold field (Fy,) (for an emission current
of 6.25 mA/cmZ), B: and B, as a function of the cycle number.

randomly orientated CNF mats, with poor reproducibility. This effect requires further

investigation.

Nitric and phosphoric acids are known to be strong oxidising agents. At acid exposed
surfaces, metallic elements within the alloy (and foil counter electrode) become oxidised and
enter the analyte in their corresponding ionic form: Fe?*, Ni?* and Cr®". As reported elsewhere
Fe, Cr and Ni oxides form at anodic potentials greater than the equilibrium potentialt. The
deposition of iron oxide on the ss-mesh takes place through a dissolution / driven-

precipitation mechanism (i.e. a combined etching / electroplating-type reaction), as discussed
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previously - where the presence of iron oxide is strongly evidenced by the orange
discolouration of the ss-mesh upon air exposure. Conversely, Cr and Ni oxides tend to
nucleate directly on the ss-mesh electrode®®. At elevated temperatures during CNF synthesis,
in a NH3 atmosphere, these metal oxides reduce and revert to their catalytically active form[*
1991 In contrast, however, phosphoric acid is known to convert iron(lll) oxide, which is
formed on the ss-mesh through the action of the nitric acid, to a catalytically inactive ferric
phosphate layer; a reaction strongly suggested by the green hue of the etchant solution during
pre-treatment processing. This passivation process renders portions of the stainless steels
surface catalytically inactive and may therefore give rise to the observed inter-CNF spatial

regulation.

To further investigate the underlying mechanism of catalyst island derivation by the
electrochemical pre-treatment, the elemental content of the analyte was studied using EDX
spectroscopy in the ss-mesh cathode and Fe foil anode case. After samples were electrolyzed
residual solutions were drop cast onto 2x2 mm Si substrates, heated to 80°C and gently dried
with N to remove excess solution. Figure 5.21 shows the EDX spectrum of the post-
electrolyzed solution. Across a variety of pre-treatment times (10-600 s) and applied
potentials (0-750 V/m) EDX spectra showed consistently strong P (~19.4 wt.%), Si (~22.3
wt.%), C (~12.0 wt.%) and O (~46.3 wt.%) peaks. Most importantly, however, is that no
catalyst (Fe, Ni or Co) signatures were observed. Thus, it is most likely that the majority of
the liberated catalyst materials, from both the ss-mesh and anode, have short residence times

in the analyte and are efficiently and rapidly deposited on the ss-mesh.

Although a conformal native oxide exists on the as-received ss-mesh, which in principal
can be similarly reduced to form active catalyst sites, it is often substantially thinner and
smoother than the electrochemically oxidised surface and the oxidation process of this native
oxide proceeds through an inefficient tertiary oxidation-reduction-growth process during CNF
synthesis. During reduction, the immobile native oxide does not readily reform into suitable
catalyst sites. Thus, although suitable catalyst materials are accessible, suitable catalyst
topographies are not. In general, catalyst restructuring and nucleation site formation in thin
films occur through surface and interface free-energy minimization*®Y. However, for bulk

materials such island-formation is less energetically favourable. The electrochemical pre-
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oxidation step enhances the surface roughness and removes the need for surface mobilisation

during reduction and is, as a result, critical in the CNF nucleation.

Figure 5.22 depicts the comparative alignment of the CNFs (this work) and other published
reports evaluated using the Str37 function of the SPIP™ Image analysis software, as
employed in the previous section. Highly aligned fibres give enhanced field emission
performance™]. The Str37 values evaluated from Vander Wal et al.”!, Martinez-Hansen et
al.”! and this work (7 / 10 min pre-treatment) were found to be 0.91, 0.67 and 0.29 / 0.16,
respectively, demonstrating the high-degree of alignment achieved through the single-step
electrochemical pre-treatment. For field emission applications, employing vertically aligned
CNFs, Nilsson et al.! and Groning et al.'"*? (Figure 5.22) determined that to minimise inter-
CNF electrostatic shielding, thereby optimising the attainable field enhancement factor
without compromising the emitted current density, the optimum spacing between individual
vertically aligned CNFs is approximately twice their height. Indeed, here we see that the inter-
CNF spacing is regulated by the electrochemical pre-treatment and that for maximized field
enhancement CNFs ~10 um in length are desirable, which correlate well with our reported
data.

To evaluate the current densities from the measured currents, the effective emission area
was calculated by careful consideration of the sample area, the ss-mesh porosity, the CNF
morphology and the CNF packing density. The field emission characteristics of the control
(as-received) ss-mesh and the CNF/ss-mesh composite are shown in Figure 5.23. The
emission characteristics are linear in the low-field regime and compare favourably with those
of PE-CVD synthesised CNTs on less exotic substrates®" **!. The insert of Figure 5.23(a)
shows the J-F plot. The corresponding FN plot has been fitted using the Fowler-Nordheim
equation (4.6). Comparing the emission characteristics of the control and the CNF coated ss-
mesh, performed under equivalent conditions, it is evident that substrate contributions are
largely negligible. g factors were calculated from the gradient of the FN plot, assuming ¢ =
5.0 eV for multi-walled CNFs! %, Two dominant emission regimes exist. One is attributed to
hot electron emission (1) and the other to pure FN-type field emission (5,). CNF
inclusion increases the native f, (where this ‘native’ field enhancement is due to the
cylindrical geometry of the ss-mesh fibres) by as much a factor of two, producing sufficiently

large enhancement factors suitable for low-end field emission applications. Furthermore, CNF
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coatings significantly reduce the turn-on fields from 4.5 V/um (as-received ss-mesh) to

approximately 2.5 V/um (CNF/ss-mesh).

Figure 5.23(b) summarises an accelerated lifetime measurement performed at a pressure of
10® mbar, with an initial emission current density of 20 mA/cm?®. Stable performance is
observed. Modest spikes in the emission current are attributed to thermal destruction of the
CNFs caused by gas absorption. Gas absorption lowers the local work function which
significantly increases the emitted current density and induces substantial heating in the
perturbed CNF, resulting in tip burn-out. As shown in the inserts of Figure 5.23(b); a-C coats
the CNF tips / emission sites. a-C has a greater absorptive capacity than graphitic carbon('°!
suggesting that it is the tips which initiate burn-out. Removal or thermally stimulated
graphitization of such a-C would improve the lifetime of the emitters and permit higher
pressure functionality. Cyclic stability tests were also performed, as shown in Figure 5.23(c)
and (d). Here, the extraction field was repeatedly cycled between 0 and 4 V/um. We found
that, upon successive cycles, the threshold field (Fy,) for which J is 6.25 mA/cm?, decays and
tends toward a plateau after an approximate 10% reduction within 10 cycles (Insert, Figure
5.23(d)). No functional relationship in g, was apparent. The field enhancement factor in the
pure FN regime (f,) showed a strong positive correlation with cycle number. This is believed
to be a result of increased levels of uniformity across the emission sites as dominant peaks are
burnt off, thereby normalising the arrays and increasing the global enhancement factor.
Moreover, CNF burn-out increases the inter-CNF spacing which reduces the level of

electrostatic shielding™®, and simultaneously reduces Fy, whilst increasing Pa.

5.5 Summary

The field emission performance of vacuum filtered, screen printed and dry-processed
MWCNT thin films were considered. The thin films presented were shown to provide current
densities of up to 5 mA/cm? under modest fields (1.7 \/um) making them well suited for
display and lighting applications. A reduction in the emitters surface work function in the case
of surfactant treated MWCNTs was proposed to account for the lower turn-on fields in
solution processed thin films than their untreated counterpart. It was also proposed that the
degree of self-adhesion within the nanotubes films, inferred from the degree of alignment in
the network, was the underlying mechanism as to why nominally equivalent films fail.

Variations in emission characteristics were clearly demonstrated not to be associated with the
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degree of graphitization. Performance enhancements were considered by including a surface
bound layer of ZnO NWSs. ZnO NWs ballasted the emission by reducing the peak emission
current. A hot-electron model was proposed to account for the unexpectedly low turn-on
fields.

Vertically aligned nanofibres were grown directly on electrolysed stainless steel mesh using
a simple, low-cost route via catalyst activation of inexpensive and widely available stainless
steel mesh. Nanofibres with aspect-ratios >150 were synthesised. The electrochemical pre-
treatment was found to increase the surface roughness of the stainless steel which encouraged
pre-oxidation and thermal reduction during nanofibre growth. A combined dissolution and
driven-precipitation mechanism has been proposed to account for the evolution of the
catalytically active surfaces. Field emission measurements showed substantial improvements
in the field enhancement factors and turn-on fields of the as-received ss-mesh following
nanofibre deposition. The pre-treatment technique discussed has the potential to be extended
to a variety of Fe and Ni containing alloys and to realise the large-scale production of
vertically aligned CNF arrays on conductive metal mesh electrodes that are well suited for

field emission applications in environmental lighting and display back lighting.
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Enhanced Functionality through Nanotube Alignment

6. Introduction

The benefits of vertical alignment, with regards to field emission, were alluded to in the
previous chapter. The potential for directionally dependent functionality combined with
conventional TFC operation is extremely valuable in many opto-electronic applications®™®

and it was this that motivated the study of various nanotube horizontal alignment techniques.

In this chapter multiple horizontal alignment techniques developed throughout this work
are presented, including; roll, scratch, density and electric field alignment. Specific emphasis
is placed on the development of a global electric field alignment system. Although viable, the
developed approaches all require optically opaque substrates and offer relatively short
nanotubes. A freestanding, substrate-free alternative was deemed necessary for opto-
electronic applications. A mechanical pulling technique was consequently developed. Optical
sensors and broadband optical polarisers based on these free-standing nanotube membranes is

also discussed.

6.1 Horizontal Alignment

Nanotubes can be aligned™™® by; (i) post-synthesis alignment, where external forces such as
those derived from electric fields (i.e. dielectrophoresis)i** *? orientate the nanotubes once
dispersed onto a substrate, often by means of a liquid medium; or (ii) aligned synthesis using
magnetic fields™, electric fields, gas flow, or graphoepitaxy!*! to align the nanotubes during

synthesis.

A number of post-synthesis alignment techniques have been developed throughout the
course of this work (Figure 6.1). Bulk alignment was deemed possible, though significant
inter-tube interactions reduced the degree of alignment. Here, the nanotubes are compressed,
rolled and sheared (Figure 6.3). Unfortunately, only approximate directionality could be
achieved. Such techniques are largely inaccurate and suffer from poor reproducibility.
Nanomanipulation has been reported, though the processing is serial and requires time-
consuming electron microscopy monitoring™. Spin and drop casting of nanotube suspensions
have shown moderate successi*® . Nevertheless, despite the nanotubes in-plane alignment
they have little or no linear directionality, which is to say that there is no controllable way to

define the mean azimuth and that they are merely randomly orientated within the plane. Wei
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Fe (1nm)
AlLO, (10nm)

Si Substrate

Figure 6.1 | Density and scratch alignment. SEM micrographs of; (a, b) Density aligned MWCNTS.
Catalysts (Al,O,/Fe) were vertically deposited on the side of an exposed SiO; protrusion
by angled sputtering. (c, d) Scratch alignment. Vertical MWCNT forests were carefully
scratched with a sharpened diamond scribe. The inserts depict the stack cross-sections.

et al.l*® demonstrated the use of dielectrophoresis exploiting the weak nanotube dipole. An
electric field, of the order of ~10 V/um® 21 s required to align solution dispersed

nanotubes, whereas only ~1 V/um® 2% 2% s required to align the nanotubes during synthesis.

Initial efforts focussed on simple alignment techniques. Scratch, density and rolled
alignment were all achieved successfully as illustrated in the SEM micrographs in Figure 6.1.
To scratch align, nanotube forests were first grown (as in Chapter 2) and a diamond scribe
was gently drawn across the forests surface to impart the alignment (Figure 6.1(a)). Roll
alignment was discussed in some detail in the preceding chapters. Density alignment was
achieved by depositing the catalyst material on the vertical face of a sputtered SiO, protrusion
using angled PVD. During T-CVD the nanotubes grew perpendicular to the catalyst face
(Figure 6.1(a,b)). Unfortunately, density alignment growths were prematurely passivated by
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Figure 6.2 | In-plane nanotubes by thermal randomisation. SEM example micrographs of in-plane
nanotubes synthesised by thermal randomisation; (a-c) W (25 nm)/ Fe (5 nm)-sputtered
Si0,(200 nm)/ Si substrates (CNT conditions: 30 V (S.C), C,H,:NH;3; = 200:50 sccm,
800°C, 1800 s). CNTs in (b, c) rest directly on the underlying SiO, oxide (hence the
reduced contrast) whereas (a) is elevated off the surface. Arrows to guide the eye.

substrate interactions. In most case the nanotubes were 55+10 nm in diameter and less than 10

pm in length.

6.2 Aligned Synthesis

Low-density catalyst particles permit random alignment during growth. This produces the
classic entangled spaghetti-like networks. In some instances it is possible to use such thermal
randomisation to deposit in-plane nanotubes by careful consideration of the catalyst, diffusion
barrier and growth conditions. In-plane alignment is possible, though in-plane directional
control is not (Figure 6.2). Instead, the application of forces during growth can be used to

align the nanotubes in plane.

Figure 6.3 shows SEM micrographs of various reported in-situ alignment techniques,

[24-26] 22 23 Nanotubes

including graphoepitaxy!®*?® gas flow?”*! and electric field™®
graphoepitaxially align to surface nanofacets during growth. The technique is surface critical
which limits the broadness of the technique. Costly substrates are necessary, such as sapphire
or quartz, though high degrees of alignment and uniformity have been evidenced through the
production of highly linear, regular and periodic arrays!?® *2. Despite this the process involves
time-consuming substrate preparatory processes. Rational substrate design, using elevated Si
pillars, offers another approach®. Here the nanotubes grow between elevated pillars. The
micrometre pillars limit the practicality of the technique as well as restricting the maximum
packing density. As a result, techniques based on electric field and gas flow alignment show

perhaps the most promise. They are rapid, parallel processes that offer simplicity and
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6.2 Aligned Synthesis

Figure 6.3 | Nanotube alignment. Examples of alignment by; (a)-(b) gas flow™ 2, (c)
graphoepitaxy!”) and (d,e) electric-fields™ .

the ability to fabricate high density arrays.

In the case of gas flow alignment, the growth gases flow parallel to the catalyst substrate
and this induces the alignment. Huang et al.BP% Xin et al.®¥ and Jin et al.” have
demonstrated gas flow alignment with varying degrees of success. Law et al.’? found, for
electric field alignment, that plasma induced self-biasing and the resultant surface charging
effects on metallic electrodes were sufficient to align the nanotubes. Zhang et al.[® and Ural et
al.” reported similar alignment effects ascribed to electric fields of the order of 0.5-4.0
V/um. They argued that the nanotubes highly anisotropic polarisability induces large dipole
moments when they interact with the local electric field. This interaction produces large
aligning torques which govern the growth orientation. Blazek et al.** estimated the electric
field aligning force to be of the order of 10™° nN, a force approximately four orders of
magnitude greater than the weight of the catalyst particle. Hertel et al.”® estimated that a 10
nm wide nanotube experiences a Van der Waals surface binding force of the order of 35 nN,
supporting the observed nanotube termination in the density alignment experiments. Few
comprehensive attempts have been made in the literature to explain the orientation
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Figure 6.4 | Microelectrode / local electric field stage design. (a, b) Stage cross-section and plan
schematic. (c) Image of the stage and substrate during typical synthesis.

mechanism involved. Chen et al.F®

proposed a so-called kite mechanism. Here the catalyst
particle, located at the nanotube apeX, is pulled in the direction of the prevailing electric field
at an angle from the substrate. When growth terminates the nanotubes relax and fall to the
substrate where they become strongly bound. Huang et al.*”! presented a similar mechanism,
whereas Yu et al.®”! postulated that charged species form bonds along the electric field
direction and that the nanotubes can only grow if they align to the electric field. Tanemura et
al.®® suggested that the alignment effect may be a result of an excess of electrostatically
attracted positive charge ions at the nanotubes tip. They concluded that the plasma, composed
of positive ions as opposed to radicals or excited molecules, plays a decisive role in the

alignment by reducing the lateral mechanical stress exerted on the nanotubes.

6.2.1 Local Horizontal Electric-Field Alignment

Nanotubes were grown by T-CVD using 200:50 sccm (NH3:C,H2) with W electrodes on
Si/SiO, (200nm) substrates, separated by a 50 um gap were photolithographically defined. A
Ni catalyst strip or 80 nm catalyst dots (Al,O4/Fe - 10/1 nm) were patterned between the
electrodes using poly(methylmethacrylate) (PMMA) mediated electron beam lithography.
Figure 6.4 shows the (a, b) equipment setup and (c) an optical micrograph during growth. The
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samples were electrically isolated from the heated graphite stage using ceramic spacers to

prevent charging of the underlying Si.

o
=
3

3
IR
s ;';‘r#.

Post-Syn. E-Field

Local in-situ E-Field (2 V/pm)

Figure 6.5 | Local electric field alignment. (a) T-CVD (no
electric field), (b) Vertical PE-CVD. Applying an electric field
after growth; (¢) As-grown (T-CVD), (d-f) post-growth
application of electric field (6 V/um). HV denotes high voltage.
(9-)) In-situ electric field (2 V/um) during T-CVD.

Figure 6.5(a,b) show SEM
micrographs of a catalyst
sample grown by T-CVD
(700°C, 900 s) and traditional
vertical PE-CVD, respectively.
No horizontal bias was applied
in either case. The catalyst is
clearly active and nanotubes
grew to 3 um in length and ~75
nm (PE-CVD) and ~77 nm (T-
CVD) in diameter. To
investigate the degree of
interaction between the
nanotubes and local electric
field, DC fields were applied
following T-CVD. Figure 6.5
shows an SEM micrograph
before (c) and after (e-f) the
application of a DC electric
field of ~6 V/um. The
nanotubes strongly interact
with the electric field and
become increasingly laterally
dispersed by up to 20 um. The
similarly wide distribution of
catalyst particles would also
suggest that the catalyst
particles also interact strongly
with the field and that tip
growth is ultimately
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Figure 6.6 | Global electric field reactor. (a) Horizontal PE-CVD reactor. (b) Typical potential
variation in a DC glow gas discharge plasma. (Typical process conditions: 50 W / 700
V, 700°C, 200:50 sccm, 3 mbar).

preferential supporting the posits of Chen et al.l*®!. Figure 6.5(g-j) shows SEM micrographs of
T-CVD synthesised nanotubes where a horizontal bias (~2 VV/um) was applied during growth.
Catalyst dots (Figure 6.5(j)) showed little interaction with the field, perhaps due to a root
growth which would support previous conjectures. Ni catalyst strips showed encouraging
results with some tubes as long as 10 pm though linear densities were low (~100 mm™).
Variations in alignment are a product of disparities in the electrode fabrication though

alignment can certainly be attributed to the electric field given the extremely linear growth.

6.2.2 Horizontal PE-CVD Reactor

Other than the low-linear densities, a major limitation to local electric-field alignment is the
requirement for microelectrodes patterned on the substrate. These structures interfere with
post-growth processing and device fabrication. Substrate independent electrodes obviate the
limitations of the patterned electrode. The electric field can then be applied across the entire
sample. Such an approach has been widely demonstrated in a vertical context; however to the
best of the author’s knowledge, no one has hitherto demonstrated such alignment in a planar
context. A new horizontal nanotube PE-CVD reactor was modelled, designed and fabricated.
Figure 6.6 shows an optical micrograph of the reactor during a deposition. It consists of two
1.5 x 70 x 70 mm polished stainless steel electrodes. The cathode / gas inlet (right) is
electrically grounded and the anode / gas outlet (left) is attached to a turbomolecular vacuum
system that is electrically connected to a variable high-voltage DC supply (0-1000 V). The

electrode separation can be altered by adjusting the ceramic spacers. The sample is ohmically
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heated using a 0.13 x 10 x 100 mm graphite stage with a quartz, electrically isolating, cover-

sheet. The entire reactor is enclosed in an evacuated quartz bell jar.

It has been widely postulated that, as for vertical nanotube growth, alignment is achieved
by anisotropic torque induction within a narrow plasma sheath®®. This sheath exists in the
narrow glow region, ~3 mm wide, adjacent to the biased cathode. For a collisionless, quasi-
neutral, Child’s law ion sheath (Figure 6.6(b)) of electron temperature (T.) and glow potential
(Vp), the relation between the sheath width (S), charge carrier density (n) and cathode

potential (Vo) is given by!* 4!

Szﬁh(wj 5.1)

3 KTe
where ¢, is the permittivity of free space, k is Boltzmann’s constant and e is the electronic

charge. The Debye length (Ap) is given by;

gokTe
Ap= / 2 (5.2)

where ne is the electron density. Combining (5.1) and (5.2), assuming quasi-neutrality (n~ne),

gives;
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Figure 6.8 | Langmuir probe measurements. Typical Langmuir probe plot of the extracted probe
current (1) at a given bias (V). Insert: Probe geometry.
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Figure 6.9 | Power dependence. Variation in (a) electron density and (b) electron temperature with
power. (Typical plasma conditions: 700°C, 3.2 mbar, 200:50 sccm). Error bars: 4 %
power variation. Functional fits as indicated.

S= K)\/03/4T97U4ne71/2 = K\\/o3/4 F (Te, ne) (53)
where & = (6.12x10%) m*?Vv3"*KY* and F(Te,ne) denotes the (reactor) pressure and (plasma)

power dependence of the electron temperature and the electron density. Note that the plasma
potential Ve <<V o, Where Ve ~5V and Vo>500V. Typical data (V~600 V and n=10"" m™)
gives a 1.6 mm sheath for Te ~1.5x10*K 1) Equation (5.3) suggests that the sheath width is
strongly dependent on the electron density and weakly dependent on the cathode bias. The

derived dependencies are illustrated in Figure 6.7, where typical vertical nanotube synthesis

bias (Vo ~600V) and electron density ( ne ~ 8.2x10"° m™) have been indicated (black dot) for
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Figure 6.10 | Pressure dependence. Variation in (a) electron density and (b) electron temperature
with reactor pressure. Functional fits as shown. (Typical plasma conditions: 45 W /
550 V, 700°C, 4:1 gas ratio). Error bars: noted 3 % pressure variation. Functional fits
as indicated.

clarity. Figure 6.7(b) suggests a plausible three-fold reduction in the electron density will

result in a ten-fold increase in sheath width.

To investigate the variation in S with process conditions the pressure dependence of the
electron density and electron temperature have been inferred from measurements made using
a cylindrical Langmuir probe of length 10 m; radius, r = 0.25 x 10 m and exposed surface
area, Aexp ~10™ m? as depicted in the insert of Figure 6.8. The probe was inserted into the
plasma sheath under typical process conditions of 4:1 (C,H2:NHs) at 700°C. The probes tip
was 2-5 mm from the cathode centre in the glow discharge region. Following 300 s of plasma
stabilisation the reactor pressure was reduced by either throttling the attached roughing pump
or varying the input flow rates, followed by a second plasma stabilisation period of 300 s. The
reactor pressure was varied from 2.5 to 6 mbar and the 1-V characteristics were recorded
using a Velleman DVM890. The probe bias was incrementally increased from 0 to 25 V using
a Manson EP-613 source. The effect of the plasma power was also investigated. The power
was incrementally increased for a fixed reactor pressure and the 1-V characteristics recorded

as before. Figure 6.8 shows a typical measured I-V characteristic.

Assuming equal electron and ion densities!* (ne ~ n. = n) the corresponding currents are;

le,+ = [%) NA exp ec_:e,+ (54)

where the subscripts ‘e’ and ‘+> refer to the electron and ion quantities respectively and C is

the mean charge carrier velocity, given by;
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Figure 6.11 | Limiting cases. Illustrative examples of (a) typical and (b) optimal sheath width
highlighting the magnitude of the associated lateral electric field.
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where the mass of the charge carriers (me, m+) are known. The measured current is the sum of
the electron and ion currents (| I |=| le| +] 1+|). However, Te>>T. (. Ce>>C-) and hence
| 1|~ le|]. The electrons exhibit a Maxwellian energy distribution which modulates the current

accordingly to give[43];

—eAV ) 5:6)

| = |eexp( T

e

where AV (=Vp,—V ) is the potential difference between the plasma and probe. The electron

density can now be found from equation (5.4). The parameters Vp, I. and T. are empirically

accessible through the Langmuir probes I-V data (Figure 6.8). Therefore, for typical process

conditions®, ne = 2.5x10" m™® and T.=0.7eV; values which show excellent agreement with

those reported by Blazek et al.®*.

The electron density linearly increases with plasma power (Figure 6.9(a)), a similar trend to
that reported by Desai et al.*?, and quadratically decays with pressure (Figure 6.10(a)). The
electron temperature is independent of plasma power (Figure 6.9(b)) and exponentially

decays, with a transient of 0.7 mbar™, with increasing reactor pressure (Figure 6.10(b)).

3.2 mbar/ 50 W/ 550 V
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Sheath elongation is therefore possible by decreasing the plasma power. The electron density
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Figure 6.12 | Global electric field alignment. SEM micrographs of; (a) PE-CVD horizontally grown
nanotubes on SiO, / 25 nm W /5 nm Fe thin-film. Top insert: Schematic stack cross-
section. Bottom insert: Profile scan showing a liner density of ~5x10* cm™. (b) high
magnification image of the area highlighted in (a). (Typical growth conditions:
C,H,:NH; = 200:50 sccm, 800°C, 1800 s). W/Fe deposited by DC magnetron sputtering
employing a shadow mask technique. Poor alignment of the W/Fe layers resulted in the
presence of Fe nanoparticles which may have contributed to growth deactivation.

and temperature decrease with increasing reactor pressure, consistent with the data of Shah et
al.”®! and Desai et al.l*. Thus, increasing the reactor pressure tends to increase the sheath
width. The measured trends conflict. To increase the sheath width the pressure must be
increased (to decrease n.). However, the sheath width also increases at low pressures (to
increase Te). A more detailed functional dependence on n. and T. must therefore be
evaluated. Equations (5.7) and (5.8) show the functional fits, where 9= plasma power, and

where separation of variables has been assumed for ne(P,8) .

_ €
Te(P) = { k x5.8exp(—o.7p)} S

ne(P, 8) = k' Ne(P)ne(#) = (1.74x10")(—0.16P? + 0.98P +1.19)(0.0346 —0.23) (5.8)
where x' represents an averaging term which negates the scaling effects introduced by the
assumed separation of variables. Equations (5.3), (5.7) and (5.8) can be combined to give a
sheath width of the form S =S(Vo, P,8). Hence,

S(Vo, P,0) = kVo™*F (Te, ne)
= iV *Te(P) V*ne(P, 0) (5.9
= Vo™ Te(P)™“[x" ne(P)ne(9)]
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Functional fits indicate that processing conditions of 7 mbar and 25 W (~1000 V) are

necessary to achieve a sheath width comparable to the substrate dimensions (~7 mm).

Figure 6.13 | Global electric field alignment. (a) SEM micrographs of an Al,O,/Fe sample grown in
the horizontal PE-CVD reactor (435 V/ 15 W). F denotes the direction of the electric
field. (b) Str37=0.5 using the global alignment rig. The reactor imparts horizontal
alignment. (c) Accidental tearing of a MWCNT forest suggested alternative mechanical
routes to alignment.

Estimates support the conjecture that sheath width extension can be facilitated by increasing

the controllable plasma power and reactor pressure.

Note that the Debye length is ~22 um, and is much smaller than the characteristic
dimensions of the reactor (~1 mm), indicating a stable and largely collisionless plasma,

thereby corroborating the validity of the proposed model.

The reactor was designed such that the catalyst samples were mounted with the gas flow
parallel to the substrates surface. This gas flow may enhance or degrade the degree of
alignment. If the flow is turbulent then electric field alignment may not be observed. The
magnitude of the forces relating to the turbulent flow may very well dominate those
associated with the electric field alignment, ~0.5 UN for nominally 45° misalignment!®l. The
flow regime must therefore be considered. The Reynolds number associated with the chamber
is given by Re=UL /v where U is the free-stream flow velocity, v = u/ p is the kinematic
viscosity (the ratio of the dynamic viscosity to density) and L is a characteristic dimension of
the flow-perturbing feature. For an ideal gas a Reynolds number of ~100 is estimated, based
on the data of Sun et al.*®! on the density and kinematic viscosity of what is a predominately
an NHs flow at 3.5 mbar (250 sccm) / 700°C, which indicates a predominately laminar flow
(turbulent flow — Re > 2300). Thus, in principle, limited alignment degradation should occur

as a result of the feedstock/passivation gases.
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6.2.2 Horizontal PE-CVD Reactor

The documented model has so far focused exclusively on the extension of the plasma
sheath. Consider the two extreme cases of sheath extension illustrated in Figure 6.11.
Evidently the electric fields lie somewhere between 0.1-0.5 VV/um. The combined findings of
[8. 22,47, 481 jndicate that an electric field in the range of 0.1-2.0 V/pm is necessary, values that
are consistent with these extremities. Note, also, that Jang et al.”®®! reported negligible
improvements in the alignment ‘quality’ for fields >2.0 V/um, whilst Ural et al.?? found an
optimal field of 0.1 V/um. The required alignment fields are evidently accessible with the

proposed reactor.

W (25 nm)-supported Fe (5 nm) samples were prepared by photolithography and
magnetron sputtering. Metallic supports were intentionally used to minimise the interaction
between the growing nanotubes and the Si/SiO, substrate because, as determined in the
previous studies, strong substrate interactions between the nanotubes and surface inhibits
growth substantially. Catalyst samples were loaded into the reactor following an acetone and
IPA degreasing step and nanotubes were grown at 800°C. Low gas flows were intentionally
used (<300 sccm ~1.7 cm/s) to avoid turbulent interactions and to ensure the alignment was
solely attributed to the electric field. Indeed, Xin et al.®¥ showed, in a gas flow cell, free
stream velocities of up to 9 cm/s were necessary for gas flow mediated alignment during T-
CVD. Figure 6.12(a) shows an SEM micrograph of a typical alignment. As in the local
electric field case the surface appears to passivate the growth. Nonetheless, samples showed a
high mean linear packing density of 5x10* cm™. Al,O,/Fe planar catalyst samples were also
considered (Figure 6.12(a)). The synthesised nanotubes demonstrated a Str37 of 0.5 (Figure
6.12(b)). The horizontal electric field aligned the nanotubes. Unfortunately, high catalyst
density resulted in areas of misalignment due to strong randomising inter-nanotube
interactions and therefore a reduction in catalyst density would be favourable. Nevertheless,
to fully exploit aligned nanotubes in many applications, significantly longer nanotubes are
necessary and various time-consuming techniques (most likely polymer-mediated) must also
be developed to transfer the nanotubes from their optically opaque growth substrates to
optically inactive substrates, such as quartz. During experimentation it was noticed that, when
accidentally scraped, forests tore and the edge nanotubes became aligned, as illustrated in
Figure 6.12(c). This spurred investigations into alternative routes toward alignment that
promised a simple methodology and substrate-free alignment.
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6.3 Large-Scale Alignment by Solid-State Peeling

Although the techniques developed above offer viable approaches to nanotube alignment, the
demanding electrode and catalyst patterning processes limited scalability, both in terms of
nanotube length and mass production. Practical devices require larger scales. The
development of a simple, low-cost approach capable of spanning significant lengths (mm)

was necessary. Therefore a mechanical peeling technique was investigated.

Degenerately phosphorus-doped, 200-nm-thermally-oxidised, n-type <100> Si substrates
were degreased in an ultrasonicated acetone bath and rinsed with IPA, DI water and blown
dry with ultra-high purity N,. 101 nm Al,Oy (99.99%) was magnetron sputtered and exposed
to atmosphere and a 1+0.1 nm thin-film of Fe (99.95%) was thermally evaporated at a rate of
0.02 A/s (Lesker PVD 75). Catalyst samples were then transferred to the T-CVD system
evacuated to a base pressure of 3x10® mbar which was then pre-pressurised to 261 mbar,
prior to heating, in a diluted C,H, (4% in H,) atmosphere. The resistively heated graphite
stage was then ramped at 5°C/s to a growth temperature of 700°C. Growth initiation was
observed at ~510°C. Growth was terminated after 600 s by evacuating the chamber to <107
mbar and cooling the stage to ambient temperature. No post-growth treatments were
performed. For clarity, Figure 6.14(g) shows the mass spectrum of the neutral species under

the stated growth conditions probed downstream of the CVD chamber*

. Hydrocarbon
species over 80 amu were negligible. For the given CVD synthesis conditions, the growth rate
monotonically decreased with increasing feedstock exposure time. Initial growth rates were
extremely high, ~800 nm/s. Nanotubes were ~300 um in length, with diameters of 25.4+13.3
nm consisting of 2-5 walls (Figure 6.15(a)) determined using SEM (Zeiss 50 and FEI Philips
XL30 SFEG), HR-SEM (In-lens field emission Hitachi S5500), HR-TEM (FEI Tecnai F20)

and AFM (Agilent 5400).
Nanotube membranes were fabricated using a similar technique to that first reported by

Xiao et al.’% ® in 2008. Figure 6.14(a) illustrates the process. Kapton tape was carefully
attached to the edge of the source MWCNT forest. The tape was retracted at an approximate
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rate <10 m/s to form a highly aligned nanotube membrane (Figure 6.14(c)), which is

structurally maintained by inter-nanotube Van der Waals forces. Figure 6.14(d-f) show a
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Figure 6.14 | Nanotube membrane
fabrication. (a)  Cross-sectional
schematic of the fabrication procedure
showing an Al,O, (10 nm) / Fe (1nm)
catalyst on a Si/SiO, support. (bg
Optical micrograph of a 16 x 4 mm
suspended MWCNT film. (c) Optical
micrograph of a MWCNT film
extruded at an rate of 10% m/s. (d-f)
SEM micrographs of a MWCNT
membrane highlighting the strong
inter-MWCNT surface Van der Waals binding mechanism. (g) EQP mass spectrum of the
background and growth atmosphere (neutral species) probed downstream of the thermal CVD
chamber during carbon precursor exposure (C,H, (4 sccm):H, (196 sccm), 25 mbar, 700°C).

typical membrane in more detail. The ability to easily fabricate crossed arrays, potential

nanostructured metamaterials, is demonstrated in Figure 6.14(e).

Figure 6.15 shows the Raman spectra before and after the peeling process. Extruding did
not increase the crystallographic disorder. The spectra at various central locations of an
extruded membrane, have D, G and G’ peaks at 1356.0 cm™, 1588.6 cm™ and 2692.7 cm™,
respectively, and an Ip/lg ~ 0.42-0.85. Low D-G ratios, such as this, indicate relatively high
defect densities, characteristic of low-temperature nanocrystallites. Raman spectroscopy is a
spatially averaging technique (probe spot size ~1 um?). Hence, the lack of reproducible and
often weak radial breathing mode supported the HR-TEM data and points towards a very low
SWCNT content. This macroscopic uniformity was further supported as the measured Raman
signatures which showed fairly modest spatial variation.

A major benefit of membrane fabrication is not only that the process is epoxy and binder-
less and substrate-free, but also the incredibly efficient use of the source material. Films can
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be extruded to span significant lengths. A 10 mm? sample, with a modest packing density of

7x10' cm™®H, could be drawn into a ribbon approximately 335 m in length.
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Figure 6.15 | MWCNT crystallographic characterisation. (a) Wall distribution. Insert: HR-TEM
micrographs clearly showing the graphitic walls of the MWCNTSs. Samples nominally
had between 2 and 5 walls. (b) Raman spectra (633 nm, 3 mW) of a MWCNT forest
synthesised under standard conditions and after peeling. Insert: Optical micrographs of
the measured location. Spectra A (red) was measured on the extruded membrane,
whilst B (blue) and C (green) pertain to the as-grown MWCNT forest.

6.3.1 The Unambiguous Photoresponse of MWCNTs

The wideband photoresponse of the as-synthesised suspended (substrate-free) anisotropic
MWCNT membranes fabricated by the peeling technique is presented here. MWCNTS
photoconduct though the exact mechanism by which they do so is unclear®**. MWCNTSs are
of specific interest due to the large number of concentrically nested cylindrical walls which
provide enhanced active surface areas, large photon absorption depths and multiple charge
carrier pathways. The well-defined environmental thermal link, quantifiable and controllable
inter-tube junctions and the potential for polarisation selective photo-responsivity are all

advantageous features.

Due to the complex band structure of MWCNTs some debate still exists over the
underlying mechanism(s) associated with the observed photoconductivity, warranting the
development of modified experimental approaches. To-date most studies have employed
ultrasonicated and chemically treated material on Si and SiO, substrates. This processing
modifies the electronic structure whilst the use of various differing surfactants, as shown in
Chapter 111, invariably introduces inconsistencies across studies. Nevertheless, such studies

did highlight a number of potentially important mechanisms including; (i) band gap and inter-
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Figure 6.16 | Broad spectral absorption. (a) UV-Vis-FIR transmission (T%) spectrum under
ambient conditions. NIR-MIR (2.5-13.5 um) spectrum atmospherically compensated
and averaged over the area highlighted in (c). Insert: Fourier Transform-Infrared (FT-
IR) spectrum highlighting the CO, CO, and H,O (O-H stretching mode) absorption
peaks. (b) Optical micrograph of the inspected area. (c) Averaged full-range MIR
absorbance map (v=580-4000 cm™). (d) Typical co-added (and atmospherically
corrected) MIR spectrum extracted from a single 5x5 um pixel (-4817, 1225 pm) of
the IR absorbance map in (c).

band transitions of free charge carriers®® >, (ii) low-energy exciton generation®®, (iii) direct
thermal (bolometric) stimulation®* 53!, (iv) interface-barrier modulation (Schottky)™* > and
(v) photo-sorption of weakly bound surface species®®. Stokes et al.® and Castrucci et al.!®
showed that interfacial effects, such as electrode-nanotube and Si/nanotube
heterojunctionsi®®, also played a critical role and have been widely interpreted through a
Schottky barrier model. Most studies have based their speculations on largely inappropriate
experimental platforms and improved device structure and material purity are necessary

before truly convincing data sets and arguments can be presented.

Bolometry, the direct heating of a material which adjusts its electrical resistance, is perhaps
the most widely adopted model. Bolometry is challenging to validate due to the difficulties in
measuring local temperatures accurately. It may also be immeasurably weak if the thermal
link between the nanotubes and the environment is sufficiently high. Reducing this thermal

link to the environment is necessary to enhance bolometric effects (if this mechanism were
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indeed dominant). Evacuation is one way to achieve this. Another approach is to suspend the
active material®. In this sense, the nanotube membranes show obvious advantages over
solid-state materials, such as PbSI®® and PbSel®. Moreover, the naturally suspended inner
shells of the MWCNT provide an ideal configuration. Nevertheless, it has, until recently, been
difficult to suspend macroscopic films of chemically untreated MWCNTS, especially over the
relatively large distances necessary to obviate electrode interface effects. In conventional thin
film bolometers the volume of the absorbing material is typically 0.1 pm® and minimising this
volume is critical to improve performance. Again, nanotube-based sensors offer appealing
performance enhancements here. To irrefutably evidence and understand the underlying
photoconductivity all extraneous interfaces must be removed; namely, the substrate and
electrodes, whilst sample preparation must proceed without any post-growth chemical
processing. The nanotube membranes developed in the preceding section offer such a
platform. They are substrate-free, self-supporting and are devoid of non-nanotube interfacial
charge traps and heterojunctions. Moreover, their comparatively large-scale means that
samples can be optical stimulated without exposing the metallic contact interfaces. Colloidal
Ag-anisol electrodes were deposited directly on the membranes with a longitudinal (parallel
to the peel direction) and transverse (perpendicular to the peel direction) separation of 3 mm.
Samples were mounted in header packages or polymer supports and were electrically

connected using 30 pm Au wire.

Carbon nanotubes absorb over a wide spectral rangel®®". Figure 6.16(a) shows the broad
spectral transmittance (T%) from the ultraviolet (UV, 300 nm) to the far infra-red (FIR, 330
pum). Uniform absorption of 30+£10% is noted throughout. To the best of the author’s
knowledge this is the first measurement over such a broad range for truly pure MWCNTS.
Membranes offer an extremely useful platform to investigate the broad-range optical
properties of the MWCNTSs without limitations from the carrier substrate. Separate samples
must typically be prepared to perform such broad range scans, but not in this instance. The
broad spectral measurements were performed at room temperature using an ATI Unicam
UV2, UV-vis-NIR (0.25-1.1 pm) spectrometer; Research Series Fourier Transform NIR-MIR
(2.5-13.5 pm) spectrometer; and a co-added (atmospherically corrected) Perkin-Elmer
spatially resolved Spectrum 400 Fourier Transform mid-IR (MIR) to FIR (50-330 pm)
spectrometer under continuous N, purge. Figure 6.16(b-d) shows the mean MIR absorption

map and an optical micrograph of the corresponding measurement area. The nanotubes absorb
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uniformly over their entire surface. Areas of increased packing density show greater

absorption.

Brennan et al.’® showed that MWCNTSs are efficient low-dimensional media for
generating charge carriers due to the presence of van Hove singularities in the density of
states. Few theoretical band structure models have been developed on these complex systems
due to the largely immeasurable inter-tube interactions. As a result the intrinsic
semiconductivity of MWCNTSs is still unclear. A further point to note, more specific to
nanotube networks, is that samples have unavoidable statistical variability in the number of
metallic and semiconducting nanotubes. In low-density networks high proportions of
semiconducting nanotubes may account for the photoresponse. Notwithstanding, Raman
(Figure 6.15(b)) and TEM data clearly indicates negligible SWCNT content. However,
consider a band gap related photoresponse. Assuming incommensurate, outer wall dominance

the band gap, Eg, for the stated diameter range, is 21.3-68.1 meV, as calculated by!®8]

2703,
E, = OT (5.10)

where vy is the C—C tight-binding overlap energy (2.9 eV), a. is the nearest neighbour C-C
distance (0.142 nm) and d is the nanotubes diameter. For MWCNTs with d >32.9 nm,
ambient thermal excitations are suppressed. By way of a comparison, the typical band gaps of
(ideal, semi-metal) graphite, bi-layer graphene and semiconducting-SWCNTSs are 40 meV/[®%,
0.2 eV and 0.7 eV, The adjacent graphene layers comprising the MWCNTS are most
likely turbostratic in their stacking arrangement which greatly reduces the interlayer carbon-
carbon interaction relative to AA or AB graphite, and it is the strength of this interlayer
interaction that is responsible for the wider band overlap in graphitel’?. Xu et al.®”! estimated
a band gap of 0.14 eV for their highly ordered vertical MWCNT arrays. The estimate
presented here is approximately equivalent to the band gap of graphite. However, for a band
gap model to be truly valid one would expect a sharp absorption edge at a particular
wavelength in the transmission spectrum, given by;

Ar=— (5.11)

g

For the estimates above, this would indicate A*~39 um. No such cut-off was noted. Figure
6.16(a) evidences a rapid increase in transmittance (i.e. reduced photon absorption) for A>100
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Figure 6.17 | Broadband IR response. (a) Current response (100 pV bias) at a thermal ramp rate of
50°C/s. 30 mm heater-sample separation. (b) Detailed step response showing a current
variation of ~20% under direct IR exposure attributed to fluctuations in chamber
pressure with temperature.

um (Eq~10 meV). Although inconsistent with the band gap estimates, this cut-off edge is in

fact consistent with the activation energies estimated from the transport data given in Figure

6.25, which will be discussed in more detail later. However, for A>100 um, %T is greater than

38% which is substantial and hints at a concurrent or, more likely, alternative

photoconductive mechanism. Note though that these band gap estimates implicitly assumes a

sample composed of only one MWCNT diameter. This is not the case and in reality a wide

diameter range would certainly smear the sharp cut-off wavelength. The membrane shows a

uniform response across an incredibly wide spectral window, much wider than most state-of-

the-art detectors, offering potential functionality as a truly ubiquitous photodetector for
optical, IR and sub-mm detection. Indeed, the wideband absorption of the membrane is
favourable compared to optical detectors based on PbS (Eq = 0.42 eV at 295 K), which has

A*=2.9 pm and PbSe (Ey = 0.23 eV at 195 K) with A*=5.4 um.

The membrane response to simultaneous thermal and optical stimulation is reported in
Figure 6.17. Measurements were performed by exposing the membranes to a heated black-
body source. The response was measured using a LABVIEW controlled and logged Keithley
6430 source-meter. The variation in the stimulated current correlates well with thermal
pulsing, as shown in Figure 6.17(a). Figure 6.17(b) shows in some detail a single thermal
ramp (red), the chamber pressure (green) and the thermal gradient (orange). Noise is a result

of the thermally stimulated fluctuations in the pressure. Pressure was manually controlled by
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Figure 6.18 | Broad spectral photoresponse Transient photoresponse during monochromatic lasing
at varied power densities in ambient atmosphere (1- -5x107 Hz). (a) 405 nm (violet, 1.0-
85.0 mW/mm) Insert 1: Variation in photoresponse W|th power densities (20.6-1.1
mW/mm?). Insert 2: Detailed 405 nm transient (19 mW/mm?). (b) 532 nm (green 2.50-
6.25 mW/mm?), Insert: Experlmental set-up, (c) 650 (red, 0.04-3.3 mW/mm?) and (d)
980 nm (NIR, 0.2-8.0 mW/mm?). (Black) Heaviside step-functions represents the on-
period of the modulated laser source. The sample is exposed in the shaded regions.

throttling. Samples were supported on an alumina frame and were placed 30 mm from the
heated stage. W wires connected the sample to the ambient feedthroughs. The chamber was
evacuated from atmospheric pressure to 10° mbar. The stage was thermally ramped at
~50°C/s from room temperature to 900°C and was manually modulated. A W wire control
was prepared which exhibited a significantly lower sensitivity indicating that the observed
response was a product of the MWCNT membrane rather than the contacts or lead wires.
Measurements were inconclusive with regards to the response mechanism(s). Nonetheless,
bolometry, band effects (optical) and absorption effects (pressure) were all implicated to
varying degrees. Despite uncertainty in the mechanism, currents of up to 400 nA and decay

time constants of the order of 5 s were observed which encouraged further studies.
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6 I Time-dependent photoresponse
14 980nm B
1" 650nm : measurements during monochromatic
5+ 532 nm X
{® 405nm . . ; lasing were performed using an HP
E A A A s
4 . ‘ 5 33120A function generator (0.1 mHz -
X ] :

‘:'J' 3 o 15 MHz) modulating a Thorlabs
g semiconductor laser diode (A = 405,
2 o . .

» 532, 650, 980 nm) with a spot size,
14 L Agot = 1.3x107 m?. Optical filters
0 2 - B o of were placed in the beam path to ensure

01 1 10 100 narrow band exposure (Insert, Figure

. 2
RopesDenshmwmey) 6.20(a)). Incident intensities were

Figure 6.19 | Incident photon-to-electron-conversion monitored using a calibrated Si
efficiency. IPCE (%) as a function of wavelength and

power density. photodiode (Thorlabs). A source-to-

sample separation of 60 cm was used
throughout. All experiments were carried out under constant voltage mode operation (100 pV,
unless otherwise stated) to minimise electro-absorption artefacts!™. The incident beam was
passed through a chopper and lock-in amplifiers were employed. Photocurrents were sampled
using a HP Semiconductor Parameter Analyser with sub-pA resolution. For all experiments
the optical stimulus was focused at the centre of the membranes. All optical measurements
were performed in air at room temperature. Membrane temperature was immeasurable given

the experimental set-up.

Figure 6.18 shows the transient photoresponse during A = 405, 532, 650 and 980 nm
irradiation at various power densities, p(A) from 1-85 mW/mm?. The measured photocurrents
are irrefutable evidence that the MWCNTs themselves are photoconductive over a wide
spectral range, rather than any residual surfactants. Similarly, the measured photoconductivity
is independent of substrate and electrode interface effects — which, although they may
enhance or augment the observed photoconductivity, certainly do not account for it. Local
heating effects where minimised by modulating the exposures. Note also that the driven
currents (<500 nA) were insufficient to induce significant self-heating, validated by the zero
steady-state drift in the photoresponse. Room temperature photoresponses of up to 154 %
were noted. Relatively high dark currents were noted (60-100 nA). High dark currents reduce

sensitivity to low-level exposure and permit signal screening by ambient thermal excitation.
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The incident photon-to-current efficiency (IPCE) is a widely employed performance metric

and is defined as the fraction of incident photons that contribute to the measured photocurrent.
The IPCE takes the general form®;

IPCE (%) {

100hcl (1)
eAp()A

J (5.12)
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where h is Planck’s constant and c is the speed of light. The IPCEs (Figure 6.19) under red
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Figure 6.20 | Photoresponse performance. (a)
Decay time constants (t) for varied p(X) and A. Insert:
Optical spectra showing narrow-band illumination.
(b) Variation in the on-off ratio (lon/lor) and AT (ZIgn-
lotr) for incident A at varied p(A). [Exponential fit, I(A)
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(650 nm) and near-IR (NIR, 980 nm)
irradiation are ~4.5% and are more than
one order of magnitude larger than the
405 nm (blue) and 532 nm (green)
stimulation (~0.4%). The presented NIR
IPCE is more than ten times larger than
the values reported by Khakani and co-
workers®®.  Studies on  solution
processed SWCNTs on quartz substrates
realised quantum efficiencies of around

1.5 %™,

The dynamic response data (Figure
6.18) fitted wusing I(A)
lo+1*.exp((to-t)/T), where I(A) is the

wavelength () dependent photocurrent, t

was

is the time and t is the decay constant.
Figure 6.20(a) shows the decay constant
as a function of the power density, p(A).
Decay constants were largely
independent of A and p(A) and were
consistently of the order of 2 s. The time
constants extrapolated from the transient

photoresponse measurements agree well



6.3.1 The Unambiguous Photoresponse of MWCNTSs

Figure 6.21 | Elemental content and distribution. Energy dispersive X-ray for the ko transitions of
(a) carbon (C), (b) oxygen (O), (c) silicon (Si) and (d) aluminium (Al). Uniform
distributions are noted for each. Insert: SEM micrograph of the measured MWCNTS.

with the decay constants estimated from the simultaneous photo and thermal excitation
(Figure 6.17), suggesting the activation of the same underlying mechanism. The transient
photoresponse measurements also crudely suggest a bolometric response which is known to
demonstrate decay constants of 1-100 ms©®?. The decay constants also imply that the response
is unlikely to be band gap related as exciton recombination in semiconducting SWCNTSs occur
on a time scale of <100 ps, at room temperaturel™. Band gap effects are further dismissed due
to the similarities in modulation depths at different wavelengths. Nonetheless, slow decays
have been explained via exciton formation and charge carrier diffusion due to the low
mobility of the interconnected networks for semiconducting nanowirest”® . Ham et al.l”®
reported decay constants and modulation depths, similar to those above, for SWCNT samples
on quartz supports. They argued the dominance of optically activated electro-absorption.
However, fixed potentials were ensured throughout experimentation and such effects require
high semiconducting populations, which (as previously stated), given the transport and Raman

characteristics, is not the case.
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Figure 6.20(b) summarises the
variation in on-off ratio, (Ion/loff) and Al
(=lon-lofr), for incident A for varied p(A).
in current

the

The change is directly

proportional to incident power
density, consistent with Stoletov’s law
for the photoelectric effect in irradiated
metals, which strongly argues against

inter-band transition modelst®®.

The measured photoconductivity is
bulk

phenomenon. Bulk phenomenon relate to

either a surface or related
band gap or bolometric effects, whereas
surface effects are primarily governed by
the addition or removal of specific
surface species / absorbates. Oxygen is
one such commonly implicated species.
In ZnO NWs, oxygen produces shallow
traps. UV generated holes neutralise
surface-bound oxygen ions and liberate
This the

Given

increases

that

electron.

conductivity™®!.

an
an
appropriate band gap is unlikely to exist
the general mechanism almost certainly
differs. Nonetheless, surface and band
structure modification through oxygen
absorption warrant some investigation.
Various experimental studies have

demonstrated that the  electronic
properties of semiconducting SWCNTSs

are extremely sensitive to various gas
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6.3.1 The Unambiguous Photoresponse of MWCNTSs

molecules™ &, The insert of Figure 6.16(a) shows the Fourier Transform infra-red (FT-IR)
spectrum of a MWCNT membrane. Spectra were base-lined against atmosphere. The main
transmissions occur in the NIR regime. The C-O (CO, CO;) and H,O (O-H stretching
vibration) groups have signatures at 2400 cm™ and 3338 cm™#® indicating the presence of
water and/or oxygen or even trapped gases’®®. C=0 (1726 cm™), C-OH (1226 cm™) and C-O
(1103 cm™) peaks were weak and for the most part indistinguishable!®. Oxygen content was
independently verified by spatially averaged EDX spectroscopy (Philips XL30 SFEG
operated at 20 kV) and EDX mapping (Hitachi S5500 operated at 30 kV), given in Figure
6.21. EDX mapping indicated that the membranes were 88.4 At.% C, 10.4 At.% O, 0.4 At.%
Siand 0.2 At.% Al.

To investigate the effect of the gaseous atmosphere and the molecules therein, membranes
were loaded into a vacuum chamber and the conductivity monitored, using a Keithley 6430
source-meter, during evacuation. No optical stimulation, other than ambient, was present.
Figure 6.22(a) shows the variation in the room-pressure-normalised conductance as a function
of pressure. The membrane conductivity decreased by 3.5% over a range of pressures
exceeding six orders of magnitude. The trend supports the oxygen doping model, in that
oxygen enhances conductivity. Evidently, the removal or addition of surface-bound molecules
may very well account for the observed variation in conductivity, even in the absence of
direct stimulation. The insert shows a detail of a logarithmic fit to the data across the 1-6x10°

mbar range.

To dissuade bolometry-based arguments in favour of oxygen adsorption, the oxygen
content was monitored by EDX in an evacuated chamber (5x10° mbar) before and after in-
situ 405 nm laser irradiation. Prior to exposure membranes contained 5.24 At.%, whilst
following exposure the oxygen content increased by ~0.5% (Figure 6.22(b)). Oxygen was
sourced from the chamber ambient. Trace elements did not vary. Lasing tends to increase the
oxygen content, which, by implication increases the conductivity. Thus would suggest that
lasing stimulates oxygen absorption. To corroborate this and to determine whether binding
occurs as a result of heating, EDX spectra monitored the oxygen content during thermal
stimulation (300-500 K). Figure 6.22(c) shows the variation in oxygen as the temperature is
ramped (<4°C/min) (blue) and cooled (red). Chamber pressure was constant throughout. The

oxygen content increased with temperature. Above a critical temperature (~120°C), oxygen
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content increased rapidly. Interestingly, Figure 6.22(c) suggests that heat must be maintained
to maintain elevated oxygen content. The data strongly suggests that binding is reversible and
transient. The data is consistent with the hypothesis that laser exposure heats the membrane,
although to a relatively minor degree (<50°C. Figure 6.22(b, c)). Thus, it would seem that
surface modification by the adsorption of oxygen accounts for the varied conductivity, as
when thermally excited, either by direct heating or by lasing, oxygen binds to the nanotubes
which increases the conductivity®. Collins et al. B showed that under atmospheric oxygen
carbon nanotubes are 15% more conductive than when under vacuum (<10 mbar) compared
to the 3.5% variation noted previously. They however did not estimate the degree of oxygen
saturation. All three data sets in Figure 6.22 support these findings.

Figure 6.21 shows an EDX map of the MWCNTSs. Oxygen is uniformly distributed across
the nanotube, though whether this distribution is throughout the bulk or surface cannot be
determined. Nonetheless, the uniform distribution may account for the large photoresponse
given the large active area. Trace Al and Si are residues from the growth substrate. As-
synthesised MWCNTs are most likely oxygen-saturated (mass spectrum, Figure 6.14(g))
which tends to reduce the bulk resistivity via charge doping owing to contact potential
variations and surface polarisation®®®. Data presented thus far suggests that oxygen binding is

triggered by optical excitation and heating therein. Indeed, Levitsky et al.®!

proposed that
electron-plasmon excitation facilitates charge transfer to physisorbed molecules, leading to
stimulation and relaxation transients of the order of 5 s, which is comparable to the relaxation

times estimated in Figure 6.17 and Figure 6.20(a).
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Consider the photoresponse and transport characteristics in Figure 6.18 and Figure 6.25.
Itkis et al.*? argued that the change in conductivity was purely bolometric (i.e. heating).
However, data presented here indicates otherwise. To increase the conductivity by a factor of
two, as indicated by the photoresponse data, requires an increase of temperature of ~500°C.
Such heating would unquestionably degrade or even thermal decompose the MWCNTS in
oxygen rich atmospheres (i.e. air). Thermogravimetric analysis (TGA), for an air standard
atmosphere, revealed that the MWCNTSs thermally decompose at ~675°C (extrapolated onset
temperature). Measurements were inconclusive regarding increased oxygen binding. Any
possible increase in weight, attributed to thermally stimulated oxygen binding, as a function
of temperature was below the detectable limit of the apparatus. Nevertheless, data suggests
that that it is indeed viable to heat to 500°C without subliming the MWCNTSs and goes
someway to validate the inferred extreme heating during lasing. Indeed, the lack of thermal
decomposition is also evidenced in the transient photoresponse data. If the MWCNTSs did
thermally decompose a decay in the measured photocurrent (as the conducting pathways
resistance increased) with exposure time, would have been apparent, which it was not. The
peak currents were consistent between pulses (Figure 6.18). Nevertheless, it is physically
implausible that the carbon lattice would heat by such an extent within the transient exposures
(<5 s). However, the extremely high specific heat of the electrons (compared to the lattice),
their long residency time and the low electron-phonon-dominated lattice interactions would
suggest that the electrons most likely do. Weak thermal coupling between the electrons and

lattice produce a hot electron population. This hot electron model goes some way towards
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explaining a bolometric response. The electrons have high-energy and as a result observe less
potential features, such as scatter sites, resulting in an increase in membrane conductivity.
However, the presence of a hot electron population is largely speculative due to measurement
difficulties. Furthermore, the extrapolated time constants argue to the contrary. The decay
associated with such processes would differ for the positive and negative going slopes. The
leading edge would express a time constant of approximately milliseconds®®™ due to the high
specific heat of the electrons, whereas the negative-going slope would be much slower as it
would be dominated by lattice cooling. In addition, to derive a hot electron population,
metallic bolometers often require cryogenic temperatures®. Nevertheless, given the
nanotubes wide ranging dissimilarities to standard metals, a hot electron population could
potentially account for the promotion or breaking of chemical bonds between the lattice and

surface absorbates.

Surface molecular oxygen (O,) can be chemisorbed (bound by the formation of a chemical
bond) > %4 or physisorbed (bound by the transient dispersive van der Waals electrostatic
forces)®* 9?1 These bonding types are extremely different in regards to their binding energy
and implications on the nanotubes electronic structure. In an attempt to identify which
bonding dominates, DC transport and transfer measurements were carried out in an evacuated
(10° mbar) home-built cryostat (15-297 K) using a LABVIEW controlled, BLP1.9 low-pass
filter connected, Keithley 6430 sub-FA source-meters in standard two and four terminal
geometries. Sheet resistances were independently verified using a Jandel four-probe 100 pm
contact stylus connected to a Keithley 2100 Digital Multimeter at room temperature.
Measurements were also carried out on samples immersed in a liquid He bath (4 K). High-
temperature measurements (297-1000 K) were implemented in an evacuated ohmically heated
chamber. Figure 6.25(a, b) shows the variation in conductivity as a function of temperature
(T). Two and four probe measurements were found to be nominally equivalent at room
temperature, 77 K and 4 K due to the large channel and electrodes. Two terminal
measurements afforded greater thermal stability in the cryostat and allowed for lower base
temperatures (reduced thermal mass / heat load). Conductivity variations between samples

were a product of variations in membrane density and size.

Figure 6.25(b) points towards thermal activation as the main mechanism for carrier

transport at room temperature. Different gradients in the transport characteristics imply
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Figure 6.25 | Membrane electronic characteristics. (a) Conductance as a function temperature and
a two-terminal bias. The zero-bias differential conductance becomes non-linear at low-
temperatures, indicative of a quasi-metallic behaviour. (b) Typical differential
membrane conductance as a function of temperature indicating an activation energy of
6.2 meV. (c-e) Transfer characteristics for Vs=0.1, 1 and 10 V at room temperature
(RT) and (f-h) Vs=0.1,0.25and 1 V at 15.5 K.

distinct transport mechanisms. Fitting an Arrhenius-type relationship indicates an
approximate room temperature activation energy of 2-8 meV, consistent with the findings of
Charlier et al.l”. This value is broadly consistent with the previously estimated band gap

(68 " Nevertheless, at room

assuming incommensurate walls and outer-wall dominance
temperature such small band gaps would almost certainly be thermally masked, though Dai et
al.’! did empirically determine band gaps of the order of 10 meV in their transport

measurements. The activation energies extrapolated from the transport data are, however,
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comparable to the lattice binding energy of molecular oxygen (13-190 meV!®* % %)y ‘|ndeed,

Jhi et al.’¥! reported on the bonding of molecular oxygen, in its triplet ground state, via

physisorbtion to the outer face of SWCNTSs. On the basis of their calculated density of states,

it was suggested that the adsorbed oxygen dopes the nanotubes such that their conducting
states are present near the band gap. A similar argument would account for the similarities in
the band gap estimates and activation energies indicated in the presented data. Sorescu et
al.’ also theoretically considered the chemisorbtion and physisorbtion on graphite and
SWCNTSs by density function theory. They found that molecular oxygen physisorbs on
nanotubes and graphite with binding energies of the order of 30 meV, whereas outer wall
chemisorbtion on nanotubes had a much larger binding energy of 440 meV. Comparison with
the activation energies extrapolated from the transport characteristics (above) strongly
suggests a physisorbtion process. This is not unexpected. Porous nanostructured networks are
junction / tunnel barrier dominated. Thus, in such dynamic networks, oxygen migration would
almost certainly affect the measured conductivity by interacting with these tunnel junctions to
a greater extent than the immobile chemisorbed species. In contrast, Gianozzi et al.’¥
surmised that oxygen physisorbtion gives rise to negligible charge transfer compared to
chemisorbed oxygen suggesting that conductivity variations associated with physisorbed
oxygen are much less than those for chemisorbed oxygen®?. Sorescu et al.®?! found that both
physisorbed and chemisorbed bonds are highly unstable. This metastability implies that both
are viable candidates given the photoresponse transients, as each has a characteristic lifetime.
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Lifetime estimates are unfortunately
unavailable for chemisorbed and
physisorbed species
difficult.

comparable size of the estimated band

making bond
assignment Given  the
gap and the oxygen binding energies,
one cannot draw a suitably clear
distinction between the two using the
transport and photoresponse data alone.
To further investigate the potential
(albeit
physisorbed) the
transfer characteristics of the MWCNTSs

effect of resident oxygen

chemisorbed or

were considered. Degenerately doped
Si/SiO, back gated FET structure were
fabricated with nanotube membrane
channels. At room temperature, a weak,

but nevertheless p-type behaviour was

noted, consistent  with  reports
attributing the effect to oxygen
doping!’® U The  channel

characteristics (at equivalent pressure,
10 mbar) deviate to a more undefined
state at 15.5 K suggesting the presence
of significant numbers of charge traps.
Both these artefacts can be attributed to
surface bound oxygen augmenting the
local band structure. Figure 6.24 shows
the normalised variation in resistance
from 15-1000 K. The high rate of
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Figure 6.27 | Frequency dependent

photoresponse. (a) Anisotropic photoresponse as a
function of stimulus frequency under 980 nm
irradiation. (b) HR-SEM micrograph of suspended
film highlighting the film anisotropy. Insert: SEM
micrograph of a bundle-like formation. (c) Per unit-
area (8A=0x.0y) distributed RC model showing the
inter-tube junction resistance (Riy), inter-tube
capacitance (C;y) and nanotube resistance (Rywent)-

change in resistance with respect to temperature, between 300 K and 500 K, suggests
increased absorption rates. Nevertheless, the corresponding estimated activation energy is still

<30 meV across this extended range, which consistently supports a physisorbtion model.
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Notwithstanding, the physisorbed bond density should decay with increasing temperature. In a
sense, physisorbtion is thermally degraded due to the low bond energy. In contrast,
chemisorbed bond density should increase with temperature (up to a critical temperature) due
to thermal stimulation. Lasing heats the membrane as indicated by Figure 6.22(c). Evidently
for a physisorbed model, oxygen content should decay and the conductivity should reduce
when heated. The opposite occurs. Physisorbed species may be thermally promoted to
chemisorbed species, which increase in density with temperature. Promotion may perhaps be
mediated by the hot electron population as discussed previously.

The morphological, optical and electronic asymmetry of the network has been considered
and is illustrated in Figure 6.26. Notable off currents are observed with increasing incident
power in the perpendicular (1) case (Figure 6.26(b)). An increased number of inter-tube
junctions and charge traps, as well as trapping duration, may account for this. The lower
perpendicular photoresponse occurs because the nanotubes absorb differently in each
direction, an important effect that is exploited later to form wideband nanotube membrane
optical polarisers. Just like the constituent nanotubes, the membrane has an anisotropic
absorption tensor. It selectively absorbs polarised, or partially polarised light®® where the
polarisation state is in line with the nanotubes’ long axes. Liu et al.l*® and Xiao at al.** also
documented enhanced photoconductivity and polarisation selective absorption at the same
time as the work presented. This accounts for the modest variation in the photocurrent that
was observed when the incident beam moves in-plane. Samples were large (~5 mm?) and the
irradiated areas significantly smaller (approx. 0.1 mm?) ensuring that the measured response
was not a result of Schottky barrier (nanotube-electrode) modulation. This is most likely the
case in the work published by R. Lu et al.®® due to the small separation between the
interdigitated electrodes. In the nanotube membranes, nanotube alignment varies by
approximately +5° throughout the membrane and the associated absorption also varies as a

result.

Membranes had a typical parallel sheet resistance of 1.3 k€Q/sq. Sheet resistance anisotropy
(Re//Rst) was ~2.8 and showed good agreement with the 550 nm optical transmission
anisotropy (~2.7). Figure 6.27 illustrates the frequency-dependent variation in current during
980 nm irradiation at various strobe rates. Figure 6.27(a) shows the clear frequency

dependency of the on (exposed) and off (ambient) currents. Figure 6.27(b) goes some way to
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Figure 6.28 | Oxygen migration by electric field enhancement. Simulated electric field
enhancement (V/m) at an ideal nanotube tip-tip junction. (a) Areal view of the tip
enhanced fields. Insert: tip-tip geometry. (b) Tip field cross section. (Scale bar in
V/im)

elucidate this. The network morphology is non-trivial. Although macroscopically aligned,
nanoscopically the networks demonstrate relatively high disorder. Not only are the MWCNTSs
capacitively (C) coupled, but cross-MWCNTSs exist within the films which introduce an
associated cross-resistance (R), as illustrated in Figure 6.27(c). The inter-tube junction
resistance also contributes toward the measured R. The RC system’s response tails off at
around 10 Hz and 5 Hz in the perpendicular and parallel cases, respectively, which was not
unexpected given the decay constants (~2 s) detailed in earlier studies. The RC time constant
in the principle axes differ. This is attributed to the number of nanotube junctions (and
therefore resistance) in each case. Nonetheless, the decay constants of the parallel and
perpendicular response are similar in magnitude indicating the underlying photoresponse
mechanism is the same in both directions and is an effect that is largely independent of the
junction density. Thus absorbates are not preferentially located in the inter-tube space, but
rather conformally coat the entire nanotube, as verified by EDX mapping (Figure 6.21).
Activation energies (4-300 K) for the // and . directions were considered though data was

inconclusive.

Thus far, data has gone some way toward implicating increased oxygen physisorbtion for
the increase in conductivity during lasing. Oxygen absorption appears to be thermally
stimulated even under relatively modest temperatures (<50°C for a 0.5% increase in oxygen).

Physisorbed oxygen is inevitably surface mobile. Nanostructures enhance incident electric
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Figure 6.29 | Electric-field enhancement in MWCNT bundles. Simulated electric field
enhancement for (a) parallel and (b) perpendicularly polarised incident irradiation.
(Scale bar in VV/m)

fields through their detailed structure due to localised surface plasmon (collectively excited
electron oscillations) resonances associated with the high aspect ratio of conductive
substrates!®* 1% The free electrons respond collectively by oscillating in resonance with the

incident light['%®!

. Indeed, surface plasmons have been identified in MWCNT systems
previously!®” 1% though the higher conductance offered by metals increases the effect
somewhat and as a result is more widely reported. It is highly plausible then that it is not the
nanotubes themselves coupling to the incident irradiation but rather the uniformly distributed
~10 nm metallic Al clusters throughout the nanotubes (Figure 6.21). Such metallic
nanostructures facilitate efficient light-to-heat conversion through the excitation of surface

plasmonst®! and may contribute toward the efficient heating of the local electron population.

The conductivity in nanostructured networks is variable range hopping constrained™®
and tunnel barriers at inter-tube junctions dominate the transport characteristics. It is possible
that the enhanced electric fields interact with the nanotube dipoles, perturbing the membrane
morphology and narrowing the inter-tube separation. The narrower the inter-tube tunnel
barrier, the higher measurable membrane conductivity. The incident and coupled fields are
dynamic. Consequently the size of the tunnel barriers oscillate about a narrower mean
compared to the unexcited state. The interfacial tunnel barriers are non-equilibrated.
Moreover, such enhanced fields may interact with dipolar absorbates. The arguments
presented thus far have pertained exclusively to surface oxygen; however it is perfectly
plausible that the inferred oxygen signals in the FT-IR and EDX data are in fact a product of

surface hydration. Molecular water has an electric dipole**! and has been shown to propagate
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at rates of up to tens of cm/s as a result of applied electric fields™. Thus, rather than simply
encouraging increased tunnelling currents, the enhanced electric fields may instigate

absorbate migration which in turn contributes to the modulated membrane conductivity.

In collaboration with the Queens University, Belfast, the electric field enhancement was
modelled for the proposed system, the core results of which are presented in Figure 6.29 and
Figure 6.28. Here the nanotube tip-tip junctions and seven-member nanotube bundles have
been considered. The details of the simulations will not be reported here. Gunji et al.***
showed that electric fields of the order of 10° V/m are necessary to instigate motion in very
large (nL-pL) drops whereas Fuchs et al.***! demonstrated their floating water bridge by
applying 15 kV across tens of millimetre gaps (~10” VV/m). The electric fields suggested by
the model, which were consistently <10 V/m, are insufficient to encourage water migration,
though may still account for tunnel barrier reduction given the unconstrained nature of the
MWCNTSs within the membrane. The model assumes solid carbon cylindrical conductors free
of metallic impurities. This only partly captures the true system. The nanotubes are hollow,
contain metallic nanoclusters and are formed from graphitic planes which increase the degree
of capacitive coupling to the incident irradiation. Increasingly conductive MWCNTs would
similarly increase the field enhancement. These combined effects may very well enhance the
local electric fields to the extent where absorbate migration away from high field inter-tube

regions is stimulated.

6.4 Wideband Multi-Walled Carbon Nanotube Optical Polarisers

According to the theory of electromagnetic scattering and absorption, anisotropic
nanomaterials, which are small compared to the wavelength of incident light, absorb light
differently in particular directions™®!. Optical polarisation should, as a result, be attainable
using the nanotube membranes presented previously. Indeed data for the anisotropic
photoresponse (Figure 6.26) certainly suggest this. This section reports on the development of
MWCNT-based UV-NIR polarisers that show functionality across a spectral range exceeding

that of commercial polarising materials.
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Figure 6.30 | Comparative alignment. (a) Comparative alignment analysis (Str 37) of the various
planar nanotube fabrication techniques employing the same source nanotube forests:
(@) mixed cellulose ester membrane vacuum filtrated (Chapter 1V) (0.94), (b)
compressed (500 g/cm?) (0.70), (c) mechanically sheared (Chapter 11, 1V) (0.33), (d)
rolled (0.30) and () an extruded nanotube membrane (0.12).

The electric field of light propagating in a homogenous media consists of two mutually
orthogonal plane polarised components, both orthogonal to the direction of propagation. For
elliptically polarised light these field vectors vary in time and position and are out of phase
with one another. The two extremes of elliptical polarisation are circular and linear, the
selection of which depends on the phase shift between the orthogonal components. When the
components are equal in magnitude and /2 out of phase the light is circularly polarised,
whereas when they are in-phase it is said to be linearly polarised. The propagation of light in a
material is described by the materials refractive and absorption indices. The complete

refractive index, N, is a complex matrix quantity of the form;

XX I"Ixy nxz kxx kxy Xz
N=n+jk=|n, n, n,[+]k, k, Kk, (5.13)
X r-]zy nzz kzx kzy 74

where n is the (real) refractive index and k pertains to the materials absorption index. Each
element of the nine-element tensor describes the refractive and absorption characteristics for a
given principle axis. In isotropic media the n and k components take the same values in all
three dimensions and the off-axis values are typically nulled. Consequently the polarisation
state does not change during propagation. In an anisotropic media the scalars in the tensor are
inequivalent and in complex geometries the off-axis components are non-negligible. The light

becomes polarised as it propagates through the medium.

174



6.4 Wideband Multi-Walled Carbon Nanotube Optical Polarisers

Spacing (nm)

NINNNNNN @D Q@@ Q0 -
O~NNOABN2 0O R WD WN
NOOROONOOOROONOORAROONOO A
90 ......... ﬁﬁ-.ﬁﬁ..ﬁ-..wﬁ....w ................... 228 40
80 36
-
70 32
28
60
- 24
S 50 c
g 20 3
Q @ 16 O
20 M =25.4nm
10 std=13.3 nm
0 4ttt
wn O W LW W W LWL WU W W LW WwLW
T N M T UVLOMNOOOOT™"TNM=
ik ol R S

Diameter (nm)

Figure 6.31 | Membrane topography. The diameter and inter-tube pitch of over 200 nanotubes.
Insert: SEM micrograph of a typical membrane showing the variation in spacing /
pitch and nanotube diameter.

Birefringent polarisers change the polarisation state by double refraction. Monochromatic
light incident at a non-zero angle to optical axis (assuming uniaxial anisotropy) is split into
two orthogonally polarised components which travel at different speeds through the material
due to differing absorption characteristics in each direction, giving rise to linear dichroism.
One polarisation state is selectively absorbed in preference to its orthogonal counterpart.
Dichroism is a particular type of birefringence. Dichroic polarisers are fabricated from
polymer-embedded uniformly orientated birefringent crystals or polymers, the molecules of
which have been uniaxially aligned by mechanical stretching. Dye molecules are selectively
attached to the aligned polymer chains. The absorption is very high in one direction and weak
in the other. The transmitted beam is linearly polarised. It is in this structure that the nanotube

membrane (absorptive) polarisers are similar.

The major drawback to dichroic films is their limited range. The high-energy limit,

typically ~400 nm, is defined by the strong absorption of the polymer backbone or substrate.
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Figure 6.32 | Optical polarisation. Wavelength and rotation dependent optical transmittance of; (a) a
single polymer-based dichroic polariser. Insert: Measurement set-up. (b) Single
nanotube membrane. (c) Polymer-based polariser pair. (d) Nanotube membrane-
polymer polariser pair. Note that the spectral peaks are associated with dichroic films
intrinsic absorbance. Rotation dependent peak inversion is a product of the condensing
lens in the measurement setup. Inserts: Optical micrographs showing the variation in
unpolarised white light transmission as a function of rotation angle for polymer
polariser pair (c) and a nanotube pair (d).

The minor transmittance limits the blocking capacity in the NIR region inducing severe

leakage at A>850 nm (Figure 6.32(a,c)). Above ~1200 nm leakage dominates and typical

dichroic polarisers no longer polarise. IR polarisers are commercially available and include;
calcium fluoride (CaF,, 126 nm-9.8 um)™*®! Calcite (2.5-16 um)™" and KRS-5 (560 nm-22
um)™ 8 though most are inflexible and costly. Notwithstanding, it is ultimately the optical
properties of the substrate which determines, and limits, the functional wavelength range. The
substrate-free nature consequently makes the presented nanotube-membrane polarisers
extremely attractive for broadband applications. Simple parallel processing and easy to

control pitch increases their attractiveness.
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Figure 6.33 | Polarisation maps. (a) Single polariser, (b) CNT/polariser, (c) polariser/polariser, (d)
single nanotube, (c) nanotube/nanotube polariser. Note that the incident beam is
partially polarised from to the multiple reflecting stages in the spectrophotometer.

The polarisation efficiency depends on the spacing, periodicity and ‘wire’ conductivity.
NIR-MIR polarisers are fabricated from ruled or holographic wire grids on expensive IR
transmitting windows. Ruled grids are made by diamond-scribe-patterning of fine parallel
lines (~1-2 um™) on hard, inflexible surfaces, such as ZnSe, that is PVD coated with a
metallic layer. In the case of holography, two coherent lasers pattern a layer of photoresist.
The lines between the exposed regions are removed and PVD coated with a metal, as before.
Although softer substrates can be used in holography the processes are ultimately serial and

are therefore rather time consuming.

Figure 6.30 illustrates the high degree of alignment attainable compared to other nanotube
aligning processes considered during this work. High resolution-SEM indicated that the
membranes consist of MWCNTSs with an approximate inter-nanotube pitch and diameter of 25
nm (Figure 6.31) giving an approximate linear density of 20 um™. Note that the range in
diameter and pitch permit multiple regions of the electromagnetic spectrum to be accessed.

Polarisation studies were performed in an ATl Unicam UV-Vis-NIR spectrophotometer

with a deuterium/tungsten source capable of 2 nm spectral resolution. Sample rotation was
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Figure 6.34 | Extinction Ratio. (a) R/Rnx ratio as a function of incident wavelength (A). The
nanotube membranes polarises well into the NIR, whilst the efficiency of the
traditional dichroic films tails off from ~700 nm. Squared-sinusoidal angular
dependence of the optical transmission for (b) 400 nm (blue), (¢) 500 nm (green), (d)
1100 nm (NIR). Nanotube membranes show continued functionality into the NIR.

monitored using a manually indexed optical mount. A condensing lens and aperture were used
to focus the beam region. The inserts of Figure 6.32(a-d) depict the experimental set-up.
Incident radiation was partially polarised due to the multiple reflective stages within the
spectrophotometer. Commercially dichroic films (Vis) were considered for comparative
means. Figure 6.32 shows the optical transmittance (%T) as a function of wavelength (1) and
polariser angle (5). Note that Murakami et al.’®®! observed similar peak evolution as a function
of rotation in their polarisation studies on vertically aligned, Si-supported samples. The
corresponding polarisation maps are illustrated in Figure 6.33. Here the intensity denotes the
degree of transparency (dark=opaque, white=transparent). The membranes clearly offer
wideband polarisation from 400 nm to 1.1 pum. whereas the leakage of the dichroic films
becomes substantial above 850 nm. The angular dependence of the nanotube-nanotube

polariser pair is given in Figure 6.35(b-d) and can be fitted with a cos?s function (Malus’ law)
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Figure 6.35 | High-resolution polarisation maps. Optical transparency, as a function of rotation
angle (8) and incident wavelength (A) for a pair of standard linear glass-based
polarisers (Thor labs) compared to a (b) polariser/nanotube polariser pair. Spectra
acquired every 2(+0.5)° measured using an indexed rotation mount. Note: Condensing
lens removed.

throughout the spectral range considered. Translations along the abscissa are a product of
difficulties in zero referencing the nanotube membranes and polarisers with respect to one
another. The inserts of Figure 6.32(c,d) show optical micrographs of the optical transmission
through a polariser pair and MWCNT membrane pair for a ‘white’ unpolarised light source as

a function of rotation.

Experimental repeats, with glass-based polarisers and the condensing lens removed,
showed negligible peak evolution or inversion. The corresponding polarisation maps,
measured every 2+0.5°, are given in Figure 6.35 for polariser/polariser and nanotube/nanotube
systems. As for the earlier polymer dichroic polarisers, the nanotube/nanotube system
continues to polarise well into the NIR, whereas the commercial polariser leaks substantially
after 850 nm, as illustrated in Figure 6.34(a). Both show leading edge functionality from ~400

nm.

The data presented in Figure 6.34 and Figure 6.35 were consistent with ab initio
calculations on the optical characteristics of the nanotube membranes performed in
collaboration with the Queens University Belfast. Here the electromagnetic response of the
aligned MWCNT membranes was modelled using an effective medium approach and a full
numerical simulation to confirm the validity of the original model. In a planar wire array,

where the dimensions of the structures are much less than the wavelength of the incident
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Figure 6.36 | Simulated transmission. Optical transmission (300-800 nm) of linearly polarised light
through parallel and perpendicularly aligned MWCNT membranes formed from
nanotubes of diameters; (a) 12 nm, (b) 25 nm and (c) 40 nm OF various pitch (see
legends). The spot in (b) denotes a standard fabricated membrane with a pitch of 30 nm
and diameter of 25 nm.

radiation, the composite structure behaves as an homogeneous, uniaxially anisotropic thin
film. The effective refractive indices of an array of cylindrical wires of complex refractive
index 7i-yr embedded in a medium of index i, are given by:

iy, = figyr +(1— f)A: (5.14)
f (Wyr +12)

l+{(1_ f)(ﬁéNT +ﬁ§)}

A7 = A2 + (5.15)

ﬁz

a
where f is a fill factor™*?. The subscripts //> and ‘L’ refer to the polarisation direction of
the incident radiation parallel and perpendicular to the MWCNTS long axis, respectively. The
transmission was calculated for a thin film of this effective index*??. Due to the inherent
cylindrical shape of the nanotubes, they present an effective refractive index and the measured
dielectric properties are not directly available or empirically assessable. Previous studies have
instead used the optical constants of graphite and graphene™®, due to the lattice similarities.
Reported values of the refractive index and the absorption index for graphite vary; in the
present study nen=3.00 and ken=(y/n)A along the nanotube long axis, where y= 5.446 pm™*

and neni=1.36 and ken= 0.05 perpendicular to the axis™™?!. The host medium is air (7, =1).

The validity of the effective medium approach was confirmed using a full-wave numerical
simulation. Periodic boundary conditions were assumed using a commercial finite element
package with an adaptive meshing routine (COMSOL 3.5a). The surface was approximated

by an infinite periodic array of cylindrical nanotubes embedded in a dielectric (air). The
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transmission through the array, given in Figure 6.36, was calculated for plane-wave polarised

radiation at normal incidence for wavelengths between 300 and 800 nm.

The model and data show excellent agreement. The modelled extinction ratio (T,/T_) for a
membrane with incident linearly polarised light at 550 nm, for a 25 nm diameter and 30 nm
pitch, was 0.46 compared to the measured (polariser/CNT, Figure 6.35(b)) value of 0.48.
Discrepancies arise due to the inaccuracies in the estimates and variability in the nanotube
separation. The membrane is not completely periodic or regular at the nanoscale. Some
nanotube bundles exist and this causes deviations. Nonetheless, such variations most likely
impart the membrane with its wide spectral response which can be potentially beneficial to

engineer wideband polarisers.

6.5 Summary

The ability to align nanotubes by scratch, density and electric fields has been demonstrated.
The viability of local and global electric fields was investigated and was shown to offer
relatively high linear packing densities of 3.3x10° cm™. The development and use of a
horizontal PE-CVD growth reactor was also presented by considering the measured and
modelled dimensions of the aligning sheath. A physical peeling technique was also developed
to produce highly-aligned free-standing nanotube membranes over large areas.

The photoresponse of mechanically extruded MWCNT membranes was considered due to
the ideal nature of the platform. Membranes were operated in constant voltage mode (100 pV)
and exposed to 405, 532, 650 and 980 nm laser stimuli at various power densities showed
time decay constants of the order of 2 s and room temperature photoresponses of up to 154%.
Decay constants supported an oxygen physisorbtion model. Conductivity measurements
showed a weak dependence on pressure (~3.5 %) from atmospheric pressure to 10 mbar.
Surface modification via physisorbed molecular oxygen content was implicated through a
number of techniques including mass spectroscopy, FT-IR, EDX during in-situ lasing and
heating, as well as EDX mapping and low-temperature transport and transfer studies. The
discrepancy between transport and photoresponse data has been interpreted in terms of a hot
electron population. A picture based on the activation energies of molecular oxygen

absorption was discussed. Models were presented on the potential for local electric field
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enhancement and suggestions were presented on the possible interaction of mobile surface
oxygen with these enhanced electric fields which may adjust the inter-tube tunnel barriers
thereby increasing the corresponding membrane conductance. Models were largely
inconclusive though increased oxygen was found be critical in the photoresponse of the
nanotube membranes. The studies here have, for the first time, unambiguously and
definitively evidenced the photoresponse of MWCNTSs by removing the effects of electrode-
MWCNT and substrate-MWNCT interfaces and surfactants.

UV-NIR polarisers have been developed using the extruded nanotube membranes. High-
resolution polarisation maps were presented and showed excellent correspondence with
modelled systems indicating that polarisation is achieved by polarisation selective absorption.
The wide spectra polarisability of the membranes was attributed to the wide variation in

nanotube diameter and pitch.
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Conclusions & Future Work

7.0 From Materials & Processes to Devices

This thesis charted the authors work on the development of graphene and MWCT-based
flexible transparent electrodes offering enhanced functionality, through alignment, in
applications such as field emitters, polarization sensitive optical sensors and optical

polarisers.

The chemical vapour deposition of graphene and MWCNTSs was studied and revealed
that graphene CVD catalysis is profoundly different from its carbon nanotube and nanofibre
counterparts. An activation energy of 2.4 eV was found, for the first time, suggesting that
the growth is rate-limited by carbon integration into the existing graphene lattice rather than
diffusion (surface or bulk) or precursor dehydrogenation due to the extremely low C
solubility in Cu and the ill-defined barrier associated with Cu-catalysed ethylene surface
dehydrogenation. In contrast both the nanotubes and nanofibres were found to be surface-
diffusion limited, with Fe (and Ni) activation energies of the order of 0.5 eV and 1.5 eV for
ITO and Al-derivative diffusion barriers, given the similarities in the activation energy

extracted from earlier works on the temperature dependent solubility of C in Ni, Fe and Cu.

The development of a dry-transfer technique was demonstrated offering large-area, room
temperature processing of controlled transparency and polarisation selective electrode
materials. MWCNTSs were transferred, without any chemical treatments, to various standard
polycarbonate supports. The developed process was found to offer high performance for
supercapacitor applications though remained someway off the commercial ITO
optoelectronic benchmark. The optoelectronic properties of hot-press laminated (bilayer)
graphene was also considered. Graphene was synthesised by methane-based CVD and was
investigated by Raman spectroscopy (both in-situ and transferred), UV-Vis spectroscopy,

select area TEM diffraction patterns and spatial Raman mapping. Although offering high
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transparencies, which was limited by the transferred substrate rather than the graphene
itself, HPLG samples offered little in the way of highly conductive or flexible electrode
materials. HPLG samples failed under ~15% maximum strain whereas dry-transferred
MWCNTSs showed only a modest reduction in conductivity up to strains of 150%. Low-
temperature transport measurements revealed that macroscopically both the HPLG and
MWCNTSs behaved similarly to c-axis dominated turbostratic graphite with the onset of

tunnel dominance at lower, sub-cryogenic, temperatures.

The field emission performance of MWCNT-based thin films was considered and it was
suggested that surfactant treated solution processed thin films offer lower turn-on potentials
compared to the as-grown dry-transferred material due to the lowered surface work function
of the MWCNTSs which narrowed the triangular tunnel barrier and permitted emission at
lower electric fields. Sodium is nevertheless highly unstable under vacuum and as such
alternative surfactants should therefore be investigated in a similar vain. Low-temperature,
hydrothermally synthesised ZnO NWs were found to ballast the emission characteristics of
polymer-supported dry-transferred MWCNT thin film emitters by limiting the maximum
emission current and preventing tip burn-out. A hot electron model has been proposed to
consolidate the lower-than-expected turn-on electric fields from such hybrid emitters. To
increase the current density sparse vertically aligned arrays of carbon nanofibres were
grown directly on electrochemically treated stainless steel mesh. The technique developed
showed excellent alignment compared to previous reports and highly stable emission

currents.

Various horizontal alignment techniques were consider which included density, scratch
and roll alignment. Local electric fields, applied were shown to align nanotubes during and
after growth, though with low-linear densities. A global horizontal PE-CVD reactor was

modelled, designed and fabricated. Langmuir probe characteristics clearly indicated that the
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aligning sheath width can be appreciably extended within the practical limits of the growth
conditions. Samples showed moderate alignment with a Str37 of 0.5. A mechanical peeling
technique was developed and the photoresponse of truly pure, and substrate free MWCNTSs
was considered and is possibly the first study of its kind. The importance of surface bound
oxygen was repeatedly implicated through FT-IR, in-situ heating and lasing EDX, pressure
dependent conductivity measurements and low-temperature transport and transfer studies.
Data irrefutably evidenced the photoconductivity of MWCNTSs via the optical modulation
of the surface bound oxygen and/or water. Devices were sufficiently large as to obviate any
possible electrode interface effects and were free-standing to remove substrate related
charge traps and heterojunctions. Finally, optical polarisers were developed that exploited
the structural anisotropy of the MWCNT membranes. Broadband polarisation was evident
and offered the promise of extremely wideband operation due to the lack of an often

limiting substrate.

7.1 Future Work

The studies presented in this thesis have been exclusively concerned with understanding the
growth, conduction mechanisms, dry-transfer and applications of graphene and MWCNT
thin films, particularly with respect to field emission, optical sensors and optical polorisors.
Each topic offered potentially useful insight into the development of fully flexible field

emission display / environmental lighting platforms.

To achieve this modest adjustments to the technique developed previously must be made
and incorporated with one another. Figure 7.1 illustrates the proposed device. Copper is
patterned by either electro-deposition, thin film etching or precision tooled using high-
precision cutting equipment. Graphene is CVD synthesised and laminated as before. The

counter, electron extracting, electrode is fabricated from large-area graphene hot-press
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Figure 7.1 | Future Work. Proposed flexible field emission display / environmental lighting
platform.

laminated to a phosphor embedded polymer. The electron emission sites are formed from
transferred MWCNT/ZnO NW emitters as illustrated in Figure 7.1. Each emitter has an
integrated ballast resistance (the ZnO NWSs) and operates in a diode configuration. The
HPLG substrate functions as the gate electrode and is coated, at low temperatures (<50°C),
with a 5 um parylene dielectric that is then coated with a second, patterned, HPLG layer.
This second layer forms independent source (S) and drain (D) electrodes (Figure 7.1) that
electrically control the emission characteristics. MWCNTS are then deposited on the drain
HPLG electrode by dry-transferred or solution processing (such as inkjet printing). A ZnO
NW layer, hydrothermally grown, functions as the FET channel which optimises the
emission characteristics of the MWCNT thin film. The ZnO ballasts the emission through
both the channel and the emitter coating. Nanocrystalline W getters will be edge screen

printed.

The proposed field emitter functions in a global sense (i.e. all pixels emit simultaneously)
and as such is limited to applications such as environmental and flexible back lighting. Sub-
pixel addressing is necessary for practical display applications and efforts have begun

toward the development of CVD graphene all-carbon TFTs on polymer supports using
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parylene-based dielectrics and the HPLG process. The HPLG processing is to be further
optimised with experiments focusing on the pre-patterning of the Cu-catalyst prior to
graphene growth and transfer as well further optimisation of the MWCNT transfer
techniques developed — both of which will be instrumental in successful development of the

proposed flexible field emitter.

With regards to understanding graphene CVD efforts are on-going in collaboration with
the Chalmers University. Here we are focusing on the CVD of graphene on dielectric
substrates by non-metallic catalysis. The author has also formed strong links with ETH
Zurich regarding an experimental framework, developed by the author, to measure hitherto
unmeasured activation energy of graphene catalysis across a variety of metallic catalysts

and CVD growth conditions.

7.2 Summary

This thesis presented the development and use of various MWCNT and graphene dry-
transfer, chemical vapour deposition and alignment techniques in applications such as field
emitting sources and transparent flexible electrodes with enhance functionality, such as

polarisation selective electrodes.
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