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The best things in life are beyond money, their price is agony and sweat and
devotion...

- Robert A. Heinlein in Starship Troopers

The Scientific man does not aim at an immediate result. He does not expect that his
advanced ideas will be readily taken up. His work is like that of the planter — for the
future. His duty is to lay the foundation for those who are to come, and point the
way. He lives and labours and hopes.

- Nikola Tesla

Any sufficiently advanced technology is indistinguishable from magic.

- Arthur C. Clarke
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Summary

The amazing electrical and mechanical properties of carbon nanotubes (CNTs)
make them ideal for use in a variety of applications, many of which require the CNTs
to be surface bound. Here the applicability of nanostructures based upon CNTs
chemically attached to silicon to the fields of water filtration, field emission and as

biomaterial interfaces is investigated.

Initial experiments studied the chemical attachment and alignment of different
CNT types to silicon. Single-walled carbon nanotubes (SWCNTs) were found to
form vertically aligned arrays on both flat silicon and porous silicon (pSi). Double-
walled carbon nanotubes (DWCNTSs) were found to exhibit both vertical and random
alignment while multi-walled carbon nanotubes (MWCNTs) exhibited an exclusive
horizontal orientation. The variation in alignment is attributed to the level of
crystallinity and functionalisation of each CNT type as determined by Raman

spectroscopy.

The control of the placement of SWCNTSs on silicon was further investigated by
fabricating both surface coverage gradients and patterns of SWCNTSs. Gradients were
fabricated following two protocols, both of which produced surfaces which consist of
all possible SWCNT coverage’s. SWCNT patterns were produced by forming an
initial chemical pattern on the silicon surface for subsequent selective SWCNT

chemical attachment.

CNT membranes for water filtration were fabricated by chemically attaching
SWCNTs to permeable pSi membranes. Gaps between the SWCNTSs were filled by
spin coating polystyrene onto the surface. The SWCNT tips were revealed by etching
the polystyrene matrix via water plasma treatment. The fabricated membranes were
found to have a water permeability of 0.022 mm® cm™s™ atm™. Comparisons to
commercial nanofiltration membranes and other published CNT membranes are

made and improvements to membrane fabrication are discussed.

Field emission experiments were completed for all CNT types chemically
attached to silicon. All samples exhibited field emission of electrons with

characteristics varying with CNT diameter and vertical alignment. The emission
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stability of each CNT type was investigated with the SWCNTs exhibiting the most
stable emission. Comparison of emission characteristics and stability to other CNT

field emission substrates are made.

The behaviour of a mammalian neuronal cell line on SWCNTs chemically
attached to porous silicon was investigated. Fluorescence microscopy revealed that
the cells had a strong affinity for the SWCNT substrate and that the SWCNTs may
compromise the cell membrane allowing small fluorescent molecules to enter the
nuclear envelope. Experiments to determine if plasmid DNA could be inserted into
the cell via the SWCNTs was completed with results indicating the SWCNTSs did not

promote DNA transfection for the neuronal cell line.
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FTIR fourier transform infrared
G-band graphene band
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HEK human embryonic kidney
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ITO indium tin oxide
LCD liquid crystal display
MD molecular dynamics
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pAl porous alumina
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Definition
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RBM radial creathing mode
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RO reverse Osmosis
Rubpy ruthenium based dye
SA self assembly
SAM self assembled Monolayer
SEM Scanning Electron Microscopy
Si Silicon
SK-N-SH mammalian neuroblastoma cell line
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SWCNT single-walled carbon nanotube
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Science is made up of so many things that appear obvious after they are explained.

- Frank Herbert in Dune

We are at the very beginning of time for the human race. It is not unreasonable that
we grapple with problems. But there are tens of thousands of years in the future. Our
responsibility is to do what we can, learn what we can, improve the solutions, and
pass them on.

- Richard P. Feynman

You want a reason? How’s about “Because”?

- Joshua Homme in Turnin’ on the Screw
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Chapter 1

Introduction

Background information relative to this Thesis is given with focus upon the fabrication
and application of carbon nanotube based devices. Specific attention is given toward the
chemical attachment of carbon nanotubes to surfaces and the applications of water
filtration, field emission and biomaterial interfaces.
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1.1 Overview

Innovation has always been the driving force behind progress. In the technological
age, major innovations such as the transistor!"! and optical fibres® have underpinned
inventions such as the radio and the internet. More recently, research has looked
toward the nanoscale where surface properties begin to dominate over those of the
bulk and quantum effects become prominent. Examples of the commercialisation of
nanoscale materials include: metal nanoparticles for catalysis,”) accelerometers in

41 - . . . 5.
cars,[ ] integrated circuits in computers,[

10]

(8,9]

71 self-cleaning windows, and additives

for bouncier tennis balls.!

The advantage of utilising nanotechnology is not simply in the miniaturisation of
devices but also in the enhancement of device performance and the building of new
technologies from the ground up. The competing nature of the so-called “top-down”
and “bottom-up” approaches is perhaps best elucidated by comparing the two images
in Figure 1.1. Top-down approaches are analogous to milling or attrition where
material is removed in order to make the desired structure (e.g., building a canoe
from a tree). Bottom-up approaches involve the manipulation of smaller particles in
order to form a functional structure (e.g., building a house from bricks). The bull in
Figure 1.1 (a) was made by the specific etching of a polymeric material using a high
frequency laser.."!! The letters of IBM in Figure 1.1 (b) were spelt out by individually
manipulating xenon atoms spread across a nickel (100) surface using a scanning

tunnelling microscope (STM).[lz]

The atom-by-atom approach used in Figure 1.1 (b) allows, in principle, the
fabrication of truly nanoscale devices such as the sub 10 nm transistor.!'*) However,
such a process is quite time consuming and requires very high vacuum. The
commercial scale fabrication of such devices is not possible with current
technologies. Not all bottom-up approaches require atom-by-atom assembly nor do
they specifically require direct manipulation. Self-assembly (SA) is a process where
the formation of a structure occurs naturally under the influence of certain forces
such as chemical reactions, electrostatic attraction and capillary forces.'*! Many
nanomaterials can be self-assembled including monolayers of silanes," lipid

bilayers!'® and helical organic nanotubes.!'”




Chapter 1 | Introduction

The carbon nanotube (CNT) is arguably the most famous nanomaterial. The
bonding of the carbon atoms to each other in a hexagonal shape leads to some
remarkable properties that can find use in a variety of applications. However, CNTs
are notoriously difficult to work with and fabricating CNT based devices in a manner
that is easily upscaleable for commercial uses has proven to be difficult. Recently,
the directed self-assembly of vertically aligned single-walled carbon nanotubes
(SWCNTSs) on surfaces of varying composition has been reported."***! The self-
assembly approach offers a possible route to creating surface-bound CNT substrates
suitable for device application that are fabricated in a manner that is easily

upscaleable.

(a) Top-down approach (b) Bottom-up approach

Figure 1.1: Comparison of (a) top-down and (b) bottom-up approaches toward
miniaturisation. In (a), miniature bulls were fabricated following a two-photon
polymerisation technique,!''! scale bars, 2 um. In (b), individual xenon atoms are
moved using a scanning tunnelling microscope to form 0.5 nm high letters.!'?!
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In this Thesis, we have investigated the applicability of CNT substrates fabricated
using a directed self-assembly method for specific applications including as water
filtration membranes, as field emission electron sources and as scaffolds for

biomaterial immobilisation.
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1.2 Carbon nanotubes

1.2.1 History and structure

Carbon nanotubes are allotropes of carbon in which the carbon atoms form a
hexagonal sheet of sp” bonds (analogous to graphite) which is seamlessly rolled up
into a cylinder that can be microns long but is only nanometres in diameter. CNTs
can be separated into three distinguishable categories based upon the number of
shells (or walls) they contain. SWCNTSs consist of a single one atom thick wall
(Figure 1.2 (a)) while double-walled CNTs (DWCNTs, Figure 1.2 (b)) and multi-
walled CNTs (MWCNTs, Figure 1.2 (c¢)) essentially consist of two or more than two

coaxial SWCNTs where one is contained within the diameter of another.

It is a common misconception that MWCNTs were first reported by lijima in
1991.%4 In fact the first publication that showed transmission electron microscopy
(TEM) evidence of the tubular nature of some nano-sized carbon filaments appeared
in the Journal of Physical Chemistry of Russia in 1952.> %) However, there is no
doubt that lijima was responsible for the nomenclature and for sparking the research
interest in CNTs that followed his initial paper. SWCNTSs were first reported in the
June 17" issue of Nature in 1993 by two independently submitted papers, one by

[27] 28]

lijima and Ichihashi *”) and the other by Bethune e al..

The electronic properties of carbon nanotubes are highly dependent upon the
chirality of the tubes or in other words how the graphene sheet is ‘rolled’ up.
SWCNTs are completely described, except for their length by the chiral vector, C,
which is created by choosing two atoms on a planar sheet of unrolled graphene, one
atom is chosen as the origin. The chiral vector is directed from the origin to the next

atom and is defined by:

C = na; + ma, Equation 1.1

)[29]

as shown in Figure 1.3 (a where, a; and a, are unit cell vectors of the 2D

graphene lattice (which originate at the same position as C) and » and m are integers.

The chiral vector can be used to calculate the nanotube radius, R, sincel*”

R=C /277.' Equation 1.2
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(b) DWCNT (c) MWCNT

(a) SWCNT

Figure 1.2: ‘Ball and stick’ representation of (a) single-walled CNT (SWCNT), (b)
double-walled CNT (DWCNT) and (c¢) multi-walled CNT (MWCNT). Images made
using Nanotube Modeller (www.jcrystal.com).

The electronic properties of the CNT can be determined: if
ln —m| = 3q Equation 1.3

where q is an integer, the nanotube will be metallic otherwise the nanotubes will be
semiconducting.”!! The chiral angle, 6, which is specified as angle between C and
the nearest zigzag of C-C bonds (0°> 6 <30°), can be used to describe the pattern of
the CNT. The two achiral tube shapes occur when either 0 = 30°, (n, n) the tubes are

known as ‘armchair’ or if 6 =0° (n, 0) the tubes are ‘zigzag’. Nanotubes with a

6
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chiral angle between 0 and 30° are called ‘chiral’ (Figure 1.3 (b -d) zigzag and

armchair pattern shown in red).

Figure 1.4 (a, b) depicts the band structure of a graphene sheet, which is a
semiconductor with a zero band gap, as calculated by the tight binding method."**! In
this case, the top of the valence band has the same energy as the bottom of the
conduction band, and this energy equals the Fermi energy for one special wave
vector, the so-called K-point of the two-dimensional Brillouin zone (i.e., the corner
point of the graphene hexagonal unit cell in reciprocal space). The rolling up of the

graphene sheet to create a SWCNT imposes a periodic boundary condition, given by

C.k=2nq Equation 1.4

where C is the chiral vector which becomes the circumference of the tube and ¢ is an
integer.”*! This condition leads to the quantisation of the wave vector k, which forms
a series of sub-bands (yellow lines in Figure 1.4 (c, d)). The direction of the wave
vector depends upon the direction of the chiral vector. If for a given nanotube a wave
vector passes through a K-point, the band structure of the nanotube will be
characterised by a zero energy gap, this occurs when |n-m| =3¢ (metallic nanotubes
from Equation 1.3, Figure 1.4 (c, e)). If for a given nanotube no wave vectors pass
through a K-point, the tube will have a finite energy gap, this occurs when |n-m| # 3¢g

(semiconducting nanotubes, Figure 1.4 (d, f)).5”




Chapter 1 | Introduction

920020202 0202020,
0% % %t "e%:%:
BS80S @ d.

......... 5 (2

Py
g....‘g. e @ Metal
.é......e... @ Semiconductor|)
e 0aUaataBala
(b)

Armchair

Ty

__,/

Figure 1.3: (a) Schematic of unrolled SWCNT showing chiral vector C and how
different values of the integers n and m affect the electronic property of the
SWCNT. (b, c, d) The direction of the chiral vector affects the appearance of the
nanotube showing (b) (4,4) armchair shape, (c¢) (6,0) zig-zag shape and (d) (5, 3)
example of a chiral shape.
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Figure 1.4: (a, b, ¢, d) Band structures in reciprocal space, as calculated by the
tight binding method, of (a, b) graphene, (c¢) metallic (4, 4) SWCNT, (d) semi-
conducting (5, 3) SWCNT showing the wave-vectors as yellow lines and the K-
points (Fermi-level points) as red dots. The blue dot represents energy maxima and
the pink points represent saddle (M) points. (e, f) represent electronic band
structures of (e) (4, 4) metallic nanotube where wave vectors cross a K-point and
(f) (5, 3) semiconducting nanotube where no wave vectors cross a K-point.

1.2.2 Properties and applications

The properties of CNTs are a direct consequence of the nature and geometrical

shape of the C — C bonds within their structure. Experimental and theoretical studies
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have shown that CNTs exhibit enhanced electrical, thermal and mechanical

properties.

The 1-dimensional nature and electrical properties of CNTs leads to resistance
that is dependent upon the CNT contact to other electrodes. It has been shown that
CNTs with a perfect contact can act as ballistic transporters of carriers such that,
within the CNT, conduction can occur without resistance (no scattering).**! Ballistic
transport can be achieved over lengths typical of modern electronic devices
(<100 nm). Ballistic transport is disrupted by defects within the CNT lattice which
create scattering. For a long CNT or a CNT with a high defect population, many
scattering collisions can take place and the carrier mobility becomes diffusion
limited. However, diffusion limited transport within CNTs can still be as high as
~10% cm® V' s which is 1000 times larger than bulk silicon.****! CNTs have also
been shown to be capable of carrying a large current with a maximal current density

of > 10° A cm™ reported, which is ~ 100 times greater than that of copper wires.*®!

As mentioned in Section 1.2.1 CNTs can be either semiconducting or metallic.
Electrical applications of CNTs depend upon the CNT type. Metallic nanotubes with
their ballistic transport of carriers (e.g., electrons and holes) could find use as high-
performance interconnects within integrated circuits. In semiconducting CNTs
carrier transport can be switched ‘on’ or ‘off” and it is this effect which can be used
to create field effect transistors (FET). The CNTFET, first described in 1998, offers a
potentially viable method to further decrease the size of transistors on integrated
circuits.’” ** The incorporation of CNTs in either of these applications will require
the sorting or preferential growth of CNTs with specific (metallic or semi-

conducting) chirality.

The stiff sp® bonds of diamond are recognised as one of the best thermal
conductors. Therefore, a high thermal conductance should be expected for CNTs
with even stronger sp® bonds. Indeed, it has been reported that CNTs exhibit a
thermal conductivity of ~6000 W m™ K™ which is 3 times greater than that of
diamond.* *J The high value arises from a large phonon mean-free path of the order
of 1 pm at low temperatures as determined experimentally and theoretically.*"> *2
This property has recently been used to cool an integrated circuit. A CNT containing

silicon chip was placed in thermal contact with the working elements on the back-

side of an integrated circuit. It was found that the CNTs assisted in dissipating the

10
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heat from the circuit, which will increase lifetime and could possibly allow further

miniaturisation.*!

The mechanical properties of materials are perhaps best described by its Young’s
modulus and its tensile strength. The Young’s modulus is a measure of stiffness of a
material. Values of Young’s modulus for CNTs have been determined to be
approximately 1 TPa using a variety of experimental and theoretical methods making

44461 The value of Young’s modulus has been

CNTs the stiffest material known.!
found to be insensitive to diameter and chirality except at very small diameters when
the C — C bonds become strained.l*”! Tensile strength is the maximum stress that a
material can withstand while being stretched or pulled without breaking. CNTs have
shown high tensile strength values of 150 GPa which is ~ 100 times greater than

steel.[*7!

The mechanical properties of CNTs clearly make them suitable as reinforcements
in high strength, light weight, high-performance composites such as those found in
products such as bicycles, tennis racquets and aircraft. However, CNTs cannot
simply be added as a filler because the CNTs often do not mix well and tend to
aggregate with the interfacial bonding between the CNTs and the matrix material
tending to be weak.[*! Work on the functionalisation of the outer walls of CNTs in

(49390 1 particular, the

order to improve the interfacial bonding has shown promise.
interfacial weakness between CNTs and polymer matrices has been used to create
vibration dampening surfaces which have potential to be used in aerospace and

automobile engineering.”"

In the scope of this Thesis not all applications of CNTs are covered. This Section
is simply an attempt to demonstrate that research into CNTs could lead to a vast

number of applications. CNTs have the potential to find use in a myriad of further

applications such as bullet proof shirts,”? improved lithium batteries,””

[5

scanning
probe cantilevers, °* and even improved plant growth.>™ This Thesis focuses upon
the use of CNTs as water filtration membranes, field emission devices and as
scaffolds for biomaterial immobilisation. These applications will be covered in more

detail in Sections 1.5 - 7.

11
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1.2.3 Synthesis

The preparation of high-quality CNTs with high yield has been a goal of many
research endeavours. At the moment, arc discharge, laser ablation and chemical

vapour deposition (CVD) are the three major methods of CNT production.

Arc discharge was the method initially used by lijima to create MWCNTs in
1991.%4 The process of arc discharge involves applying a direct current (dc) bias
between two graphitic electrodes within an inert atmosphere (Figure 1.5 (a)). With a
large bias, a plasma is produced which vaporises carbonaceous material which in
turn re-forms into CNTs. The exact mechanism of CNT formation is a much argued

[56) SWCNTs can be produced by incorporating catalyst nanoparticles into the

topic.
carbon electrodes and using specific pressures and compositions of gases. The initial
reports of SWCNT growth using arc discharge used an iron implanted graphite anode
under atmosphere of 10 Torr of methane and 40 Torr of argon.*” The production of
SWCNTs on a gram scale and MWCNTs on a kilogram scale has been achieved

using arc discharge."’’!

Laser ablation was first reported in 1996 by the group of Smalley where they
produced SWCNTs with high yield (>70 %).1°”) A graphite rod loaded with small
amounts of nickel and cobalt was vaporised by a laser beam at 1200 °C and CNTs

were collected on a water-cooled collector plate (Figure 1.5 (¢)).

Both laser ablation and arc discharge have the advantage of high yields of high
purity CNTs of specific type (SW-, DW- or MWCNT). However, the resulting CNTs
produced are very long (> 1 um), randomly tangled together and of random chirality

(Figure 1.5 (b, d)), which makes their direct use in applications difficult.

CVD growth offers a route toward specific placement and alignment of CNTs on
a surface. Chemical vapour deposition involves flowing a carbon feedstock over
transition metal nanoparticles at medium to high temperatures (500 — 1200 °C) where
the nanoparticles catalyse and serve as nucleation sites for the initiation of CNT
growth.””» ") Materials grown over the catalyst are collected upon cooling the system
to room temperature (Figure 1.5 (e)). Altering the carbon feedstock, catalyst and

1621 chirality,[®!  length,!®* ¢

growth temperature can affect the diameter,
orientation,'® purity!®”! and type of CNT produced.'® Synthesis of MWCNTSs by

CVD was first reported in 1993 by Endo et al./® who produced what they termed

12
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Figure 1.5: Summary of CNT synthesis methods (a) arc discharge, (c) laser
ablation, and (e) chemical vapour deposition along with SEM images (b, d, f)
showing the morphology of the CNTs produced.”” ** ®*) Scale bar in (d) 100 nm.

pyrolytic carbon nanotubes by the thermal decomposition of benzene at 1100 °C.
SWCNTs were not produced via CVD until 1996 when Dai er al.™® reported that
they had produced isolated SWCNTs by the disproportionation of carbon monoxide

at 1200 °C, using molybdenum nanoparticles as a catalyst.

Chemical vapour deposition can control vertical alignment of CNTs by the

rational design and patterning of catalyst upon the substrate (Figure 1.5 (£)).""! It has
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been shown that vertical alignment can be achieved if a growing nanotube is
supported by van der Waals interactions with neighbouring CNTs.[® This can be
difficult because at high temperatures the metal nanoparticles tend to become mobile
on the surface, disrupting the pattern.”’! Nanoparticle mobility can be reduced by
supporting the catalyst on a buffer layer such as ALO; or SiO,.l*! Vertical alignment
has been achieved using ordinary CVD on silicon substrates,'® but alignment and
CNT growth rate can be increased by using plasma enhanced chemical vapour

deposition (PECVD).!”*

In 2004, Hata et al.’" were looking for a method to increase the lifetime and
activity of catalyst particles used in CVD growth. To achieve this, they added a weak
oxidiser to selectively remove any amorphous carbon that can stick to the catalyst,
stopping CNT growth, while leaving the CNTs intact. They decided to add water
vapour to the reaction mixture by passing a small amount of the carrier gas through a
water bubbler. CVD growth was carried out at 750 °C using ethylene as the carbon
source and typical catalysts such as Fe (1 nm), Al/Fe (10 nm/l nm) on typical
substrates including silicon and quartz. Vertically aligned arrays of ultralong CNTs
were formed with typical results of millimetre heights after 10 min of growth.[™!
This growth has since been dubbed ‘supergrowth’ and has been used to create arrays

of vertically aligned DWCNTs!® ™) and MWCNTs® on silicon substrates with

heights greater than 1 mm.

CVD has the further advantage of being able to grow CNTs in a patterned
arrangement by the pre-patterning of the catalyst nanoparticles using conventional
means.l””! However, CVD growth of CNTs produces more defects as shown by the
lower value of Young’s modulus of 10 to 50 GPa found for CVD compared to the
value obtained for arc discharge CNTs (up to 150 GPa).*"!

The large scale synthesis of CNTs is a mature area of research and as such has
become quite sophisticated. Arc discharge and laser ablation make the most pristine
CNTs but the CNTs produced are randomly orientated, tangled and of random
chirality. CVD can be used to fabricate CNT surfaces with control of placement and
alignment but the CNTs produced are often of a lower quality and the CVD process

is not suited to mass production.

14
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1.3 Silicon

1.3.1 Bulk silicon

Silicon is the cornerstone of the current semiconductor microchip industry. The
integration of a CNT device on a silicon substrate will be easier than on any other
substrate. In addition, silicon is capable of being converted into porous silicon which

could potentially act as a porous support for a CNT water filtration membrane.

Bulk (intrinsic) silicon consists of tetravalent silicon atoms packed into a face
centred cubic structure with each silicon atom sharing a valence electron with each of
its four neighbours.”® With the atoms in this arrangement, all valence electrons are
used in covalent bonding, leading to a large energy band gap between the conduction
and valence bands. To make silicon useful in the electronics industry, dopants are
added to alter its electrical properties. These dopants are most commonly phosphorus
or boron but other elements can be used. When phosphorus is used, n-type silicon is
created, where the five valence phosphorus atom shares four of its electrons with its
neighbours and ‘donates’ the remaining electron to the conduction band of the lattice.
When boron is substituted into the lattice, p-type silicon is created; the three valence
electrons of boron are shared with three of its neighbours creating a positive ‘hole’ in
the valence band. An additional electron must be accepted by the semiconductor to

form four covalent bonds.[”®

When a semiconductor is doped with donor or acceptor impurities, impurity
energy levels are introduced that lie within the energy band gap, effectively
decreasing the size of the band gap. An n-type donor impurity (Figure 1.6 (a)) creates
a donor level close to the conduction band due to the excess of electrons. This donor
level increases the Fermi energy of the substrate and makes the conduction of
electrons easier. When a negative bias is applied to the semiconductor, electrons in
the donor level move to the conduction band, these electrons can be replaced by
electrons moving from the valence band to the donor band which in turn are replaced
by an electron from the bulk material. This process is more favourable than in
undoped silicon because the energy required for an electron from the valence band to
reach the conduction band involves two lower energy steps. A p-type acceptor

impurity (Figure 1.6 (b)) creates a level of holes above the valence band that is
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Figure 1.6: Schematic of the band diagrams of (a) n-type and (b) p-type
semiconductors under no bias and negative bias.

caused by the electron deficiency of the impurity. When a negative bias is applied to
the material; holes from the ‘hole’ band drop down to the valence band, these are
replaced by holes that drop down from the conduction band.”® Thus an n-type
semiconductor carries charge through electrons while a p-type semiconductor carries

charge through holes.

1.3.2 Porous silicon

Porous silicon (pSi), as its name suggests, is bulk silicon that has been etched by
some means to form pits (pores) on its surface. Porous silicon is produced through
the chemical, photochemical or electrochemical etching of flat, crystalline silicon
with fluoride solutions.!””™! Galvanostatic anodisation of flat silicon is the method
most often employed to fabricate pSi because it provides greater reliability and

selectivity to the surface produced. Aqueous hydrofluoric acid (HF) in ethanol is a
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common etchant used. The ethanol component is used to reduce the surface tension
of the etching solution and allow full wetting of the silicon substrate.®"! The etching
process is undertaken at room temperature in a specially designed etching cell made
of the fluoride-resistant Teflon (Figure 1.7 (a)). The pores produced are highly 1-

dimensional and are of random shape (Figure 1.7 (b)).

(a)
Platinum loop

(counterelectrode)
Reaction cell

&= O-ring
i
Silicon shard g Aluminum contact
A SEEF (working electrode)

Cell base
(Teflon)

Figure 1.7: (a) Schematic of the etching cell used for the anodic etching of
silicon.®" (b) Top-down SEM of porous silicon showing the irregularly shaped
pores produced.

The generally accepted mechanism for pore formation is based on the work of
Lehmann and Gosele.™ This mechanism relies upon the formation of pSi being
limited by the charge supply to the anode (the silicon) and not by the ionic diffusion
in the electrolyte. This occurs below a critical current density known as the
electropolishing current density where the reaction between the surface and
electrolyte is limited by the diffusion of HF, which leads to a smoothing of the
surface.”” ®! Below the electropolishing current density, pSi formation is essentially
inert against fluoride attack as long as no electronic holes (/") are available at the
silicon surface because the electronegativity of H is similar to that of Si and therefore
the induced polarisation is low. If a hole reaches the surface (step 1, Figure 1.8 (b)),
polarisation of the bond occurs and nucleophilic attack on the Si-H bonds by fluoride
can occur and Si-F is established (step 1, Figure 1.8 (a)). A further F~ anion can
attack due to the polarising influence of the bonded F, releasing H, and injecting an
electron into the silicon (step 2 in Figure 1.8 (a)). Due to the polarisation of the Si-F
groups, the electron density of the Si-Si back bonds are lowered and these weakened

bonds can now be attacked by HF or H,O (steps 4 and 5) in a way that the silicon
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surface atoms remain bonded to hydrogen (step 5).* This subsequently causes the
dissolution of SiF¢> ions, as well as the production of hydrogen gas.**! When a
silicon atom is removed from an atomically flat surface by this reaction, an atomic
size dip is formed (step 2, Figure 1.8 (b)). This alteration of surface geometry
changes the electric field distribution in such a way that holes preferentially move to
the dips, where further etching can occur, amplifying the size of the dip hence
forming pores with a very large aspect ratio (step 3, Figure 1.8 (b, ¢)).** It should be
noted that although this mechanism seems to indicate a one-way only etching
direction, some lateral etching does occur due to different kinetic reactivity’s of the

silicon crystal faces.!*"!
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Figure 1.8: Porous silicon formation mechanism showing (a) reaction steps*°~' and

(b) hole migration during pore formation.!**

The fabricated pores formed can be in a range of tuneable sizes from micropores
(< 5 nm) to mesopores (5 — 50 nm) to macropores (>50 nm). The pore morphology is
affected by the current density, dopant density, illumination and HF concentration

during etching.””! Increasing the current density causes the holes to move higher up
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the pore walls, causing lateral etching and hence increasing diameter. Increasing HF
concentration increases the number of F~ anions at the solution-surface interface.
This results in a quicker reaction between the F~ anion and the holes, producing pores
with smaller diameters and increasing porosity.””) Etching time affects the depth of

the etch with longer times yielding deeper pores.**!

HF etching of silicon yields a Si-H terminated surface. These surfaces can be
modified using a number of different chemical reactions; the most common are
hydrosilylation and silanisations from which a range of surface chemistries can be

achieved.[¥!> 8
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1.4 Chemical attachment of carbon nanotubes to

surfaces

1.4.1 Carbon nanotube chemistry

As mentioned in Section 1.2.3 when produced by arc discharge, CNTs are inert,
insoluble, randomly orientated micrometre long ropes of mixed chirality. To make
the CNTs chemically active and to alter them to a usable size, chemical shortening/
cutting can be used. Shortening can be achieved by a few different methods. A
popular process is to add a mixed acid combination of 3:1 sulphuric acid:nitric acid
to a few milligrams of CNTs. The mixed acid produces nitronium ions (NO,") which
are highly electrophilic and attack the sp’ hybridised hexagonal lattice and can
disrupt it to form sp’ hybridised carbon. Young et al.*® propose that this is caused
by the nitronium ions aligning such that an oxygen atom is adsorbed onto an
aromatic carbon atom which causes the O = N bond to lengthen and strains the C - C
back bonds on the tube sidewall. Since the stabilisation energy of the formation of
the C - O bond is high (-2.51 eV) the otherwise unfavourable process can occur.*®
Once a single C - O bond is formed, all carbons in the near vicinity are now more
susceptible to oxidation leading to radial cutting/shortening of the CNTs. It is worth
noting that NO," binds preferentially to metallic nanotubes because of the higher
charge density at the Fermi level. Subsequently many metallic SWCNTs are
disintegrated by this process leaving predominantly semiconducting nanotubes.!® "]
A positive effect is that after cutting, filtration and quenching with water to return the

SWCNT to a pH of 5-7, carboxylic acid groups are left on the ends and on defect

sites along the side walls.

1.4.2 Carbon nanotube surface attachment

Carboxylic acid functional groups are common crosslinking agents in biological
and chemical processes. The most common are amide (peptide) bonds where a
carboxylic acid (-COOH) reacts with an amine (-NH;) and ester linkages where a
carboxylic acid reacts with an alcohol (-OH). Thioester linkages are also possible
where a carboxylic acid reacts with a thiol (-SH). The reaction of carboxylic acid

with amines, alcohols and thiols can be enhanced by the use of coupling reagents
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such as dicyclohexylcarbodiimide (DCC)."®™ Since shortened CNTs have carboxylic
acid groups on their ends and on defects along their side wall, DCC mediated
coupling is a simple method of chemically attaching CNTs to a substrate, and this

method has been utilised recently.!'®?

DCC promotes the reaction by converting the
carboxylic acid (molecule 1, Figure 1.9 (a)) into an activated ester (molecule 2 in
Figure 1.9 (a)).*”! The activated ester can then react in one of two ways: the activated
ester can react with an amine, hydroxyl or thiol (molecule 3) where the nucleophilic
nitrogen, oxygen or sulphur attack the electron deficient carbon atom on the carbonyl
group of the activated ester to form the amide, ester or thioester linkage (molecule 5,
Figure 1.9 (b)). This reaction is extremely favourable because it produces the stable
dicylcohexyl urea (molecule 4) which drives the reaction forward. The other possible
reaction is the rearrangement of the activated ester to the insoluble, stable N-acylurea
(molecule 6, Figure 1.9 (). The formation of this unwanted by-product can be

avoided if solvents with low dielectric constants are used. It is for this reason that the

presence of water at any time during this reaction is undesirable.

DCC 2

R
/k CNTJ\X”R‘! X=0, S or NH
N—R ;0 4

=
Tz
o

o HN Rearangement  ont N~ SNS R
—_—

A .

C)CNT O’LN R R

Figure 1.9: Basic reaction scheme of the mechanism of DCC (red) assisted coupling
of carboxylic acid functionalised CNTs (molecule 1, black) to amines, alcohols and
thiols (molecule 3, blue).(a) The starting carboxylic acid (1) reacts with DCC to
form an activated ester (2). (c¢) This can rearrange to form the stable unwanted by-
product N-acylurea (6) or (b) it can undergo nucleophilic attack from the electron
rich N, O or S to form a stable amide, ester or thioester linkage to the R, group (5).

It is quite clear that the reaction mechanism explained in Figure 1.9 can be used to

chemically bond the CNTs to almost anything (and vice versa) including surfaces.
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This has been achieved for hydroxyl,?? amine!"® and thiol® terminated surfaces.!
The following Section will detail the key articles in CNT chemical attachment to

surfaces.

1.4.3 Experimental results

The earliest use of the DCC mediated assembly of CNTs onto a surface was in
2000 when Liu et al.!"® attached shortened SWCNTs to gold. In this example, the
amine group from a cysteamine molecule was used to create an amide linkage to the
carboxylic acid on the SWCNT, the remaining thiol group on the cysteamine was
then used to attach to a gold substrate. Liu et al. used atomic force microscopy
(AFM) in order to visualise the SWCNT-Au surfaces where they observed needle
like protrusions which were described as SWCNTs perpendicularly standing on the
substrate (Figure 1.10 (a)).!"® This initial report was followed up in 2001 where they
described the alignment of carboxylic acid functionalised SWCNTSs on silver. In this
report, the negatively charged carboxylic acid groups were electrostatically attracted
to the positively charged silver surface.'” Since that time many further variations
have been published, with CNTs assembled on gold using various amine terminated

thiol monolayers with the predominant application of electrochemical sensing.”!

Carbon nanotubes were not chemically attached to silicon until 2006 when Yu et
al.”*' chemically attached shortened SWCNTs to silicon by first hydrogenating a
silicon (100) surface and then reacting with ethyl undecylenate to afford an ethyl
undecanoate self-assembled monolayer. The ester terminus of the monolayer was
reduced to an alcohol whereupon the shortened carboxylated SWCNTs were
covalently attached using DCC coupling. It was found from AFM imaging that
vertically aligned SWCNTs were attached to the surface. Cyclic voltammetry of the
surfaces revealed the SWCNT to silicon electronic connection was not strong,

indicating that the SAM hindered electron transduction.

In 2007 Yu et al.® further refined the approach by hydroxylating silicon (100)
surfaces and then chemically attaching shortened SWCNTs using DCC coupling.
The SWCNT arrays formed were shown to orient vertically (Figure 1.10 (b)) and
cyclic voltammetry of the surfaces demonstrated that the surface was suitable for

electronic applications. In 2007, Flavel et al." attached SWCNTSs to an amine
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terminated silane layer (3-aminopropyltriethoxysilane, APTES) on silicon (Figure
1.10 (c)). This method produced well aligned SWCNT arrays using the more
favourable reaction between an amine and carboxylic acid to produce a stable amide

linkage.

(@)

o Eo |

NH NH

%%,!
A, A

Figure 1.10: Schematics and published AFM images of SWCNTs chemically
attached to (a) gold via a cystamine linkage,!'™ (b) silicon via direct ester
linkage,'”! and (c) patterned amine terminated silane on silicon.!”*

Vertically-aligned CNT arrays produced by wet chemical assembly have been

[95] [92]

investigated as chemical sensors, biological sensors, and photovoltaic

[21, 23, 96]

devices where they have shown promise as a simple method of producing

functional surface bound CNT arrays. This Thesis will investigate their use in three
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other specific applications, namely water filtration, field emission and as biomaterial

scaffolds which will be reviewed in detail in the following Sections.
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1.5 Carbon nanotubes for water filtration

1.5.1 Background

There are three basic categories of water purification: membrane technologies
(including reverse osmosis membranes), thermal processes (including various types
of distillation), and chemical approaches (including aggregation and flocculation).
Many water purification plants use a combination of these technologies with
membrane based plants being more popular in the United States and Australia and

energy-hungry distillation being more popular in the oil-rich Middle East.

A membrane is a thin film of porous material that allows water molecules to pass
through it, but simultaneously prevents the passage of larger, undesirable, molecules
such as viruses, bacteria and salts. Membranes can be made from polymeric
materials such as cellulose, acetate and nylon or from non-polymeric materials such
as ceramics, metals and composites.”” Generally, water flow in membrane

technologies is either pressure driven or electrically driven.

Several pressure driven membrane processes and a few of their applications are
detailed in Table 1.1. It is obvious that there is a trade-off between selectivity and

applied pressure: the more selective the membrane the more energy required.

Osmosis is the diffusion of water through a semi-permeable membrane, from a
solution of low solute concentration to a high solute concentration. Reverse osmosis
(RO) is the opposite of this effect where a potential barrier is overcome by applying a

large pressure differential.

As detailed in Table 1.1 RO offers the potential to filter salts and other small
particulates from water, however RO plants have constant problems with membrane
fouling and the membranes must be replaced at regular intervals coupled to the large
power requirements of RO plants. Therefore investigations are underway into new
alternative technologies or improvements upon the current technologies. It has
recently been discovered that membranes incorporating carbon nanotubes could
potentially produce high flux, high selectivity water filters that require a lower

energy input.”*®!

25




Chapter 1 | Introduction

Table 1.1: Characteristics and applications of pressure driven membrane
technologies (adapted from ref.”**))

Membrane process Applied presure Minimum particle Application (removal
(psi) size removed efficiency %)

Microfiltration 4-170 0.1 -3 um Particle/ turbidity
removal (> 99 %)
Bacteria/ protozoa
removal (> 99.99 %)
Nanofiltration 70 - 140 200 -4 00 Da Tubidity removal
(> 99 %)
Softening (> 90 %)
Sulfate removal
(> 97 %)
Virus removal (> 95 %)
Reverse Osmosis 140 - 700 50 - 200 Da Salinity removal
(Hyperfiltration) > 99 %)
Nitrate removal (85 —
95 %)
As, Cd, Cr, Pb, Fe
removal (40 to > 98 %)

1.5.2 Theoretical studies

In 2001, Gerhard Hummer was investigating whether water could fill non-polar

cavities such as inside folded proteins. To achieve this Hummer et al.!'®"!

performed
extensive molecular dynamics (MD) simulations on the ‘simplest’ non-polar pore: a
carbon nanotube.” This was achieved by designing an uncapped 1.34 nm long,
0.81 nm diameter (between carbon centres) SWCNT and simulating their dynamics
while solvated in a water reservoir for 66 ns. It was found that the nanotube was
quickly filled with about 5 water molecules, and remained filled for the remainder of
the simulation. The water molecules in the pore formed a quasi-one-dimensional
wire connected by hydrogen bonds more or less aligned with the tube axis (Figure
1.11 (a)). This means that, upon entering the nanotube, each water molecule loses 2
out of its 4 hydrogen bonds from the bulk phase. This loss of energy (~10 kcal mol™)
is partially recovered by van der Waals interactions with the carbon atoms within the
nanotube (~4 kcal mol™). This apparent loss of energy would indicate that water

entering a CNT would be a very unlikely occurrence. However, Hummer et al.

explain that the remainder of the energy is recovered through the thermodynamics of

26




Chapter 1 | Introduction
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Figure 1.11: Water occupancy inside a SWCNT (a) structure of hydrogen bonded
chain of water molecules within the SWCNT and (b) probability distribution of

water binding energies of (red) confined and (blue) bulk water, the coloured arrows

indicate average binding energies.”’™

confinement.”™ Upon entering the nanotube, the energy distribution becomes much
narrower than in the bulk phase (Figure 1.11 (b)). This is because the water
molecules have two well-formed hydrogen bonds, one accepted and one donated,
causing the water molecules to effectively exist in their energetic ‘ground’ state.*®
The confined water molecules therefore have a lower chemical potential than in the
bulk state leading to filling of the CNT. The difference in chemical potential is
calculated to be ~0.82 kcal mol™ which agrees with the occupancy calculated from
the simulations.”® Water molecules were found to not only enter the CNT, but also
exit out the other side. 17 water molecules per nanosecond were calculated to pass
through the tube (51 x 107 cm® s™), this is of comparable flow to water through the

transmembrane protein aquaporin-1.1""" The fast flow is attributed to the frictionless,

smooth, inner wall of the CNT that allows water molecules to ‘slip’ through it.

This initial paper was followed by others by Hummer ez al.'% %1% including a
report of osmotic water transport through CNT membranes.!'”! In this paper, MD
simulations were used to determine if water would flow through a CNT due to
osmotic force. The water was found to flow from a pure-water compartment through

the CNT membrane and into a salt-solution compartment at a net water flow of 5.8
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molecules per nanosecond, per CNT. This value is very similar to an analogous
experiment of water travelling through aquaporin-1 at a similar osmotic gradient (3.9
per ns, per pore).[ml] An investigation on the effect of length, was also completed in
this study with no variation of water flow found between a 1.34 nm and a 2.7 nm
long CNT, showing that the osmotic water flow is independent of channel length (at

least up to a few nanometres).'*”.

Recently, the focus of research has switched toward investigating whether CNTs

can be practically used as RO membranes. Corry'"

completed a detailed
examination of a water solution containing Na" and CI” ions travelling through CNTs
of different diameter and length. Table 1.2 details the types of CNTs used, their

respective diameters and conductance of water molecules and ions.

It was found that water filled all CNTs with the wider nanotubes unsurprisingly
experiencing a higher flow rate. Single files of water molecules were formed in the
(5, 5) and (6, 6) nanotubes while the wider (7, 7) nanotubes had two rows of water
molecules and the wider again (8, 8) nanotubes had four rows of water molecules. It
was found that the Na' ions could only enter the (5, 5) CNTs if it stripped its
hydration number from 6 to 2, making the process unlikely. However larger CNT
diameters reduced the number of hydration shells that were required to be stripped
from 3 for (6, 6) nanotubes to 1-2 for (7, 7) nanotubes to 0 for (8, 8) nanotubes. The
stripping of the hydration shell creates a barrier to entry that is an order of magnitude

[106

higher than the entry barrier for water.!'”! When a hydrostatic pressure was applied

Table 1.2: Summary of water molecule transport, ion conductance and study of

desalination potential of CNT membranes. '’

Improvement
Size Diameter C()(;.I;_(Iil:)ct(z;) I::re Conductance Salt Permeability con;lllljl‘:e:“lcial
2 . . . -2 -1\a

A) CNT per ns) of ions rejection (L cm™ day™) RO

membrane”
5,5) 6.6 104+0.4 0.0 100% 0.16 242
(6, 6) 8.1 23.3+03 0.0 100% 0.27 4.21
(7,7) 93 43.7+£0.5 0.007 + 0.005 95% 0.42 6.39
(8, 8) 10.9 81.5+1.2 0.137 £ 0.025 58% 0.65 9.76

*Flow rate calculated for 2.5 x 10'" pores per cm”

"Info from: (http://www.dow.com/liquidseps/prod/sw30hr 380.htm) membrane
achieves salt rejection of >99.6%

28




Chapter 1 | Introduction

to ‘push’ the water molecules through (RO simulation), salt rejections of 100 % were
found for the (5, 5) and (6, 6) nanotubes while the (7, 7) nanotubes achieved 95 %
and the (8, 8) nanotubes recorded 48 % salt rejection (Table 1.2). The reported flow
rate improvement over the commercial RO membrane is similar to the 3 -5 fold
improvement of a similar CNT MD simulation over a poly(methylmethacrylate)

membrane.!'?

] These results indicate that low diameter (C-C distance of < 0.93 nm)
CNTs could be used to make high efficiency, high selectivity, and high flux RO

membranes.

Molecular dynamics simulations of water flow through CNTs continue to be
studied with many reports concluding that CNTs have the potential to produce a

[108-111] However, without

membrane with high rejection at a low input pressure.
experimental results to support these MD simulations there is no advantage in

continuing theoretical study.

1.5.3 Experimental studies

Hinds et al.!"'"¥ prepared a CNT based membrane in 2004 that would form the
blueprint for subsequent CNT membrane experiments. The fabrication process of
Hinds is shown in Figure 1.12. Briefly, MWCNTs of low diameter (~ 7 nm) were
grown using CVD on quartz slides. A solution of polystyrene (PS) in toluene was
then spin-coated into the 5 — 10 um thick forest of CNTs. Hydrofluoric acid was then
used to remove the CNT-PS composite from the quartz substrate, producing a
freestanding film of 5 — 10 um thickness. Water plasma etching was carried out to
remove the top layer of PS and reveal the CNT tips; this was achieved because the
plasma etched the PS faster than the CNTs, producing a 10 — 50 nm overhang of
CNTs out from the surface. This process also opens the CNT tips and functionalises
them with carboxylic acid groups.!''”! Transport measurements of both nitrogen gas
and a ruthenium aqueous ionic complex were carried out. Nitrogen was found to
flow with a similar rate to that expected through a 7.5 nm pore according to Knudsen

(2] The flux of the ruthenium complex was found to be similar to that of

diffusion.
bulk aqueous-solution diffusion. Both of these results indicated that there is minimal
advantageous interaction between the gas or complex with the wide diameter CNT

pores.
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As grown aligned CNTs

coated with

polystyrene/toluene

solution Spin coating 3000rpm to
remove excess polymer above
aligned CNT array. Vacuum
oven drying at 70°C. HF acid
etch to remove membrane from
substrate

4

H,0 plasma oxidation
to open CNT tips and
ISIMOVE any excess
polymer on surface

Figure 1.12: Schematic of the fabrication process of aligned MWCNT membranes
by Hinds et al.l'"!

An explanation not mentioned by Hinds could be that most of the recorded flow
came from CNTs with wider diameters (30 — 50 nm), which they observed by
nitrogen adsorption but appeared to ignore within their discussion.!''” The final
experiments of their work were to chemically bind first biotin to the carboxylic acid
groups on the CNTs and then to bind streptavidin to the biotin. The flux was reduced
by a factor of 5.5 upon biotin attachment; this was further reduced by a factor of 15
upon streptavidin coordination. This simple experiment showed how the molecular
transport through the CNT membrane can easily be gated by a variety of
biological/chemical affinity pairs, leading to potential application in chemical

. 112
separations and sensing.!''?!

The aforementioned paper, strangely did not mention the work of Hummer or any
work involving the transport of water molecules through CNT pores. This was
remedied in a brief communication published in Nature in 2005.['"*! In this article,
the flow rate of various fluids through the CNT membrane described previously were
calculated and compared to that expected from conventional flow (Table 1.3). The

observed water flow (25cms’) is similar to, but less than that calculated
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theoretically by Hummer of 90 cms™ but much greater than expected from

conventional theory.”® ']

The large increase in observed flow (compared to conventional) is attributed to
the assumption made in the Hagen-Poiseuille equation that the velocity of the fluid at
the pore wall is zero.!'"” The “frictionless’ CNT inner wall is given credit for this
non-zero velocity at the wall. The non-zero flow at the pore wall explains the
enhanced flow rate and the extremely large slip lengths calculated (much greater than
the CNT radius). The slip length is an extrapolation of the extra pore radius required
to give a zero velocity at a hypothetical pore wall.'"* The decrease in flow and slip
length observed as the fluid becomes less polar is attributed to an increased affinity

for the non-polar CNT wall (Table 1.3).

Since 2005, the group of Hinds have continued their work on CNT membranes.
Rather than making improvements on the membrane itself, such as by decreasing
CNT diameter, they have concentrated on changing the molecules attached to the

CNT ends to investigate changes in flow rate.!'!*!!¥l

Table 1.3: Pressure driven flow through MWCNT membranes.!'"?!

Initial
Liqui permeability Obse.r ved ﬂov_s; Expe'c ted ﬂonl Slip length
iquid (em® per cm’ velocity (cm s velocity (cm s (um)
milfbar) at 1 bar) at 1 bar)” H
Water 0.58 25 0.00057 54
Ethanol 0.35 4.5 0.00014 28
iso-Propanol 0.088 1.12 0.00077 13
Hexane 0.44 5.6 0.00052 9.5
Decane 0.053 0.67 0.00017 3.4

"Expected flow as calculated by the Hagen-Poiseuille equation

Around the time of the work released by Hinds et al,[''* ') Holt et al!'"”
reported upon the fabrication and transport properties of a lower diameter DWCNT
membrane. DWCNTSs with a diameter of 1.3 — 2 nm were fabricated by growing the
nanotubes onto a silicon substrate via CVD. The gaps between the DWCNTSs were
then filled with silicon nitride. The silicon under the DWCNT arrays was etched
away and the metal catalyst and excess silicon nitride was removed via Ar ion
milling. The tops of the DWCNTSs were then removed by reactive ion etching (Figure
1.13).111
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Illlw]

Figure 1.13: Schematic of the DWCNT membrane fabrication of Holt et al.!'"!

The first transport experiments carried out were size exclusion experiments where
the flux of 5 nm colloidal gold, 2 nm colloidal gold and 1.3 nm Ru®"(bipyr); complex
was measured. Of the analytes, only the ruthenium complex was found to pass
through the membrane, indicating that the pore size is somewhere between 1.3 —
2 nm. Water and gas flow measurements were completed using three different
DWCNT membranes and a commercial polycarbonate membrane (Nucleopore,
Osmonic Inc.). Gas flow in confined dimensions, when particle-surface collisions
dominate over particle-particle collisions, is commonly described by the Knudsen
diffusion model."'” Table 1.4 displays the gas (Knudsen model) and water flow
(Hagen-Poiseuille, non-slip) enhancement and their corresponding theoretical flow
enhancements for the membranes investigated. The flow enhancement is very large
for both the water and gas measurements with enhancements of 560 - 8400 and
16 -120 recorded, respectively, for the DWCNT membranes whereas the

commercial polycarbonate filter exhibited a lesser enhancement (3.7 and 2.1,
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Table 1.4: Comparisons of the gas and water flow enhancements (over their

respective theoretical models) for 3 DWCNT membranes and a commercial

polycarbonate membrane.!'"”’

Pore Pore Gas flow Water flow .
Membrane diameter density enhancement enhancement Calculated slip
(nm) (pores cm) over Knudsen over Hagen- length (nm)
model Poiseuille model
DWCNT 1 1.3-2.0 <2.5x 10" 40-120 1500-8400 380-1400
DWCNT 2 13220 <25x10" 20-80 680-3800 170-600
DWCNT 3 1.3-2.0 <2.5x 10" 16-60 560-3100 140-500
Polycarbonate 15 6x10° 2.1 3.7 5.1

respectively) even though the pores of the polycarbonate are approximately 10 times
larger. It should be noted that the values listed in Table 1.4 are the ‘minimum’
values. This is a consequence of the error in calculating the pore density, with the

value reported indicating the lower estimate.

Recently, molecular dynamic simulations have specifically investigated the results
of Holt et al™® Joseph et al!”® created a simulation of 1.6 nm CNTs and
calculated the water flow enhancement over that of the Hagen-Poiseuille model. The
calculated improvement was 2052 which is well within the range of the 560-8400
observed by Holt (Table 1.4)."""! This comparison has been investigated by Thomas

1% Wwho claim that Joseph used the wrong diameter value, and if the correct

et all
value was used, the calculated enhancement would be 459. Thomas et al. "% further
went on to calculate expected flow enhancements for large diameter CNTs
(1.66 -4.99 nm) and found that the flow enhancement decreased with diameter as
the water molecules no longer formed ordered chains and acted more alike to bulk

31 who experimentally

water. This result contradicts the findings of Hinds ef al.,!
calculated to have much higher enhancement (~ 50000), Thomas argues that Hinds et
al. has most likely made a mistake in the calculation of the available flow area or the
presence of an uncontrolled force that produced the very large flow.!'” This
conclusion seems likely as the pore area calculations were calculated from SEM
analysis, which is not a suitable method for such calculations.

Very recently, the group of Hinds have discarded their CVD grown CNT
membrane approach (Figure 1.12) and have adopted a ‘microtome cut’ method.['*"
The microtome cutting method involves thoroughly mixing CNTs with an epoxy

resin, the epoxy is set and the hardened film is cut into 5 pm thick disks using a
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conventional microtome with a quartz blade. While the CNTs are randomly mixed
within the initial epoxy mixture, it is assumed that some CNTs will be aligned such
that they will be open at both ends after microtome cutting. CNT membranes

122]

fabricated in this fashion have been investigated for drug delivery! and

electrophoretic transport.!'*!

The work of Holt and Hinds demonstrate that the fabrication of a CNT membrane
that allows water to flow through it at an enhanced rate is possible. There are still
many possible improvements: using SWCNTs would yield an improvement because
the smaller inner diameter will allow for increased selectivity, such as ion removal

(1961 and the smaller outer diameter would allow more CNTs to be

for desalination
placed within a membrane, increasing pore density and subsequently improving flux.
A further improvement could be to use a simpler fabrication technique; CVD growth
of CNTs, silicon nitride impregnation and Ar ion milling are all techniques that
require specific instruments that are expensive and difficult to upscale. The use of
CVD for CNT production also requires catalyst nanoparticles which could
potentially block the CNT pores. The production of a SWCNT membrane via the

chemical attachment of carboxy-functional SWCNTSs to a porous substrate has not

been previously reported.
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1.6 Field emission from carbon nanotubes

1.6.1 Background and theory

Many electronic devices such as cathode ray tubes in televisions, X-ray generators
and microwave amplifiers are based upon electron sources. These electron sources
are generally thermionic emitters where a surface is heated to 950 — 2000 °C to eject
electrons. Thermionic emission inexpensively produces high current densities but at
a high energy consumption and cannot be miniaturised to micrometre-size due to

1241 1t is for this reason that research into so called ‘cold

insufficient heat dissipation.[
electron sources’ such as field emission from carbon nanotube arrays have come into

the spotlight.

Field emission (FE) is the extraction of electrons from a solid by tunnelling
through the surface potential barrier in the presence of an electric field."'**! When no
local electric field is applied to a surface, the potential barrier is infinitely wide and
hence no tunnelling can occur (Figure 1.14 (a)).l'*) When a large local electric field
is applied the potential step at the surface confining the electrons to the solid
becomes (to the first approximation) triangular in shape, with the slope depending
upon the electric field strength (Figure 1.14 (b, ¢)). A more accurate approximation is
depicted in Figure 1.14 (d) where the Coulomb potential is included in the
calculation of the potential barrier. As the width of the barrier gets smaller (= 2 nm)
electrons close to the Fermi energy (Ep) have a finite probability of tunnelling
through the barrier and escaping,!'**! as demonstrated in Figure 1.14 (d) where an
electron with energy, Ey tunnels through the potential barrier and escapes into
vacuum where it can be attracted to a positively charged plate. This occurs when the
wave function of an electron (which maps the probability its position) overlaps
outside of the potential barrier, thus a smaller potential barrier (higher electric field)

leads to a higher probability of field emission occurring.
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(a) No field — F=0 V/nm (b) Electric Field present — F=F; V/nm
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Figure 1.14: Field emission models showing how the shape of the potential barrier
changes for (a) no field (b) an electric field, (c) a larger electric field and (d) when
the Coulomb potential is included in the calculation.

The resultant current density (current per unit area), J, produced by a given

electric field is best described by the Fowler-Nordheim (E-N) equation:!'*®!
e3 u F? 4,2m, 5 Equation 1.5
] = —_ exp|\———— /2
4m%h \/5 u+o 3ehF

This can be simplified using e=1.602x10""C, n =6.582x10"%eV s and
m,=09. 109x107! kg to become:

N F? b, 3/ Equation 1.6
]_blﬁu+¢exp(F¢ 2)

where b, is 6.2x107 and b, is -6.8x10°. 127!

The F-N equation shows that the current density is a function of electric field, F,
Fermi energy, 4 and work function, &. Therefore to increase the current density
produced either the work function must be decreased or the local electric field around
the surface must be increased. Since the work function of a metal cannot be changed
without changing the metal itself, the electric field must be increased to increase
current density. Simply increasing the electric field can often be damaging to the

sample and dangerous/difficult for commercialisation. A commonly used method to
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[128] Tip-like structures

increase the local electric field is to employ tip-like structures.
increase the current density due to the field amplification effect which is where the
electric field lines concentrate around a sharp object, this leads to electric field
enhancement around a tip.[m] This enhancement is (to the first approximation) equal

1241 and is represented by the enhancement factor, .

to the aspect ratio (height/radius)!
Thus a tip with an aspect ratio of 100 decreases the required electric field for field

emission to occur by a factor of 100.

In practice, field emission experiments are conducted by placing a sample of
interest (most likely a single sharp tip or an array of tips) close (~1 mm) to a
collecting plate in a high vacuum. A high voltage is then applied such that the sample
is the cathode (negative bias) and the collector is the anode. The voltage is swept
from 0 V to a desired maximum voltage and current (or current density, A cm™) with
respect to applied voltage (or electric field, V/d) is plotted (known as an I-V curve).
For field emission this curve shows no current while there is a zero probability of
tunnelling through the potential barrier and then as the applied field becomes high
enough such that the potential barrier is small enough for electrons to tunnel through
it the current ‘turns-on’ and the curve takes a parabolic shape as the tunnelling
probability increases and the current’s dependence on F” in Equation 1.5 begins to

dominate.['?)

The comparison of experimental to theoretical results of field emission is
completed by using the assumption that values of x4 and @ remain constant regardless

of tip position. The F-N equation can be further simplified to:

J = a,F2exp (_ %) Equation 1.7

where a; and a, are constants including b; and b, from Equation 1.6, the Fermi
energy, u, and the work function, @. This simplified version of the F-N equation
shows that the current density, J is essentially a function of electric field, F. In the
case of the macroscopic electric field this is equal to the applied voltage, V, divided
by the inter-plate distance, d, such that /"= V/d. However as part of the argument of
the phenomenon of field emission, it is the local effective electric field on the
surface, not the macroscopic field that changed the shape of the potential barrier. As
mentioned previously the local field is enhanced by the enhancement factor f. This is

most often described following:
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%4

B Equation 1.8
F(local) = ﬁF(applied) =p E = EV

This is the equation most commonly used for the analysis of field emission
reported in publications.!"*> 1% *! The next step toward matching experimental and
theoretical results is to change the current density, J, from Equation 1.7 into current,
1. This is accomplished by multiplying both sides of Equation 1.7 by area, 4. Thus
Equation 1.7 becomes (substituting F'= (8 / d) V):

Equation 1.9
a;

I = Aal(g)szexp —E%
d

where A is the effective emission area. 4 cannot just be termed the ‘emission area’
because that implies that the current density is uniform over the entire surface and
with tip like geometries this cannot be true. As such it is commonly accepted that the

calculations of area using F-N data is unreliable,!'** however the calculation of the

effective emission area can be used to compare similar field emitting devices.

To determine the values of 4 and f from experimental results Equation 1.9 is
simplified further by rearranging and then taking the natural log of both sides to
yield:

I a, 1 B\° Equation 1.10
In (W) = —EV +iIn (Aal (E) )
d

hence a plot of In(Z/ V*) vs 1/V (known as a Fowler-Nordheim plot) should be linear
for a field emission process.!*®! A good linear fit depicts good electrical contact
between emitter and substrate.!'**! From the equation of the straight line and the
knowledge of the values of the constants a; and a,, the field enhancement factor, f,
can be calculated from the slope of the line and the effective emission area, 4, can be

calculated from the Y-intercept.

The advantage of having a sharp tip is the high £ (which results in a low turn-on
field), but since emission only occurs at the apex of the tip, the emitting area is low
which causes only a small amount of current to be produced. This usually results in
such field emitters being used only when high brightness is required instead of high

[124

currents such as in a scanning electron microscope.!'*"! The key to creating a high

brightness, high current FE system lies in using a large number of field enhanced tips
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or an array of tips. To achieve a high field emission current, a high density of tips
must be present on a surface. There are a few technologies present that can achieve
this such as Spindt tips which are etched molybdenum tips that can be created in high
density arrays.!"*! The drawbacks of these tips are the expensive production, short
lifetime in vacuum and high operating voltage. An alternative to the Spindt tips is the

use of carbon nanotube arrays.

1.6.2 Field emission from carbon nanotubes

Since the first reports of field emission with very low turn-on fields and high

136 371 3 great deal of research has been

current densities from CNTs in 1995!
dedicated to the fabrication of CNT field emission devices that produce a stable

current at a low applied electric field.

Field emission properties are summarised by the turn-on voltage, electric field
enhancement factor and emission stability. The turn-on voltage (Ey) is the
macroscopic applied field required to produce a set current density, commonly
10 pA cm™. Low Ey, values are achieved from a surface with high # and a high
density of emitting tips. High f values are achieved when the emitting tips have a
high aspect ratio and are placed perpendicular to the electric field (e.g. vertically
aligned). The emission stability is a measure of how consistent an emitting surface

can produce a set current at a set applied field.

Field emission from CNTs typically occurs with a Ey, of around 2 V um™ but can
vary from ~1-10V um™ depending upon CNT type, orientation, coverage and
geometry (Table 1.5). The Ei for CNTs is 50 to 100 times lower than that of
molybdenum and silicon tips.[138] Values given for f vary greatly; this is often due to
the many different forms of the Fowler-Nordheim equation used.!'?> 127 3% 1391 A
forms of the F-N equation use assumptions such as whether the work function of
CNTs is 5 eV or 4.8 eV or whether the inclusion of the Fermi energy is relevant. The
F-N equation described in Section 1.6.1 will be used herein, but some error in any
comparison between the calculated values of f exists as a result in variations of the

F-N equation used.
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Table 1.5: Summary of field emission properties from carbon nanotubes.

. . Eto
Emitter Alignment V um™) p Comments Ref.
Arc SWCNT random 2.19 4950 incorporated into In,Os [140]
Arc SWCNTin  random  1.5-4.5 3600 - e
paste
SWCNT random 3 1400 SWCNT chemically [130]
attached to glass
SWCNT in quasi- 29-43 - [142]
paste vertical
CVD SWCNT random 1.6-3.3 - varied with catalyst [143]
composition
CVD DWCNT vertical 0.8 - 1000 - varied with catalyst [144]
1.75 3500
CVD DWCNT random 2.5 1349 pristine [145]
CVD DWCNT random 1.3 2231 Ru decorated [143]
Arc DWCNT random 5 997 DWCNT sprayed onto [146]
surface
Arc DWCNT  random  2.1-2.8  1100- - [47)
1250
CVD MWCNT  random 1.25 - 1200 — ‘thin” MWCNT, diam. [145]
2.25 2500 ~10 nm
CVD MWCNT  random 4.8 400 - 1200 patterned MWCNTSs [145]
PECVD vertical 3-12 500 - 800 dependent upon emitter [150]
MWCNT spacing
PECVD - 3-4 - dependent upon plasma [131]
MWCNT oxidation
CVD MWCNT random 3-9.8  450-1200 dependent upon CNT [152]
density
E¢ (V pm™ !
Summary o (V pm),
range (average) range (average)
SWCNT 1.5- 4.5(2.9) 1400- 4950 (3300)
DWCNT 0.8-5(2.3) 1000 — 3500 (1632)
MWCNT 1.25-9.8 (4.8) 450 — 2500 (1000)
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From Table 1.5 it is apparent that SWCNTs and DWCNTs exhibit the best field
emission properties, which is attributed to their low diameter. An increase in
diameter decreases the aspect ratio which in turn reduces the electric field
enhancement. The values shown in Table 1.5 in no way represent a comprehensive
review of all CNT field emission experiments but give a rough overview from a
number of different CNT types and conditions. The value for DWCNTSs are perhaps
skewed to the better end of FE properties because the exclusive fabrication of
DWCNTs is a new technology and the DWCNT surfaces were fabricated following
methods that had previously worked well for SW and MWCNTs. MWCNTs are by
far the most extensively studied of the CNT types due to their ease of fabrication.
However, MWCNT diameter can vary greatly and as a result a very broad range of
FE characteristics are present in the literature. Vertical alignment of the CNTs is
clearly an important aspect of field emission as it leads to the greatest electric field
enhancement. It is a common experiment to investigate the level of vertical

[144.133] Bor example a recent

alignment by monitoring the field emission properties.
study by Chen et al.!"*¥ investigated the field emission from vertically aligned and
randomly orientated DWCNTSs. The field emission properties of the randomly
orientated DWCNTSs were much worse with a higher Ey, of 3.67 V um™ and a lower
S of 1085 compared to 1.67 V um™ and 3517, respectively for the vertically aligned

DWCNTs.

The field emission behaviour of opened and closed nanotubes has been widely
researched with no definitive result. Experiments on MWCNTs have shown that
open nanotubes emit at lower voltages,"* that closed nanotubes emit at lower

(B and that it varied with different attachment temperatures.!'” A

voltages
theoretical study has shown that open SWCNTs should exhibit better field emission
properties because the work function is decreased at the opened end due to changes

of the electronic structure.!'>®

The coverage of CNTs and the effect of coverage on field emission is of
importance since high coverage is required for high current densities. However, it
has been found that high coverage often leads to higher turn-on fields.!"*" ** This is
attributed to electrical screening where CNTs in close proximity to one another
effectively shield each other from the applied electric field. As a result of this, it has

been suggested that the ideal coverage is where the inter-CNT spacing is
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approximately equal to the CNT height."*® This theory has been supported in

157

practice with Bonard et al.">” describing better emission properties of CNT arrays of

‘medium’ densities over those of ‘high’ and ‘low’ densities.

Field emission properties of CNTs can be further compared to inorganic
semiconducting nanostructures such as nanowires, nanorods, nano screws and
nanotubes. The range of materials is vast and the emission characteristics of some
structures rival that of SWCNTs depending upon the shape and composition of the
nanostructure (for a detailed review!"*™)). For example, zinc oxide (ZnO) nanowires
produced by electrochemical deposition and vapour phase growth have recorded Ey,

1591 whereas 3.3 mm long ZnO

values of 15.5 V um™ and 9.5 V um™, respectively
nanoribbons synthesised by molten-salt-assisted thermal evaporation have yielded
emission with a Ey, of 1.3 V um™.1"®”! Other inorganic semiconducting nanostructures
based upon zinc sulfide (ZnS), silicon, tungsten oxide (WO3), aluminium nitride
(AIN), silicon carbide (SiC), and many others have been investigated.!'”™ E,, values

[161

ranging as low as 0.8 V um™ for Si nanowires'®" to 17.8 V um™ for AIN nanocones

have been reported.!'*?

The field emission degradation or stability from CNT arrays is of particular
importance for the commercialisation of CNT FE devices. The degradation of the
emission is usually caused by several phenomena and can be reversible or
permanent. Arcing, Joule heating and bombardment from ionised gas molecules (ion

bombardment)!'*!

can cause irreversible damage. The adsorption/desorption of
molecules on the emitter surface can cause reversible damage and is often observed
as deviations in the F-N plot. The degradation of SWCNTs has been shown to be a
factor of 10 times faster than that of MWCNTs."*!] The faster degradation is
attributed to the single shell being more sensitive to ion bombardment and
irradiation. A final cause of degradation is the breakage of the nanotube to substrate
adhesion under high applied fields and high vacuum; this can be avoided if stronger

adhesion such as covalent bonds are used to connect the CNTSs to the substrate.['®*

Examples of some of the most stable emission currents from MWCNTs include

164] 163] reported an increase

stable emission of 1 mA cm™ for 20 hr!'®*! while Saito ez al.!
of 11 % in the applied field to maintain 10 mA cm™ for 8000 hr. The emission
stability of CVD grown MWCNTs has recently been improved by embedding CNTs

within a polymer matrix. The dielectric properties of the poly(methylmethacrylate)
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(PMMA) lead to a decrease in electric field screening and an increase in emission
stability. Emission stability tests were achieved by maintaining a constant voltage
with an initial current of 1250 pA cm™. Without polymer deposition, the emission
decreased by 40 % within 15 hr whereas when PMMA was deposited within the

CNTs no noticeable degradation was observed within 40 hr.!'*

Emission stability of SWCNTs are not often reported, however there have been a
few investigations. Kim and co-workers!'**! printed a SWCNT paste onto an indium
tin oxide (ITO) glass plate and measured the change in current at a fixed applied field
(with an initial current of 100 pA cm™). After 30 hr, the current had decreased by
50 %. To improve stability, the surfaces were treated to an inert gas plasma at
varying power and durations. The plasma treatment was found to markedly increase
the stability but at the same time it was also found to increase the E;,. The time taken
for the current to drop by 50 % increased from 30 hr to 5000 hr (extrapolated) while
the initial voltage required to produce 100 nA cm? increased from 3.46 V um™ to

9.1 V um™". The emission stability reported by Kim ez al.!'*?

is easily the best for
SWCNTs however; the corresponding degradation in emission properties counteracts

any advantage in the use of SWCNTSs. The improvement of emission stability while

(b) (c)
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Figure 1.15: (a) SEM of SWCNT deposited from a paste, (b) J-V curves and (c)
emission stability from varying plasma treatments.''**
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not adversely affecting emission properties is a highly sought after achievement.

The big promise of vertically aligned (VA) CNT field emitting device iss in

166] 167]

applications includind field emission displays,t X-ray tubes,!

[168]

lighting

[169]

filaments, and plasma and microwave sources, just to name a few. In

particular, novel field emission displays are fabricated by patterning the CNTs onto

7o) 1251 while

the cathode using catalyst masking,!'” lithography, or screen-printing.
the anode is coated with a phosphor array which produces coloured light when hit by
an electron.'’"! The advantage of such displays over liquid crystal displays are a
lower power consumption (10 mA cm™ required), higher brightness, a wider viewing
angle, a fast response rate and a wider operating temperature range.!'’" '’ Despite
the promise of CNT based FE devices no commercial products are currently

173

available, although prototypes have been made.'’” This is mainly due to lack of

emission stability and lack of uniformity between fabricated devices.
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1.7 Carbon nanotubes as biointerfacial substrates

1.7.1 Background

The intracellular structures of the cytoskeleton are composed of nanoscale protein
filaments, not dissimilar in diameter and aspect ratio to CNTs. These nanoscale
architectures are critical to cell and tissue function. It is therefore intriguing to
consider that man-made nanoscale architectures, mimicking the natural ones, might
be ideally suited to manipulate or interfere with cell behaviour. Control might be
facilitated by direct interactions of individual CNTs with cellular protein components
or even nucleic acids. This paradigm receives further support from the notion that
one might bring to bear the exceptional electronic and mechanical properties of
CNTs on cells with the aim to generate multifunctional biointerfaces. For this
reason, CNTs offer fertile ground for biointerfacial studies involving mammalian
cells. It is also well established that mammalian cells are able to detect and process
topographical cues on a surface down to the nanoscale.'” CNT decorated surfaces
are prime examples of controlled nanostructured topographies which cells should
react to in order to achieve cell guidance and cell stimulation which may be useful

for tissue regeneration.

As well as providing scaffolds for cell growth, CNT tip functionalisation could
lead to delivery of a load into the cellular structure. Specific gene plasmids could be
adsorbed onto the tips of the CNTs which, when loaded into the desired cell could
permit precise temporal control of gene expression, which is highly relevant to stem
cell technologies where phenotypic control during development is desirable. VA-
CNTs are the nanoscale analogue of a bed of nails, begging the question how cells in

contact with such substrate surfaces will behave.

1.7.2 Carbon nanotube biointerfaces

Whilst CNT biocompatibility remains a significant and topical issue and one of
the primary targets of nanotoxicity research,!'” there is no substantial evidence for

toxicity of surface-immobilised nanotubes.!'”"!

Toxicity appears to rely on
internalisation by cells and even then it is not always observed. Internalisation by

endocytosis of functionalised SWCNTs has been exploited for molecular transport
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[177]

into cells in a seminal study. Interestingly, the nanotubes did not exhibit any

appreciable toxicity over 48 hr, suggesting potential applications of CNT transporters
178]

for drug delivery.!

Figure 1.16: (a, b, c) SEM images depicting the attachment of cells to a carpet of
VA-CNTs. (a) The tips of the VA-CNTs are in intimate contact with the cell

surface. (b) The bending and deformation of the tubes is occurring via

[179

biomechanical forces.!'””’ (c¢) Neuronal cells adhere preferentially to isolated

islands of pristine CNTs. (d) Confocal fluorescence image of neurons (red) and glia
cells (green) on a large CNT island. Scale bar in (¢, d) 10 pm.t"*"

Several recent studies have focused on cell interactions with planar surface-bound
CNTs. These studies have provided insights into cell morphology, proliferation and
migration in direct response to surfaces decorated by CNTs. For example, Giannona

et al'”

showed that spreading, adhesion and proliferation of osteosarcoma cells
was enhanced and cell bodies were markedly elongated on VA-MWCNTs on a
silicon substrate in comparison to conventional tissue culture plastic (Figure 1.16
(a)). Nanotubes attached via their tips to a cell appeared to bend towards the cell
body under the forces exerted by the cell, an effect previously described for
elastomeric microneedles (Figure 1.16 (b))..'"*"! In addition, the authors reported that

cell spreading on periodic nanotube arrays prepared by nanosphere lithography

followed by CVD was aligned with the array, suggesting that mechanical signals

46




Chapter 1 | Introduction

from the substrate are translated into migratory and shape-changing cellular signals.
The achieved cell guidance and cell stimulation may be useful for tissue
regeneration, in general, and bone bioengineering in particular.

Efforts are also underway to engineer electrically addressable neural networks on
CNT architectures providing electrical back contacts for signal transmission.!'®”
Such networks have significant potential in research efforts aimed at better
understanding of brain function but also in experimental strategies for spinal cord
repair. Neural clusters form as primary rat neurons migrate from low affinity sites on
a silica substrate to patches of randomly oriented CNT mats defined by soft
lithography. Neurites then connect these patches by tensed links following
geometrical connectivity and almost exclusively bridging gaps between neighbouring
clusters. This process occurs over a period of four days. The final cell density of the
silica is very low, yet neurite extension does not appear to be hindered on the silica.

Cell clusters show normal generation of action potentials.

Similarly, Jacob e al."™®” observed neural clusters on isolated CNT electrodes and
the formation of ordered networks with high fidelity after two days. Here, CNT
patches were grown on lithographically defined, titanium nitride conductors on a
silicon dioxide substrate. After several days in culture, the cell networks generated

spontaneous electrical activity in the form of neuronal action potentials (Figure 1.16
(c, d)).

Piercing of the cell wall on the nanoscale should heal readily by diffusion of cell
membrane lipids without significant perturbation of ion gradients and the

(831 This concept could be exploited for delivery of molecules into the

cytoskeleton.
cytoplasm.!'”® Indeed, Chen et al.!"®! developed a nanoscale injector by attaching a
single MWCNT to a silicon AFM tip using electron beam welding.!'® This
nanoneedle penetrated the cell wall of HeLa cells without inducing harmful effects
often associated with intracellular delivery technologies. Cargo attached to the CNT
via a cleavable linker was delivered and released into the cytoplasm of cervical

cancer (HeLa) cells.

Higher throughput delivery of cargo into CNTs has been achieved by spearing of
cells with suspended CNTs driven by a magnetic field."® Nickel-embedded

nanotubes were prepared from vertically aligned nanotube carpets grown on silicon

47




Chapter 1 | Introduction

by PECVD. Highly efficient gene transfer under retention of cell viability was
demonstrated for hard-to-transfect cells, providing opportunities for nonviral gene
therapies. Likewise, efficient gene transfer has been described using cationic-

functionalised CNTs condensed with plasmid DNA.['*!

The group of Simpson showed that vertically aligned carbon nanofibres (tip
diameter 20 — 100 nm) grown on silicon facilitate DNA delivery into mammalian
cells!"™” '® by a mechanism termed ‘impalefaction’. Nanofibre arrays with a pitch of
5 um were loaded with DNA plasmid either by adsorption or covalent attachment
and cells were brought into contact with the array by means of centrifugation or,
additionally, pressing the cells against a flat surface.'®” Impalement of cells by
plasmid-loaded nanofibres resulted in long-term protein expression and cell growth.
Spatial registration into an array of numerically indexed 100 um squares with around
400 nanofibres each allowed tracking of gene expression in individual cell
colonies.!"™® Adsorption of DNA was enhanced by incorporation of nitrogen into the
nanofibres. Nanofibre arrays with adsorbed DNA resulted in expression of green
fluorescent protein (GFP), persisting over several weeks. As cells divided, progeny
continued to fluoresce showing that desorbed plasmid segregated into the dividing
cells. Stable expression is consistent with delivery of plasmids into the cell nucleus.
This mode of delivery is not surprising given the large fractional area of the nucleus.
Nevertheless, nuclear delivery is an important feat, often not achieved by other gene
transfer techniques. Apart from stable gene expression, nuclear delivery shields

plasmid DNA from enzymatic degradation in the cytoplasm.

Gene transfection has since been shown on glass slide coated with a mixture of
graphene oxide (GO) and MWCNTs.!"™® In this report, NIH-3T3 fibroblast and HeLa
cells were immobilised on the surface where it was shown that the number of focal
adhesions increased for the GO/MWCNT surfaces indicating cell affinity. A plasmid
DNA with a GFP was shown to be expressed in a higher efficiency for cells on the
GO/MWCNT coated surfaces indicating that CNTs are a suitable scaffold for gene
transfection..'®” Interestingly, the GO only surfaces produced the highest gene
transfection efficiencies which could indicate that the level of cell affinity to the
hydrophobic substrate could play a key role in gene transfection, as had been

observed previously.["™”!
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The structure and properties of CNTs lead to another possible route toward gene
transfection. Electroporation involves the use of an electric field to reversibly disrupt
the cellular cytoskeleton to open small pores and to release target genes from the

surface and into the newly formed pores.!'*!

The opening of pores is driven by the
change in transmembrane potential difference which is directly related to the cell
radius and external electric field.!"” Electric field strength is the most crucial factor
for the formation of pores on the cell membrane. The electric field strength is
required to be high enough to ensure that pores are formed but not too high that
irreversible damage is imparted upon the cell structure. Electroporation experiments
are commonly carried out by applying a large electric field across a solution
containing suspended cells and gene plasmid within the electroporation solution
(Figure 1.17 (a)). This process has been used to transfect cells with high efficiency
and viability.!'”” However, not all cells are easily transfected and a higher,
potentially damaging electric field is required. The unique shape and structure of

CNTs offer the opportunity to increase the local electric field around the CNT tip

while using a moderate electric field (as detailed in Section 1.6).

(a) Electroporation in Solution (b) Surface Electroporation

pulse poww electrodes pulse power
" @ buffer solution supply
cuve
Sl cells
cells in T cell scaffold &
o

suspension / dellvery material
electrical |

contacts 3 @

electrodes — | |

insulating spacer

Figure 1.17: Schematics of electroporation. (a) Cells in suspension or (b) cells
immobilised on a surfaces are exposed to an electric field in order to deliver target
material.

The electroporation and gene transfection from cells immobilised on CNT
surfaces has recently been demonstrated by Iwata e al.'>* CNTs were immobilised

on a gold surface by the fabrication of an amine terminated SAM followed by the
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electrostatic adhesion of carboxylated MWCNTs, poly(ethylimine) (PEI) and a
plasmid DNA encoded with a GFP. Electroporation of human embryonic kidney
(HEK) cells was completed by applying a single 10 ms pulse of 240 V cm™ (Figure
1.17 (b)). The gene transfection efficiency of the MWCNT loaded surfaces was
found to be 55 % while the control surface (without MWCNT) recorded an

efficiency of 30 % (Figure 1.18, transfected cells fluoresce green).!'*!

(a) Au-MWCNT (b) Au-PEI-GFP (c) Au-PEI-CNT-GFP

Figure 1.18: Summary of results of electroporation on MWCNT showing (a) AFM
image of randomly oriented MWCNTs on surface (5 x 5 pum?). Fluorescence
microscopy images after electroporation and gene transfection of a green
fluorescent plasmid showing (b) control surface without MWCNTs and (c) a

MWCNT surface. Green cells in (b, c¢) indicate gene transfection, images 1.5 x 1.5
2 [194]

mm .

While CNT specific cytotoxicity is not an issue for surface bound CNTs, the
effect of catalyst particles from CVD grown CNTs is clearly an issue where
transition metal catalysts such as nickel and cobalt are often used which have been
found to induce cytotoxicity.!'” An interesting twist on the issue of CNT toxicity
came as a result of a report by Allen e al."® demonstrating the biodegradation of
CNTs by common oxidative enzymes, including horseradish peroxidase. Catalytic
degradation of CNTs might help to reduce CNT toxicity and spawn research into

implantable CNT-based devices and drug delivery platforms in clinical applications.
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1.8 Motivation

The chemical attachment of CNTs to surfaces, particularly silicon, is an up-
scaleable approach to producing CNTs substrates that have been shown to function
effectively as chemical sensors and photovoltaic devices. This Thesis aims to
investigate the applicability of chemically attached CNTs to the fields of water

filtration, field emission and as biointerfacial substrates.

This Thesis consists of an experimental methods chapter (Chapter 2), a series of
experimental results chapters (Chapters 3 — 7) and a concluding chapter (Chapter 8).
The initial experimental results chapters (Chapter 3 and 4) focus on the preparation
of Si-CNT nanostructures. Particular emphasis is placed upon the attachment of
various CNT types to flat Si and SWCNTs to pSi in Chapter 3. Chapter 4 looks at the
controlled placement of SWCNTs onto silicon following a number of protocols. The
subsequent results chapters investigate the applicability of Si-CNT nanostructures for
specific applications, namely mass transport and filtration (Chapter 5), field emission

(Chapter 6) and as a scaffold for biomaterial immobilisation (Chapter 7).
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Chapter 2

Experimental details

Common experimental methods and procedures are described in detail. In order to
chemically attach carbon nanotubes (CNTs) to silicon nanostructures the CNTs must first
be functionalised with carboxylic acid groups which can then react with -OH or -NH;
termini. Schematics on the preparation of Si-CNT nanostructures are shown with specific
details of CNT functionalisation and substrate preparation. The method and
fundamentals of common characterisation techniques used are also covered.
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2.1 Carbon nanotubes

2.1.1 Single-walled carbon nanotubes

24mg of SWCNTs (P2, >909% carbonaceous purity, 1.4 nm diameter)
synthesised using the DC arc discharge method with yttrium-nickel catalysts were
purchased from Carbon Solutions Inc. The purchased SWCNTSs were reported to be
purified with low functionality. In order to introduce carboxylic acid groups onto the
SWCNTs they were functionalised/cut by incubation in a 24 mL of 3:1 (v/v) H,SO4
(98 %, Aldrich):HNO; (70 %, Aldrich) in an ultrasonic bath (280 W, Elma S30 H)
kept at 0 °C for 8 hr. The sonication of CNTs in so-called ‘mixed acid’ solutions is
known to both functionalise and decrease the lengths of the SWCNTs.!!! After § hr,
the SWCNT/ mixed acid solution was diluted in 500 mL of MilliQ water (18 MQ)

and refrigerated overnight prior to filtration as covered in Section 2.1.2.

2.1.2 Carbon nanotube filtration

The diluted functionalised CNT/acid solutions were filtered through a 0.45 um
hydrophobic PTFE (polytetrafluoroethylene, Adelab Scientific, Australia) membrane
following the method popularised by Smalley ez al.'*! During the filtration, water was
constantly added to further dilute the supernatant. Water was added until the pH of
the supernatant was equal to that of the MilliQ water (pH = 6). The CNTs on the
membrane were then dried in an oven at 100 °C overnight to remove residual water

prior to suspension in dimethyl sulfoxide.

2.1.3 Carbon nanotube suspension in dimethyl sulfoxide

The dried functionalised CNTs were dispersed in dimethyl sulfoxide (DMSO,
99.9 %, ACS Spectroscopic Grade, Sigma—Aldrich) at a concentration of
0.2 mg mL™. Dispersion of the CNT film was achieved by sonication for 20 min.
DCC (dicyclohexylcarbodiimide, 99 % FlukaProduction GmbH) was added to a
concentration of 0.2 -0.3 mgmL" and ultrasonicated for a further 1 min. The
CNT/DCC solution in DMSO was stored in a sealable 100 or 250 mL bottle (Schott,
Germany) inside a nitrogen filled glove box until required. At all times care was

taken to ensure that the CNT/DCC solution was not exposed to atmospheric water
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vapour as it is known to reconfigure the CNT/DCC hybrid making it inert and
insoluble in DMSO as explained in detail in Section 1.4. The solutions containing
0.2 mgmL" of both functionalised CNT and DCC were used for CNT surface
attachment to both alcohol and amine functionalised silicon, as described in

Section 2.2.

2.1.4 Double-walled carbon nanotubes

DWCNTs (>90 % carbonaceous purity, >60 % DWCNT purity, >5 nm outer
diameter, ShenZhen Nanotech Port Co., China) were functionalised/cut by a 2 step
process. This was required since the 1-step process used for SWCNTs did not
produce a stable suspension of DWCNTs. 24 mg of DWCNT powder was added to
10 mL of 70 % HNO; and 40 mL of water (making a 3 M concentration of HNO3)
and refluxed overnight. This process is known to remove carbonaceous material,
reduce catalyst nanoparticles and partially oxidise defect sites on the CNT side-
wall.’ The DWCNTs were then filtered through a 0.45 pm PTFE membrane in order
to remove the HNOj5 solution. The ‘cleaned DWCNTSs’ were then added to 24 mL of
3:1 (v/v) HaSO4:HNO; and ultrasonicated at 0 °C for 2 hr. After ultrasonication the
DWCNT/acid solution was diluted in 500 mL of MilliQ water and refrigerated

overnight prior to filtration, as covered in Section 2.1.2.

2.1.5 Multi-walled carbon nanotubes

MWCNTs (L-MWNT-2040, >95 % carbonaceous purity, 20 - 40 nm outer
diameter, Shenzhen Nanotech Port Co. Ltd, China) were functionalised following a
3-step process. Similar to the DWCNTs, a multi-step process was required in order to
produce a stable suspension of functionalised MWCNTSs. 40 mg of MWCNTSs were
first refluxed in 3 M HNO; for 3 hr. The MWCNT solution was then filtered through
a 0.45 um PTFE filter followed by sonication in 7:3 H,SO4:HNO3 mixed acid for
3 hr at room temperature. Finally, the MWCNTs were filtered again and sonicated in
a solution of 2 M HCI (36 %, Ajax Finechem, Australia) for 20 min. The final step
known as an ‘acid wash’ was used to protonate the carboxylic acid functionalities.
The final step is more important for acid chloride functionalisation of the MWCNTs,
which was the initial purpose. After the acid wash the MWCNTs were diluted in

500 mL of MilliQ water prior to filtration, as covered in Section 2.1.2.
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2.2 Silicon

2.2.1 Silicon hydroxylation

The silicon wafers used varied, specifically the dopant type and concentration,
depending upon desired application. Silicon type for each application will be detailed
within the experimental Section of each corresponding chapter. When not
specifically stated, p-type (boron doped, 3 — 6 Q cm, Virginia Semiconductor Inc.,
USA) silicon wafers were used. Silicon wafers were cut to size depending upon
application, normally 1 x 1 cm” and initially cleaned ultrasonically in acetone (99 %,
Sigma) for 2 min. In order to hydroxylate the Si wafers a 2-step base-acid method
was used. First, the Si wafers were washed with water (MilliQ), dried under a stream
of nitrogen and immersed in a solution of 1:1:5 NH4OH (30 %, Sigma-Aldrich):H,0,
(30 %, Sigma-Aldrich):MilliQ water for 20 min at 80 °C. This was followed by
washing with MilliQ water, drying under nitrogen and immersing in a 1:1:5 solution
of HCI: HyO,:MilliQ water for 20 min at 80°C. Each hydroxylated wafer was then
washed with MilliQ water and dried with nitrogen. The acid-base method of

hydroxylation was used for the direct ester attachment of CNTs to silicon.

2.2.2 APTES monolayer formation on silicon

Silicon wafers were cut to a preferred size and ultrasonically cleaned in acetone
for 2 min. The wafers were washed with MilliQ water, dried under nitrogen and
immersed into what is known as Piranha solution for 20 min at 80 °C. Piranha is a
mixture of 3:1 H,SO4:H,0; and is a simple 1-step method to oxidise a silicon wafer.
The Si was then washed in water, dried under nitrogen and immersed into a solution
of 0.5 % (v/v) 3-aminopropyltriethoxysilane (APTES, 99 %, Sigma-Aldrich) in dry
toluene for 5 min. The wafer was then washed sequentially in chloroform (Ajax-
Finechem), acetone, MilliQ water and dried under nitrogen. The APTES
modification produces an amine terminated surface which can be used for APTES

mediated CNT attachment.
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2.2.3 Porous silicon fabrication

The pSi etching cell is shown in Figure 2.1. Etching conditions (HF concentration,
etching time, applied current and silicon type) varied depending upon application and
are given in detail within each corresponding chapter. If not otherwise mentioned,
the following etching conditions were used. Si (100 orientation, boron doped,
3 - 6 Q cm resistivity, Virginia Semiconductor) was etched in a 1:1 (v/v) solution of
49 % aqueous hydrofluoric acid (HF, Merck):ethanol (100 % undenatured, Chem-
Supply) for 90 sec at an applied current of 66 mA over a surface area of 1.767 cm®.
After etching, the HF was removed and the wafer was rinsed sequentially with
methanol, acetone and dichloromethane before being dried under a stream of

nitrogen.

Teflon Cell Silicon Wafer Aluminium Foil

Figure 2.1: Schematic of the porous silicon etching cell.

2.2.4 APTES monolayer formation on porous silicon

After etching the pSi surfaces were Si-H terminated. In order to attach CNTs, the
pSi was first oxidised and then reacted with APTES. Oxidation was done in two
ways. The first was thermal oxidation by heating to 400 °C for 1 hr in air using a tube
furnace while the alternative oxidation method was ozonolysis. Ozone hydroxylation
was carried out by exposing freshly etched pSi to ozone using a Fischer ozone
generator with the current set at 1.2 A and an O; flow rate of 3.2 ghr' for

10 - 60 min.
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The oxidised pSi wafers were then immersed into a solution of 0.5 % (v/v)
APTES (99 %, Sigma-Aldrich) in dry toluene for 5 min. The wafer was then washed

sequentially in chloroform, acetone, MilliQ water and dried under nitrogen.
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2.3 CNT chemical attachment to silicon

2.3.1 Direct ester attachment of CNTs to Si

Direct ester attachment of CNTSs to Si was undertaken with SWCNTs, DWCNTs,
and MWCNTs. A schematic of the direct ester attachment of CNTs to Si is shown in
Figure 2.2. To achieve the ester attachment of CNTs, a 100 mL round bottom flask
was charged with a hydroxylated Si wafer (as described in Section 2.2.1) and
approximately 5 mL of functionalised/cut CNTs (as described in Section 2.1) within
a nitrogen-filled glove box such that the Si substrate was completely immersed. The
flask was then stoppered, removed from the glove box and Parafilm was wrapped
around the seal. Fibre glass tape was then wrapped around the Parafilm to ensure the
seal remained closed for the duration of the CNT attachment. The flask was placed
into an 80 °C oven and left for the desired amount of time (typically 2 — 72 hr). The

time that the flask remained in the oven is referred to as the CNT ‘attachment time’.

il =3 HHHHHHHHHHHHHHH
1. NH40H:H,0,:H,0 0000000 00000000

.
2. HCI:H,0,:H,0

CNT

DCC/
DMSO

Figure 2.2: Schematic of the direct ester attachment of CNTs to silicon.
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Attachment time durations for each specific application will be given within their
corresponding Chapter. After the desired attachment time, the Si wafer was removed
from the flask and washed thoroughly with acetone in order to remove any unbound

CNTs before being dried under a stream of nitrogen.

2.3.2 APTES mediated attachment of CNTs to Si

Figure 2.3 details the APTES mediated attachment of CNTs to Si. A Si wafer
functionalised with an APTES monolayer (as described in Section 2.2.2) was added
to a small 10 mL vial with plastic lid containing approximately 5 mL of 0.2 mg mL™

CNT/DCC in DMSO (see Section 2.1), which had been pre-sonicated for at least 1 hr

‘ sio, \

1:1:5
1. NH40H:H202:H20
2. HCI:H,0,:H50

0.5 % (viv) APTES/
Toluene

HHHHHHHHHHHHHH
0000000000 0000

o

CNT

DCC/ Yo
DMSO

Figure 2.3: Schematic of the APTES mediated attachment of CNTs to silicon.
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such that the sonicating solution had a temperature of 50 — 65 °C. After being
immersed in the solution the silicon wafer was left at room temperature for the

desired attachment time before being removed and washed thoroughly with acetone.

2.3.3 Ester attachment of CNTs to pSi

The direct ester attachment of CNT to pSi is shown in Figure 2.4. This was
achieved following the same method as for flat silicon with the pSi surface prepared
following that described in Section 2.2. This attachment was only attempted using

SWCNTs.

Sio, HF/ current

g s EEN
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DCC/ o

DMSO

Figure 2.4: Schematic of the direct ester CNT attachment to pSi.
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2.3.4 APTES mediated attachment of CNTs to pSi

Figure 2.5 shows the APTES mediated attachment of CNTs to pSi. This was
achieved for SWCNTs only following the same method as for flat Si with the pSi

surface prepared following that described in Section 2.2.

2.3.5 Patterned attachment of SWCNTs

The patterning procedure is schematically depicted in Figure 2.6. Si surfaces were
first oxidised (20 min piranha for Si, 2 hr ozone for pSi) followed by the deposition

of positive tone photoresist AZ1518 (Microchemicals, Germany) by spin coating at

sio, HF/ current

gEEEEEEE

Ozonolysis
or
400°C, 1 hr

HH H H H
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0] 0O O
Toluene
B

N
g 8 05%wmAPTES 4l .
/ LTaty

&
CNT <
DCC/ e
DMSO
o]

Figure 2.5: Schematic of APTES mediated attachment of CNTs to pSi.
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3000 rpm for 30 sec. The substrates were then soft backed at 100 °C for 1 min prior
to being patterned by exposure to a UV light source (S1000, 100 W, EXFO Life
Science and Industrial Division, Canada) for 5 sec (flat Si) or 10 sec (pSi) through a
chrome on glass mask. Following UV exposure, the photoresist was immediately
developed in AZMIF326 developer (Microchemicals) for approximately 10 sec (Si)
or 30 sec (pSi) and then washed with deionised water and dried under a stream of
compressed air. The patterned photoresist was then hard baked at 115 °C for 2 min.
APTES and was then deposited onto the exposed regions of the surface for 15 min,
following the method described in Section 2.2.2. After APTES immobilisation, the
surface was washed with chloroform, acetone, soaked in acetone for 1 min, rinsed
with MilliQ water and dried under a stream of nitrogen. The acetone rinse and soak
were used to remove the photoresist from the surface. At this point, SWCNT
attachment proceeded as described in Section 2.3.2 or a second silane could be
deposited onto the remaining bare Si outside the patterned region. The second ‘back-
fill’ silane was deposited at a concentration of 0.5 % (v/v) in anhydrous toluene for
10 min. Both propyl trimethoxysilane (PTMS, 99 %, Sigma) and N-
(triethoxysilylpropyl)-O-polyethylene oxide urethane (PEGS, Flurochem, UK) were
used as back-fill silanes. After backfill silane deposition, SWCNT attachment could

proceed as described in Section 2.3.2.

N

) 1. UV
Photoresist 2. Develop

Spin coat
I B —

l Silane depostion
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SWCNT { (  acetone soak ( <5'
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Figure 2.6: Schematic of patterned attachment of SWCNTs to silicon.
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24 CNT growth by chemical vapour deposition

Figure 2.7 shows the general method of growth of CNTs by chemical vapour
deposition (CVD). A Si wafer was cleaned by sonication in ethanol for 5 min,
washed with MilliQ water and dried under a stream of nitrogen. A thin layer of iron
(99.998 %, Koch-Light Laboratories) was sputtered onto the surface to a desired
thickness (most commonly 5 nm) as determined by the in-built quartz crystal
microbalance within the sputter coating system (K757X, Quorum Technologies,
UK). The iron covered Si wafers were then placed in the middle of a quartz tube in a
tube furnace (Thermolyne 21100, Thermo Scientific, US) and heated to 750 °C under
a flow of 1.5 sccm Ar and 0.5 sccm H,. The heating of the iron film under a reducing
atmosphere 1s known to split the film into nanoparticles of iron. The wafers were left
under these conditions for a further 10 min once 750 °C was reached. After that time

ethylene was added as the carbon feedstock and a catalytic amount of water was

5 nm Fe

750 °C
A, [ so,
—_—

750 °C
Ar/C,H,/H,/H,0

Figure 2.7: Schematic of CNT growth by chemical vapour deposition.
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added by passing Ar gas through a water bubbler. The most common growth
conditions were 1.5 sccm Ar, 0.5 sccm H,, 0.2 sccm C,H,, 2.8 sccm Ar/H,O. The
CNT growth was typically carried out for 10 min after which all gases were closed

off except the Ar, which remained at 1.5 sccm while the furnace cooled.

CNT growth conditions were varied by changing the iron film thickness, iron film
pre-treatment, CNT growth gas composition, CNT gas growth gas ratios, CNT
growth temperature, and CNT growth time. Above are the conditions found to be

most successful for the growth of a thick layer of CNTs.
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2.5 Surface characterisation techniques

2.5.1 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was used to probe the topographical structure of
the nanostructures produced. Specifically, AFM was used to investigate coverage

and alignment of CNTs on Si, pore size of pSi and depth of thin polymer films.

AFM is a scanning probe technique where a sharp tip is placed onto a spring-like
cantilever. The tip is brought close to, and raster scanned across, a surface of interest
where interactions between the tip and the surface are measured by a reflected laser
(Figure 2.8). In tapping mode AFM the cantilever oscillates along the surface with
fixed amplitude. Changes to the height of the surface result in subsequent changes in
the interaction between the surface and the AFM tip which cause changes in
oscillation amplitude. Feedback circuits within the AFM then move the relative z-
position of the cantilever such that the oscillation amplitude remains constant, the

distance moved is measured and a topographical map of the surface can be
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Figure 2.8: Schematic of AFM operation.
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obtained.!

AFM tapping mode images were taken in ambient conditions with a Multimode
head and a Nanoscope IV controller (Digital Instruments, Veeco, Santa Barbara).
Silicon cantilevers (15 series, MikroMasch) with a fundamental resonance frequency
of between 265 —400 kHz and nominal spring constant of 40 Nm™ were used.
Images were obtained using a scan rate of 1 Hz with the parameters of set point,
amplitude and feedback control optimised manually for each sample. The images
presented have been flattened using Nanoscope IV software. The CNT coverage was
calculated using the bearing analysis tool on the Nanoscope IV software with the

threshold set manually to define the percentage of surface covered with CNTs.

2.5.2 Scanning electron microscopy (SEM)

In a typical scanning electron microscope (SEM) a source of electrons is focused
into a beam with a small spot size (< 5 nm) and raster scanned across a surface. As
the electrons interact with the surface a number of processes can occur including the
emission of electrons.”) SEM images are obtained by collecting the emitted electrons
on a cathode ray tube. Changes in contrast of the resulting image are a consequence
of differences in the topography and electronic properties across the sample under
investigation.”! A coating of a thin conductive film, commonly platinum, can render

the obtained image exclusively dependent upon topographical data.

SEM was used to probe the surface structure of fabricated nanostructures. SEM
was particularly useful when probing surfaces where z dimensions were not required
to be measured such as for pSi pore size/ depth or CNT length. SEM was also used to

image surfaces that were too rough for AFM such as CNTs in powdered form.

Three different SEMs were used for sample analysis. The instrument used for

each image will be mentioned in the image caption.

The ‘XL-30’ images were obtained with a Philips XL30 (Adelaide Microscopy)

field emission scanning electron microscope with an accelerating voltage of 10 kV.

The ‘Nanolab’ images were obtained using a Helios NanoLab DualBeam (FEI,

Adelaide Microscopy) SEM microscope with an accelerating voltage of 15 kV.
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The ‘CamScan’ images were taken using a CamScan MX2500 (CamScan
Electron Optics Limited, UK) using a secondary electron detector. The electron

source was a tungsten filament and the accelerating voltage used was 10 kV.

2.5.3 Confocal Raman spectroscopy and spectral imaging

Raman spectroscopy was used to determine CNT type, CNT concentration across
large sample areas and also to determine the level of CNT functionalisation after

different cutting processes.

In 1928, the phenomenon of inelastic light scattering was noticed and documented
by Sir Chandrasekhara Venkata Raman. Raman observed that radiation that had
scattered from a sample contained photons identical to the incident photons
(elastically scattered), but also contained photons that had been shifted to a different

energy level (inelastically scattered).®!

When light is incident upon a gas or surface; energy, hv, can be transferred from
the photons to the gas/surface species. This gives the species energy equivalent to
that of the incident photons and in doing so excites the species to a higher energy
state. Once this higher energy state is achieved, the species can then relax to their
original energy state and in doing so release a photon of light; it can do this in three

ways: Rayleigh (elastic), Stokes (inelastic) and anti-Stokes (inelastic).

Rayleigh scattering occurs when the photon is absorbed with energy hv and
emitted with the same energy (Figure 2.9 (a)). Stokes scattering occurs when once
the species is excited, it returns to an rotational or vibrational excited state and
releases a photon with energy of hv-hvy,, where hvy, is equal to the excess energy of
the vibrational excited state (Figure 2.9 (b)). Anti-Stokes scattering occurs when a
photon is absorbed by the species already in an excited rotational/ vibrational state,
which is exicted to a virtual state and relaxes releasing a photon which has an energy
of hvt+hvy, (Figure 2.9 (c)).[”) The three possibilities correspond to the selection rule
for the rotational transitions for the angular momentum quantum number, AJ+1,
since Rayleigh, Stokes and anti-Stokes scattering are 2 photon processes, the 3

possibilities are AJ=0, +2, 2.8
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Virtual energy
states

hv hv hv

hv hv—-hv, hv+hvp,

Vibrational/
rotational energy
states
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(a) (b) (c)
Rayleigh Stokes anti-Stokes

Figure 2.9: Summary of possible scattering processes.

Rayleigh scattering is by far the most common of the scattering processes with
only one in every 10’ photons inelastically scattered. Raman spectroscopy is
completed by measuring the intensity of the scattered light as a function of frequency
downshift of the scattered light (compared to the incident light), giving a measure of

the low frequency transitions within the material.

In CNTs the low frequency transitions that are observed as Raman shifts are
phonon transitions. Phonons arise in materials such as CNTs, which have rigid, one-
dimensional covalent connections between atoms. The displacement of one or more
atoms from their equilibrium positions will give rise to a set of low frequency
vibrational waves that propagate through the lattice. These surface waves can both
absorb and release energy to excited molecules, causing inelastic (Raman)
scattering.!”! The Raman peaks of SWCNTs correspond to different phonon modes in
the hexagonal carbon lattice. The major peaks are the radial breathing mode (RBM),
the disorder band (D-band) and the tangential or graphitic band (G-band).
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The RBM occurs around 100 —300 cm™ and corresponds to the symmetric in-
phase motion of all carbon atoms in a radial direction, as if it were breathing (Figure
2.10 (a)). The RBM peak position is inversely related to the CNT diameter where
wider diameter CNTs show RBM peaks at lower wavenumbers. This relationship

results in RBM peaks unique to SWCNTs and low diameter DWCNTs.”!

The D-band occurs at around 1300 — 1350 cm™, depending upon incident laser

I and corresponds to vibrations caused by collective in-plane vibrational

energy' '’
movement of atoms towards and away from the centre of the covalently (sp”) bound
hexagons of carbon atoms (Figure 2.10 (b)).”) The curvature of a pristine carbon
nanotube restricts these vibrations resulting in minimal D-band absorptions. This
allows the intensity of the D-band feature to determine the quantity of disordered or

amorphous sp’ hybridised carbon material present in a sample.

(2) RBM (b) D-Band (¢) G-Band

Yol

Figure 2.10: (a) Cross sectional view of a SWCNT showing the radial vibration of
the RBM, with (b) vibration of D-band, and (c) vibrations of G-band with G* peak
arising from vibrations along the tube axis and G™ peak arising from vibrations
around the circumference of the tube.

The G-band is derived from the Raman-allowed E,, tangential stretching of the
carbon-carbon bonds.!”! This stretching can be in two directions, and as such two
peaks are observed in the G-band: The G* peak occurs at around 1590 cm™ and is
caused by vibrations along the nanotube axis and the G™ peak occurs at around
1570 cm™ and is a result of vibrations along the circumferential direction of the

SWCNT (Figure 2.10 (¢)). Wider diameter CNTs such as DWCNT and MWCNT do
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not show the splitting of the G-band. The size of the G-band is approximately
dependent upon the amount of nanotube present..'"! Therefore, if all conditions are
kept equal (scan area, integration time, laser energy etc.) the peak area of the G-band
can give a rough, relative quantification of CNT surface coverage. Since the G-band
can show the amount of carbon nanotube present and the D-band shows the
approximate amount of disordered or amorphous sp® hybridised carbon material
present, the peak area ratio of amorphous/disordered carbon to ordered CNT, D/G
can relatively quantify the purity of a CNT array.

A confocal microscope utilises a point light source which is focused onto a
sample (Figure 2.11). The reflected light is collected with the same objective and
focused through a pinhole in front of the detector. The pinhole blocks out all light

that is not within the focal plane. Given a small enough pinhole, diffraction limited

Laser Light Source

¥\

Pinhole
Beam : __.___,_'::'-':'..,____ —_—
splitter /——!=" 77— '~] To CCD detector
Pt
| ]
i \
Obijective -:\ )
A 7 Focus plane

v

Figure 2.11: Schematic of principle set up of Raman microscope. Image modified
from supplier.
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resolution can be achieved (Figure 2.11). A confocal Raman microscope utilises the
resolution of a confocal microscope with a laser light source. This allows for high
resolution imaging of a particular surface and if coupled with a controlled scanning

stage can lead to Raman spectral imaging.

A Raman spectral image is obtained by raster scanning the surface with the
confocal Raman microscope and collecting a spectrum at set intervals. For example a
20 x 20 um” area can be scanned taking 100 lines of 100 individual spectra in the
process. From the collected spectra an image can be produced by mapping the
intensity of an individual peak. Figure 2.12 shows an example of a CNT surface
where the G-band (~1600 cm™) is mapped and brighter areas correspond to regions
of high G-band intensity and dark areas correspond to low G-band intensity, as

designated by the colour scale bar on the right of Figure 2.12.

561 CCD cts

177.7 CCD cts

Counts (a.u)
240 270 300
240 270 300

210
210

L o] :M“*J e N

L]
0 400 800 1200 1600 2000 2400 2800 3200,. G 400 800 1200 1600 2000 2400 2800 3200
Wavenumbers (cm™') .

Figure 2.12: Example of how Raman spectral image is created from many
individual spectra.
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Confocal Raman spectra were recorded on a Witec Alpha 300RS confocal Raman
microscope fitted with a 532 nm laser (60 mW) using both a 100x (0.9 numerical
aperture (NA), working distance (WD) 0.23 mm) and a 40x (0.6 NA, WD 3.7 to 2.7
mm) objective. The individual spectra were taken as an average of at least 3 scans
with integration time and number of scans averaged given in caption for each
spectrum. Raman confocal spectral images were obtained by taking 100 lines of 100
spectra with an average integration time of 0.1 sec. The confocal Raman images
represent the relative height of the G-band (1530 - 1630 cm™) for each individual
spectrum. The experiments were carried out using Witec Control 1.42 software and

the analysis was completed using Witec project 1.90 software.

2.5.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique used to
determine the elemental composition of a material. High energy monochromatic x-
rays are incident upon a surface where they excite and eject an electron. From the
energy of the ejected electron its original binding energy can be determined. An
intensity vs. binding energy plot is obtained from which the elemental composition

and some information on the electronic state of the surface atoms can be obtained.

XPS was used to confirm the presence of thin layers of molecules chemically

attached to a surface.

XPS spectra were obtained using 1252.6 eV X-rays from an Mg K, source (Specs,
Germany) with a 20 eV pass energy. Ejected electrons were collected and analysed
using a Leybold-Heraeus LHS-10 controlled by an in-house written LabView
program. Data was collected at room temperature within a vacuum chamber of base
pressure ~1 x 10 Torr with a working pressure of <5 x 10™ Torr. Survey spectra
were taken in constant retarding ratio mode. High resolution spectra were taken as an

average of at least 4 spectra in fixed analyser transmission mode.
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2.5.5 Fourier transform infrared (FTIR) spectroscopy and
microscopy

FTIR spectra were recorded on a Nicolet Avatar 370MCT spectrometer (Thermo
Electron Corporation). The spectrometer was fitted with a transmission accessory, all
spectra were recorded over a range of 650 - 4000 cm™ at a resolution of 2 cm™ as an
average of 64 scans and analysed using OMNIC version 7.3 software. All FTIR
spectra were collected with a background of clean flat/non-functionalised Si wafer of

the same type as the samples.

IR microscopy was performed on a Nicolet iN10 infrared microscope (Thermo
Electron Corporation, USA). IR microscopy data was collected using transmission
mode. IR spectra were captured using an aperture size of 30 um? and were recorded
over a range of 1200 - 4000 cm™, at a resolution of 8 cm™ and taken as an average of
16 scans. Analysis of IR microscopy data was performed using OMNIC picta
software (Thermo Electron Corporation, USA).

2.5.6 Contact angle

The static water contact angle (WCA) on the surfaces was determined with a
custom-built contact angle goniometer. Samples were affixed to a glass slide and a
droplet of MilliQ water (1 pL) was applied to the surface. Images of the drops were
recorded using a CCD camera fitted with a macrolens. WCA measurements were
determined from drop images using a plugin analysis software for Image J
(DropSnake, NIH, USA). The DropSnake plugin required a manual trace (blue dots
in Figure 2.13 (b)) which it then compared to contrast in the image in order to
calculate the WCA values (red dots and values). The reflective nature of the Si
surface made the analysis difficult as little contrast existed at the base of the drop. As
a result many values were excluded where the software could not recognise the
drop/surface/air interface. The mean value of the WCAs was calculated from at least

3 individual measurements taken at different locations on the examined substrates.
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(a)

Figure 2.13: Example of water contact angle measurement showing (a) original
image and (b) after analysis using the Image J plugin DropSnaker where blue dots

were manually inserted and red dots were inserted by the software to give output
values.
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Chapter 3

Device fabrication

Fabrication and characterisation of carbon nanotube/silicon nanostructures is described
in detail. Chemical attachment of single-walled carbon nanotubes (SWCNTs) to both
silicon and porous silicon (pSi) is investigated, and in particular SWCNT attachment is
described in detail as they are considered to have the largest application potential. The
chemical attachment of both double-walled (DWCNTs) and multi-walled carbon
nanotubes (MWCNTs) to silicon is also investigated. Particular interest is placed upon the
CNT coverage and alignment, as determined by atomic force microscopy (AFM), as these
are major factors in device application. The growth of CNTs via chemical vapour
deposition (CVD) is also investigated as a comparison to chemically attached CNTs.
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3.1 Introduction

As discussed in Section 1.2 the physical, mechanical and electronic properties of

CNTs have led to a great deal of research into their potential use in devices such as

2] 351" chemical and biochemical

11-13]

scanning probe tips,"

6 .
sensors,[ > 7 field emission sources,

energy storage devices,

[8-10 and

! biomaterial interface scaffolds!
water filtration membranes.'*'® All of these applications require the controlled
placement of CNTs onto a substrate. If the placement of CNTs could be achieved on

a silicon substrate it will allow an easier integration into existing technologies.m]

Surface bound CNTs can be directly fabricated by CVD where a metallic catalyst
is deposited upon a substrate and is then used to catalyse CNT growth. This has been
successfully achieved to produce SWCNTs,!"¥ DWCNTs!” 2! and MWCNTs. 2! 22
However, the CNTs produced are often covered in sp’ carbonaceous material which
inhibits some of the advantageous properties. Additionally, the CNTs are weakly
bound to the substrate by metal-substrate interactions and CVD growth is a high

temperature, high energy operation, making large scale fabrication impractical.

A recent alternative is the chemical attachment of CNTs to surfaces using
carboxylic acid functionalised CNTs. Treatment of pristine CNTs, fabricated using
the arc discharge method, by strong acid and sonication both shortens and imparts

(23] The carboxylic acid groups can then be used to

functionality upon the CNTs.
attach to surface bound chemical groups such as alcohols and amines.”*! This has
been achieved for SWCNTs on silver,™ gold,*® glass®?” and more recently

silicon.!?® 1

This Thesis investigates the potential application of CNT/Si nanostructures for
water filtration, field emission and as scaffolds for biomaterial immobilisation. As
discussed in Chapter 1 the chemical attachment of single-, double-, and multi-walled
CNTs to silicon has the potential to allow the fabrication of devices in an up-

scaleable fashion while also improving performance.

In this Chapter, the chemical attachment of SWCNTs, DWCNTs and MWCNTs
to silicon will be investigated. SWCNT attachment will be completed on both silicon
and porous silicon (pSi) following the direct ester method developed by Yu et al.*®

and also following CNT attachment to an amino silane layer first introduced by

90




Chapter 3 | Device fabrication

Flavel et al.®” SWCNT attachment to pSi has not been previously reported and will
be investigated in detail and compared to SWCNT attachment to flat silicon.
DWCNTs and MWCNTs have not previously been chemically attached to substrates
so a new method to carboxylate and attach these CNTs to silicon is introduced and
compared to SWCNTs in terms of CNT alignment and coverage. The growth of
CNTs via CVD will also be investigated as a comparison to the chemically attached
CNTs. The practicality of each CNT-Si surface for a range of possible device

applications is discussed.
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3.2 SWCNT attachment to silicon

3.2.1 Chemical functionalisation of SWCNTs

e

w8 (o)
% rTay)y Y

Figure 3.1: (a, b) SEM images (XL-30) of (a) pristine SWCNTs as purchased and
(b) SWCNTs ‘cut’ for 8 hr, as described in Chapter 2. (c, d) Photographs of
SWCNTs dispersed in DMSO after 1 day of incubation. (c) Pristine SWCNTSs and
(d) cut SWCNTs.
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When purchased, SWCNTs come in the form of an inert, insoluble black powder.
SEM imaging shows a tangled mess of SWCNTSs with varying lengths (>1 um) and
purities (Figure 3.1 (a)). Dispersing the as prepared SWCNTs in DMSO yields an
unstable suspension that precipitates out of solution within 1 min (Figure 3.1 (¢)). To
increase the chemical reactivity, solubility and to shorten the CNTs to a more usable
length ‘cutting” was carried out by sonicating the SWCNTs in a mixed acid
solution.” An SEM image after ‘cutting’ is shown in Figure 3.1 (b) where the
lengths of the SWCNTSs have been shortened and have been found previously to have
a log normal distribution with a mean of 360 nm, as found by AFM.P" Another
positive side effect of the ‘cutting’ process is that the SWCNTSs become decorated in
carboxylic acid functional groups and become stably suspended in polar aprotic

solvents such as DMSO or dimethyl formamide (DMF) (Figure 3.1 (d)).

Carboxylic acid groups are commonly used in many organic reactions. In
particular, they react with alcohol groups to form ester bonds and with amine groups

to form amide bonds.

3.2.2 Direct ester attachment of SWCNTs to silicon

To form an ester linkage between the carboxylic acid groups on the SWCNTSs and
a silicon surface, there must be surface bound hydroxyl groups. Hydroxyl groups can
be generated following a number of methods, but the simplest involves the direct
oxidation of silicon in acidic solution or ozone atmosphere.m] The most common of
these procedures is the 2-step (base-acid) cleaning procedure which is known to
produce a high percentage of surface hydroxyl groups.”* An AFM image of a silicon
wafer hydroxylated by the 2-step method and then immersed in a SWCNT solution
for 2 hr is shown in Figure 3.2 (a, b). Direct ester SWCNT attachment was achieved
using carbodiimide coupling as described in Section 2.3.1. Once SWCNT attachment
was completed, the surface RMS roughness increased to more than 100 nm (flat
silicon RMS roughness ~ 3 nm) and circular protrusions could be observed on the

72839 and are attributed to

surface. These protrusions have been previously observed!
vertically aligned SWCNT bundles. Vertical alignment of the SWCNTs is the result
of two main effects; the hydrophilic hydroxyl groups on the surface ‘repelling’ the
hydrophobic walls of the SWCNTs forcing the SWCNTs away from the surface and

large quantities of carboxylic acid groups on the ends of the SWCNTs promoting
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end-on attachment. The vertically aligned bundles have a height range of 20 - 100
nm, as measured by AFM, with an average of approximately 40 nm and a diameter

range of 20-70 nm. The height of the SWCNTs attached is much less than the

I This selective attachment of shorter

26, 29, 30, 33]

average length after cutting (360 nm).”!
nanotubes has been observed previouslyt and is attributed to the smaller
SWCNTs diffusing faster to the active sites on the surface than their larger
counterparts. The calculated heights from the AFM may be smaller and the
calculated widths are most likely larger than the actual SWCNT heights/widths due
to AFM tip convolution and other limitations of the technique. The values are given
in order to directly compare with each other and are not considered actual values.
The bundling of shortened SWCNTs in solution is well known and is due to tube-

tube interactions such as van der Waals and hydrophobic interactions of the side

walls that bring the SWCNTs together.*¥

To investigate if other surface hydroxylation methods yield higher CNT
concentrations, ozone and Piranha treated surfaces were investigated. Figure 3.2 (c)
shows an AFM image of SWCNTs on silicon that has been exposed to an ozone
atmosphere for 20 min. An AFM image of SWCNTs on silicon that has been treated
with Piranha solution is shown in Figure 3.2 (d). No SWCNTSs were observed to lie
down for any of the three hydroxylation techniques investigated. This supports the
theory that the hydrophilic surface plays an important part in the vertical alignment
of the SWCNTs. There is a large change in SWCNT coverage across the
hydroxylation methods; the 2-step process yields an average surface coverage of
22 % which is much higher than for both ozone (2 %) and Piranha treatment (10 %).
The change in coverage is likely due to the number of surface hydroxyl groups
formed in each method, although each produces a hydrophilic surface, the number of
observed SWCNTs clearly indicate that there 1is a difference surface

functionalisation.

Considering the high surface density and high level of vertical alignment, the 2-
step method for producing hydroxylated silicon will be used in all future experiments
involving the direct ester attachment of CNTs to silicon. Surfaces fabricated in this

fashion have previously been shown to have excellent electronic properties and have

[6, 35] [36, 37]

solar cells and have also

[38, 39]

been used as biochemical and chemical sensors,

been discussed as potential logic memory devices.
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Figure 3.2: AFM images of SWCNTs attached to silicon via an ester linkage with

varying silicon hydroxylation methods, (a,b) 2-step base-acid method, (c) ozone
treated and (d) Piranha treated. AFM images are 5 x 5 pm” with a z scale of 50 nm.

Further study into the effect of the incubation time of the silicon wafer in the
SWCNT solution on both SWCNT coverage and bundle size yielded the results
shown in Figure 3.3. The SWCNT coverage increases at a quasi-steady rate for the
first 12 hr of incubation time after which the SWCNT coverage ceases to increase
and remains constant within the margin of error. This finding is consistent with
Langmuir kinetics where monolayer coverage is obtained in two steps, a fast initial
coverage increase followed by a slow final step.*”’ The variation of coverage
observed by AFM imaging becomes quite large for incubations longer than 12 hr.

Some surfaces were observed to have a higher coverage than the 12 hr incubation

95




Chapter 3 | Device fabrication

£l
s [(a)
>, 1.00  —
% " b g
< T R s ] e e e L e
T 0754 / {
= .
5 /
(@)
< 0%+
n
2 /
g 0.25 I
-
£
| ==
2 0.00 4 ! y .
0 15 30 45 60 75
Attachment Time (hr)
130
b

oy 120 4 ( )
£
(=
~ 110 —_ "'{
5 d—— === —-T1—- -~
g 100 4 /
o i
0O 90
2 {
% 80+ /
]
é 70

60 T T

0 15 30 45 60 75

Attachment Time (hr)

Figure 3.3: Graphs of (a) normalised SWCNT coverage and (b) average SWCNT
bundle diameter vs. SWCNT attachment time, as determined by AFM. Dashed lines
added to guide the eye.

while other samples were observed to have quite low SWCNT coverage. The
variation is clearly apparent from the size of the error bars for the 24, 48 and 72 hr
incubation values (Figure 3.3 (a)). The variation is attributed to the slow infiltration
of water vapour into the reaction vessel with incubation time. As water vapour enters
the reaction vessel, it can have two effects; it can cleave already formed ester bonds
and it can assist in the re-arrangement of the DCC activated esters into the inactive
N-acyclurea composites, discussed in Chapter 1.4, which leaves the SWCNTs

unreactive toward the surface.

The rearrangement is visually observed by the transformation of the
SWCNT/DMSO solution from an even black liquid to a clear liquid with a black
precipitate. The occurrence and rate of water intake is not controlled (experiments

completed within an in-house built nitrogen filled glove box) and the effect can be
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large or not apparent as is indicated by the wide error range in the values for
SWCNT coverage obtained. The change in SWCNT bundle diameter is shown in
Figure 3.3 (b) where a similar trend to Figure 3.3 (a) is observed. The bundle size
increases rapidly at first but slows after 12 hr of incubation as the amount of
available surface area decreases. Due to these findings, SWCNT incubations of less
than 12 hr will be used for the remainder of experiments in order to achieve

consistent CNT coverage across samples.

As a further proof that the artefacts observed in Figure 3.2 (a) are SWCNTs,
Raman spectroscopy and spectral imaging were completed on the Si-ester-SWCNT
surfaces. Figure 3.4 (a) was obtained by collecting a spectrum at each (x, y)
coordinate and converting the value for the maximum height of the G-band
(~1580 cm™) into a colour, as shown in the colour scale in Figure 3.4. The range of
the scale is from 100 to 700 counts, which indicates that even in the darker regions
on the image SWCNTs are present. The scale was chosen to best illustrate the
changes in coverage across the surface. Figure 3.4 (b) shows a Raman spectrum of
the Si-ester-SWCNT surface; the peaks observed in the spectrum are detailed in
Table 3.2. The region from 200 — 1200 cm™ is dominated with peaks from the silicon
surface and no SWCNT Raman peaks are discernable. The Raman data confirms the
presence of SWCNTs on the surface showing the RBM band which is only present in
SWCNTs (and small diameter DWCNTSs). The position of the RBM (wgpy) gives

information on the diameter of the SWCNTSs using the expression:

WrpM = A/dt +B Equation 3.1

where d; is the diameter of the SWCNTs investigated and 4, B are parameters
dependent upon the CNT environment.'*" For bundled SWCNTSs on a Si surface at a
high density, 4 and B have previously been calculated to be 223.5 cm™ nm and
25.5 cm™, respectively ** Using these values the average diameter of SWCNTSs on
the silicon surface was calculated to be 1.5 nm; which is in agreement with the
diameter quoted by the supplier (1.4 nm). A common calculation in Raman
spectroscopy of CNTs is the D/G-band intensity ratio. The D-band is commonly
described as an indicator of disorder or contamination within the CNT and as such its

relative height when compared to the graphite like G-band is used as a measure of
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CNT purity. The chemically attached SWCNT on silicon gave a D/G value of ~0.08

which is a low value compared to other Raman spectroscopy studies of SWCNTs.[*!
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Figure 3.4: (a) Raman spectral image and (b) Raman spectrum of SWCNTs
chemically attached to silicon via ester attachment. Raman spectrum average of 2 x
120 sec accumulation.

Table 3.1: Raman peak position and assignment for SWCNTSs on silicon.

Peak Position (cm™)  Acronym Assignment
166 RBM radial breathing mode
1337 D-band disorder band
1570 G’-band graphitic band (circumferential)
1586 G'-band graphitic band (axial)
1725 M-band IR active mode
1950 iTOLA combination band
2664 G'-band overtone of D
2900 2LO overtone of intervalley scattering
3180 2G overtone of G-band
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With a decent coverage and good vertical alignment in the absence of a chemical
spacer between the SWCNT and the silicon, Si-ester-SWCNT substrates should be
applicable in electronic applications such as chemical sensors, field emission electron

sources or photovoltaic devices.

3.2.3 Attachment of SWCNTs to APTES functionalised Si

Although successful, the ester attachment method does have some drawbacks, the
maximum surface coverage obtained was 22 % and ester bonds are known to degrade
in aqueous environments. To improve both bond strength and surface coverage, the
chemical attachment of ‘cut” SWCNTs to an amine terminated silane (APTES)
monolayer was investigated. The formation of an APTES layer was confirmed by
contact angle measurements (Figure 3.5) where the surface water contact angle
(WCA) changes from being hydrophilic after cleaning in Piranha solution (WCA
~10°) to being somewhat more hydrophobic after APTES immobilisation (WCA
~55°%). AFM imaging was completed after SWCNT grafting onto the APTES layer
with a typical image shown in Figure 3.6. From the top-down image is it clear that
there are more SWCNTs on the surface (coverage of 39 %) and there are more
SWCNTs lying down compared to the Si-ester-SWCNT surfaces. The increase in
surface coverage is attributed to an increase in reactive surface sites and the
formation of the more favourable amide bond while the loss of alignment is most

likely due to the less hydrophilic APTES functionalised surface. Although lying

(@) (b) -

Figure 3.5: WCA photographs of (a) Piranha treated silicon and (b) APTES
modified silicon.
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Figure 3.6: AFM images of SWCNTs attached to silicon via APTES monolayer (a)
top down and (b) 3-D. AFM images are 5 x 5 pm” with a z scale of 50 nm.

down SWCNTs were observed, the 3-D image clearly shows that there are still a

high percentage of vertically aligned SWCNTs on the surface.

Raman spectral imaging and spectroscopy was also carried out on the Si-APTES-
SWCNT surfaces. The Raman spectral image (Figure 3.7 (a)) shows a higher
percentage of brighter regions compared to the Si-ester-SWCNT surface, indicating a
higher SWCNT coverage in accordance with the coverage increase for APTES
mediated attachment observed by AFM. The comparison between the Raman data of
direct ester and APTES mediated SWCNT attachment is only possible because the
samples were investigated sequentially with the same laser power, integration time,
image size, image resolution and were both focussed to the maximum possible G-
band height. The Raman spectrum in Figure 3.7 (b) appears identical to the Si-ester-
SWCNT surface which is expected because the SWCNTs on the surface are the

same, they have simply been immobilised following slightly different protocols.

With a higher SWCNT coverage and a potentially stronger attachment the Si-
APTES-SWCNT surfaces should be ideal for applications requiring high
concentrations of SWCNT in an aqueous environment such as for biomaterial
immobilisation. However, the silane spacer between the silicon and the SWCNT

makes the surfaces unsuitable for electronic applications.
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Figure 3.7: (a) Raman spectral image and (b) Raman spectrum of SWCNTs
chemically attached to silicon via an APTES monolayer. Raman spectrum average
of 2 x 120 sec accumulations.
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3.3 SWCNT attachment to pSi

3.3.1 Porous silicon

The attachment of SWCNT to flat Si was completed following protocols
previously published in literature.”® ** Attachment of SWCNTs to pSi had not been
demonstrated previously and so both direct ester and APTES mediated SWCNT

attachment was studied in detail.

Figure 3.8: AFM image of freshly etched pSi. Etching conditions: 1:1 (v/v)
HF/ethanol, 66 mA, 120 sec.

The pSi substrates created were characterised by AFM (Figure 3.8) and under the
etching conditions used pores ranging from 6.5 nm to 20.0 nm (11.6 nm average)
were fabricated. This pore size was considered ideal for this investigation because
the pores are small enough that the SWCNT bundles will not enter the pores while
they are not so small that the surface will behave in an analogous fashion to flat Si.
The thickness of the porous layer was calculated to be approximately 6 um by SEM.
The calculated pore size is in agreement with previous AFM studies of pSi substrates

generated under the same etching conditions.*”

All SWCNT attachment methods described here require silanol (Si-OH) groups
on the pSi surface at some stage. The most common method of producing these
groups on freshly etched pSi is through ozonolysis,*¥ however the most effective

procedure of attaching SWCNTs to flat silicon used the 2-step base-acid method.**
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3% Importantly, pSi degrades in basic and aqueous environments. The 2-step base-
acid method could therefore not be used. Piranha oxidation was compared to ozone
oxidation for CNT attachment and effectiveness of each method to produce silanol
groups was investigated by FTIR. Freshly etched, hydrogen terminated, pSi (Figure
3.9 (a)) is characterised by three different Si-H stretching vibrations (Si-H at
2091 cm'l, Si-H, at 2120 cm'l, and Si-H; at 2140 cm'l) and a Si-H, scissor vibration
at 906 cm™.*! The freshly etched pSi also shows a weak oxidation (Si-O) peak at
1070 cm™ which occurs spontancously when pSi is exposed to ambient

61 Upon oxidation by both ozone (45 min, Figure 3.9 (b)) and Piranha

conditions.
solution (Figure 3.9 (c)), the 4 Si-Hx peaks disappear and are replaced by a strong
broad peak at 1100 cm™ attributed to Si-O valence vibrations, a small weak oxidation
peak also appears at 1600 cm™ attributed to Si-OH bending,"” as well as a
broad -OH stretching band around 3400 cm™ due to hydrogen bonded —OH groups
and perhaps some chemisorbed H,O.!*®! The small peak at 3715 cm™ is attributed to
isolated silanol stretches on the pSi surface.*”! The presence of silanol peaks for both

oxidation processes indicates that they are both potentially suitable for SWCNT

attachment.
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Figure 3.9: FTIR spectra of pSi, which has been (a) freshly etched, (b) ozone
oxidised (45 min) and (c) wet chemical oxidised (Piranha solution). Spectra in (b)
are offset for clarity.

FTIR was carried out for pSi substrates exposed to 10 - 60 min of ozone showing
a slight increase in the —OH and Si-OH peak intensities observed. Ozone is
considered the better of the two oxidation methods since it does not damage the pSi

substrate while the chemical oxidation gradually dissolved the pSi film.
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3.3.2 Direct ester attachment of SWCNTs to pSi

AFM imaging after SWCNT attachment on ozone oxidised pSi (not shown here)
showed little or no SWCNT attachment. Longer ozonolysis times were attempted
with little improvement. Piranha treatment was used to hydroxylate the pSi substrate
followed by 4 hr of SWCNT attachment. The SWCNT coverage after 4 hr is shown
in Figure 3.10 where vertically aligned bundles of SWCNTs are clearly observed

with measured heights between 20 to 50 nm.

0.0 nm

0.0 am

4.8 um

Figure 3.10: AFM image of SWCNTs chemically attached to pSi following the
direct ester attachment method on Piranha-oxidised pSi.

The calculated SWCNT coverage of SWCNTs on pSi in Figure 3.10 i1s 7%
compared to 22 % for the same attachment on flat Si. This reduction in coverage is
thought to be due to the formation of geminal silyl esters on the pSi substrate. Silyl
esters are susceptible to degradation because the bond can be cleaved by attack at
either the carbonyl or the silicon atom.” Degradation of silyl esters has been found
to increase depending upon the environment of the silicon. Hydroxylated flat silicon
(100) consists of one Si atom with one hydroxyl group. pSi on the other hand can
have 1, 2 or 3 hydrogen atoms on the surface Si atoms after etching which means it
could have 1 - 3 hydroxyl groups on each surface Si atom after hydroxylation.”"! If a
Si atom forms an ester linkage with two or more SWCNTs (known as a geminal
ester) the degradation is found to be much faster because of the loss of steric and
electronic stability (Figure 3.11 (a, b)).’* ) Raman spectral imaging was not
attempted on the pSi-ester-SWCNT surfaces due to the low coverage of SWCNTs

obtained. Besides the low CNT coverage the Piranha treatment noticeably degraded
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the pSi surface. The ester attachment of CNTs to pSi is therefore not a viable

fabrication method.
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Figure 3.11: Schematic representation of (a) oxidised pSi, (b) oxidised pSi after
reaction with a carboxylic acid containing molecule (eg., ‘cut” SWCNT), (c)
oxidised pSi after APTES immobilisation and (d) pSi after APTES immobilisation
and carboxylic acid attachment.

3.3.3 Attachment of SWCNTs to APTES functionalised pSi

To increase the coverage of SWCNTSs on the pSi surface, a layer of APTES was
deposited to produce an amine-terminated monolayer. FTIR analysis of the APTES
functionalised pSi (Figure 3.12 (a)) shows that while the silanol and —OH stretches
have disappeared in the region of 3300-3700 cm™, two small primary amine peaks at
3361 cm™ and 3295 cm™ appear, as well as two broad peaks at 1640 cm™ and
1560 cm™ attributed to N-H, scissoring and N-H bending.”*! The peaks at around
2900 cm™ are attributed to C-H stretching (2932 cm™, 2877 cm™) and a HC-NH,
stretch at 2972 cm™.! The Si-O stretch at 1100 cm™ s still present from Si-O bonds
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in the backbone structure of the pSi. Upon SWCNT attachment (Figure 3.12 (b)), the
primary amine peaks disappear, the C-H stretching peaks remain and two new peaks
appear at 1638 cm™ and 1528 cm™ which are attributed to the N-H bending and C-N
stretching of secondary amides.*” The FTIR spectra support the formation of an

amine-terminated monolayer and the creation of an amide linkage between the

APTES and functionalised SWCNTs.

@ oV -
() o

500 3400 3300 3200 3100
Wavenumbers [cm)

Transmision (%)

3600 3100 2600 2100 1600 1100 &00

Wavenumbers [cm™)

Figure 3.12: Transmission FTIR spectra of hydroxylated pSi substrates (ozone; 10
min) followed by (a) APTES functionalisation and (b) SWCNT attachment to
APTES monolayer (24 hr attachment time). Inset shows zoom of amine peak area
(3500 cm™ to 3100 cm™) for the APTES functionalised pSi substrate. Spectra offset
for clarity.

After APTES functionalisation (5 min, Figure 3.13 (a)), the pSi surface is
featureless like the freshly etched surface indicating that minimal silane
polymerisation has taken place (Figure 3.8). Figure 3.13 (b -d) shows the AFM
images of the SWCNT attachment to pSi via an amide linkage. All images show
similar features to those observed in Figure 3.10 but yield a higher coverage. The
observed higher coverage is due to the favourable and stable amide linkage as well as
the fact that the silane layer does not include any geminal groups (Figure 3.11 (c, d)),
further increasing the stability of the attachment. Various SWCNT attachment times
were investigated and imaged by means of AFM. The lowest coverage was observed
after 5 min (18 %, Figure 3.13 (b)). Coverage increased rapidly up to 48 % after 1 hr

of nanotube suspension exposure (Figure 3.13 (c)) then continued to rise to 52 % up
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after 24 hr of exposure (Figure 3.13 (d)). This change in surface coverage with
attachment time is shown graphically in Figure 3.14. This trend has previously been
observed for the direct ester attachment of SWCNTs on flat silicon (Figure 3.3
(a)).”* Previous work on SWCNT attachment to APTES functionalised flat silicon
has shown that the maximum SWCNT coverage occurs after 4 hr of attachment.*”
The 3D image (Figure 3.13 (e)) clearly demonstrates the vertical alignment of CNTs

on these surfaces.
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(a)

Figure 3.13: AFM images of (a) pSi after 5 min of APTES treatment (0 % surface
coverage, 5 x 5 um’, z scale 50 nm) and SWCNT attachment on APTES
functionalised pSi (5 x 5 pm® images, z scale 50 nm) for attachment times of (b) 5
min (18 % coverage), (c) 1 hr (48 % coverage), (d) 24 hr (52 % coverage) and (e)
3D image of (c) after 1 hr attachment.
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Figure 3.14: Change in percentage surface coverage with incubation time of APTES
silanised pSi wafer in a SWCNT solution. Dashed line added to guide the eye.

Figure 3.15 (a) shows a Raman spectral image showing SWCNTs over the entire
image area. The Raman spectrum (Figure 3.15 (b)) features the major SWCNT peaks
(RBM, G-band) but does not show any of the minor peaks as observed for the
silicon-ester-SWCNT surfaces, shown previously in Figure 3.4 (b). This is due to the
background fluorescence of the pSi substrate which increases the background noise
level in the signal and makes it impossible to observe the less intense SWCNT
Raman peaks (eg., iTOLA, 2LO, 2G). The relative size of the background
fluorescence appears to depend upon the pore dimensions (diameter and depth) such
that some etching conditions lead to surfaces that are suitable for Raman (such as the
etching conditions used in this case) while other etching conditions result in

complete loss of the SWCNT signal.

Due to the large increase in SWCNT density, while maintaining a high level of
vertical alignment, the APTES mediated attachment was considered the best method

to produce VA-SWCNT on pSi.

The intrinsic biocompatibility of pSi makes these surfaces suitable for biomaterial
scaffolds. Additionally, the pSi pores can be loaded with a therapeutic material
which can be released in a controlled fashion. The SWCNT bundles appear to
transcend the pores which could lead to application in water filtration if the pSi
substrate were open at both ends. The attachment of SWCNT to pSi membranes will
be covered in more detail in Chapter 5. The effect of pore size on SWCNT
attachment is investigated as part of Chapter 4.
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Figure 3.15: (a) Raman spectral image of SWCNTs chemically attached to pSi via
the APTES attachment method and (b) Raman spectrum of SWCNTs on pSi
showing the high background fluorescence of pSi. Spectrum average of 3 x 60 sec.
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3.4 DWCNT attachment to silicon

3.4.1 Chemical functionalisation of DWCNTs

In order to chemically attach DWCNTs to Si a suitable cutting/functionalisation
protocol had to be established. Early attempts involved changing the time of
sonication in mixed acid but the DWCNT solutions were not stable in DMSO and
dropped out of suspension within 24 hr. Eventually, a 2-step method was attempted
where the DWCNTs were initially refluxed in 3 M nitric acid overnight followed by
a shorter 3 hr sonication in mixed acid (identical to the SWCNT cutting procedure).
The DWCNT solution obtained after following this protocol remained suspended
within DMSO for more than 3 months, which was similar to that of the SWCNT
suspensions. Figure 3.16 (a) shows a SEM image of the pristine DWCNT powder.
Similar to the SWCNT powder (Figure 3.1 (a)), the DWCNTs exist as long tangled
randomly oriented tubes of >2 um length. After cutting, the DWCNTs (Figure 3.16
(b)) are straighter, shorter and more dispersed with a calculated average length of
1.1 um £ 0.4 um. This average length is higher than the 380 nm calculated for the
SWCNTs and is probably a result of the shorter cutting time in mixed acid. It should
also be noted that the SEM could not image any smaller DWCNTSs than those

observed so the value given may be higher than the actual number.

The Raman spectrum of pristine DWCNT powder in Figure 3.16 (c) elucidates
one major difference to that of the SWCNTs. The RBM band (100 — 350 cm’, inset)
consists of 5 discernable peaks, compared to 1 for the SWCNTs. Each peak is due to
a distinct diameter of CNTs within the DWCNT, as shown in Table 3.2. The multiple
peaks observed indicate that DWCNTs of different inner and outer wall diameter are
present in the sample, as well as the possibility of some SWCNTs.”® Not all the
possible diameters are shown because not all the CNT diameters are excited by the
532 nm laser used.”” Additionally, any RBM peaks below 150 cm™ are cut off by
the grating in the spectrometer. Hence, no CNTs with a diameter greater than 1.8 nm

were observed.
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Figure 3.16: SEM images (XL-30) of (a) pristine DWCNTs and (b)
cut/functionalised DWCNTs and (c) Raman spectrum of pristine DWCNTs with
zoom of RBM region (inset). Raman spectrum average of 2 x 120 sec

accumulations.

Table 3.2: RBM peak positions and corresponding calculated diameter for
DWCNTs.

Peak Position Diameter

(cm™) (nm)
167 1.58
207 1.23
261 0.950
301 0.811
315 0.772

3.4.2 Attachment of DWCNTs to silicon

Figure 3.17 (a) shows an AFM image of DWCNTs chemically attached following
the direct ester attachment method to silicon. Both circular and rod-like features are

observed on the surface which corresponds to both vertically aligned and bundles of
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DWCNTs lying down (horizontally aligned). The presence of both lying down and
vertically aligned DWCNTs is considered to be due to the DWCNT functionalisation
process. During functionalisation, carboxylic acid groups will initially attack defect
sites on the side-walls of the CNT. The production process used for DWCNTs
(CVD) is known to create more defect sites along the sidewalls than that used for
SWCNT production (arc discharge). The defect sites on the side walls of the
DWCNT that are present after fabrication will be oxidised during the
functionalisation process leading to a DWCNT that is decorated with carboxylic
groups both at its ends and along its sidewalls.” ! When these DWCNTs are
attached to the Si surface; attachment can occur at either their ends or their side walls
leading to both vertical and horizontal attachment. The diameter of the bundles of

DWCNTs was calculated to be 68 + 20 nm.

A Raman spectrum of DWCNTSs on Si is shown in Figure 3.17 (b). The peaks
observed are predominately the same as for the SWCNT surface. Two major
differences in the SWCNT spectrum are observed. Firstly, the RBM now consists of
two peaks at 150 cm™ (1.80 nm) and 187 cm™ (1.38 nm), the peaks >200 cm™ are
now lost within the silicon background. These peaks are also in slightly different
positions to that of the pristine DWCNT powder. The cutting process may be
responsible for this shift, where changes to the DWCNT environment or bundling
will affect the position of the RBM bands.”” These factors are normally taken into
account by the parameters 4 and B in the diameter calculation. For this calculation,
the values of the parameters 4 and B have not been changed as they are both
approximations and no more accurate values were obtainable. The second difference
is the increase in the D/G intensity ratio to 0.27 which is a result of the low purity of
the raw material and the amount of functionalisation of the DWCNT outer walls. The
increased outer wall functionalisation supports our explanation as to why the

DWCNT are both vertically aligned and lying down on the surface.

The produced DWCNT surfaces could potentially be used in electronic
applications to compare to SWCNTs where the outer wall functionalisation may
leave the inner wall intact which could potentially improve performance. The
decrease in alignment between the SWCNTs and DWCNTs make the surfaces less

suitable for biomaterial immobilisation and water filtration.

113




Chapter 3 | Device fabrication

El
— s
3 =
[=
bt —
& D
c
o . . i ' . : :
E R B M 0 500 1000 1500 2000 2500 3000 3500
Raman Shift (c,m")
v T ¥ T ¥ T ¥ 1 M T ¥ T ¥ T
0 500 1000 1500 2000 2500 3000 3500

Raman Shift (cm™)

Figure 3.17: (a) Top down and (b) 3-D AFM as well as (¢) Raman spectra of
DWCNTSs chemically attached to silicon with zoom showing RBM region (inset).
Raman spectrum average of 2 x 60 sec accumulations.
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3.5 MWCNT attachment to silicon

3.5.1 Chemical functionalisation of MWCNTs

In order to produce MWCNT surfaces similar to the Si-SWCNT substrates
produced in Section 3.2, as purchased MWCNTs were chemically ‘cut’ to shorten
and introduce carboxylic acid functionalities. In most cases in the literature only a
small degree of functionalisation is imparted onto MWCNTs, leading to minimal
reduction in length. To both shorten and functionalise MWCNTs, a new
methodology was developed; the so-called ‘3-acid cutting system.” The system
involves an initial ‘cleaning’ via reflux in 3 M nitric acid to remove carbonaceous
material and other impurities which make up a large constituent of the purchased
MWCNT material. The ‘cleaning’ does not shorten the MWCNTs (as seen in Figure
3.18 (a)) with lengths ranging from 1-3 pum observed. The next two steps are a
cutting via sonication in acid (the same as the process used for SWCNTs) for a
shorter time (3 hr) and without maintaining a 0°C temperature. Finally, the
MWCNTs were sonicated in HCI to protonate any remaining carboxylate groups.
AFM imaging after completion of the cutting process (Figure 3.18 (b)) reveals
MWCNTs which an average length of 380 £ 150 nm. The length scale of the

Figure 3.18: AFM images of (a) ‘cleaned” MWCNTSs and (b) Cut MWCNTs using
the ‘3-acid cutting system’ drop-cast onto a silicon wafer. AFM images are

5 x 5 um?® with a z scale of 50 nm.
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MWCNTs is very similar to the average length of the SWCNTs used earlier
(360 nm) which was the desired result. Equally important was that the cut MWCNTs
formed a stable suspension in DMSO, which was beneficial for chemical surface

attachment.

3.5.2 Attachment of MWCNT to silicon

Both direct ester and APTES mediated MWCNT attachment to silicon were
investigated following the same protocols as for SWCNTs. Figure 3.19 (a) shows an
AFM image after direct ester attachment of MWCNTs to silicon. Long curved
cylinders were observed on the surface which were MWCNTs lying down on the
surface. No vertically aligned MWCNTs were observed. The loss of vertical
alignment may be due to a number of reasons, during the cutting process defect sites
are oxidised to produce carboxylic acid groups, MWCNTs are known to have a much
higher number of defect sites along their outer shell (as indicated by the size of the
D-band in Figure 3.19 (c)). This will lead to a higher number of carboxylic acid
groups decorating the walls of the MWCNTSs rendering the walls more hydrophilic
and more reactive toward the surface and resulting in a higher likelihood of side-wall
attachment. The AFM image of APTES mediated attachment of MWCNTs on silicon
shows a similar surface topography but with a higher surface coverage (Figure
3.19 (b)). The higher coverage is most likely a result of the presence of more reactive
amine groups (compared to —OH) that can undergo a reaction with the MWCNTs.
Raman spectroscopy of the MWCNTs on silicon was carried out and a representative
spectrum is displayed in Figure 3.19 (c). The obtained spectrum is considerably
different to that of the SWCNTSs. The difference is mainly due to the change in
diameter of the CNTs where larger diameter MWCNTs do not exhibit the splitting of
the G-band or the RBM band.[*"! Additionally, the D-band has become much larger
with a D/G intensity ratio of 1.04 compared to 0.08 for SWCNT on Si. The D-band is
due to sp’ bonded carbon such as in defect sites in the CNT side wall. The apparent
large number of defect sites, as shown by the large D-band, is a common observation
in MWCNTs where the imperfect fabrication process leads to a large number of

errors within the CNT lattice.
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Figure 3.19: (a, b) AFM images and (c¢) Raman spectrum of MWCNTs chemically
attached to silicon via (a) direct ester attachment and (b, c¢) APTES mediated
attachment. AFM images are 5 x 5 um? with a z scale of 50 nm, Raman spectrum is
the average of 2 x 120 sec acquisitions.

MWCNTs cut following the 3-acid cutting system were suitable for chemical
attachment onto silicon and potentially other surfaces. The fabricated Si-MWCNT
surfaces could be beneficial in situations where vertical alignment is not critical or in
situations where high surface area is advantageous such as in hydrogen storage or
electrochemistry. As discussed in Section 1.6 MWCNTs are also expected to produce

the most stable electron field emission.
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3.6 CNT growth via chemical vapour deposition

To complement the fabrication of VA-CNT arrays via chemical attachment, the
growth of VA-CNTs via CVD was attempted. It was expected that results gained on
the chemically attached CNTs could be directly related and compared to that of the
CVD grown CNTs. A custom, in-house built, CVD reaction tube was assembled
within a tube furnace capable of reaching 1000 °C. Following a general CNT growth
recipe of sputtering a thin film of iron onto a cleaned Si surface, heating to 750 °C
under an Ar/H, atmosphere and then introducing the carbon source (acetylene) and a
small amount of water vapour to the mixture CNT growth was found to occur. SEM
imaging revealed that the growth of VA-CNTs was possible (Figure 3.20 (a, b)). The
height of the VA-CNTs were found to vary dramatically between samples. For a

Figure 3.20: SEM images (CamScan) of CNTs grown on silicon via CVD showing

(a, b) vertical alignment, (c) zoom of side view of VA-CNTs and (d) randomly
oriented CNTs.
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growth time of 10 min, the CNT height was observed to vary between 10 and
100 um. Closer analysis of the VA-CNTs revealed that the individual tubes were not
perfectly straight but consisted of wavy VA-CNTs. Although VA-CNTs were
produced, all samples had some areas of randomly aligned CNTs and the majority of
samples consisted exclusively of randomly aligned CNTs, such as those shown in

Figure 3.20 (d).

Figure 3.21 shows both Raman spectral imaging and single spectra of the CVD
grown CNT surfaces. The Raman spectrum shows a very large D-band, large G-band
and small broad peaks in the overtone region (2700 — 3300 cm™). Importantly, there
is no observable RBM which indicates that the CNTs produced by CVD are

(a)

900 CCD cts

200 CCD cts

(b)
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Figure 3.21: (a) Raman spectral image of CNTs grown on silicon via CVD and (b)
Raman spectrum of the CVD grown CNTs. Raman spectrum is the average of 3 x
30 sec acquisitions.
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MWCNTs. The large D-band indicates that there is either a lot of amorphous
carbonaceous material or there is a large degree of functionalisation on the CNTs.
The more likely scenario is that the large D-band is due to the production of
amorphous graphitic material during CVD growth. The D/G intensity ratio for the
spectrum was calculated to be 1.2 which is much larger than the 1.04 calculated for
the chemically attached Si-MWCNT substrates. The Raman image obtained (Figure
3.21 (a)) shows very little variation in G-band height across the surface. This shows

that the CNTs exist in a very high density across the surface.

Although the growth of CNTs was achieved, the growth of only MWCNTs and
the inconsistency in vertical alignment were major issues. Two improvements were
required for the surfaces to become useful for further investigation into their
applications. Firstly, all the surfaces produced had to consist exclusively of VA-CNT
and the CNTs grown had to be SWCNTs. The CVD growth of VA-SWCNTs is
commonly reported in the literature but the reports often come from the same

research groups with specialised equipment.'®”’

It is widely believed that the diameter of grown CNTs is dependent upon catalyst
nanoparticle dimensions.[®’] AFM imaging of the iron catalyst layer before and after
heating to 750 °C under Ar/H, was completed. Figure 3.22 (a) shows a 3 nm layer of
iron on a silicon surface. Clumps of material are observed on the surface with heights
ranging from 1 to 6 nm. Figure 3.22 (c) shows the same surface after heating to
growth conditions and then removing the surface and imaging again. Much larger
particles were observed with heights ranging from 10 to 40 nm which is a size
increase of ~200 to 8000 %. The difference between the two AFM images clearly
demonstrates that the heating of the surface induces a major change in the
nanoparticle size. However, it is unknown if cooling the surface will change the
nanoparticle size and shape and therefore whether the surface after cooling is a true
representation of the surface prior to CNT growth. A similar investigation of the
effect of CNT growth conditions (without adding carbon source) on the nanoparticles
has recently been published where they found an increase in iron nanoparticle size of

~50 % after 5 min of exposure to CVD pre-treatment conditions.!**!
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Figure 3.22: (a, ¢) AFM and (b, d) section analysis of 3 nm iron sputtered onto a
silicon surface (a, b) fresh and (c, d) after heating to 750 °C under pre-CNT growth
conditions.

The study found that adding an alumina layer between the Si and the Fe decreased
the change in nanoparticle size. Therefore, 10 nm of Al was sputtered onto a cleaned
silicon surface, the surface was then oxidised to convert the aluminium layer to
alumina. 3 nm of Fe was deposited, and the surface was heated to 750 °C in an Ar
atmosphere, cooled and imaged with the AFM the same as before. Figure 3.23 (a)
shows an AFM image of the surface where particles of 5 nm to 30 nm are observed
which is slightly smaller than that observed in Figure 3.22 (c¢) but still much larger

than the original 3 nm of Fe prior to heating. To determine why the alumina layer did
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not have the desired effect, AFM imaging was completed on a Si surface just after
the deposition of 10 nm of Al (Figure 3.23). The surface was found to consist of 5 to
10 nm clumps of Al, not the homogeneous thin film required as a buffer layer for
iron nanoparticle deposition. In order to achieve a uniform thin film of alumina a

different deposition technique such as e-beam evaporation is required.
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Figure 3.23: (a, c) AFM and (b, d) section analysis of (a, b) silicon surface with 10
nm of aluminium and 3 nm of iron after heating to 750 °C under pre-CNT growth
conditions and (c, d) silicon surface with 10 nm of Al sputtered.
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In order to understand why the vertical alignment of the CNTs was inconsistent a
series of experiments was carried out to determine the cause of the inconsistency. It
was hypothesised that VA-CNTs could be produced under optimised growth
conditions. A number of experiments were conducted in making slight changes to the
input gases and it was observed that samples closest to the gas inlet had the highest
coverage of CNTs (this was found visually, the blackest samples were considered to
have the highest CNT content and vertical alignment). It was concluded that this
must be due to the first samples in the tube being exposed to ‘clean’ growth gas or
that the temperature within the tube was not consistent. The temperature within the
CVD tube was analysed using a thermocouple and it was found that the actual
temperature within the tube was much higher than that set on the instrument. Figure
3.24 details the change in temperature within the CVD tube for different input
temperatures. When 750 °C was set, the measured temperature varied from 767 °C
10 cm from the inlet to 830 °C in the middle of the tube. The most stable region was
from 20 to 30 cm from the inlet. Since the best growth was occurring closer to the
inlet, where the actual temperature was 767 °C (close to the desired temperature
750 °C), the input temperature was varied to find which input value lead to a
measured temp of 750 °C within the most stable region of the tube (20 to 30 cm from
inlet). An input of 680 °C was found to produce a measured temperature between
720 °C and 760 °C in the ‘stable’ region of the tube. CNT growth was carried out on
multiple samples, all within the ‘stable’ region, and once again it was found that the
sample closest to the gas inlet produced the highest CNT coverage. The temperature
may have an effect but it was found that ‘clean’ gas was more important to CNT

growth.

Subsequent growth was carried out on a single sample with an input temperature
of 750 °C (because gas flow rates had been optimised for this temperature).
However, with all of these constraints the consistent growth of vertically aligned
CNTs still could not be achieved. The inconsistencies of CNT growth are well
known in the research community. Slight changes in nanoparticle deposition, flow
rate of any of the gases, heating time of the sample, CNT growth time and CNT

growth temperature all lead to a change in CNT growth.[®> ¢4
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Figure 3.24: Plot showing recorded temperature within tube furnace for varying
input temperatures from 750 °C (red series) to 680 °C (green series) and 650 °C
(blue series).

CVD growth of CNTs is well known to be an inconsistent process. To reduce
inconsistencies; precise control of sample preparation and growth conditions are
required. The nanoparticle deposition and temperature could not be controlled to the
accuracy required. These could be improved by the use of e-beam evaporation for
nanoparticle/ buffer layer deposition and the use of better thermal shielding to

maintain a constant temperature.

The scope of this Thesis is to investigate CNTs for potential applications and to
improve upon already reported results. The CNT surfaces produced using the
custom-built CVD reactor were not to the standard of commonly reported literature.

As such no further investigations were attempted on the CVD grown CNTs.

124




Chapter 3 | Device fabrication

3.7 Conclusions

CNTs were chemically functionalised to form soluble solutions in DMSO for
chemical attachment to silicon. SWCNTSs were chemically attached to silicon and pSi
and it was found that the direct ester attachment on silicon and the APTES mediated
attachment on silicon and pSi lead to a high coverage of vertically aligned SWCNTs.
DWCNTs were attached to silicon following the direct ester protocol. In this case,
both vertical and horizontal attachment occurred. MWCNTs were chemically
attached to silicon where exclusive horizontal geometry was observed. The increase
in horizontal alignment of the MWCNTs and DWCNTs was explained in terms of

increased side-wall functionalisation.

CVD was used to grow both vertically aligned and randomly aligned CNTs.
Control of alignment and diameter was not achieved and as such CVD growth of

CNTs was abandoned.

In the following chapters, the pSi-SWCNT substrates will be further investigated
for water filtration and biomaterial immobilisation. The applicability of the Si-
SWCNT substrates in the applications of field emission and biomaterial
immobilisation will be studied and the field emission properties of the Si-DWCNT
and Si-MWCNT substrates will be explored.
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Chapter 4

Controlled carbon nanotube

placement

To further investigate the chemical attachment of SWCNTs to silicon, two types of
surfaces were prepared to control the placement of nanotubes on the substrate: SWCNT
patterns and SWCNT gradients. Surface patterning of SWCNTs is a prerequisite for a
number of applications. The patterning of SWCNTs on silicon has been achieved via the
pre-patterning of an amino silane layer prior to SWCNT chemical attachment. Since there
is likely to be an optimal SWCNT surface coverage for each individual application, the
most efficient method to determine the optimal coverage is to produce a gradient of
SWCNTs to investigate all possible coverage’s on a single substrate. SWCNT gradients
were fabricated by using a topographical pSi pore size gradient and chemical APTES

gradient on silicon.
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4.1 Introduction

The use of CNTs in a range of applications requires the control of their placement,
orientation and coverage.!"! In particular, CNT surface coverage has been found to
have a profound effect in applications including photovoltaics,””! cell adhesion,™ and
thin-film transistors.”* In order to optimise the CNT surface coverage, it is important
to develop methods for placing CNTs into well-defined environments. Creating such
surface environments has been pursued intensely by means of techniques such as
lithographically designed catalyst placement for CVD growth,"7 soft lithography
manipulation of CVD grown CNTs,"™ inkjet printing of CNT solutions,””! and CNT
adsorption or chemical attachment onto lithographically designed surface patterns!'"

'2l'in order to accomplish the goal of controlled CNT coverage.

The production of chemically attached SWCNT patterns has been achieved by a
number of various substrate pre-patterning techniques including AFM

10-13] ¢ beam lithography!'*! and sputtering of metals through a TEM

nanolithography!
grid." These methods have successfully controlled the placement of SWCNTSs,
however, the nanolithography method is time consuming and the sputtering of metal

leads to an inhomogenous substrate which restricts further use.

All of the methods of organising CNTs into specific architectures are potentially
useful in practical applications. However, they always result in sharp boundaries
between regions covered with CNTs and those which are bare. In order to optimise
CNT coverage it is useful to employ a platform where the coverage of CNTs varies
gradually across the entire length of the surface.

Such lateral gradients of coverage have been described for a multitude of species

3l 16, 17] macromolecules,[lg’ Pl and SAMs.2”

including biomolecules,[1 nanoparticles,[
2] These gradients are typically fabricated by first generating a gradient of a desired
surface chemistry or by gradually changing the topography of a surface.””” These
surfaces are then reacted with the desired species to produce gradients of coverage of
that species.

The production of topographical gradients on pSi has recently been reported.!'>**

»1 Pore size gradients can be achieved by orienting the counter electrode

[24

perpendicular to the Si surface during pSi formation.** In this orientation, the
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potential at the solid silicon/solution interface decreases as a function of distance
from the counter electrode due to the resistance of the solution. The decrease in
applied potential across the surface leads to a decrease in etching current resulting in
a decrease in pore size across the surface. The resulting surface consists of large
diameter pores in the area near the counter electrode and pores gradually decreasing

[15.24 pore size gradients

in diameter when moving away from the counter electrode.
have previously been utilised to study the influence of surface topography upon the
behaviour of neuroblastoma cells when adsorbed on the surface.!"” Pores ranging
from 5 nm to 3 um were prepared on a single Si piece and it was found that the pore
size had a profound effect on cell morphology, density, length and area.'!

Surface chemistry gradients can be achieved by a number of strategies®!

[26]

including masked palladium deposition, - controlled immersion and withdrawal of a

2" the liquid diffusion techniques,*® *! RF plasma,*®*" and

surface into a solution,[
the vapour phase diffusion method.”?! Of these, possibly the most popular method is
vapour phase diffusion, which was first developed by Chaudhury and Whitesides in
19924 and involves placing an oxidised Si wafer near a reservoir containing a
volatile low molecular weight organosilane. The silane molecules vaporise and form
a concentration gradient in the vapour phase and eventually land on the substrate and
chemisorb by reacting with the surface hydroxyl groups. By restricting the deposition
time, the concentration of the deposited silane was observed to decrease as a function

of the distance from the silane source.'”

CNT attachment to an aminosilane gradient, which had been produced using the
vapour phase diffusion method, has been attempted previously by Usrey et al.*” In
this seminal study, SWCNTSs modified with benzoic acid and phenol functionalities
were reacted with a surface gradient of aminosilane (APTES). It was found that
although an APTES gradient was generated along the surface, there was low
coverage of SWCNTs across the gradient, and no modulation in coverage was

observed.!*”

In this Chapter, the fabrication of SWCNT patterns and gradients will be
investigated. Patterns are produced by first pre-patterning the surface with an APTES
pattern defined by photolithography (Figure 4.1 (a)). Gradients of immobilised
SWCNT coverage are then generated utilising both topographical and chemical

surface gradients. Pore size gradients from pSi are used as a topographical gradient,
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where the pSi surface is oxidised and treated with APTES to create an aminosilane
layer. Carboxylated SWCNTSs are then deposited upon the surface, and the change in
the area of the top surface with change in pore size gives rise to a gradient in
SWCNT coverage (Figure 4.1 (b)). The chemical gradient was created by vapour
phase diffusion of APTES onto oxidised flat silicon. The surface gradient of
aminosilane was then utilised to deposit SWCNTs (Figure 4.1 (c)).
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Figure 4.1: Schematic illustrating the fabrication process of SWCNT patterns and
gradients. (a) APTES patterning via photolithography to produce a SWCNT
gradient, (b) a topographical gradient created by the asymmetric anodisation of
silicon and (c) a chemical gradient created by vapour phase diffusion of APTES

onto oxidised silicon.
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4.2 Experimental methods

4.2.1 Fabrication of pSi with pore size gradient

The preparation of pSi with a pore size gradient has been described previously.!"

Briefly, silicon (100 orientation, boron doped, 0.00055 — 0.001 Q cm resistivity,
Virginia Semiconductor) was etched in a 1:1 (v/v) solution of 49 % aqueous HF
(Merck)/ethanol (Chem-Supply) for 90 sec by placing a Pt electrode perpendicular to
the silicon surface at one end of a custom-built Teflon etching cell (Figure 4.2).
Currents of 40, 50, 55, and 60 mA over a surface area of 1.767 cm® were applied.
After etching, pSi oxidation, APTES deposition and SWCNT attachment were
carried out following the same methods as for ‘normal’ pSi, as described earlier

(Section 2.2.3).

(a) Platinum Electrode (b) Platinum Electrode

HF/Ethanol Solution HF/Ethanol Solution

T T
i [
L d Ld wd Ld

Aluminium Foil Aluminium Foil

TeﬂclnnCeII Silicon Wafer Teﬂclmce” Silicon Wafer

Figure 4.2: Etching cell configurations for the fabrication of ‘normal’ (left) and
gradient (right) pSi.

4.2.2 Fabrication of an APTES gradient

A silane gradient was created using the method first described by Chaudhury and
Whitesides.'*] A Si wafer was cut into rectangular pieces (3.5 cm x 1 cm) which
were then treated with Piranha solution (3:1 H,SO4:H,0,) for 20 min at 80 °C. A 1:1
(w/w) mixture of APTES and Nujol was prepared and kept in a small circular
reservoir (400 pL volume). This reservoir was placed next to the shorter edge of the
rectangular piece of the silicon wafer, and the whole system was enclosed in a Petri

dish at ambient conditions (Figure 4.3). After 10 min, the silicon wafer was taken out
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of the container, washed with ethanol to remove any physisorbed APTES molecules,
and immersed a solution 1 % (v/v) trimethoxypropylsilane (PTMS, 97 %, Aldrich) in
toluene for 10 min in order to occupy the remaining surface silanol groups and
prevent non-specific SWCNT attachment. SWCNT covalent attachment was then

carried out following the standard method (Section 2.3).

enclosed petri dish

APTES/Nujol Silicon Wafer

Figure 4.3: Schematic of the apparatus used for APTES gradient fabrication (top
view).
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4.3 Patterned attachment of SWCNTs

SWCNT patterning was achieved by means of silane substrate patterning as
described in Section 2.3.5. Patterning via photolithography of a commercial
photoresist was chosen as it is a method that is easily replicable in most scientific
laboratories and is capable of quickly patterning entire surfaces. This was achieved
by first spin-coating a photoresist, developing the resist using a chrome-on-glass
mask and depositing APTES in the exposed areas. This was possible because the
commercial photoresist used was found to be stable in toluene, which is the solvent
used in silane deposition. The mask used for UV photolithography consisted of a
variety of shapes with a range of sizes from 10 -200 um. After photoresist
development, the surface consisted of exposed patterns of oxidised Si and areas

protected by photoresist (Figure 4.4).

Figure 4.4: SEM images of photoresist patterns on silicon showing various shapes

and sizes of patterns.

Subsequent attachment of APTES into the patterned regions was verified by IR
microscopy. The patterning procedure allows for the deposition of two silanes, one in
the patterned region and the other outside the patterns. The IR spectra in Figure 4.5
(a, b) and IR mapping image are of APTES-functionalised circles with oxidised
silicon outside of the pattern. This particular patterning procedure was chosen to
afford the highest contrast. In order to achieve IR mapping, pSi was used as the
substrate since the high internal surface area of pSi leads to a higher amount of

deposited silane than on flat silicon. Additionally, the photoresist developing process
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in ammonium hydroxide solution slightly degrades the pSi, which allows the visual
observation of the patterned regions, making the IR mapping easier (Figure 4.5 (d)).
IR spectra obtained both inside (Figure 4.5 (a)) and outside (Figure 4.5 (b)) the
patterns are quite similar. This is because the small aperture (80 pm) required to
achieve the resolution of the IR map results in low signal. Consequently, the only
difference in spectra observed is the appearance of a doublet of peaks at 1505 cm™

[32] The most

and 1450 cm™ which are related to the amine functionality in APTES.
prominent peaks are the broad —OH stretching band at ~3400 cm™ and the strong Si-
O- feature at 1100 cm™. Spectral mapping of patterns was achieved by taking a
number of spectra across the surface and mapping the height of the peak at
1505 cm™. The IR spectral map shown in Figure 4.5 (c) clearly demonstrates that the
APTES is confined within the circle patterned region, since the pattern observed in

the IR spectral map matches the optical microscope image of the surface (Figure 4.5

(c—1).
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Figure 4.5: IR mapping of APTES pattern on pSi showing (a, b) spectra of points
(a) within and (b) outside of pattern (insets) with insets showing peaks of interest
in more detail, (c) IR spectral map obtained by mapping peak height at 1505 cm™

(indicated by * in (a, b) with (d) optical image of area and (e) overlay of spectral
map over optical image.
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Raman spectral imaging was used to investigate the controlled placement of
SWCNTs on silicon. Flat silicon was used for the Raman imaging as the large
background fluorescence from pSi leads to a low signal to noise ratio for the Raman
peaks. The intensity of the G-band in each spectrum within a scan was digitally
converted into an image where the bright regions indicate areas of higher G-band
intensity. The intensity of the G-band was used because it is the most prominent of
the SWCNT peaks and has also been considered to best represent the amount of
CNTs present in a sample.””! To investigate patterned SWCNT attachment, two
APTES patterns were produced on silicon. A half-half pattern and the geometric
pattern shown in Figure 4.4 were fabricated. The half-half pattern was produced in
order to ascertain if SWCNTSs could be controlled over a larger area before it was
attempted to confine the SWCNTSs to smaller regions. Figure 4.6 (a, b) show Raman
spectral images obtained for the half-half pattern with Figure 4.6 (a) representing the
APTES-free region and Figure 4.6 (b) from the APTES covered area. The APTES
side of the substrate clearly shows a higher SWCNT coverage confirming controlled
SWCNT placement is possible by APTES patterning. The bare silicon side of the
substrate did not completely prevent SWCNT attachment. This could be improved by

depositing a silane which restricts SWCNT adsorption outside the patterned region.

Figure 4.6 (d, e) shows a Raman spectral image after SWCNT attachment to an
APTES pattern on a flat silicon surface. The optical image in Figure 4.6 (c) shows
the area investigated. No visible pattern is discernable. In order to determine the
correct area to image, the surface was rinsed in acetone and dried slowly, the
difference in surface energy on the surface resulted in the acetone drying slower in
the patterned regions. This allowed for short-term visualisation of the patterns during
which time marks were made around the ‘small circle’ patterned area. Raman
imaging of this area revealed that the circle pattern had been maintained after
SWCNT deposition Figure 4.6 (d, e). The circle patterns are the smallest on the

original mask and the SWCNT placement is maintained within the pattern region.
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60 CCDets

-10 CCD cts

Figure 4.6: Raman spectral images of SWCNT patterns on silicon. (a, b) half-half
surface patterns with (a) bare silicon side and (b) Si-APTES-SWCNT side. (c¢)
Optical microscope image of area of investigation for attachment of (c, d) SWCNTs
to patterned APTES on silicon.
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With a desired pattern designed on a chrome-on-glass mask, the patterning
process described here has the potential to produce patterns of any shape down to
features in the region of 20 um, limited by the quality of the original photoresist
pattern. The use of more sophisticated patterning processes such as e-beam
lithography could lead to smaller feature sizes. The SWCNT surface patterning could
be useful in the fabrication of field emission displays, nano-electronics, and

biointerfaces.
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4.4 SWCNT surface coverage gradients

4.4.1 pSitopographical gradient

Several pore size gradients with different pore size ranges were fabricated in order
to determine the effect of pore size on SWCNT surface coverage over a wide
spectrum of pore sizes. Current density was varied to generate four different pore
size regimes. Only the region closest to the electrode for the 60 mA etching current
underwent electropolishing with the applied current density being too high to sustain
pore formation. Once etched, the pSi films showed interference fringe patterns
common to pore size/depth changes across the surface (Figure 4.7 (a)).l'”! The
topography of the graded pSi films was characterised using tapping mode AFM. pSi
films were divided into three different regions, as shown in Figure 4.7 (a). The region
nearest to the Pt electrode is denoted region 1 and the region furthest away from the
Pt electrode is denoted region 3. Figure 4.7 (b) shows representative AFM images of
the gradient pSi films created where the pore size decreases from region 1, to region
2 and decreases again to region 3. Table 4.1 shows the range and average pore sizes

fabricated with varying etching current. Average pore sizes ranged from 9 — 230 nm

(@)

Region 1 Region 2 Region 3

(b). . .

Figure 4.7: (a) Photograph of gradient pSi film indicating the three regions: (region
1) closest to electrode, (region 2) middle region and (region 3) furthest from the
electrode. (b) Tapping mode AFM images showing pore size decreasing with
distance from the Pt electrode. Scale bars = 500 nm.
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Table 4.1: AFM pore size analysis of the pore size gradients produced by different
applied currents.

Etching Region 1 Region 2 Region 3
Current Pore size (nm) Pore size (nm) Pores size (nm)
(mA) Range Avg. Range Avg. Range Avg.
40 17-93 39+ 15 5-22 12+4 4-17 9+4
50 14-140 52 +27 5-48 22+9 3-10 T2
55 36-304 14660 17-211 94 + 38 21-135 60+ 290
60 - - 47 -793 232 +£133 36 - 368 130 +£49

depending upon etching current density and region on pSi surface. A broad range of

pore sizes were generated to examine the effect of pore size on CNT coverage.

After etching, the pSi substrates were further functionalised with an APTES
monolayer in order to cover the surface with amine groups which are available to
react with the carboxylic acid groups on the SWCNTs. After SWCNT attachment via
carbodiimide coupling, AFM images were taken at the three regions of each pSi
sample. For all samples vertically aligned bundles of SWCNTSs chemically attached
to the pSi surface were observed. As determined from the AFM software, the average
diameter of the SWCNT bundles was found to be 120 nm. AFM imaging after
SWCNT attachment onto the 40 mA pSi gradient (Figure 4.8 (a)) showed very little
difference in percentage surface coverage between the three regions (57 =5 %,
64 £ 6 %, 69 + 6%). The percentages of SWCNT coverage are summarised in Table
4.2. The 50 mA pSi gradient (Figure 4.8 (b)) showed little change in region 1
(52 + 4 %) when compared to regions 2 and 3 (57 = 4 %, 56 = 3 %, Table 4.2). The
55 mA pSi gradient exhibited a significant difference in SWCNT coverage across the
regions with region 1 exhibiting a SWCNT coverage of 2 + 1 % (Figure 4.8 (¢) (1))
which increased to 9 = 4 % (Figure 4.8 (c) (ii)) in region 2 and increased again to
25 +2 % in region 3 (Figure 4.8 (c) (ii1)). The two regions of the 60 mA pSi gradient
(Figure 4.8 (d)) also exhibited coverage variance with region 2 having a surface
coverage of 3 £ 1 % while region 3 had a coverage of 8 = 2 % (Table 4.2). As the
pore size and hence porosity increases, the available APTES-coated area of silicon
ridges for SWCNT will decrease, leading to a decrease in SWCNT coverage. Indeed,
the plot of average pore size versus SWCNT coverage (Figure 4.9 (a)) shows a linear

fit with a linear regression of coverage. However, the linear relationship does not
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Table 4.2: Summary of percentage SWCNT coverage on each region of the gradient
pSi etched at different etching currents.

Region 1 Region 2 Region 3
Etching Current QWCNT Coverage SWCNT Coverage SWOCNT Coverage
(md) (%) (%) (%)
40 57+5 64+6 69+6
50 52+4 57+4 563
55 2+1 9+4 25+£2
60 - 3+1 8+2

hold when the maximum pore size is less than the average bundle size of the
SWCNTs (120 nm, as determined by AFM, Figure 4.8). In that case, the SWCNT
coverage is quasi-constant at 60 + 10 %. The results suggest that the maximum
average pore size below which SWCNT coverage is not affected is in the region of

50 nm.

We propose that this observation is a result of the SWCNT bundles being able to
straddle the entire pore and chemically attach to both sides of the pore. As the
maximum pore size increases past 120 nm, and hence the number of pores over
120 nm increases, the SWCNT coverage begins to decrease (Figure 4.9 (b)). In this
case, the SWCNT bundles are only chemically attached to the surface via the ridges
of the pores only, which in turn reduces the number of chemical bonds per bundle to
the surface. Weakly bonded bundles are then facilely removed by the sonication
used in cleaning after immobilisation. As the pore size increases, this effect becomes
more evident and SWCNT coverage continues to decrease to the point where strong
attachment rarely occurs. Since this change in pore size occurs gradually over the
length of the entire pSi substrate, the change in SWCNT coverage also changes
gradually over the entire substrate, effectively generating a gradient in SWCNT
coverage. Once the pSi pore size exceeds the SWCNT bundle size, it may then
become possible that the SWCNT bundles deposit within the pores. The depth of the
pSi pores (>1 pum) is such that the shortened carboxylated SWCNTs will not be
observed by AFM if they are immobilised within the pores.
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Figure 4.8: Tapping mode AFM height images of SWCNTSs attached to gradient pSi
surfaces etched at (a) 40 mA (b) 50 mA, (c) 55 mA and (d) 60 mA showing (i)
region 1, (ii) region 2 and (iii) region 3. Scale bars = 1 pm.
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Hence, using an appropriate etching current, the pSi pore size gradient leads to a
SWCNT coverage gradient. This method is relatively simple, provided the
equipment for pSi formation is available. However, the change in pore size may have
an effect on the application of the Si-CNT device. For example a change in pore size
has been found to affect cell adhesion.!"! For the practical application of SWCNT
surface coverage gradients on a pSi pore size gradient, the effects of changing pore
size are required to be negligible. This is not the case in water filtration, cell adhesion
or field emission and as such this method to produce a CNT gradient will not be used
further in this Thesis. In order to generate a CNT gradient that does not include a
change in surface topography, the formation of a CNT gradient based upon a

chemical gradient was investigated.
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Figure 4.9: Plots showing SWCNT coverage as a function of (a) the average and (b)
the maximum pore size of the pSi surface.
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4.4.2 APTES chemical gradient

The fabricated APTES chemical gradients on flat silicon were analysed by sessile
drop WCA measurements to confirm that a density gradient of APTES moieties had
indeed been obtained using the vapour phase diffusion method. Figure 4.10 shows
the variation in WCA across the surface as the distance from the APTES-filled
reservoir increases. The average WCAs decrease from 32 + 5° at 5 mm distance from
the APTES-filled reservoir down to as low as 11 + 2° at 20 mm from the APTES-

filled reservoir. The higher WCA observed closer to the reservoir is consistent with
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Figure 4.10: (a) Digital photographs and (b) WCA values of water droplets
deposited at increasing distance (from 5 —30 mm at 5 mm intervals) from the
APTES-filled reservoir.
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the somewhat hydrophobic APTES molecules being present in higher concentration.
At the other end of the sample, the more hydrophilic silanol groups of the oxidised Si
appear to dominate. Aminosilane gradients have been fabricated previously and have

shown similar trends in contact angle variation across the surface.!'® "

After covalent attachment of SWCNTs via carbodiimide coupling, the surfaces
were analysed using confocal Raman spectral imaging. Figure 4.11 shows Raman

spectral images across the surface of the SWCNTs directly deposited onto a vapour

Figure 4.11: Raman spectral images of G-band peak intensity at different distances
from the APTES-filled reservoir on the SWOCNT-decorated gradient. Scale
bar =4 pm.
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phase deposited APTES gradient. Surprisingly, there is little observable difference in
the Raman images obtained across the gradient surface. Only the image at a distance
of 30 mm appears to exhibit fewer bright spots than the images from the other
regions across the gradient, indicating lower SWCNT coverage. Figure 4.12 plots the
change in average G-band intensity (~1590 cm™) across the APTES gradient. Similar
to the observations made for Figure 4.11, there is little change in G-band intensity
and hence SWCNT coverage across the surface. We note that we have excluded the
occurrence of physisorption of SWCNTSs on the silicon surface as the reason for the
lack of coverage contrast since rigorous washing and sonication of the surface was
performed to remove any weakly bound SWCNTs. Therefore, the experimental
result was unexpected: the SWCNTs should only be able to attach to the amine
groups of the silane and not to the oxidised silicon surface. The expected result
would be to see a decrease in SWCNT coverage as the APTES density decreases (as
confirmed by the WCA experiments). Usrey et al.*”) have previously created a
similar APTES gradient via vapour phase deposition followed by adsorption of
mildly oxidised SWCNTs. They observed no significant change in SWCNT coverage
across the surface of the APTES gradient prepared by the vapour phase technique.”?”
Usrey et al. offer no explanation as to why the APTES gradient in their case was not

effective in producing a gradient of SWCNT coverage.
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Figure 4.12: Change in average Raman G-band peak intensity with distance from
APTES-filled reservoir after SWCNT covalent attachment without backfill.
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A possible explanation for our results and the results by Usrey ef al. may lie in the
surface chemistry of the substrate. Prior to APTES immersion, the silicon surface
chemistry consisted of silanol bonds. Although it is known that silanols condense to
form Si-O-Si species after extended periods of exposure to the atmosphere it is
conceivable that esterification took place between the carboxylated SWCNTSs and the

remaining silanol groups after exposure to APTES on the silicon surface.

In order to prevent the SWCNTSs from binding to the surface via ester bonds, a
PTMS layer was backfilled into the APTES gradient to block any residual silanol
sites. Figure 4.13 shows the Raman spectral imaging across a thus fabricated
gradient. In this case, there is a clearly observable difference between the regions
closer to the APTES-filled reservoir (5 —15 mm) when compared to the regions
further away (20 — 30 mm). Figure 4.14 (a) plots the change in the average G-band
peak intensity across the surface. There is a striking trend of decreasing G-band
intensity and hence SWCNT coverage observed for spectra collected from spots
16 mm from the silane reservoir to 20 mm from the reservoir. The observed SWCNT
coverage decrease occurs at a similar position as the WCA decrease on the Si-
APTES surface observed in Figure 4.10 (prior to PTMS backfill), suggesting that the
change in APTES concentration is indeed causing the change in SWCNT coverage.
Figure 4.14 (b) plots the G-band peak intensity with measured WCA. A weak
positive correlation is observed with higher contact angles clearly showing higher G-
band peak intensity and SWCNT coverage. Note that contact angle measurements
along the gradient were only taken every 5 mm, explaining the lack of data points in

Figure 4.14 (b).

An APTES surface gradient is a simple method to fabricate a CNT surface
coverage gradient with the potential of increasing efficiency in determining the
optimal CNT coverage for a specific application. However, the formation of the
APTES gradient is highly dependent upon environmental conditions (temperature,
humidity etc.) and as such was found to be quite inconsistent. Consequently, the
region of SWCNT coverage change (15 - 20 mm in Figure 4.14) was found to vary
by + 10 mm across the surface. As a result of this variation, each CNT gradient
produced would require analysis to determine the CNT coverage at each point.
Raman spectral imaging is a slow process and for the applications described in this

Thesis it was found to be more time efficient to prepare individual samples of
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varying SWCNT surface coverage. Therefore, given the lack of control over

environmental conditions during APTES gradient formation, the use of SWCNT

gradients will not be used further.

Figure 4.13: Raman spectral images of G-band peak intensity of SWCNTs
immobilised on APTES gradient after PTMS backfilling of silicon wafer at
increasing distances from the APTES-filled reservoir. Scale bar 4 = pum.
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Figure 4.14: (a) Change in average Raman G-band peak intensity with distance
from APTES-filled reservoir after SWCNT covalent attachment with PTMS backfill
(inset) zoom of area from 15 to 20 mm. (b) Plot of average G-band peak intensity
vs. WCA. The dashed line serves as a guide to the eye.
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4.5 Conclusions

Patterns of SWCNTs were fabricated by first pre-patterning the surface with
APTES. Conventional UV photolithography was used to create APTES patterns on
both pSi and silicon. APTES patterning was confirmed by IR spectral mapping
where it was found that the APTES was confined within the patterned regions.
Subsequent SWCNT attachment to the APTES patterns led to SWCNT patterning as

confirmed by Raman spectral imaging.

Gradients of SWCNT coverage were generated following two different methods.
The first was a topographical gradient utilising a change in pSi pore size across the
surface to induce a decrease in SWCNT coverage when the pore size became larger
than the SWCNT bundle size. From this study, it was discovered that the maximum
average pore size that does not affect CNT coverage was in the order of 50 nm. For
future application the average pore size will be kept below 50 nm. The second
method utilised vapour phase diffusion to fabricate APTES density gradients, which,
when the remaining silanol groups were reacted with PTMS, gave rise to a
conspicuous SWCNT gradient. The topographical gradient gave rise to a gradual
variation of SWCNT coverage across the entire length of the substrate with changing
pore size while the chemical gradient gave rise to a more acute reduction in SWCNT
coverage across a small distance. Each CNT gradient formation mechanism
described has its disadvantages. Application of the CNT gradient based on a pSi
pores size gradient will require the effect of the changing pore size on the application
to be negligible. Additionally, the CNT gradient from the APTES gradient requires a
high level of control over environmental conditions in order to produce consistent

results.

The controlled placement of SWCNTs is vital for a number of applications
including field emission, nanoelectronics and biointerfaces. The patterning of
chemically attached SWCNT in a manner that is quick and easily reproducible could

potentially find use in many areas.
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Chapter 5

Mass transport through CNT

and pSi membranes

A SWCNT membrane was fabricated by chemically attaching SWCNTs to a pSi membrane
support. Since liquid transport through a pSi membrane had not been previously reported,
both dye diffusion and pressure driven transport of water through the pSi membranes was
studied. It was found that, although brittle, the pSi membranes could facilitate the
selective transport of dye molecules depending upon surface functionalisation. In order to
fabricate a SWCNT membrane chemical attachment of vertically aligned SWCNTs was
achieved upon the pSi membranes followed by polymer deposition via spin coating and
water plasma to reveal the SWCNT tips. Pressure driven water transport through the
SWCNT membrane was investigated and compared to other experimental and theoretical
CNT membranes as well as other commercial membranes.
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5.1 Introduction

As described in detail in Section 1.5, due to their inner-wall smoothness and
hydrophobicity, CNTs have the potential to act as high flux, high selectivity and low
power water filtration membranes.!"-?! The difficulty lies in the fabrication of a CNT
membrane fit for a practical purpose. The most successful membranes thus far have
been produced by the groups of Hinds and Holt.”> ¥ For ease of comparison,

schematics of their membrane fabrication methods are shown in Figure 5.1.

The criteria for a CNT membrane include: CNT pores open at both ends,
exclusive flow through the CNTs, low diameter CNTs, high CNT density and good
membrane strength. While all the listed criteria are important, a few of these are yet

to be optimised.

The smallest diameter CNT membrane fabricated at the time of writing is the
2nm DWCNT membrane reported by Holt er al.®! Theoretical modelling has
suggested that for desalination, the CNT diameter must be less than 0.9 nm to
achieve a salt rejection of 95 %."! Such small diameters require the use of SWCNTs.
Achieving such low diameters in VA-SWCNT’s grown via CVD is rarely reported,

and an alternative CNT fabrication method is therefore required.

The percentage CNT pore area density reported by both Holt et al.’) for their
CVD grown DWCNT membrane and Hinds et al.'* for their CVD grown MWCNT
membrane were 2 and 0.15 %, respectively. The low density is a result of the CVD
process producing surfaces of various heights and orientations as well as CNTs with
catalyst and bamboo like structures that block flow./! The low value will lower the
permeability of the produced membranes. The ‘microtome cut’ method described
more recently by Hinds produces membranes with even lower pore area density due

to the randomness involved in the membrane fabrication (see Section 1.5.3).

The support for the membranes fabricated by Hinds and Holt differ greatly
(Figure 5.1). The Hinds membrane is free standing with no support while the Holt
membrane is built across lithographically defined pits (89 ~2 mm® pits on a
15 x 15 mm wafer) leading to areas of flat silicon which are not permeable while the

permeable areas are suspended between the silicon support. The design of Holt
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produces a more stable membrane but the total permeability of the membrane is

reduced due to the areas of flat silicon which stop flow.

(a) Hinds (b) Holt

Figure 5.1: Comparison of CNT membrane fabrication procedures followed by (a)
Hinds et al."! and (b) Holt et al."’! Detail of fabrication given in Section 1.5.3.
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The chemical attachment method to produce VA-SWCNTs offers a potential route
to improve upon previously reported CNT membranes. Purchased SWCNTs
produced by various techniques have the potential to be of lower diameter with
diameter restricted by the supplier. The use of chemically treated CNTs reduces the
likelihood of catalyst nanoparticles restricting flow as these are removed during the
CNT cutting/functionalisation process.”™ In order to improve the support without

affecting permeability, a pSi membrane will be used as the support.

Despite its apparent advantages, the chemical attachment method of CNTs to
substrates does also introduce some difficulties. The smaller length (~360 nm) of
acid treated CNTs compared to CVD grown CNT membranes (2 — 10 um) will make
the polymer deposition step much more difficult and the membrane strength will also
be reduced. The variation in SWCNT length/height is perhaps greater in chemically
attached CNT compared to CVD grown CNTs, further increasing the difficulty.

Porous silicon membranes are thin layers of pSi with pores open at either end
(Figure 5.2). Fabrication of pSi membranes has been achieved by etching through an
entire Si wafer,'”! by etching a thin layer of pSi followed by macroscopically etching
from the back side!'” (similar to that describe by Holt in Figure 5.1 (b)) and by the

(1121 The “lift-off” procedure involves the etching of a pSi

‘lift-oft” of a pSi layer.
film to a desired depth followed by the electropolishing of the bottom of the film to
liberate it from the bulk Si. Electropolishing is achieved by increasing the current

density and/or decreasing the HF concentration.

To compound the difficulties of the fabrication a CNT membrane on a pSi support
the transport of liquids through pSi membranes has not been described previously.
Several reports have been made on the fabrication of pSi membranes and their gas

10, 11

transport.!'® '] The lack of data is most likely due to the fragility of the brittle pSi

membrane.

The proposed membrane fabrication scheme is shown schematically in Figure 5.2.
In this Chapter, the fabrication of a pSi membrane suitable for liquid transport will be
investigated. The transport and separation of two dyes using changing surface
functionality will be studied as well as the pressure driven transport of water. The
fabrication of a SWCNT membrane will be achieved by chemically attaching
SWCNTs to a pSi membrane, filling the gaps between the SWCNTs with a polymer
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and exposing the SWCNT tips through the polymer by etching the surface with a

water plasma.

HF/
Current

l Electropolish etch

lIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII pErmembrane
Si substrate

1 400 °C
2. Silane deposition

U{ iﬂ Functionalised
6% o3 pSi membrane
it |||l||||iﬁ1f§ Tf‘huimf& il conptmetommrensmmnz

membrane or further functionalised

SwgmggCC with SWCNTs
SWCNTs on
" | " “ pSi membrane
Polystyrene
spin coat

Polymer embedded
into SWCNT membrane

l Water Plasma

Permeable SWCNT
membrane

Figure 5.2: Schematic of the assembly of a SWCNT membrane supported on a pSi
substrate.
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5.2 Experimental details

5.2.1 Fabrication and functionalisation of pSi membranes

Porous silicon was fabricated following the general outline as described in Section
2.2.3 using highly boron doped Si (100, orientation, 0.00055 - 0.001 Q cm resistivity,
Virginia Semiconductor, USA). The formation of pSi membranes was achieved
using the ‘lift-off” technique which involves etching in two steps. The first etching
step creates the pores for the pSi membrane and was carried out at a constant current
of 100 mA for 30 min in a solution of 3:1 (v/v) 48 % aqueous HF/ethanol. The HF
solution was removed and replaced with a solution of 1:1 (v/v) HF:ethanol for the
second etching step which acts to electropolish the bottom of the pSi film, liberating
it from the bulk silicon base. A current of 450 mA was applied for 60 sec. The HF
solution was then removed and the pSi substrate was washed repeatedly with ethanol,

removed from the etching cell and allowed to dry.

After etching, the free-standing pSi membranes were carefully placed in a tube
furnace (Labec, Australia) and thermally annealed for 1 hr at 400 °C. The membranes
were removed from the furnace and allowed to cool and then either investigated for
molecule transport properties or further functionalised with a silane to produce a
hydrophobic or hydrophilic membrane (Figure 5.3). For the hydrophobic membrane,
the pSi  membranes were treated with the  hydrophobic  silane
heptadecafluoro -1, 1, 2, 2 - tetrahydrodecyl) dimethylchlorosilane (PFDS, Gelest,
USA) via the neat silanisation method by placing the membrane within a glass Petri
dish, depositing 20 uL of the silane on-top of the membrane, covering the Petri dish

(3] The membrane was then washed

and then placing in an oven at 80 °C for 15 min.
repeatedly with ethanol and allowed to dry. For the hydrophilic membrane, the pSi
membranes were treated with the hydrophilic N-(triethoxysilylpropyl)-o-
polyethylene oxide urethane (PEGS, Flurochem, UK) via a solution phase deposition
method by immersing the pSi in a solution of 1 % (v/v) of the PEGS in dry toluene
for 10 min. The now hydrophilic membrane was then washed in toluene and then
repeatedly washed in ethanol and allowed to dry. APTES was deposited onto the pSi

membranes following the method described in Chapter 2 to facilitate subsequent

SWCNT attachment.
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Figure 5.3: Schematic of the chemical modification of pSi membranes with (a) the
hydrophobic fluorinated silane (PFDS), (b) the hydrophilic silane (PEGS) and (c)
APTES for SWCNT attachment.

5.2.2 Dye transport properties through pSi membranes

The fragile free-standing pSi membranes were supported by sealing the membrane
between two pieces of mica with epoxy. Each piece of mica contained a hole with an
area of 0.05 cm®. The membranes were sandwiched between the pieces of mica and
the holes in the mica were aligned thus forming an effective open area of pores of
0.05 cm®. The support of the mica provided the ability to clamp the pSi membrane
into the transport cell without breaking the membrane. Transport experiments were
performed using a U-tube permeation cell in which the membrane separates two half-
cells; the feed cell and the permeate cell (Figure 5.4). The transport properties of the
pSi membranes were determined with two probe dyes;
tris(2,2'-bipyridyl)dichlororuthenium(Il) hexahydrate (Rubpy, Aldrich, Australia)
with more hydrophobic properties and Rose Bengal (RB, Alrdich, Australia) with
more hydrophilic properties (Figure 5.4). Separate permeation experiments were
performed with Rubpy and RB in which a 1 mM solution of the dye in ethanol was
added to the feed cell and pure solvent was added to the permeate cell. The diffusion
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of the dye from the feed cell to the permeate cell was continuously monitored with a
UV-Vis fibre optic spectrophotometer (Ocean Optics, USA) at 286 nm and 454 nm
for Rubpy or 549 nm for RB. The ratio of the flux for Rubpy to the flux for RB
(flux ratio) was determined. Additional transport experiments were performed with
feed cell concentrations of 500 uM and 1.5 mM in order to plot the flux of the dye
molecule against the concentration difference across the membrane to obtain the

permeability.

(a) Initial (b) Final
pSi
membrane
/
Feed Cell Permeate cell
(c) Ru(bpy),**Cl, (d) Rose Bengal
X, cl cl
N N X =
| ' o)
2N th+ 7 ocr cl J\/ ONa
P 6H,0

Figure 5.4: (a, b) Schematic of U-tube configuration used for dye diffusion
experiments with the pSi membrane separating the feed and permeate cells. (a)
initial configuration with solvent only in the permeate cell and (b) after experiment
completed with dye in permeate cell. Structure of the two dyes investigated (c) the
hydrophobic dye Rubpy and (d) the hydrophilic Rose Bengal (RB).

5.2.3 Water transport

Pressure driven water transport experiments were studied using a custom made
computer controlled apparatus in Davide Mattia’s laboratory in the School of

Chemical Engineering at the University of Bath. The apparatus is shown
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schematically in Figure 5.5. A syringe pump (PHD 2000 infusion, Harvard
Apparatus) was used to apply pressure to the membrane by adding water at a
constant rate. The applied pressure was monitored using a Swagelok pressure
transducer (S Model, 0 — 1 MPa). The applied pressure was measured in gauge
pressure (barg) which is the pressure reading above ‘normal’ atmospheric pressure.
The membrane was placed within a commercial membrane holder (Swinnex non-
steriles, Millipore) between two rubber seals. Water passing through the membrane
was collected in a beaker on a balance. For a set input flow rate, the mass of water
transported and water pressure were recorded simultaneously and visualized on an

in-house written LabView program via a USB 2000 link.

plastic tubing mPressure
gauge

Syringe pump -~ Valves -~
Metalllc

K\ tubing

Membrane
(/\l USB 2000 holder

LabView

0.000 Scales

Figure 5.5: Schematic of pressure driven water transport apparatus.

5.2.4 Fabrication of SWCNT membrane

SWCNTs were chemically attached to APTES terminated pSi membranes
following the method described in Section 2.3.4.

Thin polymer films were deposited by spin coating 1 % (w/w) polystyrene (MW
100,000, Sigma, Australia) in toluene onto the surface at 6000 rpm for 60 sec on a
commercial spin coater (WS-400B-6NPP/LITE 150 mm, Laurell Technologies
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Corporation). The polystyrene solution was placed on the surface just prior spinning
such that the surface was coated with a thin layer of the solution. The pSi membranes
were supported on two pieces of copy paper in order to prevent the vacuum from

breaking it.

Surfaces were exposed to a water plasma in a modified Ion Coater (Eiko
Engineering Co., Japan). The samples were placed onto a conducting plate and the
chamber was evacuated to a vacuum of 0.07 Torr. The chamber was then flushed
several times with high purity argon (BOC, Australia) before evacuating to
0.07 Torr. Water vapour was slowly introduced into the chamber through a designed
bleed valve to an internal pressure of 0.2 Torr. The stage was then biased with a
voltage of ~3 kV, igniting a plasma, and a direct current of 5 mA was passed
through the stage for a set period of time. The internal pressure and current were

maintained manually by adjusting the water vapour inlet and applied voltage.
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5.3 Mass transport through pSi

5.3.1 Fabrication and characterisation of pSi membranes

The preparation of a pSi membrane for liquid transport had not previously been
reported. As such, experiments were first completed to ensure that mass could be
transported through the membranes. The simplest experiment available was the
concentration gradient driven transport of dyes through the pSi membrane. These
experiments are commonly carried out with multiple dyes with changes to surface
chemistry to create change in dye flux. To change the surface chemistry of the pSi
membranes, two different silane layers were deposited upon the membrane; a

hydrophobic (PFDS) and a hydrophilic (PEGS) were chosen.

Permeable pSi membranes were prepared by a two-step electrochemical etching
of silicon in a solution of ethanolic hydrofluoric acid. The two-step process involves
an initial etching step to create the pores (Figure 5.6 (a)) and a final electropolishing
step to liberate the porous layer from the Si wafer (Figure 5.6 (b)). The long etching
time (30 min) was used in order to make a pSi membrane thick enough such that,
although it was quite brittle, it was strong enough to be held with tweezers. SEM was
used to calculate the pore size and thickness of pSi membranes. Figure 5.7 (a) is an
example of a typical image of the top side of the porous layer with the mean pore

size calculated to be 12.8 nm with a range of 2 to 30 nm (Figure 5.7 (e)). This pore

Figure 5.6: Photographs of pSi membranes (a) attached to the silicon wafer and (b)
lifted off the silicon wafer.
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size region was chosen because it was considered to be large enough for silane
penetration into the pore while small enough that the effect of the surface
modification with silanes on transport rates will be maximised without blocking
transport completely. Additionally, this pore size is well suited for SWCNT
attachment. It should be noted that the pores investigated in this study are
considerably smaller than those of commonly used materials in similar transport
experiments (e.g., Anodisc porous alumina, pore size 20 — 200 nm). The bottom of
the porous layer was also imaged with an SEM to ensure the pores were open at both
ends to allow for fluid transport. Figure 5.7 (b) shows an SEM image of the bottom
of the porous layer. The bottom layer is clearly still open and therefore permeable,
and the pore size is approximately 200 % larger on the bottom layer of the pSi. The
pores are larger at the bottom because they are etched last and during etching, the
concentration of F~ ions decreases which leads to an increased pore size (see Section
1.3.2). The thickness of the pSi membrane was found to be 70 um (Figure 5.7 (¢)).
An attempt was made to image along the length of the pores to determine if the pores
are truly 1-dimensional and transcend the entire length of the pore. Figure 5.7 (d) is
an example of such an image where it is difficult to discern the exact location of
pores and as such it is impossible to conclude on the dimensionality of the pores. The
difficulty in obtaining such an image for these substrates comes from the small size

of the pores and the error involved in breaking the pSi in half.
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Figure 5.7: SEM images of (a) top and (b) bottom of pSi membrane, (c, d) side
views of entire layer (c¢) and zoom of edge, and (e) pore size distribution graph
from the top layer of pSi. Images (a, b, d) from the NanoLab SEM while (c¢) was

from the CamScan.
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To improve the level of molecular separation of the pSi membranes, surface
functionalisation was carried out to make the surface either hydrophobic or
hydrophilic. This was achieved by first oxidising the surface thermally and then
depositing silane layers utilising simple silane surface chemistry (Figure 5.3).
Surface functionalisation of the pSi membranes was initially confirmed by contact
angle measurements. The thermally oxidized pSi membrane showed a hydrophilic
WCA of approximately 20° (Table 5.1). This WCA is due to the surface chemistry
consisting of silicon to oxygen bonds (e.g. —Si=O, Si—OH, —Si—O-Si—). When
functionalised with the hydrophobic PFDS, silane the contact angle was found to be
135°. The high value is attributed to two factors, the highly hydrophobic nature of the
PFDS surface coating and the roughness of the porous structure which has been
shown to increase the WCA values."* ™) Table 5.1 also shows a WCA of
approximately 13° for the hydrophilic PEGS modified pSi surface. WCA values of
between 10-15° have previously been reported for a similar PEGylated silane on a
PDMS surface.'” The WCA values reported here indicate that the surface
functionalisation was successful and that both hydrophobic and hydrophilic pSi

surfaces have been created.

Table 5.1: Advancing contact angle measurements for the unfunctionalised, PFDS
functionalised and PEGS functionalised pSi membranes.

Surface
modification Contact Angle (°)

Unfunctionalised 19.5+4.5
PFDS 135+13
PEGS 129+1.8

To further confirm silane attachment, X-ray photoelectron spectroscopy (XPS)
was used. Figure 5.8 shows the survey scans obtained for each surface. The presence
of the silane PFDS is obvious from the F 1s peak (Figure 5.8), clearly observable at
685 eV, along with the splitting of the C 1s peak to include both aliphatic carbon
(285 V) and C-F, and C-F; (293, 294 eV, Figure 5.9).'"! The confirmation of the
presence of the PEGS is more difficult. The presence of carbon in the XPS spectrum
is not indicative of the presence of the silane because carbonaceous residue is often
accumulated on the sample during storage and transportation between fabrication and

analysis. The small N 1s peak (400 eV) in the pSi-PEGS spectrum may be due to the
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Figure 5.8: XPS analysis of silanes on pSi membranes (red series) pSi-PFDS and
(black series) pSi-PEGS.

single nitrogen atom present in the silane but it is not undisputable proof of silane
formation. Evidence of the presence of the PEGS comes from the high resolution
spectrum of the C 1s peak, observed in Figure 5.9. The C 1s peak of the pSi-PEGS
surface shows a broad peak with an undulating shoulder on the higher binding energy
side. The shoulders are assigned to carbides, carboxylates, ethers and ketones/esters

respectively' ! all of which are present in the structure of the PEG silane (Figure
5.3).
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Figure 5.9: High resolution XPS spectra of the C 1s peak from (red series) pSi-
PFDS and (black series) pSi-PEGS.

The final proof of the modification of the pSi substrates with the two silanes
comes from FTIR spectroscopy. Oxidised pSi shows a broad peak at ~3500 cm™
which is attributed to hydroxyl terminated silicon, the other peak observed is the
prominent broad peak at 1100 cm™ which is from Si-O. The pSi-PFDS surface has
small peaks at ~2850 cm’! which are attributed to the —-CH; and —CH, stretching
bands from the silane. More unique to the PFDS are the —CF, stretching (1225, 114
cm™) and bending (900 cm™) bands observed.!'®! Once the oxidised pSi surface has
been reacted with the PEG-silane, CH, methylene vibrational peaks appear at 2900
cm™, as well as a carbonyl stretching vibrational peak at 1700 cm™ and amide II
vibrational peak at 1550 cm™, both associated with the urethane bond within the

silane.["”]
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Figure 5.10: FTIR spectra of pSi (blue series) ozone oxidised, (red series) pSi-
PFDS and (black series) pSi-PEGS.

5.3.2 Dye transport and selectivity properties of functionalised pSi
membranes

To explore the transport and selectivity properties of hydrophobic (PFDS) and
hydrophilic (PEGS) modified pSi membranes, the flux of the dyes: Rubpy
(hydrophobic) and RB (hydrophilic) was investigated. Figure 5.11 presents the
transport of both probe dyes through unfunctionalised pSi membranes and pSi
membranes functionalised with PFDS and PEGS, respectively. Straight-line plots are
obtained indicating steady state (Fick’s first law®”) diffusion across the membrane.
In order to calculate permeability, multiple initial dye concentrations in the feed cell
were investigated (Figure 5.12). The feed cell concentrations varied due to the rate of
transport with initial feed concentrations chosen such that 1 — 7 nmoles of dye were

transported within 30 min.
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Figure 5.11: Transport of a hydrophobic (Rubpy, green series) and hydrophilic
(RB, purple series) dye through pSi membranes. Where (a) is an unfunctionalised
membrane, (b) is a hydrophobic (PFDS) functionalised membrane and (c) is a

hydrophilic (PEGS) functionalised membrane.
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Figure 5.12: Dye transport experiments of (I) Rubpy and (II) RB through (a)
unfunctionalised pSi, (b) hydrophobic pSi-PFDS and (c¢) hydrophilic pSi-PEGS at
three different initial dye concentrations.

A summary of the permeation data of these dyes through functionalised and
unfunctionalised pSi membranes is presented in Table 5.2. The pSi membrane
permeability coefficients were determined from Fick’s first law of diffusion
(Equation 5.1) for each of the dyes by documenting the flux of the dyes through the
various surface functionalised pSi membranes at a minimum of three different feed
concentrations; from 0.5 to 2 mM (data for | mM shown in Figure 5.11 while data
for multiple dye concentrations shown in Figure 5.12).

P.(C,—C
GRS

Equation 5.1
L q
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where J is the flux across the membrane, P. is the permeability coefficient which
describes the molecules ability to permeate into the membrane, L is the thickness of
the membrane, C; is the concentration in the feed cell and C; is the concentration in

the permeate cell.*'!

The permeability coefficient can be expressed as:
P. = DK Equation 5.2

where D is the diffusion coefficient and K is the partition coefficient or “solubility”

of the molecules between the membrane and the adjacent solution defined by
¢, = KC; Equation 5.3

which describes the partition coefficient as the concentration in the membrane (c;)
divided by the concentration in the solution adjacent to the membrane (C;). The
partition coefficient K is often found to have a more pronounced influence on the
permeability or flux than the diffusion coefficient.*!) From Stokes-Einstein law, the
diffusion coefficient D of a molecule is inversely proportional to the radius of the
molecule and the viscosity of the surrounding fluid.*!"! Therefore in our case the
diffusion coefficient should remain relatively unchanged for each transport
experiment. Hence, the major influence on the permeability and flux of a particular
dye through the membrane will be due to the ability of the dye to partition into the
membrane. The partition coefficient is expected to differ for the different chemical

environments introduced into the membranes by means of surface functionalisation.

For an unfunctionalised pSi membrane we find that the flux of RB is 2.11 times

smaller than Rubpy (Table 5.2, Figure 5.11 (a)). The observed difference in transport

Table 5.2: Flux and permeability data for Rubpy and RB transport through
unfunctionalised, PFDS-functionalised and PEGS-functionalised pSi membranes.

Flux of permeate Flu.x Permeability coefficient
Surface molecule ratio 211
modification (mol cm™ h™) Rubpy: (em™h")
Rubpy RB RB Rubpy RB
Unfunctionalised ~ 3.1+0.17x107  15+0.10x 10" 2.11 274032x107 144022x107
PFDS 2840.12x107  3.9+0.16x10° 7.13 294007x10°  47+0.74x10""
PEGS 12£001x107 194003 x 107 0.65 114006x10" 144021 x107
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is due to the variation in the diffusion coefficients of the dyes which are attributed to
factors such as the size, charge, shape and solubilities of the molecules in the solvent.
The transport data obtained from the functionalised membranes are compared to the
unfunctionalised membrane transport data in order to determine the impact of

functionalisation on the transport properties of the membrane.

Figure 5.11 (b) displays the transport of Rubpy and RB through the hydrophobic
PFDS modified membrane in which the transport of Rubpy through the PFDS
modified membrane remains relatively unchanged in comparison to the transport
through the unfunctionalised membrane (Figure 5.11 (a)) resulting in similar
permeability coefficients (Table 5.2). Therefore the diffusion of the hydrophobic dye
through the hydrophobic functionalised membrane is not hindered with the addition
of the adsorbed monolayer and is allowed to pass freely through the membrane.
Modification with silanes would be expected to slightly decrease the membrane pore
size and consequently decrease the transport. However, it is also important to
consider the partitioning of organic solutes into the organic SAM formed within the
pores. The ability for molecules to partition into molecular layers such as SAMs and
lipid bilayers and the impact this has on transport properties have been explored and

(2226} 1y our case, it is likely that the hydrophobic dye

reported in the recent literature.
can partition into the hydrophobic silane layer and thus diffusion across the
membrane can occur through both the silane layer and the solvent in the centre of the
pore resulting in similar Rubpy transport rates through PFDS-modified and
unfunctionalised membranes. From Figure 5.11 (b) it can be seen that the transport of
RB through the PFDS modified membrane is significantly reduced in comparison to
the transport through the unfunctionalised membrane (Figure 5.11 (a)). Table 5.2
shows that the permeability coefficient of RB into the PFDS-pSi membrane is
approximately 2.8 times smaller than the permeability of the dye into the
unfunctionalised membrane. Therefore the partition coefficient for RB transport in
the PFDS-pSi membrane has decreased (Equation 5.2). The PFDS-pSi membrane
exhibits a hydrophobic environment in which the hydrophilic dye would not enter
into easily. Furthermore, it is unlikely that the RB will partition into the hydrophobic
organic monolayer and hence the reduction of the transport rate can also be attributed

to a reduction in the pore diameter from the adsorbed monolayer. These contributing

factors lead to an overall decrease in the transport of RB through the PFDS-pSi
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membrane. Thus the PFDS-pSi membrane facilitates the transport of hydrophobic

species through the membrane while hindering the transport of hydrophilic species.

The transport rates of Rubpy and RB through the hydrophilic PEGS modified
membrane is presented in Figure 5.11 (¢). In this case the transport of RB through the
membrane is faster than Rubpy resulting in a flux ratio of 0.65 (Table 5.2). The
permeability coefficients (Table 5.2) of RB through the PEG-pSi membrane and the
unfunctionalised membrane are similar therefore the ability for RB to partition into
the PEG-functionalised membrane is unaffected. Furthermore, the permeability of
Rubpy through the membrane has decreased considerably which is due to a reduction
in the partition coefficient explained by the poor solubility of Rubpy into the
hydrophilic environment formed within the pores of the membrane due to adsorption
of the hydrophilic PEGS. Therefore, complementary to the transport results obtained
from the PFDS-pSi membranes, the transport of hydrophilic species through the
PEGS modified membrane is facilitated while the transport of the hydrophobic
species is hindered due to the hydrophilic environment exhibited by the PEGS

modified membrane.

From Figure 5.11 it is apparent that the PFDS-functionalised membrane favours
the transport of the hydrophobic dye over the hydrophilic dye (Figure 5.11 (b)) and
the PEGS-functionalised membrane favours the transport of the hydrophilic dye over
the hydrophobic dye (Figure 5.11 (c)). After PFDS modification, it is seen that the
flux ratio of Rubpy:RB has increased by a factor of 3.38 (from 2.11 to 7.13) while
after PEGS modification the flux ratio of Rubpy:RB has decreased by a factor of
3.25 (from 2.11 to 0.65) (Table 5.2). Silane modification has therefore improved the
selectivity properties of pSi membranes considerably. Thus chemical sensitivity has
been imparted to the membrane through the adsorption of silanes onto the inner and
outer surfaces of the membrane resulting in an enhancement in the degree of
separation between hydrophilic and hydrophobic molecules. These results confirm
that surface modifications can be tailored to favour the transport of molecules with a

specific chemical nature.

The controlled of release of materials is of interest to the field of drug delivery.
Due to its intrinsic biocompatibility pSi has been investigated as a platform for in
situ drug delivery. This can be achieved by loading drug into the porous silicon

structure, thermally oxidising the pSi to entrap the therapeutic material followed by
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the slow release of the drug as the pSi degrades in an aqueous environment.””) The
pSi membranes described here could be used for the controlled release of multiple
drugs within the same membrane. This could be achieved by changing the surface
chemistry to control the drug release rate such that a particular drug is released

quickly while another is released at a slower rate.

5.3.3 Pressure driven water transport through pSi membranes

In order to use pSi membranes as a scaffold water transport through CNTs, it was
first necessary to ensure the pSi membranes could handle the pressure required for
water transport experiments by completing pressure driven water transport through
the pSi membranes. Figure 5.13 reveals the results obtained for the pressure driven
transport of water through both an unfunctionalised and PFDS functionalised pSi
membrane at a constant applied pressure of 0.1 barg. The rate of transport through
the unfunctionalised pSi membrane was 4.97 mLmin' while the pSi-PFDS
membrane recorded a rate of 0.12 mL min™ which corresponds to a 42 fold decrease.
The surprisingly large decrease is likely to be due to the low surface energy of the
hydrophobic PFDS restricting the flow of water along the walls of the membrane.
The flow rate variation of the two membranes is not the important result in this
experiment. The important result is that pressure driven water transport experiments
can be completed on pSi and therefore pSi has the capability of being a support for a

CNT membrane.
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Figure 5.13: Pressure driven water transport through (blue series) unfunctionalised
and (red series) PFDS (hydrophobic) functionalised pSi at a constant applied
pressure (inset).
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5.4 Mass transport through SWCNT membrane

5.4.1 Fabrication of SWCNT membrane

There are two major hurdles to assembling a SWCNT membrane on a pSi base.
The first is chemically attaching VA-SWCNT to a pSi membrane and the second is
creating a thin polymer film to fill in the gaps between the SWCNTSs. Both steps are

difficult and were achieved separately before combining them in the final membrane.

SWCNT attachment to a free-standing pSi membrane was completed following a
slightly different method to that of the SWCNT attachment to pSi substrate. Ozone
oxidation of a pSi membrane resulted in the sudden flash combustion of the
membrane within a few seconds of incubation. The high surface area of the silicon
hydride terminated surface makes pSi membranes particularly reactive, and is known

to facilitate combustion under -certain oxidising conditions.”**

To prevent
combustion, a more subtle oxidation technique was required. Thermal oxidation at
400 °C for 1 hr is a common oxidation technique for pSi and a common step prior to
silane immobilisation for pSi. Incubation at over 500 °C was found to cause the
combustion of the pSi membranes. APTES and SWCNT immobilisation was
completed following the same conditions for flat Si and normal pSi described in
Chapter 2. Figure 5.14 (a, b) shows an AFM image after 1 hr of incubation of a
APTES modified pSi membrane in a SWCNT solution. The surface is completely
covered with SWCNTs, more so than for comparable attachments on flat Si or pSi
films (e.g., Figure 3.6 and Figure 3.13). The coverage is so high that it was
foreseeable that polymer spinning between the SWCNTs will be difficult because
there is no space between adjacent SWCNTSs for the polymer. The high coverage of
SWCNTs was found to be due to incomplete removal of physisorbed SWCNTs on
the surface. Normally, adsorbed SWCNTs are removed by vigorous washing with
acetone from a squirt bottle. The fragile pSi membrane could not handle such
extensive cleaning in that method, leaving a great deal of non-chemically attached
SWCNTs on the surface. To remove the un-bound SWCNTs sonication in acetone
was attempted. After 1 min slight fraying on the edges of the pSi was observed and
the sonication was stopped. AFM imaging after sonication in acetone (the same

sample used in Figure 5.14 (a, b)) is shown in Figure 5.14 (c, d) where it is apparent
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that a large number of SWCNTs have been removed. The surface appears similar to
that observed previously (e.g., Figure 3.13) with a number of both vertically and
horizontally aligned SWCNTs. Further sonication did not result in an observable
difference in coverage but the membrane did begin to break apart; therefore 1 min of
sonication in acetone was used after SWCNT deposition for the remainder of pSi-
membrane-SWCNT surfaces. To further increase coverage of covalently attached
SWCNTs, a longer deposition time was investigated. Figure 5.14 (e, f) shows a pSi
membrane after 2 hr SWCNT incubation and 1 min of sonication in acetone. This
surface has a much higher coverage while not being overcrowded with adsorbed
SWCNTs. The gaps between the SWCNTs are clearly observable, it is anticipated
that a SWCNT membrane made from surfaces such as this should have high flow
rate while having gaps large enough that will allow for a polymer back-fill with good
integrity. 2 hr SWCNT incubation times were therefore used for fabrication of pSi-

SWCNT membranes.
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Figure 5.14: Top down (a, c, e¢) and 3-D (b, d, f) AFM images of SWCNTSs on pSi
membrane surfaces. Figures (a, b) depict a pSi membrane surface after 1 hr of

SWCNT attachment, (c, d) is the same surface after sonication in acetone to remove
physisorbed SWCNTs, and (e, f) is a different pSi membrane after 2 hr of SWCNT
attachment and sonication in acetone.
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Spin coating was chosen as the polymer deposition method as it has been used
previously for the fabrication of a CNT membrane.” To ensure that all gaps between
the SWCNTs were filled with polymer, it was decided to spin a polymer layer of
slightly greater thickness to the height of the SWCNTs and then reduce the polymer
thickness by plasma oxidation to reveal the tips of the SWCNTs.

Polymer thickness and the effect of plasma oxidation was first investigated on
bare flat Si. Polystyrene (PS) was mixed with toluene (1 % w/w) and dropped onto a
Piranha cleaned Si wafer to cover the surface. The surface was then spun at
6000 rpm for 60 sec to produce an evenly coloured light brown film (Figure 5.15).
The even colour is an early indicator that the film is of an even thickness across the
entire surface. AFM analysis of the polymer films was investigated by gently
scratching a cross shape on the surface using a scalpel. A control experiment was
completed to ensure that the scalpel did not produce a large indent into the Si by
gently scratching a cross onto a cleaned Si wafer. AFM analysis showed that the
scalpel produced an indent of 1 - 2 nm in the Si, which is far less than the 20 — 50 nm
of polymer that is expected to be deposited onto the Si. Figure 5.15 (a) shows AFM
analysis and a microscope image of the pristine PS spun onto the Si wafer. The
thickness of the film was found to be ~ 50 nm which is the approximate measured
height of the SWCNTs on the surfaces and should be ample to fill the gaps between
the SWCNTs. The PS was then etched by a 1 min water plasma treatment. After
1 min of water plasma the same area on the same sample was imaged again (Figure
5.15 (b)) where it was observed that the film became a slightly lighter colour and the
film thickness was calculated to be ~28 nm. The same sample was then exposed to a
further 1 min of water plasma. After a total of 2 min of water plasma treatment
(Figure 5.15 (c)) the film became lighter again and the thickness reduced to ~ 20 nm.
After 3 min of water plasma treatment (Figure 5.15) the film became almost too light
to be observed and its thickness was found to be ~ 9 nm. The effect of plasma time
on the PS film thickness is summarised in Table 5.3. The film reduction for the first
I min is 22 nm which is then reduced to 8 and 11 nm for the following 1 min
exposures. The large initial decrease is attributed to the removal of the more reactive

polymer chains within the film.
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Figure 5.15: (I) AFM (II) AFM cross sectional analysis and (III) 10 x optical
microscope images of polystyrene films spun onto silicon with increasing water
plasma etching time: (a) 0 min, (b) 1 min, (¢) 2 min, and (d) 3 min.
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Table 5.3: Effect of water plasma exposure time on polystyrene thin film thickness.

. PS film reduction
Plasma exposure PS film thickness Total PS film L.
for individual

time (min) (nm) reduction (nm)
treatment (nm)
0 50 - -
1 28 22 22
2 22 30 8
3 9 41 11

The next step was to ensure that the PS could be spun into the gaps between
SWCNTs on a pSi film, prior to attempting the task on a pSi membrane. A pSi-
APTES-SWCNT surface was prepared and PS was spun onto the surface following
the same procedure as used for bare flat silicon. Figure 5.16 (a) shows AFM images
and analysis of the surface after PS thin film deposition. Some SWCNT features can
be discerned but the surface is much flatter and the features are much shorter than
those observed for the pSi-APTES-SWCNT (Figure 5.14). This is because the
surface has a ~50 nm layer of PS which is covering all but the tallest surface features.
To reveal the tips of more SWCNTs the surface was exposed to water plasma for
I min. After 1 min of treatment more SWCNT tips are exposed to the surface and the
3-D image shows that the features are taller. This is not because the features are
physically taller but because the PS film has decreased to a thickness of ~ 35 nm
which reveals more of the SWCNT (Figure 5.16). Some variation between Figure
5.16 (a, I) and Figure 5.16 (b, I) may be due to the fact that they are from a slightly
different position on the same sample however the expected variation would not
account for the great difference in image obtained. A further 1 min of water plasma
treatment was carried out with the thickness of the PS film reduced to ~ 18 nm. A
larger number of SWCNT tips are revealed with the surface now appearing very
similar to the pSi-APTES-SWCNT surfaces without PS. The thickness measurement
for this sample was quite difficult because the roughness of the PS layer caused by
the exposed SWCNTs (Figure 5.16 (c, [V)) made the determination of the position of
the top of the PS film difficult.

PS has been spun between the gaps of the SWCNTs and the SWCNT tips have
been revealed by water plasma. The next step, in order to create a SWCNT
membrane, was to reproduce these results on a free-standing pSi membrane with

chemically attached VA-SWCNTs.
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Figure 5.16: (I) Aerial AFM image (5 x 5 um, z scale 50 nm), (II) 3-D AFM image,
(IIT) AFM image of scratched cross and (IV) cross section analysis of polystyrene
spun onto VA-SWCNTs on pSi surfaces including (a) before water plasma
exposure, (b) after 1 min of water plasma exposure and (c¢) after 2 min of water
plasma exposure.

The PS deposition method of spin coating became an issue when it was attempted
on the permeable pSi membranes. Fail safe mechanisms within the commercial spin
coater operations require a vacuum to be maintained between the sample and the
sample holder to hold the sample in place before it will spin. Creating a vacuum with
a ~70 um thick brittle pSi membrane was difficult to achieve without cracking the
membrane in the process. A system was devised where three small pieces of plain
copy paper were placed between the spin coater sample holder and the pSi

membrane. The slightly permeable paper served to support the pSi membrane while
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creating a strong enough vacuum seal to meet the required minimum value before the
fail safe mechanism would allow the spin coater to spin. Care was taken to ensure the
pSi membrane was placed in the centre of the sample stage and under these
conditions the sample could be spun at 6000 rpm for 1 min without damage to the

sample.

SWCNTs were attached to pSi membranes and a thin film of PS was deposited via
spin coating, the results obtained are summarised in Figure 5.17. It was immediately
obvious under the optical microscope that the PS film was not even because of the
kaleidoscope of colours observed. Each individual coloured area was imaged with
the AFM to see what approximate PS thickness each colour represented. In Figure
5.17 the optical microscope image shows the exact position of the AFM cantilever
prior to imaging, the area imaged is therefore the area directly under the tip of the
AFM cantilever. An AFM of the purple region is shown in Figure 5.17 (a) where it is
apparent that the PS film is thicker than the height of the SWCNTs. The bright light
grey areas (Figure 5.17 (b)) show SWCNTs just breaking the surface of the PS layer,
similar to that observed in Figure 5.16 (a) on the supported pSi substrate. A few
SWCOCNT features can be discerned in Figure 5.17 (¢) but there are very much covered
in PS indicating that this area is thicker than that of Figure 5.17 (b). Figure 5.17 (d) is
from an area near the edge of the sample which was a dark grey in colour, AFM
imaging revealed prominent SWCNT features which would indicate that either the

PS film was quite thin or perhaps there was no PS film in this area.

Within the single sample, PS film thicknesses from 0 — 100 nm were observed.
This leads to variation in the number of SWCNTs revealed on the surface. Perhaps of
more concern was the fact that there were potentially areas that did not have any PS
coverage. The cause of the film variation is attributed to the effect of the vacuum on
the PS solution. The difference between the pSi membrane and the ‘supported’ pSi
films prior to pSi ‘lift-off” is that the membrane is permeable which means that
anything on top of the pSi membrane will be affected by the vacuum which is
holding the pSi membrane in place on the spin coater (Figure 5.18). As the PS
solution is dropped onto the pSi membrane it is being sucked into the membrane.
Once the pSi membrane starts spinning the effect of the vacuum is decreased overall
but it is not homogenous across the surface. The PS solution closest to the spinning

axis will be spinning at a slower outward velocity and therefore the net effect of the
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vacuum on the slower PS solution will be greater. The net effect of the vacuum on

the polymer solution is an inhomogeneous polymer layer.

Figure 5.17: (I) Optical microscope, (II) aerial (5 x 5 pm, z scale 50 nm) and (III)

3-D AFM images of different areas (a, b, ¢, and d) of the same sample prepared by
chemically attaching SWCNTSs to a permeable pSi membrane and depositing a thin
film of polystyrene.
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Figure 5.18: Schematic of effect of substrate on polymer deposition. (a) pSi film
supported on Si substrate leads to even thin polymer film while for (b) the pSi
membrane the vacuum can affect the polymer resulting in a inhomogeneous
polymer film.

Changes to spinning time, spinning velocity, PS concentration, PS amount, and
differing pSi membrane supports were attempted to make the PS film on the pSi
membrane even. The most successful was to spin the pSi membrane and drop the PS
solution onto the already spinning sample, the so called ‘spin-drop’ method. This had
success in that a more even film was obtained, however close inspection revealed
that there were pinholes in the PS film (Figure 5.19). The presence of pinholes is
clearly detrimental toward creating an impermeable PS film so this method was

discarded.
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Figure 5.19: (a) Aerial AFM (5 x 5 um, z scale 50 nm), (b) optical microscope
image, and (c) 3-D AFM image of PS thin film deposited by the ‘spin-drop’ method
onto a pSi membrane-SWCNT substrate.

In order to create a membrane using the PS deposited via spin coating it was
decided to spin PS in the original fashion, view the surface under the optical
microscope to ensure that there were no areas without PS (these were assigned to any
dark grey areas such as Figure 5.17 (d)). If bare regions were found PS was deposited
onto the surface again via spin coating. After ensuring no areas bare of PS remained,
it was then confirmed that regions of bright light grey colour were present (same as
Figure 5.17 (b)), which were considered to be the best PS coverage for SWCNT
membrane preparation. Once completed, the samples were treated with water plasma
for 1 min and then sealed into mica supports prior to water transport experiments as
was carried out for the pSi membranes in the dye transport experiments from Section

5.3.

5.4.2 Water transport through SWCNT membrane

The fabricated samples for water transport are summarised in Figure 5.20 with the
PS covered pSi membrane control, the SWCNT membrane with areas both
completely and partially covered with PS and the SWCNT membrane after water
plasma where more SWCNT tips are exposed. It was deemed necessary to water
plasma treat the pSi-SWCNT-PS samples prior to water transport because even

though the SWCNTs appeared to be revealed and clear of polymer in some areas, it
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was still a possibility that a thin blocking layer of PS was present on the SWCNT

pores.

The first test completed was an attempt at pressure driven water transport through
a pSi-PS surface (as represented by Figure 5.20 (a)) to ensure that the PS was
capable of blocking water flow. Figure 5.21 shows (a) the mass transported at a
given (b) applied pressure for a pSi-PS membrane. For this particular sample, there
was no water transport for the first ~17.5 min of investigation as the applied pressure
was slowly increased, after 17.5 min the pressure suddenly decreased and droplets of
water were observed to come through the membrane. Three samples of the same
type were investigated, all of which stopped flow for a short amount of time (2 - 15
min) and then a flow rate dependent upon applied pressure was observed. After
removing and observing the sample it became apparent that a crack had formed in
the membrane allowing water to flow through the crack. The pressure at which the
three membranes broke varied from ~0.1 to ~0.8 barg. Clearly, membranes breaking

at such low pressures is a limitation of these membranes. All possible methods to

(b)

Figure 5.20: Schematic of SWCNT membranes prepared. (a) bare pSi membrane
with PS thin film deposited and pSi membrane with attached VA-SWCNTs with PS
deposited before (b) and after (c) water plasma exposure.
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improve the strength of the membrane (thermal oxidation, increased thickness,
encapsulation within mica holder) were completed prior to water transport studies.

The strength of the pSi membranes could therefore not be improved further.
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Figure 5.21: Summary of pressure driven water flow through pSi-PS sample
showing (a) mass of water transported and (b) applied pressure vs. time.

After ensuring that a PS layer could block water flow, a pSi-SWCNT-PS
membrane treated with 1 min of water plasma membrane was investigated. Three
samples were investigated, two of which broke early at low pressures before any
water transport was recorded or observed (~0.1 barg). The results obtained for the
third membrane are shown in Figure 5.22. The sample was remarkably resilient and
it could withstand a pressure of up to 1.4 barg before breaking after over 3 hr. During
the 3 hr of the experiment the membrane holder nipple was constantly observed to
determine if a water droplet was forming. At an applied pressure of 0.23 barg it was
observed that a water droplet was beginning to form. The motor-controlled syringe
needle that was applying the pressure had to continually move as an operation
condition of the apparatus. This meant that the pressure would continually rise until
the flow rate coming out of the membrane equalled the minimum syringe application
rate (0.01 mL min™). Eventually, the single drop became large enough to drop onto
the scales to be recorded (at just over 3 hr). Another drop was forming and was
almost at its maximum size and about to drop when the membrane broke (at 3.4 hr)
and no further investigation could be completed. Figure 5.22 (c) shows the raw data
from the weighing balance prior to and just after the recorded drop of water. It is
clear that during the long time scale of the experiment, some drift and perhaps some

evaporation in the recorded weight has occurred. To remove the drift, the net
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increase in mass is recorded in Figure 5.22 (d) where any negative values from drift
or evaporation are cancelled out. The data obtained in Figure 5.22 (d) will be used
for further calculations where 12 mg of water was transported through the 0.049 cm?

membrane over 3 hr.
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Figure 5.22: Summary of water flow through pSi-SWCNT-PS (1 min water plasma)
showing (a) raw data of mass of water collected (b) applied pressure (c) zoom of
area from 2.1 to 3.4 hr, and (d) scale drift removed data vs. time.

The water flow rate could be improved if the applied pressure were increased.
Due to the fragility of the pSi membranes this was not an option. Chemical
attachment of SWCNT to polycarbonate and porous alumina membranes was
attempted. It was found that the pore size (100 nm for polycarbonate, ~50 nm for

porous alumina) was too high for the SWCNT bundles to attach over the pores.

The total volume of water transported was quite low, but the active surface area
(0.049 cm?) and applied pressure (averaged to 1 barg) was also quite low when
compared to commercial nanofiltration membranes where upwards of 5 bar of

pressure is applied to a membrane of 5 m? or greater. The permeability of the pSi-
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SWCNT-PS 1 min plasma membrane was calculated to be 0.022 mm® cm™ s atm™.
To put the obtained permeability into perspective, Table 5.4 compares the
permeability values of experimental and theoretical CNT membranes. The MWCNT
membrane fabricated by the group of Hinds produced a membrane with a
permeability of 450 to 800 times higher while the group of Holt produced a DWCNT

13-4 The comparatively low

membrane with a permeability of 90 to 360 times greater.
permeability of our pSi-SWCNT membranes is attributed to two factors. The first is
that the individual SWCNTs have a smaller pore area which will reduce the effective
porosity of the surface. The second is that in order to produce a membrane that had
no gaps between the SWCNTs it was ensured that the polymer layer was at least as
thick as the VA-SWCNTs prior to water plasma. Coupled with the unevenness of the
polymer film when spun onto the pSi membrane it produced surfaces such as that
shown in Figure 5.20 (b) where only a small percentage of the VA-SWCNT are

protruding from the polymer matrix. This will lead to a very low number of available

SWCNT pores per unit area and subsequently a low permeability.

Table 5.4: Comparison of membrane permeability between experimental and
theoretical carbon nanotube membranes

Pore Permeability
E i tal CNT P
xperimenta CNT type Diameter ores zp °r (mm’ cm?s™
Membranes cm 1
(nm) atm™)
Si-SWCNT-PS
o1 SWCNT 1.4 ? 0.022
1 min plasma membrane
Hinds et al.*! MWCNT 7 1x10° 10 to 17
Holt et al.’! DWCNT 1.6 2.5x10" 2to 8
Theoretical CNT
Membranes
[5] (5,95) 2 5%10"" 4
Corry et al. SWCNT 0.66 .5x10 0.03
6 6) 0.81 2.5x10" 0.058
SWCNT
(7’ 7) 11
. 2.5x1 .
SWCNT 0.93 5x10 0.090
3,8 1.09 2.5x10" 0.14
SWCNT
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Corry et al.l”) carried out a theoretical study on the applicability of SWCNT
membranes for reverse osmosis. In order to simulate a CNT membrane, he set up
simulations of SWCNTs of varying diameter embedded within an otherwise
impermeable matrix. The CNT density (pores cm™) he used was the same as the
DWCNT membrane fabricated by Holt. Corry’s calculations found that the
permeability of the various SWCNT membranes varied from 0.034 to 0.14
mm’ cm™ s atm™  depending upon the SWCNT diameter. The membranes of
Corry’s calculations vary from 1.5 to 6.4 times greater than the permeability

calculated for our membrane.

In order for a CNT membrane to become commercially viable, it must improve
upon current technologies. Specifically it must improve upon one or more
performance factors including permeability, salt rejection, and cost. Table 5.5 details
the membrane type, salt rejection and permeability of various polyamide membranes
distributed by DOW Water & Process Solutions. There is a clear inverse correlation
between salt rejection and permeability. The membranes designed for nanofiltration
and brackish water desalination show permeability values of 9 and 4 times greater
than our pSi-SWCNT membrane. The salt water RO membrane has a permeability of
approximately 64 % that of our membrane but it does reject 99.7 % of salts. The pSi-
SWCNT-PS membrane, although it shows a low permeability when compared to
other CNT membranes, has permeability comparable to commercial RO membranes.
Although salt rejection tests were not investigated on our membrane, Corry predicted
that a 1.09 nm diameter SWCNT would reject 58 % of salt ions. A rough
extrapolation to the 1.4 nm diameter SWCNTs used in our membranes indicates that
the salt rejection would be much lower (<30 %) than any commercial
nanofiltration/RO membrane. However, our membranes currently have a comparable
flow to such RO membranes but it is envisaged that the permeability will be greatly
increased if the SWCNT porosity is increased. The low rejection of 1.4 nm SWCNT
could be improved by utilising the carboxylic acid functional groups that decorate
the functionalised SWCNT pore. Specific molecules can be attached to the pore to

act as gate-keeper’s to increase the salt rejection.
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Table 5.5: Permeability values for commercial® polyamide thin film composite
nanofiltration and reverse osmosis membranes

Salt Permeability
DOW Product Membrane L. 3 2.1
Rejection (mm cm™s

Number type %) atm™)

NF90-4040 nanofiltration 95.0 0.200
brackish water

TW30-4040 RO 99.5 0.094

SW30HR-380 Salt water RO 99.7 0.014

* from “DOW Water & Process Solutions”, http://www.dowwaterandprocess.com/

In order to fabricate a commercially viable SWCNT membrane for desalination,
SWCNTs of diameter of 0.93 nm or less must be utilised with a pore density of ~1 x
10" pores cm™ in order to achieve both high permeability and salt rejection.
Vertically aligned CVD growth of such SWCNTs has not yet been achieved.
Therefore, the only possible method to produce a low diameter SWCNT membrane
is to purchase randomly aligned SWCNTs and then fabricate a membrane following
a method such as that attempted here or possibly following the microtome method.*
% Currently to purchase SWCNT of 0.8 nm to 1.3 nm diameter is US$ 2000 per
gram (http://www.nanointegris.com/en/hipco, 13/4/11), which makes such a

membrane commercially unviable.

Due to the fragility of the pSi membrane, it will have to be replaced, perhaps by a
porous membrane that consists of a network of pores (not single 1-D pores that span
the entire membrane) such as a commercial ultrafiltration membrane however
chemical attachment and vertical alignment of SWCNTSs to such membranes may not
be possible. The pSi base could be removed completely if the SWCNTs and polymer
matrix are strong enough to be self-supporting. Completing the polymer deposition
on flat Si will allow for the spinning of an even polymer film, removing the
SWCNT-polymer composite will then yield a highly porous SWCNT membrane.
This will require longer (>1 um) VA-SWCNTs which have not yet been achieved

following the chemical attachment method.
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5.5 Conclusions

A SWCNT membrane supported upon a pSi membrane has been fabricated. The
pSi membrane was found to be strong enough for both the diffusion of dyes and
pressure driven water transport. The diffusion of dyes is an example of a system
where the pSi membranes could be used to release multiple species at different rates.

This concept could find applications in drug delivery.

The SWCNT membrane fabrication was monitored at each step by AFM. Each
specific step could be achieved on supported pSi, but the spin coating of polystyrene
on the pSi membrane led to an uneven film which drastically affected all subsequent
results. Pressure driven water transport was achieved with a membrane permeability
of 0.022 mm’ cm™ s atm™ was recorded. The permeability value was 90 — 800

times slower than previously reported CNT membranes.

A low diameter SWCNT membrane could potentially be fabricated using the
chemical attachment method to produce a high selectivity, high permeability
desalination/nanofiltration membrane. To accomplish this goal more work needs to
be carried out on improving both the SWCNT support structure and the polymer

matrix.
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Chapter 6

Field emission from CNT

electrodes

CNT field emission electrodes were fabricated using the chemical attachment method.
SWCNT, DWCNT and MWCNTs were found to field emit with low turn-on voltages and
high electric field enhancement factors. The emission stability from each CNT type was
found to vary significantly. The emission from the SWCNTs was found to be most stable,
which is contradictory to other reported results.
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6.1 Introduction

Electron field emission (FE) from CNTs has been an intensely researched topic
since the initial reports of the phenomenon in 1995.!" This high level of interest is
predominantly due to the inherent properties of CNTs, such as the high conductivity
and large aspect ratio, which lead to a high maximum current output and low turn-on
voltage (E).* In order to utilise the full effects of the large aspect ratio of the
CNTs, it is advantageous to have the CNTs vertically aligned on a substrate. Vertical
alignment increases the electric field enhancement, £, around the CNT which reduces

the macroscopic applied field required for field emission.¥

Much of the previous work has focused upon either directly growing the CNTs
from the surface using CVDP ¥ or by incorporating the CNTs into a paste and
printing them onto a surface.”® CVD growth of CNTs leads to a greater control of
alignment with the ability to produce an array of vertically-aligned CNTs. However,
it is difficult to grow the different CNT types without vastly changing the
experimental procedure.’”) The screen printing method is easily interchangeable
between the CNT types, but there is little control over the alignment of the CNTs.
Both of these techniques have the drawback of very weak adhesion between the

CNTs and the surface which reduces emission stability.!'* '

Field emission from the different CNT types is thought to vary significantly as a
result of the difference in diameter and hence aspect ratio. However, very few direct
comparisons exist between the field emission from the various CNT types. The
accepted theory is that SWCNTs exhibit the best FE characteristics while MWCNTs
produce the most stable emission.!”! This hypothesis is a result of the single shelled
SWCNT having the highest aspect ratio whereas the multiple shelled MWCNTs are
more robust and are less affected by common FE degradation mechanisms such as
ion bombardment.* ' Recent reports show that DWCNTs have the potential to have
even greater FE characteristics than SWCNTs while their extra wall should also
improve their stability.!'?! Indeed, the high emission stability of MWCNTS, along
with their low cost and ease of manufacture, has resulted in many studies based upon

improving of the FE characteristics of MWCNT FE devices."”!
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In this Chapter, the field emission characteristics and stability from SW-, DW-
and MWCNTs chemically attached to Si will be investigated (Figure 6.1). The Si-
DWCNT surfaces have the potential to improve upon the field emission properties
obtained for the Si-SWCNT surface by maintaining good FE characteristics and
improving emission stability. The chemical attachment of the cheaper MWCNTSs
(when compared to DWCNTs and SWCNTSs) could potentially produce a more cost
effective FE substrate without significantly decreasing the FE properties.

1:1:5
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Figure 6.1: Schematic of prepared samples for field emission studies.
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6.2 Experimental details

Direct ester attached CNTs were fabricated on antimony doped silicon (n-type,
100 orientation, 0.5 mm thickness, 0.008 — 0.02 Q cm, Silicon Quest International,
USA) following the methods described in Chapter 2. n-type silicon was used as the
excess of electrons within the silicon lattice is preferential for field emission studies.
The direct ester attachment was used as it involves no linker molecule which could

potentially reduce electron transport between the substrate and the CNT.

Field emission experiments were carried out at the Centre for Organic Electronics
in the School of Physics at the University of Newcastle in New South Wales in 2008
and 2011. The FE chamber was specifically built to investigate the field ionisation of

helium but FE experiments could be carried out with little change in configuration.

P lcoammeter

Utra High Vacuum
(x10* to %107 Tom)

.~ Stainlegs Steal
Flate Detector (Anods)
g

== |

I Amm

Sample (Cathade) ——— _——

High Voltage Supply
20k max)

Figure 6.2: Field emission system at the University of Newcastle showing (a) ultra-
high vacuum chamber, (b) power supply and picoammeter, (c) sample stage
configuration and (d) schematic of field emission experimental apparatus.
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FE measurements were performed using both 1 cm” and the 0.25 cm® Si-CNT
samples as cathodes separated by a known distance from a metallic anode within an
ultrahigh vacuum (Figure 6.2). A large potential difference is applied between the
electrodes and the output current is measured. The emitted electrons were collected
on a highly-polished stainless steel counter electrode under an average ultrahigh
vacuum of ~6x10” Torr (range from 1x10™ - 1x10™® Torr). The distance between the
electrodes was measured using a micrometer screw and found to be 2.17 mm for the
2008 experiments and 1.82 mm in 2011. A Spellman SL10 high voltage source unit
was used to supply the voltage (up to 8000 V). The FE current produced at the anode
was measured using a Keithley 6485 picoammeter. An in-house program written in
LabView 8.2 was used to control the voltage and current as well as record the data.
Conditioning of the samples was undertaken prior to FE sweeps. The conditioning of
the samples involved manually raising the voltage such that the output current was
~10 % greater than required for the planned experiments and left for 2 - 5 min until
the emission was constant. This procedure stresses the sample and removes adsorbed
molecules, making the emission more stable. Current-voltage (I-V) sweeps were
obtained by sweeping the voltage from 0 V to maximum of 8 kV in steps of 50 V
with each voltage held for 1 sec. Once the current output reached the limiting current
(set manually) the voltage was returned to zero. These I-V sweeps were converted to

current density-electric field (J-F) sweeps for presentation.

Emission stability tests were completed by manually setting the input current on
the power supply such that a desired field emission current was achieved. The
LabView program was then used to vary the applied voltage to maintain the input
current. The voltage and field emission current were measured every 1 sec for the

duration of the stability test.
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6.3 Field emission from SWCNTs

6.3.1 Effect of SWCNT attachment time

Initial experiments were carried out to determine the optimum SWCNT coverage
for field emission by investigating the FE properties of Si-SWCNT electrodes

produced using various SWCNT attachment times.

Field emission sweeps for attachment times of 2 - 72 hr are shown in Figure 6.3
along with an inset displaying their respective Fowler-Nordheim (F-N) plots. The
measured current is a result of field emission, as indicated by the linear Fowler-

Nordheim plots,!'¥

with different attachment times leading to different emission
characteristics. The non-linearities in the Fowler-Nordheim plots shown in the inset
to Figure 6.3 are commonly observed and are a consequence of the inhomogeneous
nature of the field emitting surface. These non-linearities most likely arise from
variations in the height and/or tip radius of curvature of the field emitting carbon
nantubes resulting in variations in their enhancement factor (f), although other

factors such as adsorbate contamination or space charge effects may also be

involved.[™”!
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Figure 6.3: Field emission sweeps for SWCNT chemically anchored to n-type
silicon for varying SWCNT attachment times with (inset) Fowler-Nordheim plots.
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A detailed review of the emission characteristics is shown in Figure 6.4 where the
change in average E; and electric field enhancement factor are mapped against
SWCNT attachment time. Here we define the E;, as the macroscopic electric field
required to produce a current density of 10 pA cm™. The electric field enhancement
in CNT emitters comes from the sharpness of the 1-D nanotubes. This f has often
been simplified to be approximately equal to the aspect ratio (height:radius) of the
nanotube.!'” Values of # were calculated from the slope of the F-N plots using the
method described in Section 1.6.1. (Fermi Energy (i) =1.9 e V as calculated from the
Fermi velocity,!'” work function (®) =4.8 eV!'™). Since an array of tips is under
investigation, the values of f calculated from the F-N plots are weighted toward the
emitters that produce the most current. The general variation in both E, and S as a
function of attachment time (Figure 6.4) qualitatively match the variation of both the
SWCNT content and diameter curves (see Figure 3.3). The variation of E is
consistent with the known dependency of the field emission upon the size,
orientation and surroundings of the emitters."”) As discussed previously, the AFM
analysis shows that as the attachment time increases from 2 to 12 hr the average
diameter increases (with a maximum between 10 and 12 hr) and hence the sharpness
of the SWCNT bundles decreases resulting in a corresponding decrease in £ and
increase in E,. For attachment times above 12 hr, the SWCNT content and diameter
decrease slightly resulting in a consequent increase in the sharpness of the bundles
and, as such, an increase in f and a lower E, value. Further reasoning for the
increase in S from 24 — 72 hr is that during this time any SWCNTs that are desorbing
are most likely to be the shorter nanotubes due to their weaker van der Waals
attraction. After the desorption of the smaller SWCNTs the bundles contain a higher
concentration of high aspect ratio SWCNTs and hence a higher f is observed. In
addition to the similar trend, the standard deviation of values also increases with
attachment time. This is most likely a result of the larger variation of SWCNT
coverage between samples for higher attachment times as discussed in Section 3.2
subsequently leading to a larger variation in FE characteristics. Due to the low E,,
high f and lowest deviation between samples the 2 hr attachment time surfaces were

used for further investigation of FE from Si-SWCNT surfaces.

The values of E,, of between 1.37-1.64V um'l observed in this work compare

quite favourably to the experimental values of other CNT field emission devices
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where it has been reported that the value of E can vary from ~1.1-9.8 V pm™

depending upon the type, orientation, coverage and geometry of the carbon

nanotubes. ®
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Figure 6.4: Graphs of effect of SWCNT attachment time on (a) electric field
enhancement factor (f) and (b) the turn-on voltage (E,).

To our knowledge the only other work involving the field emission of SWCNTs
chemically attached to a substrate was by Jung et al.'” The major difference
between the work of Jung et al. and the work reported herein is that Jung et al.
created an array of randomly orientated SWCNTs attached via a silane linker onto a
glass plate. The emission characteristic for our devices are superior with a lower Ey,
(~1.5 V um™ vs. ~3 V um™) and the reported value of § of Jung et al. was 1400
compared to ~5800 for this work. We speculate that the significant improvement of
the emission performance in this work is due to two main factors: the vertical
alignment and the direct attachment of the SWCNTs to the substrate. The vertical

alignment allows the maximum field amplification to take place, obviously leading
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to a higher £ and a lower Ey,. In addition, the direct attachment allows for the highest

efficiency of electron transduction.

The data represented in Figure 6.4 indicate that the chemically attached SWCNTs
form very effective field emission structures with values of > 5000. Interestingly,
these high f values are far in excess of the enhancement factors that might be
expected from a consideration of just the geometrical aspect ratio for the imaged
SWCNT bundles. Indeed, the AFM data yields values of aspect ratio between 0.6
and 0.9 for average nanotube bundles and even assuming that the majority of the
field emission comes from SWCNT bundles that are much taller and thinner than the
average (eg., height size of ~100 nm, diameter of ~30 nm) the aspect ratio calculated
is only ~6.5. However, for chemically attached SWCNTSs, the measured S is far in
excess of that expected from a simple consideration of aspect ratio which is similar
that which has been observed previously for CVD deposited CNT arrays. Indeed, a
great variety of enhancement factors have been observed for various field emitting
samples and materials. Earlier work by Chhowalla ef al.® showed that the field
emission properties of CNT forests showed the best values for Ei, and f when a
medium density of ‘short and stubby’ (500 nm height, 400 nm diameter) CNTs were
studied. It was found that the f was ~100-1000 times greater than the aspect ratio of
the CNTs. Their reasoning for this was the lower electric field screening which
occurred between shorter CNTs that were spaced apart by a distance approximately
equal to their height. It was found that the inter-nanotube distance was just as
important as the aspect ratio in obtaining high values of £.*” The surprising field
emission properties of the chemically attached Si-SWCNT electrodes presented here
are comparable with those of the CVD deposited structures studied by Chhowalla et
al. indicating that chemical attachment is a simple route to highly effective field

emission structures.

Experiments were undertaken to determine the maximum current density possible
for the Si-SWCNT electrodes. Initial tests on 1 cm’ samples showed an exponential
increase in current up to 500 wA cm™ until the maximum wattage of the power
supply was reached (10 W) and the experiment was halted. In order to achieve the
maximum current density a sample was cut to 0.25 cm” such that a high current
density could be achieved at a lower output current. Figure 6.5 shows a recorded

current density of up to 780 pA cm™ which is the maximum value obtainable, limited
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by the picoammeter. Given that there is no evidence of any change in the exponential
increase of the current in Figure 6.5, it seems reasonable to infer that the current
density would continue to increase with increasing applied voltage. In comparison,
previous studies of SWCNT field emitters have shown a decrease in the slope of the
[-V curve at currents as low as 1 pA cm™."®! The high maximum current output is an
indicator that there is a large population of emitters on the surface. Any practical
application of a CNT based field emission device not only requires a low E;, and
high f to minimise the working voltage but the device must also be able to produce a
large enough current density to be useful in applications and be stable at such current
densities. For example, field emission displays require current densities of between
1-10 mA cm™.*"? It is speculated that such current densities are obtainable for the

chemically attached Si-SWCNT electrodes.

A major advantage of these structures is that the shortness of the SWCNTs allows
the cathode-anode distance be very small (<1 um). CVD grown and CNTs deposited
from a paste consist of CNTs with varying heights (>1 um) which means that the
cathode to anode distance must be comparatively large. A short distance will allow a
small applied voltage to create very large electric field. At a distance of 1 um, 3 V of

applied voltage could potentially generate an emitted current density >0.5 mA cm™.

800
[ |
-25
n
26 .
< 6004 -.1""- .
E -.I. n
[&] 27 ",
(\lﬁ s .l u
ER "
—-28- "
2 4004 ¢ f
a [] ]
o 294 ...l ]
@
[ . iy
b= -30 : : : : : T
§ 2001 18 20 22 24 26 28 30 g
[ 4 | ]
S
& (1) x10 .
0#;
1 LS 1
0 1 2 3

Applied Field (V pm™)

Figure 6.5: J-F curve attempting to achieve maximum current output for Si-SWCNT
surface. Maximum wattage output of power supply reached before maximum
current from sample.
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6.3.2 Field emission from polymer encapsulated SWCNTs

A recent study by Pandey ez al.!'"! has suggested that encapsulating CNTs within
an insulating polymer matrix can improve the field emission properties of the device.
This effect was attributed to the dampening of the Coulombic forces between
electrons travelling through adjacent CNTs. When no polymer is present, coulombic
forces push electrons away from each other, increasing the net distance travelled by
the electron through the CNT. Increasing the electron travel distance increases the
probability of scattering events, such as Joule heating, which reduce emission
performance and stability. When a high dielectric polymer matrix is placed between
the nanotubes the coloumbic forces are reduced, leading to a shorter travelling
distance and subsequently less scattering events and improved emission performance

and stability.

Polymer encapsulated samples were made following the method described in
Chapter 5. Figure 6.6 shows FE sweeps for SWCNTs with varying thickness of
polystyrene. The changing polymer thickness has a clear effect on emission
performance as summarised in Table 6.1. After polymer deposition and 1 min of
water plasma treatment the surface has a ~30 nm film of polystyrene (PS) (See
Figure 5.16). The f increases and E, decreases indicating an improvement in FE
after polymer deposition. The improvement is attributed to two factors: first the
reduction of Coulombic forces between electrons in adjacent CNTs, as determined
by Pandey ef al.,""! and secondly the orientation of the CNTs that are exposed from
the surface. With a 30 nm thick PS film, no horizontally aligned CNTs will be
exposed while the SWCNTs that are exposed will be the CNTs with the highest
aspect ratio. Subsequently, the § value obtained for the surface is much higher than
without a PS film. Additionally, a surface with fewer, taller CNTs will experience
less electric field screening leading to improved emission performance. When the PS
covered surface was treated to 2 min of plasma treatment, both FE properties were
improved over the no-polymer surface, while both f and the E were lower
compared to the 1 min plasma treatment (worse f and improved E,,, Table 6.1). The
difference between the two plasma treatments is a result of the increased number of
CNTs exposed. The thinner PS film will expose more of the shorter, or less aligned
CNTs, resulting in a lowering of the f. Interestingly, the surface exhibits an

improved Ey, which perhaps is not expected considering the change in . However,
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Figure 6.6: FE sweeps for SWCNT surfaces with varying thickness of polystyrene.

Table 6.1: Summary of field emission characteristics of Si-SWCNT surfaces with
varying polystyrene film thickness.

Polystyrene Ew10 pA em-2 Eth 100 BA cm-2
Sample thickness (nm) B (V um™) (V um'l)
Si-SWCNT 0 3929 1.95 2.35
Si-SWCNT-PS-1 mi
! i 30 6133 176 228
plasma
Si-SWCNT-PS-2 mi
' i 20 4115 1.73 2.12
plasma

with more CNTs exposed the total amount of emitting CNTs will increase leading to

a higher current density for a given applied field.

The use of thin polymer films offers a simple route to improving the FE
performance of CNT arrays. This procedure could find particular use for surfaces
that contain both vertically-aligned and horizontally-aligned CNTs where the
polymer film acts to cover up the horizontally-aligned CNTS, thus improving FE.
The Si-SWCNT-PS sample before plasma treatment was not investigated as it was
not known what effect/damage may occur when a potentially insulating sample is

exposed to high voltage.
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6.4 Field emission from DWCNTs and MWCNTs

To further study the field emission from CNTs chemically attached to Si, the
emission from DWCNTs, and MWCNTs were compared to SWCNTs. As
determined in Section 6.3 a 2 hr attachment time of SWCNTs lead to a surface with
the best, most consistent FE properties. Subsequently, similar CNT coverages were
used for the DWCNTs and MWCNTSs. A comparison of the AFM images for the
different CNT electrodes is shown Figure 6.7. The CNT attachment times were
chosen to ensure the CNT coverage was quasi-constant between the samples.
Alignment of the CNTs changes with CNT type with the SWCNTs predominantly
vertically- aligned while the DWCNTs are a mixture and the MWCNTs appear to be
exclusively horizontally-aligned (see Chapter 3 for discussion on CNT alignment).
The alignment of each CNT type could not be improved further and the effect of
alignment will be taken into account when discussing FE properties from the

surfaces.

Figure 6.7: (a, b, c) Aerial and (d, e, f) 3-D AFM images of (a, d) SWCNTs, (b, ¢)
DWCNTs and (c, f) MWCNTSs chemically attached to silicon. White circles in (b)
indicate laying down DWCNTs while black circles indicated VA-DWCNTs.

Field emission sweeps for SWCNT, DWCNT and MWCNTs along with their F-N
plots are shown in Figure 6.8. The CNT type had a noticeable effect on both the
electric field enhancement and the E,, as summarised in Table 6.2. The SWCNT
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surface exhibits the best FE properties of the samples investigated with the lowest
values for Ey, and the highest value for £. This result is expected as the SWCNTs had
the lowest diameter and greatest level of vertical alignment. The DWCNT surface
demonstrated a higher E,, and lower £ compared to the SWCNTs due to the
increased diameter and loss of vertical alignment compared to the SWCNT surface.
The MWCNT surface exhibited the worst emission characteristics of the three CNT
types investigated. The horizontal alignment and the large diameter of the MWCNTs
results in a lower value for f and subsequently a higher value for Ey,. E;, and S for
DWCNTs are often similar to that of SWCNTs due to the small difference in

diameter between the two.

Similar to Figure 6.5 attempts were made to measure the maximum current
density from the DWCNT and MWCNT electrodes. Figure 6.8 (b) shows the J-F
sweeps up to the maximum of the picoammeter where neither sample seems to be
nearing its maximum. As discussed earlier this indicates that the chemically attached
CNT surfaces could potentially be used in device application. The current density of
the DWCNT is less than the other two samples due to the larger size of the DWCNT

substrate.

Interestingly, the FE characteristics were much more different in the lower current
sweeps (Figure 6.8 (a)) compared to the higher current sweeps (Figure 6.8 (b)). This
could indicate that during the high stress, high current tests some extra conditioning
occurs on the DWCNT and MWCNT samples which improve FE. The high D/G
peak intensity ratio from the Raman spectra of the DWCNT and MWCNT samples
(Chapter 3) indicate that there could be a great deal of amorphous carbon present
within the samples. The higher fields obtained during the high current tests may also
induce alignment of the CNTs which would improve emission performance. The
‘training’ or ‘burning’ of the samples was completed by maintaining a current 10 %
greater than the planned current sweep value. The results observed in Figure 6.8
indicate that a higher ‘burn’ current should have been used for the DWCNT, and
particularly the MWCNT samples.

The FE of the DWCNT surface presented here compares favourably with other
work on FE from DWCNTs where values for E,, of 1.5-3V um'1 and 1000 - 5000
for f# are common.” **! Similar to the SWCNTs, the DWCNTs show surprisingly
good FE characteristics. The arguments made for the results for the SWCNT samples
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including low electric field screening and strong chemical attachment can be

repeated for the DWCNT (and MWCNT) substrates.

MWCNTs are by far the most extensively studied of the CNT types due to their
ease of fabrication. However, MWCNT diameters can vary significantly and as a
result a very broad range of FE characteristics are present in the literature. The value
of E, can vary from ~2- 10V um" depending upon the diameter, orientation,

coverage and geometry of the carbon nanotubes.* ']

Although MWCNTs exhibit worse FE characteristics the cost of the raw material
is much less than for the SWCNTs and DWCNTs. Depending upon the device, it
may be more financially viable to use MWCNTs and a higher applied electric field in

commercial applications.
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Figure 6.8: Summary of field emission (I) J-F sweeps and (II) F-N plots for
different CNT types chemically attached to silicon showing (a) low current and (b)
high current sweeps.
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Table 6.2: Summary of FE characteristics of SWCNTs, DWCNTs and MWCNTs
chemically attached to silicon.

CNT D/ G B E¢o 10pa c_T-Z Eto 10004 f{n-l E¢o s00pa c_T-Zﬁ

Type ratio (Vpum) (Vpm’) (Vpm’)
SWCNT 008 558711571 12940042  2.1+0.357 2.85
DWCNT 027 4748+ 1133  1.91+0.165  2.51+0.265 2.97
MWCNT 0% 306011150 279062  3.03+0.147 3.54

*no error values shown as only a single sample was tested past 0.5 mA cm™.

All CNT types exhibited FE with characteristics in the top 20 % of those reported
in the literature. Considering the ease of fabrication and the ability to upscale
production, the CNT surfaces produced via chemical attachment have distinct
potential toward device fabrication. However, FE devices not only require high
current densities at low applied fields but also require stable emission at a set applied
field for the lifetime of the device. The next Section examines the FE stability of the
CNT substrates.
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6.5 Field emission stability from CNTs

Emission stability was investigated by manually setting the value for input current
on the power supply such that a desired output current was achieved. The output
currents investigated were 10, 100 and ~750 pA. After manually setting the input
current, a program written in LabView was used to adjust the voltage in order to
maintain the input current. All CNT types were investigated at the equivalent of a

2 hr attachment time, as described in Section 6.4.

6.5.1 SWCNT field emission stability

Figure 6.9 reveals the FE stability test results obtained by measuring the change in
voltage required to keep the current density produced by a Si-SWCNT surface
constant at ~ 10 pA cm™ (sample was ~1 x 1 cm?). Over the 60 hr of testing, the
voltage changed by 14 % but the change was a decrease in applied voltage indicating
an improvement of the FE, not the expected degradation. A probable cause for the
FE improvement was desorption of SWCNTSs that were adsorbed to the bundles but
not chemically attached to the Si substrate. When this occurs the bundle diameter
will decrease by a small amount and as such slightly increase the f and improve the
FE. Additionally, it is likely that this desorption has the effect of making the apex of
the bundles more ragged which should create additional sharp points which will be
efficient field emitters. The improvement of FE over such a long time is a remarkable
result, especially for a SWCNT emitter surface as these have been shown to degrade
the fastest of the CNT types.*® However, as mentioned earlier the practical
application of CNT devices will require currents in the range of 0.5 to 10 mA cm™.
For this reason, subsequent FE stability tests were completed at higher working

current densities.
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Figure 6.9: A 60 hr FE stability test of a Si-SWCNT surface with a constant current
of 10 pA (~10 pA cm™).

The FE stability at ~100 pA cm™ of the Si-SWCNT surface is shown in Figure
6.10. After some initial instability the input voltage required to maintain 110 pA cm™
drops from ~ 3000 to ~2720 V after 15 min. The input voltage then becomes more
stable with oscillations of 40 V (1.5 %). The voltage slowly rises for the remainder
of the test to 2860 V. The overall change in applied voltage is a decrease of 140 V
(4.9 %). After initial instability, the voltage increased by 140V (5.1 %) from
15 - 60 min. The SWCNT desorption that was previously improving the emission is
most likely still occurring, but common field emission degradation processes such as
Joule heating and ion bombardment are now having a greater effect. Once more, over
this shorter period but at a higher power output the Si-SWCNT surface produces
remarkably stable FE.
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Figure 6.10: A 60 min FE stability test of FE from a Si-SWCNT surface at a current
density of ~110 pA cm™.

This particular current density (100 pA cm™) was chosen such that direct
comparisons could be made to other work on the FE stability of SWCNT electrodes.
Resilience tests of SWCNTSs are rarely reported however there have been two in
depth studies by Kim et al.*”’ and Bonard et al.*® Kim and co-workers printed a
SWCNT paste onto an indium tin oxide (ITO) glass plate and measured the change
in current at a fixed applied field (with the initial current always 100 pA cm™). After
30 hr the FE current had decreased by 50 %. Bonard et al placed filtered arc-
discharge SWCNTs onto Teflon covered copper or brass platelets, and then
completed the same experiment as that of Kim where it was found that the current
density output had decreased by more than 50 % after 10 hr. Comparisons between

the results of Bonard and Kim and the result observed in Figure 6.10 are difficult to

221




Chapter 6 | Field emission from CNT electrodes

draw due to the fact that not only is a % change in current density different to a
% change in applied voltage but when the current density (not the applied voltage) is
allowed to vary, the stress placed on the system varies with the current density. In the
case of Bonard and Kim, the stress on the system would be decreasing as the FE
current fell. When the change in voltage is monitored the stress placed on the system
is constant for the entire investigation which would lead to a higher rate of
degradation. Therefore, although direct comparison of the results is difficult, the fact
that the Si-SWCNT electrode was still emitting 100 A cm™ after 1 hr with minimal
net change in voltage indicates that the resilience of the emission is superior to that

of Bonard and Kim.

Emission degradation was not observed at 10 or 100 pA cm™ for the Si-SWCNT
surfaces investigated, consequently a higher current density was investigated (the
maximum recordable on the FE system used, ~750 pA cm™). Figure 6.11 shows how
both the applied voltage and the current density changed throughout the experiment.
The output current increased to 770 pA cm™ within the first 2.5 hr. This was not
expected to occur as the current was designed to be constant. However, the resistance
of the sample decreased and the output current increased. The increase in current was
not a degradation but it was an improvement of the emission as no corresponding
change in voltage occurred, such that an applied voltage of 5500 V produced a
current of 740 pA cm™ at t =10 min and a current of 770 pA cm™ at t = 2.5 hr. After
2.5 hr, the current remained constant as the resistivity of the electrode did not change
further. The applied voltage began at 5600 V and dropped 5450 V within the first
1 hr. The drop is an improvement in the emission as it was not coupled with a
decrease in output current density. After this time the applied voltage rises slowly to
at 5700 V after 15 hr. The total change in applied voltage was 1.8 % for the lifetime
of the stability test.
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Figure 6.11: A 15 hr FE stability test of a Si-SWCNT surface at a constant current
density output of 780 pA cm™.

A total voltage change of 1.8 % over 15 hr for an applied current of ~750 pA cm™
is very low for a SWCNT field emitting surface compared to the report from Bonard
et al. who showed a decrease in emitted current of 50 % after 10 hr (initially at
100 pA cm™).?*) The only SWCNT electrode reported in the literature with greater
stability was a screen printed SWCNT electrode that was treated with an Xe/Ne
plasma to improve stability to the point where a current density of 100 pA cm™ was
maintained for >50 hr with minimal degradation.””! However, the plasma treatment
increased the Ey, of the electrode from 2.9 to 4.3 V um™, effectively cancelling out
the advantages of using SWCNTs. Additionally, the output current density described

here was over 7 times greater, with little emission degradation observed.

Previous experiments have shown that SWCNTs are much less resilient than
MWCNTs because of the susceptibility of the single shelled tubes to ionised

molecule bombardment and Joule heating.”® Improving the resilience of SWCNTs
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to ion bombardment and Joule heating is impossible but there is one factor that most
researchers do not acknowledge: the vast majority of CNT field emission articles
have been based upon CNTs grown onto a surface by CVD*>!"! or printed using
screen printing?® 2’ where the CNT to substrate adhesion is weak. Bonard ez al.!*®!
observed that after the resilience tests, SEM images of the SWCNT surfaces showed
a decrease in density indicating a large amount of CNT desorption. Here, we describe
the FE of chemically attached SWCNTs where the SWCNT adhesion to the substrate
is strong and thus the degradation due to CNT desorption should be negligable.
Additionally, the bundling of the SWCNTSs may assist FE stability with the outer
most SWCNTSs protecting the inner most SWCNTs from ion bombardment. Further,
the bundling may assist in heat dissipation by reducing Joule heating. The low

electric field screening of the surface may result in a large population of emitting

SWCNTs, which will result in a stable FE.

Although a near perfect FE stability was achieved for the Si-SWCNT electrode, a
further investigation was carried out on the emission stability from the polymer
coated samples from Figure 6.6. Pandey e al'"! inspired the use of a thin film to
improve FE characteristics and also reported the improved FE stability of CVD
grown MWCNTs after polymer deposition. Their argument was that the reduced
electron travel distance through the CNTs shielded by the dielectric polymer reduced
Joule heating, which in turn improved FE stability. The Si-SWCNT-PS-water plasma
electrode FE stability was investigated at the maximum current output of the field
emission system with a 2 hr test shown in Figure 6.12. After the initial
voltage/current ramp a steady emission is achieved at 870 pA cm™. The higher
current density achieved for this electrode is a result of its smaller size. After a
period of time, both the current and voltage concurrently dropped and the FE
remained stable for the remainder of the experiment. The voltage/current decrease
was not an instantaneous drop but a roll-off occurring over a few seconds. The
concurrent roll-off in both voltage and FE current was unusual considering that the
input current to the system, as controlled manually by the power supply, was not
changed. The drop of both voltage and FE current also indicated that there was no
degradation of the surface (see Figure 6.12, the spike at 15 min where both the
current and voltage momentarily recover to their previous values). This shows a

delayed change in the resistivity of the CNT cathode.
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Figure 6.12: FE stability of a Si-SWCNT surface coated with a thin film of PS.

The exact reasoning for the change remains unknown although there are two
possible explanations. The first is that the heating of the polymer film that occurs
during the FE tests causes the polymer to undergo a phase transition. The hypothesis
came about after the observation that the time taken for the current\voltage roll-off
was dependent upon the time between subsequent FE experiments. Figure 6.13
illustrates this observation by showing the FE stability results for consecutive tests
where the voltage was ramped down and then up as fast as possible after the roll-off
pattern occurred. For the first three runs, the roll-off occurred after 20, 10 and then
7 min while the fourth occurred after 20 min. Each of these experiments had similar
time gaps between them. Interestingly, after each initial voltage ramp the current and
voltage were the same, suggesting that the current roll-off was completely reversible
and did not damage the sample. If a polymer phase transition was the cause of the

roll-off behaviour, the current\voltage decrease should occur slowly at first and then
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faster, as the sample was not allowed to cool between tests. This was observed for
the first three tests but not the fourth which takes the same amount of time as the

first. This observation suggests that perhaps a more random process is occurring.

A second possible explanation for the roll-off is that over the experimental period,
the sample holder had become covered in carbonaceous material, turning the
originally white macor into a light brown colour. If the sample holder was covered in
material it is possible that the inside of the chamber had also become contaminated.
When a strong field was applied within the system, positively charged particles could
potentially coat the sample. The carbon film could then potentially act as a resistor

within the system if it somehow became connected in series with the CNT cathode.
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Figure 6.13: Consecutive FE stability experiments from Si-SWCNT-polystyrene
electrodes showing the change in time for the roll-off behaviour to occur.
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6.5.2 DWCNT field emission stability

The FE stability test of a Si-DWCNT surface is shown in Figure 6.14. During the

test the applied voltage rose from 4330 to 4450 V (2.8 % increase) while maintaining

a current of 85 pA cm™. After an initial voltage drop to 4220 V after 5 min the

voltage increased by 5.5 % for the remainder of the test. The difference in output

current density between the Si-SWCNT and Si-DWCNT samples investigated comes

from the sample size; the output current from both samples was 100 pA. Throughout

the stability test the voltage value oscillated by = 50 V (1 %).
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Figure 6.14: FE stability of a DWCNT electrode at 80 pA cm™ over 70 min.

It was surprising to observe that the Si-DWCNT surface had a lower FE stability

than the Si-SWCNT surface. As the common theory suggests CNT FE stability

should increase with number of walls.!

1 In addition, a number of sharp
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voltage/current spikes, where both the current and voltage dropped suddenly can be
observed in the data (e.g., at 5 and 20 min). Interestingly, only a single such event
was observed for the entire duration of the FE stability test conducted on the Si-

SWCNT surface.

5000
SETY.
© 4000 | - C T
CU .
=
Q
> [ -
T : .
= 3000 | e —
Q m
< -
2000 1 1 | 1 1 1 1 1 1 1
S 80
e
Q
£
> 60 | -
7
C
[4b]
&)
<40 | i
)]
- .
S P
&)
20 ! . I L R R I
00 25 50 75 100 125 150

Time (hrs)
Figure 6.15: FE stability of a Si-DWCNT electrode at ~80 pA cm™ over 15 hr.

Previous work on FE from CNT deposited arrays has shown that these spikes are
due to CNT fragments that are ejected from the surface.*? Given that the chemical
attachment should restrict entire CNTs from desorbing, the most likely scenario is
that parts of the CNT are being ‘pulled’ from the surface. The DWCNTSs have a
higher amount of functionalisation than the SWCNTs (as determined by the D/G
peak intensity ratio, see Chapter 3) and increased functionalisation has been shown
previously to reduce the FE stability of CNT surfaces.”* **! It has been reported that

these defect sites lead to increased Joule heating which in turn leads to field
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evaporation from the CNT which subsequently lowers FE stability.*® Although the
DWCNTs have an extra shell to reduce the effects of ion bombardment, the
increased functionality (which was required to chemically attach them to the surface)
leads to the Si-DWCNT surfaces having poorer FE stability than the Si-SWCNT
surfaces. The FE stability test of the DWCNT substrate was continued for over 15 hr
(Figure 6.15) where the applied voltage rose from 4200 to 4650 V (10 % increase)
and the output current density dropped from 85 to 70 pA cm™ (18 % decrease). The
supplied current was constant but the output current decreased due to a gradual
change in resistance of the sample as the number of emitters decreased. The decrease
in current without a subsequent decrease in voltage is a clear indicator of emission

degradation.

6.5.3 MWCNT field emission stability

A 100 pA cm™ FE stability test for a Si-MWCNT surface could not be achieved
because sharp voltage/current spike events occurred on a regular basis (approx. once
every 5 sec) from which the LabView program would take a few sec to return the
current to its previous value before another event occurred and eventually the
LabView program would fail to restore the current. A 1 hr 10 pA cm™ FE stability
test for the Si-MWCNT surface is shown in Figure 6.16. The applied voltage is
quasi-constant for the first 45 min of the test with a constant oscillation of =175 V
(3 %), after which time the emission cycles through four failure and recovery events
prior a final failure from which the LabView program could not resurrect emission.
Throughout the first 45 min of the FE stability test, 11 sharp current/voltage drop
events were observed. These drops are similar to those observed for the Si-DWCNT
surface but were more than twice as frequent. Considering the lower applied load to
the surface (10 pA cm? for the MWCNTs compared to 100 pA cm™ for the
DWCNTs), the volume of material being ejected from the surface is quite high. This
observation is consistent with the mechanism proposed for the DWCNTs since the
D/G peak intensity ratio of the MWCNTs is much higher than for the DWCNTs or
SWCNTs and as such the defect/functionalisation population on the MWCNTs is
much greater. The greater number of defect sites will increase the effect of Joule
heating and lead to a higher amount of CNT field evaporation and the lower FE

stability of the device. The event at 45 min where the output current dropped to zero
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is not a complete catastrophic failure of the system because subsequent I-V sweeps
showed FE characteristics similar to before the FE stability test. Repeated

experiments observed similar failure events.
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Figure 6.16: FE stability of a Si-MWCNT electrode at 10 pA cm™ for 45 min.

The FE emission stability characteristics observed are contradictory to previously
reported findings where it is expected that FE from MWCNT emitters is more stable
than from SWCNT emitters.”! FE stability is affected by a number of variables
including CNT adhesion, ohmic contact, ion bombardment and CNT crystallinity.
Within this study, CNT adhesion and ohmic contact is constant between CNT types
as SWCNT, DWCNT and MWCNT substrates were prepared via identical chemical
attachment. The effect of ion bombardment is reported to be reduced by the extra
shells of MWCNTSs,”® thus the lower emission stability observed for the Si-

MWCNT substrate cannot result from ion bombardment. The crystallinity of the
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CNTs is affected by both their original manufacturing process and functionalization.
The DWCNT and MWCNTs were originally produced by CVD which is a process
known to produce CNTs with lower crystallinity than arc-discharge, which was used
to produce the SWCNTs. The size of the D-band after CNT functionalization in the
Raman data further confirms that the crystallinity of the DWCNTs and MWCNTs is
lower than for the SWCNT sample (Table 6.2). Therefore the observed trend of
emission stability relating to original CNT crystallinity is expected. Future work in
this field could involve the chemical attachment and investigation of field emission

properties of highly crystalline MWCNTs and DWCNTs produced by arc-discharge.
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6.6 Conclusions

CNTs chemically attached to Si produced electrodes suitable for field emission
with some unexpected characteristics. The values for turn-on voltage and electric
field enhancement factor were within the top 20 % of reported values for each
respective CNT type. The FE characteristics were surprisingly good considering the

small aspect ratio of the chemically attached CNTs compared to CVD grown CNTs.

The FE from the SWCNT electrodes was remarkably stable by maintaining the
maximum current output of the FE system for 15 hr with only a 1.8 % increase in
applied voltage required. The FE stability from the DWCNTs and MWCNTs was
quite poor in comparison to the Si-SWCNT electrodes. The difference in stability
between the CNT types was explained in terms of level of functionalisation, with the

more functionalised MWCNT and DWCNT leading to faster FE degradation.

The addition of a thin PS film was found to improve FE characteristics while its
effect on FE stability is still under investigation due to the observation of

current\voltage roll-off events.

The ease of fabrication, ability to upscale and the small CNT height suggests the
chemical attachment of SWCNTs to Si could be a viable process to produce

commercial field emission electrodes.
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Chapter 7

CNTs as biointerfacial

substrates

Interfacing mammalian cells with CNTs has long been considered a potential route for
various bioengineering applications. In this Chapter, CNT substrates were fabricated by
chemically attaching CNTs to silicon and porous silicon for the purpose of investigating
the proliferation, morphology and potential permeabilisation of mammalian neuronal
cells.
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71 Introduction

As discussed in more detail in Chapter 1, the cytoskeleton consists of protein
filaments of similar dimensions to CNTs.!" 2! For this reason, CNTs offer fertile
ground for biointerfacial studies involving mammalian cells. For example CNTs in
solution can be used to transport therapeutic materials into the cell membrane!!
while surface bound CNTs offer a potential substrate for bone engineering or stem

cell differentiation.*®

While the specific cytotoxicity of CNTs bound to surfaces is not an issue, the
effect of catalyst particles from CNTs grown by CVD is clearly an issue where
transition metal catalysts such as nickel and cobalt are often used and have been
found to induce cytotoxicity..) In addition, the fabrication of CNTs by CVD is a
process which requires dedicated equipment not readily available within standard
biology laboratories. For these reasons and others, biomaterial substrates fabricated
by the chemical attachment of catalyst-free CNTs to substrates offers a simple route

to study biointerfacial interactions.

Porous silicon is a unique and highly useful biomaterial that has found application
in biosensing, cell culture and drug delivery systems.*"®) The unique physical and
chemical properties of pSi including intrinsic biocompatibility and high internal
surface area make this material ideal for a diverse range of biological applications.!'¥
pSi can be used for real time monitoring of different cellular functions such as the
excretion of enzymes or cell death making it the perfect platform to monitor the

effect of CNTs on cellular activity.!'> ']

In this Chapter, the chemical attachment and patterning of SWCNTSs to pSi for use
as a substrate surface for biointerfacial interactions was studied (Figure 7.1).
Specifically, the proliferation, attachment and morphology of the human neuronal
cell line SK-N-SH on SWCNT substrates was investigated and the potential of the
SWCOCNT substrates to be used as platforms for the electrical stimulation of neuronal
cells discussed. Finally, the capability of the SWCNTs to permeabilise the cell

membrane and the potential for gene transfection was investigated.
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Figure 7.1: Schematic detailing the preparation of (a) a SWCNT-decorated pSi
substrate surface and (b) a patterned pSi-SWCNT substrate surface and the
resulting attachment of neuroblastoma cells (SK-N-SH). Both preparation schemes
involve the chemical attachment of SWCNTs to an amino silane (APTES) on pSi
via carbodiimide (DCC) assisted coupling.
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7.2 Experimental details

7.2.1 SWCNT biointerface fabrication

The SWCNT substrates for cell immobilisation were fabricated following
procedures described in Chapter 2. SWCNT attachment times of 1 min and 2 hr were
used throughout the study.

Amine groups were added to the SWOCNT substrates by attaching
diethylenetriamine (DETA, 99 %, Aldrich) to the carboxyl functional groups on the
SWCNTs via carbodiimide coupling. The Si-SWCNT substrate was immersed in a
solution containing 10 % (v/v) DETA in DMSO with 0.2 mgmL"' DCC and
incubated for 2 hr at 80 °C. The surfaces were then washed thoroughly with acetone

and dried under a stream of nitrogen gas prior to use.

7.2.2 Cell culture and staining

Response of SK-N-SH neuroblastoma cells (a gift from Prof. R. A. Rush, Flinders
University) to SWCNT-decorated surfaces was investigated. SWCNT-decorated and
control surfaces were placed in 12 well plates (Iwaki) for cell studies. Cells were
seeded at a density of 10° cells cm™ in Dulbecco’s modified eagle medium (DMEM,
Invitrogen, Carlsbad, CA) supplemented with 10 % fetal calf serum (Bovogen),
2mM L-glutamine, 100 UmL" penicillin and 100 pgmL"' streptomycin
(Invitrogen). Cell attachment, morphology, viability and permeability were assayed

after 4 hr contact with the surfaces, unless otherwise indicated.

Cell morphology was visualised using CellTracker™ Orange CMRA (Invitrogen).
Prior to plating on test surfaces, cells were harvested by trypsinisation and stained
with the cytoplasmic dye as per manufacturer’s instructions. Each surface was then
rinsed with Dulbecco’s phosphate buffered saline (dPBS) (pH 7.4, 100 mg L' CaCl,
and MgCl, 6H,0) to remove any non-specifically or weakly attached cells. Cells
were then fixed with 4 % (w/v) paraformaldehyde (Electron Microscopy Sciences,
Australia) in PBS (pH 7.4) for 10 min, then washed with PBS prior to mounting in
Fluorogel (ProSciTech).
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The actin content of the cells was revealed by fluorescently conjugated phalloidin.
At the end of the incubation time, weakly adherent cells were removed from the
surfaces with PBS and fixed, as detailed above. Alexa Fluor® 594 phalloidin was
diluted to 0.165 uM in PBS and the solution was added into each well and incubated
in the dark for 30 min. The cells were finally rinsed with PBS and mounted with

FluoroGel.

Permeabilisation of cells was detected using propidium iodide (PI) and green
fluorescent membrane stain DIOC;g (3) (Invitrogen). Cells were incubated in 12 uM
DIOC;s (3) in cell culture media overnight. After overnight incubation DIOC;g (3)
stained cells were rinsed once with dPBS before seeding on test and control surfaces.
After incubation in contact with surfaces, weakly attached cells were removed by
rinsing with PBS, then the surfaces were incubated with PI at a concentration of
7.5 uM in PBS for 5 min in the dark to reveal permeabilised cells. Surfaces were

rinsed a final time with PBS and observed immediately.

Cell viability was assayed using fluorescein diacetate (FDA, Sigma). At the end
of the incubation time, test surfaces were incubated in a 15 mg mL" FDA solution in

acetone for 10 min at room temperature, and then rinsed with dPBS.

The nucleus stain Hoechst 33342 (Molecular Probes, USA) was added during the
final 30 min of the incubation period to the culture solution for each surface to a final

concentration of 2 pug mL™.

Prior to AFM and SEM imaging, the cells were dehydrated and fixed on the
surface. For cell fixation, the pSi surfaces were carefully removed from the cell
culture medium, rinsed once with PBS and fixed in 3.7 % paraformaldehyde in PBS
for 10 min at room temperature. Subsequently, the surfaces were washed again twice
in PBS and incubated in turn in 50 %, 75 % and 100 % EtOH for 10 min. The
surfaces were then washed twice in PBS, incubated in hexane, dried in the laminar

airflow, and subsequently coated with platinum (10 nm).

7.2.3 Fluorescence microscopy

Fluorescence microscopy was used to visualise the cells after staining.
Fluorescence microscopy was performed on an Eclipse 50i microscope equipped

with a D-FL universal epi-fluorescence attachment and a 100 W mercury lamp
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(Nikon Instruments, Japan). Fluorescence images were captured with a CCD camera
(Nikon Instruments, Japan) and images were analysed using NIS-elements v3.07
software (Nikon Instruments, Japan). The following fluorescence filters were used to
view fluorescently stained cells. ex. 385-400/em. 450-465 nm, ex. 475-490/em. 505-
535 nm, and ex. 545-565/em. 580-620 nm.

7.2.4 Gene transfection by permeabilisation

The transfection of plasmid DNA (pDNA, pEGFP-N1, Clontech) encoding a
green fluorescing protein (GFP) was investigated by incubating SK-N-SH cells on
the desired surfaces under the incubation conditions described in Section 7.2.2 for
20 hr. The surfaces were then transferred to a solution containing 50 ug mL" pDNA
in DNA condensation buffer (EC buffer, Qiagen) with or without the addition of
10 uL Effectene transfection reagent (Qiagen). The samples were incubated in the
solution containing pDNA for 10 min at room temperature before being washed with
PBS and returned to growth medium under standard incubation conditions for 48 hr

before being observed by fluorescence microscopy.

In a variation of this experiment, pDNA was dried on the surface prior to cell
culture. In that instance, pDNA was not added to the EC buffer, but otherwise the

experiment was identical.

7.2.5 Gene transfection by electroporation

Electroporation experiments were carried out within an in-house built
electroporation cell (Figure 7.2). The sample acted as the cathode and was separated
by a distance of 1 mm by an o-ring from a gold-coated glass slide counter-electrode.
Prior to cell culture, pDNA was dried onto the substrates. Electroporation
experiments were carried out in EC buffer by applying a 10 ms pulse (Agilent
33220A 20 MHz waveform generator) of 0 - 48 V. After electroporation, the samples
were returned to culture medium and incubated for 48 hr before being observed by

fluorescence microscopy.
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Figure 7.2: Schematic of the electroporation apparatus.
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7.3 Cell immobilisation

7.3.1 Cell morphology and proliferation

Initial cell studies used pSi-APTES-SWCNT substrates. The morphology,
proliferation and potential permeabilisation of SK-N-SH cells, which are frequently
used as a model neuronal cell line, was investigated. Cell staining investigations
were conducted on the cells on the SWCNT substrates in conjunction with one or

both of oxidised pSi and/or pSi-APTES control surfaces.

Initial cell proliferation and morphology studies used AlexaFluor 594 conjugated
phalloidin staining of the cellular actin filaments within the cytoskeleton. Figure 7.3
shows fluorescence microscopy images of the cells after 4 hr of incubation on
SWCNT-decorated and control substrates. The cell behaviour on oxidised pSi and
APTES-functionalised pSi appeared similar with the cells exhibiting a rounded
morphology and frequent cell-cell contacts. The higher magnification images (Figure
7.3 (d, e)) show that lamellipodia are visible and appear to be spreading laterally in
all directions on the control substrates. Lamellipodia are particularly pronounced on
the APTES-functionalised surface. The presence and radial pattern of lamellipodia is
expected on a chemically homogenous surface on the nanoscale. Cells attaching to a
SWCNT decorated pSi surface also appeared rounded but had a smaller footprint
than cells on the other two surfaces (Figure 7.3). The higher magnification image for
the SWCNT substrate shows that cell-cell contacts and lateral lamellipodia are rare
(Figure 7.3 (c, f)). The brighter staining suggests that the lamellipodia may be
concentrated downward, anchoring toward the SWCNTs. In contrast to the other two
substrate surfaces, the SWCNT-decorated pSi is chemically heterogeneous on the
scale of tens of nanometres because in between the nanotubes, APTES-functionalised
pSi remains.

Cell morphology is known to be dependent upon the wettability of a surface.!'* "]

To confirm that the surface topography is causing the observed difference in the actin
staining and not a change in wettability, the WCA of each surface was measured
(Table 7.1). The surfaces exhibit similar WCA values with the SWCNT-decorated
pSi showing the lowest WCA of 40 + 4 °. The change in WCA between samples is
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small and therefore the difference in actin staining observed must be a result of the

surface topography induced by the presence of SWCNTs.

Figure 7.3: Fluorescence microscopy images of phalloidin stained SK-N-SH

neuroblastoma cells immobilised on (a, d) oxidised pSi, (b, e) APTES-
functionalised pSi and (c, f) SWCNT-decorated pSi. Scale bars (a—c¢) =100 pum,
(d-1) 50 um.

Table 7.1: Summary of WCA and cell area measurements of neuronal cells on the
three surfaces used as cell culture substrates.

Contact Avg. cell

Surface angle (°) area (um?)
pSi 49 +8 995 + 750
pSi-APTES 64+9 589 +212

pSi-APTES-SWCNT 40+ 4 176 + 41

“calculated from phalloidin staining

In order to investigate the influence of SWCNT coverage, a further cell culture
study was carried out where the cells were stained with the cytoplasm stain
CellTracker Orange (CMRA). Figure 7.4 shows the results after CMRA staining of
cells on an oxidised pSi control, on pSi with a low density of SWCNT and on pSi
with a high density of SWCNTs. The SWCNT densities investigated were identical
to that shown in Figure 3.13 (b, ¢) with coverage’s of 18 and 40 %, respectively. The
cell density is clearly different for the different SWCNT coverages with an average
of 154+ 16 cells per cm” obtained for the 18 % SWCNT coverage compared to
266 + 26 cells per cm® for the 40 % SWCNT coverage. This indicates that the
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SWCNTs assist cells in attaching to the surface, as already seen for the actin staining
(Figure 7.3). An interesting observation is that the stain on the high density SWCNT-
decorated surface (Figure 7.4 (c)) is distributed more or less homogenously within a
cell, although the intensity of the staining varies from cell to cell. The outline of the
nucleus is not visible in these cells. For the control surface, the nuclei are visible as
dark central areas and for the low density SWCNT-decorated pSi surface, nuclei are
only visible in some cells. At this point, the meaning of this effect is unclear. It could
indicate a different level of anchorage of the cells to the substrate or it simply could
reflect the fact that the cells on the SWCNT-decorated surface have a smaller
footprint and are more beaded up, whilst the cells on the control surface with a larger
footprint are also flatter. All further experiments were completed with the high
density SWCNT-decorated substrates.

(a) (b

Figure 7.4: Fluorescence microscopy images of cytoplasm stained SK-N-SH
neuroblastoma cells using CMRA. (a) pSi control, (b) 1 min of SWCNT attachment
(low density) and (c) 2 hr of SWCNT attachment (high density). Scale bar 50 um.

Figure 7.5 shows the green DIOC;3 (3) cell membrane staining of the SK-N-SH
cells. This staining procedure was investigated in order to ascertain if the cell
membrane was pierced by the vertically-aligned SWCNTSs. Indeed, on the SWCNT-
decorated surface several cells are visible with dark spots within the cell membrane
(see arrows in Figure 7.5 (d)). The membrane staining was rather grainy, which
could suggest smaller dark spots in the membrane below the resolution of the optical
microscope which may represent areas where the cell membrane is compromised. In
contrast, cells on the pSi control did not show dark spots and the membrane staining
was more homogenous. Permeabilisation of the cell membrane is a prerequisite for
gene transfection into target cells. Previous studies have shown that surface

properties such as topography and wettability are critical for surface-induced cell
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membrane permeabilisation.l'"® ') Specifically, vertically-aligned CNTs have been
20]

shown to pierce the cell wall to allow small molecules to enter.!

Figure 7.5: Fluorescence microscopy image of membrane stained SK-N-SH
neuroblastoma cells using DIOC,3 (3) on (a, ¢) oxidised pSi and (b, d) SWCNT-
decorated pSi surfaces at different magnifications. Arrows added in (d) to highlight
examples of dark spots observed in membrane. Scale bar 50 pm.

To determine if the dark spots observed in the DIOC;s (3) stained cells in Figure
7.5 were indeed from the SWCNTs permeabilising the cell wall, propidium iodide
(PI) staining was performed in conjunction with the DIOC,g (3) membrane stain. PI
is a small fluorescent molecule that selectively binds to double-stranded DNA, which
is concentrated in the nucleus. In the described experiment, PI will only come into
contact with DNA within the cell nucleus if the cell membranes are compromised.
Figure 7.6 shows fluorescence microscopy images of the surfaces after PI staining.
Cells attached to the SWCNT-decorated surface show a large percentage of

fluorescent nuclei while cells on the pSi control surface show no such features.

Comparing the number of green cells from the DIOC;g (3) stain (Figure 7.5) to the
number of red cells from the PI stain (Figure 7.6) will give a value of

permeabilisation efficiency as these stains were completed concurrently. The
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(a)

Figure 7.6: Fluorescence microscopy images of SK-N-SH neuroblastoma cells
stained with (a, b) propidium iodide (PI) and (c, d) fluorescein diacetate (FDA) on
(a, ¢) oxidised pSi and (b, d) SWCNT-decorated pSi substrates. Scale bar 50 um.

oxidised pSi leads to less than 5 % permeabilisation by PI while the SWCNT-
decorated substrate leads to permeabilisation of over 95 % of cells. This result

strongly suggests that the cell membranes are indeed permeabilised by the SWCNTs.

It is well known that PI can also stain non-viable cells where the integrity of the
cell membrane is also compromised. Therefore, the PI staining was followed with
fluorescein diacetate (FDA) staining of the cells. FDA is a non-fluorescent viability
stain, which can enter live cells and is converted into a fluorescent form by enzymes
in viable cells. Both the SWCNT-decorated surface and control pSi surface show
positive FDA staining, indicating cells on both surfaces are viable. The cells on the
pSi-SWCNT surface allow PI to enter the cell membrane to the nucleus while
maintaining viability. This indicates that the permeabilisation of the cell wall by the
SWCNTs does not adversely affect cell viability. The SWCNTs used in this study
protrude <200 nm from this surface (see Chapter 3) which is substantially shorter
than the >1 pm CNTs commonly reported. The advantage of shorter SWCNTs is that

any permeabilisation will be minor and, most likely, reversible which will not affect
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cell viability. In fact, no reduction in viability was observed for up to 48 hr (Figure

7.7).

(a)

Figure 7.7: Fluorescence microscopy images of SK-N-SH neuroblastoma cells
stained with (a) propidium iodide (PI) and (b) fluorescein diacetate (FDA) on a
SWCNT-decorated pSi substrates after 48 hr of cell culture. Scale bar 50 um.

The immobilisation of SK-N-SH cells onto patterned SWCNT substrates was
investigated to determine if placement of cells could be controlled. SWCNT patterns
were fabricated in a similar fashion to that shown in Chapter 4. Figure 7.8 shows
fluorescence microscopy images of CMRA stained neuroblastoma cells on pSi
surfaces decorated with SWCNTSs confined within a circle and line patterns. In
between the features, the surface was functionalised with PEGS. The PEG silane
functionalisation was used deliberately to suppress cell attachment as PEG coatings
have been shown to prevent the non-specific attachment of extracellular matrix
proteins and cells.?' ! Indeed, the cells preferentially attached on the SWCNT-
decorated regions. The dashed lines were added to guide the eye and represent the
boundary of the patterned areas. Control surfaces were prepared without the PEG
backfill and in that case the preferential attachment to the SWCNT-decorated regions
was not observed. The successful demonstration of patterning of these neuronal
model cells is of particular interest as the electrical stimulation of patterned networks
of neurons can be used to investigate their function.”* The electrical properties of
SWCNTs make them ideally suited to interface surfaces with neuronal cells. Here,
we present a method where SWCNTs both promote specific attachment while

offering the opportunity to directly probe mammalian neuronal cells.
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Figure 7.8: Fluorescence microscopy images of SK-N-SH neuroblastoma cells

stained with CellTracker Orange showing preferential attachment to SWCNT-
decorated patterns on a pSi substrate showing (a) circle and (b) line pattern. The
regions in between those decorated with nanotubes were PEG functionalised. Scale
bar 100 pm.

The interfacing of mammalian cells with CNTs is in itself not a new concept.”!
However, methods to immobilise CNTs onto surfaces are still under heavy scrutiny.
While other CNT deposition methods require dedicated facilities and machinery, the
chemical attachment method described here is straightforward and can be replicated
in any standard chemical laboratory. The CNT surfaces produced do not contain
toxic materials such as catalyst nanoparticles and can be patterned using simple

lithographic techniques.

The chemical attachment of SWCNTSs to pSi films rather than flat Si generates
surfaces which are suitable for the culture of mammalian cells but have the added
advantage of the underlying porous surface which can be loaded with bioactives,
functionalised for controlled degradability and the optical properties of which can be
used for biosensing of cellular activity without specific cell staining.!'* **! The
permeabilisation of the cells demonstrated here points to opportunities for gene
transfection into the target cells. In addition to gene transfection by permeabilisation,
the high aspect ratio and electrical conductivity of the SWCNTs renders them

conducive to electroporation-based transfection.***”!
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7.3.2 AFM and SEM imaging

To determine if the SWCNTs were piercing the cell membrane SEM and AFM
analysis was completed on the cells immobilised on the SWCNT substrates. Figure
7.9 shows SEM images of SK-N-SH cells immobilised onto pSi-SWCNT substrates.
Although the cells appear spread, there is no obvious deformation of their structure
caused by the SWCNTs. The higher magnification images, particularly Figure
7.9 (c, d) show cell lamellipodia spreading from the cell. There are a number of
published SEM images of long CNTs and nanofibres (see Figure 1.16) clearly
skewering cell membranes. This is not observed for the chemically attached pSi-

SWCNT substrates. The short height of the SWCNTSs (<200 nm) would not allow

them to completely skewer through the more than 1 um thick cells.

Figure 7.9: Summary of SEM images of SK-N-SH on pSi-SWCNT substrates
showing cell culture and spreading of lamellipodia (NanoLab SEM).
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In order to determine if the SWCNTSs create a subtle change on the cell surface
AFM was used to image the cells immobilised onto the pSi-SWCNT substrates
(Figure 7.10). The edge of a cell was imaged such that the difference between the
pSi-SWCNT substrates and the cell membrane could be ascertained. The thickness at
the edge of the cell was approximately equal to the heights of the SWCNTSs while the
centre of the cell was imaged to be thicker than 2 um. The cells were dehydrated to
be fixed for imaging and as a consequence of the fixing; the cell thicknesses
observed may be smaller than the actual value prior to dehydration. The cell
topography was imaged to be a mixture of both a gentle and sharp surface
undulations. The sharp surface undulations are of similar shape and size to the
SWCNTs on the surface (Figure 7.10 (b)). However, it is more likely that such
surface roughness is native to the cell structure and not induced by the underlying

surface.

Figure 7.10: AFM image of edge of a SK-N-SH cell on a pSi-SWCNT substrate.

No physical evidence of membrane piercing by the SWCNTs was observed by
AFM or SEM. However, this result does not conclude that permeabilisation of the
cell wall is not occurring. Small gaps may still be formed on the underside of the
cellular structure. Large, obvious holes in the cell wall are often lethal to the cell and
as such are not optimal.”” Previous studies of gene transfection using larger CNT
features indicate that the gene transfection is high but the cell viability is low.
Therefore it may be advantageous to use smaller CNT features to produce smaller
gaps in the cell membrane for gene transfection studies. Permeabilisation of the cell

wall is not only reliant on the SWCNTs piercing the membrane, the integrity of the
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cell wall may be compromised by a number of other factors induced by the SWCNT

substrates.
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7.4 Gene transfection

7.4.1 Gene transfection by permeabilisation

Gene transfection studies were investigated using pEGFP-N1, which is a sequence
of plasmid DNA (pDNA) encoded with a green fluorescent protein (GFP). This
plasmid was used as an initial test to determine if transfection occurs and could be

coupled with a simple nucleus stain to determine the transfection efficiency.

Initial transfection studies used pSi-SWCNT substrates by first immobilising the
neuronal cells on the SWCNT substrate (and control surfaces) and then immersing
them in a dilute solution containing the pDNA. Fluorescence microscopy was used to
determine the number of green cells, indicating transfection of the pDNA, compared
to the number of blue cells (from the Hoechst stain), indicating the total number of
cells. Testing of transfection following this method resulted in no observable

transfection of pDNA into the cells (Figure 7.11).

To improve the transfection efficiency, the transfection agent Effectene was
incorporated with the pDNA prior to transfection. Effectene is a cationic lipid which
acts to first condense the pDNA into a smaller package and the lipophilic nature of
Effectene assists the pDNA to interact and cross the negatively charged cell
membrane.*”) With the inclusion of Effectene, the transfection efficiency increased
to 4.4 % for the pSi-APTES-SWCNT substrates compared to 4.2 % for pSi-APTES
and 2.5 % for the for bare pSi substrate (Figure 7.12, Table 7.2). The difference in
efficiency between the surfaces is statistically negligible. However, the low cell
count observed for the pSi and pSi-APTES controls is an interesting observation. A
low cell count indicates that the cells did not show a particular affinity to the pSi
substrate and are easily removed. This may result in the cells being close to death
when the gene transfection studies were completed, which may result in false
positive green cells observed. A lower cell count for the control substrates was also
observed for the phalloidin and CMRA staining (Figure 7.3 and Figure 7.4) but to a
lesser degree. The difference between the cell numbers observed for the previous
phalloidin and CMRA staining compared to Hoechst staining in Figure 7.11 and
Figure 7.12 is that the gene transfection experiments involved up to 72 hr of cell

culture incubation compared to 4 hr for the morphology investigations. The longer

252




Chapter 7

incubation time used for the gene transfection clearly has a greater effect on cell

numbers.

Il - Hoechst + pDNA

(b) pSi-APTES

(c) pSi-APTES-SWCNT

Figure 7.11: I pDNA fluorescence and II Hoechst staining + pDNA of SK-N-SH
cells on (a) pSi, (b) pSi-APTES and (¢) pSi-APTES-SWCNT substrates after the
gene transfection experiment.
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| - pDNA + effectene Il - Hoechst + pDNA

(c) pSi-APTES-SWCNT

Figure 7.12: T pDNA fluorescence and II Hoechst staining + pDNA of SK-N-SH
cells on (a) pSi, (b) pSi-APTES and (c) pSi-APTES-SWCNT substrates after gene
transfection experiment with Effectene added.

Table 7.2: Summary of transfection efficiencies for pPDNA with Effectene on the
pSi based substrates.

no. green no. blue Transfection
Sample

cells cells efficiency (%)
pSi 4 160 2.5
pSi-APTES 6 96 4.2
pSi-APTES-SWCNT 15 341 4.4
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The overall transfection efficiency for the neuronal cells for all surfaces is low;
the result is unsurprising considering the SK-N-SH cell line is notoriously difficult to
transfect, which was the motivation for the current study. In fact, the biological agent
supplier, Qiagen, does not list any transfection agents which have previously been
shown to transfect neuroblastoma cell lines (www.qiagen.com). Conversely, the low
efficiency is surprising considering the evidence for cell permeabilisation from the PI
and DIOC;s (3) staining presented earlier (Figure 7.5 and Figure 7.6). However, the
AFM and SEM images suggested that the small height of the SWCNTs resulted in an
exclusive interaction with the underside of the cells. Therefore, if the pores induced
by the SWCNTs are on the wunderside of the «cells the pDNA
(MW = > 600 000 g mol") may not physically be able to reach the pores induced by
the SWCNTs, while the smaller, more mobile PI (MW = 668 g mol™) could enter the
cell membrane. Additionally, the type of permeabilisation induced by the SWCNTSs
may enhance the infiltration of PI but fail to show an effect on the infiltration of

pDNA.

In order to increase the cell count for the transfection, the same experiment was
repeated on a flat Si substrate. The use of flat Si has previously shown to increase the
cell number, area and length of SK-N-SH cells when compared to pSi with a pore
size range of 5 — 20 nm.*” Figure 7.13 displays the transfection results obtained. A
lower discrepancy in cell number was obtained, but gene transfection was again
shown to be similar between the samples with the Si substrate having an efficiency
of 0.3 % compared to 1.7 % and 0.95 % obtained for the Si-APTES and Si-APTES-
SWCNT surfaces, respectively. The efficiency values obtained on flat Si were lower
than on pSi possibly because the cells are more viable on the flat Si substrate, and
therefore the cell membranes are less compromised. Despite the differences in
transfection efficiency observed repeatedly, the efficiencies obtained for both

substrates were too low to warrant further investigation.
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| - pDNA + effectene Il - Hoechst + pDNA

(b) Si-APTES

(c) Si-APTES-SWCNT

Figure 7.13: I pDNA fluorescence and II Hoechst + pDNA staining of SK-N-SH
cells on (a) flat Si, (b) flat Si-APTES and (c) flat Si-APTES-SWCNT substrates
after gene transfection experiment with Effectene added.

Table 7.3: Summary of transfection efficiencies for pPDNA with Effectene on the
flat Si based substrates.

no. green no. blue  transfection

Sample cells cells efficiency (%)
Flat Si 2 668 0.3

Flat Si-APTES 7 411 1.7

Flat Si-APTES- 9 946 0.95
SWCNT
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To improve transfection efficiency, attempts were made to place the pPDNA onto
the SWCNTs prior to cell immobilisation in order to give the pDNA access to the
underside of the cells, where the pores are likely to be formed. The difficulty in
achieving this is that the pDNA must be bound to the pSi-SWCNT substrate with
enough strength to remain on the surface during cell immobilisation while also being
able to readily desorb from the surface in order to enter the cells. The simplest
method to achieve this is to electrostatically adsorb the negatively charged plasmid to
the surface. The Si-SWCNT substrate has a net negative charge from the carboxylic
acid groups on the functionalised SWCNTs. Diethylenetriamine (DETA) was
attached to the SWCNTSs by means of simple amide coupling chemistry in order to
introduce amino groups to the ends of the SWCNTs which are known to promote

electrostatic binding of DNA (Figure 7.14).1°!

SK-N-SH cells

pDNA
DETA

SWCNTs

Si substrate

Figure 7.14: Schematic of SWCNTs chemically attached to Si substrates with
positively charged diethylenetriamine (DETA) electrostatically binding pDNA to
the substrate prior to cell culture.

To confirm that DETA was chemically attached to the SWCNTSs, the surface was
analysed via XPS. In order to correctly determine the effect of the DETA on pDNA
adsorption and subsequent gene transfection, two SWCNT attachment schemes were
investigated, direct ester and APTES mediated. This was required because the

APTES layer also contains nitrogen atoms which may have influenced the result.

The direct ester SWCNT substrate (Figure 7.15 (a, ¢)) showed no nitrogen peak at
400 eV until after the DETA attachment. This is clear evidence for DETA
immobilisation. Other interesting results from the XPS data of the Si-ester-SWCNT
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surfaces include the absence of any N 1s peak prior to DETA attachment which
indicates that both DCC and DMSO are completely removed during the washing
process. Additionally, the C 1s (=287 eV) peak of the cleaned, oxidised Si (black
series in Figure 7.15) is almost of equal height to that after SWCNT deposition. This
observation shows that the amount of carbon material collected on a cleaned surface
while transporting between laboratories is quite high and that the C 1s spectra in

itself is not evidence for the presence of CNTs.

The APTES mediated samples (Figure 7.11 b, d) show small N 1s signals prior to
DETA attachment from the terminal amine group from the APTES layer. Similar to
the direct ester SWCNT substrates, the APTES mediated substrates show a
significant increase in N 1s signal after DETA immobilisation. The N 1s signal after
DETA attachment compared to the Si-APTES surface is quite large and may suggest

that some unspecific adsorption of DETA has occurred.

After DETA attachment, pDNA was deposited onto the surface and allowed to
dry before being rinsed gently with PBS solution. The presence of the pDNA was
confirmed by depositing PI onto the surface and observing red fluorescence due to
the PI binding to the pDNA. Dropping PI onto a surface without pDNA did not result
in any observed fluorescence. Cell culture was carried and the system was visualised
with fluorescence microscopy to determine the extent of gene transfection (Figure
7.16). Cell transfection for the SWCNT substrates is summarised in Table 7.4. No
significant enhancement had occurred after pPDNA adsorption to the surface prior to
cell culture. This may be a result from the pDNA being electrostatically bound too
tightly to the surface (see the very large N 1s peak in Figure 7.15, indicating a high
population of amine groups) or the pPDNA may have diffused throughout the culture
medium during the 20 hr of the cell culture prior to the addition of Effectene. If the
pDNA is spread throughout the solution it will no longer be in close proximity to the
SWCNT-cell interface which is where the permeabilisation will occur. The issue
with the placement of the pPDNA may be overcome by chemically linking the pDNA

(321 The chemical attachment of the

to the SWCNTs using a cleavable chemical linker.
pDNA to the SWCNTs will not allow the pDNA to diffuse away from the surface
during cell culture. Upon exposure to a certain stimulus (e.g., light, pH or enzyme
activity) the linker holding the pDNA can be severed, allowing the plasmid to enter

the cell. Although promising, this could not be pursued due to time constraints.
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Figure 7.15: XPS analysis to determine if the amine containing diethylenetriamine
(DETA) is bound to the surface after SWCNT attachment via (a, ¢) direct ester
attachment and (b, d) APTES mediated attachment showing (a, b) survey scans and
(c, d) higher resolution spectra of the N 1s peak.
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| - pDNA + effectene

Il - Hoechst + pDNA
(a) Si-SWCNT

(b) Si-SWNCT-DETA

(c) Si-APTES-SWCNT

(d) Si-APTES-SWCNT-DETA

Figure 7.16: I pDNA fluorescence and II Hoechst + pDNA staining of SK-N-SH
cells on (a) Si-SWCNT, (b) Si-SWCNT-DETA, (c) Si-APTES-SWCNT and (d) Si-
APTES-SWCNT-DETA substrates after gene transfection experiment with
Effectene added.
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Table 7.4: Summary of transfection efficiencies adsorbed pDNA with Effectene on
SWCNT substrates.

no. green no. blue  transfection
Sample .
cells cells efficiency (%)
Si-SWCNT 1 80 1.25
Si-SWCNT-DETA 3 83 3.6
Si-APTES-SWCNT 5 105 4.8
3

Si-APTES-SWCNT-DETA 115 2.6

While transfection on the SWCNT substrates was observed, it only occurred in
the presence of Effectene. The use of transfection agents is undesirable under some
circumstances as they often reduce cell viability.’> ** The low transfection
efficiency may not be a result of the mobility of the pPDNA but may be in fact caused
by the lack of permeabilisation of the cells. Although we have shown some evidence
for permeabilisation of the cells, the lack of pDNA transfection indicates that perhaps
the induced pores may be too small for the plasmid to enter the cell. To increase the
induced pore size, electroporation of neuronal cells was attempted on the Si-SWCNT

substrates.

7.4.2 Gene transfection by electroporation

The electric field enhancement factor of the Si-SWCNT substrates demonstrated
in Chapter 6 make them prime surfaces for electroporation. Electroporation is the
inducement of pores within the cellular structure by the application of an external
electric field. The electric field causes the rapid movement of species both within and
outside the cell and can create small pores. However, the magnitude of electric field
that leads to the highest gene transfection efficiency often also leads to the lowest
cell viability. The use of CNTs allows a lower external applied electric field to create
a very large local electric field around the apex of the CNTs. Therefore, the pores
should be formed on the cells in areas close to the apex of the CNTs while areas
away from the CNTs will not be adversely affected by the electric field. This should

result in high transfection efficiency while retaining high viability.
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(@) (b) (c)
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12V

24V
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Figure 7.17: Summary of initial electroporation experiments showing fluorescence
microscope images of SK-N-SH cells stained with both Hoechst and pDNA on (a)
Si-SWCNT, (b) Si-SWCNT + Effectene and (c¢) Si + Effectene.

Electroporation experiments were completed by using the Si-SWCNT substrate as
the negative electrode separated by an o-ring (1 mm thickness) from a gold coated
glass slide as the positive electrode. The o-ring was filled with electroporation buffer
and a short pulse (10 ms) of voltage was applied to the surface. After the pulse was
applied the surface was incubated in standard cell culture conditions for 48 hr. The
cells were imaged by fluorescence microscopy where green cells indicate
transfection of the pDNA expressing GFP. The electroporation results are
summarised in Figure 7.17. No transfection was observed without the presence of the
transfection agent Effectene (Figure 7.17 (a). Gene transfection was obtained when

Effectene was added (Figure 7.17 (b, ¢)) with no particular trend of no. of green cells
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vs. applied voltage observed (which is expected if the applied voltage is controlling
the gene transfection). A concerning result was that the 0 V and the bare flat Si
controls (Figure 7.17 (¢)) seemed to produce efficiencies of equal or higher to the Si-
SWCNT substrates. Equally concerning was the lower number of blue Hoechst
stained cells observed, which may indicate that the electroporation, or the manual
handling of the samples may reduce cell viability. Dying cells were more likely to be

transfected, giving a false positive result.

To determine the cause of the strange Hoechst stain observed in Figure 7.17 tests
were carried out to determine the maximum applied voltage that would not affect
viability of the cells. Applied voltages of 0, 12, 24 and 48 V were investigated by
with both Hoechst and FDA staining. It was found that the cells remained viable up
to an applied voltage of 24 V. All further experiments were completed at applied
voltages ranging from 0 — 24 V. FDA and transfection of the pDNA expressing GFP

cannot be investigated concurrently as both show green fluorescence.

The electroporation experiment was completed on the Si-SWCNT-DETA surfaces
with extra care taken in the manual handling of the samples in order to not adversely
affect cell viability. The pDNA transfection results are shown in Figure 7.18. Most
importantly, no Effectene was added in these experiments. Hoechst staining shows a
much improved cell density compared to Figure 7.17. This experiment is the first
time that GFP expression has occurred without Effectene. However, the efficiency is
very low (<0.1 %) and the 0 V experiment shows transfection. This may indicate
that the manual handling and removal from cell culture conditions of the samples has

influenced transfection, not the electroporation itself.
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Figure 7.18: Fluorescence microscope images of electroporation of SK-N-SH cells
on Si-SWCNT-DETA substrates at varying applied voltages showing (I) pDNA
expressing GFP and (II) Hoechst stain.
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The electroporation apparatus used was based on the design reported by Iwata et
al.”) However, they did not explicitly mention how the apparatus was put together.
A small variation between our methods may in fact make a large difference in the
obtained result. The Si-SWCNT substrates prepared clearly exhibit a very large
electric field enhancement (as shown by the field emission experiments) and
therefore should be perfect substrates for electroporation. Further experiments are
required in this promising area. However, a drastic change in the design of the
electroporation apparatus might be required. The Si-SWCNT substrate should be
kept within the same vessel for both cell culture and electroporation as the manual
handling of the sample and subsequent exposure to air and the lack of pH/

temperature control was clearly adversely affecting the cells.
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7.5 Conclusions

The morphology and permeabilisation of the human neuronal cell line SK-N-SH
was investigated on SWCNT-decorated substrates and compared to oxidised and
APTES-functionalised pSi. Cytoskeletal and cytoplasmic staining showed that cell
density and cell morphology was significantly different on SWCNT-decorated
surfaces as compared to pSi without SWCNTs. The SWCNTs gave rise to better cell
attachment in terms of cell numbers but at the same time reduced cell spreading. Cell
membrane staining suggested that the SWCNTs permeabilise the cell membranes.
Incubation with the DNA binding dye PI showed that the small molecule could
indeed enter into the cells attached on the SWCNT-decorated substrates but not on
pSi alone. FDA staining confirmed the viability of the permeabilised cells. AFM and
SEM imaging did not show any major structural deformation of the cellular structure
induced by the SWCNTs, indicating that the permeabilisation was restricted to the

underside of the cells.

Transfection of pDNA was attempted using two protocols. The first was
absorption after permeabilisation, which showed no transfection without the addition
of Effectene. Transfection efficiencies, with Effectene, were quite low and showed
no statistical increase between the SWCNT and control surfaces. The second
transfection mechanism was electroporation, which showed pDNA transfection
without the use of Effectene. However, cell viability appeared lower after
electroporation suggesting that manual handling and subsequent exposure to air and
the lack of pH/ temperature control during the electroporation experiments were

responsible for the transfection observed.

The chemical attachment of SWCNTs to pSi is a simple method to produce a
platform suitable for studying cellular interactions and may find application in gene
transfection and as platforms for the electrical stimulation for neuronal cells. More
work is required on gene transfection while investigating other cell lines may provide

more advantageous results.
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8.1 Conclusions

The chemical attachment of carbon nanotubes to silicon was investigated for use
in water filtration, field emission and as a scaffold for biomaterial immobilisation.
Single, double and multi-walled carbon nanotubes were chemically attached to
silicon. The alignment of each CNT type varied depending upon their level of
functionalisation. SWCNTSs were shown to orient vertically from the surface while
DWCNTs were shown to attach with both vertical and random alignment and the

MWCNTs were shown to attach with an exclusive horizontal alignment.

Control over the placement of SWCNTs was shown by producing both surface
coverage gradients and patterns of SWCNTs on Si substrates. Surface coverage
gradients were achieved using both a topographical surface gradient and a surface
chemical gradient. Both gradient fabrication procedures produced surfaces with a
broad range of CNT coverage values which have the potential to efficiently
determine the optimal CNT coverage for a particular application. SWCNT patterning
was achieved by producing a silane pattern using conventional photolithographic
means. Subsequent SWCNT chemical attachment to the silane pattern produced
SWCNT patterns with dimensions limited by the original pattern fabricated on the

photoresist material.

SWCNT membranes were fabricated by chemically attaching SWCNTs to a pSi
membrane support, filling the gaps between the SWCNTSs with polymer followed by
revealing the SWCNT tips via plasma treatment. Water transport was observed
through the membranes at permeability values approximately equal that of a
commercial reverse osmosis membrane but 90 — 800 times lower than other CNT
membranes reported. The low permeability of the SWCNT membranes was
attributed to the inhomogeneity of the polymer layer and the brittle nature of the pSi
membrane support. The chemical attachment of SWCNTSs to pSi is not an optimal

fabrication process for a CNT membrane.

Field emission from the Si-CNT substrates was shown to exhibit FE
characteristics (turn-on field and electric field enhancement factor) within the top
20 % of values reported. The field emission stability from the Si-SWCNT electrodes
was shown to be superior to that of the DWCNT and MWCNT electrodes, which is
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in contrast to other results in the literature. The Si-SWCNT electrode was shown to
maintain a current density of ~ 750 pA cm™ for over 14 hr with negligible change in
applied voltage. The increase in stability was attributed to the chemical attachment

reducing CNT desorption.

The pSi-SWCNT substrates proved to be a suitable scaffold for the investigation
of the proliferation and morphology of the mammalian neuronal cell line SK-N-SH.
Patterning of the surface lead to patterning of the immobilised cells. Evidence from
staining specific cellular elements suggested that the SWCNTSs permeabilised the cell
membrane. However, the efficient transfection of a plasmid DNA was not achieved.
Electroporation of the cells immobilised on Si-SWCNT scaffolds was attempted but
the effect of the SWCNTSs was negligible compared to the control substrates.
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8.2 Future directions

It does not seem likely that a commercial water filtration membrane will be
prepared using CNTs chemically attached to a supporting substrate. The small height
of the chemically attached CNTs make it difficult to produce a membrane strong
enough to withstand the applied pressure required. Increasing the height of the
chemically attached CNTs is not a trivial exercise. Although it seems simple that
cutting the CNTs (ultrasonication in mixed acid) for a shorter time will lead to longer
CNTs in solution and hence taller CNTs on the surface, this does not occur in
practice. In fact, cutting for a shorter time seems to produce SWCNT solutions that
are less soluble, as the number of functional groups on the SWCNTSs decrease, and
therefore are less likely to chemically attach to the surface. When Si-SWCNT
substrates are produced from a solution of ‘longer’” SWCNTs AFM imaging reveals
CNTs of similar height but at a lower surface coverage (compared to the ‘standard’
CNT length). To increase the strength of the CNT membrane, polymers with higher
strength could be used. Such polymers may be difficult to deposit in thin films. The
other possibility to increase membrane strength is to use a support other than pSi.
Porous alumina (pAl) is a possible candidate.  PAl is formed by the
electrochemically etching of aluminium disks."! The surface chemistry of pAl is
different to that of silicon but the deposition of silane layers onto pAl has been
reported.”) The major drawback of pAl is that the current minimum pore size
reported is 20 nm with pore size ranges of 70 — 150 nm most common. The chemical
attachment of SWCNTs to pAl with pore sizes of this range was investigated and it
was found that the diameter of the SWCNT bundles was not large enough to

transcend the pores, making them ill-suited for membrane applications.

The most promising area of CNT membrane fabrication for water filtration is the
CVD growth of vertically aligned CNTs. As the CVD process is further refined, the
growth of pristine CNTs of consistent height and diameter will become possible. The
next barrier to creating a membrane is the polymer deposition. To ensure that the
polymer — CNT adhesion is strong, without gaps there should be a covalent
interaction between them. To achieve this, the ideal CNT membrane will consist of
DWCNTs with a pristine inner CNT of low diameter (<1 nm) for enhanced,

selective flow of water molecules while the outer CNT wall can be functionalised
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(e.g. via plasma treatment) with groups that will promote adhesion with the polymer
filler. For example, reverse addition fragmentation chain transfer (RAFT)
polymerisation chain transfer agents (CTAs) could be formed on the surface of the
outer CNT where a polymer can be then be grafter-from or grafted-to the CNT."#
The growth of an entire polymer film may not be plausible but better mixing between
the CNTs and a second deposited polymer (e.g., spin coating or CVD) may be

possible.

The Si-SWCNT electrodes proved to be a remarkable field emitting substrate,
considering their ease of fabrication. While the emission stability seemed promising,
a commercial product will require an output current density of 1 — 10 mA cm™ to be
stable for a greater period of time. For example, as an electron source in a SEM or
TEM a SWCNT field emission electrode may be required to last 100’s of hours
whereas in a television or computer monitor the SWCNT field emission electrode
will be required to be stable for 1000’s of hours. There is no evidence to suggest that
the Si-SWCNT electrodes could not achieve the required current density for
application, further investigation into the maximum current density output (and the

emission stability at that output) of the Si-SWCNT electrodes is urgently required.

After the initial wave of reports of field emission from CNTs, the number of
publications has begun to decrease in recent years (Figure 8.1). This decrease may be
caused by a number of reasons but a major factor is that no commercial product that
uses a CNT field emission electron source is currently on the market. Improvements
to emission stability are required. As the CVD production of CNTs is continually
refined, the growth CNTs with high aspect ratio and little defects will become
possible. The deposition of a thin polymer layer should increase emission stability by

reducing CNT desorption."

A second factor in the decrease in publications could be the changing market of
display technologies. Electron sources were the major component of cathode ray tube
televisions and monitors which have recently been replaced by LCD (liquid crystal
display) and plasma technologies. Although it may be argued that they are in
competition, CNT surfaces have the potential to be used as a component in LCD
screens. Pictures are formed on LCD screens by the manipulation and alignment of
liquid crystals under the application of an applied field. The electric field

enhancement of CNTs can be used to reduce the voltage required to control the
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Figure 8.1: Publication number for articles containing both “carbon nanotube” and
“field emission” obtained using SciFinder search function 8/8/11.

] The resolution of the display created will

crystals, reducing power consumption.
be determined by the spacing of patterned CNT features with feature resolution of
less than 2 pm desired.”? The photolithography patterning of SWCNTSs chemically
attached to silicon described in Chapter 4 could produce patterns in the region of 10
um. In order to pattern the SWCNTs down to the 1 um scale e-beam lithography!®! or

AFM nanolithography™ could be used.

The investigation of cellular interactions with nanoarchitectures is predominantly
studied in biology based research groups. These research groups often do not have
access to the sophisticated equipment required for the growth of vertically-aligned
CNTs by CVD methods. It is for this reason that the chemical attachment of
SWCNTs to surfaces to produce scaffolds for cellular interfacing is an exciting area
of research. The interaction of SWCNTs with various cell lines and under various
conditions can be investigated by a vast array of research groups which otherwise

would not have the opportunity.

The adsorption of the pDNA to the SWCNTs is a vital component of gene
transfection by both permeabilisation and electroporation. To further control the
adsorption and release of the DNA, the use of a cleavable linker could be

investigated. Recent research has shown that a chemical linker with a disulphide
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moiety can be used to bind plasmid DNA to CNTs. Enzymatic activity within the cell
membrane is then capable of cleaving the linker, leaving the DNA to be freely taken
into the cell.'”’ This process can be repeated on the chemically attached SWCNTs
using the remaining carboxylic acid functional groups. Figure 8.2 details a possible
mechanism where simple coupling chemistry is used to functionalise the SWCNTs
with first ethylenediamine (molecule a in Figure 8.2) and then the cleavable linker

containing the desired moiety for transfection (molecule b).

—

O a 0 g b (0] H
OH NN NN sa=X
H2NWNH2 H HOJ\/\S—S-—X H r\/
—_—

X = pDNA

Figure 8.2: Proposed schematic of the chemical attachment of DNA to carboxy-
CNTs via a cleavable linker containing a disulphide group.

Although the observed gene transfection was low for the SK-N-SH cell line, there
are many other cell lines of interest which may behave differently upon SWCNT
scaffolds. Of particular interest will be cells that have a preference for rough

substrates such as human umbilical endothelial cells.!'!!

The electroporation experiments were surprisingly unsuccessful considering the
large electric field enhancement observed in the field emission experiments.
Improvements to the electroporation apparatus may be necessary. The
electroporation procedure used required the Si-SWCNT-cell substrate to be removed
from the culture plate for electroporation. The manual handling of the substrate and
manoeuvring of the o-ring was considered to be a major cause in the lower viability
observed for the cells after electroporation. To remove the need to handle the Si-
SWCNT substrates after cell culture, an electroporation apparatus that could be used
for both cell culture and electroporation should be designed. The ideal apparatus
would be similar that shown in Figure 8.3 where a substrate is sealed into place in a
custom-built Teflon cell with a fixed height cavity where a platinum electrode can be

placed for electroporation experiments.
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Figure 8.3: Schematic of proposed improved electroporation apparatus where both
cell culture and electroporation are completed within the same cell.

This Thesis has shown that the chemical attachment of SWCNTs to silicon can be
used to create field emission electrodes and scaffolds for bioengineering but there are
further applications that surfaces created in this fashion may find use. Chemical and

biological sensors as well as photovoltaic devices have already been reported.!'*

The electrical conductivity of these surfaces makes them suitable scaffolds for
storage of molecular hydrogen.!"! The obstacles for application in hydrogen storage
include the relatively low surface area of the thin films created and the inaccuracies
in calculating the mass of attached CNTs. A high surface area is desirable as it will
increase storage capacity; the chemical attachment of CNTs to 3-dimensional
nanostructured surfaces and the use of MWCNTs have the potential to increase the
surface area of the Si-CNT substrates. The accurate calculation of CNT mass is
required to determine the storage efficiency and applied charge required during
experimentation. The value of CNT mass could potentially be calculated by attaching
CNTs to a gold surface within a quartz crystal microbalance. However, whether the

value obtained on a gold surface will be the same as for Si is debateable.

Despite the promise of device application, a major problem must be addressed
before the commercialisation of devices based on chemically attached CNTs can
become a reality. The variability, regarding CNT density and alignment, in surfaces
produced can be quite vast (see error bars in Figure 3.4). The variability is attributed

to the use of the coupling agent DCC which is well known to produce various side
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products.'® To improve the surface chemistry, additives such as 1-hydroxy-1H-
benzotriazole (HOBt) or I1-hydroxy-7-azabenzotriazole (HOAt) can be used in
conjunction with DCC and have been shown to reduce the number of side reactions
in DCC assisted coupling."” In addition, coupling agents other than DCC can be
used, DIC (diisopropylcarbodiimide) is a different form of carbodiimide coupling
agent which has been shown to produce less side products while HATU (O-(7-
azabenzotriazol-1-yl)-1,1,3,3-tetra-methyluronium  hexafluorophosphate) is a

uronium/aminium salt which is considered an elite coupling agent.!'® '*!

It is clear that the properties of CNTs make them attractive for a large number of
applications, many of which require surface-bound CNTs. The chemical attachment

of CNTs to Si is a promising route toward device application.
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