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Abstract

Carbon nanotubes (CNTs) are a group of pure carbon solid materials that possess one-
dimensional structures with diameters down to less than one nanometre. They have
interesting physical properties such as very high tensile strength, metallic and
semiconducting conductivity, and great potential for applications.

This work investigates the synthesis, alignment and purification of multi-walled carbon
nanotubes, which were characterized by Electron Microscopy, measurement of electrical
properties and Raman scattering.

Synthesis of multi-walled carbon nanotubes (MWNTSs) was carried out by Chemical
Vapour Deposition, using three different precursors: Fe(NOs)s, ferrocene and iron
phthalocyanine. Vertically aligned “forests™ of large numbers of MWNTSs were achieved
using ferrocene and iron phthalocyanine as precursors. Products from iron
phthalocyanine yield more graphitic CNT nanostructures, as determined by Scanning
Electron Microscopy, Transmission Electron Microscopy, Thermogravity Analysis,
Raman microscopy and Energy Dispersive X-ray spectroscopy. Patterned growth of
vertical MWNTSs arrays with a resolution of 2 microns was also obtained, using a pre-
deposited substrate. A High Resolution Transmission Electron Microscope was employed
to investigate the inner structures of individual MWNTs, giving well-resolved images of

concentric nanostructures with inter-lattice spacings of 0.34 nm.



Techniques for purification and manipulation of CNTs are required before CNTs’
excellent properties can be exploited. In this thesis, dielectrophoresis (DEP) under high-
frequency AC voltages using an array of micron-scale electrodes was adopted as the
technique to align MWNTSs between these electrodes. This technique is effective for
MWNTs since their long cylindrical structure and the high mobility of their charge
carriers allow them to be electrically polarised. As a result, MWNTSs experience large
DEP forces in an AC electric field. In our experiments, inter-digitated electrodes were
used to apply the electric field to CNT suspensions in various solvents. Alignment of
CNTs along their axis was achieved within the gaps between adjacent electrodes at a
frequency larger than 1.1 MHz. The AC admittance changes between the electrodes were
monitored and were observed to be a clear reflection of the accumulation process of
MWNTs. Also it was identified that distilled water was a better solvent than ethanol and
isopropanol for DEP purpose on MWNTs.

In addition, a prototype device was built to selectively purify MWNTSs from as-grown
samples by combining DEP and re-circulating fluid flow. It was found that this device is
able to decrease the impurity content of MWNTSs, which is collected on the electrode

array, from the suspension of as-grown samples.
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Chapter | Introduction to Carbon Nanotubes

Chapter 1
Introduction to Carbon Nanotubes

Carbon materials, such as diamond, graphite. carbon fibre and activated carbon are being
widely used because of their excellent comprehensive properties. Carbon nanotubes are a
novel member in the carbon materials family with unique structures, intriguing
comprehensive properties and promising application prospects. They have attracted
tremendous research interest since they were discovered in 1991,

In structure, carbon nanotubes are pure carbon cylinders with diameters ranging from
less than one nanometer to hundreds of nanometers. Carbon nanotubes are classified as
single-walled and multi-walled nanotubes, depending on the number of their shells. A
single-walled carbon nanotube can be viewed as a single sheet of graphite, or a graphene
sheet. which is rolled into a tube, whereas a multi-walled tube contains more than one
layers of graphene.

Single-walled nanotubes have some interesting quantum effects in their conducting
behaviour and they can be classified as metallic tubes and semiconducting tubes, based
on their conducting properties. Ballistic transport phenomenon has been observed in
metallic single-walled and multi-walled nanotubes and it is attributed to their unique one-

dimensional structures.



Chapter 1 Introduction to Carbon Nanotubes

This chapter reviews the classification, structure and physical properties of carbon
nanotubes. The properties of nanotubes depend strongly on their helicities and
geometrical structures. The superb electric and mechanical properties they demonstrated
result from their unique structures and boost the extensive applications of this group of

novel materials.

1.1 Carbon-based solid materials

Carbon is the sixth element in the periodic table and the first element of Group IV. It is
the basis of organic chemistry. Carbon-based solid materials, or materials which were
purely made of carbon, have been vastly utilized worldwide because of their excellent
optical, electrical and mechanical properties. Besides those realized applications, carbon-
based solid materials, which include diamond, graphite, carbon fibre, activated carbon,
fullerene and carbon nanotubes. possess further promising application prospects and
attract profound research interests.

1.1.1 Carbon and hybridisation

Inside a carbon atom, there are 6 electrons, l.v32.s'32p3. Hybridisation of the 2s and three 2p
atomic orbitals usually occurs in three different ways: sp, sp3 and sp‘*. In the case of most
carbon-based solids, there are sp" and .s'pj hybridisations. In sp’ hybridisation, the four
valence electrons of carbon occupy the four sp’ bond orbits. In sp: hybridisation, three of
the four outermost electrons participate in covalent ¢ bonds, leaving the fourth electron in
a 2p. orbital that is able to form an extended n-bonding network. sp"' hybridisation results
in tetrahedral atomic structures such as in diamond (as shown in Figure 1-1 (a)) while sp”

forms a planar structure, which can be found in a variety of graphitic structures. Among
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the sp" carbon isomers, there are graphite (see Figure 1-1 (d)), carbon filament or fibre,

fullerenes [91] (see Figure 1-1 (b)) and carbon nanotubes (see Figure 1-1 (¢)).

(d) graphite

(10.10) mbe

Figure 1-1: Carbon-based allotropes: (a) diamond; (b) Ce: (¢) (10,10) single-walled
carbon nanotubes: and (d) graphite.

Table 1.1 Carbon isomers form structures ranging from 0-Dimensions (such as fullerenes)

to 3-Dimensions

Dimension 0-D 1-D 2-D 3-D
Ceo Carbon Graphite Diamond
Isomer
fullerene nanotube fibre
Hybridisation (spz sp°) sp2 (sp3) sp2 sp3
Density 1.72 1.2-2.0 2.26 3:52
[g/cm3 ]
Bond length 1.40(C=C) 1.44(C=C) 1.42(C=0C) 1.54(C-C)
[A] 1.46(C-C) 1.44(C=C)
Band gap Semiconductor Metal or Semimetal Insulating
E;=19ev semiconductor E;=547ev
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As listed in Table 1.1, carbon isomers form structures ranging from 0-Dimensions (such
as fullerenes) to 3-Dimensions (such as diamond) and show great variety in their
appearance and properties. This variety is attributed to the different hybridisations of their
atomic orbitals and different bond structures. Of these isomers. graphite and fullerene

will be reviewed briefly here because of their close resemblance to carbon nanotubes.

1.1.2 Electronic structure of graphite

Graphite consists of layers of hexagonal lattice sheets, or graphene sheets, as depicted in
Figure 1-1 (d). Inside graphite, molecular orbitals are .s"pz—llybridised. The sp° bonding
links adjacent carbon atoms with a bond distance of 0.142 nm within each planar layer.
However, there is only a relatively weak van der Waals force binding between layers
where the interlayer distance is 0.335 nm. The anisotropy in the structure and the weak
interlayer molecular force make graphite soft and slippery.

The sp’-hybridised orbitals form o valence bands and 6* conduction bands. And the 2p-
orbitals, which do not participate in the hybridisation, are oriented in the z-direction,
perpendicular to the sheet, and form a m covalent bond, which is responsible for most of
the solid-state properties of graphite. The energy dispersion diagram in Figure 1-2
displays 7 bonding band and n* antibonding band.

1.1.2.1 o bands of graphite

2s, 2p, and 2p, orbitals hybridise into an sp” covalent bonding orbital for each carbon
atom. Tight binding calculations on the band energy of two adjacent covalent carbon
atoms [91] gave the following results: there are six ¢ bands in the orbital, three of the

bands are bonding ¢ bands with energy levels below the Fermi energy and the other three
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are antibonding ¢* bands with energy levels above the Fermi energy. The six electrons in

25, 2p, and 2p, orbitals occupy the three ¢ bands with the lower energy than the o* bands.

1.1.2.2 7 band of graphite

E (eV)

K M K

Figure 1-2: The energy dispersion band structure of a graphite sheet calculated within a
m-band tight-binding model. The valence 7 and conduction 7* bands show degeneracy at
the K points in the Brillouin zone at the Fermi level.

The 7 band of graphite is of more significance than the ¢ bands for the electronic
behaviour of graphite. Figure 1-2 depicts only the 7 valence band and the 7* conduction
band in the energy dispersion structure of graphene. The lower band in the dispersion
describes the 7 valence band and the upper band describes the m* conduction band. These
two bands are degenerate at the Fermi level, at the K points, the corners of the first
Brillouin zone [76, 112]. For two adjacent bonding carbon atoms in graphite, there are
two sp. electrons, which occupy the lower 7 band to make the total energy lower than &5,
which is the energy level of 2p orbital without hybridisation.

As shown in Figure 1-2, at the K point, the band gap of the graphite is zero, therefore,

graphite is a semi-metal, or a zero-band gap semiconductor within its first Brillouin zone.
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And in the case of carbon nanotubes, the zero-gap at the K points determines the

electronic properties of carbon nanotubes.

1.1.3 Fullerene

Fullerenes [29] are a family of polyhedral. closed structure form of pure carbon. The
name “fullerene”, or “buckminsterfullerene” was given by H. Kroto and R. Smalley [61],
after the reason that the molecular structure resembles the geodesic domes designed by
the architect R. Buckminster Fuller. According to Euler’s theorem, there must be at least
12 pentagons inside a closed cage molecule. For example, there are 20 hexagons and 12
pentagons in a Cgy molecule (as seen in Figure 1.1 (b), and every pentagon is surrounded
by five hexagons. In addition to the xp: bonding, there exist some sp"' bondings, which are
caused by the curvature structure of Cg, the most common form of fullerene. There are
many other forms of fullerenes, among them, Cyy, the structure of which can be
accomplished by bisecting Cg inserting five hexagons around the equator and welding
these hexagons with the two open half domes of Cg. Even larger structures, such as Cgg
and C,g, can be built under the similar constructions.

A capped cylindrical carbon nanotube can be regarded as inserting a cylinder of hexagons
into a bisected Cgo. As shown in Table 1.1, the average carbon-carbon bond distance of

fullerene is very close to that of graphite.

1.2 The discovery of carbon nanotubes

The discovery of Cg by H. Kroto and R. E. Smalley [61] and the overwhelming

worldwide interests in nanotechnology stimulated the pioneer works on the theoretically
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proposed structure of carbon nanotubes. In 1991, Dresselhaus [30] proposed a carbon
nanostructure, which holds elongated carbon tubular structure with closed fullerene
domes at both ends. It did not take much time before the experimental discovery of
carbon nanotube.

The groundbreaking experimental discovery of carbon nanotubes was made in 1991 by
lijima [49] when he reported the multi-walled carbon nanotube structure as "helical
microtubules of graphitic carbon", supported by his experimental evidences of
transmission electron microscopy and electron diffraction pattern observations. The
nanotubes the discoverer identified, were 4 to 30 nm in diameter and up to 1 pm in length.
They were grown on a carbon electrode by use of arc-discharge evaporation of carbon in

an argon atmosphere.

1.3 The structure of carbon nanotubes

Structurally, carbon nanotubes can be regarded either as the “rolled-up” graphite
cylinders or as elongated fullerene cages. Carbon nanotubes are divided into two groups
by the number of their shells: single-walled carbon nanotubes (SWNTs, see Figure 1-3
(a)) and multi-walled carbon nanotubes (MWNTs, see Figure 1-3 (b)).

A single-walled carbon nanotube can be regarded as being formed by a rolled-up
graphene sheet with a diameter ranging from less than 1 nm to 10 nm while a multi-
walled carbon nanotube, whose diameter can be as great as hundreds of nm, is formed by
two or more concentric shells. Inside multi-walled carbon nanotubes, only relative weak
interactions exist between adjacent graphene layers. The interlayer distance is

approximately 3.4 A [49], close to the graphite value.
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(b)

Figure 1-3: Schematic cross-sections of (a) a single-walled CNT with ten carbon atoms
(shown as black dots) around the circumference and (b) a 4-layered multi-walled CNT.

This section gives a brief introduction to the structure of SWNTs. Here the description of
the structure of SWNTSs begins with the discussion on their chiralities. To fold a 2-D
graphene sheet into a 1-D nanotube, there are a number of different orientations to be
directed and as a result, SWNTSs have different chiralities. The electronic structures and
properties of single-walled nanotubes are determined by their chirality factors. In order to
give a clear description of the chiral structure of SWNTSs, some parameters must be

introduced before further discussion.
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1.3.1 Chiral vector
As shown in Figure 1-4, a graphene sheet is wrapped into a nanotube following a way by

which all of the points along the dash line AC coincide with all the points along the line
AC where dot A meets dot A and dot C meets dot C, and the sheet rolls into a cylinder.

Chiral vectors are used to specify these structures.

Figure 1-4: Unrolled lattice of a carbon nanotube. The chiral structure in the Figure
corresponds to (4.2)* helicity. The section between the two parallel dash lines wraps into

a nanotube by connecting points A and C with points A and C, respectively. *It should be
clarified that the (4,2) nanotube in this figure is for demonstrating purpose only and it doesn’t exist
in reality because of the great curvature.

The vectors a; and a; as shown in Figure 1-4 are real space unit vectors of the hexagonal

lattice. Taking a C-C bond distance as acc (1.44A), the lengths of a; and a; are \/gac-C/Z.
The chiral structure of a single-walled carbon nanotube, in another word, the orientation

in which a graphene sheet is wrapped into a nanotube, can be specified by chiral vector,
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Cy, which is defined as the vector perpendicular to the axis of the resulting nanotube and
can be written as

Cy=na; + ma; =(n,m), (n,m are integers, 0< m <n) (1-1)
The values of n and m are very important in determining the properties of carbon
nanotubes. Other parameters of carbon nanotubes can be calculated from the values of
chiral vectors. The circumference of nanotube, expressed as L, can be calculated from the

chiral vector,

L=ac.Vn® +m’ +nm (1-2)

The diameter of nanotube, expressed as d,, can then be given as

di=aceNn’+m* +nm It (1-3)

1.3.2 Chiral angle

The chiral angle, 6, is defined as the angle between the vectors C;, and a;. Based on the
geometry of the nanotube and the definitions of the chiral parameters, the value of § must

be between 0° and 30°.

\3m
2¥n’ +m’ +mn

In the wrapping sheet of Figure 1-4, the chiral vector is (4,2) and chiral angle is

sinf =

(1-4)

approximately 19.1°.
In an ideal structure of SWNT, two domes of half fullerenes meet the opening cylinder
ends. The chirality and the diameter of the domes follow those of the SWNTs, giving a

seamless cylinder.
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1.3.3 Classification of carbon nanotube
As seen in Figure 1-5, single-walled carbon nantubes are classified on their chiralities.
The three types of nanotubes shown from the top to the bottom in Figure 1-5 are armchair,
zigzag and chiral, respectively. The names of armchair and zigzag are given on the
shapes of their cross sections. Armchair, zigzag and chiral nanotubes have chiral vectors
of (n, n), (n, 0) and (n, m) where n > m, respectively. Their chiral angles are 30°, 0° and
0°< 8 <30°, respectively.
EEEE
CRERERND
ﬁ%&ﬁ J ”“’5&
Figure 1-5: Classification of single-walled carbon nanotubes (Saito [91]). The top:

armchair layout, chiral vector (n, n); the middle: zigzag layout, (n, 0); and the bottom:
chiral layout, (n, m).

"*?‘ié%;?’ﬁ’ %‘éﬁ

1.4  Electronic properties of carbon nanotubes

The electronic properties are the most intriguing characteristics of carbon nanotubes.
Quantum effects have been observed in the electronic properties of CNTs. The
conductive property of a CNT depends strongly on both the diameter and the chirality of
the hexagonal carbon lattice along the tube because the two-dimensional electronic bands
of a semimetallic graphene (see Figure 1-2) do not necessarily degenerate along the one-

dimensional structure of a CNT after being wrapped.
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The predictions of the electronic structure of carbon nanotubes were based on theoretical

calculations, and were made from different sources [47. 77, 88. 91, 92]. The electronic

band

structures of single-walled carbon nanotubes from calculations, quoted from

reference [91], are given in Figure 1-6. Summarizing these predictions, there are several

key points which need to be addressed here:

1.

8]

SWNTs with (n, n) chirality indices are truly metallic. As shown in Figure 1-6 (a),
the lowest conduction band and the highest valence band cross at the Fermi level,
leading to a degenerate electronic density of states.
SWNTs with (n, m) indices and n-m= 3 are semimetallic with zero band gap. As
shown in Figure 1-6 (b), the lowest conduction band and the highest valence band
are degenerate where they met at the Fermi level. Their electronic density of
states is non-zero at the Fermi level.
SWNTs with (n, m) indices are semiconducting when n-m # 3 X integer. As
shown in Figure 1-6 (c), the lowest conduction band and the highest valence band
are not degenerate across the Fermi level, and there is an open gap between the
two bands [78], expressed as E 4.

E gap = 2y, Gc-cldy, (1-5)
ac..is the C-C distance and d, is the tube diameter, y, is the nearest overlap tight
binding energy.

Their electronic density of states is zero at the Fermi level.

These predictions have been supported by experimental observations using a high-

resolution scanning tunnelling microscope (STM). In a STM experiment [48, 67, 82, 106],

a STM tip is kept very close to the sample and a voltage (V) can be scanned on an

12
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individual carbon nanotube sample. The tunnelling current (I) between the tip and the
sample is very sensitive to the surface atomic geometry and the local density of states
which can be measured by dI/dV/(I/V) [101]. STM can then reveal the atomic structures
of the tube’s geometry and correlate the information of chirality and diameter, and the

intrinsic transport property of the nanotube.

3 >
la) (b)
2 2
I 1
) e 0K 44—
wi
1 1
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3 a p
r k= » F k= X F & X

Figure 1-6: Electronic band structure versus wave vector of single-walled nanotubes with
chiral indices of (5.5), (9,0) and (10.0), from the left to the right, from theoretical
calculation derived from the band structure of graphene. The two arrows point to where
the degeneracy happens. Fermi level was shown as E = 0 in the plots. On the k (wave
vector) axis, point I' represents k = 0, point X in (a) represents k = + 7/a, in (b) and (¢)

represents kK =+ n/\/g a. Reprinted from [85].

STM investigations [82, 106] also support the relation between the gap energy and tube
diameter for a semiconductive carbon nanotube and provide sound support for the 1 D
energy band structure.

The measurement of transport properties of individual nanotubes was an experimental
difficulty until 1996 when Langer [64] and Lieber [23], using different experimental
setups, independently reported their measurements on electrical properties of individual

multi-walled carbon nanotubes and single-walled nanotubes. In their experiments as well
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as later reports [9, 33, 40], conductivity measurements were made after nanotubes
bridged across two-, four- and multi-probes. These reported measurements not only
confirmed with theoretical predictions, but also revealed some interesting phenomena in

electric transport properties of nanotubes.
1.4.1 Metallic carbon nanotubes as quantum wires

About one-third carbon nanotubes are metallic. Metallic carbon nanotubes have been
named as “molecular quantum wires™ [26] because they exhibit finite conductance which
are independent of their lengths.

1.4.1.1 Single electron tunnelling and Coulomb blockade

Coulomb blockade refers to the blocking of electron transports through a nanoscale
“island” separated by tunnelling barriers from conductors on either side, due to repulsive
Coulomb interactions between individual electrons. Single electron tunnelling is an
interesting phenomenon in such systems where the tunnelling of electrons occurs one by
one through the island due to Coulomb blockade. Single electron tunnelling and Coulomb

blockade in CNTs have been observed by Bockrath et al. [9]

1.4.1.2 Ballistic transport

Ballistic transport refers to the situation in which the length of a conductor is less than the
electron mean free path. In this case electrons can traverse the conductor without
scattering and the conductance of the material is determined solely by the density of
states at the Fermi edge. As such the conductance of a ballistic conductor is independent
of the conductor length and the applied voltage. The ballistic transport conductance
between two terminals in a N channel 1D system can be expressed by the Landauer-

Buttiker Formula [112],
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Gz—h—ZT, (1-6)

where 7 is the transmission coefficient of electrons through the sample, which is equal to
1 in the case of ballistic transport of electrons. N is the number of transmission channels.
Ballistic transport has been reported [84] in a multi-walled carbon nanotube system. This
phenomenon was observed in the experimental setup, as shown in Figure 1-7 (a). As the
MWNT bundles are lowered into liquid mercury, contact will initially be made with just
one of the nanotubes (see inset of Figure 1-7 (a)). As MWNTs are dipped further into the
liquid metal contact (mercury in this case), the conductance increases in steps of Gy =
2e’/h, as shown in Figure 1-7 (b). These steps correspond to sequential individual
nanotubes coming into contact with the liquid metal such that the channel number, N,
increases as the bundle is lowered into it. The finite conductance of each individual
nanotube, which is independent of conduction path length, is characteristic of ballistic
transport and has been observed in metallic single-walled nanotubes [59] and multi-
walled nanotubes [84]. This behaviour is characteristic of ballistic transport of electrons,
which means that the transport of electrons within the dimension of the sample under
measurement is not being scattered by crystal lattice wave, or phonons.

The result in the reference [84] showed that the nanotubes are not ohmic conductors with
resistances that obey Ohm’s law and are proportional to the length of the conductor; in
fact, the conductance of the CNT bundle is independent of its length (from the contact
with the liquid to the interface from which the bundle extruded) being measured within
each step shown in Figure 1-7 (b). It implies that ballistic transport occurs in carbon

nanotubes at the room temperature.
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Figure 1-7: (a) Ballistic transport through a multi-walled nanotube bundle (W. de Heer et
al. [84]). A transmission electron microscope image of the multi-walled nanotubes used
by Walt de Heer et al. to measure the conductance of a MWNT bundle. The scale bar
represents 10 um. Inset: contact made by a MWNT between the MWNT bundle and
mercury. (b) A plot of the conductance versus the depth of the nanotube section in the
mercury at the room temperature.

The existence of ballistic transport means that metallic carbon nanotubes can support
very high current density without large heat dissipation because in such a scenario the
charge carriers traverse without being scattered. A current density of 2.5 x 10’ A/cm” has
been demonstrated in a I nm diameter tube [76]. This value is of many orders higher than
a copper wire with the same diameter. It has been reported recently that the current

passing through a 15 nm wide multi-walled nanotube can reach 675 pA [69].
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1.4.2 Semiconducting nanotubes

The semiconducting property of single-walled carbon nanotubes was first reported by C.
Dekker et al. [103] in 1998. This property has been utilized to build semiconducting
SWNT (s-SWNT)-based field effect transistors and chemical sensors. High carrier

mobility was found with s-SWNTs,

1.4.2.1 Semiconducting nanotube-based field effect transistors

b
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Figure 1-8: (a) An AFM image of an individual carbon nanotube on the top of three Pt
electrodes. (b) Schematic side view of the nanotube-based field effect transistor (FET). (c)
I = Vi characteristic of the nanotube-based FET at different voltages. Inset: the plot of
conductance of nanotube-based FET versus gate voltage [103].

In the experimental setup of Figure 1-8 (a), a single-walled carbon nanotube contacted

source and drain electrodes on the top of SiO,, which acted as an insulating layer, with Si

as a back gate underneath. The measurement of the current — bias voltage at different gate

voltage (see Figure 1-8 (c¢)) under ambient condition is analogous to p-type MOSFETSs.
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After this innovative work [103], studies related with nanotube-based FETs were
extensively conducted. The inset of Figure 1-8 (c) shows the nanotube-based FET is a p-
type transistor. The p-dopants were from oxygen in the air.

Since then, extensive work on nanotube-based FETs has been under way [42, 46, 54, 62,
75, 107, 110]. Carrier mobility of nanotubes as high as 10,000 cm*/Vs was then reported
[76]. In bulk silicon [39], with modest doping, the mobility of the electrons at room
temperature is about 1500 cm?/Vs. N-type transistors can be built by doping
semiconducting nanotubes with alkali metal [10, 27, 60] to add negative carriers to the

transistor, by insulating the CNT from positive donors [19] with a layer of PMMA.

1.4.2.2 Genre of semiconducting nanotubes, p-type or n-type?

In air, semiconducting nanotubes without any intentional doping are p-type. This is due to
the extreme sensitivity of nanotubes to oxygen. The oxygen species absorbed by
nanotubes are strong electron acceptors and positive charge donors to nanotubes, leading
to their p-type behaviour. However, Collins et. al. [19] found that the intrinsic genre of
semiconducting CNTs is n-type when measuring the thermoelectric power of a

semiconducting CNT in vacuum after it was deprived of oxygen.

1.4.2.3 Nanotube-based chemical sensors

The conductance of semiconducting CNTSs can be changed drastically and swiftly when
they are exposed to an environment of charge donors or acceptors. Derycke et al. [28]
have found that the position of the Fermi level at the CNT-metal interface of a nanotube-
based FET device can change gradually within the band gap as a function of the

concentration of oxygen.
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CNT-based FETs can be fabricated as nanometre-sized gas sensors [11, 12, 58, 104, 105,
110] by taking advantage of this charge concentration-sensitive behaviour of CNTs. The
sensing mechanism can be described as: upon the contact between electron donating
species, the injection of electrons from the gases into CNTs will decrease the numbers of
positive carriers and shift the valence band of the CNTs away from Fermi level, resulting
in hole depletion and reduced conductance. On the other hand, exposure of CNTs to
electron accepting gases will shift the valence band of CNTs closer to Fermi level and
reduce the resistance.

Another nanotube-based notable gas sensor is based upon multi-walled nanotube-based
electron emitters [70, 79]. This type of sensors utilizes the fact that different gases have
unique breakdown voltages. The MWNT arrays work as the anode in an electron emitter.
The device with MWNTSs exhibits higher discharge current at a lower breakdown voltage
compared with a similar device without MWNTs. By picking up the distinct breakdown
voltages on different gases, the MWNTs-based sensors offer swift response speed and

ultra-sensitivity at low gas concentration.

1.4.2.4 CNT-based nanosize devices

Shrinking the size of electronic devices is a key goal being pursued in microelectronic
materials and device industry. Apart from the sensing application mentioned above,
nanotubes are also promising candidates to replace silicon for some computing purpose
because of the nanometer dimension and excellent electrical and thermal conductive
properties. After p- and n- type transistors were built on nanotubes, logic gates [5],

inverter [51, 72] and memory [17], all based on nanotube FETs, have been fabricated
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with favourable characteristics. Other CNT-based devices, such as Schottky diode [43],
p-n junction [115]. p-n-p junction [56] and random access memory[5], have also been
achieved [90]. In another report [20]. a SWNT-based memory device exhibited an
extraordinarily high charge storage stability of more than 12 days at room temperature.

Other interesting transport and magnetic phenomena, such as the Kondo effect [81] in
one-dimensional host of magnetic clusters on single-walled nanotube, Aharonov-Bohm
oscillations in carbon nanotubes [6] and Luttinger liquid in the conducting behaviour of
SWNTs, have also been found in nanotube-based systems. A review of these topics falls

outside the remit of this thesis.

1.5 Raman scattering of carbon nanotubes

When light is inelastically scattered from a crystal, photons either gain or lose energy.
The change in photon energy results from interactions with electrons and vibration of
crystal lattices, or phonons. If the photons have optical wavelengths, the scattering is of
Raman type. By measuring the frequency of the scattered photons relative to the incident
photons, Raman spectroscopy gives the frequency of the phonons involved in the
scattering process and provides information of the vibrational modes of molecular
structures.

In Raman spectroscopy, a highly monochromatic laser is used as the incident light source.
And there are Stokes and anti-Stokes scattering events where a phonon is emitted and
absorbed, respectively. In this thesis, Raman spectra have been obtained solely by the

stronger Stokes scattering events. Raman spectra consist of discrete peaks in a plot of
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scattered intensity versus Raman shift, expressed in the unit of wavenumber (the
frequency divided by the velocity of light).

Because of the specific spatial configurations, nanotubes have a unique scattering
behaviour, which makes Raman spectroscopy a very powerful tool for structural
characterization [31] of carbon nanotubes.

Raman studies on samples can be conducted on both bulk samples and an individual
nanotube by proper experimental setups. Another advantage Raman studies hold is that
they can be conducted in situ and sample treatment is not required. except for some
special cases.

Differences exist between the Raman spectra of SWNTs and MWNTSs. A brief summary

of Raman spectra of the two separate classes is presented here.
1.5.1 Raman spectra of SWNTs

Table 1.2 Vibrational modes observed for Raman scattering in SWNTSs

Notation Frequency (cm) Type of mode
RBM C/d+C* In phase radial displacement
D-band ~1350 Defect-induced, dispersive
G-band ~1580 Graphite-related optical mode
G’-band ~2700 Overtone of D-band, highly dispersive

*Cy=223.5nmem’ and Cy= 12.5 em™' [63]

Among various phonons, of the greatest importance for the SWNT characterization are:
the radial breathing mode (RBM), the tangential G-band (derived from the graphite-like

in-plane mode), the disorder D-band, and their second-order bands, the G’ band and D’
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band. A typical Raman spectrum of SWNT is given in Figure 1-9. The assignments of

these peaks were listed in Table 1.2.
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Figure 1-9 A Raman spectrum of arc discharge-grown SWNTSs [73].

One of the key characteristics of Raman spectra of SWNTSs is the resonant Raman effect.
Here, the Raman scattering signal increases in intensity when the exciting laser
wavelength resonates with the band gap, which can be determined by the van Hove
singularities in the 1D joint density of states (JDOS) of the SWNT. Resonant Raman
characterisation of SWNTs [53] has been used to reveal the diameter of nanotubes by
identifying the band energy difference, E;; of a given SWNT.

Polarization effect has been observed in the Raman spectra of CNTs [52, 87]. By
changing the linear polarization of the incident laser with respect to the tube axis, the
structural anisotropy of the nanotubes leads to a polarization dependence on the Raman
signal intensity. The polarization effect has been used to investigate the alignment of

carbon nanotubes [87].
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Figure 1-10 A Kataura plot demonstrating [63] electronic transition energies of the
metallic (solid symbols) E“M and semiconducting (open symbols) E:zs SWNTs probed
with different laser energies. The horizontal lines stand for the 1.58, 1.96, 2.41 and
2.54eV laser energies used in their experiments.

1. RBM

The radial Breathing Mode (RBM) is associated with the radial breathing vibration
around the circumference of CNTs. RBM modes in Raman spectra of SWNTSs can be
found at low frequencies.

There is a trigonal warping effect of the contours of graphite, which means that the equi-
energy contours of graphite are circles near the K-point and near the centre of the
Brillouin zone. The contours are straight lines near the boundary of the Brillouin zone.
The trigonal warping effect causes a distribution of the interband transition energy E;; (d,)
between the singularities in the JDOS for nanotubes with a diameter d,. When the energy
of the excitation laser is in exact resonance with E; of an individual SWNT, a very high

intensity of the corresponding @gpm will be observed in the Raman spectrum. Thus by
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using lasers with different wavelengths to resonate with E;;, further information about the
diameters and helicities of SWNTSs can be revealed.

The calculation of the RBM frequency against the diameter of SWNTs has been
accomplished by Kataura et al. [63]. A plot of E; versus d,, was established and given the
name “Kataura plot”, as seen in Figure 1-10. A precise assignment [4] of the peaks of
RBMs by use of the empirical dependence of the RBM frequency on the tube radius R is
given as:

@rem = C/d+C, (1-7)
where Cy= 223.5 nm c¢m'' is the factor of the relation between the RBM frequency and
the diameter of the nanotube and C>= 12.5 ecm™' accounts for the inter-tube interaction in
bundles. According to the equation (1-7), the radial breathing frequency of SWNTs

decreases as their diameters increase.
2. G-band

The G-band consists of in-plane bond-stretching modes, which originate from the Ex; in-
plane stretching mode in graphene. In nanotubes, due to the folding of the Brillouin zone
from graphite to nanotube and the symmetry-breaking effects associated with the
nanotube curvature, the G-band in nanotubes contains several modes with different

symmetries.

The feature near 1620 cm™' [87] is quite pronounced in the spectra for MWNTSs and is
associated with the 2D phonon density of states in graphene. This peak does not appear in
the spectra of SWNTs.

One of the interesting features of the G-band is the qualitative differences in lineshapes

between the G-band of metallic and semiconducting SWNTs. Semiconducting SWNTSs
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show two dominant peaks in narrow Lorentzian features, the lower (@, ) of which is

assigned to the vibrations along the circumferential direction and the higher ( @, ) of
which is assigned to the vibration along the nanotube axis. On the other hand, metallic
SWNTs show two components, with upper frequency peak (@) as sharp Lorentzian
features and the lower component (@, ) that is broadened partly due to the Breit-Wigner-
Fano effect. Due to the assignment of @ and @, . @, is independent of d, while @, has
strong dependence on d,. This theory has been supported from experimental data [83].
The correlation between @, . @; and d, was shown to be a good fit to the following
model:

o, =w,-Cld} (1-8)
where C, a constant, equals to 47.7 cm” nm? for semiconducting nanotubes and equals to
79.5 ¢cm'nm’ for metallic nanotubes. The equation above will be particularly useful in
determining d, when RBM feature is not available.

3. D-band and G’ -band

The D-band is associated with the presence of disorder or finite size in sp” carbons. It has
been reported that in .s'p2 carbon-based materials which are similar to carbon nanotubes,
such as graphite and carbon fibres, the relative intensity of the peak around 1350 em™ to
the strong G mode at 1582 cm™ is sensitive to the lowering of the crystal symmetry of 3D
graphite and the amount of disorder in carbon fibres.

The band near 2700 cm™ is termed the G’-band. It is assigned to the dispersive phonon of

the second-order overtone band of D-band. These two bands have been identified with a
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resonance process between a phonon and an electronic transition between linearly
dispersive m and m* states.
A linear relation has been found between @ g and Ej,e as

@i = 24204106 E er (1-9)
The D-band in graphite involves scattering from a defect, which breaks the basic
symmetry of the graphene sheet, and is observed in sp2 carbons containing vacancies,
impurities, or other symmetry-breaking defects. On the other hand, the second-order G'-
band (@) is a two-phonon process and from an inelastic phonon emission process. As a
result, the G’-band does not require an elastic defect-related scattering process, and is

observable for defect-free sp® carbons.

1.5.2 Raman spectra of MWNTSs

The distinct RBM mode in the Raman spectra of SWNT is not observed in MWNTS. It
has been reported [37, 89] that the intensity of the RBM mode drops rapidly with
increasing diameter, and the intensity of the RBM mode for most MWNTSs is negligibly
small. MWNTs contain at least two concentric shells with large diameters. The outermost
shell shields the radial breathing signals emitted from the inner shells due to the screening
effect, and the interaction between shells leads to suppression of the signals, so there will
be no significant MWNT RBM mode. However, noticeable RBM mode has been
identified in RBM spectra of double-wall carbon nanotubes (DWNTs) [18, 34, 86] with
diameters of less than 2.8 nm.

There are D, D’, G and G" modes observed in the Raman spectra of MWNTs as in the

case of SWNTs.
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1. D mode

D line in other carbon-based solid materials has been attributed to the disorder-induced
features due to the finite particle size effect or lattice distortion.

The D mode (a strong peak around 1335 cm™') is a signature of the presence of disorder in
graphitic systems caused by the defects of the six-fold symmetry within graphite layers. It
can be attributed to first-order scatterings from a zone-boundary phonon activated by the
disorder associated with finite crystalline size. However, as indicated by A. Rao et al.
[89], the D band intensity may also be caused by the polarization effects which occur
within aligned multi-walled nanotube bundles and not necessarily arise only from
disorder within graphite-like domains. Also, the D band responds to the disorder in
amorphous carbon.

2. G mode and D" mode

The line in the Raman spectra of MWNTSs below 1600 cm ™' has been resolved to three

peaks. As in the Raman spectra of SWNTSs, the G mode of MWNTS, which consists of

@,; and @, , is related to the crystalline domain in MWNTSs. The @, is assigned to

vibrations along the circumferential direction and the @, is assigned to vibrations along
the nanotube axis. The splitting between the two components is due to the curvature of
nanotubes, and as a result, this value should be affected inversely by diameter. It is much
less than the gap in SWNT spectra. However, there is lack of a quantitative evaluation of
this splitting in MWNT spectra.

The D’ mode, the third resolved peak around 1620 ecm’', which is not present in the

spectra of SWNT, is associated with the maximum in the graphene 2D phonon density of
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state [87]. There are other reports which assign this peak to the disorder-induced
scattering [3, 68].

The relative intensities (Ip/Ig) have been employed to investigate the degree of perfection,
or the degree of graphitication of MWNT samples. High intensity of the G mode over a
weak or absent D mode indicates a high degree of crystallinity. Among reports [8, 68],
as-grown MWNTs made by CVD hold a much higher I/l ratio than MWNTSs made by
carbon arc method because the former tubes contain many more defects. In a uniformly

distributed MWNTSs sample, the ratio can be used to compare the impurity contents.

1.6 Applications of carbon nanotubes

Suggested uses of carbon nanotubes are always intriguing topics. Due to their nanometer-
size, uniform diameter and capillary structures, carbon nanotubes are perfect lightweight
synthetic metals [32]. The applications and the properties and structures, on which
applications were based, are listed in Table 1.3. Besides the intense interest in electronic
applications as mentioned previously, there are still many research interests on
applications, which are based on nanotubes’ novel structures, and superb mechanical and
electrical properties. These demonstrate that carbon nanotubes are not only intriguing
objects for nanoscience but also very promising candidates for nanoengineering

applications.
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Table 1.3: Carbon nanotubes” applications and the properties on which they are based

Applications

The properties of CNTs on which the

applications are based

Conductive and high-strength composites

[71,94-96, 111]

Electrically and thermally conductive;

buckling strength

Field emission displays and radiation

sources [36, 44, 55, 99]

Large ratio of length/diameter; conductive

Hydrogen storage media [15, 21, 97]

Capillary structure and large specific area

Energy storage and energy conversion devices

[2, 14, 38, 72]

Large capacity and high specific area

Nanometer-sized metal/alloy containers [7]

Capillary structure, large ratio of surface

area/ weight and alloy of C and metal

Nanometer-sized devices, transistors and

probes [13, 20, 57, 97]

Ballistic conduction, high current density
of m-CNT, high on-off ratio and gain of s-

CNT: robustness

Sensors* [12, 50, 57, 58. 79, 100, 102, 105,

110, 114]*

The alteration of the environment changes

the doping level on CNTs, swift response

NEMS/MEMS [23. 33, 35]#*

Unique structures, big buckling strength

and quick response to electric fields

Note:
* Based on nanometer-sized devices and transistors.

## NEMS/MEMS designates for nanometre-scale/micrometer-scale electrical mechanical system.
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According to Richard Martel [74], two main reasons can be attributed for carbon
nanotubes’ intriguing electronic applications: One is, individual carbon nanotubes have
the ability to carry electrical current at significantly higher densities than most metals and
semiconductors. The charge carriers travel within the length of the nanotubes with high
mobilities. The other is, carbon nanotubes are chemically inert and present no surface
states. All the bonds in CNTs are engaged and there are no dangling bonds at the surface
of the bond. This feature makes them more compatible with other materials such as
oxides, and significantly reduces the need to passivise the oxide-semiconductor interface,
as in the processing of silicon-based semiconductors. These mechanical and
nanostructural aspects of potential applications are presented as follows.

1.6.1 Nanotube-confined metal entity

Attentions have been attracted onto application of nanotubes as nanometer-sized capillary
containers for confining metal entities into small dimensions [7]. For example, Ga-filled
carbon nanotube nanothermometre [45], was built by trapping a small piece of Ga inside
a section of nanotube and calibrated by the 1D physical extension of the Ga nanorod
against temperature. Then when the Ga/CNT nanothermometer is placed into the desired

position, it will give the temperature in sifu.

1.6.2 Nanotube-based MEMS and NEMS

Fabrication of nanotube-based micro-scale and nanometre-scale electro-mechanical
devices [35], or CNT-based MEMS and NEMS is another interesting topic. A good
example of CNT-based NEMS, an ultrasmall-sized rotational actuator [38], was built by

A. Zettl, et al. on a section of a shortened MWNT. The microstructure of the NEMS was
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fabricated by attaching an Au foil, which works as a flyer in the rotational system onto
the outmost graphitic shell of a truncated section of a single MWNT. The outmost shell
had been cut and only the inner shells were suspended on two anchor pads and served as
the shaft in a motor. There is very small frictional force exerted between the inner and the
outer shells of MWNTSs. The Electric field was supplied by three Au pads. which were
fabricated by lithographic method. This CNT-shafted micro-system was regarded as the
smallest artificial electric motor so far.

Other CNT-based MEMS and NEMS have also been reported [25].

1.6.3 AFM and STM probe tips

Atomic force microscope (AFM) and scanning tunnelling microscope (STM) tips
mounted with nanotubes can offer many advantages in nanoscale imaging [98]. Due to
the characteristic geometry, structure, electronic properties and chemistry, the CNT tips
have advantages in imaging structures with steep features, deep holes and softness [13],
e.g. biological systems [109]. Enhanced resolution and high endurance [65] were found
with CNT probes and rendered CNT tips to be used for nanolithography or as
“nanopencils”.

With CNT tips, neither the samples on which are tapped, nor the silicon probes are
affected by the acts of tapping or touching, because the CNT tips will buckle to absorb
the forces from the tapping or touching at contact. Bending 180° without breaking
beyond critical stress has been observed [22] on CNT tips.

The attachment of a CNT to a silicon tip can be achieved by either glue [22] or growing

CNTs on the top of the tip [16] by CVD.
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1.6.4 Energy storage device

CNTs have been fabricated into energy-storage devices such as capacitors [41, 80] and
batteries, in which CNTs can be used to replace the carbon black as the electrodes in
these electrochemical devices. It has been reported [2, 80] that higher than 100 F/g
capacitance and a power density of 8 kW/kg have been obtained. The reasons of the high
capacitance can be attributed to the following: (1) the unique hollow structure of CNTs,
which constructs a porous structure determined by the open spaces between entangled
fibres; (2) large surface area of CNTs. It was reported by Niu et al. [80] that the specific
surface area of as-grown CNTs can be as large as 430 m:/g; (3) small distribution of the
pore diameter, which contributes mostly to the capacitance. On the contrary, activated
carbon, which is commonly adopted when making supercapacitors and has a high surface

area of 2000-3000 m:/g. can only offer a very small part of its theoretical capacitance. In

addition, low equivalent series resistance and good cycling stability [14] have been found.

1.6.5 CNT/polymer composites

Carbon nanotubes are reported to be able to undertake the backbone role inside polymeric
composites with improved mechanical resistance and electrical properties.
Products of polymeric composites [95, 96] and fibres [24] containing carbon nanotubes
were estimated to reach a market value of hundreds of millions pounds by 2009 [93].
Nanotubes have been used to replace carbon black in the applications of polymer/carbon
material composite [71, 94-96, 111] since CNTs possess nanometre-dimensions, light
density and excellent comprehensive properties. Apart from possessing superb

conducting property as mentioned previously, CNTs have a robust mechanical property.
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The elastic Young's modulus of CNTs approaches a value of 1.25 x 10'* Pa [108] and
another interesting aspect of CNTs” mechanical property is that the deformation of CNTs
under mechanical load is elastic and it disappears after the load is released. The threshold
ratio, which means the lowest percentage of loading of nanotubes inside the composite to
conduct inside the whole polymer composite matrix, can be as low as 0.005 wt%, which
is of magnitudes lower than that of carbon blacks in composite polymer. This low
threshold is of great significance for aerospace and automobile applications.
Coagulation-based carbon nanotube/polymer has been spun into fibres [24] and woven
into textiles. The tensile strength of the composite fibres was reported to reach 1.8 Gpa,
which matches that of spider silks. the toughest fibre in nature. And the energy-to-break
reaches 570 Jg", which is higher than the value of a spider silk. The woven textiles have
their potential applications in distributed sensors, electronic interconnects,
electromagnetic shields, antennas and batteries.

In addition, the idea of combining CNTs with conducting polymers, which has drawn lots
of attentions since the discovery of CNTs, is also a very intriguing aspect of
CNTs/polymeric composites [1]. CNT/conducting polymer composites have been long
investigated with the hope of delivering CNT properties to a processable and synergetic
host [113]. The electronic interaction between conjugated polymers and carbon nanotubes
stabilizes the resulted composite and yields more sophisticated properties than the two
materials alone. For example, inside the CNT/polyaniline matrix, CNTs are charge carrier
acceptors while polyaniline is a good carrier donor. The interaction between CNTs and
polyaniline increases the electron delocalisation. CNTs exhibit a doping effect on

conducting polymers and function as conducting bridges between conducting domains
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inside polymers. Therefore, conductivities of CNT/conducting polymer composite were
increased by magnitude [66, 113].

In another example, a composite LED of polyphenylenevinylene (PPV) and MWNTs
showed lifetimes in air up to 5 times longer than LED’s without MWNTs. This
interesting effect on lifetimes was attributed to the electronic interactions between PPV

and MWNTs.

Above all, CNTs are a group of novel materials, which possess unique structures,
intriguing properties and promising application prospects. However, before a full
exploitation of their superb properties, there are still some topics, on which require
addressing. Some technical hurdles in processing of CNTs, which will be addressed in the
later chapters of this thesis, for example, finding techniques for purification and
manipulation of CNTs. still remains a challenge.

The experimental work covered by this thesis involves two parts: Part I, synthesis of
MWNTs by chemical vapour deposition, the aim of this part is to deliver a cheap and
reliable synthetic route for MWNTS, to investigate the synthesis of MWNTSs, including
aligned and random MWNTs and to give an understanding of the CVD growth
mechanism of aligned MWNTSs and characterisations on morphology of CNTs we made;:
Part 11, alignment and purification of multi-walled carbon nanotubes by dielectrophoresis.

The aim of this part is to find a way for the above purposes.
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Chapter 2
Synthesis of Carbon Nanotubes

The previous chapter reviewed the background of the structures and properties of carbon
nanotubes. A further review on the synthesis of carbon nanotubes will be given in this
chapter. A brief history of three basic synthetic methods, carbon arc method, laser
ablation method and chemical vapour deposition method, will be included. More details
of the chemical vapour deposition method will be presented here than the other two
methods, and its two proposed growth mechanisms, tip growth and base growth will also
be discussed.

2.1 Development

Since the discovery of carbon nanotube [33], three major different synthetic methods,
carbon arc, laser ablation and chemical vapour deposition methods with innovative
experimental setups have been investigated to meet the demands of reliably and
repeatably producing CNTs.

2.1.1 Carbon arc discharge method

The batch of multi-walled carbon nanotubes which was discovered by Ijima, was
prepared by a carbon arc discharge evaporation method similar to that used for the
synthesis of fullerene samples [42]. This method had also been adopted in the

manufacture of carbon whiskers [3].
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In this method, a huge direct current (200 A, 20 V, as reported by Ebbesen [19]) was
applied to generate a high-energy plasma between two electrodes (see Figure 2-1). The
cathode is the deposit electrode, which collects soot and the anode is a movable carbon
rod, which is consumed in the arc. The apparatus is attached to a vacuum pump and an

inert gas supply, usually helium.

aMOIDE

LalH e

Figure 2-1 Scheme of a carbon arc discharge apparatus used by lijima [33].

A typical carbon arc process takes place as follows: Once the pressure of the inert gas
inside the reaction chamber is stabilized, the power supply is turned on. The distance
between the two electrodes is adjusted until an arc is struck and plasma forms. The
temperature inside the chamber could reach up to 3700 °C. The carbon on the anode is

consumed while samples are deposited on the cathode.

Later on, large-scale synthesis of multi-walled and single-walled carbon nanotubes by a
variant of the standard arc-discharge technique were independently reported by Ebbesen

etal. [19] and Journet et al. [37].

The carbon arc method for producing CNTs is simple and easy to operate, however, to

obtain CNTs with high yields and purities, a careful control over the experimental



Chapter 2 Synthesis of Carbon Nanotubes

conditions is required, otherwise, impurities, such as liquid carbon, carbon-glass bead and

carbon nanoparticles [27] will be the main products in the samples.

2.1.2 Laser ablation method

A laser ablation technique was first adopted by R. Smalley et al. [61] in 1996 to
synthesize single-walled nanotubes at a low percentage yield. Later on, the yield was
increased to 80%. In this method, a laser beam was applied to a carbon target in order to
vaporize a mixture of graphite and metal catalyst (Co, Ni). The target was contained
within a horizontal tube with a flow of inert gas. And this tube was placed within a tube
furnace at 1200 °C. The nanotubes are harvested on a water-cooled copper collector

outside the furnace from evaporated graphite (see Figure 2-2).
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Figure 2-2 Scheme of a laser-ablation apparatus for the synthesis of carbon nanotubes.

2.1.3 Chemical vapour deposition

The two methods mentioned above lack the ability to be scaled-up. Another disadvantage
of the two methods is that the synthesis temperatures are too high and therefore they
consume huge energy and are not easy to be properly controlled. Chemical Vapour
Deposition (CVD), the method which had been universally used to deposit metals on Si

substrates in the semiconductor industry [24], was adopted to overcome some of the
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problems with the laser-ablation and arc-discharge methods. Nowadays, a plant to
manufacture carbon nanotubes by CVD with an output hundreds of tons a year is under

way [54]. The CVD setup will be detailed in the next section.

2.2 Chemical vapour deposition

CVD works as follows: a substrate is placed in a reaction chamber with an inert gas and
heated to an elevated temperature. Hydrocarbon gases are then introduced into the hot
reaction chamber at a specified flow rate, and come into contact with catalysts on the
substrate surface. As reactants react with the catalysts, CNTs are grown on the substrate.
CVD is operated at much lower temperature (usually less than 1000 °C) and yields much
more products than the two earlier methods. However, due to the low growth temperature.
nanotubes prepared by CVD have more defects and curves than its two counterparts. This
dilemma remains a challenge for CVD in the attempt to produce large-quantity of defect-
free CNTs.

There are several different reported methods of CVD.

I. Thermal CVD

In a thermal CVD [31, 46, 73], the catalyst is derived from a sublimable precursor or a
precursor which has been pre-deposited onto the growth substrate and then carbon source
is decomposed in a pyrolysis furnace, forming carbon nanotubes.

2. Hot-filament CVD

The key characteristic of a hot-filament CVD (which in some references is referred to as
hot-wire CVD) [17, 35, 50] is that, a tungsten filament, with big current flow, operating

at a temperature around 1000 °C, is placed inside the reaction chamber in order to crack
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the carbon source into carbon species, and to heat the growth substrate (where growth
temperature is lower than 700°C) which is set above the filament.

3. Plasma-enhanced CVD

In a plasma-enhanced CVD [7, 8, 12, 16, 32, 62], the catalyst forms a thin layer on the
top of the growth substrate beforehand. In a typical process, plasma enhances the process
of dissociating the hydrocarbon into carbon species and therefore increases carbon
supplies for the growth of CNTs. Compared with the two CVD methods mentioned above,
plasma-enhanced CVD yields higher growth rate and better alignment. However,
individual CNTs, which are grown by plasma CVD, contain more contents of defects in
their sidewalls and are of poor quality because of the low growth temperature and the
rapid growth rate.

2.2.1 Choice of catalyst

The 3d transition metals, Fe, Co and Ni are essential [14, 31] for the synthesis of carbon
nanotubes by the catalytic pyrolysis of hydrocarbons. The metals can be used separately
or combined to give composite catalysts. In a Fe, Co or Ni-catalysed growth of CNTs, the
catalysts dissolve carbon species from the atmosphere in the reaction chamber and then
the dissolved carbons precipitate from the catalysts and form into tubules.

Studies have revealed that the size of the catalyst particles [31] and the reaction
temperature [46] are the two key factors which affect the morphology of carbon
nanotubes and the kinetics of the growth reaction. The size of the catalyst particles
determines the diameter of the nanotubes, therefore, in order to obtain CNTs with
narrowly-distributed diameters, uniform sizes of the catalysts are essential. And an

elevated reaction temperature drastically increases the rate at which carbon atoms
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dissolve and diffuse into the catalysts, and therefore determines the formation kinetics of
CNTs.

It has been proven by Bonard et al. [40] that Fe is most efficient among the three catalyst
metals in solutions, in terms of yield, growth rate and quality of tubes in a thermal CVD
method for multi-walled nanotube synthesis. In their paper [40], the authors attributed the
better performance of Fe than Ni and Co to the fact that a gel-like film was only formed
out of Fe;O3 but not with the other two catalysts.

Also, recent reports demonstrated that long strands of nanotube ropes with lengths in
centimetres [48, 76] were successfully made from Fe-containing catalysts only by a
floating bed thermal CVD.

And more, iron is more accessible and easier to handle for a cheap production of carbon
nanotubes than the other two catalysts and in addition, there is good affinity between iron
and carbon under the thermal CVD condition. All these merits made Fe the best choice
for us to make MWNTSs by thermal CVD. In the next chapter, we choose Fe(NOs); as the
catalyst for growing of multiwalled nanotubes. Also, we use two Fe-containing
precursors, ferrocene and iron (II) phthalocyanine (FePC) to grow aligned multi-walled

carbon nanotubes (MWNTs) vertically on SiO; and SisNj substrates in our experiment.

2.2.2 Growth mechanism

The growth of carbon nanotubes by CVD involves four steps. Firstly, an ultrathin catalyst
film forms into clusters on the surface of the substrate after being derived from the
precursor or being deposited by evaporation. Upon growth temperature, the metal melts

and turns into a liquid. Secondly, hydrocarbon is decomposed into carbon species, and
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then the carbon atoms dissolve in metal liquids to form metal-carbon alloys. Thirdly, the
carbon atoms migrate, over-saturate in the transition metals and diffuse to the surface of
the catalyst particles. Finally, carbon species assemble into tubular forms.

Two different mechanisms have been proposed on how carbon species form into tubules
after they diffuse from the nucleation sites. One is bottom growth mechanism (7, 43, 44,

55], as depicted in Figure 2-3.

N
&
//'\

(¢)
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Figure 2-3 Schematic diagram of the base growth model [43]. The solid straight arrows in
the diagram indicate the time sequence. (a) Hydrocarbon is decomposed into carbon
species, which diffuse into nucleation site on growth substrate. (b) Carbon species
continue diffusing into the site, over-saturate in the metal-carbon alloy and form into an

encapsulated tubule, and (c) More carbon species continue to diffuse in the catalytic site,
form into encapsulated tubules from the site and push the previous tubular sections up.

(b

Under this mechanism, catalyst metal plays the key role in the whole process. After
carbon species diffuse through the surface into the bulk of the metal clusters, they form
capped graphitic tubules upon the nucleation site. Then the carbon species from the

continuous supply repeatedly diffuse into the catalytic site and join into the open edges of
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the caps to form more caps and then push the tubular sections upward. The tubular wall
continues to grow till the carbon sources are depleted. This mechanism is based on the
observation of bamboo-shaped nanotubes, which contain compartments inside the tube

with curvatures pointing to the CNT tips.

C C C C
(a)
"4 ¥
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< /
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Case | Case 2

Figure 2-4 Depiction of the tip growth mechanism [49], the solid arrows and dashed
arrows in the diagram indicate carbon species from the supply and the diffusion of carbon
species during the growth of a CNT, respectively. In case 1, shown on the left-hand side.
the diffusion time is much less than the saturation time, while in case 2, shown on the
right-hand side, the former is much more than the latter. (a) In the initial stage, a metal
particle is deposited on the top of the substrate, and then carbon atoms are absorbed on
the metal particle, (b) the nucleation stage, and (c) the post-nucleation stage.
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The other mechanism is the tip growth model [49, 58]. In the contrast to the base
mechanism, which describes a carbon/metal nucleation site interaction process, the tip
growth mechanism, as depicted in Figure 2-4, proposes that carbon species hit the
nanotube surfaces in a chemisorption process and diffuse along the surfaces to feed the
growth at nanotube tips.

Under this mechanism, whether the catalytic particle stays in the base or the tip depends
on the competition between the carbon diffusion rate (this refers to carbon atoms
diffusing in nanotube shells, rather than in metal clusters) and the carbon saturation rate.
If diffusion is much faster than saturation, carbon species will drop on the bottom of the
tube and keep lifting the enclosed metal tip off the substrate, as indicated in the Case 1 of
Figure 2-4. If the latter one is much faster, carbon species will stay on the unclosed tip
and the catalytic particle will stay on the base, as shown in Case 2 of Figure 2-4. The role
that the catalyst metal particles play under the tip growth mechanism is that the size of

particles will define the diameter of the nanotubes.

Both the base growth and the tip growth might exist at the same time or one might follow
the other [1]. The reaction temperature impacts on the solubility of carbon species in the
metal catalysts, the nucleation process and the diffusion rate. Different sources [29, 31,
46, 59] reported that 750°C to 950°C are appropriate pyrolysis temperatures for thermal

CVD using Fe as the catalyst and C,H, as the carbon source.

2.2.3 Role of hydrogen in the synthesis of carbon nanotubes

Hydrogen has been found [6, 53] being able to efficiently promote the synthesis CNTs. It

has been reported by Ruhmond et al. that [53], in a thermal CVD reaction which was
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engaged 20 minutes after the hydrogen supply had been cut off, the suspensions of
hydrogen result in thickening sidewalls of MWNTSs and unwanted products of carbon
fibres with diameters of more than | pm. The “sidewall thickening effect” can be
attributed to either an increasing concentration of carbon species in the reaction chamber

or an accelerated precipitation rate of carbon species.

Figure 2-5 Unwanted carbon whiskers were obtained in the early attempts of synthesis
carbon nanotubes from ferrocene precursor at 950 °C without hydrogen supply.
In the early stage of the experimental work of this thesis, we observed a similar
phenomenon when we attempted to synthesize carbon nanotubes at 950 °C from the
ferrocene precursor using CH, as the carbon source with the absence of hydrogen. We
found that, instead of obtaining CNTs, fibre-like carbon whiskers with diameters ranging
from 1-2 pm were made, as shown in Figure 2-5.
These observations are associated to the disproportionation reaction of hydrocarbon, for
example, the decomposition of CH,,

CHy — Ce + 4He
In a hydrogen-participated synthesis of CNTs, hydrogen species, which are released from
hydrogen gases, shift the equilibrium above to the left. Thus one of the roles which

hydrogen plays in the synthesis of MWNTSs, might be limiting the release of carbon

N
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species from the hydrocarbon. A total cut-off of hydrogen results in a rapid rate of
hydrocarbon dissociation, therefore much more dense supply of carbon species leads to
the formation of up to 2 pm-thick walls in carbon fibres.

These authors in the report [53] also proposed another role of hydrogen as reducing the
metal catalyst particles so that the activity of these catalysts is maintained in the synthesis
of CNTs.

However, Dai et al. [72] recently proposed that hydrogen plays a negative role in the
synthesis of SWNTs after feeding oxygen into the reaction camber to remove the
hydrogen radicals. The disproportionation reaction of hydrocarbon inevitably generates H
species, which favour the establishment of sp” structures and unfavour sp" formation of
SWNT structures.

As suggested by the same author [72], however, MWNTSs should be more stable than
SWNTs and therefore the negative effect of hydrogen should be less addressed in the
growth of aligned MWNT. And the positive roles of hydrogen, which include reducing
the metallic catalysts and restraining the hydrocarbon from oversupplying carbon species,

are more predominant than its negative impacts in the synthesis of MWNTSs.

2.3 Alignment of carbon nanotubes

Carbon nanotubes are favourable cathode materials in vacuum electron emission devices
due to their small sizes, large aspect ratio and flexible structures. The applications of
carbon nanotubes as the cathode materials in electron emitters [23, 26, 68, 71], large
panel displays [25] and miniaturized gas sensors [52] have huge market potentials.

Alignment of carbon nanotubes makes structures with large specific areas and is a very

W
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desirable factor for these applications. And also, aligned carbon nanotubes can be used
for hydrogen storages [13] and mechanical enhancement [41].

By taking different methods, during- and post-synthesis alignment of CNTs can be
achieved. The during-synthesis alignment methods are to be introduced here and a post-
synthesis method will be given in Chapter 6.

Aligned carbon nanotubes can be achieved from different precursors and synthetic routes.
There are a number of reports showing a variety of precursors and their growth
mechanisms for the synthesis of aligned nanotubes. For example:

I. Growing of vertically aligned CNTs from Fe- or Ni- derived catalysts on flat SiO,
substrates. These include iron pentacarbonyl- [53], FePC- [17, 28] and ferrocene-derived
[38, 56] catalysts on silica glass, oxidized Si wafers [75] and Ni-deposited [51] S10; or Si
substrates [65].

2. Depositing aligned CNTs from Fe-derived catalyst on porous substrates, such as
mesoporous silica [47], or the pores of anodic aluminium oxide (AAO) [34, 36, 45, 68].
Under a proper electrochemical setup [34], AAO yields structures with aligned
nanometer-sized pores. Then carbon nanotubes can be grown inside the pores from pre-
deposited catalysts. Aligned pure CNT structures can then be obtained by dissolving
AAOQ afterward.

3. Achieving alignment of nanotubes by applying electric fields during the CVD process.
for example, using electron beam evaporation [4] and Fe-patterned porous silicon [20, 59]
by DC electric field-assisted thermal CVD, using an electric field-biased substrate [2]on

Ni- or Co-deposited glass [57, 60, 74], or using Si wafers [8, 15, 67] or stainless steel
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wafers [8, 12] by plasma CVD. Both aligned SWNTs and MWNTSs can be produced from

these approaches.

2.4 Micro-patterning of aligned carbon nanotubes

Aligned carbon nanotubes can be patterned with micrometer resolutions for further uses
in micro-electromechanical applications. These patterns can be achieved by pre-defining
the catalysts onto templates by laser pulse etching [5, 60], conventional lithographic
technique [10, 18, 28, 63, 66], photo-resist patterning [29, 30, 69, 70], plasma patterning
[11], micrometre-resolution masks [28, 64], microcontact-printing [22, 39], controlled
site density [62] or micro-tweezers techniques [21]. Then aligned nanotubes are grown
preferentially to inherit the template topography of their substrates, and being patterned
into pre-determined microstructures.

By selectively inhibiting CNTs growth on some surfaces [9] with topographical masking
of patterned substrates, aligned nanotubes can be grown into 3-dimensional structures for
applications in electronic switching, memory storage, sensing and actuation. An

experimental method of selectively growing CNTs is to be reported in the next chapter.
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Chapter 3
Synthesis and Characterization of Multi-walled Carbon
Nanotubes by Chemical Vapour Deposition

This chapter describes my own experimental work on the synthesis and characterization
of MWNTs by chemical vapour deposition method. Also the characterization results and
the discussion of them will be presented here.

This part of work involves the synthesis of MWNTs by CVD from different precursors:
Fe(NO;); ferrocene and FePC. In the synthesis experiment, a dual-furnace system was
adopted and acetylene was used as the carbon source, argon and hydrogen were used as
carrier gas and reducing agent, respectively.

The characterization of the MWNT samples involved scanning electron microscopy,
transmission electron microscopy, energy dispersive X-ray analysis, Raman spectroscopy

and thermogravimetric analysis.

3.1 Synthesis setup

Raw materials
1. Fe(NO3)3-9H,0, 99.5% pure, purchased from Aldrich.
2. Ferrocene, Fe(CsHs),, 98% pure, and iron(II) phthalocyanine, FeC3:NgH ¢ (FePC),

99.8% pure, both purchased from Aldrich.
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3. Argon, Ar, 98% pure, hydrogen, Hy 99% pure, and acetylene, C;H,, 98% pure, all

purchased from BOC Gas New Zealand.

3.1.1 Synthesis of carbon nanotubes from Fe(NO;);-derived
nanoparticles

The synthesis of carbon nanotubes from Fe(NOs)s-derived catalysts follows the route as
described in the references [3. 4, 15] and below:

A quartz glass tube, with 35 mm diameter and 1000 mm length, was placed inside a
furnace equipped with a temperature controller. The growth substrate and the catalyst
were prepared as follows: A piece of SiO; silica glass (Imm X 1mm), was cleaned with
ethanol and acetone followed by drying with an airflow from an airgun. A solution of
Fe(NO3)3-9H,0 (10 pL of 0.1 mol-dm™) in ethanol was placed on the top of the silica
glass as the growth substrate for deposition of MWNTSs. The substrate was placed in a
silica glass tube reactor heated by the furnace after it was stored in an oven at 80 °C
overnight to completely remove the ethanol from the substrate.

A single-furnace CVD was carried out in the following way: The inside of the tube
reactor was purged in a flow of argon at a flowrate of 800 sccm (cubic centimetre per
minute) and then a stream of hydrogen was introduced into the reactor with a flowrate of
100 scem for 30 minutes at a temperature of 800 °C to reduce the Fe’* from the precursor.
Then the carbon source, C,H, with a flowrate of 20 scem was flowed into the tube,
carried by Ar at 500 sccm and H, at 100 scem while the temperature was raised and kept
at 850 °C. After a reaction for 10 minutes, the furnace was switched off and the reactor
was cooled to room temperature in an argon atmosphere. Samples were scraped off from

the surface of the substrate for characterizations.
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3.1.2 Synthesis of aligned MWNTs by a dual furnace CVD

3.1.2.1 Experimetal setup

The experimental set-up of a dual furnace CVD we employed follows the reports from
different sources [5, 9-11, 13, 20, 21, 23-25] and can be described as follows: A piece of
silica tube, with 35 mm diameter and 1000 mm length, was placed in a dual furnace
system, which consists of a sublimation furnace, in which precursors are placed and a
deposition furnace, in which MWNTS are grown (The diagram of the apparatus was
depicted in Figure 3-1). Two temperature controllers, which equipped with
thermocouples, controlled the furnace temperatures separately. A ceramic dish, which
contained approximately 0.1 g precursors, ferrocene or FePC, was placed inside the silica
tube in the sublimation furnace. A piece of cleaned (the method of cleaning is the same as
mentioned above) quartz plate (15mm x 10mm) was placed in the deposition furnace as

the growth substrate for MWNTSs.

Waste

gas

Temperature Temperature
Controller 1 Controller 2

44

Ar H: Cj_H:

Figure 3-1 A diagram of a dual-furnace CVD system for synthesizing aligned
MWNTs. 1. Sublimation furnace; 2. Deposition furnace; 3. Silica tube: 4. Ceramic
dish; 5. Silica glass; 6. Flowrate meter.
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3.1.2.2 Procedure

A dual-furnace CVD process takes place as follows: Once the deposition furnace reached
the desired temperature under the atmosphere of argon at a flowrate of 500 scem and
hydrogen at a flowrate of 100 sccm, the temperature of the sublimation furnace was
raised 60 °C per minute to 450 °C and 650 °C in the case of ferrocene and FePC,
respectively. Then a stream of acetylene at a flowrate of 15-25 scem was introduced. The
reaction was allowed to proceed for 10-20 minutes at a temperature from 800 °C to 900
°C. Then the flow of acetylene was stopped and the furnace was switched off, with argon
and hydrogen gases purging the inside of the silica tube until the tube reactor was
completely cooled.

3.1.2.3 Pre-templated synthesis of aligned MWNTs

Under the dual-furnace CVD setup as described in the previous section, the silica glass in
the deposition furnace was replaced by a temperated micron-sized Si3;Ny substrate, on
which there were gold wires, aluminium patterns and a company logos “INDUSTRIAL
RESEARCH LIMITED", which had been printed positively in Si;Ny and lifted 1 pm
above the substrate. Each letter of the company logo is 10 um long and 10 pum wide. SEM
observation was made before and after deposition. The growth of CNTs on the

microstructure was made at 850 °C by dual-furnace CVD.

3.2 Characterization

3.2.1 Scanning Electron Microscopy (SEM)

1. Instruments

(1) Low-resolution SEM (LRSEM)
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LRSEM microscopy of CNTs was collected on a Philips EM 505 Scanning Electron
Microscope.

(2) High-resolution SEM (HRSEM)

HRSEM of CNTs was made on a Jeol 6500F Field Emission Scanning Electron
Microscope.

(3) Energy Dispersive X-ray (EDX) spectra

EDX spectra of CNTs were performed on an EX-23000BU energy dispersive X-ray
detector (EDX), which was coupled to a Jeol 6500F Field Emission Scanning Electron
Microscope.

2. Sample preparations and SEM setup

The samples under investigation include the MWNTSs with catalysts derived from
Fe(NO3)s, ferrocene and FePC.

A sample of carbon nanotubes was peeled off the substrate with a razor blade and stuck
to a piece of carbon tape mounted on a SEM sample holder, followed by sputter-coating
the sample with a layer of 4-6 nm Au or Pt. Samples derived from ferrocene and FePC
were retained in films.

The samples for EDX were prepared in the same way as above except without being
sputter coated.

The operating voltage of the SEM was in the variety of 5.0, 8.0, 10.0, 12.0 and 15.0 kV

for both high- and low- resolution SEM.

3.2.2 Transmission Electron Microscopy (TEM)

1. Instrument
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Transmission electron microscopy of CNTs was measured on a Philips EM 400
transmission electron microscope.

2. Sample preparations and TEM setups

Carbon nanotubes were peeled off from the growth substrate and a trace amount of the
sample was suspended in 95% ethanol, assisted by ultrasonication water bath for 10
minutes. A drop of the carbon nanotubes suspension was transfered onto a carbon-coated
copper TEM grid by a glass pipette and was allowed to dry in air. Then the grid was
mounted onto a TEM sample holder.

The samples being investigated included MWNTs made with catalysts derived from
Fe(NO3)s, ferrocene and FePC.

3. The operating voltage of TEM was 120 kV.

3.2.3 High Resolution Transmission Electron Microscopy

1. Instrument

High-resolution Transmission Electron Microscopy (HRTEM) of CNTs was performed
on a Jeol 2011 Transmission Electron Microscope.

2. Sample

The CNT samples under HRTEM investigation included MWNTs prepared with catalysts
derived from Fe(NOjy)s, ferrocene and FePC.

The sample preparation of HRTEM was the same as that of TEM described in the TEM
experimental section.

3. The operating voltage of HRTEM was 200 kV, the current was kept at 105 UA.

66



Chapter 3 Synthesis and Characterization of Multi-walled Carbon Nanotubes by Chemical Vapour
Deposition

3.2.4 Raman spectroscopy

1. Instrument

Jobin-Yvon LabRaman HR micro-Raman spectrometer, with a charge coupled device
detector (CCD).

2. Instrument setup

The samples were placed on a piece of Si wafer. A laser with an excitation wavelength of
632.88 nm was used as the light source. The laser passed through a 100 x objective lens,
giving an illuminated spot of 4 um”. The incident light was parallel to the direction of the
alignment of the CNTs. A typical acquisition time for a spectrum was 60 second.

3. Sampling

(1) MWNTs

Samples of CNTs were scraped off the growth substrate. retained in films and transferred
to a piece of clean surface-oxidized Si wafer by tweezers. The samples include CNTs
synthesized from ferrocene- and FePC-derived catalysts. Raman studies were carried out
on both the tip side and the root side of the aligned films of CNTs.

(2) SWNTs

Raman spectra of purified SWNT samples, which were purchased from c@Rice, were

investigated. The sample was placed on a piece of clean surface-oxidized Si wafer.

3.2.5 Thermogravimetric Loss Analysis (TGA)
1. Instrument

Polymer Laboratory PL-STA (Simultaneous Thermal Analyzer) 1000H, was coupled

with Rheometric Scientific Plus V5.41 analyzing software.
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2.Instrument setup and sampling

In a typical TGA measurement, the temperature was ramped at 20 °C per minute from 20
°C 10 900 °C in air with a flowrate of 20 mL per minute. Weight loss and heat flow
versus temperature were recorded and plotted. A sample of approximately 2-5 mg of

CNTs was held in a ceramic pan. The plot was corrected using the buoyancy method.

3.3 Results and discussions

3.3.1 SEM and TEM investigations on carbon nanotubes from
Fe(NO;);-derived catalysts

As shown in the SEM image of Figure 3-2, carbon nanotubes were produced from
Fe(NO;)s-derived catalysts. Long tubular structures were observed from TEM images, as
seen in Figure 3-3 (a) and (b). The greater-than-20 nm diameters and the thick sidewalls
are clear evidences of MWNTSs. The MWNTs are strongly curled and heavily entangled.
Most of the black dots inside tubes are considered as catalyst particles, which have the
same dimensions as the internal diameters of the CNTs. The diameters of the MWNTSs
range from 20 to 50 nm. However, their exact lengths could not be determined from TEM
and SEM images because of their highly entangled geometry.

As observed from the TEM images in Figure 3-3 (a) and (b), there exist large amount of
impurities, and straight tubes over long distance were seldom spotted. The universal
existence of curly structures suggests that there are a large number of defects fromed
along the CNT walls during the growth.

As shown in Figure 3-3 (a), the catalyst particles are encapsulated in the tips. It can also

be observed that catalyst particles are found in the knots of CNTs, in other words, some
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of the CNTs might share catalyst particles in their middle sections. These phenomena
indicate that the tip-growth mechanism and the base-growth mechanism may occur
simultaneously or one after another during the growth process. The growth process can
be proposed as follows: the catalyst particles were lifted from the substrate during the
growth of the tubes and some of catalysts still remained active as nucleation sites for
coming carbon species to grow into tubes, while the other catalyst dots lost their catalytic

abilities and closed the open tips of carbon tubules into domes.

Figure 3-3 carbon nanotubes produced from Fe'*-derived catalysts. (a) In a moderate
magnification, the scale bar denotes 50 nm, the arrows in the figure indicate the dots
which were shared by CNTSs: (b) In a low magnification, the scale bar denotes 100 nm.
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3.3.2 SEM and TEM investigations on aligned carbon nanotubes

3.3.2.1 Synthesis of aligned MWNTs from ferrocene

1. SEM microscopy

a.  CNTs samples collected from the top surface of quartz plate

The low resolution SEM images. viewed from different angles of the samples, are
demonstrated in Figure 3-4. As seen from these images, aligned carbon nanotubes were

produced. The CNT bundles are perpendicular to the growth substrate and aligned in

parallel with each other.

Figure 3-4 Low resolution SEM images of aligned carbon nanotube films using ferrocene
as precursor: as-made CNTs which were peeled from the top surface of quartz plate, all
the scale bars denote 10 um except in (b) which represents 5 pm. (a) The alignment is
from the roots (on the right side of the photo) to the tops. (b) side view, (c) roots are
toward the bottom side of the image, and (d) a view over the tips of CNTs.
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As shown in these SEM images, the average length of CNTs in the films was about 12
pm. The actual lengths of the CNTs would probably be above this because of the large
density of curves and bends found within their structures. All of the samples could be
casily peeled off from the quartz glass and the alignment of the CNTs was kept intact. As
shown in Figure 3-4 (b) and (c), there are some impurities attached to the outside walls of
the aligned CNTs and also from Figure 3-4 (d), there are some irregular materials on the
tips of the CNTs.

SEM investigation gives us a clear picture of CNT films and their alignment. However,
the diameters of individual CNTs are enlarged in SEM images due to the charging effect
on the surface of CNTs in the SEM chamber. A more precise characterization of the
diameters of the individual CNTs is given by TEM microscopy. as presented in the next

section.

b. CNTs collected from the bottom surface of quartz plate

The low-resolution SEM images of the CNTs collected from the bottom surface of the
quartz plate are shown in Figure 3-5. These individual tubes are in straight forms. The
lengths of individual CNTs are uniform at around 11 pm. Compared with the densely
deposited top surface of the quartz plate, fewer CNTs grew on the bottom side of the
substrate and were unable to hold the alignment into a layer. The reason for this
difference can be proposed as follows: catalysts from sublimed precursors are much less
likely to be available on the bottom surface than those on the upper side of the substrate.
On the other hand, the vertical alignment described in the previous section, should have

resulted from the large density of catalysts deposited before the growth of CNTs.
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Figure 3-5 SEM images of CNTs collected from the bottom surface of the quartz plate.
The scale bars above are 10 pm.

& Depositing carbon nanotubes on a pre-patterned SisNy substrate

A micro-structure with a layout as described elsewhere [14], is shown in Figure 3-6 (a).
The structure is based on a Si3;Ny substrate, with lift-up characters, “INDUSTRIAL
RESEARCH LIMITED”, which had been raised 1 pm in SisN;above the substrate, with
each stroke 2 um wide, positively printed by a photo-lithographic technique. Besides.
there are Au wires in thin strips and Al squares and wide strips which were fabricated on
the Si3Ny substrate. shown in white patterns and were indicated by a dotted arrow and
solid arrows, respectively, in the SEM image shown in Figure 3-6 (a). The substrate was
placed face up, in the deposition furnace as the growing substrate for vertically aligned
carbon nanotubes from ferrocene precursors.

After CNTs were grown on, the microstructure was viewed under SEM, as shown in
Figure 3-6 (b) and (d). The pattern of CNTs was found to have been faithfully following
the pattern pre-printed in SisNy, from these images. After CNT growing. the pattern of

“INDUSTRIAL RESEARCH LIMITED” was easily identified and well preserved.
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Figure 3-6 SEM images of aligned carbon nanotubes on a pre-patterned SisN, substrate.
(a) The original structure before the CNTs deposition. The dotted arrow and the solid
arrows point to Au wires and Al wires, respectively. (b) The structure after CNT
deposition. (¢) A company logo before CNTs deposited on it. (d) The company logo after
CNTs deposited. The scale bars in (¢) and (d) are both 10 um each. (e) CNTs grown
within the gaps between the Au wiresstrips (white region), which are 5 pm apart. (f) An
enlarged view over one of the letters in the company logo. (g) The substrate which was
exposed after a Al pad (enlarged view from one of the four on the right of (b) melted, as
pointed by the arrow in (b)). (h) A more detailed top view over CNTs as in (g).
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However, compared with the print before CNTSs" deposition, shown in Figure 3-6 (c), the
CNT-deposited logo (see Figure 3-6 (d)) covers a slightly larger area than the temperlate
itself. It suggests that the CNTs which grew on the sidewalls of the SisN, templates,
reached into the vincint spaces. Figure 3-6 (f) demonstrated a magnified view over one of
the CNT-deposited letters in the logo.

In addition, it can be seen from Figure 3-6 (e) that aligned CNTs forests deposited on the
SizNy substrate while none of CNTs was found growing on the gold surfaces, which
survived at 850 °C in the reaction chamber due to the high melting point of Au (1064 °C).
And it should also be mentioned here that there are some linkages built by the CNTs
across the Au strips which are shown in white in the SEM image in Figure 3-6 (e). This
can be extended to fabricating CNT-Au devices. On the other hand, the Al pad in figure
3-6 (g) had been destroyed under the high temperature in the reaction chamber because of
the low melting temperature of Al (660 °C) and some of the melt Al was deposited on

CNTs, as seen in the magnified view of Figure 3-6 (h).

2.TEM microscopy

As seen from the TEM images in Figure 3-7 (a) and (b), MWNTSs were produced from
ferrocene-derived catalysts. The diameters of CNTs from ferrocene-derived catalysts
range from 20 to 60 nm and their major distributions are approximately from 40 to 50 nm.
Slightly entangled tubes are visible and they have smooth surfaces on their outer walls.
However, there are some irregularities, which can be observed in the TEM images. The
irregularities of the CNTs include the unevenly distributed thickness of their sidewalls

and the non-uniform structures of their tubular shapes. There are some spherical catalyst
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particles, with diameters similar to those of the CNTs, encapsulated inside the CNTs.

These are suggested to be typical characteristics of lhe tip growth mechanism.
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Figure 3-7 TEM images of carbon nanotubes produced from ferrocene-derived catalysts.
(a). (b) TEM microscopy of CNTs with diameters ranging from 30- 60 nm at low
magnifications, scale bars denote 100 nm, (c¢) a broken tip of CNT with about 40 nm
diameter, and (d) a middle-section of carbon nanotube with a diameter of about 50 nm,
with catalyst particles, shown as black rod-like structures in it. Scale bars in (c¢) and (d)
denote 50 nm.

Images (c) and (d) in Figure 3-7 demonstrate a truncated tip and a middle section of two
CNTs, with diameters of approximately 30 and 50 nm, respectively. These TEM images
gave further details of individual CNTs and demonstrated that the CNTs from this

precursor contained a generally straight but individually irregular geometry. The open
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end in Figure 3-7 (c) might be caused by the ultrasonic treatment during the sample
preparation before TEM microscopy. In Figure 3-7 (d), compartments containing
catalyst-derived impurities are enclosed in a CNT structure. These impurities might have
been lifted up from the pre-deposited catalyst particles on the substrate during a base
growth process. All of these observations suggest that both the tip- and base-growth
mechanisms might exist during their growth.

In addition, it should be mentioned that the alignment of ferrocene-derived MWNTSs was
lost after the ultrasonic treatment for TEM microscopy. The binding between CNT
bundles results from van der Waals forces between CNTs. This suggests that a mild
mechanical treatment on CNTs disintegrates the alignment between these CNT bundles.

Thus there are no strong bindings between these CNTs.

3.3.2.2 Synthesis of aligned MWNTs from iron (I1) phthalocyanine (FePC)
1. SEM microscopy

The LRSEM images in Figure 3-8 were given on aligned carbon nanotube films, which
were formed on the top surface of a quartz plate using FePC as the precursors at 850 °C
in a growth time of 15 minutes. All of the CNTs are of approximately the same height of
10 pm. A large area of approximately 2 mm x 2 mm of aligned CNTs film was shown as
Figure 3-8 (a). Apart from those similarities with the samples produced from ferrocene,
the samples formed from FePC contain fewer impurities and a larger area of alignment,
as seen from Figure 3-8 (a) and (b). Also, as shown from the side views of CNTs film in

Figure 3-8 (d), these CNTs are straighter than the ferrocene-derived samples.
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of the catalyst particles stay inside the bases of the CNTs and most of the tips are free of

encapsulated particles.
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Figure 3-9 TEM images on a bundle of CNTs from FePC- derived catalysts, with roots
attached together. The view (a) of a CNT bundle, from head to toe. The scale bar denotes
100 nm, (b) magnified at the middle section of the bundle, the scale bar denotes 50 nm,
and (¢) magnified at the root of the bundle, and the scale bar denotes 50 nm.

Figure 3-9 (c¢) gave a magnified image of the roots of the MWNT bundles. Metal or
metal-carbon alloy islands, which are in irregular shapes, with dimensions ranging from
tens of nanometers to several hundreds of nanometers, were completely covered by
carbon structures. The shapes and the dimensions of these catalyst islands did not confine

the diameters of the CNTs extruding from them. This phenomenon has been supposed to

be one of the main characteristics of the base-growth model [17]. The structures around
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the base ends of CNTs are much more irregular than those in the vincity of their middle
sections and their tips. Some of the catalyst particles were carried upward from the main
body of the catalysts in the base by the growing tubules and were trapped in the lower

portions of the tubes during the growth process.
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Figure 3-10 Middle sections of CNTs from FePC-derived catalysts. (a) CNTs in different
forms: straight sections, bamboo structures, helix-shaped and broken tips. The arrows
point to CNTs with bamboo strucutres. (b) Middle section of an individual tube. (c) A

magnified view of bamboo structure inside a tube. The scale bars denote: a. 50 nm, b. 50
nm, ¢. 100 nm.
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TEM images on the middle sections of the FePC-derived CNTs are shown in Figure 3-10.
A large portion of the middle sections of the CNTs are free of impurities and well
graphitized. Compared with CNTs from ferrocene-derived catalysts, these tubes are
straighter and less entangled. However, some CNTs still contain impurities, which were
either trapped inside their walls, or confined in their roots.

Bamboo structures, which are the capped graphitic structures trapped inside a CNT, are
observed in the TEM images in Figure 3-10 (a) and (c). It can be seen, particularly from
Figure 3-10 (a) that the curvature of these structures is pointing to the growing direction.
The bamboo structure can be attributed to the periodic closure of CNT walls into cones
and the growing of graphitic layers beneath them [17]. The bamboo structures without
encapsulated particles and tips without particles are two pieces of strong evidences that
CNTs from FePC-derived catalysts have been grown via the base-growth mechanism
[17]. The distribution of catalysts inside CNT samples is to be given by Energy

Dispersive X-Ray (EDX) analysis, which will be discussed in section 3.3.4.

3.3.3 Investigation on nanostructures inside individual MWNTs by High
Resolution TEM

HRTEM images provide us with much clearer view over the morphology of individual
CNTs than the LRTEM micrscopies we obtained in the earlier sections. The HRTEM in
Figure 3-11 displayed a magnified and better-resoluted view over a section of MWNTSs
from Fe(NO3); which contained plenty of irregular carbon nanostructures. The MWNTS
from Fe(NO3); precursors contain plenty of defects and curves, some of which were
indicated by the arrows in the figure. The interlattice spacings in these MWNTSs are all

0.34 nm, which is one of the typical characteristics of a MWNT.
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Figure 3-11 A HRTEM image of stacked MWNTs from Fe(NOs); precursor. As
indicated by the white arrows, there are plenty of defects in the morphology of this genre
of MWNTs. However, interlattice spacings of 0.34 nm can be identified in the tube
sections in this image. The scale bar represents 5 nm.

Inside individual MWNTs, which were made from ferrocene and FePC precursors, as
shown in Figure 3-12. crystalline structures in fringes were found. As reviewed in
Chapter 1, these fringes were projections of shells in concentric nanostructures. The
MWNTSs possess co-axial nanotube structures, in another word, the nanotubular layers
inside MWNTS are concentric with one axis, as shown in Figure 3-12 (a), a section of an
individual MWNT from ferrocene-derived catalyst.

A structure with concentric graphitic shells is supposed to be the key characteristic of
MWNTs and it has been observed in both MWNTs from ferrocene and FePC precursors,
as demonstrated in Figure 3-12 (a) and (b). The CNT section demonstrated in Figure 3-12
(a) has an outer diameter of 25 nm and an inner diameter of 11 nm. It has more than

twenty shells in its structures. Also it should be mentioned here that in the left top corner

of this image is a capped catalyst particle, encapsulated by a bamboo compartment.
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Figure 3-12 TEM images of (a) a concentric MWNT from ferrocene-derived catalysts
under a high resolution. The white arrow indicates the impurities encapsulated inside the
MWNT: (b) a MWNT section from FePC-derived catalysts under high resolution. The
approximately 25 nm thick wall consists of 73 shells: (¢) a MWNT tip under a low
magnification; and (d) part of the outer wall of the MWNT tip in (c).

The CNT section captured in Figure 3-12 (b) is from FePC-derived catalysts and the
HRTEM gives a well-resoluted view over the interlattice spacing, or the distances

between adjacent shells along one of its two sidewall. There are 73 shells of graphitic

lattices inside the wall of this CNT, of which the sidewall is about 25 nm thick.
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Figure 3-12 (d) gives an enlarged view over the edge of a CNT tip from ferrocene-
derived catalysts, as seen in Figure 3-12 (c¢). The image in (d) tells us that even though
the lattices in the CNT tip bend to meet the enclosure of the tube, the inter-lattice spacing

remains 0.34 nm.

3.3.4 EDX characterization of carbon nanotubes produced from
ferrocene-derived and FePC-derived catalysts
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Figure 3-13 EDX spectra at different sites of CNTs.

Energy Dispersive X-ray analysis (EDX analysis) is a technique used for identifying the
elemental composition of the specimen of an area of interest. The EDX analysis system
works as an integrated feature of a SEM. During EDX Analysis, the specimen is
bombarded with an electron beam inside the SEM. The bombarding electrons collide
with the specimen atoms' own electrons, knocking some of them off in the process. A
position vacated by an ejected inner shell electron is eventually occupied by a higher-
energy electron from an outer shell. To be able to do so, however, the transferring outer

electron must give up some of its energy by emitting an X-ray.
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The amount of energy released by the transferring electron depends on which shell it is
transferring from, as well as which shell it is transferring to. Furthermore, the atom of
every element releases X-rays with unique amount of energy during the transferring
process. Thus, by measuring the amount of energy present in the X-rays being released
by a specimen during electron beam bombardment, the identity of the atom from which
the X-ray was emitted can be established. Therefore, EDX spectrum gives the
information on elemental atoms both qualitatively and quantitatively.

The EDX spectra, which were taken at different parts of the CNTs, as mentioned in the
experimental, gave characteristic peaks for the carbon, iron, and oxygen elements, as
shown in Figure 3-13 and the detailed data is listed in Table 3.1.

Table 3.1 Relative EDX peak intensity

Counts of atom numbers from EDX
Sample
Carbon Oxygen Iron
CNTs from Roots 57 7 8
FePC Tips 201 17 3
CNTs from Roots 113 7 19
ferrocene Tips 122 7 24

The carbon peak and the iron peak belong to the carbon contents in the sample and the
particles derived from catalysts, respectively. The oxygen peak can be attributed to the O,
or H>O, absorbed by the CNTs from the air. It should also be realized that there are no
visible nitrogen peaks in the spectra either in CNTs from FePC or ferrocene. The absence

of nitrogen from the CNT samples reflects two facts: first, there is no absorption of
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nitrogen from the air by the CNTs; second, the nitrogen atoms in FePC, do not participate
in the formation of CNT structures.
The different parts of CNTs on which the EDX were taken include the roots, the sidewalls
and the tips. The elemental analysis gave us some further characterizations on the spots
detected. The data, which EDX analysis gives, is about the counts of atoms of different
elements on a fixed area of the sample. By comparing the quantitative ratio between the
numbers of iron and carbon atoms, one can tell the differences between samples from
precursors and the differences between different regional parts of the same sample.
By comparing the counts of the elementary atom numbers of the CNT samples from
different sources, as seen in EDX data in Table 3.1, we can draw some important
information about their contents.
(1) There are large differences between the tips and roots in CNTs from FePC-
derived catalysts in the contents of iron and carbon while there is no significant
difference in this aspect for CNTs from ferrocene-derived catalysts. This suggests that
different mechanisms might occur during the growth of the two CNTs;
(2) Oxygen is absorbed by CNTs and has bigger content in the tips of the CNTs from
FePC-derived CNTs. This might illustrate that the absorption of oxygen by CNTs
more depends on quantity of carbon rather than the geometrical factor;
(3) CNTs from FePC contain less content of iron than their counterparts. This further
supports the observation from EM images.
The EDX investigation is coupled with SEM and taken at a micrometer scale. In order to
investigate the contents of the bulk samples, TGA is employed as described in the next

section.
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3.3.5 TGA investigation of carbon nanotubes produced from ferrocene-
derived and FePC-derived catalysts
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Figure 3-14 Thermogravimetric analysis of CNTs samples from ferrocene and FePC,
ramped from 20-900 C at 20 °C per minute under 20 sccm flowing air. (a) Plots of weight
percentage versus temperature. (b) Plots of heat flow per gram versus temperature.

In the thermogravimetric analysis characterization, an amount (2.0 to 5.0 mg) of CNT

samples was burnt in the air. TGA gives the information on the weight loss and heat flow
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versus rising temperature for the CNTs grown from ferrocene and FePC during their
oxidation in a hot air flow with the temperature ramped from room temperature to 900°C.
As seen in Figure 3-14 (a), both of the samples lost approximately 0.5% of their weight
from 20 to 150 °C. This weight loss can be attributed to evaporated H,O, which had been
absorbed in the CNTs. And the major weight loss ranges of CNTs from ferrocene and
those from FePC are 473-635 °C and 528-687 °C, respectively.

The thermostability of a sample depends very much on its structure. To account for the
fact that the CNT samples from ferrocene start burning at a lower temperature than the
CNTs from FePC, there are two factors that should be addressed. First, due to their closed
and highly crystalline structure, CNTs are more chemically stable than amorphous carbon
upon oxidation. The amorphous carbon in samples is responsible for the lower ignition
temperature. Second, the defects along the walls of the CNTs are less chemically stable
than the parts of CNTs without defects, so they are more vulnerable to oxygen at a lower
temperature. After amorphous carbon and defects are oxidized, more dangling carbon
bonds are left around the sites of the CNTs where the defects were attacked and to which
amorphous carbon is adjacent. These dangling bonds are less chemically stable to
oxidation than the carbon bonds in structurally perfect tubes. Therefore, amorphous
carbon and defects lower the burning temperature range of the CNTs.

As seen from Figure 3-14 (b), the oxidation of CNT samples in air is an exothermal
process. To make a better comparison between the two samples, the heat flow was re-
plotted in mWOg'I of sample. In these heat-flow plots, the peak temperatures of heat flow
correspond to the steepest drop in weight loss from Figure 3-14 (a). They represent the

temperatures at which the biggest weight portions of the CNTs were consumed in the
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burning process of as-grown CNTs. The peaks of heat release during burning are 587°C
for CNTs from ferrocene and 633°C for CNTs from FePC. The former peak is broader
than the latter one and that means the CNT samples from FePC are more uniform in their
stability and structures.

The remaining material after burning at 900 °C is in a reddish colour. These residual
materials are most likely to be Fe,O;. The mass ratios of the residuals to the original
weight of the CNTs from ferrocene and FePC are 25.5% and 12.5%, respectively. The
molar ratios of Fe/C for ferrocene-derived CNTs and FePC-derived CNTs are
approximately as 1/18 and 1/45, respectively.

It can be interpreted from the data shown above that, in a bulk scale, the samples from
FePC contain more CNTs than those from ferrocene. They possess fewer impurities of
iron, which can endure high temperature in the air, and fewer amorphous carbon, which
burns in air, than the CNTs from ferrocene. The differences between the two samples
from different catalysts can also be associated with the observations from EM images

where there are fewer structural defects in the CNT structures from FePC.

3.3.6 Raman spectroscopy of carbon nanotubes

3.3.6.1 Raman spectroscopy of SWNTs

The Raman spectrum of a SWNT sample is shown in Figure 3-15. As was discussed in
the previous chapter, several characteristic peaks are present in the figure. The modes of

the other peaks observed in the spectra in Figure 3-15 are listed in Table 3.2.
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Figure 3-15 Raman spectrum of SWNT samples
As discussed in Chapter 1, the relation between diameter of the SWNT and RBM
frequency is given by equation (1-7),

@ rpm = C/d+Cs, (1-7)
where C; =223.5 nmem™' and Ca=12.5 em
Therefore, the diameter of the SWNT can be calculated from

di=Ci/(@rpm - Ca) (3-1)
A strongly resonated RBM mode is observed at 191 em’', the corresponding diameter of
this SWNT is approximately 1.25 nm.
As listed in Table 3.2, the other Raman peaks of the SWNT spectrum in Figure 3-15 can
be assigned as follows:

The weak peak at 1326 cm™ is assigned to fewer disordered carbon structures in the
sample. The G band consists of @, and @, 1555 cm™ and 1582 cm’’ peaks, which are
assigned to vibrations along the circumferential direction and along the CNT axis,
respectively. 1745 cm™ is a combination mode, which is RBM mode plus G band (@ in

this case). And 2660 cm™' is the second order peak corresponding to the D band.
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Table 3.2 First and second-order bands of SWNTSs in Raman spectra of Figure 3-15

Wavenumber (cm") Mode

191 @rpm. RBM, 1st order

1326 @p, D band, Ist order

1555 @, , G band, Istorder

1582 @, , G band, Ist order

1745 RBM + @,., combination mode
2660 2D band, 2nd order

3.3.6.2 Raman spectroscopy of MWNTSs

Raman spectroscopy was employed to investigate aligned MWNTs. The Raman
spectroscopy of MWNTSs was reviewed in Chapter 1 and the spectra of aligned FePC-
derived MWNTSs are shown in Figures 3-16 and 3-17, and their characteristics are
summarized as:

1. First-order peaks

There are three pronounced peaks which need to be addressed:

(1) The peaks at 1582 cm™ and 1591 em’, @, and @ [22]. are attributed to the
graphitic form of the CNTs as the E;, mode and are assigned to the vibrations
along circumference and axis of CNTS, respectively. The average of the above
two peaks, approximately 1587cm™, as discussed in Chapter 1, is the typical
feature of 2D graphite, which only has one type of vibration and thus one G band

peak. Compared with the two counterparts in the spectrum of SWNTs, the gap
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between @, and @, is much smaller because MWNTSs have less curvatures in

their shells [12] and are closer to a 2D graphite structure than SWNTs.

(2) The peak at 1333 em’ [16, 22], wp. according to Dresselhaus et al. [22], arises
from a symmetry-lowering effect, due to defects or CNT caps, bending of the
CNT, and the presence of carbon nanoparticles and amorphous carbon. In another
word, there might be some disorder carbonaceous forms in the sample, even
though SEM and TEM images show the sample is quite clean and uniform.

(3) The peak at 1618 cm™, is only present in Raman spectra of MWNTSs and not
observed in the SWNT spectra in Figure 3-15. It is related with the maximum in

the graphene 2D phonon [22].
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Figure 3-16 Raman spectroscopy on an aligned film of MWNTSs from FePC. Laser spots
on the tips of and on the roots of the CNT film. The two solid arrows indicate the two
peaks in RBM mode.

2. Second-order peaks

The second order Raman spectra show broad peaks at 2643cm™ and 2667 cm™', G* band,

for which it has been suggested by the reference [13] that they can be attributed to the
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“disorder within graphite domains”. In the Raman spectra shown in Figure 3-16, this
peak can be attributed to 2 @ p.

When estimating the defect content in the as-grown CNT samples, the D-mode intensity
is usually normalized with respect to the intensity of the G-mode at around 1600 cm™' to
yield a relative intensity of D band over G band. This ratio indicates both the defect
content inside the regular graphitic structures of CNTs and the amorphous carbon content
in the sample. A lower relative intensity of D band over G band corresponds to a better
crystallisation in the sample.

As seen from Figure 3-16, the Raman signal from the roots of the CNTs is weaker than
that from the tips of nantoubes, this is due to less crystalline graphitical structures, which
were seldom observed in the TEM image (Figure 3-9 (¢)) of the FePC-derived CNT roots.
Also shown in Figure 3-16. RBM Peaks, which are indicated by the two solid arrows in
the figure, the typical characteristic of Raman spectra of SWNT and MWNTSs with low
diameters [2], appeared on the tips of FePC-derived CNTs. Even though none of SWNTs
have been identified from the numerous TEM images of FePC-derived CNTs, the
possibility of the existence of MWNTSs with low diameters or even SWNTs in FePC-
derived CNT samples should not be excluded. On the contrary, as shown in Figure 3-17,
the sample from ferrocene-derived catalysts does not contain RBM-active CNTs.

Figure 3-17 compares Raman spectra of MWNTSs from ferrocene-derived catalysts and
FePC-derived catalysts. The relative intensities of D band versus G band in the spectra
indicate that, compared with their ferrocene-derived counterparts, FePC-MWNTSs contain
more regular graphitic nanostructures and relatively fewer defects and carbon-related

impurities. That is in consistence with the observations from TEM and SEM.
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Figure 3-17 Raman spectra of MWNTs from ferrocene-derived and FePC-derived
catalysts.

3.3.7 Growth mechanism of carbon nanotubes

The growth mechanism of carbon nanotubes in CVD has been extensively studied [17-
19]. Here the discussions are focused on three subtopics:

I. Why do large amounts of defects and coiled structures appear in carbon nanotubes
grown from Fe(NOs)s;-derived nanoparticles? 2. How is the alignment of CNTs
constructed under the thermal decomposition route? 3. Why are there some differences
between CNT samples from ferrocene-derived and FePC-derived catalysts?

3.3.7.1 Investigation of growing carbon nanotubes from Fe(NOj)s-derived
nanoparticles

It can be observed that multi-walled carbon nanotubes grown from Fe(NOs):-derived
nanoparticles contain large amounts of defects and coils, as illustrated earlier in Figures
3-2,3-3 and 3-11. To understand this, it will be useful to start with how a defect in a CNT
is formed in an atomic scale. CNTs remain in perfectly straight forms as long as the
carbon atoms are all in hexagons. However, there are some heptagons and pentagons in

tubular sections and these sites were observed as defects in TEM images. As shown in
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Figure 3-18, an “elbow-like bend” [8] is one of the defects which can be found in CNT
structures. Heptagons and pentagons are structurally essential for such a bend. The
heptagons and pentagons not only exist in defects and curves along the CNTs, but they
are also necessary geometric parts in the closure of CNT tips. Topological defects have

been introduced in CNT structures to achieve electrical contacts at a molecular level [7].

£§£§£§£§&%§ -

Figure 3-18 “Elbow-like bend™ (Chico, et al. [6]) between two pieces of straight CNTs
(8,0) and (7.1). The carbon atoms in red form into a pentagon and a heptagon while most
of the other carbon atoms in blue form into hexagons.

S

The formation of defects and coils can be attributed to the irregularity of the catalyst
nanoparticles. The large variety of the nanoparticles lead to uneven distribution [1] of the
growth rate at different growing spots around the circumferences of the CNTs during the
growth process. The consequence is that CNTs are grown in a great variety of diameters
and pointing to different directions. These factors as well as the entanglement of CNTs

result in CNTs with defects and coils in the process of their growth.

3.3.7.2 Mechanism of alignment of carbon nanotubes by CVD

The growth of aligned carbon nanotubes by CVD can be illustrated as follows: The
sublimed precursors (ferrocene or FePC) are carried by argon into the pyrolysis chamber,
where the precursors are decomposed into Fe nanoparticles. These particles interact with
the quartz glass plate and grow into nucleation sites. The decomposed carbon atoms or

species from hydrocarbon diffuse and saturate from Fe clusters and grow into capped
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graphitic shells. Then more carbon species either diffuse into the metal particles or form
into the graphitic walls, which form into new caps or open tips and extend into tubes. The
high density of active sites results in the “overcrowding effect™ [23] onto each CNT
during the growing process. And the inter-CNT van der Waals forces attach CNTs
together and enable carbon radicals to grow vertically into aligned carbon nanotubes
films.

Combining the results from TEM and EDX. the growth mechanism of the CNTs from
FePC-derived catalysts is more inclined to the base-growth mechanism, as in the model
suggested by Lee [17]. Most of the catalysts stay inside the roots of the CNTs. It can be
depicted that, during the growth of FePC- derived CNT forests, the saturation rate of
carbon atoms inside the metal-carbon alloy is much faster than the dissipation rate, and
the over-saturated carbon atoms deposit along the up growth direction of the CNTs.
3.3.7.3 Investigation on the differences between carbon nanotubes from ferrocene-
derived and FePC-derived catalysts

The differences between CNT samples from ferrocene-derived and FePC-derived
catalysts have been deduced from the characterization described in the earlier sections.
As mentioned before, it is postulated that the former CNTs were grown under both the
tip- and base-growth mechanisms, whilst the latter ones were grown via a base-growth
mechanism.

Besides the disparity between their growing mechanisms, their differences in iron
contents, CNT morphology and thermostability can be explained by two factors. First,
compared with ferrocene (molar ratio, Fe/C: 1/10), the ratio of Fe content in FePC (molar

ration, Fe/C: 1/32) is much less. It means that less Fe content from FePC is involved in
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the synthesis of CNTs than from ferrocene. Second, FePC sublimes at a much higher
temperature than ferrocene and cracks into more uniform catalytic species. It starts to boil
at 478 °C whilst ferrocene sublimes at 175 °C. In another word, under a ramping
temperature, ferrocene is more volatile than its counterpart. It means that the FePC has a
smaller range of sublimation temperatures than ferrocene during the process in which
catalysts deposit on the growth substrate. Therefore the catalytic species and carbon
species, which were cracked from FePC, might be less versatile than those from
ferrocene. We would also like to associate these differences in the physical properties of
the precursors with the different geometry of the catalyst particles on the growth
substrates and as a result, a different quality of the CNT samples.

These two factors of the precursors might contribute to the facts that catalyst particles
derived from FePC are more uniform in their sizes and more likely to transform carbon

species into CNTs than those from ferrocene.

The work discussed in this chapter demonstrated that CVD can be used as an efficient
method for the synthesis of MWNTSs. Characterizations on CNTs revealed the differences
in morphologies and thermostabilities of CNTs, which are attributed to the differences in
their growth mechanisms and the volatilities of their precursors. In the next chapter,

attentions will be brought to the after-synthesis treatment of MWNTS.
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Chapter 4
Post-synthesis Treatment of Carbon Nanotubes

The previous part of this thesis focused on our synthesis and characterisation of as-grown
multi-walled carbon nanotubes by CVD from different precursors. However, for some
characterisations and most of applications purposes, as-grown CNTs need to be treated
before use. In the second part of this thesis, attentions will be given to the post-synthesis
treatment of carbon nanotubes and the background chemistry behind these treatment

methods will be introduced.

Treatment of CNTs after synthesis has been under scrutiny since the discovery of CNTs
in 1991. It became an interesting topic not only because of the application necessity but
also because investigations into the treatment mechanisms reveal further information
about the intrinsic chemical and physical properties of CNTSs. Several aspects involved
with post-synthesis treatment of carbon nanotubes: purification, modification, separation
and manipulation are under scope of this chapter. Various methods to achieve these goals

are to be addressed here. The mechanisms of these treatments will also be reviewed.

4.1 Purification

As-grown CNTs contain impurities, which may deteriorate their properties. These
impurities include amorphous carbon, carbon nanoparticles and metal particles, which are

derived from the catalysts. Proper ways of purification are required [14, 16, 38, 46, 50] to

remove these impurities before the intrinsic properties of CNTs can be studied and
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excellent performances of CNTs can be fully exploited. Different methods of purification
have been reported, including burning [16] in CO, and air, ultrasonically assisted
filtration [38], oxidation by means of acid [14] or bromine [13], toluene extraction [14]
and dielectrophoresis [50] (which will be discussed in details in Chapter 5).

4.1.1 Oxidation of CNTs in CO; and air

Oxidation of CNTs in CO; and air, or burning of CNTs, was first adopted as a
purification method by Ebbesen [16] in 1994. This approach targets carbon nanoparticles,
which are the main by-products of an arc-discharge process. These nanoparticles include
small-sized ones like fullerenes and big-sized ones, such as carbon nano-onions (carbon
particles with multi-layered spherical structures). In a burning process, carbon nanotubes
are oxidized at a lower rate and are able to survive at a higher temperature than carbon
nanoparticles because CNTs are structurally more stable (the thermostabilities of
MWNTs have been studied in Chapter 3).

However, to produce pure CNTSs, ninety-nine percent of the sample, including a
considerable quantity of CNTs, had to be burnt off, as reported in reference [16]. Another
disadvantage of this method is that burning of the samples leads to some unwanted

opening and thinning [1, 47] on the walls of CNTs.

4.1.2 Oxidation by liquid oxidants

Liquid oxidants have also been used to purify CNT samples from a different route than
the method mentioned above. The liquid-phase oxidation reaction is more effective than
its gas-phase counterpart in removing metal oxide particles derived from catalytically

grown CNTs, with which the main by-products are metallic impurities. Among these
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liquid oxidants, there are some strong reagents such as KM,04/H,SO;, [20] concentrated
HNO3/H,SOy4 and bromine [13] for multi-walled carbon nanotubes, and mild one such as
a dilute HNOs [14] solution for single-walled carbon nanotubes. To achieve a uniform
result of purification. a mechanical stirring or a reflux is usually applied.

However, liquid oxidants may bring some damages onto nanotube structures and in
particular they also make openings on CNTs because CNT tips are more vulnerable under
oxidation. After being oxidized by these strong liquid reagents, hydroxyl and carboxyl
groups are generated on the sites where carbon atoms on CNTs are attacked, and

sometimes resulted in shortening of CNTs.

4.1.3 Ultrasonically assisted filtration

Smalley et al. first reported a purification method of ultrasonically assisted filtration [38].
This approach was based on size selection of membranes. In a typical experimental
procedure of ultrasonically assisted filtration, single-walled CNTs-containing samples,
which were produced by the laser-ablation method, were suspended in a surfactant
solution, followed by filtering through a polymeric membrane with micron pore size. An
ultrasonic horn has been employed in Smalley’s report in order to achieve a good
suspension of the sample and to ease blockings in the membrane pores. Most of
amorphous carbon and metal particles in as-grown samples were filtered off and CNTs

were obtained from the filtrate.

4.1.4 Reflux and extraction by organic solvents

CNTs have much less solubility than metal particles and fullerenes in toluene. In the

reflux and Soxhlet extraction method of CNT samples in toluene from reference [46],
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metal particles and fullerene impurities were dissolved and the undissolved CNTs were
left as the residue. This method is particularly effective on samples from arc-discharge

and CVD synthesis.

4.2 Modification

CNTs can be modified either physically or chemically to meet the specific needs for
applications. On one hand, carbon nanotubes are structurally stable and their fundamental
properties do not change after a mild modification: on the other hand, some changes of
their structures and properties enhance the properties of CNTs and broaden their
application potentials.

4.2.1 Structural modification

As reviewed in Chapter 1, CNTs have very large potentials in MEMS and NEMS
applications. However, they need to be opened and truncated for some uses in these
aspects. As-grown CNTs are usually of microns long and in bundles, as a result, they are
not desirable to fit into some nanometre-sale electronic and mechanical devices and need
to be cut [32] and isolated [24] into shorter and individual sections before use.

Also, open tips are necessary for capillary uses [1, 43, 47] and hydrogen storage [39].
Thus an opening of the enclosed ends of CNTs is required.

Cutting and opening can be achieved by burning CNTs in air, electrochemical etching
[39], ball milling, ultrsonication [52] or refluxing CNTs in concentrated HNO5. So open-
ended CNTs can be considered as by-products of a purification process. It has been
observed [47] that opening usually happens at the sites with the greatest curvature or on

the tips. The curvatures, which have been described in Chapter 3 as holding high
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densities of defects, are less structurally stable than the straight compartments because
carbon pentagons and heptagons, which are contained in curvatures, are energetically less

stable than hexagons in straight tubules and therefore are more vulnerable to oxidations.

4.2.2 Chemical modification

CNTs without any modifications are extremely hydrophobic and not suitable for
applications in which polar liquid media, such as biological uses [7], are involved due to
the fact that CNTs are lack of solubility under pristine conditions. Therefore, either
solvents [2, 3, 11] and surfactants [8] are required or the CNTs need to be modified [5, 23,
37, 49] and chemically functionalised [15, 31, 45]. And more importantly, chemical
modification is expected to provide “chemical handles™ [42] to overcome the difficulties

in manipulating CNTs in producing CNT-based devices.
1. Dispersion of CNTs in solvents and surfactant environments

CNTs without modification are highly hydrophobic. Among reports, only single-walled
CNTs have very slight solubilities in some solvents such as 1,2-dichlorobenzene, toluene,
chloroform,  dimethylsulphoxide (DMSO), N,N-dimethylformamide (DMF), N-
methylpyrolidone (NMP) and tetrahydrofuran (THF) before being properly modified. The
reported solubilities of SWNTSs are less than 100 mgL™' [2]. Moreover, in fact, a colloid
suspension, rather than solution, of CNTSs in a solvent, was obtained. To precisely
describe the behaviour of CNTs in a liquid medium, the term “colloid solution™ or

“dispersion” is frequently used.
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According to colloid chemistry [34], dispersions are always in a metastable state. The
stability of the dispersion is strongly dependent on the charges generated on the surface
of the particles. The combination of an attractive van der Waals force and a repulsive
electrostatic force forms the fundamental basis for an understanding of a colloid solution.
The instability of colloid suspension arises from van der Waals forces between colloid
particles. Van der Waals force is a ubiquitous force in nature and one of the main forces
acting between molecules and is responsible for holding solids and liquids together. It is

much weaker than the Coulombic force acting between ions.

A universally adopted method to achieve a stable and well-dispersed suspension is to use
a surfactant [8], which provides repulsive forces between colloid molecules to achieve the
dispersion of nanotube colloids. The uses of both of ionic surfactants, such as sodium
dodecyl sulphate (SDS) [8], and non-ionic surfactants Triton X-100 [2] and
polyvinylpirrolidone (PVP) [29], have been reported. It should be realized that dispersion
of CNTs in a surfactant solution is a thermodynamic process and therefore it can be
reversed.

Ultrasonication treatment, which is often used for TEM sample pre-treatment for CNTSs,
is usually coupled with a surfactant-assisted dispersion to provide mechanical energy to
disintegrate the nanotube aggregates and to overcome the van der Waals forces between

nanotube colloids.

2. Chemical functionalisation
Carbon atoms in CNTs are in sp’ hybridisation and bind in a conjugated way. Different
routes to achieve covalent functionalisation based upon the electronic structures of CNTs,

have been raised:
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(1) Introducing carboxyl acid group (-COOH) [48] onto nanotube’s outer walls,
followed by coupling amines to this group.
(2) Addition of aryl group onto sidewalls of SWNTs using diazonium salts.
(3) Dipolar cyclo-addition of heterocyclic groups [7] or dichlorocarbene [22] onto
sidewalls of CNTs.

The chemical modification of CNTs causes an increased solubility [5] and altered band
gaps [39, 43] as well.
The reactivity of CNTs is strongly dependent on their local deformation, chemical
doping. photo-excitation and local chemical environment [42].
Also, CNTs can be functionalised with polymers such as polyvinyl alcohol [31] in
carbodiimide-activated  esterification  reactions  to  yield  nanotube/polymer
nanocomposites in which the interaction between CNTs and polymer chains is enhanced
after the reaction. And as a result. the mechanical properties of the composite are
improved.
By comparing between the effects of solvent/surfactant and chemical modification on
CNTs, it can be concluded that solvent/surfactant treatment does not change the structure
of CNTs and therefore the treatment is reversible. In the case of chemically modification
of CNTs, by contrast, introducing chemical functional groups onto CNTs alters the
electronic structures of the resulting tubes. To remove chemical functional groups from
CNTs, a heat treatment is necessary. A high temperature introduces cross-linkings
between sidewalls of CNTs [22] and reduces the dispersion ability of CNTs. As a result,

chemical functionalisation method brings some irreversible changes to CNT structures.
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4.3 Separating between semiconducting and metallic CNTs

For electronic uses, semiconducting and metallic CNTs ought to be separated, or CNTs of
specific chiralities need to be sorted [4, 27]. There are some reported attempts with
different selection mechanisms, which were based on the differences of structures and
chemical properties between metallic and semiconducting CNTs. Among these methods,
there are dielectrophoresis [26], selective physisorption [9] and DNA-assisted selection
[52,53].

4.3.1 Selective physisorption

In a physisorption process, a substance absorbs species while there are no chemical
bondings between them. For a semiconductor, physisorption changes its number of
charge  carriers and results in a  shift in  their Fermi level.
It has been found [25] that doping by alkylamine, a —~NH> group on individual
semiconducting SWNTs  shifts the Fermi level of CNTs. Therefore, there is an affinity
between semiconducting CNTs and the amine group. A bulk separation route was
proposed by Charttopadhyay et al. as selectively destabilising the dispersion of metallic
CNTs [9] in an octadecyl amine (ODA) environment to cause their precipitation while

semiconducting CNTs were being kept dispersed in ODA.

4.3.2 DNA-assisted sorting

The unique sequenced structure of DNA has been used to carry out molecular recognition.
An oligonucleotide sequence was reported to be able to self-assemble into highly-ordered
structures around CNTs [52, 53], allowing improved separation between metallic and

semiconducting CNTs as well as a diameter-dependent separation.
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In a DNA-assisted sorting process, the chemical coupling of CNTs with DNA was
followed by anion exchange chromatography. The mechanism of this process was based
on the fact that the interactions of semiconducting SWNT and metallic SWNT with DNA
result in different net linear charge densities of their structures and lead to discrepancy in
the binding strengths of metallic and semiconducting SWNTs with the anion exchange
resin. Therefore sampling elution fractions of anion exchange chromatography at
different retaining times achieves the separation of these two types of SWNTs from each

other.

4.4 Post-synthesis alignments and positioning

Aligned CNTs have been synthesized from CVD, as described in Chapter 3. However,
specific application may require alignment and/or re-positioning of CNTs after synthesis.
This has been accomplished both mechanically and electrically. Assembling CNTs into
desired places and shapes has also been required. The tiny sizes of CNTs retard any easy
manipulation on them. Post-synthesis treatment and manipulation of carbon nanotubes
still remain the major barriers [6] toward their large-scale applications. Among reports in
these aspects, ion beam irradiation [35] and laser pruning [30] have been attempted to
modulate the patterns and the structures of CNTs after synthesis. However, they are still
not satisfactory cures to the hassles above.

Also, in order to gear CNTs from a laboratory research object to industrially applicable
materials, appropriate ways of aligning, manoeuvring and positioning [51] CNTs in a
bulk scale are required. Rheological forces [19], chemical self-assembly, magnetic field

[18, 21] and electric field [12, 17, 26, 28, 33, 44, 50] have been used to introduce
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alignment onto post-synthesis CNTs and with some of those methods, it has been

possible to fabricate CNTs into preliminary devices.
4.4.1 Rheological forces

The earliest attempt of aligning CNTs into a certain direction after synthesis can be traced
back to 1995 when W. A. de Heer at al. [19] reported a method of aligning arc charge-
synthesized CNTs by mechanically pressing a piece of CNTs-coated ceramic filter onto a
thin Teflon sheet. Measurements on the resistance and dielectric functions of the aligned
samples along the perpendicular and parallel directions of the alignment indicated
anisotropies in their electrical and optical properties, which were clear evidences of

morphologic alignment of CNTs.

4.4.2 Magnetic force

According to de Heer et al. [10], CNTs are magnetically susceptible materials. As a result,
alignment of CNTs can also be achieved by applying a magnetic field [40, 41] to single-
walled nanotube suspensions. In these reports, magnetic forces exerted a torque on
objects placed in the field, and were used to entrap carbon nanotubes from suspensions
and thereby to fabricate them into devices.

Magnetic field-induced alignment can also be achieved on polymeric chains. In another
report, after a strong magnetic field was applied on CNTs which were dispersed in a
polymeric matrix [18], polymer-mediated alignment of CNTs was achieved. In this
polymer/CNTs system, the alignment was established from two sources: CNTs inside the

polymeric matrix were reoriented by the magnetic field and the rheological force
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generated by polymer chains which were also susceptible to the magnetic field and had

been magnetically aligned.

4.4.3 Self assembly

Self-assembly chemistry has been widely used to assemble nanomaterials into ordered
structures and to tailor nanomaterials on the surface of metals or semiconductors [41] to
achieve physical and chemical properties of an interface. This technique [36] has been
used to align pre-grown SWNTSs in a big scale by utilizing their high polarisability that
enables CNTs to possess the affinity to polar groups. In this method, two distinct surface
groups, polar group, such as amino (-NH2/-NH3") or carboxylic acid (-COOH) and non-
polar group, such as alkyl, were coated on different areas of a substrate. While being
dipping the substrate into a SWNT suspension, SWNTSs were attracted to the polar groups
and self-assemble to form a templated structure with polar groups.

Besides rheological forces and magnetic forces, electric fields have been applied to align,
manipulate, purify and select CNTs in suspensions. Electrophoresis and dielectrophoresis
are terms to describe the motion of charged and neutral objects inside electric fields. The
detailed discussion on application of electrophoresis and dielectrophoresis in post-

synthesis treatment on carbon nanotubes is to be given in Chapter 5.
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Chapter 5
Dielectrophoresis

5.1 Definition

The word dielectrophoresis originates from the Greek word phoresis, which means
carrying. Dielectrophoresis [11] is termed as the translational motion of a neutral matter
caused by its response to an inhomogeneous electric field. The force generated by the
electric field to produce this response is called the dielectrophoretic force. The
translational response can be coupled to a moment arm, which produces torsion on the
object in the non-uniform electric field, and results in an alignment of axially asymmetric
object in the field.

Dielectrophoresis should be distinguished from another phenomenon of matter motion,
electrophoresis [10, 12]. As shown in Figure 5-1, dielectrophoretic (DEP) force moves a
neutral body toward the strongest field region while electrophoresis refers to the motion
of a charged body in an electric field.

In the case of an anisotropic object in a non-uniform electric field, a picture can be drawn
that the electric field produces a torque, then a translational motion is generated on an
object inside the field and the particle is to be pulled toward either electrode. If the

particle is isotropic or spherically symmetric, torque will not arise.
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Figure 5-1 Behaviours of neutral and charged bodies in a non-uniform electric field, with
dashed lines indicating its direction. The big sphere in the diagram represents a neutral
body and the small sphere represents a charged body. The neutral body is polarised and
pulled toward the strongest field region. The charged body moves along the electric field
lines. The parallel arrows inside the neutral body and the bend arrow outside the charged
body indicate their movements inside the electric field.

In a non-uniform electric field, as shown in Figure 5-1, different behaviours are exhibited
by charged and neutral particles. The charged particle is pulled to the electrode with
opposite polarity whilst a force orthogonal to the field direction is exerted upon the
neutral particle. In a neutral object, the numbers of the positive and the negative charges
are equal to each other. Orthogonal translational motion occurs in the domain of a non-
uniform electric field due to polarisation of the neutral body and the negative charges and
the positive charges of the body are pulled to the sides closest to the electrodes with
opposite polarities. When the electric field exerts on two regions inside the particle, the
strength of the local fields are not equal. The polarisation of a neutral body in a non-

uniform field brings about a torque pulling the body towards the region of stronger

gradient field.

5.2 Polarisation

Polarisation inside a molecule consists of four modes:
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(1) Electronic polarisation, which arises from the distortion of the electron orbitals
under the impact of the external field. However, the contribution from electronic
polarisation is very small because the intensity of the external field is much less
than that of the internal field inside the atoms:

(2) Atomic polarisation, which comes from the shifts of charged atoms with respects
to each other inside a molecule. In organic compounds, this contribution to the
total polarisation is usually small whereas, in inorganic compounds, and it can be
very large because of the density of charges;

(3) Orientational or dipolar polarisation, which arises from the orientational responses
of molecules or parts of molecules that possess a permanent dipole moment. They
will respond to the external electric field by aligning with it to reduce their
potential. This type of polarisation can be quite large;

(4) Nomadic charge polarisation, which results from the pliant responses of thermally
excited charges situated on long domains. This occurs where there are long chains
or lattices of molecules with dislocated charges.

The long electron mean path and the geometric structure of carbon nanotubes, can be

expected to result in a large nomadic polarisation effect.

5.3 Dielectrophoretic force and Torque

When a small neutral body is placed in a static electric field at equilibrium, the net

electric force F[11] upon it is

F:(P.V)Ee (5'1)
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where P is the polarisation, and Eg is the external electric field. Therefore, VEg is the
field gradient.
If the dielectric body is isotropically, linearly, and homogeneously polarisable, then

P=avE, (5-2)
where @ is the tensor polarisation per unit volume in unit field, v is the volume of the

body, and Eg is the external field, then the net electric force for an ideal linear neutral

body inside an electric field can be rewritten as

F = aV(Ee ) V)Ee

‘ (5-3)
= 'g_ VV|EeI' = aV|E9|VIEe|

For a sphere, v = 4ma’/3, where a is the radius of the sphere in an infinite medium of

permittivity €, and in a uniform external electric field strength, P is given as

2 & - &
P=-avE.=4m e (——)Ee (5-4)
I g, +2¢,
av=dme (L8l = amde k (B2 K (5-5)
£, +2¢, K:2+2K,
hence
5 K:-K 2 .
F = 27a’K £ ,(————)V|E¢| (5-6)
K242K

where the term (K;-K;) is introduced due to the replacement of the dielectric of the
medium by that of the sphere, &;= & K, and e,= &y K, , are the absolute permittivities of
media 1 and 2 respectively. Here g is the permittivity of free space, a constant with an
approximate value of 8.854 x 10" C V"' m™. Therefore, the net electric force can be

rewritten as
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3 E- &

F=—ve—~—-YE
2" '.€3+2€,vt ¢

(5-7

It should be emphasized here that the force is dependent on the square of the gradient

field regardless of the direction of the field. To maximize the force, both large fields ‘Ee’

and large field gradients, VIEe| . should be applied. Experimentally, V[Ee‘ , can be

increased by using electrodes with small radii of curvature.
Studies of dielectrophoretic response of particles, which are suspended in liquid media,
show that the response is also strongly dependent on the frequency of the electric field,

the conductivity and the permeability of the particle and the medium.

5.4 Dielectrophoresis and carbon nanotubes

5.4.1 Theoretical background

The idea of using dielectrophoresis technique for aligning and manipulating carbon
nanotubes was first theoretically proposed by B. H. Fishbine [3] in 1996. A CNT can be
regarded as a linear, rigid and conducting cylinder with a very large length/diameter ratio.
Accordingly, it should behave as a one-dimensional conductor with high polarisability
along one axis. These facts with CNTs make them experience high dielectrophoretic
forces [4, 11] when they are placed in a non-uniform electric field.

The energy of interaction between a cylinder, such as a CNT, and an applied electric field
can be modelled in the following way:

In the high field limit, the polarisation of the nanotube is given by

P= -aCNT’Ee‘COSG (5-8)
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where Olenr represents the axial polarisability of the CNT, and & (-n/2< @ <nt/2) defines

the angle of nanotube axis to the applied field, as seen in Figure 5-2.

o
/

Figure 5-2 Polarisation of a cylindrical conductor in an electric field.

el
>
L

Therefore, energy of the interaction

l 1 s ] 2
U= -E PEe = 5 Olent €OS™ V) ‘Ee| - (5-9)

Force on the nanotube

1 2 b .
F=TIU! = 3 G VI, o6 S

And torque on the nanotube

r .y E.|*sin26 5-11
= ag_—zaCNT\ e‘ Sinz (' )

From the equations (5-10) and (5-11) and the plots of DEP force and DEP torque versus
the angle of the CNT to the electric field in Figure 5-3, one can tell that
(1) As demonstrated in Figure 5-3 (a), the magnitude of the DEP force on the CNT is
at maximum when the CNT is parallel to the electric field and it is at minimum
when perpendicular to the field.
(2) As demonstrated in Figure 5-3 (b), the absolute magnitude of the DEP torque on
the CNT is at minimum when the CNT is either parallel or perpendicular to the

electric field, and is at maximum when & is +n/4.
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Figure 5-3 Plots of (a) DEP force and (b) DEP torque on a CNT versus the angle of CNT
to the electric field.

It can be drawn from Figure 5-3 that CNTs experience the maximum DEP force and a
zero torque when they are aligned across the electrodes (@=0) in a non-uniform field.
Therefore the aligning of CNTs along the direction of the field is the most stable state for

CNTs when the electric field was applied.

5.4.2 Applications of dielectrophoresis for post-synthesis treatment of
CNTs

According to Fishbine, alignment of CNTs by an electric method has the following
advantages:

(1) This method has no restrictions on material thickness. Unlike the aligned CNT forests
grown by CVD, the dielectrophoretic alignment from suspensions can control the length
of alignment, just by adjusting the distance between opposite electrodes; therefore it can
be particularly useful, for example, when establishing CNT alignment through a volume
of polymer composite.

(2) The direction of the alignment can be modified by changing the layout of the

electrodes. In the case of CVD growing, CNTs can only orientate in a direction
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perpendicular to the growth substrate. Dielectrophoretic alignment from solutions can be
at any angle on the plane of the substrate.

(3) Density, dimensions, conductivity and helicity of aligned CNTs by electric methods
can be controlled, by changing the parameters of the experimental conditions.
Dielectrophoresis techniques have been applied to carbon nanotubes for post-synthesis
treatment purposes: alignment, purification, selection and manipulation. A sufficiently
high field will not only align long and polarisable tubes, but also can be used to separate
conducting CNTs from non-conducting ones and less-conductive impurities, as well as to
manipulate CNTs when fabricating CNT-based devices.

1. Aligning CNTs

The earliest experimental attempt of aligning CNTs by an electric method can be traced
back to 1996 when Yamamoto et al. [12] applied DC and AC electric fields onto multi-
walled carbon nanotubes suspensions. In this report, alignment of CNTs between
electrodes was obtained and attributed to the anisotropy of their electrophoresis velocity,
which depends on the shape of the particles. In Yamamoto’s following work, AC electric
fields with frequencies from 10 Hz to 10 MHz were applied to MWNTSs suspensions. The
degree of the orientation of CNTs along the electric field was observed to increase with
increasing frequency of the electric field. However, a feasible mechanism has not been
given on this observation in Yamamoto's report.

Following the success of aligning MWNTSs by AC electric field, a later report, which was
reported by Chen et al. [2], demonstrated that applying this technique to SWNTs is also
viable. This was explained in the light of the electronic polarisation induced in carbon

nanotubes by the electric field. The dipole moment in the direction parallel to the tube
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axis is much stronger than the perpendicular direction because of the anisotropic structure
of CNTs. Also, they observed that, by increasing the frequency and magnitude of the
electric field, the alignment of SWNTs was improved. However, a rational explanation
for this frequency-dependency was not available in their report.

As what we discussed from the previous section, in a non-uniform electric field, CNTs
experience the maximum DEP force and a zero torque when they are aligned across the
electrodes. Mechanically, the most favourable position for CNTs is to follow the gradient
electric field. Furthermore, a high frequency of AC electric field favours the alignment.
These observations and models naturally imply that it should be possible to trap and
purify CNTs by high-frequency AC dielectrophoresis, based on the fact that objects with

different geometric shapes behave differently in an alternating electric field.

Z; Placement of CNTs

The alignment of CNTs by electric field has been extended to trapping suspended CNTs
into nanometre-scale assemblies. Reports from different sources [6-9] have been made on
placement of suspended CNTs by AC electric fields. In these reports, dielectrophoresis
was combined with a lithographic method to integrate CNT-based devices in a dimension
of 200 to 300 nm. It should be noted here that trapping with this method selectively
favoured metallic SWNTs.

It was suggested by Park et al. [8] that this method has some advantages: “(1)
Simultaneous response of CNTs in suspensions to electric field was observed: only a
short alignment time of 1~2 seconds is required, (2) the position and direction of the

suspended CNTs can be achieved and controlled accurately.”
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3. Separation of CNTs

As reviewed in Chapter 4, separation of metallic single-walled CNTs from
semiconducting ones remains one of major hurdles against large-scale applications of
CNTs because the synthesis methods have little tendency towards the selective formation
of either type of CNTs till now. Post-synthesis selection work on CNTs is required for
further development of certain applications.

As reported by Krupke et al. [5], when an electric field was applied to CNT suspensions,
metallic tubes were deposited on electrodes and semiconducting ones, however, remained
in suspension because of the differences in their dielectrophoresis behaviour. An
enrichment of up to 80% of metallic CNTs has been observed on the electrodes after a
high-frequency DEP process.

This phenomenon can be understood by using equation (5-10)

F=NU|= (acenr V|E, | *cos? 8)12, (5-10)

Where Olent is proportional to the number of free nomadic electrons, n. For a

semiconducting SWNT of identical dimensions to a metallic SWNT, the number of free
electrons can be expected to be approximated as

-Eg/kBT (5-13)

Ngemi ~ Nmetallic €
where Nyeanic is the number of free electrons of metallic CNT, E, is the bandgap of
semiconducting CNT, kg is Boltzman constant and T is the temperature. For E, ~ 1 eV, a

value for Ny is ~ 10" of that of Npetaticc: Compared to the metallic tubes, the

magnitude of the DEP force which semiconducting tubes experience in the electric field

is negligibly small.
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The DEP force exerted for a homogeneous dielectric object, can be defined by using the
equation (5-7)

o

E, - &
F oce, ———YIE
‘€:+2£,VT .

(5-7)

where €1 is the dielectric constant of the aqueous media and &, is the dielectric constant
of the object experiencing DEP. It can be seen that if £ >&,, the object can be expected

to experience negative DEP (be repelled from areas of high field strength) whilst if €,
> &1, the object experiences positive DEP (be attracted from regions of high field
strength). Under the same electric field, if we ignore the volume difference between
CNTs, every parameter but the dielectric constant of the CNTSs remains the same. Taking
the distilled water as the medium, the dielectric constant &, is 80.

The dielectric constant of semiconducting CNTs [1] has been given as

ho,
€ =1+(—L)° (5-13)
' 54E,

where 1@, is the energy of the plasma oscillation along the CNT axis with a value of

approximately 5 eV and E, is the band gap of the semiconducting CNTs. Calculations of
£ (replacing &, in equation (5-7) for semiconducting tubes) give that £, is less than 5.
On the other hand, metallic CNTs have large number of dielectric electrons and as a
result, their dielectric constant is a huge number.

Therefore, the DEP force exerted on metallic CNTs is positive while that on
semiconducting CNTs is negative. This difference results in the collection of metallic
CNTs on electrodes while semiconducting CNTs were repelled from the electrodes and

remained in the suspension.
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In the experimental work to be introduced from the next chapter, an ac electric field at

radio frequencies was used 1o attract and align the tubes. In chapter 7, a prototype device

was fabricated with the aim of separating MWNTs from as-grown samples, based on the

dielectrophoresis theory.
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Chapter 6
Alignment of Carbon Nanotubes by Dielectrophoresis

The introduction to the theory of dielectrophoresis in the previous chapter illustrated that
an object with a one-dimensional structure such as a carbon nanotube has a highly
anisotopic  polarisability and experiences both dielectrophoretic force and a
dielectrophoretic torque in a non-uniform AC electric field. This phenomenon can be
utilized in the post-synthesis treatment and manipulation of carbon nanotubes.

Applying well-dispersed carbon nanotubes suspensions in a non-uniform electric field at
a high frequency will generate a dielectrophoretic force upon carbon nanotubes, and as a
result, this force will align carbon nanotubes along the electric field vector. In this chapter,
descriptions are given on dielectrophoresis techniques used for the purpose of aligning
multi-walled carbon nanotubes from two different precursors, and the related results are

presented.

6.1 Experimental

6.1.1 Materials and Methods

1. Nanotubes
Multi-walled carbon nanotubes (MWNT) were grown on a silica plate from iron cluster
catalysts derived by pyrolysis of iron (II) phthalocyanine and of ferrocene, as described in

Chapter 3. MWNTSs were peeled off from the plate by a razor blade.
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2 Nanotube Suspension

a. Surfactants and solvents

An ionic surfactant, sodium dodecyl sulphate (abbreviated as SDS hereunder, melting
point: 204-207 °C, solid in room temperature) and a non-ionic surfactant, Triton X-100
(melting point: 6 °C, liquid in room temperature), were considered in the experiments.
However, Triton X-100 was chosen as the surfactant for the alignment of MWNTs
because according to our own observation in experiments, SDS is more polar than Triton
X-100 and undergoes crystallization into particles after the solvent is evaporated, which
retards the movement of CNTs and inhibit further characterisation.

Three polar solvents were also used to suspend MWNT samples. Comparison was made
among the impacts of the solvents on the changes of the capacitance components and AC
conductance on simultaneous dielectric spectroscopy.

b. Preparation of suspension

As-grown MWNTSs were suspended by mixing them in the ratio of 1.0 mg (MWNT):
ImL (absolute ethanol, isopropanol or distilled water): 15 mL (1% Triton X-100 in
distilled water, a non-ionic surfactant). After 30 minutes in an ultrasonic bath with a
power of 40 w, 15 pL of the suspension were re-mixed with ImL absolute ethanol,
isopropanol or distilled water and a further 15 mL 1% Triton X-100. A further 15 minutes

ultrasonication gave the working suspension with a concentration of 15 pg CNTs per ml.

6.1.2 Apparatus

Interdigitated Electrodes (abbreviated as IDEs hereunder, fabricated by Rob Kemp,

Industrial Research Limited) upon glass substrates were used in the experiment. These
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structures were laid out as interpenetrating arrays of fingers, which connected to two
different larger arms, through which an external power from a signal generator was
supplied. There are same numbers of parallel fingers of opposite polarity. The micro-
structure of an inter-digitated electrode array (IDE) used in the experiment has been
described in details in references [1-3]. The IDE arrays were patterned onto square glass
substrates (5 mm x 5 mm), as shown in Figure 6-1. Three individually different layouts of

IDEs were employed in the experiment.

(1) IDE 1: A castle-wall pattern with regular dents of half circles (with diameter of 25
um each) inside the 100 pm wide electrode fingers (see 6-1 (a)). The closest
distances between the castle-wall edges are all 35 pum.

(2) IDE 2: Another castle-wall pattern, with the castellation in squares with sides of
120 pum (see 6-1 (b)) and 100 pm apart. The closest distances between the
castellation edges from the adjacent electrodes are all 150 pm.

(3) IDE 3: Parallel patterns (see 6-1 (c)), in which the electrode fingers are in linear
forms and the electric field has no periodical geometrical effect. Each finger is 10
um wide, with 40 pm gaps between the electrodes.

All of the electrode fingers in the IDEs demonstrated above consist of 300nm thick Au

over a Ti layer with a thickness of 30nm, fabricated on glass substrates by a

lithographical method. In all the IDE structures, opposite interdigitated electrodes in

parallel were linked to two main electrode arms (200 um wide, 1.8 mm apart), to which

AC voltage can be applied. A glass cylinder of a size depending on the size of the IDE,

was glued on top of the electrodes, and was used as a reservoir for suspensions.
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Real-time monitoring of the alignment process on an IDE chip was conducted by video
microscopy using a Nikon inverted microscope with 20X or 40X objectives, a colour

CCD camera and an SVHS video recorder.

Figure 6-1 Diagrams of typical structures of IDEs. (a) IDEI, (b) IDE2, (c¢) IDE3.
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6.1.3 Alignment Procedure

A peak-to-peak sine-wave of 2.0 V at 4.15 MHz was applied across an IDE 1, having
feature size and electrode separation as described above. A sample (150 pL) of the
solvent (blank) or of the suspension was added onto the IDE chip and the power was kept
on for 20-70 minutes. During the collection and alignment, video-microscopy gave
images on alignment processes.

A HP4194A impedance analyser tested the capacitance component and AC conductance
(hereunder they are represented by capacitance and conductance) between the electrodes.
After complete evaporation of the solvent, the CNT structures produced by

dielectrophoresis were also investigated by SEM microscopy.

6.1.4 Simultaneous Dielectric Spectroscopy

An electrical bridge circuit that permits simultaneous dielectrophoresis and dielectric
spectroscopy was used as described elsewhere [2]. The circuit diagram was depicted in
Figure 6-2. The experimental set-up utilises a balanced “transmission-line™ transformer
wound onto a ferrite toroid to supply equal voltages to opposite sides of the bridge. When
capacitance (an air variable capacitor) and resistance (a ten-turn cermet trimmer) are
adjusted to the same value as the parallel impedance of the IDE, the HP4194A impedance
analyser measures the parallel combination of the two arms of the bridge, plus the
capacitance of the connecting co-axial cable. The suspension of CNTs was held in a
cylindrical reservoir, which had been seamlessly glued on the electrode substrate. The
impedance analyser monitored the real time changes of parallel due to the presence of the

CNTs. The analyser also scanned the impedances versus frequency to determine whether
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the bridging between the opposite electrodes of IDEs is dominated by resistance change

or capacitance change.

C=75pf
I
1: 242
balanced R=20k
step-up
transformer

To Impedance
Analyser /
® 9

Input

DEP Voltage
0.1-2V peak
1-10 MHz

Inter-Digitated
Electrodes (IDE)

Figure 6-2 Bridge arrangement for real-time impedance monitoring of nanotube

collections.

6.1.5 Response of accumulated CNTs to on/off switching of the electric
field

A further experiment was performed to test the response of the CNT bridging to the
exerted electric field. A 30 V peak radio-frequency voltage at 13.6 MHz was applied for a
certain time to an IDE 2 array with electrode gaps of 150 um within a suspension of
CNTs in distilled water. The time responses of the conductance and capacitance were to

follow as the 30 V signal was switched on and off. This is shown in Figure 6-7. During
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this procedure, an optical microscope, shown in Figure 6-8, observed the alignment of
CNTs between the opposite electrodes. The CNT samples were made from FePC

precursors.

6.1.6 Frequency dependence investigation

1. Dependence of dielectrophoresis on frequency

The dependence of dielectrophoresis on frequency was investigated by aligning CNTs on
an IDE 1 at four discrete frequencies, 11KHz, 110 KHz, 1.1 MHz and 11 MHz, followed
by observing them under SEM. IDE 1 was employed and the CNT samples were made
from FePC precursors. The conditions of the investigation were kept the same as what
was described in the alignment procedure in Section 6.1.3 except for the frequencies.

2 Frequency scan

Frequency scan was conducted on the sample from FePC precursors on an IDE 1, ranging
from 10 KHz to 400 KHz, after the alignment of CNTs had been achieved between

electrodes and the solvent had been evaporated.

6.1.7 A 4-electrode structure
1. The structure

A 4-pad structure patterned on a glass substrate (5 mm x 5 mm) was employed here. As
shown in Figure 6-3, the structure consists of four Al pads, 4 mm each apart from the
neighbouring pads and four 3 pm wide Al electrodes, two of which are parallel to each

other while the other two are in a pin-pin structure. A voltage can be applied through any
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two electrodes of the four pads, which are connected to a signal generator. The distance

between either of the parallel electrodes to its closest pin electrode is 8 pum.

X

Figure 6-3 Scheme of a 4-pad structure, which was used to align single-walled CNTs.

2 Alignment of CNTs by a 4-probe microstructure

As mentioned in Chapter 3, single-walled carbon nanotubes were purchased from
C@Rice and their Raman spectra had been given in Figure 3-14. A 5 pL suspension of
single-walled carbon nanotubes in distilled water with a working concentration of 100 ng
SWNT per mL, assisted by 1% SDS, was applied on top of the 4-pad structure. A sine-
wave voltage of 16.67 volts at 13.6 MHz was supplied between two adjacent electrodes.

The structure after alignment was observed by HRSEM.

6.2 Results and Discussion

The accumulation of CNTs was followed by optical microscopy, and also electrically, as
a function of time. A measurement frequency of 185kHz was chosen as being relatively
free of electrode artifacts and free of measurement spurii caused by the presence of
residual 4.15MHz collection voltage. Depending on the method used to prepare the CNTs,

two different sorts of behaviour were observed.
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In addition, based on the real-time impedance changes of CNTs during the alignment, the

effects of different solvents on the DEP behaviour of CNTs were compared.
6.2.1 Optical microscopy images and dielectric spectrometry

An optical microscope was used to image the real-time changes during the collection
process. However, due to the limit of the optical microscope, it is impossible to view how
the individual tubes respond to the electric field. The optical images presented here, as
seen in Figures 6-4 (a), 6-5 (a) and 6-6, only show the behaviour of the bulk bundles of
samples to the electric field.

A real-time video clip of the dielectrophoresis process was captured and presented
in the oral examination.

From the optical images shown in Figures 6-4 (a), 6-5 (a) and 6-6, black threads between
the electrodes appear in all the IDEs used in the experiments, despite their individually
different layouts. Both of the multi-walled CNTs from the two precursors, oriented along
the direction of the strongest electric field on various types of IDEs.

[t can also be seen from the optical images that the collection and alignment across each
gap were not uniform. The non-uniformity can be attributed to the accumulating bridging
effect of conductive CNTs, which were lined up between the electrodes. These CNTs,
which were attached on the electrodes, played a role as extruding electrodes while they
were charged. Hence, the gap between the electrodes was shortened and the electric field
intensity was increased as the alignment process went on. As more CNTs were
accumulating on the electrodes, the gaps were decreased, resulting in locally increased

electric field intensity. As a result, the dielectrophoretic force kept increasing between the
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electrodes with accumulating CNTs and brought more rapid and heavier collections of

CNTs.

1. Tubes from ferrocene catalyst
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Figure 6-4 (a) Optical microscope image of CNTs from ferrocene-derived catalysts
collected between electrodes at 8°07"" after the start. The electrodes are in black and the
gaps between electrodes are in white. The black aggregates are CNTs collected. The gaps
between electrodes in the IDE shown in the photo are 35 pum average, (b) Realtime
changes during the collection as seen in (a).
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In the case of MWNT prepared from a ferrocene-derived Fe catalyst, bridging of needle-
like samples between opposite electrodes was observed after the electric field was
switched on. Also, almost all of these samples were aligned along the direction of the
shortest distance between the electrodes, in another word, the direction of the strongest
electric field, as seen in Figure 6-4 (a).

Figure 6-4 (b) shows the plots of the real-time impedance change between the electrodes
during the alignment process. In these plots, after an initial 4 minutes, the conductance
rose sharply from 6 uS to 400 uS in less than a minute. The initial interval was an accrual
period during which the bridging of conductive CNTs was not yet established. The
subsequent rapid rise of the AC conductance can be attributed to the initial bridging of
conductive samples across the electrodes. The conductance continuted to rise to 967 uS,
together with an apparent reduction in capacitance. These phenomena suggest the

occurrence of highly metallic bridge(s) of CNTs across the electrode gap.

2. Tubes from Iron (I1)-Phthalocyanine Catalyst

When suspensions of MWNT prepared from FePC catalysts were subjected to the radio
frequency field, the IDE capacitance began to increase at once. This trend continued for
tens of minutes (for typical plots, see Figures 6-5 (b) and 6-5(c)). The IDE conductance
was usually observed to be increasing with time, however, sometimes showed an initial,
temporary decrease (visible in Figure 6-5 (c) only). The increases in capacitance and AC
conductance accompanied the appearance of hair-like structures in the high-field regions

of the array, which eventually became the visible bundles in Figure 6-5 (a).
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Figure 6-5 (a) Optical microscope image of CNTs from FePC-derived catalysts collected
between electrodes on an IDE 1. The electrodes are in black and the gaps between
electrodes are in white. The gaps between electrodes in the IDE array shown are 35 pm in

average; (b) Real-time impedance changes in 24 minutes during the collection as seen in
(a); (c) Real-time measurement of impedance in an extended period of 72 minutes.

6.2.2 Further optical microscopy observations and SEM investigation

1. Optical microscopy on more microstructures
More IDE microstructures, IDE 2 and IDE 3, were used to align CNTs from FePC-
derived catalyst. Shown in the optical microscopy images in Figure 6-6, similar results of

alignment with that in Figure 6-5 (a) were achieved. The two images in Figure 6-6 further

suggested that the CNTs were orientated along the direction of the strongest electric field,
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regardless of the geometric layout of the IDE used. This is in consistent with the

theoretical predictions of dielectrophoresis discussed in Chapter 3.

' 4 '
Figure 6-6 Optical microscopy of CNTs from FePC precursorsjcollectéd on IDEs with
different layouts, IDE 2 (a) and IDE 3 (b). In (a), Nanoutbes aligned with an operation
condition as 30 peak volts between the closest gaps of 150 um. In (b). CNTs aligned with
operation condition as 6.0 peak volts over gaps of 40 um.

2. The response of accumulated CNTs to on/off switching of an electric field

The impedance responses and the collection of CNTs between electrodes to the switching
on/off of the AC field are shown in Figures 6-7 and 6-8. The time response experiment
was conducted on an IDE 2 structure. A good correlation was found between the
increases in AC impedances and the accumulations of CNTs observed by optical
microscopy. The changes of the electrical signals observed could not have been due to
heating or some electromechanical distortion of the IDE, because measurements on
nanotube-free solvent revealed voltage-dependent responses less than 0.1% of those
reported here.

By combining the real-time observations in Figures 6-7 and 6-8, we can deduce that the

following sequence of events happened during the alignment process of CNTs:
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Initially, both the conductance and capacitance of the CNT array increased (Figure 6-7)
as CNTs accumulated between opposite electrodes (Figure 6-8 (a)). When the electric AC
field was switched off, the accumulations of CNTs were seen to retreat (Figure 6-8 (b))
from their positions extending across the gap, while the conductance and capacitance

experiencing a sudden drop (Figure 6-7).
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Figure 6-7 Electric field dependent behaviour of the capacitance/AC conductance of

CNTs from FePC aligned on an IDE subjected to on/off switching of an electric field
(30V peak across 150 um, IDE 2). Time constants for conductance: 33 seconds (switch
on), 15 seconds (off) and time constants for capacitances: 27 seconds (on), 13 seconds
(off), with a time resolution of 3.3 seconds.

After the voltage was resumed, the conductance and capacitance increased sharply again
and the bridging of CNTs was re-established (Figure 6-8 (¢)). The AC impedance values,
as well as the visible accumulation of CNTs, were greater than before, indicating that the

overall increasing trend of the two parameters has resumed since the power was re-

switched on.
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Another observation (Figure 6-7) is that the increases in AC impedances during the
second voltage-on period are approximate extrapolations of their increases during the first
voltage-on period.

[t can be seen that the capacitance and the conductance during the second voltage-off
period are greater than those during the first voltage-off period. This phenomenon can be
attributed to the continuous sedimentation of CNTs on the electrode after the start of the

experiment, even when the power was off.

Figure 6-8 Optical micrographs of CNTs at different stages of alignment between
electrodes on IDE 2, in which the gaps between electrodes are 150 pum: (a) 30 seconds
after application of RF voltage; (b) 15 seconds after voltage switched off; (¢) 30 seconds
after voltage reapplied; (d) At the end point of the alignment.

A substantial accumulation of electric field-collected CNTs was achieved after the 20th

minutes in the DEP process. Figure 6-8 (d) shows that heavily accumulated CNTs were
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spotted at the end of the alignment process. The plots in Figure 6-7 also indicate that
extensive bridging of conductive CNTs happened after the power was turned on for the

second time in the alignment process.

3. SEM microscopy investigation

SEM microscopy was employed to confirm the observations obtained from the optical
microscopy. The advantage of SEM over optical microscopy in magnification provided
us higher-resulted images of how the CNT bundles were aligned after evaporation of the
solvents. It was confirmed that CNTs had been trapped and aligned between electrodes.
Shown in Figure 6-9 are SEM images of the CNT-deposited IDE structures, which were
shown by optical microscopic images in Figure 6-5 (a). The IDE structure under SEM is
IDE 1. It can be indicated from these SEM images that the CNTs in alignment followed
the lines of the strongest electric field intensity between sharp edges of electrodes. Also
in these SEM images, there are some CNTs attracted on the top and on the edges of the
electrodes. Ends of some of the aligned CNTs were extended further into the inner part of
the electrodes.

Most of the bundles shown in these images are parallel to the direction of the electric
field. There are also CNTs and other particles in chains, bridging the electrodes. It should
be mentioned here that the gaps between electrodes are 35 um and the CNTs used in the
experiment are 5-15 pm, therefore, the bridgings were made of at least three CNTs in
series. In some heavily deposited areas (as can be seen from Figures 6-9 (d) and (f)), the

chains of nanotube bundles crossed each other.
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Figure 6-9 SEM images of CNTs aligned between and on electrodes of IDE 1. The
electrodes are 35 um apart. The white blocks in the images are electrodes while the gaps

between them are in black and CNTs are white threads. The structure used is the same as
in Figure 6-5 (a).

From Figure 6-9 (e), a value of 1-2 um can be obtained for the diameters of the individual

bundles, which were lining up between the electrodes. This value is equal to the sum of
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the diameters of approximately 25-50 CNTs, assuming that the average diameters of the
CNTs are 40 nm, as demonstrated in Chapter 3.

By comparing the optical microscopy images in Figure 6-5 (a) and SEM images in Figure
6-9, it can be confirmed that the alignment shown in optical images actually occurred.
Therefore, optical microscopy can be relied upon to give the real-time information of
how CNTs are aligned on IDE structures. It can also be seen from SEM images in Figure
6-9 that there are some sections of truncated CNTs aligned between electrodes. In the
SEM images on the original samples shown in Chapter 3, these broken sections were
invisible. These truncated pieces might result from the ultrasonic treatment on CNT

suspensions prior to the DEP.

4. Frequency dependence of DEP orientation

(1) The dependence of dielectrophoresis efficiency on frequency

The SEM images in Figure 6-10 demonstrated how the CNTs from FePC behave on an
IDE 1 structure, with electric fields applied at different frequencies, 11 KHz, 110 KHz,
I.1 MHz and 11 MHz. It can be drawn from the SEM images in Figure 6-10 that no
alignment of CNTs was observed between electrodes at 11 KHz (Figure 6-10 (a)) even
though there were some attachments of samples on the top of the electrodes. In the
experimental work in this thesis, alignment of CNTs between electrodes began to be
visible in dielectroporesis experiments from a frequency of 110 KHz (Figure 6-10 (b)).
At 1.1 MHz (figure 6-10 (c)), apparent alignment was observed between electrodes
whereas at 11 MHz, the best alignment among the four frequencies was seen as Figure 6-

10 (d).
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Figure 6-10 Effect of alignment of CNTs by dielectrophoresis under different frequencies.
a. 11 KHz. b. 110 KHz, c. 1.1MHz, d. 1 1MHz. The layout of the IDE structure is same as
the structure in Figure 6-9, IDE 1. The electrodes are 35 um apart.

A similar observation on the strong dependence of the alignment on the frequency of the
electric field was reported from an independent source by Maria Dimaki et al.[5] when

this thesis was drafted. However, this author did not give any further discussion on the

reason of this frequency dependence behaviour.

(2) Crossover frequencies and their dependence on relative permittivity and conductivity

In DEP technique, the frequency dependence of orientation, or the crossover frequency,
has been defined by Jones [6] as the frequency at which a non-symmetrical object
changes their orientations in the AC electric field during a DEP process. Jones discovered

that ellipsoidal objects with different relative permittivity and conductivity values have
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different effects in their DEP behaviours and crossover frequencies. Cited from reference
[6], Table 6.1 listed different DEP and orientation behaviours of homogeneous ellipsoids
in an AC electric field.

Table 6.1 Orientations and crossover frequencies going from low to high frequencies for

a homogeneous ellipsoid in an AC electric field. €;, €5, 6, and o, represent permittivities
and conductivities of the object and the media, respectively. + DEP and —-DEP mean
positive and negative DEP. respectively. In the table, orientation a is along the longest
axis of the object while orientations b and ¢ are parallel to the second longest and the
shortest axis of the ellipsoid. Reprint from reference [6].

G) > 0 02< 0

€ > € a, a—b—a, or a»b—c a—c—b—a (-DEP @ low

—b—a (+DEP @ all freq.)  freq. & +DEP @ high freq.)

< g a—b—c—a (+DEP @low a or a—c—a (-DEP @all

freq. & -DEP @ high freq.)  freq.)

In terms of MWNTS and the solvent we used in the experiment, the conductivity and the
permittivity of the former are higher than those of the latter. As reviewed in Chapter 5,
the permittivities of MWNTs and metallic SWNTs are a large number while
semiconducting SWNTSs are around 5. Thus we should take €, > €, and 6, > 06> when we
discuss the crossover frequencies of MWNTS here.

According to Table 6.1, the orientation along the longest axis of MWNTSs occurs either at
low frequencies or in a DC electric field [7] (optical microscopic images of their
experiment were as shown in Figure 6-11, which was reprinted from reference [7] and in
which the response of CNT alignment to a on-off-on switch cycle was given), or at high
frequencies, in which our observation was made. And in middle frequencies, orientations

other than the axial direction happen of a CNT and require a much bigger number of
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CNTs to make the side-to-side alignment across the electrodes. This scenario failed to
happen in our experimental setup, probably because such side-to-side chains of CNTs
need a much higher gradient electric field. Hereby we propose the 1.1 MHz was over and

110 KHz was below the crossover frequency for our Triton -assisted suspension of

MWNTs from FePC in distilled water.

Figure 6-11 SWNT-asseEbly and orientation in response to an applied dc electric field in
THEF. The left to the right sequence corresponds to an on (+) -off-on (-) cycle of the field.
Reprinted from reference [7].

(3) A frequency scan after the solvent was evaporated

A frequency scan was conducted on CNT samples from FePC precursors after the
alignment process was finished and the solvent was dried. The plots of admittances
versus frequency in Figure 6-12 showed a strongly frequency-dependent capacitance and
conductance between 10kHz and about 0.4MHz. It is noted from the plots in Figure 6-12
that the capacitance obeys a (1/f)* law and the conductance increases with the increasing
frequency. Such a phenomenon does not appear to be conduction-dominated charge

transfer behaviour.
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Figure 6-12 Frequency scan of capacitance and conductance of collection of CNTs from
FePC catalyst on IDE 1. The structure used is as seen in Figures 6-6 (a) and 6-9.

6.2.3 Comparison of the DEP behaviour between two types of CNTs
Compared with the observation with CNTs with ferrocene-derived catalyst, there are
some notable discrepancies from that with FePC-derived CNTs: first, the capacitance
increases during the alignment process; second, the initial pause and sharp increase of
conductance did not occur; third. accumulation of CNTs between electrodes is much
more smooth.

Accumulations of those CNTs formed from FePC-derived catalyst were slender and
highly field-oriented (Figures 6-5(a) and 6-8). These caused a progressive increase in
both admittance components, but no apparent ohmic contact. Rather, the 1/f behaviour of
the capacitance (Figure 6-12) is consistent with an interfacial-type of polarisation
mechanism. It appears that the current path to/from these CNTs was through at least a

thin layer of liquid medium, rather than by direct contact.
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By contrast, MWNTs formed on ferrocene-derived Fe gave rise to denser, more compact
aggregations on the electrodes (Figure 6-4 (a)). and these seemed capable of forming
“bridging™ paths, with highly conductive electrode-nanotube contact. This resulted in a
reduction in the capacitance signal (Figure 6-4 (b)). It may be that the reason for this
difference lies in the pronounced differences in tube thickness and folding between these
preparations, or else in intrinsic conductivity differences caused by different levels of iron

content. Both of these two factors are considered to be possible conducting channels.

6.2.4 Solvents

Table 6.2 gives the comparisons of the capacitance and conductance changes measured at
4.15 MHz among suspensions of CNTs in distilled water, ethanol or isopropanol during
electric-field orientation. The two parameters were chosen to show the effect of
dielectrophoresis because they indicated the bridging of CNTs across the electrodes.
Table 6.2 Comparison of the conductance and capacitance increases observed when

CNTs (15 pg/ml) suspended in distilled water, absolute ethanol and absolute
isopropanol were subjected to alignment by electric field.

Relative Conductance Capacitance
Permittivity increase increase
Solvent .
(20 °C) [4] (x 10°8) (x 107 F)
Distilled water 80.1 44-195 20-67
Ethanol 25.3 8-10 2.5-8
[sopropanol 20.2 0.8-6.0 0.1-1.4

The measurements on conductance and capacitance were taken four times for each

solvent. CNTs suspended in distilled water yielded at least five times greater changes
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both in conductance and capacitance than the CNTs in the other solvents used. Therefore,
for a surfactant-assisted suspension system, distilled water is the best candidate among
the three solvents in orientation experiments. This is consistent with the fact that raising
the permittivities of the solvent should increase electric-field-induced forces [9], as

shown in Equation 5-7.

6.2.5 Aligning Single-walled Carbon Nanotubes with a 4-electrode
Structure

SEI 150KV X4.300 1um . WD 95mm

NONE ‘ v A “Tum . WD94mm
Figure 6-13 HRSEM images of CNTs aligned between two adjacent electrodes on a 4-pin
structure. (a) overview on the area between two electrodes, (b) magnified view of CNTs
on one of the electrodes.
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Alignment of SWNTSs was observed on the 4-pin microstructure. A sine-wave voltage of
16.67 volts at 13.6 MHz for alignment was applied between one of the parallel electrodes
and its adjacent pin electrode. HRSEM images of SWNTSs on the structure after distilled
water was completely evaporated are shown in Figure 6-13. The SWNTs followed the
orientation of the strongest electric field between the electrodes and some of those were
attached to the electrodes. It should be noted that the intensity of the electric field here on
the 4-pin layout is much stronger than the electric field, which was exerted on the IDEs in
the alignment experiment in the previous sections because of the closer gap between
electrodes and the sharp configuration of one of the electrodes in the 4-pin microstructure.
From these images, the SWNTSs in bundles with diameters of approximately 150 nm can
be seen aligned between the electrodes. There are also some crystallized SDS surfactants,
which can be observed from the HRSEM images.

From the above observations, we can draw a conclusion that both the IDE and the 4-
electrode structures can be used to collect CNTs between the electrodes in an AC electric

field at an appropriate frequency.

The results discovered in this chapter can be extended to device fabrications: metallic
CNTs can be trapped between electrodes from suspensions using the DEP technique
mentioned in this chapter to yield metal-CNT-metal structures, for example, CNT-based
interconnects [8], which are able to sustain much higher electric current than their copper
counterparts. Besides, IDE electrodes can be used as “microtweezers” to carry and drop

conductive CNTs with the on/off switching technique mentioned in this chapter. CNTs
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can be delivered into desirable places during the processing of CNT-based devices by

controlling the switches of the external circuits, or by alternatively applying voltages.
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Chapter 7
Selective Purification of Multi-walled CNTs by
Dielectrophoresis within a Large Array

Since the discovery of CNTs [8], remarkable progress has been made in the synthesis,
characterisation and application aspects of these novel materials. As described in Chapter
4, several dry or wet methods [2, 4, 6, 16] for purification and selection of CNTs have
been reported. However, no effective large-scale methods have yet been found for the
removal of as-grown impurities, such as carbon nanoparticles or amorphous carbon,
without damaging the structure of CNTs. Recently, progress has been made in
positioning CNTs by means of electric fields. As reported earlier [3, 17] and discussed in
Chapter 6, the high conductance and therefore the high polarisability of the CNTs enable
them to be aligned and collected from their dispersion in a liquid onto electrodes across
which sufficient radio-frequency voltage is applied. Furthermore, this phenomenon can
be utilized to separate the pseudo-one dimensional CNTs from catalyst-derived and
carbon-related impurities in suspensions.

The phenomenon utilized here for separation of MWNTS from as-grown impurities is
dielectrophoresis [13], which describes the movement of neutral but polarisable particles
in a non-uniform electric field as mentioned in Chapter 5 and has been used for aligning

MWNTs from suspensions in Chapter 6.
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(a)

Suspension

Chamber

(b)

Figure 7-1 Apparatus of the prototype device which aims to selectively purify as-grown
CVD-made MWNTs. (a) Diagram of the apparataus, which includes an array with
interdigitated electrodes, an AC power source (not included in this diagram), a pump and
a chamber which confines the flow of MWNTS suspension; (b) Schematic representation
of the selection process. The right side is the magnified diagram of the interdigitated
electrodes as depicted on the left side. The solid arrows represent the flow direction of the
suspension. The solid rods indicate MWNTSs. The solid circles and the empty circles
indicate catalyst-related impurities and carbon-related impurities, respectively.

The previous chapter has described our results of aligning CNTs by the DEP technique.

Applying a non-uniform electric field at a high frequency into well-dispersed CNTs
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suspensions generates a large dielectrophoretic force upon the CNTs, and as a result, this
force will align CNTs along the electric field vector. In addition, compared with spherical
nanoparticles impurities in as-grown nanotube samples, CNTs are much more susceptible
to the dielectrophoretic force and can be selected from the as-grown impurities. In this
chapter, dielectrophoresis technique was used for the purpose of selection of CNTs, and
the related results are presented.

Based on the results presented in the previous chapter, an array with a size of 141 um x
193 um was set up. The layout of the prototype device is depicted in Figure 7-1 (a). As
illustrated in Figure 7-1 (b), the principle of the device is as follows: CNTs in the
suspension are more susceptible to dielectrophoretic force than as-grown impurities due
to their higher conductance and therefore higher polarisabilities. CNTs are collected on
the electrodes by dielectrophoretic force while impurities are flushed into the re-

circulated suspension by hydrodynamic force exerted by a pump.

7.1 Experimental

7.1.1 Samples

1. The source of the samples

MWNTs we made in chapter 3 by CVD is less than 1 mg from each run and had been
used for the alignment experiment in Chapter 6. However, a large quantity of CNTs (2.25
mg for each run, 150 ml suspension) are required for repeatable operations and
comparison purpose in the separation experiment in this chapter, and we need identical

and homogeneous supply of CNTs, which are only available from commercial samples.
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The CNTs samples, which were to be separated, were MWNT samples and were

provided by Ahwanee Technology [7].

o
il
)

1um WD 10.0mm
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NONL SCI 10.0kV X100000 100nm WD 100mm

Figure 7-2 HRSEM images on MWNTSs from other sources, for dielectrophoresis purpose,
a. at a low resolution. b. MWNTSs under a high resolution. Please note that in this image,
the surfaces of nanotubes appeared to be coarse, this artefact was caused by a 4 nm
coating of Au before HRSEM. In fact, the surfaces of nanotubes should be very smooth
according to HRSEM observations without Au coating.
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According to the provider, 94 % by weight of each batch of sample was estimated to be
MWNTSs. The remainder of the sample was carbon-related and catalyst-derived
impurities. The HRSEM images in Figure 7-2 show that the samples used are non-linear
and highly entangled, and contain nanoparticle impurities. These samples were used in

the experiment without any purification.

2. Nanotube Suspensions: MWNT samples were suspended by mixing them in the ratio
of 1.0 mg (MWNT sample): ImL distilled water: 15 pL (1% Triton X-100, a non-ionic
surfactant). After 30 minutes in an ultrasonic bath, every 15 pL suspension was mixed
with ImL distilled water, and a further 15 pL 1% Triton X-100. A further 15 minutes

ultrasonication gave the working suspension.

7.1.2 Apparatus

As shown in Figure 7-1 (a), the prototype device consisted of a PCB (printed circuit
board) electrode array, a polymethacrylate cover, a radio frequency power source
(described elsewhere [1]) and a pump to circulate the suspension.

1. Printed circuit array

A printed circuit board (PC-board) separation chamber was established to combine
dielectrophoretic force and hydrodynamic force together for separation of multi-walled
nanotubes from as-grown nanotube suspensions. The printed circuit array, which consists
of scaled-up interdigitated electrodes, as shown in Figure 7-1 (b), is the key element of
the separation system, and can be considered as a scale-up structure of the IDEs, which

had been used in Chapter 6.
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The scaled-up interdigitated electrode array was fabricated as a printed circuit board with
a single-sided Cu-clad glass-epoxy laminate. The copper was then gold-plated to prevent
corrosion. Electrodes were plain parallel fingers, 141 micron wide and 193 micron
between each other. Of the 130 mm x 134 mm array area, only about 30% was covered

under the flow-chamber used for MWNT purification.

2. Separation chamber

The chamber was made of transparent polymethacrylate so that the suspension could be
seen through it. When the chamber was pressed on the array, it sealed a 2 mm thick layer
of liquid above it. The setup diagram of the apparatus is shown in Figure 7-1 (a). This set-
up allowed a re-circulating flow of the suspension of MWNTSs. The main reservoir of
MWNTs suspension was held in a beaker, assisted by an ultrasonic bath (not shown in

the Figure) to prevent sedimentation of CNTs during the re-circulation.

7.1.3 Set-up

A CNT working suspension (150 mL), maintained by an ultrasonic water bath to prevent
sedimentation, was pumped and recirculated through the chamber after the RF power was
turned on. The RF power of 22.5 volts peak at a frequency of 350 kHz was applied across
the electrodes for up to 150 minutes. A multimeter (with a RF probe, connected to a
computer) and an oscilloscope were employed to record the real-time current in the

circuit and the voltage across the array, respectively.
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7.1.4 Characterisation

After 150 minutes collection of CNTs, the array was viewed under an optical microscope
with a 20x lens. A photograph of the array and two photomicrographs of the array after
the collection are shown in Figure 7-3.

The MWNT samples without collection and those collected on the array were
characterised by SEM and Raman spectroscopy. The samples collected on and between
electrodes for SEM were removed from various areas of the array by means of carbon
tapes and were mounted on SEM sample holders. Samples of the suspension (not from
the electrodes) had been taken and dried before SEM.

Raman spectroscopy was carried out using a Jobin-Yvon LabRaman HR micro-Raman
spectrometer with 632.8 nm laser excitation. A 100x objective lens was used, with a
power density of 4 mW over 4 square microns. Spectra of the collected samples were
taken in siru at 48 different spots on the array whilst the dry samples without treatment
for Raman characterization were dropped on the array to obtain the same background.
Raman spectroscopy of the latter sample was conducted at 30 different spots on the array.
In addition, samples were taken from the suspensions at Oth, 30th, 75th and 150th
minutes (at least five samples each time) during the DEP, and were dried at 105 °C on Si

wafers in an oven overnight before being characterised by Raman spectroscopy.

7.2 Results and Discussion

The assignment [9, 10, 14] of Raman signals has been extensively reported, as mentioned
in Chapter 1. These reports suggested that in the Raman spectrum, a weak or absent peak

at 1349 em™ (D band), means a higher graphitization degree or less disorder peak of
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CNTs and the absence of the shoulder near the strongest peak at 1582 ¢cm™ (G band)

means less lattice distortion.
7.2.1 Optical microscopic and SEM images

As shown in Figure 7-3 (b), a large amount of dark materials were collected as linear,
parallel threads between the electrodes on the array. The width of these threads averaged

at 10 pm.

Figure 7-3
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Figure 7-3 Views of the large array before and after collection of CNTs. The suspensions
were pumped in from the left to the right. (a) An overall view of the array with IDEs. A
ruler indicates the dimensions of IDEs: 13.5 cm x 11.5 cm. (b) and (¢) Views, which are
magnified by an optical microscope, of CNTs collected on and between electrodes. The
electrodes (141 pm wide and 193 pm apart) are in metallic colour while collected CNTs
are black line-ups. (b) A heavily deposited area and (¢) A lightly deposited area.

Although the optical microscopic image showed that the MWNT samples were packed as
black threads between the electrodes, the SEM image (see Figure 7-4 (c)) of the
nanotubes after dielectrophoretic collection showed that MWNTSs were still in tangles,
which had already existed in the MWNTSs before the separation. In our previous
publications [11, 12] and in Chapter 6 of this thesis, however, the SEM images displayed
that MWNTs were aligned in straight bundles between electrodes. This difference
between the current and previous results, in the morphology of MWNTSs samples which
were collected across the electrodes, may be attributed to two possible causes.

First, there are the different morphologies in the samples. In our previous results, the

MWNTs were prepared in-house and showed straight morphology before alignment, as
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shown in Chapter 3. However, The MWNTSs we used here in this chapter from an outside
provider. The latter sample was highly tangled, as demonstrated in the HRSEM images in
Figure 7-2.

Second, the frequency of the electric field was different: in the previous publications [11,
12], AC electric field was applied at 4.15 MHz in small-sized IDEs, while in this case it
is necessary to limit the frequency to 315 kHz for the scaled-up apparatus because of the

electrical characteristics of the large array.

1500V MBS0 1)

Figure 7-4
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SEl 150KV X16,000 1pm WD 96mm

Figure 7-4 SEM images of samples (a) before being treated, (b) remained in the
suspension after being treated and (c) collected on the array. All the scale bars in the
images are | pm.

Comparison of the SEM images of samples in Figure 7-4 indicates that the MWNTs
collected on the array, were of higher purity than those in the original sample and large

amounts of impurities remained in the suspension, and above all, the impurities in the

samples were substantially reduced after being treated by the prototype device.

7.2.2 Electrical parameters

The changes of electrical parameters of the array versus time were plotted in Figure 7-5.
As seen from the plots, after sharp changes in the first 40 minutes, both the current and
voltage changed relatively slowly. This phenomenon can be attributed to an initial rapid
bridging of conductive MWNTSs between the electrodes, followed by a slower saturation
phase after the 40th minute of the run. The accumulating CNTs caused by DEP across the
electrodes are responsible for the increasing current and the declining voltage in the

Figure 7-5 plots.
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Figure 7-5 Plots of current and voltage across the array during a DEP selection. Hollow
squares and solid diameters indicate current and voltage, respectively.

7.2.3 Raman spectra

Figure 7-6 (a) gives typical Raman spectra of original samples and those collected on the
array. In this graph, there were a higher content of MWNTSs in the samples collected on
the array (the relative disorder intensity of CNTs dropped from 1.5 to 1 after the
treatment, as seen from the Figure 7-6 (b)), compared with the original sample. This is
evident of the fact that we were able to purify the as-grown CNT samples with our
prototype DEP device.

Figure 7-6 (b) plots the ratio of the intensity of the D band over that of the G band for
different samples. The data appearing at the initial point in the graph include dry samples,
which were dropped on the array as well as the samples from the suspension (after being

taken and dried) at the start of the collection. Raman spectroscopy investigations (The
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numerous spectra are not be included here) show no noticeable difference between the

two samples.

Intensity(a. u)

20000
a
15000 r ()
10000
5000
0 L J
1200 1400 1600 1800
wavenumber(cm-1)
samples before treatment
samples collected on the array
Sumplu lr(gm the suxpt.n\lun
< 1 5 T ‘g
Samples on the .um)\.
0.5 (b)
0 4

o

30 60 90 120 150
Time of collection (min)

Figure 7-6 (a) A comparison between the typical Raman spectra of as-grown samples and
samples co]lectud on the array. (b) The relative mlensuy of the disorder band (D band) at
1335 cm™ over the graphitic band (G band) at 1585 cm™' [5, 15] versus time of collection.
The two lines in the graph are plotted for guide of eye.

Raman spectra of MWNTSs remaining in suspension at different instants of the separation

process are given in Figure 7-7. These samples were taken at 30th, 75th and 150th minute

of the separation process, respectively.
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Figure 7-8 Raman Characterization of MWNT samples collected from different spots of
the array after the DEP (the black, green and red plots represent the inlet, middle and
outlet of the suspension flow, respectively.).

Observations under an optical microscope (Figure 7-3 (b) and (c)) show that the samples,
which had been collected on the array, were not evenly distributed in different areas of
the board. This can be attributed to the non-uniformities of the local electric field and the
flowrate of CNTs dispersion in different spots inside the chamber. However, SEM
images (a representative image is shown in Figure 7-4 (¢)) and Raman characterization
(in Figure 7-8) of the samples collected on the array demonstrated that the samples from

different parts of the array, no matter whether they were collected on the electrodes or

between them, were uniform in the purity of MWNTs.

Above all, the characterisation results from SEM and Raman demonstrated that this
prototype device was successful in separating and purifying MWNTSs from as-grown
samples. The mechanism behind the device is that the large dielectrophoresis forces

generated on the highly polarisable CNTs hold them onto the electrodes while impurities
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were remained in the re-circulating suspensions. The selection process was operated at a

lower frequency than the previous alignment process. The SEM and Raman

characterization demonstrated that CNTs that were collected on electrodes were of higher

purities than the original samples. This indicates that this device can be applied to large-

scale separation of MWNTS from as-grown impurities after optimisation.
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Chapter 8
Conclusions

To take advantage of the many excellent properties and intriguing characteristics that
carbon nanotubes exhibit because of their unique structures, it is necessary to develop
techniques for the synthesis of CNTs, for removing impurities resulting from the
synthesis process, and for aligning and manipulating CNTs so that they can be used in
devices.

The work reported in this thesis contributes to these goals under two main
headings: firstly, the synthesis of multi-walled carbon nanotubes by chemical vapour
deposition was investigated in Part I: in Part I, the CNTs synthesized in Part I as well as
CNTs from another source were used in an investigation of the application of
dielectrophoresis for aligning and selecting of carbon nanotubes, and for constructing a

device to separate CNTs from impurities.

8.1 Synthesis of multi-walled carbon nanotubes by chemical vapour
deposition

The first part of this thesis describes how MWNTs were grown on a SiO; surface by
chemical vapour deposition (CVD) from three different precursors: Fe(NO3)s, ferrocene
and FePC. The investigation of the multi-walled CNT structures by HRTEM confirmed

that carbon nanotubes synthesized in our experiments consisted of tubular graphitic
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lattices uniformly separated by 0.34 nm, which is a key characteristic of MWNTs. As
characterised by SEM and TEM, there is no alignment shown in the morphology of
CNTs from Fe(NO;); catalysts and these CNTs contain many more defects and
curvatures than those from the other two precursors, which did lead to alignment.
Vertically aligned carbon nanotubes were grown on silica substrates from the two latter
precursors inside a dual furnace system. The vertical alignment of CNTs is attributed to
the “overcrowding effect” which means that nanotubes are grown from a high density of
catalysts and the inter-nanotube van der Waals forces attach the nanotubular walls
together enabling carbon radicals to grow vertically into aligned carbon nanotube films.
There are some common characteristics among the vertically aligned carbon nanotubes:
these nanotubes are MWNTs with lengths of 10 to 20 um and diameters of less than 100
nm. However, differences were observed between the two kinds of vertically aligned
nanotubes from different precursors from various characterisation measures such as TEM,
SEM. EDX, TGA and Raman.

The TEM microscopy showed that catalyst-derived impurities were observed in bases
and tips of CNTs from ferrocene; on the other hand, catalysts are only observed from the
roots of CNTs from FePC. As observed by SEM, the latter tubes have straighter and more
perfect individual structure and fewer inter-tube tangles, and these tubes are more
uniform than those from ferrocene. Characterized by TGA, the median burning
temperature of FePC CNTs in airflow is 46 °C higher than that of ferrocene CNTs. This
observation is consistent with those from SEM, TEM, Raman and EDX. These
differences in morphology and stability of CNTs are attributed to different growth

mechanisms and precursors. It has been proposed in this thesis that the ferrocene tubes
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follow tip and base growth mechanism and FePC tubes are from the base growth
mechanism. Also we need to consider the differences in physical properties and
compositions of the two precursors. Ferrocene has a larger temperature range of
evaporation and is more chemically volatile than FePC. And compared with FePC (molar
ratio, Fe/C: 1/10), the ratio of Fe content in FePC (Fe/C: 1/32) is much less. We infer that
the greater volatility and greater Fe/C ratio of ferrocene may be related to the less
uniformly sized catalyst particles on growth substrates and therefore the poorer quality of
CNTs.

In addition, a pre-templated Si3Ny substrate with Al and Au patterns, which had been
fabricated by a lithographic method, was used to replace the silica substrate in a CVD
process. It was found that CNTs did not deposit on the Au surface. Selective and
patterned growth of CNTs was only obtained on the Si;Ny substrate and the places where
Al evaporated and left SisNy substrate exposed. The selective growth of CNTs yielded a
microstructure which was based on patterned CNTs, Au and SisNy and provided a viable
route to combine silicon-based devices with carbon nanotube-based devices for further
MEMS applications. With a more advanced pre-pattern lithographic technique with a
higher resolution of metal layout, this strategy can be even extended to NEMS

applications.

8.2 Application of dielectrophoresis for aligning and selecting of carbon
nanotubes

Since the discovery of CNTs, post-growth treatments of CNTs have been of significant
interest. However, manipulation and selection of CNTs still remain technical challenges

because of their tiny dimensions. As pseudo-one dimensional conductors, CNTs can be
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electrically polarised in an AC electric field. In the second part of this thesis,
dielectrophoresis (DEP) was employed as an approach for these two purposes.

In our experiments, MWNT suspensions were dropped on interdigitated electrodes
(IDEs), across which AC voltages were applied. Alignment of nanotubes from
suspensions along their axis was obtained between the opposite electrodes when an AC
voltage at a frequency more than 1.1 MHz, which is the crossover frequency for our
MWNTs, was applied. Observed by SEM, the alignment was established by nanotube
bundles joining head to head with each other between the electrodes. The real-time
changes of AC conductance and capacitance between electrodes during the alignment
process were recorded and found to be reflections of the bridging of CNTs between
electrodes. Different behaviours in alignments and the AC conductance and capacitance
changes occurred on electric field-collected CNTs from FePC and ferrocene.
Accumulations of CNTs from FePC-derived catalysts caused progressive increases in
both capacitance components and AC conductance, which indicates no apparent ohmic
contact with the electrodes. The dependence of the capacitance on the reciprocal of
electric field frequency has been observed and is consistent with an interfacial-type of
polarisation mechanism in dielectrophoresis; in another word, the electric current paths
from these nanotubes to the electrodes were through at least a thin layer of liquid medium,
rather than by direct contact between CNTs and electrodes.

By contrast, MWNTs formed on ferrocene-derived catalysts are capable of forming
“bridging” paths, which were highly conductive. The accumulation of this kind of

MWNT was accompanied by rapid increase of the AC conductance and decrease of
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capacitance between the electrodes. It was proposed in this thesis that the conductive
paths resulted from the direct contact between CNTs and electrodes.

This difference could arise from an intrinsic conductivity difference due to the greater
iron content in MWNTSs from ferrocene-derived catalysts, as well as from larger tube
thickness and greater foldings.

The response of the alignment of FePC-derived CNTs to the on/off switches of electric
field was also investigated in our experiment. The alignment of CNTs as well as the
admittances between the electrodes shows changes corresponding to the on/offs of the
electric field. This phenomenon indicates that the bridging of CNTs between electrodes is
responsible for the increases of AC conductance and capacitance.

In addition, the effects of solvents on alignment of CNTs were demonstrated and it was
shown that distilled water is a better candidate for CNTs’ dielectrophoresis than ethanol

and methanol because of its larger relative permittivity.

8.3 A prototype device for separating MWNTs and impurities

Based on the results in Part II, a prototype device, which consisted of a 130mm x 134
mm IDE array, a chamber and a pump which facilitates the flow of a re-circulating CNT
suspension, was built to separate MWNTSs from as-grown impurities by combining
dielectrophoretic force and flowing liquid. The mechanism behind the device is that the
large dielectrophoresis forces generated on the highly polarisable CNTs hold them onto
the electrodes while impurities remained in the re-circulating suspensions. The selection
process was operated at a lower frequency than the previous alignment process. The SEM

and Raman characterization demonstrated that CNTs that were collected on electrodes
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were of higher purities than the original samples. This indicates that this device can be

applied to large-scale separation of MWNTSs from as-grown impurities after optimisation.

Alignment can reduce the load of CNTSs required in conductive CNTs/polymeric
composites. DEP is a simple after-synthesis process to achieve alignment of CNTs. Based
on the results reported in this thesis, the DEP technique can be extended to fabricate
nanometre- and submicron-scale structures which are based on CNTs or CNTs/polymeric

matrix.

8.4 Electro-spinning of Poly Ethylene Oxide (PEO) fibres

An approach to produce composites in the form of fibre is described in the Appendix.
The early work on this thesis demonstrated the production of PEO fibres, both insulating

and conductive (with carbon black added as conducting agent).
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Appendix
Electro-spinning of PEO Fibres

When an electric field at a very high voltage is applied between a drop of polymeric

solution and a target, polymeric fibres with less than 1micron diameter can be obtained at

the target. This technique is named “electro-spinning”™ due to its common characteristic

with fibre-spun process, which has a long history in fibre industry. Electro-spinning is an

easy and simple approach to produce polymer fibres with small diameters. A typical set-

up for electro-spinning is given in Figure A-1. Electro-spinning of polyethyleneoxide

(PEO) was investigated as part of the PhD experimental work. Also, a rotating drum was

used to introduce alignment on electro-spun PEO fibres.
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Figure A-1 A typical set-up of an electro-spinning process.
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In this appendix, it is demonstrated that PEO fibres were electro-spun at 30 kV onto a

rotating drum with high RPMs. As depicted in Figure A-2, the drum was positioned
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around a charged Al plate, to introduce the alignment produced by rotation. Such a design

is commercially feasible on an industrial scale.

EXPERIMENT

A rotating
drum

Polymer solution — |

in a pipette [ 1 Power, +30 kvolt

Figure A-2 Depict of an electro-spinning apparatus, with a rotating drum which
introduces alignment upon PEO fibres.

Polyethyleneoxide (PEO), purchased from Aldrich, with an average molecular weight of
300,000, was dissolved in distilled water, assisted by stirring with a concentration of
5w/w%. Then 1.0 ml PEO solution was placed in a pipette with a copper wire, which was
connected to a power supply of +30 kilovolts. An aluminium plate was connected to the
earth. The distance between the copper wire and the Al plate was kept at 28 cm.

(1) PEO fibres collected on a rotating drum

A piece of A4 transparent plastic overhead slide was folded into a hollow drum, which
was then rotated by a motor, with a maximum speed of 700 RPM. The rotating drum was

placed around the Al plate, which was installed as the cathode, as shown in Fig. A3 (b).
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PEO fibres were collected on the surface of the drum cylinder. The rotating rate of the
drum was kept at 700 RPM.

(2) Preparation of PEO fibres containing carbon black

PEO powders were stirred and added to a suspension of carbon black in distilled water.
and then the suspension was ultrasonicated for 30 minutes in water bath. Small amount of
the resulting suspension was placed in a glass pipette and fibres were deposited onto the
Al plate by electro-spinning.

For mixtures of PEO and carbon black in suspensions, PEO versus carbon black at
different ratio of 4:1, 2:1 and 1:2 were employed. The electrospinning process of PEO
fibres containing carbon black is as the same described in the last section.

(3) SEM microscopy

The samples collected on drums were collected, and investigated by SEM microscopy (a
Philips EM 505 Scanning Electron Microscope), which was operated at 5.0 kV after

being coated by 4 nm Au.

RESULTS AND DISCUSSIONS

After the power was switched on, the polymeric solution in the pipette was charged and it
can be viewed that, jets of polymeric solution were sprayed from the pipette and dropped
on the rotating drum. The forces, which confined the movement of the jets, can be
attributed to the electrostatic forces generated by the electric field between the copper
wire and the Al plate. Each electro-spinning process lasts for 30 seconds.

(1) PEO fibres collected on a rotating drum
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After electro-spinning, a thin mat of PEO fibres, with diameters from 100 to 200 nm was
deposited on the outer surface of the rolling drum. Comparison was made between fibres

collected on the drum with a stationary state and a rolling state at 700 RPM.
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Figure A-3 Electro-spun PEO fibres collected on the drum. (a) When the drum did not
rotate: (b) when the drum rotates at 700 rpm.
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Figure A-4 An SEM image of fibres of PEO /carbon black at ratios of (a) 4:1; (b) 2:1; (c)
12

(2) Preparation of PEO fibres containing carbon black.

Fibres were electro-spun from different ratios of PEO and carbon black. The SEM images
in Figure A-4 show the different morphologies obtained for the different ratios.

It was demonstrated in Figure A-4 that, more blocks and less and wider fibres appear as

the relative content of carbon black in the mixture increases.
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