HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON

On the Mechanism of Carbon Nanotube
Formation by Means of Catalytic

Chemical Vapour Deposition

by
Gregory N. Ayre

A thesis submitted in partial fulfillment for the
degree of Doctor of Philosophy

in the
Faculty of Physical and Applied Sciences
School of Physics and Astronomy

October 2011


http://www.soton.ac.uk
mailto:g.n.ayre@soton.ac.uk
http://www.engineering.soton.ac.uk
http://www.phys.soton.ac.uk




UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
SCHOOL OF PHYSICS AND ASTRONOMY

Doctor of Philosophy

by Gregory N. Ayre

Despite enormous strides in the synthesis of carbon nanotubes (CNTs), the mechanism
for growth is still a highly debated issue. It is generally accepted that the model for
carbon filament growth [1, 2], derived from concepts of vapour-liquid-solid theory, also
applies to CNT growth. However, this model fails to account for the growth of CNTs
from noble metal [3-7], ceramic [8, 9] and semiconducting nanoparticles [10-13], all of
which are regarded as unable to catalyse the dissociation of hydrocarbons. In addition,

in their bulk form, these materials do not have a catalytic function to produce graphite.

This work examines non-traditional catalyst assisted chemical vapour deposition of
CNTs with a view to determine the essential role of the catalyst in nanotube growth.
CNT synthesis based upon noble metal and two approaches using germanium nanopar-
ticles are presented. Extensive characterisation has been undertaken of each step of the
growth process, and the synthesized carbon nanotubes are analysed by atomic force mi-
croscopy, electron microscopy and Raman spectroscopy. The results indicate that good
densities of high quality single-walled carbon nanotubes are produced by these tech-
niques. Additionally, the effects of different catalyst support interactions were explored
by testing combinations of metal catalysts and support media. This study showed that

the support has a strong effect on the chemical activity and morphology of the catalyst.

The results presented show that the commonly utilised model of carbon filament growth
is inadequate to describe CNT growth from non-traditional catalysts. A model for CNT
growth consistent with the experimental results is proposed, in which the structural

reorganisation of carbon to form CNTs is paramount.
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Chapter 1

Introduction

Carbon nanostructures, such as fullerenes [38], nanotubes [39], nano-onions [40] and
nano-horns [41] have attracted much interest recently. In particular, the mechanical and
electronic properties of carbon nanotubes are the subject of intensive studies [42]. Beside
the fundamental interest in their physical, electronic and chemical properties; there
is a strong drive in application development for devices based on carbon nanotubes.
Nanotubes can be produced using arc discharge [39], laser ablation [43] or chemical
vapour deposition (CVD) techniques [44]. CVD is currently the most promising and
flexible method with regard to applications, but our understanding of the role of the

catalyst and deposition parameters on nanotube growth is still fragmentary.

1.1 Motivation

Applications for single walled carbon nanotubes (SWNTs) range from nanoelectronics,
sensors, field emitters to composites [45]. These require reliable synthesis techniques
capable of generating large quantities of high purity material. In addition, applications
in the field of nanoelectronics and photonics may require controlled growth at precise
lithographically patterned areas. Understanding how to control the synthesis of SWNT's
is vital in order to deterministically integrate such nanostructures into various technolo-

gies.

Of the various methodologies developed for carbon nanotube (CNT) synthesis, those
based upon catalyst-assisted chemical vapour deposition (CCVD) appear to be best
suited to satisfy these requirements. Traditionally, 3d transition metal nanoparticles,
such as Fe, Co and Ni, are used to catalyze CNT growth. These catalysts are thought to
work in accordance with the model for carbon filament growth, derived by Baker et al.
[1, 2, 46], from concepts of vapour-solid-liquid theory [47]. In this model, hydrocarbons

adsorbed on the metal nanoparticle are catalytically decomposed resulting in atomic
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carbon dissolving into the liquid catalyst particle, and when a supersaturated state is

reached, carbon precipitates in a tubular, crystalline form.

Recently, several groups have reported successful growth of CNTs from noble metal [3—
7], ceramic [8, 9] and semiconducting nanoparticles [10-13], all of which are regarded as
unable to catalyse the dissociation of hydrocarbons. In addition to this, in their bulk
form, these materials do not have a catalytic function to produce graphite. This implies
that given enough energy, carbon atoms on a nanoparticle are capable of a structural
reorganisation into CNTs. This leads to a new interpretation of the role of the catalyst
in nanotube growth in which only a nanoscale curvature and carbon adsorption sites are

necessary.

This work explores non-traditional paths of catalytic chemical vapour deposition of
carbon nanotubes with a view to determine the essential role of the catalyst in nanotube

growth.

1.2 Organisation

Chapter 2 covers the characterisation methods which are used throughout this work,
and provides a brief overview of other techniques commonly used in carbon nanotube
research. The structure of carbon nanotubes is briefly summarised, followed by a de-
scription of the various characterisation techniques. The most interesting features of

each technique are noted and practical considerations addressed.

Chapter 3 presents a review of the literature highlighting the more interesting methodolo-
gies for carbon nanotube synthesis by thermal chemical vapour deposition. Catalyst and
supporting material for nanotube deposition, carbon precursor, operating conditions are
discussed as the important parameters affecting the quality and yield of carbon nanotube
synthesis by chemical vapour deposition. A model for catalytic growth of single-walled

carbon nanotubes is presented and discussed.

In Chapter 4, single-walled carbon nanotubes growth catalysed by noble metal nanopar-
ticles has been studied. Au, Cu and Ag nanoparticles have been synthesized and in-
vestigated as potential catalysts. Au and Cu nanoparticles have shown to be adequate
catalysts for CNT growth and extensive characterisation of each stage of the growth
process is presented. The results presented show that the commonly utilised model
of carbon filament growth is inadequate to describe SWNT growth from noble metal

catalysts. A new interpretation of the role of the catalyst is presented and discussed.

Chapter 5 presents a novel technique to synthesize single-walled carbon nanotubes from
germanium nanoparticles. The Ge nanoparticles are synthesized by ion implantation

into a SiOy followed by an anneal step in Ny and hydrofluoric acid vapour etch. This
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process affords good control over nanoparticle size and density, which allows the in-
vestigation of the effect of catalyst size on growth of carbon nanotubes. The process
used is compatible with silicon complementary metal oxide semiconductor process and

is amenable for application in hybrid silicon-nanoelectronics.

In Chapter 6 research on the use of colloidal Ge nanoparticles for carbon nanotube
growth is presented. Colloidal Ge nanoparticles are fabricated by an inverse micelle
technique, which offered good control over the nanoparticle sizes. The colloidal Ge cata-
lyst is shown to be a viable catalyst for the formation of single-walled carbon nanotubes
on a SiOg support. The effect of pretreatment on the catalyst is studied in order to
ascertain its effect on the yield of carbon nanotubes. The synthesized nanotubes were
examined by Raman spectroscopy and transmission electron microscopy and were found
to be of a good quality. This chapter also presents a mechanism for the formation of

SiO, nanowires frequently grown in conjunction with nanotubes.

Finally, in Chapter 7, the factors affecting the activity of a metal catalyst-support system
are investigated. To explore these interactions, combinations of catalyst metals (Fe, Ni
and Co) and support mediums (SiOz, AloO3 and HfO9) are tested for nanotube growth
under similar conditions in a high temperature furnace. AFM, SEM and Raman analysis
were employed to characterise the synthesized nanotubes and the morphology of the

catalyst nanoparticles at various stages in the growth process.






Chapter 2

Characterisation Techniques in

Carbon Nanotube Research

This chapter covers the characterisation methods which are utilised throughout this
work, and provides a brief overview of other techniques commonly used in carbon nan-
otube research. The structure of carbon nanotubes is briefly summarised, followed by a
description of the various characterisation techniques. The most interesting features of

each technique are noted and practical considerations addressed.

2.1 Structure and Properties of Carbon Nanotubes

FIGURE 2.1: Structure of the two main modifications of carbon: Diamond (left) and
Graphite (right). Modified from Dresselhaus et al. [14].

Pure carbon exists in the solid form mainly in two allotropes (Figure 2.1). In diamond,
the orbitals of the carbon atom are in a state of sp® hybridisation. The four valence elec-
trons create four equivalent o bonds to connect four other carbons in the four tetrahedral
directions. This three dimensional interlocking structure is very rigid, stable and hard.
The solid has a band gap of 5.5 eV and is thus an insulator. The second configuration is
graphite, with sp? hybridised orbitals. In this configuration, three outer shell electrons

of each carbon atom form three in-plane o bonds with an out-of-plane 7 orbital (bond),
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forming a hexagonal network parallel with each other with a spacing of 0.34 nm. The
bonding strength in-plane is very strong, whereas between the layers the bonding is me-
diated by relatively weak van-der-Waals forces. In addition, the out-of-plane 7 electron
is delocalised over a graphite plane making it thermally and electrically conductive in

this orientation.

In 1985, Kroto et al [38] discovered a new allotrope of carbon, fullerenes. These are ball-
like molecules which consist of e.g. 60, 70 or 80 carbon atoms. The bonding is mainly sp?,
although due to a high curvature this is mixed with sp? character. The special bonded
structures in fullerene molecules have provided several surprises such as metal-insulator
transition [48], unusual magnetic correlations [49] and very rich electronic and optical
band structures and properties [50]. For the discovery of fullerenes Kroto, Smalley and
Curl obtained the Nobel Prize for Chemistry in 1996.
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FIGURE 2.2: Chiral vector C' and chiral angle 6 definition for a (2,4) nanotube on

a graphene sheet. @ and b are the unit cell vectors of the two dimensional hexagonal

graphene sheet. The circumference of the nanotube is given by the length of the chiral

vector. The chiral angle 6 is defined as the angle between the chiral vector and and the
zig-zag axis. Modified from McGuire and Rao [15].

A carbon nanotube can be described as a hollow cylinder formed by rolling graphite
sheets. Bonding in nanotubes is essentially sp®>. However, the circular curvature will
cause quantum confinement and o —7 rehybridisation, in which three o bonds are slightly
out of plane. For compensation, the 7w orbital is delocalised outside the tube. This
makes nanotubes mechanically stronger, electrically and thermally more conductive,
and chemically more reactive than graphite. A single-walled carbon nanotube (SWNT)is
therefore a single graphene plane rolled into a cylindrical shape so that the structure is

one dimensional, and in general exhibiting a spiral conformation, called chirality.

Any SWNT is completely described, except for their length, by a single vector c (called
the chiral vector). Two atoms in a planar graphene sheet are chosen and one is used as

the origin. The chiral vector C is pointed from the first atom towards the second one
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(Figure 2.2) and is defined by the relation, C =na+ mg, where n, m are integers, and
@, b the unit vectors of the two-dimensional lattice formed by the graphene sheet. The
direction of the nanotube axis is perpendicular to this chiral vector. Thus, the SWNT
is constructed by rolling up the sheet such that the two end-points of the vector C are

superimposed.

One can derive, by geometric considerations, that the diameter D of the tube (n, m)

and the conformation angle 6, with equal C-C bond length (dc—¢), are given by:

do—
D= M\Mﬂ + nm + m?2 (2.1)
7T

2n + 2m

2v/n? + nm + m?

0 = arccos < > (0<6< %) (2.2)
Simple tight-binding methods predict that SWNTs with 2n+m = 3i are metallic (where
i is a positive integer) and with 2n + m # 3i are semiconducting. However, in most
cases this view is overly simplistic. A more complete description can be found in [51],
which shows that the armchair (n = m) tubes are metallic, zigzag tubes (3n,0) are
narrow-gap semiconductors, helical tubes (n,m) with 2n + m = 3i are also narrow-
gap semiconductors and all other tubes are wide-gap semiconductors. This behaviour
is caused by periodic boundary conditions for the component of momentum along the

circumference of the tube, which results in quantisation.
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FIGURE 2.3: Models of single walled carbon nanotubes and termination caps: (5,5)
armchair nanotube, (9,0) zig-zag nanotube and (10,5) chiral nanotube.

The terminating cap of a nanotube is formed from pentagons and hexagons (Figure 2.3).
It has been shown that the formation of this cap plays an important role in determining
the nanotube chirality when fabricated by chemical vapour deposition. The smallest cap
that fits to the cylinder of the carbon tube seems to be the well known Cgy hemisphere.

The smallest experimental value of nanotube diameter, 0.7 nm, is in good agreement with
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this cap [52]. However, recently there have been studies of nanotubes at the theoretical
limit of 0.4 nm in diameter [53-59]. These nanotubes are sometimes capped with a
Co dodecahedron [54]. According to Liang et al. [55], these nanotubes have only three
possible chiralities; (4,2), (5,0) and (3, 3).

2.2 Electron Microscopy

Electron Gun
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FIGURE 2.4: Electron path in a scanning (a) and transmission (b) electron microscope.

Due to their small diameter, typically around 1 nm, imaging SWNTs requires high-
resolution microscopy techniques. Electron microscopes (EMs) function as their optical
counterparts except that they use a particle beam of electrons instead of light to create
an image of the specimen. Due to the shorter wavelength of electrons (cf. visible light),
EMs are capable of higher magnifications and have a greater resolving power than a
light microscope. In addition, owing to the dual wave-particle nature of electrons, EMs
also yield a wealth of secondary signals such as x-rays, Auger electrons and light [60, 61].
These secondary signals can provide topography, morphology, chemical composition and

crystallographic information.

2.2.1 Scanning Electron Microscopy

The scanning electron microscope (SEM) is used to study the surface of materials rather
than their internal arrangement. The typical resolution of this technique is approxi-

mately 2 to 5 nm, and thus does not allow for individual SWNTs to be imaged within
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a rope [15], however due to charging effects it is possible to resolve isolated SWNTs
on an insulating substrate [62]. This instrument differs from all other conventional mi-
croscopes, using light or electrons (with exception to Scanning Transmission Electron

Microscopes and Confocal Optical Microscopes), in forming its image progressively.

In a typical SEM (Figure 2.4(a)), electrons generated by the electron gun, are condensed
by the first condenser lens to form a beam. Together with the condenser aperture, this
stage eliminates high angle electrons from the beam. The second condenser lens then
forms the electrons into a thin, tight collimated beam. Further high angle electrons
are eliminated from the beam at this point by an objective aperture. The beam passes
through pairs of scanning coils, which deflect the beam in the x and y axes so that it
scans in a raster fashion over a rectangular area of the sample surface. The final lens,

the objective lens, focuses the scanning beam onto the desired part of the specimen.

A number of phenomena occur at the surface when the primary beam interacts with the
specimen. The most important for scanning microscopy are the emission of secondary
electrons, originated from specimen atoms by collisions with high energy electrons, and
the re-emission or reflection of high-energy backscattered electrons from the primary
beam. The intensity of the secondary and backscattered electrons are very sensitive to
the angle at which the electron beam strikes the surface, i.e. to topological features on
the specimen. The emitted electron current is collected and amplified. Variations in the
resulting signal strength as the electron probe is scanned across the specimen are used
to vary the intensity of a corresponding spot of a raster image synchronous with the

probe.

Individual SWNTs exhibit remarkable contrast on an insulating substrate when imaged
using a low-energy electron beam. SWNTs appear as bright and rather thick (typically
10 — 15 nm) lines in the secondary electron image. It has been reported that nanotube
contrast on an insulator stems from the local potential difference between the nanotube
and the substrate [62]. This may be the case when nanotubes are charged, on a thick
insulator. However, Homma et al. [63] report that the imaging mechanism can be
explained by an electron-beam-induced current (EBIC). The EBIC from the nanotube
(or nanotube network) affects the charging state of the insulating substrate, thereby
increasing secondary electron emission from the surface. Images typically reflect the
EBIC range round the nanotubes, and thus SWNTs appear much thicker than their

actual diameter.

Scanning electron microscopy was performed to analyse the nanostructures in plan view.
A JEOL JSM-6500F microscope, equipped with a thermionic field emission gun, oper-
ating between 2 and 10 kV at a typical working distance of 10 mm in secondary electron

imaging mode was used.



10 Chapter 2: Characterisation Techniques in Carbon Nanotube Research

2.2.2 Transmission Electron Microscopy

Figure 2.4(b) shows the electron path in a typical transmission electron microscope
(TEM). In the TEM, the sample is illuminated with an electron beam using condenser
lenses. The beam is restricted by the condenser aperture, removing high angle electrons.
After striking the specimen, parts of the beam are transmitted. The objective lens then
forms an inverted image. The resulting image, representing a 2-D projection of the

sample is magnified by the projector lens before striking a CCD or fluorescent screen.

Although SEM can be useful in imaging CNTs on a substrate surface, transmission
electron microscopy is a more powerful technique, with a higher resolution that allows
one to image the number of walls in a multi-walled carbon nanotube [16, 64-66], or
image isolate SWNTs residing inside a bundle [17]. This allows for careful measurement
of tube diameters as well as investigation of structural defects in CNTs. Many studies
have been done on nanotubes involving TEM, and Figure 2.5 illustrates the results of

some of those studies.

(a) (b)

FIGURE 2.5: TEM images of: (a) a MWNT showing concentric stacking of several

nanotubes with concentric diameters, inset shows observed electron diffraction spots
(modified from Andrews et al. [16]), (b) a single bundle containing ~ 40 SWNTs as it
bends throught the image plane of the microscope (modified from Thess et al. [17]).

The inter-shell spacing of multi-walled carbon nanotubes (MWNTs) have been studied
by Kiang et al. [64] using high resolution TEM images. The inter-shell spacing is found
to range from 0.34 to 0.39 nm varying with tube diameter. These values are greater
than the graphite inter-planar distance (0.336 nm) [65], although this increase can be
explained by the curvature of the graphene sheets which is modified by the tube radius.

Another benefit that comes with using TEM is the use of electron diffraction and elec-
tron energy loss spectroscopy (EELS). Qin [67] has demonstrated that the true helicity

of CNTs can be deduced from electron diffraction patters. A curvature correction factor
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is determined by a Bessel function calculated from the tube indices (n,m). The chi-
ral indices of CNTs can be measured by the selected-area electron diffraction (SAED)
technique. Then, the true chiral indices can be retrieved for SWNTs or MWNTSs up to
radii of 4 nm. Contrary to spectroscopic techniques, no empirical fitting parameter such
as C-C bond length is required to determine the helicity of the tube. In addition, the
determination of CNT structures within nanotube bundles can also be obtained using
TEM coupled with electron diffraction [68]. EELS has been particularly beneficial in the
area of doped nanotubes [69, 70]. It has allowed researchers to determine the amount
of dopant present in the nanotube structure. In conjuction with x-ray energy dispersive
spectroscopy (EDS), TEM has also enabled the identification of the catalyst composition

responsible for nanotube nucleation [71].

In this work, TEM was used to obtain high-resolution images of several nanostructures
and catalysts. A JEOL JEM-3010 microscope, operating between 200 and 300 kV was
primarily used (point resolution 0.21 nm). Additional TEM imaging was undertaken at

the Materials Department of Oxford University, utilising a range of microscopes.

2.3 Scanning Probe Microscopy

The previous section demonstrated the usefulness of the EM techniques applied to nan-
otube research. However, there are two other microscopic methods that are indispensable
in nanotube research. These methods are atomic force microscopy (AFM) and scanning
tunnelling microscopy (STM). Both methods have provided useful information of nan-
otube structure and properties. Although not explicitly used in this work, STM and a
brief overview of the advances in Kelvin probe force microscopy of carbon nanotubes

are presented for completeness.

2.3.1 Atomic Force Microscopy

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to
scan the specimen surface. The cantilever is typically silicon or silicon nitride with a
tip radius of curvature on the order of a few nanometers. When the tip is brought into
proximity of a sample surface, forces between the tip and the sample lead to a deflection
of the cantilever according to Hooke’s law. Typically, the deflection is measured using a

laser spot reflected from the top surface of the cantilever into an array of photodiodes.

In order to prevent damage to the sample, a feedback mechanism is employed to adjust
the tip-to-sample distance to maintain a constant force between the tip and the sample.
Traditionally, the sample is mounted on a piezoelectric tube, that can move the sample in

the z direction for maintaining a constant force, and the x and y directions for scanning
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the sample. The resulting map of the area s = f(z,y) represents the topography of the

sample.

The AFM can be operated in a number of modes, depending on the application. In
general, possible imaging modes are divided into static (also called contact) modes and
a variety of dynamic (non-contact or tapping) modes where the cantilever is vibrated.
In tapping mode, the cantilever is deliberately vibrated at near its resonant frequency in
either amplitude modulation mode or frequency modulation. Very weak van der Waals
attractive forces are present at the tip-sample interface. The surface topography is
measured by laterally scanning the sample under the tip while simultaneously measuring
the separation-dependent force or force gradient between the tip and the surface. The
force gradient is obtained by vibrating the cantilever and measuring the shift in the
resonant frequency of the cantilever. To obtain topographic information, the interaction
force is either recorded directly, or used as a control parameter for a feedback circuit

that maintains the force or force derivative at a constant value.

AFM has been very useful in imaging isolated SWNTs that have been grown directly
on silicon substrates via a chemical vapour deposition process [72-74] or prepared by
processing SWNT bundles [75]. Although the resolution is not as high as that found
in the TEM, diameter estimates as well as the length measurements of the nanotubes
within a sample are possible. It should be noted that the finite size and shape of the
tip poses a considerable obstacle in the accurate imaging of nanostructures, as in the
general case the acquired image is a convolution of the sample and the probe shape. In
most cases this is not problematic as the sample will dominate the image, however when
the size of the sample is smaller than the probe this is problematic and will require a

deconvolution procedure [76, 77].

In this work, AFM was primarily used to characterise the size of the nanoparticle cat-
alysts before and after thermal treatment. As the size of the nanostructures typically
were smaller than the probe size, height data (z-axis) was predominantly used in the
subsequent analysis. A Veeco Multi-Mode AFM was used for all imaging in this work,
utilising a super-sharp silicon cantilever (typical tip radius of 2 nm, resonant frequency
of 300 kHz). The AFM was operated in tapping mode, using a minimum resolution of

512 x 512 points per pm?.

2.3.2 Scanning Tunnelling Microscopy

The scanning tunnelling microscope (STM) is based on the concept of quantum tun-
nelling. When a conducting probe is brought very near to the surface to be examined, a
bias applied between the two can allow electrons to tunnel through the vacuum between
them. The resulting tunnelling current is a function of probe position, applied voltage,

and the local density of states (LDOS) of the sample [78]. Information is acquired by
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monitoring the current as the probe’s position scans across the surface, and is usually
displayed in image form. STM can be a challenging technique, as it requires extremely
clean and stable surfaces, sharp tips, excellent vibration control, and sophisticated elec-

tronics.

To use this technique, carbon nanotubes must be deposited on a flat conducting substrate
such as highly-orientated pyrolytic graphite [79, 80] or gold [20, 81]. STM images give
directly the three dimensional morphology of tubes and are consistent with the structure
inferred from SEM [79]. Moreover, STM can resolve simultaneously both the atomic
structure and the density of states (DOS), making this a powerful tool for nanotube
characterisation. Experiments to determine the atomic structure of of SWNTs at low
temperature were conducted by several groups [80, 81]. The atomic structure of SWNTs
in a rope was also shown by various authors [20, 82]. These studies confirmed the
predicted behaviours of SWNTs [83, 84] and revealed the sensitivity of the electronic

properties to the helicity and tube diameter.

2.3.3 Kelvin Probe Force Microscopy

Kelvin probe force microscopy (KPFM) is a non-contact variant of AFM. With KPFM,
the work function of surfaces can be observed at atomic or molecular scales. The work
function relates to many surface phenomena, including catalytic activity, doping and

band-bending of semiconductors, charge trapping in dielectrics and corrosion.

KPFM is a scanning probe method where the potential offset between a probe tip and
a surface can be measured using the same principle as a macroscopic Kelvin probe. The
cantilever acts as a reference electrode that forms a capacitor with the surface, over which
it is scanned laterally at a constant separation. The cantilever is not piezoelectrically
driven at its resonant frequency, although an alternating current is applied. When there
is a potential difference between the cantilever and the surface, the AC+DC voltage
offset will cause the cantilever to vibrate. The resulting vibration is detected as in AFM
and feedback systems drive a DC potential to null this vibration. As a result a map of

the nulling potential versus the lateral position is formed.

Recent research using KPFM on carbon nanotubes has shown that it is possible to
differentiate metallic and semiconducting nanotubes by measuring the low-frequency
dielectric polarization of individual nanotubes [85]. A measurement methodology is
described by Lu et al. [86] which allows quantitative differentiation between metallic
and semiconducting nanotubes by KPFM. For further details, please refer to references
[85-89].
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2.4 Raman Spectroscopy

Over the past 20 years, Raman spectroscopy has proven to be one of the most powerful
tools in the characterisation of carbon-based materials. It has been used extensively
to study the bonding and properties of pristine, metallic and superconducting phases
of graphite intercalation compounds and fullerene-based solids [14, 18, 21, 33, 90-94].
Naturally, this technique is equally useful to characterise carbon nanotubes. This section
provides a brief overview of the Raman effect, its application to carbon nanotubes and

some highlights of recent Raman studies on these nanostructures.

2.4.1 The Raman Effect

Raman scattering is an optical process involving inelastic scattering of a photon. This
can be considered a three stage process. The first stage is the excitation of a real
or virtual electron-hole pair, caused by an incoming photon. The electron or hole is
then scattered by a phonon, either emitting or absorbing a phonon. This results in a
decrease or increase in the energy of the electron-hole pair, respectively. In the final stage
the electron-hole pair recombines, emitting an outgoing photon with its energy shifted
relative to that of the incoming photon by one phonon energy lower (Stokes shift) or
higher (anti-Stokes shift). This energy shift is known as a Raman shift. Typically, only

1 in 10° photons scattered will have been Raman scattered.

Using classical considerations, the Stokes and Anti-Stokes lines should possess the same
intensity. However, experimental data has shown that this is not the case. In addition,
the classical treatment is not able to provide any information on the relation between
derived polarizability and the properties of the scattering system, such as transition
frequencies. For this, a quantum mechanical treatment is required (for further details
please refer to [95-100]).

The scattering rate for this process, calculated from the light-semiconductor dipole
Hamiltonian for incoming light (ﬁin), scattered light (ﬁscat), and the carrier-phonon

A~

Hamiltonian (Hphonon) is given by:

T |M’2 OWscat — Win + thonon(Nphonon + 1) Stokes (2 3)
5Wscat — Win — thonon(Nphonon) anti-Stokes '
where
N A ~ 2
|M]2 _ <0| Hgcat ‘k> <k| thonon ‘l> <l| Hin |0> (2 4)
ol (Ek + il — nwscat)(El + i — nwin)




Chapter 2: Characterisation Techniques in Carbon Nanotube Research 15

and wiy, wscat are the frequencies of the incoming and scattered light, respectively. |k)
and |l) are the intermediate electron-hole pairs states, Nphonon is the phonon occupancy
and the delta functions indicate energy conservation. The relative intensities of Stokes
and anti-Stokes scattering depend on the population of the system. These populations

can be calculated using Bose-Einstein statistics;

1
Nphonon = 8 (25)
erT — 1

where E is the phonon excitation energy given by hwphonon-

When the incoming and outgoing light is not resonant with any intermediate states, all
of the intermediate states give similar contributions to the overall scattering rate, and

so the matrix element can be approximated by;

‘MP X <0‘ gscatf{phononﬁin ’0>2 (26)

It is in the form of Equation 2.6 that the polarisation selection rules and wavevector

conservation during Raman scattering are derived (k‘phonon = kin — Kscat)-

2.4.2 Resonance Raman Scattering

Typically Raman spectra only involves phonons explicitly, being independent of the elec-
tronic structure of the material and the laser energy used to excite the Raman spectra.
Furthermore, the usual Raman scattering signal is very weak. However, the scattering
efficiency is greatly enhanced when the laser excitation energy matches the energy be-
tween optically allowed electronic transitions in the material. This enhancement process
is called resonance Raman scattering [97]. The resonance Raman intensity depends on
the density of electronic states (DOS) available for optical transitions, and this property

is very important for one-dimensional systems.

In the case that the incoming or outgoing light is close to, or in resonance with any
of the intermediate states, these states dominate the Raman scattering rates shown in
Equations 2.3 and 2.4. This results in a breakdown of the general polarisation selection

rules and wavevector conservation (shown in Equation 2.6). The resonance conditions;

Elaser = El = Eu (Incoming) (2 7)
Elaser = Ek = L + Ephonon (OUthing)

are then derived from Equation 2.4, where E;; is an allowed optical transition.
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FIGURE 2.6: (a) Calculated electronic DOS for several SWNTSs, modified from Rao
et al. [18]. (b) Kataura plot generated for SWNTs in a diameter range of 0.4 to 3 nm,
after Kataura et al. [19].

Figure 2.6(a) shows the DOS for four different armchair SWNTs; (8,8), (9,9), (10, 10)
and (11,11). Depending on tube diameter and chiral vector of the nanotube, the DOS
will vary from tube to tube. As one-dimensional systems, the DOS of SWNTs are
characterised by sharp, narrow peaks referred to as van Hove singularities (vHs). The
sharp vHs define narrow energy ranges where the DOS intensity becomes very large,
as such a single carbon nanotube exhibits a molecular-like behaviour with well defined
energy levels at each vHs. A resonance enhancement of the spectrum can be obtained
when the laser excitation energy is equal to the energy separation between vHs in the
valence and conduction bands (e.g. Ef} = vie; and ES, = vacy in Figure 2.6(a)) in the
DOS plot. It should be noted that this is restricted by the selection rules for optically

allowed electronic transitions [101-103].

As the energy transitions between vHs are diameter dependent, the resonance condition
will vary depending on tube diameter and chirality. Calculations have been undertaken
to correlate nanotube diameter with the diameter-dependent transition energies of vHs
in SWNTs [19]. The result of these calculations is the Kataura plot, shown in Fig-
ure 2.6(b). Each point in this plot represents one optically allowed electronic transition
energy (E;;) from a given (n,m) SWNT. In practical terms this indicates that a change
in the laser excitation frequency will bring into resonance a different SWNT with a differ-
ent diameter that satisfies the new resonance condition. This is called diameter-selective
Raman spectroscopy and led in 1997 to the first use of Raman spectroscopy to differen-
tiate between metallic and semiconducting nanotubes [18]. This effect is illustrated in
Figure 2.7. Figure 2.7(a) shows the radial breathing mode (see Section 2.4.4) resonance
plot of High Pressure Carbon Monoxide Conversion (HiPco) carbon nanotubes dispersed
on a SiOg substrate. This plot shows the intensity of the radial breathing mode (RBM)
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for various tubes increasing and decreasing as the resonance conditions are altered by
varying the laser excitation energy. Figure 2.7(b) shows the change in Raman intensity
for a single SWNT, RBM = 257.1 cm ™! as laser excitation energy is varied. The width
of the resonant Raman window and energy of the transition can also be calculated from

this information.
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FIGURE 2.7: (a) Radial breathing mode resonance plot of HiPco carbon nanotubes
dispersed on a SiOs substrate, measured with 55 different laser energies (E,) in Stokes.
Colours (see scale on the right) indicate Raman intensity. (b) Raman intensity vs. laser
excitation energy for the RBM = 257.1 cm ™! peak in the Stokes (black) and anti-Stokes
(blue) Raman processes for one SWNT on a SiOg substrate. Stokes and anti-Stokes
intensities have been normalised for power and spectrometer grating efficiency. The
curves show the resonant Raman windows from which E;; = 1.697 eV and a width for
the window v = 9 meV were determined.
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2.4.3 Active Modes in Carbon Nanotubes

Upon rolling a graphene sheet into a tube, numerous vibrational modes are made Raman
active by the cyclic boundary condition. Experimentally measured Raman spectrum is

shown in Figure 2.8. The most characteristic features are summarised as following:

(i) alow frequency peak < 350 cm™~! characteristic of single walled carbon nanotubes
assigned to a Aj, mode of the tube. This is refered to as a radial breathing mode
and corresponds to the atomic vibration of the C atoms in the radial direction, its

frequency essentially depends on the diameter of the tube.

(i) a large structure (1340 cm™1) assigned to residual, ill-organised graphite, referred

to as the defect modes, or D-band. This is not wavevector conserving.

(iii) a high frequency band between approximately 1550 and 1650 cm~! characteris-
tic of nanotubes, called the G band. This is assigned to a splitting of the Eo,

stretching mode of graphite [104], corresponding to atomic vibrations in the axial



18 Chapter 2: Characterisation Techniques in Carbon Nanotube Research

and circumferential directions. The line shape of this band is composed of up to 6

peaks, but only the two most intense peaks are useful for analysis [28].

(iv) a second order peak observed between 2450 and 2650 cm™! assigned to the first

overtone of the D mode and often called G’ mode.

(v) a combination mode of the D and G bands between 2775 and 2950 cm ™.

An in-depth description of Raman frequencies and symmetries can be found in Kuz-
mandy et al. [105]. For comparison with experiment, calculated Raman peak positions
are shown in the bottom of Figure 2.8 for n = 8 to 11 armchair symmetry tubes. The
calculated spectra are for a range of diameters consistent with those determined through
TEM studies, and the vibrational frequencies are calculated with the same C-C force
constants used to fit Raman, neutron and electron energy loss data for a flat graphene
sheet. The small effect of curvature on the force constants was not taken into account,
and theoretical Raman intensities were calculated using a bond polarizability model.
The theoretical peak positions closely match the experimental peaks. Additionally, it
can be noticed that certain experimentally obtained features are broader than others.
This difference in width is attributed to an inhomogeneous line-broadening mechanism,
which stems from the fact that certain mode frequencies exhibit a strong diameter de-

pendence.

2.4.4 Radial Breathing Modes

The radial breathing mode can be used to determine the nanotube diameter (d;) through
its frequency (wrpar), to probe the electronic structure through its resonance (Irpr,
described in Section 2.4.2) and to perform a (n,m) assignment of a single isolated SWNT
from analysis of both d; and Irpas. The status of research on these topics is summarised

below.

The radial breathing mode (RBM) Raman features correspond to the coherent vibrations
of the C atoms in the radial direction. These features are unique to carbon nanotubes
and occur with frequencies between 120 < wrpy < 350 cm™! for SWNTs within 0.7 <
d; < 2.0 nm. These RBM frequencies are therefore very useful for identifying whether a
given carbon material contains SWNTs, and for characterising the nanotube diameter

distribution in the sample.

The RBM is directly dependent of the nanotube diameters through the relation wrpy =
d% + B; where A and B are parameters determined experimentally [28]. However, the
frequency of the RBM is not related to the chiral angle of the nanotubes [106-108].
For isolated SWNT bundles on an oxidised Si substrate, the experimental value of A is
found to be 248 nm cm~! and B = 0 nm cm~! [21]. Using a force constant model with

interactions to the fourth neighbour, Bandow et al. [22] calculated the value A = 224
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FIGURE 2.8: Experimentally measured Raman spectrum compared with theoretically

determined Raman peak positions and intensities for several armchair nanotubes, from

Rao et al. [18]. The calculated spectra are for a range of diameters consistent with the

same C-C force constants used to fit Raman, neutron and electron energy loss data

for a flat graphene sheet. The small effect of curvature on the force constants was not

taken into account, and theoretical Raman intensities were calculated using a bond
polarizability model.

nm cm~!. Summarised in Bandow et al. [23], other values of the parameter A are given
according to the models used. Figure 2.9 illustrates the dependence of the RBM on the

nanotube diameter as described by some authors.

It should be noted that this phenomenological relationship is only valid over the range
1 nm < d;y < 2 nm. With nanotube diameters below 1 nm, a chirality dependence of
wrpMm appears due to a distortion in the nanotube lattice. In addition, with diameters
greater than 2 nm, the intensity of the RBM is weak [28]. The direct environment of the
nanotubes also causes a modification of the RBM, due to van der Waals interactions.
For instance, tube-tube interactions (bundling) result in an up-shift of the RBM by 14
cm~! for (9,9) nanotubes [109].

The natural linewidths for the RBM feature are Y\ = 3 cm™ !, although larger
I'RBM Vvalues are usually observed due to broadening effects [110]. This broadening
has been observed to increase monotonically with increasing diameter, and gy = 20
cm~! values have been observed for d; > 2 nm [110]. In SWNT bundles, the linewidth
will not reflect 'gg), but the ensemble of tubes in resonance with the excitation laser

energy.
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FIGURE 2.9: Phenomenological relations between radial breathing mode (wgpas) and
the nanotube diameter as determined by several authors [20-26]. Modified from Belin
and Epron [27].

The RBM spectra for SWNT bundles will contain a contribution from different SWNT's
in resonance with the excitation laser line. It should be noted that a single Raman
measurement would give an idea of the tubes that are in resonance with that laser line,
but does not give a complete diameter characterisation of the sample. However, by

taking Raman spectra using many laser lines, a good diameter characterisation can be
obtained [111].

2.4.5 Tangential Modes

The Raman-allowed tangential mode, G-band, in graphite involves an optical phonon
mode between the two dissimilar carbon atoms (A and B) in the unit cell. The corre-
sponding mode in SWNTs bears the same name. In contrast to the graphite Raman
G-band, which exhibits one single Lorentzian peak at 1582 cm ™! related to the tangen-
tial mode vibrations of the C atoms, the SWNT G-band is composed of several peaks
due to the phonon wave vector confinement along the circumferential direction and due
to symmetry-breaking effects associated with nanotube curvature. For chiral tubes, the
G-band is composed of six modes with symmetry A4, E14 and Ey, [110, 112]. How-
ever, for achiral tubes the G-band consists of only three modes [113]. This multi-peak
feature can be used for diameter characterisation, to distinguish between metallic and

semiconducting SWNTs and to probe charge transfer arising from doping.
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A simple analysis can be carried out considering the two most intense peaks that orig-
inate due to the symmetry-breaking effects associated with nanotube curvature. The
higher frequency peak around 1590 cm™!, G, corresponds to atomic displacements
along the tube axis and its frequency (wg+) is sensitive to charge transfer from dopant
additions. The lower frequency peak around 1570 cm™!, G, is associated with atomic
displacement along the circumferential direction and its lineshape is highly sensitive to

the metallicity of the nanotube.

The Raman lineshape differs between metallic and semiconducting nanotubes thus al-
lowing to distinguish between the two types. For semiconducting nanotubes, the profile
of the two components is narrow [29] and fits to a Lorentzian lineshape [21, 28]. For
metallic tubes, the wg- component is located at a lower frequency compared to semi-
conducting tubes, resulting in a broader lineshape. This is related to the presence of free
electrons in nanotubes with a metallic character [114, 115]. Figure 2.10(a) shows the

difference in lineshape for semiconducting, metallic and multi-walled carbon nanotubes.

For metallic tubes, the tangential mode typically contains two main components: a
Lorentzian component at high frequency, wg+, and a Breit-Wigner-Fano (BWF) com-
ponent at low frequency [19, 114, 115]. Surface-enhanced Raman scattering results show
that the phonon BWF coupling is to an electronic continuum [116], the plasmons being
the electronic excitations involved in this coupling. Kempa [117] showed that the quasi-
acoustic plasmon mode in SWNTs forms hybrid excitations with the phonon mode. In
this model, there is an enhancement of the BWF component in a bundle due to the
formation of the plasmon band which reduces the minimum required momentum for the
photonic excitation of the hybrid plasmon-phonon mode. Recent experimental findings
by Paillet et al. [118] support this model, and show that the BWF component vanishes
in isolated metallic SWNTs. Therefore, the presence of the BWF component in the

tangential mode is an intrinsic feature of the metallic SWNT bundle.

Figure 2.10(b) shows the diameter dependence of the frequency of the G* and G~
features, wg+ and wg- respectively, for semiconducting and metallic nanotubes. While
wa+ is independent of tube diameter, wg- decreases quadratically with decreasing d; as
a result of the increasing curvature of the nanotube. Therefore, the difference Awg =

wg+ — wg— can be used for diameter characterisation. The relation describing this

47.7

dependence is given, for semiconducting tubes by Awg = =5" and for metallic tubes by
t

Awg = B [21, 28].
t

G-band measurements on a single, isolated nanotube have shown this is a first order
process [119, 120]. This implies that wg+ is independent of d; or chiral angle, while wg-
is dependent on d; but not on chiral angle. It is important to note that G-band diameter
dependent measurements can only be done at the single, isolated nanotube level, and
the results can be used along with other Raman measurements to corroborate (n,m)

assignments. However, it should be noted that there are recent works that argue that
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FIGURE 2.10: (a) G-band lineshape for highly ordered pyrolytic graphite, MWNT
bundles, one isolated semiconducting and metallic SWNT. Two peaks can be clearly
distinguished in the cases of SWNT, while for MWNTs the multi-peak G-band feature
is not present due to larger tube diameters. Modified from Jorio et al. [28]. (b) De-
pendence of G-band frequency components wg+ and wg- on nanotube diameter for
SWNTs. Data obtained from several authors [28-34], after Belin and Epron [27].

the G-band Raman signal originates from a double resonance mechanism [121, 122].
In such a case, the G-band intensity would depend on defects and is sensitive to the
excitation laser energy, making it difficult to accurately use this information for SWNT

characterisation.

2.4.6 Double Resonance Features

The presence of disorder in sp?-hybridized carbon systems leads to rich and intriguing
phenomena in their Raman spectra. A feature which occurs in the Raman spectra
around 1350 cm™! is the disorder induced mode, or D-band. This is a dispersive mode,
originating from a double resonance process in which scattering from both a phonon and
a defect is needed to conserve momentum [123, 124]. This feature occurs in graphene,
and in the case of nanotubes the corresponding shift is dependent on chirality and
diameter [125]. This is due to a strong dependence of the double resonance process on
how the 2-D electronic and phonon structure is folded into a 1-D structure. The D-band
can be used as a first evaluation of the quality of the nanotubes, however it is not yet
fully understood which type of defects lead to the D-band feature [28].

A first overtone of the D-band appears between 2450 and 2650 cm™! and is called the
G’ mode. This is a double resonance second order process, in which two phonons are
involved [123]. Due to momentum conservation, the phonons involved in this process are
of opposite wave vector and therefore there is no need for defect scattering for this mode
to occur. For similar reasons as the D-band, the frequency of this mode is chirality and

diameter dependent.
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The disorder induced D-band and G’ mode show, for graphene or nanotubes, a strong
dispersion as a function of laser excitation energy [21, 126]. Graphite-like forms present
a strong linear scatter coefficient with energies of approximately 53 cm~'eV~! for D-
band [21, 28] and approximately 106 cm~!eV~! for G’ mode [127]. However, the various
forms of carbon can be distinguished by the position and linewidth of the D-band [127].
Amorphous carbon has a very broad linewidth (> 100 cm™!) and a position at approxi-
mately 1285—1300 cm~! [128], SWNTSs typically exhibit D-band position at 1285 — 1300
cm~! with a narrow linewidth (10 — 30 cm™!) [128, 129], and crystalline graphite-like
forms (including MWNTSs [128]) have a typical position of 1305—1330 cm~! and a width
of 30 — 60 cm™! [130].

Quantifying disorder in a carbon nanotube or graphene monolayer is usually made by
analysing the intensity ratio between the disorder induced D-band and the Raman al-
lowed G-band (Ip/Ig). Experiments by Dresselhaus et al. [131] show that the Ip/Ig
ratio has a non-monotonic dependence on the average distance between defects (Lp),
increasing with increasing Lp up to Lp ~ 4 nm where Ip/Ic has a peak value, and
then decreasing for Lp > 4. This behaviour has been explained by the existence of
two disorder-induced competing mechanisms contributing to the Raman D-band. These
mechanisms are basis for a phenomenological model for Lp dependence of Ip /I, de-
scribed by Lucchese et al. [132].

2.5 Other Techniques

This section will provide a brief overview of other useful characterisation techniques for
carbon nanotubes. Although not explicitly used in this work, these techniques can pro-
vide useful information on the electronic, mechanical and morphological characteristics

of synthesized carbon nanotubes.

2.5.1 Photoluminescence Spectroscopy

Photoluminescence (PL) in carbon nanotubes occurs as follows: an electron in a nan-
otube absorbs excitation light via a Siy transition, creating an electron-hole pair (ex-
citon). Both electron and hole rapidly relax, via phonon-assisted processes, from cy to
c1 and from wve to vy states, respectively. The electron-hole pair recombine through a
c1 — vy (E11) transition resulting in light emission. The PL emission is dominated by
the Fq; transition, while a wide range of wavelengths are useful for the PL excitation.
As the energies of the vHs maxima (and thus the transition energies) are dependent on
nanotube diameter and chirality [133], different (n,m) SWNTs in a sample will show
various superpositions of distinct F,, transitions which will appear at different PL emis-

sion wavelengths [134]. As a consequence, the nature, geometries and the diameters of
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the carbon nanotubes are accessible via the PL technique. Moreover, the luminescence
spectra is sensitive to the presence of chemical defects and to the purity of the samples
[135].

It should be noted that no excitonic luminescence can be produced in metallic tubes. In
addition, interactions between semiconducting and metallic nanotubes in a bundle will
quench PL. For this reason, bundles are typically separated into individual tubes prior
to characterisation. This is typically achieved by ultrasonic treatment of the nanotubes

with surfactants in water suspension, such as sodium dodecyl sulfate [133, 135].

2.5.2 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic technique that
measures the elemental composition, empirical formula, chemical state and electronic
state of the elements that exist within a material. XPS spectra are obtained by irra-
diating a material with a beam of X-rays while simultaneously measuring the kinetic
energy and number of electrons that escape from the top 1 to 10 nm of the material

being analysed. XPS requires ultra high vacuum conditions.

XPS can give information on the chemical structure of carbon nanotubes and the cata-
lysts used for synthesis. But the most widely used data refers to the structure modifi-
cation of the CNT walls due to the chemical interaction with organic compounds or gas
adsorption. Droppa Jr. et al. [136] studied the incorporation of nitrogen in carbon nan-
otubes and determined that when compared to non-nitrogenated tubes, the Cls peak
exhibits both a shift and asymmetric broadening to higher binding energies. Research by
Pham-Huu et al. [137] compared XPS Cls data obtained from highly ordered pyrolytic
graphite and carbon nanofibres. The findings indicated a graphitic nature of carbon
nanofibres and a broadening of the Cls peak attributed to C-H terminating surfaces.
In addition the presence of a peak at 289.5 eV indicate the presence of carbon-oxygen
bonds. By studying the sidewall functionalization of SWNTs by fluorination, Lee et al.
[138] have shown that the Cls peak of undoped SWNTs is composed of three peaks:
sp? carbon at 284.3 eV, sp3 carbon at 285 eV and oxygen related groups (carboxyl) at
about 288.5 eV.

2.5.3 X-ray and Neutron Diffraction

Local details such as size, diameter can be obtained by Raman or local electron diffrac-
tion, but to investigate CNTs at a larger scale X-ray or Neutron diffraction is needed.
Neutron diffraction is widely used for determination of structural features such as bond
length and possible distortion of hexagonal network [139]. Neutron diffraction allows a
wide range of scattering vectors due the weak decrease of the atomic factor with scatter-

ing vector [140]. In addition, many Bragg reflections and the use the radial distribution
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function allow one to obtain structural features; for the smallest diameters a distinction
between nanotube type can be achieved thanks to the effect of curvature on the powder

diffraction pattern.

X-ray diffraction can be used to obtain information on the interlayer spacing, the struc-
tural strain and impurities of the CNTs. However, CNTs typically have multiple orien-
tations in compared to the incident beam, so care is needed in the analysis. Diameter
and chirality distributions are obtainable, which allow a statistical characterisation of
CNTs. In addition, the number of layers in MWNT's are measurable. Due to their intrin-
sic nature, the main features of X-ray diffraction pattern are close to those of graphite
[27]. Consequently, the X-ray diffraction profile is not useful to differentiate microstruc-
tural details between CNTs and graphite structures [141] but can help determine sample

purity.






Chapter 3

Carbon Nanotube Synthesis by
CVD

Applications for carbon nanotubes range from nanoelectronics, sensors and field emit-
ters to composites [142-145]. These require reliable synthesis techniques capable of
generating large quantities of high purity material. In addition, applications such as na-
noelectronics and field emission may require controlled growth at precise lithographically
patterned areas [146]. Of the various methodologies developed for CNT synthesis, chem-
ical vapour deposition (CVD) is the best suited technique to satisfy these requirements
[147-149).

This review examines some of the more interesting methodologies for carbon nanotube
synthesis by thermal chemical vapour deposition (CVD). Catalyst and supporting mate-
rial for nanotube deposition, carbon precursor, synthesis temperature, atmosphere and
reaction time are discussed as the important parameters affecting the quality and yield

of carbon nanotube synthesis by CVD.

3.1 Overview of CNT Synthesis by Thermal CVD

Chemical vapour deposition (CVD) involves the formation of a non-volatile solid mate-
rial on a substrate by the reaction of vapour phase chemicals (reactants) that contain
the required constituents. For nanotube growth by thermal CVD, this is achieved by
decomposing a carbon source in the gas phase by using a high temperature furnace and
catalyst nanoparticles. Nanotube growth on catalyst nanoparticles has similarities to
traditional gas-solid interaction processes such as thin film deposition on substrates by

CVD. This proceeds according to the following steps:

1. Transport of precursors by forced convection to the main deposition region.

27
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2. Diffusion of precursors through a thin boundary layer to the substrate.
3. Adsorption of reactants onto the nanoparticle surface.

4. Surface processes leading to nanotube formation and gaseous by-products. These
processes include chemical deposition, reaction, surface migration and site incor-

poration.
5. Desorption of gaseous product species from the surface

6. Transport of outgassing species through the boundary layer and back to the main

gas stream.

7. Transport of outgassing species by forced convection away from the deposition

region.

The synthesis of CNTs by thermal CVD is normally a two-step process consisting of
an initial catalyst preparation step, followed by the actual growth of CNTs. The ini-
tial catalyst preparation step acts to ensure the deposited catalyst is in the optimum
morphology and composition to support CNT growth. Indeed, there have been several
studies correlating CNT diameter to particle size [150-159]. The consensus is that the
dimensions of the catalyst are critical. Large particles may produce multi-wall CNT's
(MWNTSs), however if these are too large, carbon fibres and filaments can be obtained.
The composition of the catalyst is of equal importance. In the process described by
Park et al. [160], NH3 was required to reduce the catalyst to generate nanoparticular
iron. Wang et al. [161] also claimed that Hg, which acts to reduce iron oxides to metallic
iron, is critical to obtain CN'Ts. However, dedicated chemical pretreatment steps are not
always necessary, as Delzeit et al. [162, 163] have shown that the use of different support
materials may be used to influence the morphology and composition of the deposited

catalyst.

The CNT synthesis step requires the presence of a gaseous phase containing carbon.
This is achieved by utilizing a flow reactor for the thermal decomposition of carbon
compounds, as shown in Figure 3.1(a). Commonly used gaseous precursors include
methane, acetylene, ethylene, carbon monoxide, benzene, toluene and short chain alco-
hols. Synthesis temperatures are typically between 600 and 1200 °C. Studies in which
the reaction zone has been monitored have shown that most of the free carbon is either
atomic or aggregated in dimers and trimers [43, 164, 165]. This suggests that the mech-
anism for nanotube growth is likely to occur by addition of elemental carbon into (on

to) catalyst nanoparticles followed by precipitation into nanotubes.

3.1.1 Growth Apparatus & Procedure

The typical thermal CVD apparatus reported in the literature [164, 166, 167] consists of a

quartz tube (1 to 2 in. diameter) inserted in a tubular furnace. The furnace temperature
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furnace

600-1200 °C

quartz boat

quartz tube

(a) (b)

FIGURE 3.1: Thermal CVD apparatus for the synthesis of CNTs. (a) Sketch of the

furnace reaction area; the sample is introduced into the furnace in a quartz boat. Nan-

otubes grow over the catalyst via the decomposition of a hydrocarbon. (b) Photograph

of the apparatus used in this work. Shown in the photograph are a mass flow controller

unit (lower left), furnace (centre) and individual mass flow controllers for each reactant
gas (top right).

can be maintained within +1 °C over a 5 cm central area. This is a hot-wall system,
which generally operates at atmospheric pressure and does not require pumping. The
gas flow is metered through a number of mass flow controllers, as shown in Figure 3.1.
The outlet gases are cooled by a water bath and vented into a fume extract. The length
of the quartz tube and the flow rate of the gases prevent the back flow of oxygen. At
present, CNT research is primarily done in small pieces (=~ 1 in) of wafers using low-
throughput batch reactors [45]. As the market for CNT-based products begin to emerge,

this will undoubtedly change to satisfy the need for large-scale commercial reactors.

A typical growth run would involve first purging the reactor with an inert gas, reducing
agent (such as Hy) or a mixture of the two until the reactor reaches the desired tem-
perature. The choice of gas is dictated by the catalyst type in use. Then the gas flow
is switched to a hydrocarbon and Hs mixture, metered through a mass flow controller,
for the specified growth period. At the end, the gas flow is switched back to an inert
gas while the reactor cools, before exposing the nanotubes to air. In general, the sample
must not be exposed to air at temperatures above 300 °C as this can cause damage to
the CNTs due to oxidation.

3.1.2 Pyrolysis

Organic materials undergo a thermochemical decomposition at elevated temperatures
in the absence of oxygen. This process is called pyrolysis, with pure carbon as the
end product. Various allotropes of carbon can form due to pyrolysis, these include
carbon nanotubes, highly-oriented pyrolytic graphite, graphite whiskers and glassy and
amorphous carbon [168]. The other elements present in the carbon feedstock form

gaseous products and diffuse away.
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The growth of CNTs by CVD is a controlled pyrolysis of a gaseous carbon feedstock.
Hydrocarbon molecules decompose when heated and become activated [169]. The ac-
tivated molecules are either adsorbed by the catalyst and used to form nanotubes or
precipitated on the sample surface forming amorphous carbon. Amorphous carbon is
a constant by-product of CVD deposition of carbon. This has no long-range order but
some short-range order (=~ 1 nm), depending on the carbon bond type and the hydrogen
content. In the growth of CNTs this is detrimental as it is thought that amorphous
carbon leads to the deactivation of catalyst nanoparticles [170]. Moreover, the quality

of the synthesized nanotubes is reduced due to amorphous carbon coating.

3.1.3 Radicals

Hydrocarbon pyrolysis begins with the breaking of carbon-hydrogen or carbon-carbon
bond with each fragment keeping one electron to form two free radicals. The formation
of radicals requires energy which can be provided by impact processes (i.e. an increase
in kinetic energy created by an increase in temperature) [171, 172]. However, the rate of
radical formation is not solely dependent on temperature, the type of chemical bond is
important. In order to break a chemical bond a characteristic bond dissociation energy
needs to be provided. This is dependent on the atoms that form the bond, the chemical
environment of the bond [173] and the temperature [174]. The presence of a radical
in a hydrocarbon molecule permits rapid rearrangement of carbon bonds due to their
high reactivity. Free radicals undergo rapid addition to form larger free radicals. The
selectivity of propagation reactions are very low [175] and this results in an efficient
mechanism for mass growth. In fact, free radical addition is a useful method for forming
polymers [176]. Termination of free radicals results from recombination of two free

radicals.

Reilly and Whitten [176] argue that hydrocarbon CVD of CNTs does not follow sim-
ple gas phase kinetic principles. In its most basic form, the hydrocarbon CVD process
(CHy, + Cs <> Cs + (n/2)Hz) should lead to an increased rate of CNT formation with
increasing hydrocarbon concentration and decrease with increasing hydrogen concentra-
tion. However, the CVD process works best when the reactor is run at some empirically
derived lean fuel condition. Increasing hydrocarbon concentration above this optimum
level leads to reduced CNT growth and leads to amorphous carbon deposition. The
authors suggest that the process has an intermediate, which was previously reported
as precursor soot in flame pyrolysis of hydrocarbons [177-179] and during the commer-
cial production of carbon black [180]. Precursor soot is a condensate of free radicals in
a background of neutral hydrocarbons that require an energetic medium to be main-
tained. A more accurate term is free radical condensate (FRC), as it is descriptive of

the properties of the medium.
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Mass growth in pyrolysis of hydrocarbons proceeds by the formation of polycyclic aro-
matic hydrocarbons (PAHs) by radical addition. PAHs are the most thermodynamically
stable forms of hydrocarbons in high temperature environments [181]. PAHs can undergo
rapid rearrangement, and this is more facile than bond cleavage [176]. Further addition
of other hydrocarbons and radicals increases the mass of the hydrocarbon species. At
some point the condensing PAHs and hydrocarbons become a medium where hydrogen
exchange, carbon skeletal rearrangement and mass growth become facile processes due

to the presence of radicals. This medium is considered a FRC.

FRCs are dehydrogenated to form various carbon allotropes. Rearrangement of carbon
skeletal structure is easiest when a leaving group is present. The rate of hydrogen loss
is the differentiating factor in whether amorphous carbon, fullerenes or nanotubes are
formed [176, 182, 183]. If dehydrogenation/rearrangement process is allowed to occur so
that the minimum energy form of carbon can be achieved then fullerenes or CNTs are
formed [176, 182]. In the case of CNTs, the presence of a catalyst prevents the carbon
cage from closing so that a continuous tube of six-membered rings can be formed. Due
to the rapid exchange of hydrogen it is possible to establish equilibrium between the
hydrogen in the gas phase with the hydrogen in the FRC. This allows control over the
carbonisation temperature and consequently the rate of of hydrogen loss. This can be

seen in the flow tube pyrolysis work of Miki et al. [184].

3.2 Models of Catalytic Growth

The model for carbon filament growth, derived by Baker et al [1, 2, 46], is based on the
concepts of the VLS (vapour-liquid-solid) theory developed by Wagner and Ellis [47]. It
is commonly believed in the CNT community that this mechanism for filament growth
also applies, to nanotube growth [73]. This belief arises from the observation by TEM
of catalyst particles on the ends of nanotubes, as was the case with carbon filaments. In

this section, a brief overview of this mechanism is presented.

211

FI1GURE 3.2: SWNT nucleation and growth according to the VLS mechanism. Modified
from Ding and Bolton [35]. (a) Pure Fe cluster. (b) Initial dissolution of C into the
Fe cluster. (c-e) As the cluster becomes highly supersaturated, C diffuses across the
particle and coalesces into strings, polygons and islands. Under certain conditions, the
island lifts off the surface to form a graphitic cap (f-g) and forms a CNT (h).

In the VLS model, hydrocarbons are adsorbed on the catalytic particle and release car-

bon upon decomposition. Carbon dissolves and diffuses into the liquid catalytic particle
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(Figure 3.2(b)). According to this model, molecular decomposition and carbon solu-
tion are assumed to occur at one side of the catalytic particle, which then becomes
supersaturated [185] (Figure 3.2(c-d)). Carbon diffuses from the side where it has been
decomposed to another side where it is precipitated from solution [46] (Figure 3.2(e)).
It is unclear whether the diffusion within the particle is driven by a concentration gra-
dient [186] or a temperature gradient created by the exothermic decomposition of the
hydrocarbon at the exposed front faces and the endothermic deposition of carbon at
the rear faces [46, 187]. Due to a much lower surface energy of the basal planes of
graphite compared with the prismatic planes, it is energetically favourable for the fila-
ment to precipitate with the basal planes, resulting in a tubular crystalline form [185]
(Figure 3.2(f-h)). Finally, if the particle support interactions are weak, tip growth mode
prevails whereas strong interactions lead to base-growth mechanism.

However, due to their nanometer dimensions the mechanics of growth of nanotubes
on nanoparticles are markedly different from the growth of carbon filaments. The en-
ergetic argument of the precipitation of carbon on its low-energy basal planes is no
longer valid since the curving of the graphite layers introduces an extra elastic term into
the free-energy equation of nucleation and growth, leading to a lower limit of 10 nm
[146, 185]. Other mechanisms are therefore required to explain the nucleation of CNTs
from nanoparticular catalysts smaller than this lower size limit. One such model is the

Yarmulke mechanism proposed by Dai et al [188].

FIGURE 3.3: (a-c) Atomic-scale environmental TEM image sequence of a Ni-catalysed

CNT base growth recorded in 8 x 102 mbar CyHjy at 615 °C. The time of the respective

stills is indicated. (d-f) Schematic ball-and-stick model of different growth stages. From
Hofmann et al. [36].

In the Yarmulke mechanism, a graphene cap is assembled on the particle surface with its
edges strongly chemisorbed to the catalyst (Figure 3.3(c)). As additional carbon atoms
are added, the hemifullerene cap formed on the particle surface lifts off (Figure 3.3(d)),
creating a hollow tube with constant diameter which grows away from the particle [189]

(Figure 3.3(e)). This model was supported by molecular dynamics simulation studies
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by Shibuta and Maruyama [190]. This mechanism is illustrated in Figure 3.3. The
formation of the graphene cap on the nanoparticle surface acts to reduce the total surface
energy of the nanoparticle-carbon system. The driving force for the lifting process is
believed to originate from the free energy release due to relaxation of the strain built
up in the carbon cap around the spherical surface of the catalyst nanoparticle when
carbon fragments assemble to form a CNT [189, 191]. Recent works in high-resolution
in-situ TEM observation of the catalytic growth of CNTs have verified this mechanism
on nickel nanoparticles [36, 192]. These studies have also shown that cap stabilisation

and nanotube growth involve reshaping of the catalyst nanocrystal.

3.3 Catalyst Preparation Techniques

A brief overview is provided here on two routes to supported-catalyst preparation, fol-

lowed by an approach for large scale synthesis (floating catalyst approach).

3.3.1 Solution Based Approaches

The literature contains various methodologies for the synthesis of catalysts from solu-
tions. The main techniques utilized in the literature are the sol-gel method [146, 193,
194], incipient wetness impregnation [195-198], ion-exchange [199, 200], ion-adsorption
[201] and inverse micelle [202].

INNER|REGION

FIGURE 3.4: Depiction of two nanospheres during evaporation, depicting the attractive
capillary forces acting as a result of the menisci formed during evaporation. From
Denkov et al. [37].

In general, solution based approaches are time consuming [45]. A typical preparation
would include steps such as dissolution, stirring, precipitation, refluxing, separating,
cooling, gel formation, reduction, calcinations, etc. Other problems include difficulty
in confining the deposited catalyst to specific patterns, and catalyst aggregation due to

lateral capillary forces [37, 203] (depicted in Figure 3.4).
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3.3.2 Physical Techniques

This approach involves deposition of the catalyst using some physical technique. Typi-
cally, a thin catalyst film is deposited using this methodology. There is some correlation
between film thickness and tube diameters, with thinner films leading to smaller parti-
cles and diameters [159, 204]. However, it is believed that the catalyst on the surface
must be in the form of particles instead of smooth, continuous films (which do not ap-
pear to yield nanotubes). As the deposited films do not guarantee a small grain size,
it is necessary to include a preparation step in order to reduce the catalyst films into

particles of the desired morphology.

Several different physical techniques have been successfully employed for catalyst prepa-
ration. These include electron gun evaporation [159, 205-207], thermal evaporation
[204, 208], pulsed laser deposition, ion-beam sputtering [162, 163, 167, 209-213] and
magnetron sputtering [161, 214-216]. These techniques have the advantage that they
are quick, low cost, and amenable to disperse catalysts in small lithographically defined

patterns, which is difficult to do using solution based techniques.

3.3.3 Floating Catalyst Approach

CVD can also be used to grow large quantities of nanotubes using a floating catalyst
approach. In this case, a catalyst is injected into the flowing hydrocarbon precursor by a
nozzle system. A second furnace may be required to heat the catalyst to its dissociation

temperature.

This approach was first reported by Sen et al [217], who used either ferrocene or nick-
olecene as their catalyst source, with benzene as a carbon precursor. The process initially
yielded MWNT growth, but after some process optimisation their later work reported
SWNT growth [218]. However using this approach, it is difficult to obtain catalyst par-
ticles of the correct size for SWNT growth. It was found that transition metal sources
vaporise at temperatures much lower than that of the gas phase pyrolysis of the car-
bon precursor. In utilising ferrocene, the iron particles condensed and formed clusters.
Clusters smaller than 40 — 50 atoms (0.7 nm in diameter) tended to evaporate, while
very large clusters favoured graphitic over coating. By fine tuning the process condi-
tions and obtaining a correct balance between the competing evaporation and clustering
mechanisms [219], it is possible to obtain clusters of the correct dimensions for CNT

growth.
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3.4 Transition Metal Catalysts

Metals used to catalyse CNT formation are usually transition metals. In particular, iron,
nickel and cobalt are commonly used. It is no coincidence that these metals are the most
common catalysts for CNT growth; long before the discovery of fullerenes [38] and later
nanotubes [39] researchers had been investigating the formation of graphitic carbon
deposits on metal substrates [1]. The most effective metal substrates for the formation
of ordered carbon were iron, nickel and cobalt [220]. These metals were known for their
catalytic ability for decomposing carbon compounds and forming metastable carbides.
Table 3.1 summarises the most commonly used catalysts in CNT fabrication, citing the

literature that supports them.

Catalyst CNT Type References

Fe SWNT 147, 150, 157, 189, 221]

[
Fe MWNT [193, 194, 198, 199, 217]
Co SWNT 218, 222, 223]
Co MWNT [199, 202, 212, 224, 225]
Ni SWNT 222, 223]
Ni MWNT [199, 225-230]
Fe-Co Alloys SWNT [149]
Fe-Ni Alloys MWNT [231]
Mg-Co Oxides SWNT [232]
Mg-Co Oxides MWNT [233]

TABLE 3.1: Overview of commonly utilised transition metal catalysts and supporting
work.

Experimental comparisons between Fe, Co and Ni catalysts have been undertaken in the
literature. Klinke et al. [225] determined that Fe yields the highest density of carbon
structures at any considered growth temperature between 580 °C and 1000 °C. However,
in terms of graphitization and structure, an improvement to the quality of the CNTs
obtained on silica is achieved when Co is used [224]. Both these findings are supported
by the study conducted by Fonseca et al. [201]. Groups utilising Ni based catalysts
generally report the growth of MWNTs, many of them with bamboo structure or fibres.
Ivanov et al. [199] observed that the crystallinity of CNTs grown on Ni is inferior to

those on Fe and Co.

3.4.1 Catalysts Containing Structuring Agents

Research by Colomer et al. [222, 223] and Nagy et al. [234] studied the synthesis of
SWNTs from Fe, Co and Ni catalysts from methane. The findings presented agree with
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the work of Klinke et al. [225] and Hernadi et al. [224]. The supported catalysts were
prepared from metal nitrates; by impregnation of the support with ethanol, followed by
sonication, solvent evaporation and finally reduction under a No/Hg atmosphere. SiO,
MgO and AlyO3 were used as supports. With SiOs, large amounts of amorphous carbon
are produced. MgO and Aly;O3 on the other hand, gave rise to pure SWNTs. The
authors reported that for higher metal loadings a loss of selectivity is observed with
the formation of MWNTs and nanofibres. This is a result of the formation of large
nanoparticles by phase coarsening. The production of SWNTs begins at a temperature
of 800 °C and an optimum in productivity is achieved between 900 — 950 °C. At higher

temperatures, the production of amorphous carbon starts.

There is a high sensitivity of SWNT growth to the processing conditions. Li et al. [235]
used the same processing conditions cited above to fabricate CNTs using a Co/MgO
catalyst between 900 — 1000 °C. Due to a lower gas velocity, the synthesized nanotubes
were exclusively double-walled CN'T's, which is markedly different that the work of Nagy
et al. [234] and Colomer et al. [222, 223]. Additionally, the work of Hu et al. [236] using
a Co/MgO catalyst and similar processing conditions produced 90% 0.7 —2.0 nm SWNT
ropes together with few isolated 2 — 5.5 nm SWNTs.

Cassel et al. [166] compared the catalytic activities of iron, ruthenium, molybdenum
and various bimetallic combinations and reported a synergetic effect between iron and
molybdenum. The authors prepared different Fe-Mo supported catalysts from aqueous
solutions of Fez(SO4)3 and [NHy4]g[Mo7;024-4H50] to impregnate alumina and alumina-
silica hybrid supports. These catalysts led to the production of SWNT at 900 °C using
methane as the carbon source. The carbon material produced was constituted of SWNT
bundles and a few amounts of DWNTs, both free of amorphous carbon. The authors
argue that the higher yields obtained were due to the presence of acidic sites on the
support medium. Several other authors have also reported similar improvements in
SWNT yield when using a Fe-Mo catalyst [237-239].

A synergistic effect between cobalt and molybdenum has also been reported by Resasco
et al. [240] [241-243]. The synthesis of SWNTs is performed between 600 — 900 °C,
from carbon monoxide. Under these conditions, Mo is quite inactive and Co has been
reported to produce only MWNTs [244]. The catalyst was prepared by simultaneous
impregnation of Co(NOj3)2 and [NHy]g[Mo7O24 - 4H20] dissolved in water on a silica
support. Evaporation of water and calcination in air at 500 °C provide a mixed Co-
Mo oxide [241]. During the activation of this catalyst in hydrogen well-dispersed Co?*
entities are formed, as evidenced by X-ray absorption. This interaction between Co and
Mo prevents the sintering of Co at the CNT synthesis temperature [242]. In contrast,
when cobalt reacts with the silica surface, CozQy4 is formed which converts into large
metallic Co particles during the reduction step [243]. The best results in terms of
activity and selectivity were observed for growth temperatures of 700 °C, and a low
Co:Mo molar ratio (1 : 4) [242]. There is also a clear relationship between SWNT
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diameter and temperature, 0.6 — 1.2 nm diameter tubes are formed at 750 °C, 0.7 — 1.4
nm at 850 °C and 0.92 — 2.0 nm at 950 °C.

Solid solutions of metal oxides have been explored in much depth for growing CNTs.
Such catalysts, in which ions of one metal substitute ions of the other metal, are mainly
prepared by coprecipitation or combustion methods. Peigney et al. [245] [246-248] pre-
pared solid solutions based on a-AlyO3 by substitution of A3t with Fe ions, introduced
as oxalate salts. After precipitation, the resulting powder is decomposed at 400 °C and
subjected to further calcination at 1100 °C. The material is reduced by a mixture of
hydrogen and methane at 900 — 1000 °C. During this step, iron migrates toward the
surface and, due to the high dispersion of the initial oxide the size of the iron particles
remain below 10 nm. It should be noted that this technique is not adapted to high
metal loadings since the solubility limit of Fe3T in the alumina lattice is around 10%.
These catalysts lead to the formation of mixtures of SWNT and MWNT with diameters
ranging between 1.5 — 15 nm, along with amorphous carbon. SWNT with diameters of
0.7 — 1.0 nm have also been produced using solid solutions of Ni-MgO catalysts [249] at
800 °C from acetylene. In this case, Ni(CoH302)2 and Mg(NO3)s are used as precursors
and KoCOs is used as a precipitation agent. Calcinations at 850 °C and reduction in
Hy/Ar mixtures at 750 °C provide an active catalyst that contains 3 — 10 wt% nickel.
Very high selectivity of SWNTs have also been reached with coprecipitated catalysts
produced by a modified synthesis of MCM-41 [250-252] using carbon monoxide as feed-
stock. In this case, CoSO4-7H20 is mixed with HiSil-915 and (CH3)4N(OH)-2SiO2 in
the presence of C14H29(CH3)3NBr as surfactant.

Another method to produce solid solutions of metal oxides is combustion. In this process,
transition metal nitrates are mixed with Mg(NOg3)s and/or AI(NO2)3 in a minimum
amount of water [253-255]. The addition of urea (or citric acid in the case of Co-Mo)
followed by decomposition in air at 550 — 600 °C allows the production of an oxide
powder. This material is ball-milled in aqueous solutions of dispersants, followed by
a calcination at 500 °C to obtain a thin powder. In situ reduction occurs during the
CNT growth process using CHy/Hy mixtures around 1000 °C [254]. Regardless of the
catalyst loading, Fe is the most catalytically active followed by Co and then Ni. In
terms of selectivity, Co represents the most effective catalyst for producing SWNTs as
observed by TEM.

3.4.2 Catalysts on a Planar Support

For some applications, such as nanoelectronics, direct growth of SWNT on a flat sub-
strate may be required. In these conditions, the preparation of highly dispersed catalysts
is more difficult to achieve due to the low surface area of the support [244]. To over-
come this difficulty, alternate preparation techniques have been developed. Spin coat-

ing of nanoparticles from colloidal solutions [150, 256-258], physical vapour deposition
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[159, 161-163, 167, 204-216] and nanolithography [73, 166, 205] have been successfully

used.

Low densities of SWNT have been synthesized from nickel nanoparticles, supported
on SiOg at temperatures between 750 — 950 °C in Ar/Hy/CoHs mixtures [256]. In this
case, the catalyst was prepared by decomposition of 1, 5-cyclooctadiene (COD) complex,
Ni(COD)3, under Hy in the presence of polyvinylpyrrolidone (PVP). The nanoparticles
are suspended in an ethanol solution solution and deposited by spin coating. The syn-
thesized nanotubes showed a narrow size distribution, 1.4 + 0.5 nm. The use of CHy
rather than CyHj resulted in the production of MWNTSs in conjuction with the SWNTs.

Colloidal iron nanoparticles, synthesized by a variety of precursors, showed a good
propensity for CNT formation. Precursors typically utilised are Fe(CO)s5 [150], FeCls
[258, 259] or Fe(CaH302)3 [257] . Iron nanoparticles with diameters of 3, 9 and 13 nm
were synthesized from the decomposition of Fe(CO)s in the presence of carboxylic acids
in dioctyether [150]. The nanoparticles were deposited on SiOs, activated at 800 °C
under Hy/Ar mixtures and nanotubes were grown using CHy or CyHy as the carbon
feedstock. In all cases the average CNT diameter correlated well with the nanoparticle
diameter. A close correlation between SWNT diameter and catalyst was also observed
in the case of nanoparticles synthesized from Fe(CoH3z02)3 [257]. In this experiment the
nanoparticles were prepared by decomposition of the precursor in a mixture of phenyl
ether, 1, 2-hexadecandiol, oleic acid and oleylamine. The catalyst was deposited by spin
coating on SiO2 and CNTs were grown at 900 °C using CHy4 as the carbon feedstock.
Finally, low densities of SWNT (0.9 — 2.4 nm) were reported from colloidal nanoparticles
synthesized from FeCls [259]. The nanoparticles were synthesized by a surface mediated
reaction between FeCls-6H50 and a hydroxylamine reducing agent and deposited by dip
coating on SiOs. This process resulted in a high density of highly dispersed nanoparticles
of 1.5+ 0.6 nm.

Bimetallic nanoparticles have been prepared from chloride salts and reduction in a glycol
solution of ammonia in the presence of PVP [260]. The synthesized nanoparticles were
spin coated onto SiOy substrates and SWNT growth was performed using CH4 at 900
°C. Although the SWNT yield is modest, the performance of bimetallic catalysts are
superior to those of the single component nanoparticles. Various other groups have
explored the performance of bimetallic nanoparticles; Fe-Ru [260], Fe-Pt [260], Fe-Mo
[261, 262], Fe-Mo-AlyO3 [263].

An alternate approach, often used to prepare catalysts on model supports, consists
of the direct evaporation of a metal onto a planar support. Indeed, there have been
many reports in the literature citing this approach [159, 161-163, 167, 204-216]. In
this methodology, a thin catalyst film is deposited and is subjected to a pretreatment
step to cause dewetting of the catalyst film to form nanoparticles. This process is

highly dependent on the support material used [167, 210], the thickness of the deposited
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layer [159, 216] and the pretreatment gas [204, 206, 208]. A comparison of different
metal catalysts (Ni, Co/Fe, Co, Fe/Mo and Fe) deposited by high ion beam coating
on SiOg substrates has been performed by Seidel et al. [264]. This work reported that
the optimum catalyst material for dense SWNT network synthesis from CHy at low
temperature was nickel. A reasonable hypothesis to explain this behaviour is the lower

bulk melting point of nickel.

3.5 Non-Traditional Routes to SWNT Synthesis

3.5.1 Catalyst Free Methods

CNT synthesis from SiC has been the most widely used catalyst free technique. The syn-
thesis techniques involving this catalyst have produced high densities of carbon nanos-
tructures by annealing either SiC particles [265], amorphous SiC films [266] or hexagonal
SiC (6H-SiC) [266] in a vacuum. In these methodologies, the nanotube formation can be
explained by the mechanism proposed by Kusonoki et al. [266]. Owing to the low vac-
uum in the chamber when annealing, the SiC oxidises forming SiOs. As a consequence,
the carbon atoms are free to bond with other atoms. If they bond to neighbouring
carbon atoms, graphite fragments are formed containing dangling bonds. Thermody-
namics drives the folding of graphitic fragments so that the dangling bonds of opposite
edges are saturated. The as-formed nanotube segments act as seeds for the attachment
of new carbon atoms, leading to CNT growth. However, these techniques require high

temperature annealing at approximately 1650 °C.

An alternate approach involves using carbon nanoparticles. This technique also depends
on the structural reorganization of carbon aggregates into nanotubes upon annealing.
Botti et al. [267] report a dense array of CNTs grown on silicon by spraying amorphous
hydrogenated carbon nanoparticles on a Si substrate and annealing. Other similar ap-

proaches have been reported in the literature [268].

These techniques, although not strictly classed as chemical vapour deposition (CVD)
of CNTs, provide some insight into the behaviour of carbon aggregates at elevated
temperatures without the influence of an external catalyst with a function to produce
graphite. These results also demonstrate that regardless of the catalyst, the formation of
CNTs involves two important processes: (i) the diffusion of carbon and (ii) the nucleation
of a graphitic cap or fragment followed by the further incorporation of carbon into the
growing nanotube. It has been reported that the diffusion process on a nanoparticle
surface or across its interior is a rate limiting step [269], while the chirality of the

growing CNT is decided upon the formation of the graphitic cap [270, 271].
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3.5.2 Noble Metal Catalysts

Nanosized iron-group metals (Fe, Co, Ni) are known for their ability to catalyse SWNT
growth in chemical vapour deposition. It has been generally accepted that these metals
and their alloys consistently show the highest catalytic activity [272, 273]. This is
attributed to the solubility of carbon in the metal-solid solution [274]. However, noble
metals such as Au, Ag or Cu have both negligible carbon solubility and negligible carbide
formation and have recently been identified as catalysts for the growth of CNTs. Takagi
et al. [3] have found that the yield of SWNTs from noble metals is comparable to that
of iron-group metals. Moreover noble metals, in particular Cu, are thought to favour
CVD growth of CNT nanotubes at low temperatures with a narrow chirality distribution
[270].

The first demonstration of CNT growth from Au nanoparticle catalysts by Lee et al. [6],
involved the decomposition of acetylene over nanoparticles supported on SiOs-AlyOsg.
This support showed a good propensity for the decomposition of acetylene and demon-
strated strong interactions between the Au nanoparticles and its surface. The synthe-
sized products were predominantly MWNTSs, with average diameters of < 20 nm. The
first reports of the formation of SWNTs from small Au nanoparticle catalysts were by
Takagi et al. [3] and Bhaviripudi et al. [275]. XPS measurements in both publications
showed that CNT growth was only possible from contaminant-free catalyst nanoparti-
cles, once the residual shell of gold oxides or gold chlorides were reduced by Hs. The
findings of Liu et al. [276] correborate this finding. Interestingly, neither paper de-
tected any radial breathing modes in the low w region, corresponding to large diameter

nanotubes.

Metallic Cu, long considered to be a contaminant in the growth of SWNTs, has also
been reported as an efficient catalyst for SWNT formation in several studies [3-5]. It has
been reported that the carbon solubility in a metallic catalyst should be in the range of
0.5 — 1.5 wt% carbon in order to efficiently form CNTs [274]. Therefore, it is surprising
that Cu can be catalytically active, as its carbon solubility is extremely low. However,
Zhou et al. [4] argue that the low solubility of carbon in Cu results in an increased rate

of carbon precipitation.

Interestingly, Zhou et al. [4] reported a higher ratio of metallic SWNTs in Cu catalysed
samples, determined from Raman analysis. Simulations by Yazyev and Pasquarello [270]
also found that the nucleation of graphitic fragments bound to the Cu nanoparticle
catalyst favours the formation of metallic nanotubes. In addition, the low melting
point and low carbon diffusion barriers suggest that CVD synthesis could take place
at much lower temperatures. In these conditions, the chirality preference would be

further enhanced.
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There are few reports in the literature of Ag nanoparticles catalysing SWNT growth.
The first demonstration of CNT growth from Ag nanoparticles by Takagi et al. [3]
involved the decomposition of ethanol vapour over nanoparticles supported on SiOy. In
this experiment, nanoparticles were formed by annealing an ultra-thin metal film in air
at 800 — 900 °C. To the authors knowledge, the only other report of Ag nanoparticles
used to synthesize CNTs was by Kang et al. [277]. In this paper, MWNTs were formed
by directly reducing CoCly with Na at 140 °C in the presence of Ag nanocrystals.

3.5.3 Ceramic Catalysts

Ceramic materials, such as AlsOg, have typically been used as a buffer layer to disperse
metallic catalyst particles and enhance their catalytic properties in CNT growth [11].
However, the simplistic view that the support only plays a catalytically passive role in
the formation of carbon nanotubes requires some examination. Rummeli et al. [278]
demonstrated that under typical conditions for CVD growth of CNTs, nanoparticles
of difficult-to-reduce metal-oxides are exceedingly good at promoting ordered carbon
(graphene) growth. As was expected, there was no observation of ordered carbon for-
mation in bulk/film samples. This difference was attributed to the presence of surface
defect sites on the nanoparticle oxides, and it was argued that in the substrate-based
CNT synthesis routes, the interface between the catalyst particle and the surface behaves
as an annular defect site. These sites would then promote the formation of cylindrical

graphene structures, or nanotubes.

A recent study by Liu et al. [8] reports the formation of dense CNT layers catalysed by
Al;O3 nanoparticles. Raman spectra of the synthesized nanotubes indicated that the
nanotubes were predominantly single walled and of a good quality. Interestingly, the
authors surmise that the mechanism of formation is different from the traditional VLS
mechanism as the nanoparticles are likely to be in the solid state during growth. This
finding reinforces the argument of Rummeli et al. [278], and additionally indicates that
the growth of single-walled carbon nanotubes (SWNTs) on flat AlyO3 substrates may
be possible by nanostructuring their surfaces. This hypothesis was partially confirmed

by Liu et al. [279] using a nanostructured SiO9 substrate to grow SWNTs.

Another ceramic catalyst reported in the literature is ZrOs [9]. In this publication, dense
growth of either multi-walled carbon nanotubes (MWNTs) or SWNTs was possible,
depending on the carbon feedstock used. ZrOo was typically deposited on either AloO3
capped SiOs supports or Si substrates with an oxynitride support through a chloride
salt solution. Samples were pretreated in Ho prior to the introduction of the carbon
feedstock. ZrOg is known to not be reduced by Hy [280] and additionally, carbothermic
reduction of ZrOgy does not yield Zr metal, but results in the formation of ZrC [281].
In-situ x-ray photoelectron spectroscopy (XPS) revealed that the state of the catalyst

after Ho pretreatment showed two phases; a stoichiometric and an oxygen deficient
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phase of zirconia. The role of the Hy pretreatment in this work, while shown not to
result in the formation of Zr metal, is thought to introduce surface defect sites into
zirconia nanoparticles that aid in enhancing catalytic ability. It should be noted that,
as observed by in-situ XPS, CNT growth seems to begin only after the introduction of
both the hydrocarbon and hydrogen. It is speculated that the introduction of hydrogen
aids in the transformation of the hydrocarbon into other organic precursors which can

then be uptaken and catalysed into CNTs.

3.5.4 Semiconducting Catalysts

The first reports of CNT growth from semiconducting catalysts were by Uchino et al.
[10] at the University of Southampton. In this experiment carbon doped SiGe islands,
deposited by CVD on Si, form nanoscale clusters through various mechanisms which act
as a seed for SWNT growth. These results were supported by the work of Takagi et al.
[11], who showed that CNT growth from Ge, Si and SiC nanoparticles was possible.
More recently, there have been various reports of CN'T growth from SiOs nanoparticles
[279, 282], which are thought to be promising catalysts owing to their ability to maintain

a narrow size distribution at CNT growth temperatures.

In this section, research on the use of semiconductor materials for carbon nanotube
growth is reviewed. Three different techniques to synthesize CN'T's based upon semicon-
ductor catalysts are discussed. These are based on SiGe islands, Ge Stranski-Krastanow
dots, and semiconductor nanoparticles. It is shown that in all cases, high quality, SWNT's

can be grown using these approaches.

3.5.4.1 SiGe Islands

A 50 nm thick Sig 7Geg 3 layer was deposited by CVD on Si(001) wafers after the growth
of a thin Si buffer layer. To accommodate the stress resulting from the lattice mismatch
between Si and Ge, the SiGe layer forms islands on top of a thin wetting layer. The
heights of the islands ranged from 20 to 50 nm. Subsequently, the islands were implanted
with carbon ions (energy 30 keV, dose of 3 x 10'® em~2). This heavy ion implantation
is thought to induce damage and form an amorphous layer at the surface [283]. The
substrates were then dipped in buffered HF solution to remove the native oxide. Chem-
ical oxidation was performed using a 30% hydrogen peroxide (H302) solution at room
temperature. This step was followed by a pretreatment step in a mixture of Ar and Hs
for 10 minutes at 900 °C, followed by the CNT growth step in a mixture of CHy and Hs
at 850 °C.

Figure 3.5(a) shows a SEM image of the as-synthesized products on SiGe islands. In this

image, two distinct types of nanostructures are visible. The short and thick nanofibres,
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FI1GURE 3.5: SEM images of as grown CNTs and SiO, nanowires synthesized from C

implanted SiGe islands (a) before and (b) after HF vapour etching, showing that only

carbon nanotubes remain. Scale bar corresponds to 500 nm. Typical Raman spectra

of the as-grown CNTs showing (¢) G-band characteristic and (d) anti-Stokes spectra
showing the radial breathing mode characteristic.

approximately 20 nm in diameter and 1 pgm in length, are formed during the pretreatment
step. These nanostructures were identified as SiO, nanowires by TEM, Raman and
photoluminescence measurements, and are formed by the carbothermic reduction of
Si0Oy [284, 285]. These fibres were easily removed by an HF vapour etch, as shown
in Figure 3.5(b). The second type of nanostructure forms during the growth step and
comprises straight and thin fibres of less than 10 nm diameter and approximately 5 um
in length. Raman measurents, shown in Figures 3.5(c) and 3.5(d), confirm that these
fibres are SWNTs. Despite considerable effort, the disorder induced D-band feature
that is normally seen at 1350 cm~! [125] could not be detected. This indicates that the

nanotubes have a low defect density, and thus could be described as high quality.

In this experiment, nanoscale Ge clusters are formed following the chemical oxidation and
annealing of the SiGe layers. The oxidation behaviour of SiGe layers has been studied
to a great extent [286, 287]. Si is known to have a stronger thermodynamic tendency
to be oxidised in comparison to Ge. Therefore, the dry oxidation of SiGe alloys, with

a low Ge content, results in the formation of SiOy and the segregation of Ge clusters
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from the growing oxide [288]. It should be noted that this effect is less pronounced with
wet oxidation, and the oxide layer typically contains a mixture of Si-O and Ge-O bonds.
However, upon an anneal in a reducing atmosphere, the Ge-O bonds are preferentially
broken owing to a lower stability, resulting in the formation of nanoscale Ge clusters
[289]. These clusters are thought to act as the catalyst for the growth of CNTs in this
methodology.

3.5.4.2 Ge Stranski-Krastanow Dots

Figure 3.6(a) shows a TEM image of a bundle of SWNTs grown from Ge Stranki-
Krastanow dots. In this experiment, Ge Stranski-Krastanow dots are formed by CVD
deposition of Ge atop a thin Si buffer layer. This step forms Ge dots in the forms of cones
with diameters from 20 to 250 nm and heights between 10 and 25 nm. Subsequently,
the islands were implanted with carbon ions (energy 30 keV, dose of 3 x 10'6 cm~2).
The substrates were then dipped in buffered HF solution to remove the native oxide
and subjected to a chemical oxidation using a 30% hydrogen peroxide (H202) solution
at room temperature. This step is expected to produce a 0.5 nm thick oxide on the
Si and a 2 nm thick oxide on the Ge [290, 291]. The substrates were then transfered
to an atmospheric CVD furnace and pretreatmented in a mixture of Ar and Hs for 10
minutes at 1000 °C, followed by the CNT growth step in a mixture of CH4 and Hy at
850 °C. Raman measurements on the synthesized CNTs, Figure 3.6(b), clearly show the
radial breathing mode feature and tangential G band mode expected for SWNTs. The
radial breathing modes indicate that the diameters of the synthesized CNTs are in the
range 1.6 to 2.1 nm, which are slightly larger than those on SiGe islands [10]. Again,
the disorder induced D-band could not be detected, indicating that these CNTs are of
a high quality.

It is believed that the mechanism of formation is very similar to that of the CNT's grown
from SiGe islands. Upon chemical oxidation of the Ge Stranski-Krastanow dots, an
thin layer of SiGe oxide film is formed. Following the subsequent anneal in a reducing
atmosphere, Ge clusters are nucleated and it is believed that these act as catalysts in
this growth technique. Sass et al. [288] reported that after the oxidation of Ge islands
on Si(001), recovery of the original dot structure was not possible. Instead, a reduction
of the the GeOs around the single crystalline core of the non-oxidized Ge dot materials
results in only Ge-enriched clouds, surrounded by a matrix of non-reductable material.
This assertion is supported by SEM images taken after each stage in the process (not
shown), which indicate a definite change of morphology after the chemical oxidation
and reduction steps [12]. In fact, there have been reports of the formation of ultrahigh
density Ge nanodots, with approximate diameters of 4 nm, from the oxidation/reduction

of Ge/Si surfaces [292], which further supports this hypothesis.
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FIGURE 3.6: (a) TEM image of a bundle of SWNTs synthesized from C implanted

Ge Stranski-Krastanow dots. Scale bar corresponds to 10 nm. The TEM sample was

prepared by scraping the substrate surface with a surgical blade and collecting the

material on a holey-carbon TEM grid. (b) Typical Raman spectra of the as-grown

CNTs showing the G-band characteristic. Inset shows anti-Stokes spectra displaying
the radial breathing mode characteristic.

3.5.4.3 Semiconductor Nanoparticle Catalysts

Takagi et al. [11] fabricated SiC, Ge and Si nanoparticles for synthesis of CNTs from
ethanol vapour. The SiC nanoparticles were synthesized by soaking a Si(111) substrate in
ethanol (CoHsOH) solution for 3 minutes and then heating the substrate in an ultra-high
vacuum (UHV) at around 1000 °C. This led to the formation SiC crystalline nanopar-
ticles with the epitaxial relationship of (111)/(111), using carbon bearing molecules
desorbed from the sample surface as the carbon source. The Ge and Si nanoparticles
were formed on 6H-SiC(0001) substrates by evaporation in UHV followed by an anneal
at 400 °C. This process formed crystalline nanoparticles with the epitaxial relationships
of both (111/0001) and (110)/(0001). The synthesized nanoparticles were pretreated
in air at atmospheric pressure for up to 10 minutes at 900 °C, followed by a reduction
anneal in Ar/Hy for 10 minutes at the same temperature. Following the pretreatment
step, CNTs were formed by bubbling liquid ethanol using Ar/Hy for 10 — 30 minutes at

5 — 7 x 102 Pa (flow rate was approximately 50 sccm).

TEM analysis of the synthesized nanotubes confirmed the formation of SWNT and
DWNTs with diameters ranging from 3 — 4 nm. However, the nanotubes were typically
curved and looped, indicating that these were highly defective. For Ge and Si nanoparti-
cle catalysts, the authors were able to observe the catalyst nanoparticles at the tip of the
nanotubes, however lattice fringes could not be observed to confirm the composition of
the nanoparticles. The yield of CNTs from the Ge nanoparticles was found to be higher
than those from SiC and Si nanoparticles. This was attributed to the lower melting

point of Ge and it is expected that the Ge nanoparticles would be liquid at the growth
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temperature. In contrast, both Si and SiC nanoparticles are expected to remain solid.
The authors hypothesize that CNT form on semiconductor catalysts by a mechanism
of cap formation. In the case of Ge, carbon is soluble in the catalyst and is dissolved
and then precipitated forming a graphene cap. In the case of a solid catalyst, carbon is
adsorbed on the nanoparticle surface and may assemble by surface diffusion to form a

graphene cap.

Recently, there have been reports of CNT formation from SiO2 nanoparticles [279, 282].
In these reports, high quality CNTs were synthesized from SiO2 nanoparticles formed by
thermal pretreatment of a sputtered SiOs layer [279] or by scratching a SiOgy substrate
with a diamond blade [282]. In both cases CNT growth was performed at 900 °C with
CHy used as the carbon feedstock. Huang et al. [282] ascribe the growth of SWNTs
using this catalyst due to oxygen vacancies formed during the growth process, which
are thought to be capable of causing hydrocarbon dissociation. The SiO, catalyst is
thought to be in a molten state at growth temperature and the high fluctuation of the
liquid-like state allows Si and O atoms to move around quickly, creating s vacancy or
dislocation. The deposited carbon is thought to assemble into a graphene cap on the
nanoparticle surface due to the high curvature of the catalyst, and subsequent addition

of carbon atoms leads to the formation of CNTs.

3.6 Parameters Affecting Catalytic Properties

Since the discovery of CNTs by Iijima [39], an enormous number of studies have been
devoted to the growth and processing of MWNT and SWNTs. From these studies,
some interconnected key parameters have been taken into consideration for the control
of SWNT growth. In this section, experimental results from the literature are analysed
in order to ascertain the influence of the operating conditions, catalyst composition,

morphology and the support on the ability of certain materials to catalyse CNT growth.

3.6.1 Operating Conditions

Several carbon sources have been used for SWNT synthesis, including methane, acety-
lene, carbon monoxide, benzene, toluene and short chain alcohols. Thus, the process ap-
pears to show a low selectivity to the carbon supply. However, Yazyev and Pasquarello
[270] reported different activation energies for the surface diffusion of C dimers and
adatoms on noble metal catalysts, and argued that appropriate choice of a diatomic or
monatomic carbon gas-phase source could significantly accelerate diffusion. Considering
that carbon penetration inside small nanoparticles is unlikely [293], the growth of CNT's
is most likely a process primarily controlled by surface diffusion [269, 294, 295]. There-
fore, the choice of an appropriate carbon source should significantly affect the growth
rates and yield of CNTs.
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The carbon supply rate is determined primarily by the choice of carbon feedstock and
the partial pressure of the gas. At a given temperature, close to the optimised conditions,
too low a supply rate will cause the yield of SWNT to decrease dramatically compared to
its optimised value. It should be noted that the selectivity of the process towards SWNT
remains unchanged for certain catalysts [296]. For too high a supply rate, even when the
carbon yields increase, the selectivity towards SWNT is lost and poorly organised carbon
or carbon encapsulated metal particles appear. This fact highlights the importance of
achieving the optimum balance between decomposition rate of the carbon source, the

diffusion rate of carbon and the carbon precipitation rate.

The synthesis of SWNT in the literature is typically undertaken in a process window
centred around 900 °C. This finding is in agreement with Lamouroux et al. [244], who
presented several reports from the literature in order to obtain a process window for
several carbon feedstock gases. An increase in the temperature above 900 — 950 °C
results mainly in the sintering of the metal nanoparticles that induces a decrease in
selectivity with formation of fibres, encapsulated particles and an increase in amorphous
carbon deposition. Temperatures below 900 °C are frequently associated with larger
amounts of deposited carbon, using more reactive carbon feedstock gas, so that the

selectivity of the process decreases with formation of MWNT and fibres.

This overview of the operating conditions shows that SWNT growth is an extremely
sensitive process, in which most parameters are interconnected. A temperature range
between 850 — 950 °C is often used and should correspond to the best compromise
between carbon decomposition rate, carbon solubility in the metallic phase and carbon
precipitation rate. The carbon supply rate is also identified as a key parameter, although

no recommendations can be made due to the complexity of the system.

3.6.2 Composition

Transition metals already used for catalytic reforming (iron, cobalt and nickel) have
been used successfully for SWNT growth in their oxide or metallic form, or as bimetallic
mixtures [272, 273]. Beyond the ability of a metal to catalytically decompose the carbon
source, other important properties should be taken into account such as their melting
point, vapour pressure, carbon solubility and carbon diffusion rate inside the nanopar-
ticles. When starting with an oxide, it should be stressed that a reduction step should
take place prior to the decomposition of the carbon source. Moisala et al. [174] presents
several important physico-chemical properties of the mostly used transition metals in
their bulk form.

Conventional catalysts are thought to first bond the hydrocarbon molecules at its surface.
The hydrocarbon, now in an adsorbate form, interacts with the catalyst by transferring

an amount of electron density to the catalyst. Normally, simultaneous back-donation
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takes place; electron transfer from the catalyst to the non-occupied, antibonding orbitals
of the adsorbate molecule. The electronic structure of the adsorbate is changed in such
a manner that dissociation of the molecule can occur. Therefore the ability of a metal
to catalyse dissociation of a hydrocarbon molecule is intimately linked to its electronic
structure. This may explain the reason why iron is found to be more efficient than nickel
and cobalt by hydrocarbon decomposition [253, 254, 297]. Some papers also show that
an added component can lower the activation energy for dissociation and thus the growth
temperature by changing the electronic structure of the catalyst [298, 299]. However, it is
not clear whether differences in electronic structure between different catalyst materials

can account for the observed differences in the quality of CN'T in terms of graphitisation.

Considering the growth model presented in Section 3.2, the electronic interaction be-
tween the catalyst and hydrocarbon may play an essential role in the initial stage of the
CNT growth process since it allows chemisorption of the carbon cap edges to the catalyst
nanoparticle. Kim et al. [300] studied the formation of carbon filament structures on
copper-nickel catalysts and found that the wetting behaviour of the metal on graphite
is extremely sensitive to the chemical nature of the nanoparticles. The author supposed
that materials that will readily wet graphite will produce ordered carbon filament struc-
tures. The wetting behaviour is determined by the interaction between the catalyst and
carbon, which can originate from Van der Waals forces, overlap of orbitals, and others
[301]. This factor could explain the growth from non-traditional catalysts, which do not
show a strong electronic interaction with hydrocarbon molecules. The high curvature of

such catalysts may be sufficient to initiate CN'T growth.

In the VLS growth mechanism, once a hydrocarbon has decomposed, carbon atoms
are believed to diffuse into the catalyst particle leading to supersaturation of carbon in
the metal. This indicates that the finite solubility of carbon in the catalyst plays an
important role in the growth process. There is some controversy in the literature over
the role of the carbon solubility of a catalyst. Some studies have claimed that prior
to nucleation, the formation of carbides are required. Fe3C has been detected in iron
catalysed CNT growths [302]. Yoshida et al [303] identified Fe3C as the catalyst particle
at the end of nanotubes, and suggested that this may be the real catalyst. However,
Hernadi et al [304] tested FesC nanoparticles and did not detect any catalytic activity.
Another study by Herreyre et al [305] detected an FesC phase when the Fe catalyst
was entirely deactivated, and attributed this phase as the cause of catalyst poisoning.
However, it should be noted that the Yarmulke mechanism proposed for SWNT growth

does not imply carbon diffusion into the metal nanoparticle and thus carbide formation.

3.6.3 Morphology

There is a consensus in the literature concerning the correlation between the catalyst

size and the CNT diameter. Many groups have observed a direct dependence of the
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two quantities [150-159]. Nikolaev et al [189] observed that the catalyst particle tends
to be slightly larger than CNT diameter, suggesting a change in morphology due to
carbon absorption. This is supported by high-resolution in-situ TEM observation of the
catalytic growth of CNTs [36, 192]. Both studies have shown that upon CNT nucleation

and growth, the catalyst particle is reshaped due to the precipitation of carbon.

The size of a particle appears to have an effect on its catalytic properties. The Yarmulke
mechanism, described in Section 3.2, is only valid for small nanoparticular catalysts,
which exhibit a high surface energy. In this mechanism, the graphene cap assembled
on the particle surface lowers the total surface energy due to the extremely low surface
energy of the basal planes of graphite. This makes the particle favourable for CNT
nucleation. This is reinforced by Hafner et al. [182], who supposed that the supply-
limited growth of CNTs allows more time to anneal to the lowest-energy structure, so
that smaller particles produce CNTs, while larger particles are encapsulated. Dai et al
[188] also observed that larger particles always appear to be encapsulated by amorphous

carbon, rendering them inactive for CNT catalysis

There is some difficulty in producing well-dispersed nanoparticles of a small enough size
on the support surface in order to obtain CNTs of desired diameters. This is mainly due
to problems controlling particle agglomeration. A widely employed solution is the use
of a porous support. In this technique, particle agglomeration is prevented by trapping
the catalyst particles in the pores of the substrate. Commonly used porous supports
include porous silicon [306], anodic aluminium oxide [307] and zeolites [167]. Another
approach to this problem is increasing the surface roughness of the substrate in order
to hinder surface diffusion of the catalyst and thus its coalescence into larger particles
[167].

3.6.4 Support

The role played by the support in the CVD of CNTs is not yet fully understood. The
simplistic view that the support only plays a catalytically passive role in the formation
of CNTs requires examination. The work of Rummeli et al. [278] demonstrated that
under typical CVD growth conditions, nanoparticles of difficult-to-reduce metal oxides
were capable of promoting ordered carbon growth. The authors attributed this to the
presence of surface defect sites on the nanoparticle oxides. However, the interface be-
tween the catalyst nanoparticle and the support is thought to act as a annular defect
site. This would indicate that the nature of the support-nanoparticle interface may be

very important to the behaviour of the catalyst.

In the supported catalyst method of metal catalysed carbon nanotube synthesis, the
support can interact both chemically and physically with the catalyst nanoparticle [308—
312]. The support can control the size of the catalyst nanoparticle by affecting the
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kinetics of nanoparticle formation. The support can also act to disperse the metal
catalyst particles formed upon decomposition of metal salt precursors by physically
holding the particle in place [299]. Additionally, the support can interact chemically
with the catalyst nanoparticle and dramatically affect its catalytic ability. For instance,
acquisition of negative charge by the catalyst nanoparticle from the support can enhance
its catalytic activity by strengthening back donation of electron density into anti-bonding
orbitals of the adsorbate. This electron sharing between the catalyst and adsorbate
sufficiently weakens the bonding within the adsorbate, resulting in its dissociation [311,
312].

The catalyst nanoparticle can acquire negative charge through the interaction between
either the metal cation or oxygen anion sites in the support [309-312]. A strong inter-
action between the catalyst nanoparticle and the cationic sites on the support is known
as strong-metal support interaction (SMSI). SMSI arises from partial reduction of the
oxide, which enables the metal cation of the support to donate partial negative charge
to the supported metal nanoparticle [299]. For support oxides that are not readily re-
duced, another interaction involves the catalyst nanoparticle and an exposed oxygen
anion sites on the support [309, 310]. The anions can act as Lewis base sites donating
negative charge to the metal nanoparticle. In a similar manner, the partial negative

charge it does accept from the oxide can enhance its catalytic activity.

In addition to these site-specific interactions, other processes such as Ostwald ripening
and sintering can also occur during the metal nanoparticle formation steps [313, 314].
For instance, dramatic structural changes occur when metals supported on TiOy are
heated in Hy to 500 °C. The oxide becomes partially reduced to Ti4O7 and the metal
assumes the form of hexagonal plates. In other systems, a compound may form between
the support and metal nanoparticle [314]. Changes in the phase and crystalline structure
of the support may also affect the nature of its interaction with the catalyst [299]. Con-
sequently, the physical and electronic structure of the supported catalyst nanoparticle

will also be affected.

3.7 Conclusions

In this chapter a review of the methodologies for carbon nanotube synthesis by catalytic
chemical vapour deposition has been presented. The material reviewed in this chapter
is by no means exhaustive, however it discusses the literature relevant to the work un-
dertaken in this thesis. This review contains an summary of CNT synthesis by thermal
CVD, the apparatus used and the growth process kinetics. The role of pyrolysis and
radicals in this process has also been discussed, and it has been argued that hydrocarbon
CVD of CNTs does not follow simple gas phase kinetics. In its most basic form, the hy-
drocarbon CVD process (Cy, Hy, + Cs <> Cs+ (n/2)H3) should lead to an increased rate
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of CNT formation with increasing hydrocarbon concentration and decrease with increas-
ing hydrogen concentration. However, the CVD process works best when the reactor is
run at some empirically derived lean fuel condition. Increasing hydrocarbon concentra-
tion above this optimum level leads to reduced CNT growth and leads to amorphous
carbon deposition. Therefore, it is suggested that the CNT growth process proceeds by
the formation of an intermediate medium, a free radical condensate, where hydrogen
exchange, carbon skeletal rearrangement and mass growth become facile processes due

to the the presence of radicals.

In this medium, hydrocarbons and radicals are dehydrogenated to form various carbon
allotropes. The rate of hydrogen loss is the differentiating factor in whether amorphous
carbon, fullerenes or nanotubes are formed [176, 182, 183]. If dehydrogenation/rear-
rangement process is allowed to occur so that the minimum energy form of carbon can
be achieved then fullerenes or CNTs are formed [176, 182]. In the case of CNTs, the
presence of a catalyst prevents the carbon cage from closing so that a continuous tube of
six-membered rings can be formed. A model for catalytic growth consistent with these

findings is presented.

Several catalyst preparation techniques are presented, and a brief overview is provided
of each technique. Several transition metal catalysts are reviewed, and approaches for
their application in CNT synthesis are discussed. The synthesis of CNTs using struc-
tural agents and on a planar support are two prevailing techniques for CNT synthesis
using transition metal catalysts discussed in this chapter. Additionally, a review of CNT
synthesis using non-conventional catalysts, such as ceramic, noble metal and semicon-
ducting nanoparticles, is also presented. Techniques reliant on the reorganisation of
carbon to form CNTs is also provided. Finally, the operating conditions, catalyst com-
position, morphology and supporting material are discussed as important parameters

affecting the quality and yield of carbon nanotubes by CVD.






Chapter 4

SWNT Synthesis from Noble
Metal Nanoparticle Catalysts

Nanosized iron-group metals (Fe, Co, Ni) are known for their ability to catalyse SWNT
growth in chemical vapour deposition. It has been generally accepted that these metals
and their alloys consistently show the highest catalytic activity [272, 273]. This is
attributed to the solubility of carbon in the metal-solid solution [274]. However, noble
metals such as Au, Ag or Cu have both negligible carbon solubility and negligible carbide
formation, and have recently been identified as catalysts for the growth of CNTs. Takagi
et al. [3] have found that the yield of SWNTs from noble metals is comparable to that
of iron-group metals. Moreover, noble metals, in particular Cu, are thought to favour
CVD growth of CNT nanotubes at low temperatures with a narrow chirality distribution
[270].

In this chapter, single-walled carbon nanotube growth catalysed by noble metal nanopar-
ticles is studied. A novel technique for synthesizing carbon nanotubes using narrow size
distribution Au nanoparticles is presented. Additionally, Cu and Ag nanoparticles were
synthesized by decomposing a metal nitrate and investigated as potential catalysts. The
effect of pretreatment temperature and dilution on the size distribution of the nanopar-
ticles was studied by atomic force microscopy. The nanoparticle size distribution has
been correlated to carbon nanotube yield and quality. Au and Cu nanoparticles have
shown to be adequate catalysts for CNT growth and extensive characterisation of each
stage of the growth process is presented. The results presented show that the commonly
utilised model of carbon filament growth is inadequate to describe SWNT growth from
noble metal catalysts. A new interpretation of the role of the catalyst is presented and

discussed.

53
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4.1 Experimental Details

Au nanoparticles, purchased from Nanoprobes, Inc, were suspended in isopropanol at
three concentrations; 0.03 mM, 0.006 mM and 0.003 mM. The nanoparticles were spec-
ified to be approximately 1.4 nm in diameter, with a narrow size distribution, and were
supplied as solid lyophilized form methanol solution. Unlike colloidal gold products,
these solutions are stable for several months at 2 — 8 °C and do not aggregate. They

are purified by gel filtration and stable under a wide range of pH conditions.

A Cu nitrate catalyst solution was prepared using highly pure salt (99.995% Copper(II)
nitrate hemi-pentahydrate from Sigma Aldrich) and isopropyl alcohol (Chromasolv, ab-
solute, 99.9% from Sigma-Aldrich). The Ag nitrate catalyst solution was prepared using
highly pure salt (99.995% Silver nitrate from Sigma Aldrich) and isopropyl alcohol (Chro-
masolv, absolute, 99.9% from Sigma-Aldrich). Three concentrations were prepared for
both Cu and Ag catalysts, 1 mM, 2 mM and 4 mM and the solutions were sonicated for
20 minutes. The catalyst was deposited by dip-coating the supports in the solution at
a speed of 3 mm/s . Samples were then subjected to a 100W Og plasma for 10 minutes
to remove any residual organic left from deposition. The samples were then annealed in
air at 400 °C for 30 minutes to thermally decompose the deposited metal nitrate. This

step was found to be crucial in obtaining a satisfactory yield.

< 001 > oriented, p-type silicon (17 — 33 Qcm resistivity) with a 300 nm SiOy layer
were used as substrates. All supports were cut to 10 x 10 mm pieces to suit a one-inch
diameter furnace tube. The Au catalyst was deposited by spin-coating 40 L. of the Au
solution at a rotation speed of 4000 RPM for 45s. Samples were then subjected to a

100W Og plasma for 10 minutes to remove any residual organic left from deposition.

Carbon nanotubes were grown in a one-inch tube furnace using a two step process. The
first step was a hydrogen pretreatment performed at a temperature between 850 and
1000 °C for 10 minutes and the second step was a CNT growth step by thermal CVD
in a hot-wall reactor at atmospheric pressure. The CNT growth was carried out using a
mixture of methane (1000 sccm) and hydrogen (300 sccm) at a temperature of 850 °C.

A new quartz tube was used exclusively for this work to avoid contamination.

The catalysts were characterised using a Veeco Multi-Mode atomic force microscope,
using super sharp Si cantilevers (typical tip radius of 2 nm). The synthesized CNTs were
observed by field-emission scanning electron microscope (JEOL 6500F). The chemical
compositions of SEM samples were analysed by energy-dispersive X-ray spectroscopy
(Oxford Instruments INCA Microanalysis System). Particle height distributions for
each sample were determined using a minimum of ten 1 pum? AFM images utilising
the Veeco Nanoscope software package. Images were first flattened using a three point
levelling technique, and a threshold height of 0.4 nm was set in the particle detection

software. The area densities of CNTs were evaluated using FE-SEM images using ImageJ
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to determine the total contour length of CNTs [315]. For quantitative analysis, several
images taken from the same sample were used, with overlapping regions being discarded.
Raman spectra were obtained using a Renishaw micro-Raman system with He-Ne (632.8

nm) laser excitation with a power of 12 mW and a spot size of 1 pym.

4.2 Gold Nanoparticle Catalysts

Bulk Au is considered a noble metal, as it is highly unreactive and catalytically inactive.
Au is the only metal with an endothermic chemisorbtion requirement, and in addition
it has d-states so low in energy that the interaction with oxygen 2p-states is net repul-
sive. Nevertheless, in its nanoparticle form, Au is capable of catalysing a wide variety
of reactions. These include the oxidation of CO [316], the selective hydrogenation of
acetylene [317], hydrogenation of halogen compounds, reduction of nitrogen oxides and
photocatalytic hydrogen production [318]. The origin of this effect is believed to be the
increase in the fraction of low-coordinated Au atoms as the size of the Au cluster is
reduced. In some cases, the catalytic nature of supported Au clusters can be explained
by assuming the Au-support perimeter interface acts as a site for activating at least one

of the reactants.

The first demonstration of CNT growth from Au nanoparticle catalysts by Lee et al. [6],
involved the decomposition of acetylene over nanoparticles supported on SiOs-AlyOs.
This support showed a good propensity for the decomposition of acetylene and demon-
strated strong interactions between the Au nanoparticles and its surface. The synthe-
sized products were predominantly MWN'Ts, with average diameters of < 20 nm. The
first reports of the formation of SWNTs from small Au nanoparticle catalysts were by
Takagi et al. [3] and Bhaviripudi et al. [275]. XPS measurements in both publications
showed that CNT growth was only possible from contaminant-free catalyst nanoparti-
cles, once the residual shell of gold oxides or gold chlorides were reduced by Ho. The
findings of Liu et al. [276] corroborate this finding. Interestingly, neither paper de-
tected any radial breathing modes in the low Raman shift region, corresponding to large

diameter nanotubes.

4.2.1 Catalyst Characterisation

To determine the particle size distributions of the Au nanoparticles, AFM analysis was
performed after spin coating and Os plasma treatment of the 0.03 mM, 0.006 mM
and 0.003 mM concentrated solutions on SiOg substrates. Figure 4.1(a)—(c) show typ-
ical AFM topography images of fabricated samples from each concentration, respec-
tively. Figure 4.1(a) (0.03 mM concentrated solution) shows a high density of local
maxima in the topography scan, and each peak is believed to be an individual parti-

cle. The measurements indicate a density of 2500 4+ 790 (mean =+ standard deviation)
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FIGURE 4.1: Atomic force microscope topography image of Au catalyst dispersed on
a SiO2 support at three dilutions; (a) 0.03 mM, (b) 0.006 mM and (c) 0.003 mM.
Corresponding particle size distributions are shown in (c), (d) and (e), respectively.
Particle size distributions have been fitted with a non-centred, normalised Gaussian.

particles/pm?, which corresponds to an interparticle separation of approximately 20 + 3
nm. Figure 4.1(b) (0.006 mM concentrated solution) shows a lower density of particles,
11004400 particles/um?, corresponding to an interparticle separation of approximately
31+ 7 nm. Finally, Figure 4.1(c) (0.003 mM concentrated solution) shows the lowest
density of particles, 210496 particles/um?, corresponding to an interparticle separation
of approximately 72+ 17 nm. It is clear that the density of particles of the substrate has
decreased linearly with dilution of the solution. Additionally, the distribution of the Au
nanoparticles on the substrate is very homogeneous which indicates that spin coating is

a suitable method for deposition of the catalyst on the substrate.

Figure 4.1(d) shows the particle height distribution for several images taken from the 0.03
mM concentrated solution sample. This distribution has been fitted with a normalised,
non-centred Gaussian, which shows a modal height of 0.7 nm with a standard deviation of
0.15 nm. This curve showed a good fit, with a minimal variance (Ry = 0.978, using non-
linear regression). Figure 4.1(e) shows the particle height distribution for several images
taken from the 0.006 mM concentrated solution sample, also fitted with a normalised,
non-centred Gaussian (Rg = 0.996, using non-linear regression). This distribution shows
a modal height of 1.3 nm and a standard deviation of 0.2 nm, matching the specifications
provided by the supplier. Finally, the particle height distribution for the 0.003 mM

concentrated solution sample is shown in Figure 4.1(f), also also fitted with a normalised,
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non-centred Gaussian (Ra = 0.993, using non-linear regression). This distribution shows
a modal height of 1.2 nm and a standard deviation of 0.3 nm, closely matching the

supplier specifications.

Normally, regardless of dilution, the deposited Au nanoparticles should have demon-
strated the same particle height distribution. However, the distribution for the 0.03
mM concentrated solution sample is considerably sharper than the diluted samples and
the modal height does not match the supplier specifications (1.4 nm). A possible ex-
planation for this could be found in the accuracy of the measurement. Owing to the
high density of particles on the sample surface and the shape of the scanning probe tip,
the nanoparticles may not have been sufficiently dispersed to allow for an accurate mea-
surement of particle height. This argument is supported by the fact that Figure 4.1(a)
appears as a porous film, in contrast to discrete nanoparticles in the diluted samples.
Finally, the slight difference between our measurements of particle height of the 0.006
mM and 0.003 mM concentrated solution samples with the supplier specification can be
explained by the roughness of the SiOy substrates used, which is of the order of 0.1 nm
(Ra = 0.11 nm).

4.2.2 Effect of Catalyst Density

Figure 4.2 shows SEM images of CNTs synthesized from the Au catalyst solution dis-
persed on a SiOy support for each dilution. The samples were fabricated at the optimum
growth condition for the catalyst, Ho pretreatment at 1000 °C for 10 minutes, followed
by the CNT growth step for 20 minutes at 850 °C in a mixture of Hy and CHy (1 : 3 gas
ratio). Figure 4.2(a) shows a representative SEM image of the 0.03 mM concentrated
solution sample after the CNT growth step. Two types of nanostructures are present in
this sample and have been labelled for clarity. The first type comprises of shorter, thicker
fibres, approximately 20 nm in diameter and 250 nm in length. These fibres are present
after the pretreatment step, and photoluminescence and TEM measurements on similar
samples have shown that these are composed of amorphous silicon oxide (SiO;). The
second type comprises of long, thin and straight fibres which were found to be CNTs.
This sample shows a good density of CNTs, 3.4 + 0.8 um in length/um?, and a fairly
homogeneous coverage across the sample. Figure 4.2(b) shows an SEM image of the
0.006 mM concentrated solution sample after the CNT growth step. In this sample no
CNTs were detected, only amorphous silicon oxide fibres were present. The same case
occurred for the 0.003 mM concentrated solution sample after the CNT growth step,
shown in 4.2(b).

In order to determine why CNT growth is only possible from the high density Au
nanoparticle sample, AFM was performed on the 0.003 mM concentrated solution sample

after pretreatment at several temperatures. The results indicated that with a increase
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(c)

FIGURE 4.2: Scanning electron microscope image of CNT's synthesized from Au catalyst

dispersed on a SiOg support at three dilutions; (a) 0.03 mM, (b) 0.006 mM and (c)

0.003 mM. Scale bar corresponds to 500 nm. CNTs were grown at the optimum growth

condition, Hs pretreatment at 1000 °C for 10 minutes, followed by the CNT growth
step for 20 minutes at 850 °C in a mixture of Hy and CHy (1 : 3 gas ratio).

in pretreatment temperature there is a change in the morphology of the Au nanopar-
ticles. On average, the measured nanoparticles show a reduction in modal height as
pretreatment temperature increases; from 0.8 nm for pretreatment at 850 °C to 0.7 nm
for pretreatment at 1000 °C. Furthermore, there is a linear reduction in nanoparticle
density as pretreatment temperature increases. Indeed, the initial density of 210 4 96
particles/pum? is reduced to 84 + 22, 54 + 20, 12 £ 5 and 7 + 4 particles/um? after pre-
treatment at 850 °C, 900 °C, 950 °C and 1000 °C respectively. This drastic reduction
in nanoparticle density could be explained by evaporation of the Au nanoparticles or
diffusion into the support medium. This reduction would account for the inability to
synthesize CN'Ts from the low density samples.

4.2.3 Effect of Catalyst Pretreatment

Figure 4.3 shows SEM images of the 0.03 mM diluted Au catalyst on a SiO9 support after
a 850 °C CNT growth step. Figure 4.3(b) shows the topography of a sample without
a catalyst pretreatment anneal prior to the CNT growth step. This image shows large
aggregations of Au particles throughout the sample surface. This sample showed no
evidence of CNTs. Figure 4.3(a) shows the topography of a sample subjected to a 1000
°C pretreatment in Hs prior to growth. This sample showed a good density of CNTs, in
addition to some amorphous silicon oxide nanowires. Additionally, the Au particles on
the surface appear smaller and well dispersed (in comparison to Figure 4.3(b)), indicating
that a catalyst preparation anneal is necessary. Reports from the literature state that
this is due to the need to reduce the catalyst particles prior to growth. Indeed, the work
of Takagi et al. [3], Bhaviripudi et al. [275] and Liu et al. [276] showed that CNT growth
was only possible from contaminant-free catalyst nanoparticles, once the residual shell

of gold oxides or gold chlorides were reduced by Hy. However, the results presented in
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FIGURE 4.3: Scanning electron microscope image of CNT growth on a SiOy support

from 0.03 mM diluted Au catalyst, (a) with and (b) without a catalyst pretreatment

step (1000 °C in Hs for 10 minutes). The CNT growth step was 850 °C in a mixture

of Hy and CHy4 (1 : 3 gas ratio) for 20 minutes in both cases. Scale bar corresponds to
500 nm.

this work suggest that the catalyst pretreatment step also affects the morphology of the
supported catalyst. The effect of pretreatment on catalyst morphology will be discussed

in further detail in Section 4.2.4.

Figure 4.4 shows SEM images of the 0.03 mM diluted Au catalyst on a SiO2 support
after a 850 °C CNT growth step following a catalyst pretreatment anneal in Hy at
various temperatures for 10 minutes. The pretreatment anneal temperatures shown in
Figure 4.4(a)—(d) are 1000, 950, 900 and 850 °C, respectively. These images establish
the optimal growth condition of the Au nanoparticle catalyst and provide an insight
to the importance of the catalyst pretreatment anneal. Figure 4.4(a) shows a typical
sample after pretreatment at 1000 °C, this sample showed a good density of CNTs
(3.4 £ 0.8 pm in length/um?) and a fairly homogeneous coverage across the sample.
Figure 4.4(b) shows a typical sample after pretreatment at 950 °C, this sample showed
a slightly lower density of CNTs, 2.1 + 0.9 ym in length/um?. After pretreatment at
900 °C, shown in Figure 4.4(c), there was an even lower density of CNTs, 1.1 4+ 1.2
pm in length/um? and the coverage of CNTs across the sample was not as uniform as
for the higher pretreatment temperatures. Finally, no CNTs were found at the lowest
pretreatment temperature, 850 °C. This sample also did not exhibit any of the typical
features seen the higher pretreatment temperatures indicating that the catalyst required

a higher temperature pretreatment in Hy prior to growth.

CNTs were found in samples pretreated at a temperature in the range from 900 °C
to 1050 °C, however the highest area density was found in samples pretreated at 1000
°C as shown in Figure 4.4(a). For all samples pretreated in this temperature range we

see both CNTs and amorphous silicon oxide nanowires. At pretreatment temperatures
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(d)

FIGURE 4.4: Scanning electron microscope image of CNT growth on a SiOy support

from 0.03 mM diluted Au catalyst, at four different pretreatment temperatures; (a)

1000 °C, (b) 950 °C, (c) 900 °C and (d) 850 °C. The samples were pretreated in Hy

for 10 minutes. The subsequent CNT growth step was kept constant at at 850 °C in a

mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. Scale bar corresponds to 500
nm.

below 900 °C, the only features present in the SEM images are large dots, which are
believed to be large aggregations of Au nanoparticles, observed in Figure 4.4(d). It is
believed that there are smaller Au nanoparticles also present in this sample, however
due to the resolution of the SEM these are not visible. These results indicate that the
Hs, pretreatment is essential for the synthesis of CNTs, which is in agreement with the
literature [3, 275, 276]. These authors argue that there is a requirement for contaminant-
free catalyst nanoparticles, achieved by the pretreatment in Hy. However, without XPS
measurements taken in-situ we cannot reach the same conclusions. In this work, it is
evident that the pretreatment of the catalyst affects the morphology of the samples, as
shown in Figure 4.3. Interestingly, there is also no formation of amorphous silicon oxide
nanowires without pretreatment in Hy at temperatures higher than 900 °C. It is believed

that these nanowires are formed by the carbothermal reduction of the SiOy substrate
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[284, 319], this formation mechanism will be discussed in detail in the upcoming chapters

of this work.

In order to confirm that the CNT growth is catalysed by the Au nanoparticles and not
any systematic contaminant, a control sample was fabricated at the optimum growth
condition. The control sample was subjected to the same deposition and cleaning process
as the Au nanoparticle samples, however no Au nanoparticles were deposited. This
sample was pretreated at 1000 °C in Hs for 10 minutes and exposed to the CNT growth
step at 850 °C in a mixture of CHy and Hs (3 : 1 ratio). No CNTs were found in this
sample. Additionally, EDS analysis has been undertaken in all the sample regions which
showed CNTs, and regions which showed contaminants were discarded from subsequent

analysis. However, it should be noted that at this scale, the sensitivity of EDS is low.

4.2.4 Evolution of the Catalyst

The different CN'T area densities observed in Figure 4.4 suggest that the pretreatment
temperature has a great effect on the yield of the process. Presumably, this is owing to a
change in the nature of the catalyst during the pretreatment step. In order to understand
the effect this has on the morphology of the catalyst, AFM characterisation of the 0.03
mM diluted Au catalyst samples has been undertaken for the range of pretreatment

temperatures discussed in in Section 4.2.3.

From typical AFM images on samples after a pretreatment step at temperatures between
1000 and 850 °C, the mean density of particles has been determined. The initial particle
density of 25004790 (mean = standard deviation) particles/um? is reduced to 4954220,
421 +£190, 343 £ 170 and 293 & 170 particles/um? after pretreatment at 850 °C, 900 °C,
950 °C and 1000 °C respectively. It is evident that with an increase in pretreatment
temperature there is an associated reduction in nanoparticle density. It is likely that
the reduction in nanoparticle density is due to nanoparticle evaporation or ripening.
Additionally, in several AFM images, there were pits found in the oxide substrate and
it is believed that these were caused by diffusion of the Au catalyst into the substrate.

The high propensity of silicon-metal interdiffusion [320] supports this hypothesis.

Figure 4.5(a)—(d) show the particle height distribution for samples pretreated in Hy for
10 minutes at 1000 °C, 950 °C, 900 °C and 850 °C respectively. Each distribution has
been fitted with a non-centred, normalised Gaussian. All distributions showed a close
fit to a Gaussian curve, with a lowest value of Ry = 0.929 by non-linear regression for
the sample pretreated at 900 °C. Figure 4.5(e) shows a normalised overlay of each fitted
Gaussian curve for comparison. The particle height distribution for a sample pretreated
at 1000 °C is shown in Figure 4.5(a). This distribution showed an excellent fit with a non-
centred Gaussian (Ry = 0.989 using non-linear regression) and has a modal height of 1.2
nm with a standard deviation of 0.37 nm. After pretreatment at 950 °C (Figure 4.5(b)),
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F1GURE 4.5: Particle size distribution for 0.03 mM diluted Au catalyst dispersed on a

SiO5 support after pretreatment in Hy for 10 minutes at; (a) 1000 °C, (b) 950 °C, (c)

900 °C and (d) 850 °C. Particle size distributions have been fitted with a non-centred,

normalised Gaussian. (e) Normalised particle size distribution Gaussian curve fits for
each pretreatment temperature.
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Pretreatment Distribution Statistics Nanoparticle Density
Temperature Time Mode Ro
(°C) (min) (nm) (particles/pum?)
1000 10 1.2+0.37 0.989 293 + 170
950 10 1.3+£0.33 0.964 343 £ 170
900 10 1.1+0.28 0.929 421 £ 190
850 10 0.94+0.19 0.978 495 £ 220

TABLE 4.1: Particle size distribution fit parameters and nanoparticle densities for 0.03
mM diluted Au catalyst dispersed on a SiOy support after pretreatment in Hy at various
temperatures.

the distribution has a modal height of 1.3 nm and a standard deviation of 0.33 nm. The
particle height distribution for the sample pretreated at 900 °C is shown in Figure 4.5(c)
and has a modal height of 1.1 nm and a standard deviation of 0.28 nm. Finally, after
pretreatment at 850 °C (Figure 4.5(d)), the distribution has a modal height of 0.9 nm

and a standard deviation of 0.19 nm. This information is summarised in Table 4.1.

This data shows that there is an increase in the modal height of the particles as the
pretreatment temperature increases. There is also a broadening of the distribution as
the pretreatment temperature increases, shown by the increasing standard deviations
and Figure 4.5(e). As pretreatment temperatures increase, the distributions show a
reduction in the number of small particles and an increase in the mean particle size.
This behaviour suggests phase coarsening, which occurs at the expense of small particles
within a system, which shrink and finally disappear [321]. This is a thermodynamically-
driven spontaneous process occurring because larger particles are more energetically
favoured than smaller particles [322]. This may account for the reduction in nanoparticle
density as pretreatment temperature increases. This behaviour is in contrast to the
0.003 mM diluted Au catalyst samples after pretreatment, which showed a reduction
in nanoparticle modal height as pretreatment temperature increased. However, this
difference could be explained by the low initial particle density and consequently large
inter-particle separation, which may have been too large to allow coarsening to take
place. Interestingly, at the lowest pretreatment temperature (850 °C), the nanoparticle
modal height is 0.9 nm which is significantly lower than the value specified by the supplier
and measured by AFM. The density of nanoparticles suggests that this measurement
is not an artefact. This suggests that there must be a competing process occurring to
account for the reduction of nanoparticle size from the initial, specified size. Indeed, due
to the temperatures involved, nanoparticle evaporation or diffusion into the substrate
seem likely. This competing loss process could explain why measured shape of the
distributions do not match the shape of distributions found using multiparticle diffusion

simulations seen in the literature [323, 324].
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There is a consensus in the literature concerning the correlation between the catalyst
size and the CNT diameter. Many groups have observed a direct dependence of the two
quantities [150-159]. Nikolaev et al. [189] observed that the catalyst particle tends to be
slightly larger than CNT diameter, suggesting a growth mechanism involving graphene
cap formation. This has been supported by high-resolution in-situ TEM observation
of the catalytic growth of CNTs [36, 192]. To date, the smallest experimental value of
nanotube diameter detected has been 0.7 nm [52]. The results presented in this section
demonstrate that the size of the Au nanoparticle catalyst after pretreatment is within
the possible range to seed CNT growth. However, these results do not allow us to
determine the reason for the higher CNT yield in samples pretreated at 1000 °C. One
possibility may be that the slightly larger nanoparticles are more efficient at forming
the graphene cap required to seed a CNT. Yet it is more likely that pretreatment at
higher temperatures are more effective at removing residual contaminants or reducing

the nanoparticles.

4.2.5 Raman Spectroscopy

In Figure 4.6, representative Raman spectra are shown from samples synthesized using
a 0.03 mM diluted Au catalyst dispersed on a SiOy support. The measured CNTs were
grown using a pretreatment in Hy for 10 minutes at 1000 °C, followed by a growth
step at 850 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. The
Raman measurements were undertaken utilising a Renishaw in-Via system, consisting
of an Olympus Microscope, a monochromator with a 1200 groves/mm grating, a Peltier
cooled CCD, holographic notch filter and a He-Ne (632.8 nm) laser excitation. The
signal is collected via a backscatter geometry, with the holographic notch filter tuned so
that the frequency cut-off was a shift of approximately 110 cm™!. For this reason, the

system is not able to detect RBMs from CNTs with diameters larger than 2.3 nm.

The Raman spectra obtained from areas of relatively high CNT area density typically
exhibited an asymmetric double peak at approximately 1590 cm~! (Figure 4.6(a)). This
double peak can be attributed to the Raman-allowed tangential mode of CNTs, G-band.
In the representative spectrum shown in Figure 4.6(a), this feature could be fitted with
four Lorentzian oscillators located at 1539, 1554, 1589 and 1598 cm™'. Group theory
predicts that there are six Raman-active modes within the tangential G-band spectral
region (1600 cm™!) for general chiral SWNTs [112, 325]. The symmetry assignments
used to fit the four Lorentzian features (in this case 1539, 1554, 1589 and 1598 cm™1)
have been reported [112, 325], and are believed to be characteristic of a semiconducting
tube. Indeed, assuming that the signal originates from a single, isolated nanotube, we
can determine the signal to originate from a semiconducting tube of 1.15 nm diameter

(using the relation Awg = wg+ — wg-, as described in Section 2.4.5).
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FIGURE 4.6: Raman spectra for the carbon nanotubes synthesized using 0.03 mM

diluted Au catalyst dispersed on a SiOy support after pretreatment in Hy for 10 minutes

at 1000 °C, followed by a growth step at 850 °C in a mixture of Hyo and CHy (1 : 3 gas

ratio) for 20 minutes. (a) Typical G-band characteristic, fitted with four Lorentzian

curves. (b) Histogram of the SWNT diameters obtained via RBM. (¢) Typical Raman
spectra of the synthesized nanotubes.

Figure 4.6(c) shows a typical Raman spectrum obtained from the Au catalyst sample.
This spectrum shows five characteristic features of CNTs; the RBM, D-band, G-band,
2M band and G’ mode. The G-band feature in this spectrum is broader than that
show in in Figure 4.6(a), and its lower frequency component (wg-) is asymmetric and
can be fit by a Breit-Wigner-Fano lineshape. This gives an indication that the Raman
signal nanotube originates from bundle of nanotubes. In general, the measured spectra
showed a good intensity ratio between the disorder induced D-band and the Raman
allowed G-band (Ip/Ig = 0.12) indicating that the nanotubes are of a high quality in
terms of structure and graphitisation. This spectrum shows an overtone of the D-band,
the G’ mode at approximately 2650 cm~!. Additionally, there is a combination mode
present, the 2M mode which results from the G-band and the RBM. Finally, in many

1 were obtained.

cases spectra exhibiting peaks in the region between 110 to 250 cm™
These peaks are attributed to the RBM feature of SWNTs [125] and appear only at
points from the sample from which a strong G-band feature is obtained. Therefore, it

can be concluded that this spectral feature is indicative of the presence of SWNTs in
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the sample. In the typical spectrum shown in Figure 4.6(c), there is a low-frequency
peak at 170 cm™! which is attributed to a RBM. This breathing mode corresponds to
a metallic nanotube of 1.45 nm diameter, which is in agreement with the results of the

G-band analysis.

A histogram of the SWNT diameters observed in the measurements via the RBM spectral
feature is shown in Figure 4.6(b). It should be noted that since the measurements were
only undertaken using a 632.8 nm He-Ne excitation these results do not provide a full
diameter characterisation of the sample. This histogram indicates that the majority
of the SWNTs observed had a large diameter. Although no strong conclusions can be
drawn from this fact, this result correlates with the higher CNT yield found in samples
pretreated at higher temperatures, which showed a larger nanoparticle modal size. It is
feasible that the slightly larger nanoparticles are more efficient at seeding SWN'T growth,

however further experimental work is required to confirm this.

4.3 Copper Nanoparticle Catalysts

Nanosized particles containing a high surface area and reactive morphologies have been
considered as effective catalysts for organic reactions such as hydrogenation, oxidation,
cross-coupling, etc [326-329]. The main benefits associated with nanomaterials are based
on their high atom efficiency and their high reaction rate, ease for catalyst recovery and
the recyclability of catalysts. Cu nanoparticles, in particular, can be active catalysts
for various processes. For instance, CuO and Cu immobilized on polymer resins have
been used in alcohol oxidation [330]. CuO nanoparticles were studied for C-N, C-O and
C-S bond formation via cross-coupling reactions [331] and for the removal of organic
pollutants in aqueous solutions [332]. Generally, Cu nanoparticles are cheap and require
only mild reaction conditions for high yields of products in short reaction times as

compared to traditional catalysts [333].

Metallic Cu, long considered to be a contaminant in the growth of SWNTs, has also
recently been reported as an efficient catalyst for SWNT formation in several studies
[3-5]. However, in comparative experiments and theoretical predictions Cu shows the
poorest catalytic efficiency for CNT growth [274, 334]. The experimental results pre-
sented in this section will show that Cu has a good catalytic activity and can act as a

new type of catalyst for the synthesis of CNTs.

4.3.1 Catalyst Characterisation

To determine the particle size distributions of the Cu nanoparticles, AFM analysis was
undertaken after subjecting the dip coated samples to a O9 plasma clean and an anneal

at 400 °C in air. Figure 4.7(a)-(c) show typical AFM topography images for the 1, 2
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FI1GURE 4.7: Atomic force microscope topography image of Cu catalyst dispersed on

a SiOq support at three dilutions; (a) 1 mM, (b) 2 mM and (c) 4 mM. Corresponding

particle size distributions are shown in (c), (d) and (e), respectively. Particle size
distributions have been fitted with a non-centred, normalised Gaussian.

and 4 mM Cu nitrate solution samples, respectively. All samples showed a reasonable
density of local maxima in the topography scan, and each peak is believed to be an in-
dividual particle. Figure 4.7(a) (1 mM Cu nitrate solution) showed the highest density
of nanoparticles, 180 4 27 particles/um?, corresponding to an interparticle separation of
75+ 5 nm. The 2 mM Cu nitrate solution, shown in Figure 4.7(b), showed a slightly
lower density of nanoparticles, 105 4 18 particles/um? which corresponds to an inter-
particle separation of 98 + 9 nm. The highest concentration, 4 mM Cu nitrate solution,
showed the lowest density of nanoparticles. The measurements indicate a a density of
81 4 7 particles/um?, which corresponds to an interparticle separation of 111 + 5 nm.
The distribution of the Cu nanoparticles on the substrate is very homogeneous which
indicates that dip coating is a suitable method for deposition of the catalyst on the sub-
strate. Additionally, the density of nanoparticles on the substrate has decreased as the
concentration of the metal-nitrate solution increased. This behaviour is in contrast to
that seen with the Au nanoparticles, however this is most likely due to the requirement

of nucleation and growth from the metal-nitrate solution to form nanoparticles.

The particle height distribution, obtained from several images from the 1, 2 and 4
mM Cu nitrate solution samples is shown in Figure 4.7(d)-(f), respectively. These
distributions have been fitted with normalised, non-centred Gaussian curves, which in

all cases showed a reasonable fit. The 1 and 2 mM Cu nitrate solution samples, shown
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in Figure 4.7(d) and 4.7(e), exhibited a bimodal distribution. Figure 4.7(d) showed two
modes, with heights of 0.7 + 0.2 nm and 4.2 + 0.6 nm, which was determined by fitting
two non-centred, normalised Gaussian curves (Ra = 0.986, using non-linear regression).
Figure 4.7(e) also exhibited two modes with heights of 0.8 = 0.1 nm and 3.6 & 0.8 nm,
also determined by two non-centred, normalised Gaussian curves (Re = 0.964, using
non-linear regression). The 4 mM Cu nitrate solution sample could be fit by a mono-
modal Gaussian distribution. This distribution showed a good fit (Re = 0.963, using
non-linear regression) and showed a modal height of 2.4 nm and a standard deviation of

0.9 nm.

The bimodal particle size distributions, seen in the 1 and 2 mM Cu nitrate solution
samples, suggest a formation mechanism involving either breakup of large particles or
variable growth mechanisms in the system. Such distributions usually result from two
different generation processes: the smaller mode is a result of molecular condensation,
while the larger one is a result of breakup or redispersion [335]. It should be noted that
a bimodal particle distribution is considered to be less thermodynamically stable than a
mono-modal distribution owing to a requirement for minimization of surface energy [336,
337]. It is apparent from these three distributions that there is a transformation from
bimodal to mono-modal distribution as the concentration of the Cu nitrate solution is
increased. This behaviour may be due to the nitrate reduction anneal in air, which results
in the formation of CuO [338]. It is believed that the free surface of the particles would
be oxidized, and that the interior would remains as metal. This structure is expected
to affect the particle size distribution by promoting splitting until the entire particle is
converted to oxide [339]. Thus, the bimodal distribution may arise due to the complete
oxidation of smaller particles, leading to a segregation in the distributions. It should
also be noted that the mono-modal particle size distribution shown in Figure 4.7(f) most
likely conceals a bimodal distribution, however due to measurement accuracy this could

not be resolved.

4.3.2 Effect of Catalyst Concentration

Figure 4.8 shows SEM images of CN'Ts synthesized from the Cu nitrate solution dispersed
on a SiO9 support for each concentration. The samples were fabricated at the optimum
growth condition for the catalyst, Hs pretreatment at 1000 °C for 10 minutes, followed
by the CNT growth step for 20 minutes at 850 °C in a mixture of Hy and CHy (1 : 3 gas
ratio). Figure 4.8(a) shows a representative SEM image of the 1 mM Cu nitrate solution
sample after the CNT growth step. Unlike with the Au nanoparticles, only one type
of nanostructure is present; the long, thin and straight fibres believed to be CNTs. No
amorphous SiO, nanowires were found in the samples, regardless of concentration, and it
is believed that the nitrate reduction anneal in air is responsible for this difference. This

sample showed a reasonable density of CNTs, 2.1 £+ 1.1 pm in length/um?, and a fairly
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FIGURE 4.8: Scanning electron microscope image of CNTs synthesized from Cu catalyst

dispersed on a SiOq support at three dilutions; (a) 1 mM, (b) 2 mM and (c) 4 mM.

Scale bar corresponds to 500 nm. CNT's were grown at the optimum growth condition,

Hy pretreatment at 1000 °C for 10 minutes, followed by the CNT growth step for 20

minutes at 850 °C in a mixture of Hy and CHy (1 : 3 gas ratio). CNTs have been
highlighted for clarity.

homogeneous coverage across the sample. The 2 mM Cu nitrate solution sample, shown
in Figure 4.8(b), also showed a reasonable density of CNTs and a fairly homogeneous
coverage across the sample (1.3 + 0.9 pm in length/pm?). Finally, the no CNTs were

detected in the 4 mM Cu nitrate solution sample, shown in Figure 4.8(c).

As with the Au nanoparticles, it is believed that the reason for the relatively higher CNT
yield from the 1 mM Cu nitrate solution sample is due to a higher initial nanoparticle
density. In addition, the particle size distribution of this sample after pretreatment in

Hs may be more conducive for CNT formation.

4.3.3 Effect of Catalyst Pretreatment

Figure 4.9 shows SEM images of the 1 mM Cu nitrate solution catalyst on a SiOq
support after a CNT growth step at 900 °C in a mixture of Ho and CHy4. Neither sample
was subjected to a pretreatment in Hy prior to the CNT growth step. Figure 4.9(a)
shows the topography of a sample after a nitrate reduction anneal in air prior to the
CNT growth step. In this representative image, there are two types of nanostructures
present; the thin, long and straight fibres, believed to be CNTs and a high density
of shorter, thicker fibres which have been found to be amorphous silicon oxide (SiO,)
nanowires in similar experiments. These nanostructures have been labelled for clarity.
This is significantly different to the images shown in Figure 4.8(a) due to the existence
of the SiO, nanowires. This difference is attributed to the reduced amount of residual
contaminants (amorphous carbon, unreduced nitrate, etc) in the samples subjected to
the nitrate reduction anneal. Indeed, Li et al. [284] have reported that the mechanism
of formation of the SiO, nanowires is carbon assisted. Additionally, Lee et al. [340]

argued that the SiO, nanowires were catalysed by graphitic fragments, supported by
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FIGURE 4.9: Scanning electron microscope image of CNT growth on a SiOy support
from 1 mM Cu catalyst, (a) with and (b) without a catalyst preparation anneal in air
(400 °C for 10 minutes). The CNT growth step was 900 °C in a mixture of Hy and
CH, (1 : 3 gas ratio) for 20 minutes in both cases. The samples were not given a Hy
pretreatment prior to the CNT growth step. Scale bar corresponds to 500 nm.

TEM images. The formation mechanism was later determined to be the solid state
transformation of SiOg films, catalysed by graphitic fragments [285]. Figure 4.9(b)
shows the topography of a sample without the nitrate reduction anneal in air. The
morphology of this sample is significantly different to that shown in Figure 4.9(a), the
Cu catalyst was found to be segregated into islands and the uniformity of the sample
was poor. Additionally, the SiO, nanostructures were larger in diameter and shorter in
length. These results illustrate the importance of the nitrate reduction anneal in air.
Takagi et al. [3] presented XPS measurements demonstrating that a catalyst anneal in
air was essential to remove the contaminant over-layer from the nanoparticles, in order
to ensure a good yield of SWNTs. It was also argued that this step might contribute to

preventing nanoparticle aggregation and islanding, which is seen clearly in Figure 4.9(b).

Figure 4.10 shows SEM images of the 1 mM Cu catalyst on a SiO3 support after a 850 °C
growth step following a catalyst pretreatment anneal in Hs at various temperatures for
10 minutes. All samples were subjected to the nitrate reduction anneal in air prior to the
Hy pretreatment. The pretreatment anneal temperatures shown in Figure 4.10(a)-(d)
are 1000, 950, 900 and 850 °C, respectively. These images establish the optimal growth
condition of the Cu catalyst and provide an insight to the importance of the catalyst
pretreatment anneal. Figure 4.10(a) shows a typical sample after pretreatment at 1000
°C, this sample showed a good density of CNTs (2.14+1.1 ym in length/pum?) and a fairly
homogeneous coverage across the sample. Figure 4.4(b) shows a typical sample after
pretreatment at 950 °C, this sample showed a slightly lower density of CNTs, 1.9 + 0.9
pm in length/pum?. After pretreatment at 900 °C, shown in Figure 4.4(c), there was an
even lower density of CNTs, 0.541.2 um in length/pum? and the coverage of CNTs across

the sample was not as uniform as for the higher pretreatment temperatures. Finally, a
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FIGURE 4.10: Scanning electron microscope image of CNT growth on a SiO5 support

from 1 mM Cu catalyst, at four different pretreatment temperatures; (a) 1000 °C, (b)

950 °C, (c) 900 °C and (d) 850 °C. The samples were pretreated in Hy for 10 minutes.

The subsequent CNT growth step was kept constant at at 850 °C in a mixture of Hg

and CHy (1 : 3 gas ratio) for 20 minutes. Scale bar corresponds to 500 nm. CNTs have
been highlighted for clarity.

density of 0.340.7 ym in length/pm? was found at the lowest pretreatment temperature,
850 °C. In these measurements, there is not a statistically significant change in CNT
yield as pretreatment temperatures increase. However, one can infer that the uniformity
of CNTs across the sample is improving with an increase in pretreatment temperature,
suggesting that the Hy pretreatment does play role in modifying the catalyst. The effect

of pretreatment on catalyst morphology will be discussed in detail in Section 4.3.4.

As with the Au nanoparticles, in order to confirm that the CNT growth is catalysed
by the Cu nanoparticles and not any systematic contaminant, a control sample was
fabricated at the optimum growth condition. The control sample was subjected to
the same deposition and cleaning process as the Cu nitrate samples, however no Au

nanoparticles were deposited. This sample was pretreated at 1000 °C in Hs for 10
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minutes and exposed to the CNT growth step at 850 °C in a mixture of CHy and Hs
(3 : 1 ratio). No CNTs were found in this sample. Additionally, EDS analysis has been
undertaken in all the sample regions which showed CNTs, and regions which showed

contaminants were discarded from subsequent analysis.

4.3.4 Evolution of the Catalyst

The results presented in the previous section suggest that the Hy pretreatment step has
an effect on the yield of the process. The different CN'T area densities observed for each
pretreatment temperature, shown in Figure 4.10 are assumed to be due to a change
in the nature of the catalyst during the pretreatment step. In order to understand
the effect this has on the morphology of the catalyst, AFM characterisation of the 1
mM Cu nitrate catalyst samples have been undertaken for the range of pretreatment

temperatures discussed in in Section 4.3.3.

From typical AFM images on samples after a pretreatment step at temperatures between
1000 and 850 °C, the mean density of particles has been determined. The initial particle
density of 180 & 27 (mean + standard deviation) particles/um? is reduced to 110 + 16,
95 &+ 13, 89 + 15 and 81 + 10 particles/um? after pretreatment at 850 °C, 900 °C,
950 °C and 1000 °C respectively. Although not statistically significant, an increase in
pretreatment temperature appears to result in an associated reduction in nanoparticle
density. It is likely that the reduction in nanoparticle density is due to nanoparticle

evaporation or ripening.

Figure 4.11(a)—(d) show the particle height distribution for samples pretreated in Ho for
10 minutes at 1000 °C, 950 °C, 900 °C and 850 °C respectively. Each distribution has
been fitted with a non-centred, normalised Gaussian. Figure 4.11(e) shows a normalised
overlay of each fitted Gaussian curve for comparison. The particle height distribution
for a sample pretreated at 1000 °C is shown in Figure 4.11(a). This distribution showed
an excellent fit with a non-centred Gaussian and has a modal height of 2.8 nm with
a standard deviation of 1.1 nm. After pretreatment at 950 °C (Figure 4.11(b)), the
distribution has a modal height of 3.4 nm and a standard deviation of 1.2 nm. The
particle height distribution for the sample pretreated at 900 °C is shown in Figure 4.11(c)
and has a modal height of 4.6 nm and a standard deviation of 2.27 nm. Finally, after
pretreatment at 850 °C (Figure 4.5(d)), the distribution has a modal height of 4.9 nm

and a standard deviation of 2.52 nm. This information is summarised in Table 4.2.

This data shows that there is a decrease in the modal height of the particles as the
pretreatment temperature increases. There is also a narrowing of the distribution as
the pretreatment temperature increases, shown by the increasing standard deviations
and Figure 4.11(e). As pretreatment temperatures increase, the distributions show a

reduction in the number of large particles and a decrease in the mean particle size.
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FIGURE 4.11: Particle size distribution for 1 mM Cu catalyst dispersed on a SiOq

support after pretreatment in Hy for 10 minutes at; (a) 1000 °C, (b) 950 °C, (c) 900

°C and (d) 850 °C. Particle size distributions have been fitted with a non-centred,

normalised Gaussian. (e) Normalised particle size distribution Gaussian curve fits for
each pretreatment temperature.
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Pretreatment Distribution Statistics Nanoparticle Density
Temperature Time Mode Ro
(°C) (min) (nm) (particles/pum?)
1000 10 2.8+ 1.15 0.951 81410
950 10 34+£1.17 0.967 89 + 15
900 10 4.6 +2.27 0.953 95+ 13
850 10 4.9 +2.52 0.890 110 £ 16

TABLE 4.2: Particle size distribution fit parameters and nanoparticle densities for
1 mM Cu catalyst dispersed on a SiOs support after pretreatment in Hy at various
temperatures.

The change in the particle size distributions shows a preferential reduction of larger
nanoparticles, and an increase in the number of smaller nanoparticles. This behaviour
suggests that breakup and redispersion of larger particles is taking place. This behaviour
is in sharp contrast with that of the Au nanoparticles, seen in Section 4.2.4. However,
the behaviour of supported particles is severely complicated by interactions with the
substrate. Under certain conditions, the mobility of metal particles along the surface
of a support has been frequently observed at elevated temperatures [341, 342]. The
particle motion can result in coagulation of colliding nanoparticles (sintering). There are,
however, circumstances under which the rupture of large nanoparticles into smaller ones
can occur (redispersion) [343]. Redispersion happens in the case of a strong interaction
between the catalyst and the support material, resulting in wetting along the support
surface. In the case of the Cu nanoparticles and the support utilised, SiOq, there is a
weak interaction between the two materials due to a net repulsion arising from the Cu 4s
electron and the empty 3s orbitals of Si (in a vacuum) [344]. This interaction is part of
an overall trend toward weakening of the metal-oxide bond when passing from early to
late transition metals [345]. However, it should be noted that the strength of the metal-
support interaction can be altered by the gas environment, and it may be possible that
an Hs environment increases the strength of this interaction. A more likely possibility,
however, is that the Hy pretreatment at higher temperatures leads to a more complete
reduction of the CuO formed during the nitrate reduction anneal in air, resulting in an
overall reduction in nanoparticle size. Indeed, the particles are thought to be composed

of two phases prior to Hy pretreatment, an oxidised free surface and a metal core.

The results presented in this section demonstrate that the size of the Cu nanoparticle
catalyst after pretreatment is within the possible range to seed CNT growth. There was
a significantly higher CNT yield in samples pretreated at 1000 and 950 °C than those
pretreated at lower temperatures. The particle size distributions showed that there was
an increase in the proportion of nanoparticles in the range of 1—5 nm, which is considered
optimum for CNT synthesis, in the samples pretreated at higher temperatures. Although

there was a small reduction in nanoparticle density, there were more nanoparticles in
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the desired range in the higher pretreatment temperature samples. Another possibility
is that pretreatment at higher temperatures were more effective at removing residual

contaminants and reducing the nanoparticles to a metallic state, which is also thought

to increase the yield of the process.

4.3.5 Raman Spectroscopy
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FIGURE 4.12: Raman spectra for the carbon nanotubes synthesized using 1 mM diluted
Cu catalyst dispersed on a SiO, support after pretreatment in Hs for 10 minutes at
1000 °C, followed by a growth step at 850 °C in a mixture of Hy and CHy (1 : 3 gas
ratio) for 20 minutes. (a) Typical G-band characteristic, fitted with four Lorentzian

curves. (b) Histogram of the SWNT diameters obtained via RBM. (¢) Typical Raman
spectra of the synthesized nanotubes.

In Figure 4.12, representative Raman spectra are shown from samples synthesized using
a 1 mM Cu catalyst dispersed on a SiOs support. The measured CNTs were grown using
a pretreatment in Hs for 10 minutes at 1000 °C, followed by a growth step at 850 °C in a
mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. The Raman measurements were
undertaken utilising a Renishaw in-Via system, as in Section 4.2.5. It should be noted
that the frequency cut-off was a shift of approximately 110 cm™', as a result SWNTs
with diameters larger than 2.3 nm were not detected.
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The Raman spectra obtained from areas of relatively high CNT area density typically
exhibited an asymmetric double peak at approximately 1590 cm~! (Figure 4.12(a)).
This double peak can be attributed to the Raman-allowed tangential mode of CNTs,
G-band. In the representative spectrum shown in Figure 4.12(a), this feature could be
fitted with four Lorentzian oscillators located at 1539, 1555, 1589 and 1608 cm~'. Due
to the lineshape and location of the four Lorentzian components of this feature, it is
believed to be characteristic of a semiconducting tube. Indeed, assuming that the signal
originates from a single, isolated nanotube, we can determine the signal to originate
from a semiconducting tube of 1.15 nm diameter (using the relation Awg = wg+ —wg-,
as described in Section 2.4.5).

Figure 4.12(c) shows a typical Raman spectrum obtained from the Cu catalyst sample.
This spectrum shows five characteristic features of CNTs; the RBM, D-band, G-band,
2M band and G’ mode. The G-band feature in this spectrum is similar to that shown in in
Figure 4.12(a). In general, the measured spectra showed a good intensity ratio between
the disorder induced D-band and the Raman allowed G-band (Ip/Ig = 0.002) indicating
that the nanotubes are of a high quality in terms of structure and graphitisation. This
spectrum shows an overtone of the D-band, the G’ mode at approximately 2650 cm™!.
Additionally, there is a combination mode present, the 2M mode which results from the
G-band and the RBM. Finally, in many cases spectra exhibiting peaks in the region
between 110 to 250 cm™' were obtained. These peaks are attributed to the RBM
feature of SWNT's [125] and appear only at points from the sample from which a strong
G-band feature is obtained. Therefore, it can be concluded that this spectral feature is
indicative of the presence of SWNTs in the sample. In the typical spectrum shown in
Figure 4.12(c), there is a low-frequency peak at 136 cm ™! which is attributed to a RBM.

This breathing mode corresponds to a metallic nanotube of 1.86 nm diameter.

A histogram of the SWNT diameters observed in the measurements via the RBM spectral
feature is shown in Figure 4.12(b). It should be noted that since the measurements were
only undertaken using a 632.8 nm He-Ne excitation these results do not provide a full
diameter characterisation of the sample. This histogram indicates that the majority
of the SWNTs observed had a large diameter. Although no strong conclusions can be
drawn from this fact, this result correlates with the particle size distributions shown in

Figure 4.11(a), which showed a nanoparticle modal size of 2.8 + 1.15 nm.

Interestingly, Zhou et al. [4] reported a higher ratio of metallic SWNTs in Cu catalysed
samples, determined from Raman analysis. This characteristic was not detected in our
experiments. Simulations by Yazyev and Pasquarello [270] also found that the nucleation
of graphitic fragments bound to the Cu nanoparticle catalyst favours the formation of
metallic nanotubes. In addition, the low melting point and low carbon diffusion barriers
suggest that CVD synthesis could take place at much lower temperatures. In these

conditions, the chirality preference would be further enhanced.
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4.4 Silver Nanoparticle Catalysts

Metal nanoparticles have become a subject of intense interest in various fields of chem-
istry and physics during past decades. The interest in these particles stems from their
unique optical, electronic, and catalytic properties [346], which are different from their
bulk counterparts and hence may lead to various novel applications. Ag nanoparticles,
in particular, have been used in sensor [347], catalysts [348], nanoelectronic devices [349],

biochemical tagging reagents [350] and optical switches [351].

There are few reports in the literature of Ag nanoparticles catalysing SWNT growth.
The first demonstration of CNT growth from Ag nanoparticles by Takagi et al. [3]
involved the decomposition of ethanol vapour over nanoparticles supported on SiOs. In
this experiment, nanoparticles were formed by annealing an ultra-thin metal film in air
at 800 — 900 °C. To the authors knowledge, the only other report of Ag nanoparticles
used to synthesize CNTs was by Kang et al. [277]. In this paper, MWNTs were formed
by directly reducing CoCly with Na at 140 °C in the presence of Ag nanocrystals. In
this section, the synthesis of CNTs using Ag nanoparticles will be explored.

4.4.1 Catalyst Characterisation
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FIGURE 4.13: Atomic force microscope topography image of Ag catalyst dispersed on

a SiOy support at three dilutions; (a) 1 mM, (b) 2 mM and (c¢) 4 mM. Corresponding

particle size distributions are shown in (c), (d) and (e), respectively. Particle size
distributions have been fitted with a non-centred, normalised Gaussian.
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To determine the particle size distributions of the Ag nanoparticles, AFM analysis was
performed after subjecting the dip coated samples to a Oo plasma clean and an anneal
at 400 °C in air. Figure 4.13(a)—(c) show typical AFM topography images for the 1
mM, 2 mM and 4 mM Ag nitrate solution samples, respectively. All samples showed a
reasonable density of local maxima in the topography scan, and each peak is believed to
be an individual particle. Figure 4.13(a) (1 mM Ag nitrate solution) showed the lowest
density of nanoparticles, 704 18 particles/um?. The 2 mM Ag nitrate solution, shown in
Figure 4.13(b), showed a density of 166 4 40 particles/um?. The highest concentration,
4 mM Ag nitrate solution, showed the highest density of nanoparticles, as expected.
The measurements indicate a a density of 798 4 167 particles/um?. The distribution
of the Ag nanoparticles on the substrate is very homogeneous which indicates that dip
coating is a suitable method for deposition of the catalyst on the substrate. Additionally,
the density of nanoparticles on the substrate has increased as the concentration of the

metal-nitrate solution increased.

Figure 4.13(d) shows the particle height distribution for several images taken from the
1 mM Ag nitrate solution sample. This distribution has been fitted with a normalised,
non-centred Gaussian, which shows a modal height of 1.4 nm with a standard deviation
of 0.64 nm. This curve showed a good fit, with a minimal variance (Rg = 0.953, using
non-linear regression). Figure 4.13(e) shows the particle height distribution for several
images taken from the 2 mM Ag nitrate solution sample, also fitted with a normalised,
non-centred Gaussian (Rg = 0.966, using non-linear regression). This distribution shows
a modal height of 1.6 nm and a standard deviation of 0.58 nm. Finally, the particle height
distribution for the 4 mM Ag nitrate solution sample is shown in Figure 4.13(f), also
also fitted with a normalised, non-centred Gaussian (Ry = 0.759, using non-linear re-
gression). This distribution shows a modal height of 13.2 nm and a standard deviation of
5.9 nm. As was expected, the modal height of the nanoparticles increased with increas-
ing concentration. In addition, the standard deviation of the distributions increased
monotonically with concentration indicating a larger range of nanoparticle sizes for the

higher concentration samples.

4.4.2 Effect of Catalyst Concentration

Figure 4.14 shows SEM images of CNTs synthesized from the Ag catalyst solution dis-
persed on a SiO9 support for each dilution. The samples subjected to a Hy pretreatment
at 1000 °C for 10 minutes, followed by a CNT growth step for 20 minutes at 850 °C
in a mixture of Hy and CHy (1 : 3 gas ratio). Figure 4.14(a)-(c) show representative
SEM images of the 1, 2 and 4 mM Ag nitrate solution samples after the CNT growth
step. In these samples no CNTs or oxide nanowires were detected. There were very few
structures on the sample surfaces, and the only features which could be identified were

catalyst islands, formed by agglomeration.



Chapter 4: SWN'T Synthesis from Noble Metal Nanoparticle Catalysts 79

(a) (b)

FIGURE 4.14: Scanning electron microscope image of CNTs synthesized from Ag cata-

lyst dispersed on a SiOg support at three dilutions; (a) 1 mM, (b) 2 mM and (c) 4 mM.

Scale bar corresponds to 500 nm. CNT's were grown at the optimum growth condition,

Hy pretreatment at 1000 °C for 10 minutes, followed by the CNT growth step for 20
minutes at 850 °C in a mixture of Hy and CHy (1 : 3 gas ratio).

4.4.3 Effect of Catalyst Pretreatment

In order to ascertain a suitable growth condition, 2 mM Ag nitrate samples were pre-
treated in Ho at a range of temperatures followed by a CNT growth step at 850 °C.
These growth conditions were selected as similar experiments had resulted in CNTs.
The 2 mM Ag catalyst was chosen as the initial nanoparticle density was similar to
the optimum conditions for the Cu nanoparticle sample. Additionally, the particle size
distribution for this catalyst was believed to be optimal for CNT synthesis.

Figure 4.15 shows SEM images of the 2 mM Ag catalyst on a SiOs support after a 850
°C growth step following a catalyst pretreatment anneal in Hy at various temperatures
for 10 minutes. All samples were subjected to the nitrate reduction anneal in air prior to
the Hy pretreatment. The pretreatment anneal temperatures shown in Figure 4.15(a)-
(d) are 1000, 950, 900 and 850 °C, respectively. No carbon nanotubes were detected in

any of the samples, regardless of pretreatment temperature.

4.4.4 Evolution of the Catalyst

In order to determine the morphology of the catalyst after pretreatment, AFM char-
acterisation of the 2 mM Ag nitrate catalyst has been undertaken for the range of
pretreatment temperatures discussed in Section 4.4.3. These measurement are expected

to provide some insight as to the reasons for the lack of CNTs shown in these samples.

From typical AFM images on samples after a pretreatment step at temperatures between
1000 and 850 °C, the mean density of particles has been determined. The initial particle
density of 166 & 40 particles/um? (mean 4 standard deviation) is reduced to 119 4 33,
53425, 3349 and 23+5 particles/um? after pretreatment at 850 °C, 900 °C, 950 °C and
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(c) (d)

FIGURE 4.15: Scanning electron microscope image of CNT growth on a SiO5 support

from 2 mM Ag catalyst, at four different pretreatment temperatures; (a) 1000 °C, (b)

950 °C, (c¢) 900 °C and (d) 850 °C. The samples were pretreated in Hy for 10 minutes.

The subsequent CNT growth step was kept constant at at 850 °C in a mixture of Hg
and CHy (1 : 3 gas ratio) for 20 minutes. Scale bar corresponds to 500 nm.

1000 °C respectively. It is evident that with an increase in pretreatment temperature
there is an associated reduction in nanoparticle density. It is likely that the reduction in
nanoparticle density is due to nanoparticle evaporation or ripening. From these results
we can deduce that the density of nanoparticles is drastically reduced, which may account

for the lack of CNTs shown in these samples.

Figure 4.16(a)—(d) show the particle height distribution for samples pretreated in Hy for
10 minutes at 1000 °C, 950 °C, 900 °C and 850 °C respectively. Each distribution has
been fitted with a non-centred, normalised Gaussian. All distributions were bimodal
and could be fit by a sum of two Gaussian curves. All distributions showed a close fit,
with a lowest value of Ry = 0.897 by non-linear regression for the sample pretreated
at 1000 °C. Figure 4.16(e) shows a normalised overlay of each fitted Gaussian curve

for comparison. The particle height distribution for a sample pretreated at 1000 °C is
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FI1GURE 4.16: Particle size distribution for 2 mM Ag catalyst dispersed on a SiOs

support after pretreatment in Hy for 10 minutes at; (a) 1000 °C, (b) 950 °C, (c) 900

°C and (d) 850 °C. Particle size distributions have been fitted with a non-centred,

normalised Gaussian. (e) Normalised particle size distribution Gaussian curve fits for
each pretreatment temperature.
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Pretreatment Distribution Statistics Nanoparticle Density
Temperature Time Mode 1 Mode 2 R»
(°C) (min) (nm) (nm) (particles/pum?)
1000 10 1.3+£0.55 4.3+143 0.897 23+5
950 10 1.1£0.20 2.14+0.95 0.964 33+9
900 10 1.0+£0.24 244089 0.956 53 +25
850 10 1.1+£0.29 424195 0.980 119 £33

TABLE 4.3: Particle size distribution fit parameters and nanoparticle densities for
2 mM Ag catalyst dispersed on a SiOy support after pretreatment in Hy at various
temperatures.

shown in Figure 4.16(a). This distribution showed modal peaks at 1.3 + 0.55 nm and
4.3+1.43 nm. After pretreatment at 950 °C (Figure 4.16(b)), the distribution has modal
peaks at 1.1£0.2 nm and 2.1+0.95 nm. The particle height distribution for the sample
pretreated at 900 °C is shown in Figure 4.16(c) and has modal peaks at 1.0+0.24 nm and
2.4 4+ 0.89 nm. Finally, after pretreatment at 850 °C (Figure 4.16(d)), the distribution
has modal peaks at 1.1 +0.29 nm and 4.2 £+ 1.95 nm. This information is summarised
in Table 4.3.

This data shows that there is a change in the distributions as pretreatment temperatures
increase. There is a reduction in the magnitude of the smaller modal peak as pretreat-
ment temperatures increase. This behaviour suggests the preferential reduction in the
smaller nanoparticles. Additionally, there is an increase in mean particle size as pre-
treatment temperature increase. Excluding the particle size for samples distribution for
pretreatment at 850 °, there is also a broadening of the second mode associated with an
increase in pretreatment temperature. These characteristics also suggest a mechanism

of phase coarsening.

The results presented in this section demonstrate that the size of the Ag nanoparticle
catalyst after pretreatment is within the possible range to seed CNT growth (1 —5 nm).
However, the drastically reduced nanoparticle density would account for the inability to
synthesize CNTs from this catalyst. This drastic reduction in nanoparticle density could

be explained by a combination of evaporation and ripening of the Ag nanoparticles.

4.5 Discussion

Typically, the vapour-liquid-solid mechanism is used to explain the mechanism of carbon
uptake, supersaturation and precipitation in the catalyst. However, owing to the low
solubity of carbon in bulk Au, this must be reviewed for the synthesis of CNTs from Au
nanoparticles. By studying the formation of carbon nanowires (CNWs) from Au cata-

lysts, Takagi et al. [352] inferred that nanosized Au shows some carbon solubility and



Chapter 4: SWNT Synthesis from Noble Metal Nanoparticle Catalysts 83

that Au can form Au-C nanoalloy droplets and produce CNWs by the VLS mechanism.
When the catalyst size approaches < 5 nm, the carbon solubility and the nanowire nu-
cleation energy increases dramatically, leading to a structural change in the synthesized
carbon products from CNW to SWNT. This finding is in agreement with simulations
by Yazyev and Pasquarello [270], who determined that monatomic carbon in Au can
diffuse uniformly across the nanoparticle, even at low temperatures. However, it should
be noted that no direct evidence of this effect was demonstrated and that similar studies
[7] could not determine whether carbon atoms were supplied to the nanotube from the

Au-C liquid phase or through surface diffusion.

It has been reported that the carbon solubility in a metallic catalyst should be in the
range of 0.5 — 1.5 wt% carbon in order to efficiently form CNTs [274]. Therefore, it
is surprising that Cu can be catalytically active, as its carbon solubility is extremely
low. However, Zhou et al. [4] argue that the low solubility of carbon in Cu results in
an increased rate of carbon precipitation. Additionally, Cu has a lower catalytic ability
for the dissociation of alkanes than traditional catalysts, resulting in a slower supply of
carbon in the CVD process. Thus, matching the supply of carbon to the formation rate
of nanotubes will result in the production of high quality SWNTs [183]. This argument is
supported by Yazyev and Pasquarello [270], who state that the stability and the diffusion
barriers of diatomic carbon on Cu allow one to restrict the diffusion pathways to the
nanoparticle surface by choosing an appropriate gas-phase carbon source, resulting in

the preferred formation of high quality SWNTs.

Metal catalysts with no d-vacancies, such as Cu and Au, do not offer sites to dissolve
carbon, such that neither saturation nor precipitation is possible. However, despite the
low carbon solubility, these catalysts have demonstrated an ability to catalyse CNT
formation. Additionally, catalysts with a high melting point such as AlsO3z or ZrOs
are thought to be solid at CNT synthesis temperatures. However, if nanoparticles of
these metals are small enough (< 5 nm), the increasing fraction of low-coordinated
atoms may lead to surface saturation followed by carbon precipitation, as reported
by Takagi et al. [3]. Considering that carbon penetration inside small nanoparticles
is unlikely [293], the growth of CNTs is most likely a process primarily controlled by
surface diffusion [294, 295]. Indeed, it is believed by several groups that the rate-limiting
factor in CNT synthesis is the surface diffusion of carbon across the catalyst [269)].
Additionally, this factor could explain the influence of the carbon source on the ability of
a catalyst to synthesize CNTs. Yazyev and Pasquarello [270] reported different activation
energies for the surface diffusion of C dimers and adatoms on noble metal catalysts, and
argued that appropriate choice of a diatomic or monatomic carbon gas-phase source

could significantly accelerate diffusion.

The successful CNT growths from Au and Cu catalysts imply that hydrocarbon dis-
sociation ability is not essential in a catalyst. It should be noted that the catalytic

behaviour of Cu and Au may be explained by electron donation to the support [299],
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creating d-vacancies which may cause hydrocarbon dissociation. However, Reilly and
Whitten [176] argue that a more likely scenario is that a free radical condensate (FRC)
provides carbon species through a leaving group, such as hydrogen (or oxygen). FRCs
naturally form during hydrocarbon pyrolysis by the breaking of carbon-hydrogen or
carbon-carbon bonds with each fragment keeping one electron to form two radicals.
The presence of a radical in a hydrocarbon molecule permits rapid rearrangement of
carbon bonds. In this case, the role of the catalyst particle is to provide an interface

where carbon rearrangement can occur and act as a template for growth.

4.6 Conclusions

In this chapter, SWNT growth catalysed by noble metal nanoparticles has been studied.
Au and Cu nanoparticles have been shown to be adequate catalysts for CNT growth and
extensive characterisation is presented of each step of the growth process. The results
presented show that the commonly utilised model of carbon filament growth is inade-
quate to describe SWNT growth from non traditional catalysts. A new interpretation of
the role of the catalyst was presented where only a nanoscale curvature is necessary to
grow CNTs. A mechanism for SWNT growth was suggested where the surface satura-
tion and diffusion of C on the catalyst nanoparticle lead to the formation of a graphitic

cap followed by the further incorporation of C into a growing nanotube.

Au nanoparticles, synthesized by Nanoprobes Inc, were used as a catalyst. Three dilu-
tions were prepared and deposited on a SiOs support by spin coating. This produced
samples with nanoparticle densities of 25004790, 11004400 and 210496 particles/um?
for the 0.03 mM, 0.006 mM and 0.003 mM dilutions, respectively. The deposited
nanoparticles showed a narrow particle size distribution, with a single centred at 1.440.2
nm. This closely matched the supplier specifications. However, at the highest dilution,
AFM analysis showed that the nanoparticles had a modal height of 0.7 nm. This is most
likely due to the shape of the scanning probe tip, the nanoparticles may not have been

sufficiently dispersed to allow for an accurate measurement of nanoparticle height.

The results indicate that SWN'T growth is only possible on a silicon dioxide support using
the 0.03 mM dilution. This is due to a drastic loss of nanoparticles upon anneal, most
likely due to evaporation. The 0.03 mM dilution showed a reduction from 2500 + 790 to
213 4 170 particles/um? upon pretreatment at the optimum condition. In contrast, the
lowest dilution (0.003 mM) showed a reduction from 210496 to 744 particles/um? which
is most likely too low a density to support CNT growth. Hs pretreatment was shown
to be crucial for the growth of SWNT, no CNTs were found in samples which had not
been pretreated. SEM analyses indicated that CNTs were possible after pretreatment
in Hy at a range of temperatures between 900 — 1050 °C. The optimum pretreatment

condition was determined to be a 10 minute anneal in Hy at 1000 °C. It is believed
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that the pretreatment step is necessary to generate contaminant free nanoparticles,
by reducing the residual shell of gold oxides or gold chlorides. However, there is also
a change in morphology upon pretreatment. Upon anneal there is a broadening of
the nanoparticle size distribution and an increase in the modal height, attributed to
phase coarsening. Interestingly, at the lowest pretreatment temperature (850 °C), the
modal nanoparticle height is 0.9 nm, which is significantly lower than the initial value
determined by AFM. This suggests that there must be a competing loss mechanism
occurring to account for the reduction of nanoparticle size from the initial, specified
size. This is thought to be nanoparticle evaporation, or diffusion into the substrate due
to the temperatures involved. The synthesized CNTs were found to be of a good quality
in terms of graphitisation and structure from Raman analysis. The presence of the RBM

mode also indicates that there are SWN'T present in the sample after growth.

Cu nanoparticles were formed by the thermal decomposition of copper nitrate in air
at 400 °C. Three concentrations of metal nitrate solution were prepared, and CNT
growth was shown to be possible from Cu nanoparticles prepared from 1 mM and 2 mM
dilutions. As was the case with the Au nanoparticles, CNT growth was only possible
after pretreatment in Hy at temperatures between 850 — 1000 °C. AFM analysis after
pretreatment showed a change in morphology upon anneal. The 1 mM Cu catalyst
showed a reduction from an initial nanoparticle density of 180 + 27 particles/um? to
81 + 10 particles/um? after pretreatment at 1000 °C in Hy for 10 minutes. The particle
size distribution also showed significant changes, from a bimodal distribution to a a
single mode of 2.8 £ 1.15 nm in height after anneal at 1000 °C. From analysis of the
uniformity of the samples, it was observed that the yield improves with an increase in
pretreatment temperature. This is due to an increase in the proportion of particles in
the range of 1 — 5 nm, which are considered optimum for CNT synthesis. This suggests
that the Hs pretreatment is key to the formation of CNTs using a Cu catalyst. The
synthesized CNTs were found to be of a good quality in terms of graphitisation and
structure from Raman analysis. The presence of the RBM mode also indicates that

there are SWNT present in the sample after growth.

Finally, Ag nanoparticles were shown to be unable to catalyse CNT formation. Three
concentrations of metal nitrate solution were prepared, 1, 2, and 4 mM. Experiments on
all three dilutions showed a drastic loss of nanoparticles upon heating. Upon pretreat-
ment, the initial nanoparticle density of 166440 particles/um? for the 2 mM Ag catalyst
is reduced to 23 +5 particles/um? upon pretreatment at 1000 °C. This is most likely too
low a density to support CNT growth. The drastic reduction in nanoparticle density of
this catalyst compared with Cu and Au is most likely due to the lower melting point of
Ag compared with Cu and Au. Additionally, there is a reduction in the proportion of

smaller nanoparticles in the range of 1 — 5 nm believed to be due to evaporation.






Chapter 5

Growth of SWNT's Using Ge
Nanocrystals Formed by

Implantation

Results presented in the previous chapter demonstrate that hydrocarbon dissociation
and the ability to catalyse the formation of graphite may not be essential in a catalyst
to synthesize CN'Ts. This leads to a new interpretation of the role of the catalyst particle
in CNT growth, where only a nanoscale curvature is needed to act as a template for
nanotube formation. This assertion is supported by the reports of CNT formation
from semiconductor nanoparticles [10, 11, 13], from which no catalytic functions were

expected.

The first reports of CNT growth from semiconducting catalysts were by Uchino et al.
[10]. In this experiment, carbon-doped SiGe islands deposited by CVD on Si, form
nanoscale clusters through segregation of Ge during an oxidation step which act as
seeds for SWNT growth. These results were supported by the work of Takagi et al. [11],
who showed that CNT growth from Ge, Si and SiC nanoparticles was possible. More
recently, there have been various reports of CNT growth from SiOy nanoparticles [282],
which are thought to be promising catalysts owing to their ability to maintain a narrow

size distribution at CNT growth temperatures.

In this section, research on the use of germanium for carbon nanotube growth is pre-
sented. This chapter presents a novel complementary metal oxide semiconductor com-
patible method for the chemical vapour deposition of single-walled carbon nanotubes.
The method uses Ge implantation into a SiOq layer to create Ge nanocrystals, which are
then used to create SWNTs. The results of atomic force microscopy and scanning elec-
tron microscopy analyses indicate that Ge implantation provides good control of particle
size and delivers a well-controlled SWNT growth process. The SWNT area density of
4.1 4 1.2 pym in lenght/um? obtained from the Ge nanocrystals is comparable to that

87
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obtained from metal-catalyst-based methods used to fabricate SWNT field-effect tran-
sistors. A carbon implantation after Ge nanocrystal formation significantly enhances the

process operating window for the growth of the SWNTs and increases the area density.

5.1 Experimental Details

Ge nanocrystals were formed by implanting Ge into a SiO4 layer and annealing in a Ng
atmosphere [353]. Silicon 4 inch wafers (p-type, < 001 >, 17 —33 Q- cm) were employed
as a starting material. A 30 nm thick oxide layer was thermally grown after a fuming
nitric acid clean. Subsequently, the oxide layers were implanted with Ge at a dose of
5x 10" ¢cm™2 and an energy of 20 keV. Then the wafers were annealed in Ny atmosphere
at either 600, 800 or 1000 °C for 40 minuted to create Ge nanocrystals of different sizes.
This step was followed by a HF vapour etch to remove the SiOs and expose the Ge
nanocrystals formed during the Ny anneal. Selected wafers were implanted with carbon
at a dose of 3 x 10'6 cm™2 and a energy of 30 keV after HF vapour etching because
earlier experiments [10] showed that a carbon implantation was necessary for the growth

of CNTs from SiGe islands. All substrates were prepared under clean room conditions.

CNTs were grown using a two step-growth process. The first step was a Hy pretreatment
anneal and the second step was CNT growth by thermal CVD perfomed in a hot-wall
reactor at atmospheric pressure. The wafers were cut into 10 x 10 mm pieces to suit a
one-inch diameter furnace tube. The CNT growth step was carried out using a mixture of
methane (1000 sccm) and hydrogen (300 sccm) immediately following the Ha (1000 sccm)
pretreatment step. The pretreatment was performed at a temperature between 850 and
1100 °C for either 5 or 10 minutes. The growth step was carried out a temperature
between 850 and 1000 °C for 20 minutes. A quartz furnace tube was used exclusively

for this work to avoid metal contamination.

The Ge nanocrystals were characterised using a Veeco Multi-Mode atomic force micro-
scope, using super sharp Si cantilevers (typical tip radius of 2 nm). Particle height
distributions for each sample were determined using a minimum of ten 1 ym? AFM im-
ages utilising the Veeco Nanoscope software package. Images were first flattened using
a three point levelling technique, and a threshold height of 0.5 nm was set in the parti-
cle detection software. The synthesized CN'Ts were observed by field-emission scanning
electron microscope (JEOL 6500F) and transmission electron microscope (JEOL 3050
and JEOL 4000HR). Transmission electron microscopy sample preparation consisted of
scraping the sample surface with a surgical blade and transference onto a carbon-coated
Cu grid. The chemical compositions of SEM samples were analysed by energy-dispersive
X-ray spectroscopy (Oxford Instruments INCA Microanalysis System). The area densi-
ties of CNT's were evaluated using FE-SEM images using ImageJ to determine the total

contour length of CNTs [315]. For quantitative analysis, several images taken from the
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same sample were used, with overlapping regions being discarded. Raman spectra were
obtained using a Renishaw micro-Raman system with He-Ne (632.8 nm) laser excitation

with a power of 12 mW and a spot size of 1 pm.

5.2 Nanocrystal Characterisation

To characterise the fabricated Ge nanocrystals, scanning electron microscopy, atomic
force microscopy and photoluminescence spectroscopy were employed. Additionally,
the repeatability of the process was also investigated as a second process batch was

commissioned.

5.2.1 Nanocrystal Morphology

(a)

FIGURE 5.1: Scanning electron microscope image of Ge nanocrystals produced by ion

implantation (20 keV, 5 x 10*® ¢cm~?2) into a 30 nm SiO5 layer and postanneal at (a) 600

°C, (b) 800 °C and (c) 1000 °C followed by a HF vapour etch to expose the nanocrystals.
Scale bar corresponds to 100 nm.

Figure 5.1 show field emission scanning electron microscope images of Ge nanocrystals
produced by ion implantation and subsequent annealing at various temperatures. The
FE-SEM image for the nanocrystals formed by a No anneal at 600 °C (Figure 5.1(a))
shows a high density of Ge nanocrystals of different sizes. The FE-SEM images for the
nanocrystals formed by N9 anneals at 800 °C (Figure 5.1(b)) and 1000 °C (Figure 5.1(c))
show a continual reduction in the density of nanoparticles. The nanoparticle size appears
to be increasing with increasing anneal temperatures, however it is not possible to make

a reliable quantitative assessment due to the resolution of the instrument.

Figure 5.2(a)-(c) shows typical atomic force microscopy images of the Ge nanocrystals
formed by ion implantation and subsequent annealing at (a) 600 °C, (b) 800 °C and (c)
1000 °C followed by a HF vapour etch to expose the nanocrystals. Figure 5.2(a) showed
a high density of particles of different sizes with a mean particle density of 460 £ 30
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particles/um?. The nanocrystals annealed at 800 °C, shown in Figure 5.2(b), had a mean
particle density of 280 4 15 particles/um?. As shown in Figure 5.2(c), the nanocrystals
annealed at 1000 °C had a mean particle density of 150 & 17 particles/um?. These
measurements showed a reduction in the density of nanoparticles as the post-anneal

temperature increased, in agreement with the FE-SEM images presented.
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FI1GURE 5.2: Atomic force microscope topography image of Ge nanocrystals produced
by ion implantation (20 keV, 5 x 10'® cm~2) into a 30 nm SiOs layer and postanneal
at (a) 600 °C, (b) 800 °C and (c) 1000 °C followed by a HF vapour etch to expose the
nanocrystals. Corresponding particle height distributions are shown in (d), (e) and (f),
respectively. Distributions have been fitted with non-centred, normalised Gaussians.

Figure 5.2(d) shows a particle height distribution for the Ge nanocrystals formed by a
600 °C anneal in Ny. This distribution was obtained by analysing several images taken
from the same sample. This result shows that the half-maximum counts of the particle
height lie between 1.3 and 2.9 nm. This result agrees with others in the literature, for
instance, Min et al. [353] reported the formation of Ge nanocrystals, by a similar process,
with an average size of 1.9 + 0.8 nm. This distribution, and the AFM image shown in
Figure 5.2(a), indicate that some of the nanocrystals are considerably larger than 2
nm, indicating aggregation of the nanocrystals into larger clusters. The particle height
distribution exhibited a bimodal character and has been fitted with two normalised,
non-centred Gaussian curves (R = 0.994). These modes are centred at 1.8 + 0.7 nm
and 3.4 £ 1.3 nm.

The particle height for the Ge nanocrystals formed by a 800 °C anneal in Ny are shown
in Figure 5.2(e). This exhibits a bimodal distribution, with modes centred at 2.9 + 0.9
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nm and 6.1 + 1.4 nm. This distribution has been fitted by two normalised, non-centred
Gaussian curves (Rg = 0.996). The distribution for the nanocrystals formed by the 1000
°C anneal in Ny is shown in Figure 5.2(f). Unlike the other two anneal temperatures,
this sample exhibited a mono-modal distribution. This mode was centred at 6.1 + 1.6

nm, and could be fitted by a normalised, non-centred Gaussian (Ry = 0.974).

This data data shows that there is an increase in the modal height of the particles as
the anneal temperature increases. There is also a broadening of the distribution as
the pretreatment temperature increases, shown by the increasing standard deviations.
Additionally there is a proportional reduction in the number of smaller nanoparticles,
which suggests that the formation mechanism is likely to be some form of phase coars-
ening. The bimodal particle size distributions, seen in the 600 °C and 800 °C annealed
samples, usually suggest a formation mechanism usually resulting from two different
generation processes: the smaller mode is a result of molecular condensation, while the
larger one is a result of breakup or redispersion [335]. However, the shape of the dis-
tributions closely match that of multiparticle diffusion simulations modelling Ostwald
ripening [323, 324]. Indeed, this seems to be the most likely formation mechanism of the

nanocrystals, considering the initial conditions and the processing undertaken [353, 354].

5.2.2 Photolumiscence of Ge Nanocrystals

Intensity (a.u.)

400 500 600 700 800 900
Wavelength (nm)

F1GURE 5.3: Photoluminescence spectra of Ge nanocrystals produced by ion implan-

tation (20 keV, 5 x 101 ecm™2) into a 30 nm SiOz layer and postanneal at (a) 600 °C,

(b) 800 °C and (c) 1000 °C followed by a HF vapour etch to expose the nanocrystals.

Measurements were undertaken using a 364 nm Ar-ion laser excitation with a power of
50 mW.

In semiconductor nanocrystals (or zero-dimensional quantum dots), the band gap in-

creases with the decreasing diameter of nanocrystals [355], and electronic states become
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discrete with high oscillator strength [356]. Quantum confinement effects play an es-
sential role in optical absorption and luminescence processes in nanocrystals. In the
case of Si, the emission wavelength does not show the dependence on size expected from
simple quantum confinement models [357]. With large surface-to-volume ratios, surface
electronic states affect the luminescence properties of Si nanocrystals [358]. However,
bulk Ge, has a larger dielectric constant and smaller carrier masses compared to bulk
Si. Moreover, the direct band-gap (Eg ~ 0.88 e¢V) is close to the indirect band gap
(Eg = 0.75 eV) [359]. Then, it is considered that quantum confinement effects would
appear more pronounced in Ge than Si, and Ge nanocrystals would exhibit a direct-gap

semiconductor nature [360, 361].

Visible luminescence at around 2.2 eV (560 nm) from nanocrystalline Ge in a SiOq
matrix, fabricated by the rf co-sputtering deposition technique, was first reported by
Maeda [362], and was explained by quantum confinement of the charge carriers in the
system by simultaneous, high resolution TEM, XPS, Raman and PL measurements.
Takeoka et al. [363] reported a blue-shift in the emission energy with a decrease in
size of the particles in a similar system, indicating that the recombination of confined

electron-hole pairs as the origin of PL in nanocrystalline Ge.

The photoluminescence of Ge nanocrystals fabricated by ion implantation and a postan-
neal at 600, 800 and 1000 °C followed by a HF vapour etch to expose the nanocrystals
is shown in Figure 5.3(a)-(c), respectively. A theoretical calculation [360] shows that
the band-gap energy of 4 nm Ge nanocrystals is approximately 540 nm (2.3 ¢V), which
is similar to the peak energy of the PL spectra presented and the dimensions of the
nanoparticles. Additionally, with a decrease in the nanocrystal size there is a blue shift
in the luminescence peak energy. This is also in agreement with the theoretical calcula-
tions presented in [360], and shows that the indirect band-gap energy of Ge nanocrystals
is very sensitive to the size of the nanocrystals. For all three spectra, the luminescence
is broad indicating the presence of nanocrystals of varying sizes, matching the particle

height distributions presented earlier.

5.2.3 Batch Uniformity

In order to investigate the repeatability of the process, a second process batch was com-
missioned. The processing conditions were exactly as those outlined in Section 5.1. To
determine the size of the synthesized Ge nanocrystals, atomic force microscopy analysis
was undertaken. Figure 5.4 shows particle height distributions, obtained over several
AFM images, for samples in the second process batch. The particle height distribution
for Ge nanocrystals formed by a 600 °C anneal in Ng is shown in Figure 5.4(a). This
distribution is significantly different from that obtained in the first experimental batch;

the distribution is much sharper, the modal peak is smaller and exhibits only one mode.
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FIGURE 5.4: Particle size distributions derived from atomic force microscope topog-

raphy images of Ge nanocrystals produced in the second process batch. The batch

conditions were, Ge ion implantation (20 keV, 5 x 10'® cm™2) into a 30 nm SiOz layer

and postanneal at (a) 600 °C, (b) 800 °C and (c) 1000 °C followed by a HF vapour

etch to expose the nanocrystals. Particle size distributions have been fitted with a
non-centred, normalised Gaussian.

This was fit with a normalised Gaussian, centred on 1.5 + 0.5 nm (Ry = 0.987). Fig-
ure 5.4(b) shows the particle height distribution for Ge nanocrystals formed by a 800
°C anneal in Ny. This distribution was much sharper than that obtained in the first
experimental batch and could be closely fit by a single Gaussian (R = 0.972). The
distribution was mono-modal, with the single mode centred at 2.3+ 0.6 nm. Finally, the
particle height distribution for the Ge nanocrystals formed by a 1000 °C anneal is shown
in Figure 5.4(c). There was great variability between the first and second experimental
batches for the nanocrystals annealed at this temperature. The particle height distri-
bution showed a single, sharp mode centred at 1.7 & 0.3 nm, which is approximately a

four-fold reduction in modal particle size.

It is believed that the cause for this variability in nanocrystal size in this process was
introduced by the HF vapour etch. The fabrication of Ge nanocrystals by this process
is dependent on four main factors; the growth of a high quality SiOs matrix, Ge ion
implantation, Ny anneal temperature and the HF vapour etch. The thermal growth of
SiO9, N5 anneal and ion implantation are crucial techniques in complementary metal-
oxide semiconductor fabrication and are highly repeatable. After each of these process
step, the batches were verified and showed little variance. However, due to availability
the HF vapour etch was performed in non-standard equipment and as such, there were
few control measures available. Typically, this is undertaken in a dedicated cell with an
electronic control unit to regulate the flow of etchant into the cell. In this case, the etch
was performed in a laboratory beaker with the sample suspended over liquid HF, which
was heated by a hot plate. As a result, etch rates were not closely reproducible. Addi-
tionally, due to safety concerns over the crude etching process, the samples were dipped
in deionised water after etching. This step could have introduced further variability in

the process.
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The second process batch was discarded and all further experiments were undertaken

utilising the initial batch.

5.3 Effect of Nanocrystal Size

T

-

~ - SiO, Nanowires  *

™ R o g
X %
1 ’ .
. -
L b B .
> -

(c)

FIGURE 5.5: Scanning electron microscope images of CNT growth using Ge nanocrys-

tals fabricated by ion implantation (20 keV, 5 x 10® ¢cm~2) into a 30 nm SiO, layer

and postanneal at (a) 600 °C, (b) 800 °C and (c) 1000 °C followed by a HF vapour etch

to expose the nanocrystals. The CNTs were grown using a preanneal of 10 minutes at

900 °C and a CNT growth step of 20 minutes at 850 °C. Scale bar corresponds to 500
nm.

Figure 5.5 shows FE-SEM images of CNTs synthesized from the Ge nanocrystals formed
by ion implantation for each Ny anneal temperatures. The samples were fabricated at the
optimum growth condition for the catalyst, Hy pretreatment at 900 °C for 10 minutes,
followed by the CNT growth step for 20 minutes at 850 °C in a mixture of Hy and CHy
(1 : 3 gas ratio). Figure 5.5(a) and Figure 5.5(b) show representative FE-SEM images
of the Ge nanocrystals formed by a 600 °C and 800 °C anneal in Ny samples after the
CNT growth step, respectively. Both images show that the presence of CNTs correlates
with the region where Ge nanocrystals are present. No CNTs were seen in regions of the
sample where there were no nanocrystals present. There are also many short nanofibres
seen in the region where Ge nanocrystals are present. Similar nanofibres were seen in
comparable experiments and were composed mainly of amorphous silicon oxide (SiO;).
These can be easily removed with a HF etch. Figure 5.5(c) shows a FE-SEM image of the
Ge nanocrystals formed by a 1000 °C anneal in Ny sample after the CNT growth step.
For nanocrystals formed at this anneal temperature, no CNTs were found, regardless of

the pretreatment or CNT growth temperature.

The highest yield of CNTs was seen from the Ge nanocrystals formed by an anneal in
Ny at 600 °C. For the growth conditions shown in Figure 5.5, this was 3.5 + 1.0 um

in length/pm?

. The CNT yield from the Ge nanocrystals formed by an anneal in Ny
at 800 °C was significantly lower, 1.7 & 0.3 pm in length/um?. It is believed that the

reason for the relatively higher CNT yield from the nanocrystals annealed at 600 °C
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is due to a higher initial nanoparticle density. The particle size distribution of both
successful samples are in the expected range for CNTs, however it could be argued that
the distribution for the nanocrystals annealed at 600 °C may be slightly more conducive
for CNT formation. This is in contrast to the nanocrystals formed by an anneal at 1000
°C, which exhibited nanoparticles which are arguably considered too large for CNT

formation.

5.4 Effect of Catalyst Pretreatment

() (d)

FIGURE 5.6: Scanning electron microscope image of CNT growth using Ge nanocrystals

fabricated by ion implantation and a postanneal at 600 °C. The CNTs were grown at

(a) 1000, (b) 950, (¢)900 and (d) 850 °C in a mixture of Hy and CHy (1 : 3 gas ratio)
for 20 minutes. Scale bar corresponds to 500 nm.

Figure 5.6 shows FE-SEM images of CNT growth at various temperatures using Ge
nanocrystals fabricated by ion implantation and a post-anneal in N at 600 °C. The
CNT growth temperatures shown in Figure 5.6(a)-(d) are 1000, 950, 900 and 850 °C,
respectively. These images establish that only at one growth temperature, 950 °C, CNTs
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are found. In Figure 5.6(b), a density of 1.6 +- 0.5 (um in length/ym?) CNTs are found.
The presence of CNTs correlate with the regions where Ge nanocrystals are present.
No CNTs were seen in regions of the sample where there were no nanocrystals present.
There are also a few short nanofibres seen in the region where Ge nanocrystals present,
for the samples subjected to CNT growth at 1000 and 950 °C. Similar nanofibres were
seen in comparable experiments and were composed mainly of amorphous silicon oxide
(SiO;). Interestingly, no nanofibres were found in the samples subjected to a lower CNT
growth temperature (850 and 900 °), indicating that the formation mechanism of these

fibres requires a high temperature.

(c) (d)

FIGURE 5.7: Scanning electron microscope image of CNT growth using Ge nanocrystals

fabricated by ion implantation and post-anneal at 600 °C. The CNTs were pretreated

at four different pretreatment temperatures; (a) 1000 °C, (b) 950 °C, (c) 900 °C and

(d) 850 °C in Hy for 10 minutes. The subsequent CNT growth step was kept constant

at 850 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. Scale bar
corresponds to 500 nm..

Figure 5.7 shows FE-SEM images of the Ge nanocrystals fabricated by ion implantation
and a post-anneal in Ny at 600 °C after a 850 °C CNT growth step following a catalyst

pretreatment anneal in Hy at various temperatures for 10 minutes. The pretreatment
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temperatures shown in Figure 5.7(a)-(d) are 1000, 950, 900 and 850 °C, respectively.
These images establish the optimum growth conditions for the Ge nanocrystal cata-
lyst and provides an insight to the importance of the catalyst pretreatment step. Fig-
ure 5.7(b) shows a typical sample after pretreatment at 950 °C, which showed density
of 0.6 £0.2 (um in length/um?) CNTs and a fairly homogeneous coverage across the
sample. Figure 5.7(c) shows a typical sample after pretreatment at 900 °C. This sample

2 This area

showed a significantly higher CNT density of 3.5 + 1.0 pm in length/pm
density is more than a two-fold improvement on the highest yield sample without Ho
pretreatment. After pretreatment at 850 °C, shown in Figure 5.7(d), there was a slightly
lower density of CNTs, 1.340.1 ym in length/pm? and a highly uniform coverage across
the sample. Finally, no CNTs were found at the highest pretreatment temperature of
1000 °C, shown in Figure 5.7(a). SEM images showed a very sparse surface topogra-
phy, indicating that the pretreatment temperature may have been too high and the

nanocrystals may have evaporated.

CNTs were found in samples pretreated at a temperature in the range from 850 °C to
950 °C, with the highest area density found in the samples pretreated at 900 °C, as
shown in Figure 5.7(c). For all samples pretreated in this temperature range we see
both CNTs and the presence of amorphous silicon oxide nanowires. At pretreatment
temperatures higher than 950 °C, very few features are present in the FE-SEM images
and it is believed that this is due to loss of the catalyst due to evaporation. However,
there may be well-dispersed smaller Ge nanocrystals present in these samples although
due to the resolution of the FE-SEM these may not be visible. These results indicate
that a Ho pretreatment allows a wider process window and an improvement in the yield
of the process. The CNT area densities for different pretreatment temperatures and

CNT growth temperatures are summarised in Table 5.1.

The hydrogen pretreatment is effective in increasing the CN'T area density and is critical
for CNT growth from semiconductor nanoparticles. We believe that the hydrogen pre-
treatment step is required to reduce the oxide on the surface of the nanocrystals. While
a chemical or thermal oxidation was not deliberately carried out before CNT growth,
there would undoubtedly have been a native oxide present on the surface of the Si sub-
strate and the Ge nanocrystals, as indicated by the presence of silica nanofibers and an
oxide peak in the EDS spectra (not shown). This technique does not require oxidation
in air to active the semiconductor nanoparticles, where as Takagi et al. [11] imply that
this step is a key requirement for CNT growth from semiconductor nanoparticles. It is
highly likely that in the case of Takagi et al. [11], the oxidation step was necessary solely

to reduce residual contaminants introduced via their nanoparticle synthesis process.

In order to confirm that the CNT growth is catalysed by the Ge nanoparticles and not
any systematic contaminant, a control sample was fabricated at the optimum growth
condition. The control sample was subjected to the same deposition and cleaning pro-

cess as the Ge nanocrystal samples, however no Ge was implanted. This sample was



98 Chapter 5: Growth of SWNTs Using Ge Nanocrystals Formed by Implantation

CNT area density

Pretreatment CNT growth (pm in length/pm?)
Temperature Time Temperature Time

(°C) (min) (°C) (min) Without C+ With C+
N/A N/A 1000 20 No CNTs  No CNTs
N/A N/A 950 20 1.6+0.5 3.2+26
N/A N/A 900 20 No CNTs 0.4+0.1
N/A N/A 850 20 No CNTs  No CNTs
850 10 850 20 1.3+0.1 1.2+0.3
900 10 850 20 3.5+1.0 41+1.2
950 10 850 20 0.6 +£0.2 2.0+0.6
1000 10 850 20 No CNTs 1.5+1.0
1000 5 850 20 No CNTs 2.7+0.8
1050 5 850 20 No CNTs 0.6 £0.1
1100 5 850 20 No CNTs No CNTs

TABLE 5.1: CNT area densities for different pretreatment temperatures and CNT
growth temperatures. Samples were grown using Ge nanocrystals fabricated by ion
implantation and post-anneal at 600 °C.

pretreated at 900 °C in Hy for 10 minutes and exposed to the CNT growth step at 850
°C in a mixture of CHy and Hy (3 : 1 ratio). No CNTs were found in this sample.
Additionally, EDS analysis has been undertaken in all the sample regions which showed
CNTs, and regions which showed contaminants were discarded from subsequent analysis.

However, it should be noted that at this scale, the sensitivity of EDS is low.

5.5 Effect of Carbon Implant

In our earlier growth method using SiGe islands [10], a carbon implantation was found
to be necessary for the growth of CNTs. Selected wafers were implanted with carbon at
a dose of 3 x 10'® cm™2 and a energy of 30 keV after Ge nanocrystal formation and HF
vapour etching to expose the nanocrystals. A typical AFM image of the Ge nanocrystals,
formed after a 600 °C anneal in No and subjected to a carbon implantation, is shown
in Figure 5.8(a). These samples showed a lower particle density than those without the
carbon implantation, in this case 64 + 18 particles/um?. It is believed that the carbon
ions sputter the Ge nanocrystals from the surface, thereby lowering their density. Line
analyses also show that the surface the Si substrate is rougher in carbon-implanted
samples than in non-implanted samples. The associated particle height distribution is
shown in Figure 5.8(b). This distribution was closely fit by two non-centred, normalised
Gaussian (Rg = 0.990), with modes centred at a height of 1.0 +0.25 nm and 1.8 +0.75

nm. This distribution is much narrower than the non-implanted samples and showed a
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FIGURE 5.8: (a) Atomic force microscope image and (b) particle height distribution
of Ge nanocrystals produced by Ge implantation (20 keV, 5 x 10> ¢cm™2) into a 30
nm SiOs layer and post-anneal at 600 °C followed by a HF vapour etch to expose the
nanocrystals. Samples were then given a carbon implantation (30 keV, 3 x 1016 cm~2)

smaller modal height. This reduction in size is also believed to be due to the sputtering

effect caused by the carbon implantation.

Figure 5.9 shows FE-SEM images of CNT growth at various temperatures using Ge
nanocrystals fabricated by ion implantation and a post-anneal in Ny at 600 °C in Ny
and subjected to a carbon implantation. The CNT growth temperatures shown in
Figure 5.9(a)-(d) are 1000, 950, 900 and 850 °C, respectively. These images establish
that only at two growth temperatures, 900 and 950 °C, CNTs are found. In Figure 5.9(b),
a density of 3.5 £ 1.0 (um in length/um?) CNTs are found. In Figure 5.9(c), a CNT
density of 0.4 + 0.1 pm in length/um? was found. The presence of CNTs correlate
with the regions where Ge nanocrystals are present. No CNTs were seen in regions of
the sample where there were no nanocrystals present. Compared to the non-implanted

samples, the process window is wider and the yield is higher.

Figure 5.10 shows FE-SEM images of the Ge nanocrystals fabricated by a post-anneal
in Ng at 600 °C and subjected to carbon implantation, after a 850 °C CNT growth
step following a catalyst pretreatment anneal in Hy at various temperatures for 10 min-
utes. The pretreatment temperatures shown in Figure 5.10(a)-(d) are 1000, 950, 900
and 850 °C, respectively. These images establish the optimum growth conditions for
the Ge nanocrystal catalyst and provides an insight to the importance of the catalyst
pretreatment step. Unlike the non-implanted samples, CNTs were found for all of the
pretreatment temperatures, indicating a wider process window. Additionally, the area

density of CNTs was significantly higher for all samples.

Table 5.1 summarises the CNT area densities for a range of pretreatment and CNT
growth temperatures for samples with and without carbon implantation. The highest

CNT density, for both implanted and non-implanted samples, is obtained by preanneling
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(c) (d)

FIGURE 5.9: Scanning electron microscope image of CNT growth using Ge nanocrystals

fabricated by ion implantation (20 keV, 5 x 10'® cm~2) into a 30 nm SiO, layer and

postanneal at 600 °C followed by a HF vapour etch to expose the nanocrystals. Samples

were then given a carbon implantation (30 keV, 3 x 10*® cm=2). The CNTs were grown

at (a) 1000, (b) 950, (¢)900 and (d) 1000 °C in a mixture of Hy and CHy (1 : 3 gas
ratio) for 20 minutes. Scale bar corresponds to 500 nm.

at 900 °C followed by a CNT growth at 850 °C. For these growth conditions, there
is no statistically significant advantage to the carbon implantation in terms of area
density. However, the results show that successful CNT growth is achieved for a wider
range of growth conditions, particularly higher growth temperatures. If higher growth

temperatures are used, successful growth can be attained without the pretreatment step.

To investigate the role of pretreatment in the growth process, AFM images of samples
with and without carbon implantation were recorded immediately after a pretreatment
step. Table 5.2 summarizes the key findings. Samples without carbon implantation show
a drastic reduction in Ge nanocrystal density as the pretreatment temperature increases
and almost no Ge nanocrystals are present after pretreatment at 1000 °C. Typical FE-

SEM images after pretreatment are presented in Figure 5.11 for samples without carbon
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FIGURE 5.10: Scanning electron microscope image of CNT growth using Ge nanocrys-
tals fabricated by ion implantation (20 keV, 5 x 10'% ¢cm~2) into a 30 nm SiO, layer
and post-anneal at 600 °C followed by a HF vapour etch to expose the nanocrystals.
Samples were then given a carbon implantation (30 keV, 3 x 10 em~2). The CNTs
were pretreated at four different pretreatment temperatures; (a) 1000 °C, (b) 950 °C,
(c) 900 °C and (d) 850 °C in Hy for 10 minutes. The subsequent CNT growth step was
kept constant at at 850 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes.
Scale bar corresponds to 500 nm..

implantation and show the reduction in Ge nanocrystal density on increasing the pre-
treatment temperature from 900 to 950 °C. The reduction in Ge nanocrystal density at
high pretreatment temperatures is most likely related to the melting point of Ge (937
°C). The reduction in the Ge nanocrystal density is also associated with a reduction
in the proportion of larger nanocrystals (larger than 2 nm in diameter). AFM results
show that the particle size distributions for samples with and without carbon implan-
tation and annealed at 900 and 950 °C are similar. The pretreatment has much less
effect on carbon-implanted samples, which show little change in density and particle

size distribution as the pretreatment temperature is increased from 900 to 1000 °C.

Table 5.2 also shows a well-defined process window for CNT growth. The CNT area
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(a) (b)

FIGURE 5.11: Field emission scanning electron microscope images immediately follow-

ing 10 minute Hy pretreatment step at (a) 900 and (b) 950 °C for non carbon implanted

Ge nanocrystals produced by implantation and post-anneal in N9 at 600 °C. Scale bar
corresponds to 5 pm.

density is directly proportional to the Ge nanoparticle density at high pretreatment
temperatures for samples both with and without carbon implantation. This result sug-
gests that Ge nanoparticles are the nucleation sites for the CNT growth. Almost all
Ge nanoparticles are expected to have melted into liquid droplets over 900 °C due to
the melting-point reduction in nanoparticles [364] and CNTs are synthesized from Ge

droplets which have adsorbed atomic carbon.

In our earlier growth method using SiGe islands, carbon implantation was a prerequisite
for CNT growth [10], whereas for implanted Ge nanocrystals CNT growth is possible
without carbon implantation (Table 5.1). This result suggests that the Ge implantation
into SiO2 and Ny anneal is a more successful method of producing nanocrystals of a
size suitable for CNT growth. Nevertheless, the carbon implantation is very beneficial
to CNT growth as it significantly broadens the process window for successful CNT
growth and increases the CNT area density. In particular, it enables a pretreatment
up to temperatures as high as 1050 °C. For the carbon implanted samples there is
little reduction in Ge nanocrystal density as the pretreatment temperature increases,
in sharp contrast with samples without carbon implantation (Table 5.2). This suggest
that the carbon implantation might increase the melting point through the formation
of a Ge;_,C, alloy. This hypothesis is supported by the phase diagram of the the Ge-C
system presented by Scace and Slack [365], which indicated that the presence of a small
percentage of carbon has a string effect on raising the melting point of Ge. Furthermore
Kanzawa et al. [366] demonstrated that the Ge;_,C, alloys can be successfully formed by
carbon implantation into Ge. An alternative, albeit less likely explanation may be that

the role of the carbon implantation in suppressing the agglomeration of Ge nanocrystals
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is physical. The lower initial nanocrystal density and the higher surface roughness cause

by ion implantation may act to reduce agglomeration [167].

Pretreatment Nanocrystal density CNT area density
Temperature (particles/pum?) (um in length/pm?)
(°C)
Without C+ With C+ Without C+ With C+
As Formed 460 =+ 30 64 + 18 N/A N/A
900 30+ 6 57+ 8 3.5+1.0 4.1+1.2
950 167 40+4 0.6 +0.2 20+£0.6
1000 3.6 +1.6 38+ 8 No CNTs 1.5+1.0

TABLE 5.2: Comparison of Ge nanocrystal densities immediately after pretreatment
in Hy for 10 minutes and CNT area densities for samples with and without carbon
implantation. The CNTs were grown at 850 °C for 20 minutes after pretreatment. The
nanocrystals used were fabricated using ion implantation and a post-anneal at 600 °C.

The CNT area density of 4.14-1.2 ym in length/m? shown in Table 5.1 is comparable to
densities reported for CNT-FET fabrication. For example, many groups have reported
experimental CNT-FETs fabricated with SWNT area densities of less than 1.5 ym in
length/pum? [367, 368]. The CNT density achieved in this work is satisfactory for CNT-
FET based applications in sensors, logic, and memory devices. However, for application
as SWNT via interconnects, much lower process temperature and higher CNT densities
are required. The use of techniques already developed to reduce the growth temperature
of CNTs using a Fe catalyst, e.g. use of CoHy thermal CVD or oxygen-assisted plasma
enhanced CVD may well allow the maximum temperature to reduce toward the upper
limit of 400 °C required for via interconnects [369]. However, it is unlikely that the
high CNT densities required will be achievable with a Ge catalyst. However, with Fe
catalysts, densities vary strongly with growth conditions and as such further research is

needed to investigate this.

5.6 Evolution of the Catalyst

In order to determine the morphology of the Ge catalyst after pretreatment, AFM char-
acterisation of the samples without and with a carbon implantation has been undertaken
for a range of pretreatment temperatures. These measurements are expected to comple-
ment the discussion in Section 5.5 and provide some insight into the behaviour of the

catalyst after pretreatment.

From typical AFM images on samples after a pretreatment step at temperatures between
1000 and 900 °C, the mean density of particles has been determined. The results are

summarised in Table 5.2 for Ge nanocrystals without and with a carbon implantation.
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Counts (a.u.)
Counts (a.u.)
Counts (a.u.)

4 g 4 6 4 6
Height (nm) Height (nm) Height (nm)

(a) (b) (c)

Counts (a.u.)
Counts (a.u.)
Counts (a.u.)

4 s 4. 6 4. 6
Height (nm) Height (nm) Height (nm)

(d) (e) ()

F1GURE 5.12: Particle size distribution of of Ge nanocrystals produced by Ge implan-
tation and post-anneal in Ny at 600 °C. Samples were pretreated in Hs for 10 minutes
at (a) 900 °C, (b) 950 °C and (c) 1000 °C. Samples subjected to a carbon implantation
prior to Hy pretreatment at 900 °C, 950 °C and 1000 °C are shown in (c), (d) and (e),
respectively. All distributions have been fitted with non-centred, normalised Gaussians.

This table demonstrates a drastic reduction in nanoparticle density with increasing pre-
treatment temperatures for Ge nanocrystals without a carbon implantation. The initial
particle density of 460 & 30 particles/um? is reduced to 30 + 6, 16 = 7 and 3.6 + 1.6
particles/um? after pretreatment at 900, 950 and 1000 °C respectively. The reduction
in nanoparticle density for samples subjected to a carbon implantation is far less dras-
tic. The initial density of 64 + 18 particles/um? is reduced to 57 £ 8, 40 +£4 and 38 + 8
particles/um? after pretreatment at 900, 950 and 1000 °C respectively. As discussed in
Section 5.5, it is likely that the reduction in Ge nanocrystal density is related to the
melting point of Ge (937 °C). The disparity between the rate of nanoparticle reduction
with respect to pretreatment temperature between Ge nanocrystals without and with a
carbon implantation is most likely due to an increase in melting point via the formation

of a Gey_,C, alloy.

Figure 5.12(a)—(c) show the particle size distribution for Ge nanocrystals pretreated in
Hs for 10 minutes at 900, 950 and 1000 °C respectively. Each distribution has been
fitted with non-centred, normalised Gaussian curves. The distribution for Ge nanocrys-
tals pretreated at 900 °C, shown in Figure 5.12(a), resembles the initial distribution

(Figure 5.2(d)). However, there is a noticeable reduction in the modal heights and a
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narrowing of the distribution profile. Additionally, there is a proportional reduction in
the number of larger nanoparticles (larger than 2 nm in diameter). This behaviour,
when considered in conjuction with the reduction in nanoparticle density is indicative
of a loss mechanism, most likely evaporation. As pretreatment temperatures increase,
there is a slight increase in the modal height of the nanoparticles and a broadening of
the distribution. This behaviour suggests phase coarsening, which occurs at the expense
of small particles within a system. However, due to the very low density of nanopar-
ticles after pretreatment at higher temperatures, the accuracy of the measurement is

questionable and much care is required when drawing conclusions.

The particle size distributions for Ge nanocrystals subjected to a carbon implantation
are shown in Figure 5.12(d)—(f) for pretreatment in Hy for 10 minutes at 900, 950 and
1000 °C respectively. All distributions were bimodal and could be closely fit by a sum of
two Gaussian curves, with a lowest value of Ry = 0.980 for samples pretreated at 1000
°C. As was the case with the samples without a carbon implantation, the distribution
for Ge nanocrystals pretreated at 900 °C, shown in Figure 5.12(d), closely resembles
the initial distribution (Figure 5.8(b)). Although not statistically significant, there is
a slight increase in the modal height of the nanoparticles upon pretreatment. The
results presented in Figure 5.12 show that the particle size distributions for samples
with and without carbon implantation and annealed at 900 and 950 °C are similar. As
with the samples without a carbon implantation pretreated at the same temperatures,
there is a narrowing of the distribution profile and there appears to be a proportional
reduction in the density of larger nanoparticles (larger than 2 nm diameter). However
at the highest pretreatment temperature, 1000 °C, there is no statistically significant
broadening of the the distribution profile or increase in the modal height. This is in
sharp contrast to the samples without a carbon implant, which showed a drastic change
in the distribution profile. This behaviour can be explained by the increase in melting

point via the formation of a Ge;_,C, alloy during carbon implantation (Section 5.5).

Pretreatment Without C+ With C+
Temperature Mode 1  Mode 2 Mode 1  Mode 2
(°C) (nm) (nm) Ro (nm) (nm) Ro
As Formed 1.84+£0.7 3.4+13 0.994 1.0+0.3 1.8+0.8 0.990
900 1.3+£04 2.54+09 0.991 1.3+£0.3 2.24+0.8 0.991
950 1.44+£03 2.0+06 0.991 1.2+£0.2 19406 0.989
1000 2.44+1.3 N/A 0.844 1.5+04 28=+1.0 0.980

TABLE 5.3: Comparison of Ge nanocrystal particle size distribution fit parameters
immediately after pretreatment in Hs for 10 minutes. The nanocrystals used were
fabricated using ion implantation and a post-anneal at 600 °C.

Table 5.3 summarises the Ge nanocrystal particle size distribution fit parameters im-

mediately after pretreatment for samples without and with a carbon implantation. The
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highest CNT density, for both implanted and non-implanted samples, is obtained by
pretreating at 900 °C followed by a CNT growth step at 850 °C. For these growth
conditions, there is no statistically significant advantage to the carbon implantation in
terms of CNT area density. Indeed, the particle size distribution profiles and the den-
sity of nanoparticles are similar. However, the results have shown that successful CNT
growth is achieved for a wider range of growth conditions. The pretreatment has much
less effect on carbon-implanted samples, which show little change in density and particle

size distribution as the pretreatment temperature is increased from 900 to 1000 °C.

5.7 Characterisation of Synthesized CNT's
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FIGURE 5.13: Raman spectra of CNTs grown from Ge nanocrystals fabricated by ion

implantation (20 keV, 5 x 10'® cm™2) into a 30 nm SiO, layer and post-anneal at 600

°C (a) without a subsequent carbon implantation, and (b) with a carbon implantation.

(¢) Raman spectra of CNTs grown from Ge nanocrystals fabricated by ion implantation

and post-anneal at 800 °C. Inset shows the radial breathing mode feature. The CNTs
were grown at 850 °C after a pretreatment in Hy at 900 °C

In Figure 5.13, representative Raman spectra are presented for CNTs grown from Ge
nanocrystals fabricated by ion implantation and a post-anneal at 600 °C, with and
without carbon implantation, and post-anneal at 800 °C without carbon implanatation.
The measured CNT's were grown using a pretreatment step in Ho at 900 © for 10 minutes
and a CNT growth step at 850 °C for 20 minutes. All samples (insets) clearly show
the RBM indicating that SWNTs are present. For CNTs grown from Ge nanocrystals
formed at 600 °C without carbon implantation, shown in Figure 5.13(a), a small D-
band peak is visible around 1320 cm ™!, which can be attributed to disorder in the CNTs.
Figure 5.13(c) shows the Raman spectra for CNT's grown from Ge nanocrystals formed at
800 °C, in which a small D-band peak at 1320 cm ™! is also visible. In contrast, the CNTs
grown from carbon-implanted Ge nanocrystals show no D-band peak (Figure 5.13(b)).
This indicates that the SWNTs synthesized have a low defect density and are thus of
a high quality. RBM peaks with a large number of different Raman shifts within the

range of 408 cm™! to the lower limit of 110 cm™! imposed by our Raman notch filter
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have been observed. Assuming a standard formula for converting RBM Raman shift to
diameter, this indicates that the CNTs observed by Raman scattering have diameters

in the range of 0.6 — 2.3 nm.
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FIGURE 5.14: (a) Transmission electron microscope image of SWNTs and carbon

implanted Ge nanocrystals using a pretreated at 900 °C and a CNT growth step at

850 °C. The inset shows line profile of the SWNT used to determine the diameter

distribution. (b) Histogram of the diameter distribution of SWNTs. (¢) TEM image

of the SWNT and the carbon-implanted Ge nanocrystals for EDS analysis. (d) EDS
spectra of the carbon implanted Ge nanocrystal

The Raman measurements are supported by TEM measurements on a total of 38 CNT's
synthesized from Ge nanocrystals formed at 600 °C and given a carbon implantation.
Representative TEM images and a histogram of the diameter distribution determined by
analysing the TEM images are shown in Figure 5.14. In all cases, the CNTs appeared
as SWNTs. TEM measurements show a range of diameters varying from 1.2 to 2.5
nm. This compares to a range of 1.7 — 2.0 nm obtained from Raman measurements on
the samples given a carbon implantation. These measurements indicate that the low
frequency cut-off of the Raman notch filter prevent thicker CNTs from being observed

and that the true maximum diameter is 2.5 nm. Often, as shown in Figure 5.14, the
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TEM images show CNT's attached to particles with a size of tens of nanometres, although
we have not been able to determine if the CNTs originate from any specific features on
these particles. EDS spectra show the presence of Ge and oxide in the nanoparticles.
Other peaks of carbon and Cu come from the carbon-coated Cu grid and a peak of
Si originates from the Si substrate. No contamination from transition metals has been

found.

5.8 Conclusions

In this chapter, research on the use of Ge nanocrystals for SWNT growth was presented.
A technique of producing a good density of CNTs compatible with complementary metal
oxide semiconductor processing was demonstrated. The results indicate that Ge implan-
tation into a SiOs layer provides good control over the morphology of the nanoparticles
and delivers a well-controlled CNT growth process. A SWNT area density of 4.1 + 1.2
pm in length/pm? was obtained from the Ge nanocrystals under the optimum growth

conditions.

FE-SEM and AFM analyses show that good control over nanocrystal size and density
is possible with this technique. Three sizes of nanocrystal were fabricated by annealing
a 30 nm SiO3 layer subjected to Ge ion implantation (20 keV, 5 x 105 ecm™2) at 600
°C, 800 °C or 1000 °C. The size of the nanocrystals fabricated were 1.8 + 0.7, 2.9 +
0.9 and 6.1 + 1.4 nm, respectively. It is strongly believed that these nanocrystals are
formed by Ostwald ripening, considering the initial conditions and processing undertaken
[353, 354]. Photoluminescence measurements confirmed the presence of nanocrystals of
varying sizes, and demonstrated a blue shift in luminescence energy as the nanocrystal
formation anneal temperature decreased. This behaviour is in agreement with theoretical
calculations presented in [360], and shows that the indirect band-gap energy of Ge

nanocrystals is very sensitive to the size of the nanocrystals.

The uniformity of nanocrystal fabrication process was investigated, and found great
variability between experimental batches. It is believed that this was variability was
introduced during the HF etching step due to poor control over the flow of etchant.
This problem could be overcome by a more rigorous approach to this step achieved by

the use of a standardised HF vapour etching cell.

Following a CNT growth step, the Ge nanocrystals fabricated by annealing at 600 and
800 °C were able to catalyse the formation of CNTs. The nanocrystals fabricated by
annealing at 1000 °C failed to produce any CNTs, most likely due to the size of the
nanocrystals being too large. A higher CNT yield was obtained for the nanocrystals
annealed at 600 °C owing to the high initial nanocrystal density. It could also be argued
that the morphology of the nanocrystals fabricated at this anneal temperature is more

conducive to CNT formation, however further experimentation is required to prove this.
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It was determined that a hydrogen pretreatment step is effective in increasing the CNT
area density and is critical for CNT growth from semiconductor nanoparticles. Without
a hydrogen pretreatment step, CNT growth was only possible at one temperature, 950
°C, and the yield was low. In contrast, CNTs were found in samples pretreated at a
temperature in the range from 850 °C to 950 °C. Pretreatment in hydrogen increased the
yield of the process by a factor of three. It is believed that the hydrogen pretreatment

step is required to reduce the oxide on the surface of the nanocrystals.

Selected wafers were implanted with carbon at a dose of 3 x 10'® ¢cm? and a energy of
30 keV after Ge nanocrystal formation (at 600 °C) and HF vapour etching to expose
the nanocrystals. Unlike the non-implanted samples, CNTs were found for all of the
pretreatment temperatures, indicating a wider process window. Additionally, the area
density of CNTs was significantly higher for all samples. The highest CNT density, for
both implanted and non-implanted samples, is obtained by pretreatment in hydrogen
at 900 °C followed by a CNT growth at 850 °C. For these growth conditions, there
is no statistically significant advantage to the carbon implantation in terms of area
density. However, the results show that successful CNT growth is achieved for a wider
range of growth conditions, particularly higher growth temperatures. If higher growth
temperatures are used, successful growth can be attained without the pretreatment step.
AFM measurements show that samples without a carbon implantation show a drastic
reduction in nanoparticle density as pretreatment temperatures increase, with almost
no Ge nanocrystals present after pretreatment at 1000 °C. In contrast, the samples with
a carbon implantation show little reduction in Ge nanocrystal density as pretreatment
temperatures increase. This improvement is believed to be due to an increase in melting
point via the formation of a Ge;_,C, alloy and is responsible for the wider process

window.

The CNT area density of 4.141.2 um in length/pm? is comparable to densities reported
for CNT-FET fabrication. For example, many groups have reported experimental CNT-
FETs fabricated with SWNT area densities of less than 1.5 pum in length/pum? [367, 368).
The CNT density achieved in this work is satisfactory for CNT-FET based applications

in sensors, logic, and memory devices.






Chapter 6

Colloidal (Ge Nanoparticle
Catalyst for CNT Synthesis

Presently, at least five different non-metallic materials have been shown to enable the
formation of SWNTs. The first of these is SiC, which has has been shown to work both
in the form of macroscopic flat substrates and nanoparticles [265, 266, 266]. The second
material shown to produce CNTs was carbon nanoparticles [267, 268]. While bundles
of SWNTs have been produced using carbon nanoparticles, Raman spectra suggest that
the SWNTs are structurally defective and that the bundles of nanotubes produced in
this way may not be suitable for many electronics applications. Both of these methods
differ from more standard metal catalysed-growth in that the source of carbon for the
formation of SWNTs is the catalyst material itself, rather than a carbon containing gas.
Our group has previously published a method for growing SWNTs on SiGe islands or
Stranski-Krastanow Ge dots using a standard CVD process with growth temperatures
down to 850 °C [10, 283]. This work has been supported by the results of Takagi et al.
[11] on the growth of SWNTs from Si and Ge nanoparticles on SiC substrates.

In this chapter, a second novel approach for the growth of CNTs using Ge nanoparticles
is presented. The nanoparticles were synthesized from solution by means of an inverse
micelle technique, and suspended in tryoctylamine. The colloidal Ge nanoparticle cata-
lyst is found to be a viable catalyst for the synthesis of SWNTs from a silicon dioxide
support. The results indicate that the inverse micelle technique provides good control
over the morphology of the nanoparticles and delivers a well-controlled CNT growth
process. A SWNT area density of 5.2 + 0.7 ym in length/um? was obtained from the
colloidal Ge nanoparticles under the optimum growth condition. This process has the
advantage of being amenable to large-scale manufacturing by means of a floating catalyst

approach and offers the possibility of CN'T synthesis on a variety of support materials.

111



112 Chapter 6: Colloidal Ge Nanoparticle Catalyst for CNT Synthesis

6.1 Experimental Details

Ge nanoparticles were synthesized in solution by means of an inverse micelle method by
Dr. B. M. Mazumder from the School of Chemistry in the University of Southampton.
The synthesis of a Ge[N(SiCHgz)z]2 precursor for the formation of Ge nanocrystals was
based on the works of Lessing et al. [370, 371], with some minor modifications. The
precursor (50mg) was dissolved in 7 ml of trioctylamine and injected into hot (340
°C), molten hexadecylamine (HDA, 1g). The injection method was inspired by various
publications and has been standardised for this purpose [372, and references therein].
The residue was then dissolved in toluene, re-precipitated with methanol and suspended
in trioctylamine. Four concentrations were prepared, 4 mM, 3 mM, 2 mM and 1 mM.
This process yielded nanoparticles with a narrow size distribution, shown in Section
6.2.1.

< 001 > oriented, p-type silicon (17 — 33 Qcm resistivity) with a 300 nm SiO9 layer were
used as substrates. In selected experiments, R-cut sapphire wafers (r-AlyOgz, supplied
by IDB Technologies) were utilised. All supports were cut to 10 x 10 mm pieces to suit
a one-inch diameter furnace tube. The Ge catalyst was deposited by spin-coating 40
uL of the Ge solution at a rotation speed of 4000 RPM for 45s. Samples were then
subjected to a 100W Oq plasma for 30 minutes to remove any residual organic left from

deposition. All substrates were prepared under clean room conditions.

CNT's were grown using a two step-growth process. The first step was a Hy pretreatment
anneal and the second step was CNT growth by thermal CVD perfomed in a hot-wall
reactor at atmospheric pressure. The wafers were cut into 10 x 10 mm pieces to suit a
one-inch diameter furnace tube. The CNT growth step was carried out using a mixture
of methane (1000 sccm) and hydrogen (300 sccm) immediately following the Hs (1000
sccm) pretreatment step. The pretreatment was performed at a temperature between
850 and 1100 °C for 2 to 10 minutes. The growth step was carried out a temperature
between 850 and 1000 °C for 20 minutes. A quartz furnace tube was used exclusively

for this work to avoid metal contamination.

The Ge nanoparticles were characterised using a Veeco Multi-Mode atomic force mi-
croscope, using super sharp Si cantilevers (typical tip radius of 2 nm). Particle height
distributions for each sample were determined using a minimum of ten 1 gm? AFM im-
ages utilising the Veeco Nanoscope software package. Images were first flattened using
a three point levelling technique, and a threshold height of 0.5 nm was set in the parti-
cle detection software. The synthesized CNTs were observed by field-emission scanning
electron microscope (JEOL 6500F) and transmission electron microscope (JEOL 3050
and JEOL 4000HR). Transmission electron microscopy sample preparation consisted of
scraping the sample surface with a surgical blade and transference onto a carbon-coated

Cu grid. The chemical compositions of SEM samples were analysed by energy-dispersive
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X-ray spectroscopy (Oxford Instruments INCA Microanalysis System). The area densi-
ties of CNT's were evaluated using FE-SEM images using ImageJ to determine the total
contour length of CNTs [315]. For quantitative analysis, several images taken from the
same sample were used, with overlapping regions being discarded. Raman spectra were
obtained using a Renishaw micro-Raman system with three laser excitation energies
(532, 632.8 and 785 nm) with a power of 12 mW.

6.2 Catalyst Characterisation

To characterise the Ge nanoparticles; transmission electron microscopy, atomic force mi-
croscopy and photoluminescence spectroscopy were undertaken. A study of the nanopar-
ticle size distribution was performed using both TEM and AFM in order to characterise

and optimise the synthesis process.

6.2.1 Catalyst Morphology
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FIGURE 6.1: (a) Transmission electron microscope image of the as synthesized Ge

colloid powder suspended in trioctylamine and drop casted onto a carbon coated Cu

grid. Scale bar corresponds to 10 nm. (b) Histogram of the diameter distribution of
the nanoparticles, generated from 8 images.

Figure 6.1 shows a transmission electron microscopy image of Ge nanoparticles produced
by an inverse micelle technique method and an associated particle size distribution,
generated from 8 TEM images. In order to obtain these images, a very low dilution of
the colloidal Ge nanoparticle solution was drop casted onto a carbon-coated Cu grid.
The required dilution was determined by an empirical serial dilution of the colloidal
nanoparticle solution. The TEM image shown in Figure 6.1(a) shows several dark spots,
in which EDS analysis indicated high levels of Ge present, which were assumed to be

the Ge colloidal nanoparticles. Figure 6.1(b) shows the particle size distribution the
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the colloidal Ge nanoparticles. This result shows that the half-maximum counts of
the particle size lie between 0.7 and 2.1 nm. This range of nanoparticle sizes was as
expected, as the partial separation of the halide salt and reductant into hydrophilic and
hydrophobic regions of the inverse micelles permits some control over size distribution
[373]. This distribution indicates that some of the nanoparticles are considerably larger
than 3 nm, indicating aggregation of the nanoparticles into larger clusters. This is most
likely due to the deposition onto the carbon-coated Cu grids as opposed to poor control
over the nanoparticle synthesis. The distribution shown in Figure 6.1(b) exhibited a
single mode and has been fitted with a normalised, Gaussian curve (Rg = 0.916) centred
at 1.4 £ 0.7 nm.
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FIGURE 6.2: (a) Atomic force miscroscope image and (b) particle height distribution
of Ge nanoparticles dispersed on a SiOy support at 1 mM dilution. Particle size distri-
bution has been fitted with a non-centred, normalised Gaussian.

To verify the particle size distribution of the colloidal Ge nanoparticles, AFM analysis
was performed after spin coating and Oy plasma treatment of 1 mM diluted solution
on SiOy substrates. Figure 6.2(a) shows a typical AFM topography image of the Ge
nanoparticles fabricated by an inverse micelle technique. This image shows a high density
of local maxima in the topography scan, and each peak is believed to be an individual
nanoparticle. The measurements indicate a density of 530 + 60 (mean + standard
deviation) particles/um?, which corresponds to an interparticle separation of 43 +3 nm.
Figure 6.2(b) shows the particle height distribution for several images taken from the 1
mM Ge nanoparticle sample. This distribution has been fitted with a normalised, non-
centred Gaussian (Ry = 0.990), which shows a modal height of 1.4 nm and a standard
deviation of 0.5 nm, matching the results obtained by TEM. Due to the higher number
of nanoparticles observed in this technique, this distribution is considered to be more

accurate than that derived from TEM images.
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6.2.2 Optical Properties of Colloidal Ge Nanoparticles

The reaction carried out by the method outlined in the experimental section produced
Ge colloids at different molar concentrations. It was found that the stability of the Ge
colloid has the following tendency. For lower concentrations (1 mM), after a fraction has
flocculated, the colloid remained stable and in suspension for a few weeks. At higher
concentrations (10 mM), the colloids coagulate within a few days. Qualitatively, the
colloids synthesized are transparent, but they turn whitish when the Ge particles have
flocculated. In general, Ge colloids obtained by this method are kinetically unstable

[374]. This instability is due to the high reactivity of Ge nanoparticles.
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FIGURE 6.3: (a) UV-Visible Absorption spectra of Ge nanoparticles synthesized by

inverse micelle method and suspended in trioctylamine at three dilutions 1 mM, 2 mM,

3 mM and 4 mM. (b) Room temperature photoluminescence spectra of Ge nanoparticles

dispersed on a SiO4 support at 1 mM dilution. PL measurements were undertaken using
a 364 nm Ar-ion laser excitation with a power of 50 mW with a spot size of 3 um.

Figure 6.3(a) shows the absorption spectra of the Ge colloid at four concentrations, ex-
posed to the air, in the 200—600 nm range. For the UV-Visible absorption study, 0.01 ml
of each concentration of the colloidal solution was diluted in hexane (3 ml) to decrease
the high absorption and prevent the particle agglomeration. The diluted colloid was
placed in a a rectangular quartz cell of of 1 cm of optical path length and analysed in a
Spectronic Genesis 2 Spectrophotometer. A blank of pure hexane was examined before
every sample to eliminate solvent absorption. The spectra shows a change in absorbance
as the concentration of the colloid is decreased, as was expected. However, the spectra
for the higher concentration colloidal solutions show a broader characteristic, with the
onset of absorbance occurring at longer wavelengths. This suggests that the higher con-
centrations have a broader range of nanoparticle sizes, resulting in a shift toward lower
energy values [375]. This is most likely due to aggregation of colloidal nanoparticles.
The nanoparticles measured absorb strongly in the ultraviolet region (250 — 300 nm)
allowing us to suggest that these Ge nanoparticles are quantum confined. Although

the UV-Vis spectra in this figure are not presented as measurements of band-gaps, the
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absorption onset seen in this figure are of similar energy [373] and are expected to scale

inversely with mean particle size in accordance with quantum confinement models.

The spectra in Figure 6.3(b) demonstrates luminescence in the blue-to-violet region of
the spectrum. The shift in energy of the PL maxima is over 2 eV. This large shift is
reproducible and consistent between samples of similar mean size. While some of the
shift may be a result of surface effects, it is primarily because of quantum confinement.
Ge nanoparticles 2 — 4 nm in diameter prepared in inverse micelles using LiAlH,4 as a
reductant show a similar shift in PL spectra [376]. Recent X-ray absorption measure-
ments of butyl-terminated Ge nanoparticles prepared by the Zintl salt metathesis also

showed approximately a 2 eV shift of the conduction band [377].

6.3 Catalyst Deposition

Figure 6.4(a)—(d) shows scanning electron microscope images of the topography of Ge
colloidal particles deposited by various techniques. The SEM image of the colloidal
particles drop-casted onto the substrate in Figure 6.4(c) shows a high density of Ge
particles with little dispersion. This particle aggregation is most likely due to attractive
lateral capillary forces and convective particle flux caused by solvent evaporation [37,
378]. Figure 6.4(a) shows Ge particles deposited by dipping the substrate in the colloidal
solution. This technique showed better dispersion of particles in comparison to the drop-
casting method. Figure 6.4(b) shows Ge particles deposited by dipping the substrate in
the colloidal suspension and rinsing in deionised water. This technique shows a lower
density of particles, however there are larger aggregation sites. The best dispersion of
particles was obtained by spin coating the substrate with the colloidal solution, as is
shown in Figure 6.4(d). This result is in agreement with the literature. Jeong et al.
[153, 379] reported that the deposition of the catalyst by spin coating prevented particle
aggregation. Moreover, it has been reported that by using a viscous solution it is possible

to obtain uniform particle distribution without agglomeration when spin coating [380].

6.4 Effect of Catalyst Dilution

Figure 6.5 shows SEM images of CNT's synthesized from the Ge colloidal nanoparticles
dispersed on a SiOo support for each dilution. The samples were fabricated at the
optimum condition for the catalyst; Ho pretreatment at 1000 °C for 2 minutes, followed
by the CNT growth step for 20 minutes at 850 °C in a mixture of Hy and CHy (1 : 3 gas
ratio). Figure 6.5(a) and Figure 6.5(b) show a representative SEM image of the 4 mM
and 3 mM concentrated solution samples after the CN'T growth step, respectively. In
these samples, no CNTs were detected and the catalyst appeared to have agglomerated

into a film. There is one type of nanostructure present in these samples; short, thick
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(c) (d)

FIGURE 6.4: Scanning electron microscope images of Ge nanoparticles deposited on a

SiO4 support at 4 mM dilution by various techniques; (a) dip coated, (b) dip coated

and rinsed in HyO, (c) drop-casted and (d) spin coated. Scale bar corresponds to 500
nm.

fibres, approximately 20 nm in diameter and 0.5 pgm in length. These fibres are present
after the pretreatment step for all concentrations of the Ge colloidal nanoparticles, and
PL and TEM measurements have shown that these are composed of amorphous silicon
oxide (Section 6.7). Figure 6.5(c) shows an SEM image of the 2 mM concentrated
solution sample after the CNT growth step. This sample showed a good density of CNT's,
3.6+1.2 ym in length/pum? and a fairly homogeneous coverage across the sample. The 1
mM Ge colloidal nanoparticle solution sample, shown in Figure 6.5(d) showed the highest
yield of CNTs and excellent uniformity across the sample, 5.2 £ 0.7 pm in length/um?.
It is believed that lower concentrations of the Ge colloidal nanoparticle solution were
more successful in synthesizing CNT's due to a larger interparticle separation, preventing

agglomeration upon anneal.
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FIGURE 6.5: Scanning electron microscope images of CNTs synthesized from colloidal
Ge nanoparticles dispersed on a SiOg support at four dilutions; (a) 4 mM, (b) 3 mM,
(¢) 2 mM and (d) 1 mM. Scale bar corresponds to 250 nm. CNTs were grown at the
optimum growth condition, Hy pretreatment at 1000 °C for 2 minutes, followed by the
CNT growth step for 20 minutes at 850 °C in a mixture of Hy and CHy4 (1:3 gas ratio).

6.5 Effect of Catalyst Pretreatment

Figure 6.6 shows FE-SEM images of CNT growth at various temperatures using a 1
mM Ge nanoparticle colloidal solution dispersed on a SiOs support. The growth tem-
peratures shown in Figure 6.6(a)—(d) are 1000, 950, 900 and 850 °C, respectively. These
images show aggregation of the catalyst into large clusters, and no presence of CNTs.

Additionally, no SiO, nanowires were detected.

Figure 6.7 shows FE-SEM images of the 1 mM Ge nanoparticle colloidal solution dis-
persed on a SiO9 support after a 850 °C CNT growth step. Figure 6.7(a) shows the
topography of a sample without a catalyst preparation anneal prior to growth. This im-
age shows large aggregations of Ge particles throughout the sample surface. This sample
showed no evidence of CNTs. Figure 6.7(b) shows the topography of a sample subjected
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(c) (d)

FIGURE 6.6: Scanning electron microscope images of CNTs synthesized from colloidal

Ge nanoparticles dispersed on a SiOs support at a 1 mM dilution. The CNTs were

grown at (a) 1000 °C, (b) 900 °C, (c) 950 °C and (a) 850 °C in a mixture of Hy and
CHy4 (1:3 gas ratio) for 20 minutes. Scale bar corresponds to 250 nm.

to a 1000 °C pre-anneal in Hy prior to growth. This sample showed a good density of
CNTs (shown in Figure 6.5(d)), in addition to some SiO, nanowires. Additionally, the
Ge particles on the surface appear re-dispersed (in comparison to the topography of the
sample prior to growth, shown in Figure 6.4(d)), indicating that a catalyst preparation
anneal is necessary to reduce the catalyst particles. Reports from the literature state
that this particle-size reduction may be due to evaporation during thermal annealing
[379]. The results presented in this work suggest that the catalyst pretreatment step also
affects the morphology of the supported catalyst. A study of the effect of pretreatment

on catalyst morphology will be discussed in further detail below.

Figure 6.8 shows FE-SEM images of the 1 mM Ge nanoparticle colloidal solution dis-
persed on a SiOy support after a 850 °C CNT growth step following a catalyst pretreat-
ment anneal in Hy at at various temperatures. The samples shown in Figure 6.8(a)—(c)

were pretreated at 1000 °C for 2 minutes, 5 minutes and 10 minutes, respectively. The
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(b)

FIGURE 6.7: Scanning electron microscope images of Ge nanoparticle aggregation and

redispersion after CNT growth. Ge nanoparticles were dispersed on a SiOs support at

a 1 mM dilution and subjected to a CNT growth step at 850 °C; (a) without a catalyst

pretreatment anneal (b) with a 1000 °C pretreatment in Hy prior to the growth step.
Scale bar corresponds to 250 nm.

pretreatment temperatures shown in Figure 6.8(d)—(f) are 950, 900 and 850 °C for 10
minutes, respectively. These images establish the optimum growth conditions for the
colloidal Ge nanoparticle catalyst and provide an insight to the importance of the cata-
lyst pretreatment step. CNTs and SiO, nanowires were found in all samples, with the
highest CNT area density found in the samples pretreated at 1000 °C for 2 minutes,
shown in Figure 6.8(a). All images show that the presence of CNTs correlates with
the regions where Ge nanoparticles are present. No CNTs were found in regions of the
sample where no nanoparticles were present. These results indicate that a Hy pretreat-
ment is essential for CNT formation and allows a wide process window. The CNT area

densities for different pretreatment temperatures are summarised in Table 6.1.

The hydrogen pretreatment is effective in increasing the CNT area density and is crit-
ical for CNT growth from semiconductor nanoparticles. As is the case with the Ge
nanocrystals formed by implantation, we believe that the hydrogen pretreatment step
is required to remove residual contaminants on the surface of the nanoparticles. While
the nanoparticles were subjected to a 100W Oz plasma for 30 minutes to remove any
residual organic left from deposition, there would undoubtedly have been some residual

contaminants (i.e. oxide or solvent) present on the surface of the Ge nanocrystals.

In order to confirm that the CNT growth is catalysed by the Ge nanoparticles and not
any systematic contaminant, a control sample was fabricated at the optimum growth
condition. The control sample was subjected to the same deposition and cleaning process
as the Ge particle samples, however no Ge was suspended in the solvent. This sample
was pretreated at 1000 °C in Hs for 2 minutes and exposed to the CNT growth step at
850 °C in a mixture of CHy and Hy (3 : 1 ratio). No CNTs were found in this sample.
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FIGURE 6.8: Scanning electron microscope image of CNT growth using colloidal Ge

nanoparticles dispersed on a SiO5 support at 1 mM dilution. The CNT's were pretreated

at four different temperatures; 1000 “rcC for (a) 2 minutes, (b) 5 minutes, (c) 10

minutes, (d) 950 °C, (e) 900 °C and (f) 850 °C in Hy for 10 minutes. The subsequent

CNT growth step was kept constant at 850 °C in a mixture of Hy and CHy (1 : 3 gas
ratio) for 20 minutes. Scale bar corresponds to 250 nm.
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Pretreatment CNT Growth CNT area density
Temperature Time Temperature Time

(°C) (min) (°C) (min) (pm in length/pm?)
N/A N/A 1000 20 No CNTs
N/A N/A 950 20 No CNTs
N/A N/A 900 20 No CNTs
N/A N/A 850 20 No CNTs

850 10 850 20 1.3+£0.6

900 10 850 20 22+09

950 10 850 20 4.4+1.1
1000 10 850 20 3.8+£1.2
1000 5 850 20 4.3+0.5
1000 2 850 20 5.2£0.7

TABLE 6.1: CNT area densities for different pretreatment temperatures and CNT
growth temperaures. Samples were grown using 1 mM Ge nanoparticle colloidal solu-
tion dispersed on a SiOs support.

Additionally, EDS analysis has been undertaken in all the sample regions which showed
CNTs, and regions which showed contaminants were discarded from subsequent analysis.

However, it should be noted that at this scale, the sensitivity of EDS is low.

The results summarised in Table 6.1 suggest that the Hy pretreatment step has a strong
effect on the yield of the process. The different area densities observed for each pre-
treatment temperature are assumed to be due to a change in the nature of the catalyst
upon pretreatment. In order to determine the morphology of the catalyst after pretreat-
ment, AFM characterisation of the 1 mM colloidal Ge nanoparticle catalyst has been

undertaken for the range of pretreatment temperatures discussed in Section 6.5.

From typical AFM images on samples after pretreatment temperatures between 1000
and 850 °C, the mean density of particles has been determined. The initial particle
density of 530 & 60 (mean + standard deviation) particles/um? is reduced to 405 + 28,
370 + 22, 348 + 53 and 322 4 77 particles/um? after pretreatment at 850, 900, 950 and
1000 °C respectively. It is evident that with an increase in pretreatment temperature
there is an associated reduction in nanoparticle density. It is likely that this reduction
in due to nanoparticle evaporation or ripening. It should be noted that the reduction
in nanoparticle density is far less pronounced than that which occurred with the Ge
nanocrystals formed by implantation (discussed in Chapter 5). This difference is most
likely due to the differences in surface termination of the colloidal nanoparticles. The
issue of surface termination is often overlooked because most of the interesting properties
of nanoparticles depend primarily on their size. However, particles from 2 — 10 nm in
diameter, which is the size range of interest for quantum confined nanoparticles, have

enormous surface areas. They also oxidise more rapidly than bulk material due to a
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FIGURE 6.9: Particle size distribution for 1 mM diluted colloidal Ge catalyst dispersed

on a SiOs support after pretreatment in Hy for 10 minutes at; (a) 1000 °C, (b) 950

°C, (c) 900 °C and (d) 850 °C. Particle size distributions have been fitted with a
non-centred, normalised Gaussian.

larger proportion of surface-bound atoms. Additionally, unlike Si nanoparticles, the

surface oxide of Ge does not effectively passivate the nanoparticle surface. For the Ge

nanoparticles prepared by this inverse micelle technique, it is thought that due to the

synthesis process they would have H-terminated surfaces [373].

Figure 6.9(a)—(d) show the particle height distribution for samples pretreated in Hp
for 10 minutes at 1000 °C, 950 °C, 900 °C and 850 °C respectively. Each distribu-

tion has been fitted with a non-centred, normalised Gaussian. Table 6.2 summarises

the Ge nanoparticle size distribution parameters immediately after pretreatment. This

data shows that there is an increase in the modal height of the nanoparticles as the

pretreatment temperature increases. There is also a broadening of the distribution as
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Pretreatment Distribution Statistics Nanoparticle Density
Temperature Time Mode Mean Rp
(°C) (min) (nm) (nm) (nm) (particles/pum?)
850 10 1.4+£06 2.0 0.961 405 £ 28
900 10 1.6£0.7 24 0.933 370 £ 22
950 10 24408 3.0 0.95 348 + 53
1000 10 25+09 3.1 0953 322+ 77

TABLE 6.2: Particle size distribution fit parameters and nanoparticle densities for 1
mM colloidal Ge nanoparticle catalyst dispersed on a SiOs support after pretreatment
at various temperatures.

the pretreatment temperatures increase, clearly shown by the increasing standard de-
viations. As pretreatment temperatures increase, the distributions show a reduction
in the number of small particles and an increase in the mean particle size. This be-
haviour suggests phase coarsening, which occurs at the expense of small particles within
a system which shrink and finally disappear [321]. This is a thermodynamically-driven
process occurring because larger particles are more energetically favoured than smaller
particles [322]. This process accounts for the slight reduction in nanoparticle density as

pretreatment temperature increases.

There is a consensus in the literature concerning the correlation between the catalyst
size and the CNT diameter. Many groups have observed a direct dependence of the two
quantities [150-159]. Nikolaev et al. [189] observed that the catalyst particle tends to be
slightly larger than CNT diameter, suggesting a growth mechanism involving graphene
cap formation. This has been supported by high-resolution in-situ TEM observation of
the catalytic growth of CNTs [36, 192]. The results presented in this section demonstrate
that the size of the Ge nanoparticle catalyst after pretreatment is within the possible
range to seed CNT growth. However, these results do not allow us to determine the
reason for the higher CNT yield in samples pretreated at 1000 °C. One possibility may
be that the slightly larger nanoparticles are more efficient at forming the graphene cap
required to seed a CNT. Yet it is more likely that pretreatment at higher temperatures

are more effective at removing residual contaminants or reducing the nanoparticles.

6.6 Characterisation of Synthesized CNT's

In Figure 6.10, representative Raman spectra are shown from samples synthesized using
a 1 mM colloidal Ge catalyst dispersed on a SiOs support. The measured CNTs were
grown using a pretreatment in Hs for 2 minutes at 1000 °C, followed by a growth
step at 850 °C in a mixture of Hyo and CHy (1 : 3 gas ratio) for 20 minutes. The

Raman measurements were undertaken utilising a Renishaw in-Via system, consisting
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of an Olympus Microscope, a monochromator with a 1200 groves/mm grating, a Peltier
cooled CCD, holographic notch filter and a He-Ne (632.8 nm) laser excitation. The
signal is collected via a backscatter geometry, with the holographic notch filter tuned so

that the frequency cut-off was a shift of approximately 110 cm~!. For this reason, the

system is not able to detect RBMs from CNTs with diameters larger than 2.3 nm.
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FIGURE 6.10: Raman spectra for the carbon nanotubes synthesized using 1 mM di-
luted colloidal Ge catalyst dispersed on a SiOs support after pretreatment in Hy for 2
minutes at 1000 °C, followed by a growth step at 850 °C in a mixture of Hy and CHy
(1 : 3 gas ratio) for 20 minutes. (a) Typical G-band characteristic detected with 532
nm laser excitation, fitted with four Lorentzian curves. (b) Histogram of the SWNT
diameters obtained via RBM. (c¢) Typical RBM modes detected with 532 and 633 nm
laser excitation lines. (d) Broad luminescence exhibited when samples excited with 785
nm laser line.

The Raman spectra obtained from areas of relatively high CNT area density typically
exhibited an asymmetric double peak at approximately 1590 cm~! (Figure 6.10(a)).
This double peak can be attributed to the Raman-allowed tangential mode of CNTs,
G-band. In the representative spectrum shown in Figure 6.10(a), this feature could
be fitted with four Lorentzian oscillators located at 1559, 1573, 1591 and 1606 cm™!.
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Group theory predicts that there are six Raman-active modes within the tangential G-
band spectral region (1600 cm~1) for general chiral SWNTs [112, 325]. The symmetry
assignments used to fit the four Lorentzian features have been reported [112, 325], and are
believed to be characteristic of a semiconducting tube. Indeed, assuming that the signal
originates from a single, isolated nanotube, we can determine the signal to originate
from a semiconducting tube of 1.62 nm diameter (using the relation Awg = wg+ —wg-,
as described in Section 2.4.5). This spectrum also exhibits a small D-band peak around
1320 cm™!, which can be attributed to disorder in the CNTs. The ratio between the
disorder induced D-band and the Raman allowed G-band (Ip/Is)is approximately 0.1,

suggesting that the nanotube is of a good quality in terms of structure and graphitisation.

Figure 6.10(c) shows typical spectra obtained in the region of 100 — 500 cm~! by two
laser excitation lines, 532 nm and 633 nm at different sample locations. Due to a broad
luminescence, shown in full in Figure 6.10(d), it was not possible to obtain Raman
measurements in this region using a 785 nm laser excitation line. It is believed that this
luminescence is caused by SiO2 nanoparticles, arising from defects in the support used in
these experiments [363, 381]. Figure 6.10(c) clearly shows the RBM feature, indicating
the presence of SWNTs. In most cases, the RBM feature was detected in the region of
110 — 210 cm™!. Assuming the standard formula for converting Raman shift to CNT
diameter, wrpy = 248/d, as described in Section 2.4.4, this indicates that the CNTs
observed by Raman scattering have diameters in the range of 1.2 —2.3 nm. A histogram
of the SWNT diameters observed in the measurements via the RBM spectral feature
is shown in Figure 6.10(b). It should be noted that since the measurements were only
undertaken using two laser excitation lines these results do not provide a full diameter
characterisation of the sample. The histogram indicates that the SWNT diameters
observed have a modal peak of approximately 1.8 nm and appears to show a Gaussian
distribution profile. Although no strong conclusions can be drawn from this fact, the
nanotube diameters detected are of similar sizes to the particle size distributions shown

in Figure 6.9, which showed a nanoparticle modal size of 2.5 + 0.9 nm.

The Raman measurements are supported by transmission electron microscope measure-
ments on a total of 5 CN'Ts synthesized from colloidal Ge nanoparticles dispersed on a
SiO9 support. Representative TEM images of these nanotubes are shown in Figure 6.11.
In all cases, the CNTs appeared as SWNTs. TEM measurements show a range of di-
ameters varying from 1.2 to 2.2 nm, which match the range of diameters obtained from
Raman measurements. In most cases, the CNTs originated from a cluster of particles
with a size of tens of nanometres, although it was not possible to determine if the CNT's
originated from any specific feature in these particles. This is most likely due to the
TEM sample preparation technique used, which consisted of scraping the sample with

a surgical blade and transference onto a carbon-coated Cu grid.

As is demonstrated in Figure 6.11(a), the tip structure of the nanotubes measured

showed a cone shape, with no nanoparticles present. This is indicative of a base-growth,
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FIGURE 6.11: Transmission electron microscope images of SWNTs synthesized from

colloidal Ge nanoparticles dispersed on a SiOs support. CNTs were synthesized with a

1000 °C pretreatment in Hs for 2 minutes, followed by a CNT growth step at 850 °C

in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. Scale bar corresponds to
5 nm.

which supports a growth mechanism involving the formation of a graphene cap. Due to
the size of the catalyst nanoparticles, the increasing fraction of low-coordinated atoms
may lead to surface saturation followed by carbon precipitation, as reported by Takagi
et al. [3]. Considering that carbon penetration inside small nanoparticles is unlikely [293],
the growth of CNTs is most likely a process primarily controlled by surface diffusion
[294, 295]. Indeed, it is believed by several groups that the rate-limiting factor in CNT

synthesis is the surface diffusion of carbon across the catalyst [269].

Due to their nanometer dimensions, the mechanics of growth of nanotubes on nanopar-
ticles are markedly different from the growth of carbon filaments. Other mechanisms are
therefore required to explain the nucleation of CNTs from nanoparticle catalysts. One
such model is the Yarmulke mechanism proposed by Dai et al. [188]. In the Yarmulke
mechanism, a graphene cap is assembled on the particle surface with its edges strongly
chemisorbed to the catalyst. The graphene cap acts to reduce the high total surface en-
ergy of the particle caused by its high curvature, owing to the fact that the basal plane
of graphite has an extremely low surface energy. As additional carbon atoms are added,
the hemifullerene cap formed on the particle surface lifts off, creating a hollow tube with
constant diameter which grows away from the particle [189]. This model was supported
by molecular dynamics simulations by Shibuta and Maruyama [190]. Recent works in
high-resolution in-situ TEM observation of the catalytic growth of CNTs have verified
this mechanism on nickel nanoparticles [36, 192]. These studies have also shown that

cap stabilisation and nanotube growth involve reshaping of the catalyst nanoparticle.
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6.7 Characterisation of SiO, Nanowires

SiO, nanowires were synthesized as a by-product of the growth process in several of
the experiments conducted in this thesis. One dimensional SiO, have recently attracted
considerable research attention due to their unique optical properties and promising
applications [382]. The stable and bright blue emission of SiO, nanowires make them
potential sources of high intensity light, near-field optical probes, waveguides, etc. How-
ever, the nanowire formation mechanism is unclear. The majority of reported fabrication
methods are catalyst-based methods. To date, several different types of catalyst have
been used, such as Au [383], Fe [384], Co [385], Ni [386] and Ge [387]. In most cases,
the formation of SiO, nanowires has been attributed to a vapour-liquid-solid mechanism
(VLS) [47]. In this regime, a nanocluster serves as the critical point for nucleation and
the addition of reactants from the vapour phase allows the formation of a nanowire

underneath the catalyst cluster.

In this section, characterisation of the SiO, nanowires synthesized using Ge colloidal
nanoparticles is undertaken. Referring to the data presented throughout this thesis,
a mechanism for nanowire formation is suggested. The results show that the possible

growth mechanism for nanowire formation is the solid-liquid-solid (SLS) process.

Figure 6.12(a) shows a representative HR-TEM image of a SiO, nanowire, synthesized
as a by-product of the CNT synthesis process. In this case, the growth process was a
pretreatment step in Hy for 10 minutes at 1000 °C followed by the CNT growth step
at 850 °C for 20 minutes in a mixture of CHy (1000 sccm) and Ha (300 sccm). It
should be noted that in all CNT growth experiments conducted in this thesis, no SiO,
nanowires were detected prior to the introduction of CHy in the growth step. There is no
evidence of Ge nanoparticles or metal catalyst particles either at the tip or the base of the
nanowires. All of the nanowires were isolated and did not form bundles. The diameter
of the representative nanowire shown is approximately 10 nm; the complete diameter
range observed by TEM was between 10 and 20 nm. EDS analysis of this nanowire
revealed the presence of silicon and oxygen, in high concentrations. As expected due to
the synthesis process, there was also the presence of a small carbon peak. Calculated
compositions of the nanowire from the EDS analysis revealed the formation of an oxygen

deficient silica phase (SiO2_).

The PL spectrum of SiO, nanowires was measured using a 364 nm Ar-ion laser excitation
with a power of 50 mW. Figure 6.12(b) shows the PL spectra of nanowires fabricated
using a a pretreatment step in Ho for 10 minutes at 1000 °C followed by the CNT growth
step at 850 °C for 20 minutes in a mixture of CHy (1000 sccm) and Ha (300 sccm). The
PL spectra shows three distinguishable peaks at 415 nm (3.0 eV), 440 nm (2.8 eV) and
460 (2.2 eV). Repeated measurements were made in different regions of the sample and
the same peaks were consistently seen in areas containing high density of nanowires,

but not seen in areas where no nanowires were present. These bands are analogous to
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FIGURE 6.12: (a) Transmission electron microscope image of SiO, nanowire, synthe-

sized as a by-product of the CNT synthesis process. (b) Room temperature photolumi-

nescence spectra of SiO, nanowires undertaken using a 364 nm Ar-ion laser excitation

with a power of 50 mW. (c) Raman spectra of SiO, nanowires undertaken using a 532
nm laser excitation.

the PL spectrum bands usually observed in amorphous silica nanowires [340, 384]. For
amorphous silica, the 2.7 eV band is ascribed to a neutral oxygen vacancy (=Si-Si=)
[388], and the 3.1 eV band is due to a twofold coordinated silicon lone pair centres (O-
Si-O) [389]. These defects are clearly induced by high oxygen deficiency in silica, as is
expected with the high hydrogen content during the growth step from both Hs gas and
radicals from the decomposition of CHy.

Figure 6.12(c) shows the Raman spectrum of SiO, nanowires taken using a 532 nm laser
excitation with a power of 12 mW. The spectrum demonstrates a sharp peak around
505 cm ™! in addition to the first order Raman peak at 520 cm™! of crystalline Si. The
FWHM of this peak is also considerably broader than that of crystalline Si, 17 cm™!

compared with 4 cm™!.

Similar peaks around 505 cm~! have been reported in the
literature for silica nanowires [383, 384, 390]. Indeed, Wang et al. [390] reported a shift

in the first-order optical phonon to 505 cm™! from 520 cm™' when comparing a 10 nm
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SiO, nanowire with crystalline Si. This shift from the first order peak of crystalline Si
is reported to be due to phonon confinement effects, which become more pronounced

when the nanowire diameter is less than 22 nm [390].

FIGURE 6.13: Scanning electron microscope images of SiO, nanowires, synthesized as
a by-product of the CNT synthesis process. Colloidal Ge nanoparticles were dispersed
on a SiOy support at 1 mM dilution, pretreated at 1000 °C in Hs for 10 minutes and
subjected to a CNT growth step at 850 °C in a mixture of Hy and CHy (1 : 3 gas
ratio) for 20 minutes. Scale bar corresponds to 1 pum. (a) Representative and (b)
cross-sectional showing image showing pitting at the base of the nanowire.

Figure 6.13(a) shows a SEM image of the nanowires fabricated as described above. The
SEM image shows that pits are created in the SiOs support surface. Indeed after the
removal of the nanowires via a HF vapour etch, AFM line analyses showed pitting in the
regions of high nanowire density. To confirm these observations, cross-sectional SEM
images were undertaken. The samples were prepared using a Zeiss Focussed Ion Beam
(FIB) with a liquid-metal Ga ion source to mill out a section of the support medium
in an area of high SiO, nanowire density. A representative cross-sectional image is
shown in Figure 6.13(b). This image shows a highly undulated interface between the
nanowire layer and the substrate. Although the quality of the interfacial layer cannot
be quantitatively determined, the randomness and size of the voids suggest that the
crystalline quality of the top layer of the support is substantially deteriorated. This result
is consistent with Figure 6.13(a), suggesting that nanowire growth is always associated
with pit formation. Additionally, this demonstrates that the growth mechanism is not

a VLS process, as no pits are expected for the VLS process.

From the results presented in this thesis, the main observations with regard to SiO,
nanowires can be summarised as follows: (1) Carbon appears to be the source for pro-
moting the formation of SiO, nanowires as no nanowires were detected prior to the
introduction of CHy in the growth step. (2) The formation of SiO, nanowires required

a catalyst layer, as no nanowires were detected in any of the control samples. (3) The
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synthesized nanowires show a round or elliptical tip, with no catalyst nanoparticles de-
tected in the tip structure, suggesting that the growth of the nanowire begins from a
melt. From these observations and the conclusions drawn from Figure 6.13, evidence
points to a solid-liquid-solid (SLS) growth mechanism. Indeed, Paulose et al. [391] re-
ported that the formation of Au-SiO, composite nanowires under similar conditions was
due to a SLS growth mechanism: Si atoms diffused to the Au-Si liquid alloy to form

nanowires.

The role that the catalyst may play is to create a highly stressed Si surface layer for
pitting to occur. One possible mechanism for the SiO, nanowire growth could be the
carbothermal reduction of SiOy [284, 319] at the catalyst-support interface. Li et al.
[284] report that the presence of carbon radicals will increase the rate of SiO, nanowire
formation due to the formation of local temperature gradients at the support-catalyst
interface. An alternate mechanism by which SiO, nanowires could grow from an oxide
layer is that reported by LeGoues et al. [392] who showed that Ge has a catalytic effect
on the oxidation of Si at high temperatures over 800 °C. When a Si substrate and GeOq
(from the colloidal Ge nanoparticles) are close to each other, Ge atoms are replaced by
Si atoms to form SiOs. A continuous supply of both Si and O sources from the support

would then provide the feedstock needed for the SiO, nanowire growth [393].

6.8 Effect of Support Material

In order to determine the role of the support in the synthesis of CNTs from Ge col-
loidal nanoparticles, an alternate support was used. In this section, AloO3 was used
as a support medium and processed as described in Section 6.1. These measurements
are expected to complement the discussion presented in this chapter and provide some

insight into the catalyst-support interactions that occur in this growth methodology.

Figure 6.14 shows FE-SEM images of the 1 mM Ge nanoparticle colloidal solution dis-
persed on a AlsOg support after a 850 °C CNT growth step following a catalyst pre-
treatment anneal in Hs at various temperatures for 10 minutes. The pretreatment
temperatures shown in Figure 6.14(a)—(d) are 1000, 950, 900 and 850 °C, respectively.
Figure 6.14(a) shows a typical sample after pretreatment at 1000 °C, which showed a
high density of thick fibres. These fibres had an approximate diameter of 20 nm and a
typical length of 1 um. EDS measurements showed the presence of Al, O and a strong
C peak; indicating these are C nanofibres. The uniformity of this layer was high and
showed a homogeneous coverage across the sample. After pretreatment at 950 °C, shown
in Figure 6.14(b), there was a high density of long, thin fibres which were found to be
CNTs. This layer showed a density of 1.84£0.4 ym in length/um?, and a highly homoge-
neous coverage across the sample. Finally, no nanostructures were found in the samples

pretreated at the two lowest temperatures, 900 °C and 850 °C. This may indicate that
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FIGURE 6.14: Scanning electron microscope image of CNT growth using colloidal

Ge nanoparticles dispersed on a Al,Oz support at 1 mM dilution. The CNTs were

pretreated at four different temperatures; (a) 1000 “rcC (b) 950 °C, (c¢) 900 °C and

(d) 850 °C in Hy for 10 minutes. The subsequent CNT growth step was kept constant

at 850 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. Scale bar
corresponds to 1 unm.

the activation temperature for this catalyst-support combination is higher than that

witnessed for the Ge-SiO4 catalyst-support system.

The results presented in Figure 6.14 suggest that the behaviour of the Ge-Al,Og3 catalyst-
support system is significantly different than that seen in Section 6.5. In order to inves-
tigate the effect the support has on the CNT synthesis process, AFM characterisation
of the 1 mM colloidal Ge nanoparticles dispersed on AlyO3 has been undertaken for the

range of pretreatment temperatures discussed above.

From typical AFM images on samples after a pretreatment step at temperatures between
1000 and 850 °C, the mean density of particles has been determined. The results are
summarised in Table 6.3. This table demonstrates a drastic reduction in nanoparticle

density as pretreatment temperatures are increased. The initial nanoparticle density
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FI1GURE 6.15: Particle size distribution for 1 mM diluted colloidal Ge catalyst dispersed

on a AlyO3 support after pretreatment in Hy for 10 minutes at; (a) 1000 °C, (b) 950

°C, (c) 900 °C and (d) 850 °C. Particle size distributions have been fitted with a
non-centred, normalised Gaussian.

is reduced from 530 4 60 particles/um? is reduced to 303 & 35, 170 + 24, 85 + 6 and
18 4+ 8 particles/um? after pretreatment at 850, 900, 950 and 1000 °C, respectively.
The reduction in nanoparticle density is far more pronounced in the Ge-AlsOg catalyst-
support system than that seen in the Ge-SiO9 system.

Figure 6.15(a)—(d) show the particle size distribution for colloidal Ge nanoparticles dis-
persed on a Al,Ogs support pretreated in Hy for 10 minutes at 1000, 950, 900 and
850 °C, respectively. Each distribution has been fitted with non-centred, normalised
Gaussian curves. The distribution for Ge nanoparticles pretreated at 850 °C, shown
in Figure 6.15(d), resembles the initial distribution (shown in Figure 6.2(b)). However,
there is a noticeable increase in the modal height and a broadening of the distribution
profile. As pretreatment temperatures increase, there is a large increase in the modal
height of the nanoparticles and a broadening of the distribution. Additionally, there

is a proportional increase in the number of larger nanoparticles (larger than 2 nm in
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diameter). The statistics of the distributions shown are summarised in Table 6.3. This
behaviour, when considered in conjuction with the reduction in nanoparticle density is
indicative of phase coarsening, which occurs at the expense of small particles within a
system. However, due to the very low density of nanoparticles after pretreatment at
higher temperatures, the accuracy of the measurement is questionable and much care is

required when drawing conclusions.

Pretreatment Distribution Statistics Nanoparticle Density
Temperature Time Mode Ro
(°C) (min) (nm) (nm) (particles/pum?)
850 10 2.0+0.6 0.978 303 £ 35
900 10 4.7+1.5 0.985 170 £ 24
950 10 5.6+2.6 0.908 85+ 6
1000 10 7.1+6.1 0.626 18£8

TABLE 6.3: Particle size distribution fit parameters and nanoparticle densities for 1
mM colloidal Ge nanoparticle catalyst dispersed on a AloO3 support after pretreatment
at various temperatures.

When compared with the Ge-SiOy catalyst support system, these results show that
phase coarsening is occurring at a much higher rate in the Ge-AlsOg3 catalyst support
system. This is indicative of a weaker support-catalyst interaction. The data suggests
that a clean AlyO3 surface does not provide strong enough adhesive force for higher
coverages of Ge. Even though Ge is thought to interact with the AloOs quite strongly
at lower coverage [394], the stronger cohesion results in clustering and agglomeration
at higher surface coverages with concomitant loss of surface area of the catalyst and its

reactivity for catalytic processes.

In order to characterise the CNTs formed using this catalyst-support combination, Ra-
man analysis was undertaken. Figure 6.16 shows the Raman spectrum for the carbon
nanotubes synthesized using 1 mM diluted colloidal Ge catalyst dispersed on a Al,O3
support after pretreatment in Hs for 10 minutes at 950 °C, followed by a growth step at
850 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. The spectrum shows
two distinct peaks, at 1347 cm ™! and 1582 cm™!, these peaks can be attributed to the
D-band and the G-band of crystalline carbon. The shape of the G-band feature is broad
and asymmetric with a FWHM of approximately 75 cm™'. This spectra is characteristic
of of MWNTSs, which exhibit an asymmetric G-band peak located at approximately 1582
ecm~! [395]. Additionally, no spectral features were detected in the RBM region in any

location of this sample.

The synthesis of MWNTs with the Ge-AlsOg catalyst-support system is most likely
due to the agglomeration of Ge nanoparticles into clusters too large to catalyse SWNT
formation. Additionally, it is reported that nanoparticles of AloO3 are capable of pro-
moting ordered carbon growth [278]. Rummeli et al. [278] attributed this to the presence
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FIGURE 6.16: Raman spectra for the carbon nanotubes synthesized using 1 mM diluted

colloidal Ge catalyst dispersed on a Al,Os support after pretreatment in Hs for 10

minutes at 950 °C, followed by a growth step at 850 °C in a mixture of Hy and CHy
(1: 3 gas ratio) for 20 minutes.

of surface defects on the nanoparticle oxides. However, the interface between the cata-
lyst nanoparticle and the support is thought to act as a annular defect site. This would
indicate that the nature of the support-nanoparticle interface may be very important to
the behaviour of the catalyst. The higher propensity for ordered carbon formation and
the larger nanoparticle sizes obtained due to agglomeration may have resulted in the
catalysis of MWNTs.

6.9 Conclusions

In this chapter, research on the use of colloidal Ge nanoparticles fabricated by an in-
verse micelle technique as a catalyst for CNT growth was presented. The colloidal Ge
nanoparticle catalyst was shown to be a viable catalyst for the synthesis of SWNTs on
a SiO9 support. The results indicate that the inverse micelle technique provides good
control over the morphology of the nanoparticles and delivers a well-controlled CNT
growth process. A SWNT area density of 5.240.7 um in length/um? was obtained from

the colloidal Ge nanoparticles under the optimum growth condition.

TEM and AFM analyses show that good control over nanoparticle size and concentra-
tion is possible with the inverse micelle technique. The colloidal Ge nanoparticles were
synthesized at various concentrations with a particle size of 1.4 + 0.5 nm. PL anal-

ysis of the synthesized colloidal solutions showed that higher concentrations colloidal
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solutions showed a broad luminescence compared with the lower concentrations, with
the onset of absorbance occurring at longer wavelengths. This suggests that the higher
concentrations have a broader range of nanoparticle sizes, as indicated by a shift toward
lower energy values [375]. Additionally, the lower concentrations of colloidal solutions
are stable for longer periods of time, with coagulation of the nanoparticles after a few
weeks. This was determined qualitatively by a change in colloid colour, from a transpar-
ent solution to whitish, indicating flocculation of the nanoparticles. PL measurements

indicated that the synthesized nanoparticles were most likely quantum confined.

Following a CNT growth step, the colloidal Ge nanoparticle solutions were able to catal-
yse the formation of CNTs at two concentrations; 1 and 2 mM. Higher concentrations
of the colloidal nanoparticle solutions failed to produce any CNTs, most likely due to
agglomeration upon annealing. The highest yield was obtained for the 1 mM concentra-
tion of the colloidal Ge nanoparticles owing to a larger initial interparticle separation.
It could also be argued that the particle size distribution of the nanoparticles fabricated
at this concentration is more conducive to CNT formation, however further experimen-

tation is required to prove this.

In order to obtain CNTs, a pretreatment anneal in hydrogen was required. SEM analyses
indicated that the hydrogen pretreatment step prevented agglomeration and resulted
in redispersion of the nanoparticles, possibly due to evaporation of the catalyst. SEM
images from samples following a CNT growth step showed that CNT growth was possible
in samples pretreated at a temperature in the range of 1000 — 850 °C . The highest
yield was obtained for a pretreatment at 1000 °C for 2 minutes. It is believed that the
hydrogen pretreatment step is required to remove residual contaminants on the surface of
the nanoparticles. AFM analyses of the Ge nanoparticles after pretreatment showed that
there is an associated reduction in nanoparticle density as pretreatment temperatures
increase. However, the reduction in nanoparticle density was less pronounced than that
shown in Chapter 5 for non-implanted samples. This difference is most likely due to
a difference in surface termination; it is believed that the Ge nanoparticles synthesized
by this process have H-terminated surfaces which is more effective in passivating the
nanoparticle surface compared to the Ge surface oxide. There is also an increase in modal
height of the nanoparticles and a broadening of the size distributions as pretreatment

temperatures increase most likely due to phase coarsening.

The synthesized CNTs were characterised by Raman spectroscopy and were shown to
be of a good quality in terms of graphitisation and structure. The RBM feature was
frequently detected, indicated that presence of SWNTs. Although a full diameter char-
acterisation was not undertaken, the histogram of the SWNT diameters obtained by
RBM correlates with the particle size distributions obtained by AFM. TEM measure-
ments confirmed the presence of SWNTs, with diameters in the range of 1.2 — 2.2 nm.

Additionally, the tip structure of the nanotubes measured showed a cone shape, with
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no nanoparticles present. This is indicative of a base-growth mechanism. A new in-
terpretation of the role of the catalyst was presented where only a nanoscale curvature
is necessary to grow CNTs. It was argued that the growth mechanism of the SWNTs
most likely involves the formation of a graphene cap, as carbon penetration inside small
nanoparticles is unlikely [293]. The Yarmulke mechanism, first proposed by Dai et al.
[188], was used to explain the nucleation of CNTs from the Ge nanoparticle catalyst.
In this mechanism, a graphene cap is assembled on the particle surface with its edges
strongly chemisorbed to the catalyst. The graphene cap acts to reduce the high total
surface energy of the particle caused by its high curvature, owing to the fact that the
basal plane of graphite has an extremely low surface energy. As additional carbon atoms
are added, the hemifullerene cap formed on the particle surface lifts off, creating a hollow

tube with constant diameter which grows away from the particle [189].

In order to determine the role of the support in the synthesis of CNT's from Ge colloidal
nanoparticles, AloO3z was used as a support medium and the CNT growth process was
examined. SEM measurements showed that two types of carbon nanostructures were
synthesized using this catalyst-support system after pretreatment at 1000 and 950 °C.
After pretreatment at 1000 °C, carbon nanofibres were synthesized. Following a pre-
treatment at 900 °C, a homogeneous coverage of MWNTs (as determined by Raman
spectroscopy) was synthesized. This was attributed to a weaker catalyst-support in-
teraction compared with Ge-SiOs, which led to increased clustering and aggregation of
nanoparticles. This hypothesis was confirmed by AFM measurements on the nanopar-
ticles after pretreatment. Additionally, AloOg3 is reported to have a high propensity
for ordered carbon formation [278], which in conjuction with the larger nanoparticles
sizes obtained due to agglomeration may have led to the catalysis of MWNTs instead of
SWNTs.

Finally, the nanowires synthesized as a byproduct of the growth process was investigated.
Raman, PL and TEM measurements confirmed the synthesized nanostructures as SiO,
nanowires. TEM images showed that the nanowires had a typical diameter in the range of
10 — 20 nm, and EDS measurements indicated that the nanowires were oxygen deficient.
This hypothesis was confirmed by the PL spectrum, which showed a neutral oxygen
vacancy and twofold coordinated silicon lone pair centres. The Raman spectra showed a
peak at 505 cm ™!, which is attributed to a shift in the first-order optical phonon of silicon
(520 cm~1) due to phonon confinement effects in the nanowire. SEM measurements
showed pitting in the substrate at the base of the nanowires, indicating that nanowire
formation is most likely due to a SLS growth mechanism. It is suggested that this occurs

due to carbothermal reduction of the SiOy support.

The results presented show that the commonly utilised model of carbon filament growth
is inadequate to describe SWNT growth from non traditional catalysts. A new inter-
pretation of the role of the catalyst was presented where only a nanoscale curvature is

necessary to grow CNTs.






Chapter 7

Support-Catalyst Interactions in
SWNT Synthesis

The role played by the support in the CVD of CNTs is not yet fully understood. The
simplistic view that the support only plays a catalytically passive role in the formation
of CNTs requires examination. The work of Rummeli et al. [278] demonstrated that
under typical CVD growth conditions, nanoparticles of difficult-to-reduce metal oxides
were capable of promoting ordered carbon growth. The authors attributed this to the
presence of surface defect sites on the nanoparticle oxides. However, the interface be-
tween the catalyst nanoparticle and the support is thought to act as a annular defect
site. This would indicate that the nature of the support-nanoparticle interface may be

very important to the behaviour of the catalyst.

In the supported catalyst method of metal catalysed carbon nanotube synthesis, the sup-
port can interact both chemically and physically with the catalyst nanoparticle [308—
312]. The support can control the size of the catalyst nanoparticle by affecting the
kinetics of nanoparticle formation. The support can also act to disperse the metal cata-
lyst particles formed upon decomposition of metal salt precursors by physically holding
the particle in place [299]. Additionally, the support can interact chemically with the
catalyst nanoparticle and dramatically affect its catalytic ability. For instance, acquisi-
tion of negative charge by the catalyst nanoparticle from the support can enhance its
catalytic activity by strengthening back donation of electron density into anti-bonding
orbitals of the adsorbate [299, 396]. This electron sharing between the catalyst and
adsorbate sufficiently weakens the bonding within the adsorbate, resulting in its disso-
ciation [311, 312].

The catalyst nanoparticle can acquire negative charge through the interaction between
either the metal cation or oxygen anion sites in the support [309-312]. A strong inter-
action between the catalyst nanoparticle and the cationic sites on the support is known

as strong-metal support interaction (SMSI). SMSI arises from partial reduction of the

139



140 Chapter 7: Support-Catalyst Interactions in SWN'T Synthesis

oxide, which enables the metal cation of the support to donate partial negative charge
to the supported metal nanoparticle [299]. For support oxides that are not readily re-
duced, another interaction involves the catalyst nanoparticle and an exposed oxygen
anion sites on the support [309, 310]. The anions can act as Lewis base sites donating
negative charge to the metal nanoparticle. In a similar manner, the partial negative

charge it does accept from the oxide can enhance its catalytic activity.

In addition to these site-specific interactions, other processes such as Ostwald ripening
and sintering can also occur during the metal nanoparticle formation steps [313, 314].
For instance, dramatic structural changes occur when metals supported on TiOy are
heated in Hs to 500 °C. The oxide becomes partially reduced to TizO7 and the metal
assumes the form of hexagonal plates. In other systems, a compound may form between
the support and metal nanoparticle [314]. Changes in the phase and crystalline structure
of the support may also affect the nature of its interaction with the catalyst [299]. Con-
sequently, the physical and electronic structure of the supported catalyst nanoparticle

will also be affected.

In this chapter, the factors affecting the activity of a metal catalyst-support system are
investigated. To explore these interactions, combinations of catalyst metals and support
mediums are tested. Three metals, Fe, Co and Ni, of moderate to high catalytic ability
were chosen for comparison on three different support media, SiOs, AloO3 and HfOs.
AFM characterisation of the catalyst following deposition and nanoparticle formation
steps provide an insight to the effects of the support on the nanoparticle formation kinet-
ics. Additionally, the effect of pretreatment on catalyst morphology is also investigated
for each support medium used. These results provide novel insights on the how interac-
tions between catalyst and support affect morphology. The yield of CNT growth on each
support is investigated by SEM, and this data is used to ascertain the chemical effects
of the support on CNT synthesis. The synthesized nanotubes are also characterised and

compared by Raman spectroscopy.

Finally, Ge nanoparticles are used as a catalyst promoter to passivate the effects of the

support and allow carbon nanotubes to be grown directly on HfO4 for the first time.

7.1 Experimental Details

A metal nitrate catalyst solution was prepared by mixing highly pure metal nitrate salt
(99.995%) and isopropyl alcohol (Chromasolv, absolute, 99.9% from Sigma-Aldrich) at
a concentration of 1 mM and sonicated for 20 minutes. The metal nitrate salts used for
these experiments were iron(III) nitrate nonahydrate, cobalt(II) nitrate hexahydrate and
nickel(II) nitrate hexahydrate from Sigma Aldrich. The catalyst solution was deposited
by dip-coating the supports in the solution at a speed of 3 mm/s. Samples were then

subjected to a 100W Og plasma for 10 minutes to remove any residual organic left from
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deposition. The samples were then annealed in air at 400 °C for 30 minutes to thermally

decompose the deposited metal nitrate.

The support media used in these experiments were SiOg, Al,O3 and HfOs. For the
SiOgy support, < 001 > oriented, p-type silicon (17 — 33 Qcm resistivity) with a 300
nm SiOs layer was purchased from IDB Technologies. For the Al,Og support, < 001 >
oriented, p-type silicon (17 — 33 Qcm resistivity) with a 100 nm AlyOg3 layer deposited
by sputtering was prepared. Finally, for the HfOy support, < 001 > oriented, p-type
silicon (17 — 33 Qcm resistivity) with a 20 nm HfOq layer deposited by atomic layer
deposition was used. All supports were cut to 10 x 10 mm pieces to suit a one-inch

diameter furnace tube.

Carbon nanotubes were grown in a one-inch tube furnace using a two step process. The
first step was a hydrogen pretreatment performed at a temperature of 900 °C for 10
minutes and the second step was a CNT growth step by thermal CVD in a hot-wall
reactor at atmospheric pressure. The CNT growth step was carried out using a mixture
of methane (1000 sccm) and hydrogen (300 sccm) at a temperature of 900 °C. A new

quartz tube was used exclusively for this work to avoid contamination.

The metal catalyst was characterised using a Veeco Multi-Mode atomic force microscope,
using super sharp Si cantilevers (typical tip radius of 2 nm). Particle height distributions
for each sample were determined using a minimum of 10 1 gm? AFM images utilising
the Veeco Nanoscope software package. Images were first flattened using a three point
levelling technique, and a threshold height of 0.5 nm was set in the particle detection
software. The synthesized CNTs were observed by field-emission scanning electron mi-
croscope (JEOL 6500F). The chemical compositions of SEM samples were analysed by
energy-dispersive X-ray spectroscopy (Oxford Instruments INCA Microanalysis System).
The area densities of CN'Ts were evaluated using FE-SEM images using ImageJ to deter-
mine the total contour length of CNTs [315]. For quantitative analysis, several images
taken from the same sample were used, with overlapping regions being discarded. The
Raman measurements were undertaken utilising a Renishaw in-Via system, consisting
of an Olympus Microscope, a monochromator with a 1200 groves/mm grating, a Peltier
cooled CCD, holographic notch filter and a He-Ne (632.8 nm) laser excitation. The
signal is collected via a backscatter geometry, with the holographic notch filter tuned

so that the frequency cut-off was a shift of approximately 110 cm™".

For this reason,
the system is not able to detect RBMs from CNTs with diameters larger than 2.3 nm.
Raman spectra was taken using two laser excitation energies (532 and 632.8 nm) with

a power of 12 mW.
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(a) (b) (c)

FIGURE 7.1: Scanning electron microscope images of CNTs synthesized from three

transition metal catalysts; (a) Fe, (b) Co and (c) Ni, dispersed on a SiOs support. The

CNTs were grown by depositing 1 mM of a metal-nitrate salt by dip coating, followed

by a nitrate reduction anneal in air at 400 °C for 20 minutes prior to the CNT growth

step at 900 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. Scale bar
corresponds to 500 nm.

7.2 Interactions between Catalyst and SiOs Support

Figure 7.1 shows SEM images of CN'T's synthesized on a SiO9 support from three transi-
tion metal catalysts; (a) Fe, (b) Co and (c) Ni. From the SEM images it is evident that
only the Fe-SiOq catalyst-support system yielded CNT's, with a area density of 3.54+0.2
pm in length/pm?2. The Co-SiO3 and Ni-SiO; catalyst-support systems showed the pres-
ence of much larger nanoparticles after growth, indicating significant agglomeration of

the nanoparticle catalyst upon anneal.

In order to investigate this effect, AFM analysis of the catalysts supported on SiOs was
undertaken. Figure 7.2 show particle size distributions for each catalyst after the nitrate
decomposition anneal, and following an anneal in Hy at 900 °C for 10 minutes. From
typical AFM images the mean density of particles before and after pretreatment in Hs at
900 °C has also been determined. The Fe-SiOs catalyst-support system showed an ini-
tial density of 495 4 23 particles/um?, which after pretreatment in Hy was been reduced
to 422 + 37 particles/um?. The reduction in nanoparticle particle density upon pre-
treatment is more pronounced in the case of the Ni-SiOy and Co-SiO4 catalyst-support
systems. The Co catalyst showed a reduction from 530 + 27 to 125 & 84 particles/um?,
while the Ni catalyst density was reduced from 340 + 96 to 180 4 48 particles/um?. The
reduction in nanoparticle density was associated with an increase in nanoparticle modal
height and broadening of the nanoparticle distribution. The Fe catalyst showed a slight
increase in modal height from 1.24+0.4 to 2.74+1.2 nm. In the case of Co and Ni catalysts
the increase was greater, with Co showing an increase in modal height from 1.9 £+ 0.8 to
7.3 + 1.8 and Ni showing an increase from 1.0 £ 0.2 to 3.7 £ 1.4 nm.

This difference can be explained by the adsorption energy between the catalyst metal

to the silica surface. Ma et al. [344] reported a periodic trend in absorption energy of
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FIGURE 7.2: Particle size distribution for 1 mM transition metal catalysts dispersed

on a SiOy support before and after anneal in Hy for 10 minutes. (a) Fe catalyst as

deposited. (b) Fe catalyst after anneal at 900. (c) Co catalyst as deposited. (d) Co

catalyst after anneal at 900 °C. (e) Ni catalyst as deposited. (f) Ni catalyst after anneal

at 900 °C. Particle size distributions have been fitted with a non-centred, normalised
Gaussian.
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first-row transition metals with the silica surface. Adsorption energies and inter-atomic
distances of 3d"4s'~2 metal atoms on silicon dioxide surface exhibit a periodic double-
hump pattern determined primarily by the 3d"™ subshell. There is an overall trend
toward weakening of the metal-oxide bond when passing from early to late transition
metals. Molecular dynamics calculations suggest that a clean siloxane surface of silica
does not provide a strong enough adhesive force for higher coverages of Co and Ni metals
[397]. Even though these metals interact with the silica support fairly strongly (1 — 2
eV/atom) at lower coverage, the stronger cohesion (3 —4 eV /atom) results in clustering
and further agglomeration at higher metal coverages [345]. Co and Ni both have a
weaker interaction with the silica surface than that of Fe, which at higher coverages

results in higher clustering and agglomeration.
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F1GURE 7.3: Raman spectra for the carbon nanotubes synthesized using 1 mM Fe

catalyst dispersed on a SiOy support. The CNTs were grown using a nitrate reduction

anneal in air at 400 °C for 20 minutes prior to the CNT growth step at 900 °C in a mix-

ture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. (a) Typical G-band characteristic

detected with 532 nm laser excitation, fitted with four Lorentzian curves. (b) Typical

RBM modes detected with 532 and 633 nm laser excitation lines. (¢) Histogram of the
SWNT diameters obtained via RBM.

The Raman spectra obtained from areas of relatively high CNT area density typically
exhibited an asymmetric double peak at approximately 1590 cm~! (Figure 7.3(a)). This
double peak can be attributed to the Raman allowed tangential mode of CN'Ts, G-band.
In the representative spectrum shown in Figure 7.3(a), this feature could be fitted with
four Lorentzian oscillators located at 1573, 1584, 1605, 1614 cm~!. The spectra shown
in Figure 7.3(a) shows a strong D-band feature, located at 1360 cm™1, which can be
attributed to disorder in the CNT. The ratio between the disorder induced D-band
and the Raman allowed G-band (Ip/Ig)is approximately 0.25, suggesting a moderate
defect density. Figure 7.3(b) shows the spectral region of 100 — 500 cm~! by two laser
excitation lines, 532 nm and 633 nm at different sample locations. Due to a broad
luminescence, it was not possible to obtain Raman measurements in this region using
a 785 nm laser excitation line. This figure clearly shows the RBM feature, indicating
the presence of SWNTs. In most cases, the RBM feature was detected in the region of
110 — 180 cm™'. Assuming the standard formula for converting Raman shift to CNT
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diameter, wrpy = 248/d; as described in Section 2.4.4, this indicates that the CNTs
observed by Raman scattering have diameters in the range of 1.4 — 2.3 nm. A histogram
of the SWNT diameters observed in the measurements via the RBM spectral feature
is shown in Figure 7.3(c). It should be noted that since the measurements were only
undertaken using two laser excitation lines these results do not provide a full diameter
characterisation of the sample. The histogram indicates that the SWNT diameters
observed have a modal peak of approximately 1.8 nm and appears to show a Gaussian
distribution profile. Although no strong conclusions can be drawn from this fact, this
result correlates with the particle size distributions shown in Figure 7.2(b), which showed

a nanoparticle modal size of 2.7 + 1.2 nm.

7.3 Interactions between Catalyst and Al,O3 Support

(a)

FIGURE 7.4: Scanning electron microscope images of CNTs synthesized from three

transition metal catalysts; (a) Fe, (b) Co and (c¢) Ni, dispersed on a AlyOs support.

The CNTs were grown by depositing 1 mM of a metal-nitrate salt by dip coating,

followed by a nitrate reduction anneal in air at 400 °C for 20 minutes prior to the CNT

growth step at 900 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes.
Scale bar corresponds to 500 nm.

Figure 7.4 shows SEM images of CNTs synthesized on a Al,Og support from three
transition metal catalysts; (a) Fe, (b) Co and (c¢) Ni. Unlike with the SiOg support, the
SEM images indicate that all three catalyst-support systems yield CNTs. The highest
area density achieved was that of the Fe-AlyO3, with an area density of 7.6 £ 0.8 pm in
length/pm?. The Co-SiOy and Ni-SiO5 catalyst-support systems achieved slightly lower
densities, 5.5+ 1.1 and 3.8 + 0.6 um in length/um?, respectively. This increase in yield
compared with SiOs as a support medium was expected. Indeed, there have been several
reports in the literature of higher rates of CNT formation obtained on Al,O3. Su et al.
[398] and Colomer et al. [223] both reported higher CNT yields on AlaO3 compared with
Si04. Experiments by Kukovecz et al. [399] showed that Ni-AloO3 was very catalytically

active, whereas Ni-SiOy is poorly active.
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In order to determine the morphology of the catalyst supported on Al,O3, AFM char-
acterisation of the samples has been undertaken for Fe, Co and Ni catalysts before and
after pretreatment at 900 °C in Hy for 10 minutes. Figure 7.5 shows the particle size
distributions derived from a minimum of 15 AFM images for each catalyst supported
on AlyOs. The mean density of the Fe-AloOg catalyst-support system showed an initial
density of 580466 particles/um?, which after pretreatment in Hy was reduced to 390+55
particles/um?. The reduction in nanoparticle particle density upon pretreatment is sim-
ilar in the case of the Ni-SiO9 and Co-SiO9 catalyst-support systems. The Co catalyst
showed a reduction from 504 +34 to 446447 particles/um?, while the Ni catalyst density
was reduced from 521 + 48 to 468 + 54 particles/um?. The particle size distributions
showed little change after pretreatment, unlike with SiO5 as a support medium. The Fe
catalyst showed a slight reduction (although not statistically significant) in modal height
from 1.2 £ 0.4 to 1.1 & 0.3 nm. In the case of Co and Ni there was a slight increase
in the modal height and slight broadening of the nanoparticle distribution, although
again this was not statistically significant. The Co catalyst showed an increase in modal
height from 0.9 £+ 0.3 nm to 1.6 4+ 0.6, while the Ni catalyst showed an increase from
1.4+ 0.4 nm to 1.9 + 0.6 nm. The shape of the particle size distribution for the Ni
catalyst after pretreatment remained very similar to the initial distribution, with a only
a very slight increase in modal height which could be attributed to the measurement
accuracy. However, in the case of Fe and Ni, the distributions showed a slight increase
in the proportion of larger particles, which is shown as a pedestal to the right of the

main mode. This behaviour is indicative of a coarsening mechanism.

The difference in the behaviour of the catalyst when supported by AlsOs compared
with SiO2 can be explained by a stronger interaction between the catalyst and support.
Hofmann et al. [396] reported the formation of stronger Fe oxide signatures by XPS
analysis for AlyOs-supported Fe, which could be explained by interfacial bonding [400,
401]. This was shown to result in a narrower Fe particle size distribution during the
pretreatment compared with Fe on SiOj, resulting in a higher density of CNTs [401]. In
the case of a metal and its silica support, a direct redox reaction is thermodynamically
predicted only for metals with electronegativities less than 1.5 on the Pauling scale [402].
This behaviour pattern can be related to the oxide free energy of formation per O atom
[403], which increases (negatively) as the metal work function decreases. Fe, the most
electropositive metal studied in this work, shows a very weak oxidation signature on
SiOg9, which indicates that it does not reduce the SiOy support. This indicates that the
interaction strength at the metal-oxide interface determines the metal wetting. Indeed,
in the case of Ni, it is reported that the reduction of Ni oxide leads to a physical dewetting
of the Ni catalyst from the SiOg support [396]. This effect is seen in Figure 7.2(f) and is
consistent with the weak-metal support interaction seen for Ni catalysts on SiOs supports
[404]. The as-formed Ni nanoparticles coarsen with increasing temperatures and process
time, reflecting the higher surface free energies of metal facets [405] compared with the

oxide support, and also the low adhesion energy of Ni [406].
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FIGURE 7.5: Particle size distribution for 1 mM transition metal catalysts dispersed
on a Al;O3 support before and after anneal in Hy for 10 minutes. (a) Fe catalyst as
deposited. (b) Fe catalyst after anneal at 900. (c) Co catalyst as deposited. (d) Co
catalyst after anneal at 900 °C. (e) Ni catalyst as deposited. (f) Ni catalyst after anneal
at 900 °C. Particle size distributions have been fitted with a non-centred, normalised

Gaussian.
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Molecular dynamics simulations by Ma et al. [407] of Co and Ni on Al,O3 attempt to
describe the orbital nature of the metal-support interactions. Their results indicated
that a significant contribution to the metal-support interaction is due to the ligand field
splitting of partially occupied 3d orbitals screened by the bonding orbital involving the
4s electron in a threefold oxygen site. This is thought to result in surface reconstruction
of the Al,Og surface, as unsaturated surface bonds result in surface levels which will
affect the surface geometry and electronic properties. However, it should be noted that
the authors reach the conclusion that the adsorption energy of Co and Ni atoms on
Al O3 is significantly smaller compared to Co and Ni atoms on SiOs. This is in direct
opposition to the experimental results obtained in this section, which show a strong

interaction between the catalyst and the support.

Figure 7.6 shows Raman spectra for carbon nanotubes synthesized using Fe, Co and
Ni catalysts dispersed on a Al;O3 support. The Raman spectra obtained in areas with
relatively high CNT density for typically exhibited an asymmetric double peak at ap-
proximately 1590 cm™!, show in Figure 7.6(a), 7.6(d), 7.6(g) for the Fe, Co and Ni
catalysts, respectively. This double peak can be attributed the Raman-allowed tangen-
tial mode of CNTs, G-band. In all cases shown, this feature could be fitted with four
Lorentzian oscillators. The similar symmetry assignments used to fit the four Lorentzian
features have been reported [112, 325], and are believed to be characteristic of a semi-
conducting tube. The spectra presented also shows a small D-band feature, located at
1350 cm™!, which can be attributed to disorder in the CNT. The ratio between the
disorder induced D-band and the Raman allowed G-band (Ip/I¢) for the Fe, Co and Ni
catalysts are 0.05, 0.05 and 0.06, respectively. This suggests that the nanotubes are of a
good quality in terms of structure and graphitisation. The Ip /I ratios obtained from
CNTs synthesized on AlsOgs are significantly better than those obtained from CNTs
synthesized on SiOy. This result is expected, as it has been reported that AlyO3 has a
greater propensity for promoting ordered carbon growth than SiOy [278].

Figure 7.6(b), 7.6(e) and 7.6(h) show the spectra region of 100 — 500 cm ™! by two laser
excitation lines, 532 nm and 633 nm at different locations, for nanotubes synthesized
using Fe, Co and Ni catalysts, respectively. All samples clearly show the RBM feature,
indicating the presence of SWNTs. For CNTs synthesized by the Fe catalyst, the RBM
mode feature was typically found in the region of 110—250 cm~!. Assuming the standard
formula for converting Raman shift to CNT diameter, wrpyr = 248/d;, this corresponds
to diameters in the range of 1.0 —2.2 nm. A histogram of the SWNT diameters observed
in these measurements via the RBM spectral feature is shown in Figure 7.6(c). In
the case of the Co catalyst, the RBM feature was typically found in the region of
210 — 110 cm™! corresponding to SWNT diameters of 1.2 — 2.2 nm (histogram shown
in Figure 7.6(f)). Finally, the CNTs synthesized from the Ni catalyst showed a much
sharper diameter distribution, shown in Figure 7.6(i). The RBM feature was typically

observed between 175 — 210 cm™!, corresponding to SWNT diameters in the range
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FI1GURE 7.6: Raman spectra for the carbon nanotubes synthesized using 1 mM metal
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(g) Ni catalyst. Typical RBM modes detected with 532 and 633 nm laser excitation
lines for; (b) Fe, (e) Co and (h) Ni catalyst. Histogram of the SWNT diameters obtained
via RBM for; (c¢) Fe, (e) Co and (i) Ni catalyst. CNT growth parameters as above.
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of 1.4 — 2.2 nm. Again, it should be noted that since the measurements were only
undertaken using two laser excitation lines these results do not provide a full diameter
characterisation of the sample. However, from the data collected we can suggest that the
histogram of SWNT diameters for the Co and Ni catalysts correlates with the particle
size distributions shown in Figure 7.5. For nanotubes synthesized using the Fe catalyst

this was not the case.

7.4 Interactions between Catalyst and HfO, Support

(a) (b) (c)

FIGURE 7.7: Scanning electron microscope images of CNTs synthesized from three

transition metal catalysts; (a) Fe, (b) Co and (c) Ni, dispersed on a HfO5 support. The

CNTs were grown by depositing 1 mM of a metal-nitrate salt by dip coating, followed

by a nitrate reduction anneal in air at 400 °C for 20 minutes prior to the CNT growth

step at 900 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. Scale bar
corresponds to 250 nm.

Figure 7.7 shows SEM images of CN'T's synthesized on a HfO2 support from three transi-
tion metal catalysts; (a) Fe, (b) Co and (c) Ni. The samples were prepared using 1 mM
of metal nitrate catalyst, deposited by dip coating. The samples were then subjected to
a nitrate decomposition anneal in air at 400 °C for 30 minutes, followed by pretreatment
in Hy for 10 minutes and CNT growth step at 900 °C for 20 minutes in a mixture of Ho
and CHy. From the SEM images it is evident that no CNTs were synthesized on any
catalyst on this support medium. It should be noted that a small amount of nanotubes
were found using the Co and Fe catalysts, however the yield was extremely low and
the coverage across the sample was inhomogeneous. This growth could be attributed
to a contaminant or a due to a defect in the HfOo capping layer. A range of growth
conditions were carried out for all catalysts and in all cases, there were no statistically
significant number of CNTs found. This support has shown to be inactive for CNT
growth.

In order to investigate this effect, AFM analysis of the catalysts supported on HfOq
was undertaken. Figure 7.8 show particle size distributions for each catalyst after the

nitrate decomposition anneal, and following a pretreatment anneal in Hy for 10 minutes
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at 900 °C. From the typical AFM images, the mean density of particles before and after
pretreatment in Ho has also been determined. The Fe-HfOs catalyst-support system
showed an initial density of 621 & 59 particles/um?, which after pretreatment in Hy was
reduced to 420 £49 particles/ym?. The initial distribution of the Fe catalyst was broad,
with a modal height of 4.1 &£ 1.9 nm. This is broader and the modal height is larger
than that seen for the SiOs and Al,Ogs support, indicating higher adsorption of Fe on
HfO5. Upon pretreatment in Hy at 900 °C, there is a narrowing in the distribution
and a slight reduction in modal height, to 3.7 & 1.2 nm. The change in the particle
size distributions shows a preferential reduction of larger nanoparticles, and an increase
in the proportion of smaller nanoparticles. This behaviour suggests that breakup and
redispersion of larger particles is taking place. Redispersion typically occurs when there
is a strong interaction between the catalyst and the support medium, resulting in wetting
along the support surface [343]. However, the relatively small change in the distribution
indicates that a more likely possibility is that the Hs pretreatment at a 900 °C leads to
a reduction of the Fe,O, formed during the nitrate reduction anneal in air, resulting in
a slight reduction in nanoparticle size. Indeed, the particles are thought to be composed
of two phases prior to Hy pretreatment; an oxidised surface and a metal core. The
behaviour of the Co-HfO2 and Ni-HfOs catalyst support system are markedly different.
The Co-HfO» catalyst-support system showed no statistically significant change upon Ho
pretreatment. The nanoparticle density after Ho pretreatment, 350441 particles/pum? is
very similar to the initial density of 375458 particles/um?. The particle size distribution
showed a slight narrowing upon pretreatment in Ho, showing a change in modal height
from 1.6 £ 0.8 nm to 1.6 = 0.6 nm. However, this change is too small to be considered
a significant result. In the case of the Ni-HfOs system, the nanoparticle density after
pretreatment in Hg, 405 + 47 particles/um? is also very similar to the initial density of
470 4 54 particles/um?. The particle size distribution also showed little change, with
the initial modal height changing from 3.2 + 0.8 nm to 2.4 + 0.8 nm after pretreatment.

7.5 Ge Nanocrystals as a Catalyst Promoter

Ge nanocrystals were formed on the HfO5 substrate by a process similar to that outlined
in Chapter 5. A 30 nm thick SiOy layer was deposited by plasma enhanced chemical
vapour deposition on the HfOs support, and densified at 950 °C. The top SiO layer
was then implanted with 5 x 10" cm ™2, 20 keV Ge and annealed in Ny at 600 °C for 40
minutes to create Ge nanoparticles. The top SiO4 layer was then removed using a HF

vapour etch to expose the Ge nanocrystals and the HfOs layer.

Figure 7.9 shows FE-SEM images after CNT growth for samples using (a) Ge nanopar-
ticles only and a (b) combined Fe/Ge nanoparticles. For Ge nanocrystals supported on

HfOq, shown in Figure 7.9(b), no CNTs were detected. A range of growth conditions
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FIGURE 7.8: Particle size distribution for 1 mM transition metal catalysts dispersed

on a HfO,y support before and after anneal in Hy for 10 minutes. (a) Fe catalyst as

deposited. (b) Fe catalyst after anneal at 900. (c) Co catalyst as deposited. (d) Co

catalyst after anneal at 900 °C. (e) Ni catalyst as deposited. (f) Ni catalyst after anneal

at 900 °C. Particle size distributions have been fitted with a non-centred, normalised
Gaussian.
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(a) (b)

FIGURE 7.9: Scanning electron microscope images of CNTs synthesized on a HfOq

support, using (a) Ge nanocrystals only and (b) Fe-Ge nanocrystal catalyst. The

CNTs were grown by depositing 1 mM of a metal-nitrate salt by dip coating, followed

by a nitrate reduction anneal in air at 400 °C for 20 minutes prior to the CNT growth

step at 900 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. Scale bar
corresponds to 500 nm.

was carried out for the Ge nanocrystal catalyst and in all cases, there were no statisti-
cally significant number of CNTs found. It should be noted that for Fe nanoparticles
supported on HfOs, as discussed in Section 7.4, there was also no statistically significant
number of CNTs detected and only isolated CNTs are occasionally seen. In contrast,
the presence of the Ge nanocrystals in conjuction with Fe nanoparticles dramatically en-
hances CNT growth, giving an area density of 6.240.3 ym in length/um?. These results
indicate that the presence of Ge nanocrystals dramatically enhances the area density of
CNTs on HfOs. Furthermore, the results suggest that selective CNT growth on HfO9

may be possible by using photo-resist mask patterns during Ge ion implantation.

To determine the morphology of the catalyst supported on HfOs, AFM characterisation
of the samples has been undertaken for Ge and Fe-Ge catalysts before and after pretreat-
ment at 900 °C in Hs for 10 minutes. Figure 7.10 shows the particle size distributions
derived from a minimum of 15 AFM images for the Ge and Fe-Ge catalyst supported
on HfOy. The mean density of the Ge-HfOq catalyst-support system showed a mean
density of 157 + 18 particles/um?, which after pretreatment in Hy was reduced to 70 &9

particles/pm?

. It is evident that upon pretreatment, there is an associated reduction
in nanoparticle density. This reduction in density is most likely due to the nanoparticle
evaporation or ripening. The initial particle size distribution is shown in Figure 7.10(a)
and is closely fitted with a non-centred, normalised Gaussian curve (Rg = 0.951). This
distribution was narrow, with a single mode at 1.3 + 0.4 nm. After pretreatment, the
distribution showed a bimodal characteristic, with modal peaks at 1.94£0.7 and 12.8+1.9

nm (Figure 7.10(b)). This shows that there is a significant change in the morphology of
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FIGURE 7.10: Particle size distribution for catalysts dispersed on a HfO5 support before

and after anneal in Hy for 10 minutes. (a) Ge nanocrystals only, as deposited. (b) Ge

nanocrystals only, after anneal at 900. (c¢) Fe-Ge nanocrystal catalyst as deposited. (d)

Fe-Ge nanocrystal catalyst after anneal at 900 °C. Particle size distributions have been
fitted with a non-centred, normalised Gaussian.

the Ge nanoparticles supported on HfOs upon pretreatment in He. There is a propor-
tional increase in the number of larger particles, shown by the formation of the larger
mode at 12.8 +£ 1.9 nm. Additionally, there is also an increase in the mean size of the
nanoparticles and a broadening of the distribution. This behaviour suggests a mecha-
nism of phase coarsening, and low adsorption energy of Ge on the HfOy support. The
initial density of the Fe-Ge-HfOq catalyst support was 426 + 54 particles/um?. Upon
pretreatment in Hy for 10 minutes, this was reduced to 357 + 9 particles/um?. The
reduction in density upon Hs pretreatment is similar in magnitude to that seen with the
Ge nanoparticles. This is expected as previous experiments showed that the density of
Fe nanoparticles only, supported on HfOs showed little change after pretreatment. The
initial distribution of the Fe-Ge catalyst shows a single mode, centred at 3.2 + 1.3 nm.
After pretreatment, the distribution becomes bimodal, with modal peaks at 1.3 £ 0.3

and 3.4+ 1.6 nm. This change is less pronounced than that seen for the Ge nanocrystals
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only, the modal peaks are smaller and the distribution is narrower. This is possibly due

to the strong interaction between the Fe and the HfO, support.
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FIGURE 7.11: Raman spectra for the carbon nanotubes synthesized using a Fe - Ge

nanocrystal catalyst dispersed on a HfO, support. The CNTs were grown using a

nitrate reduction anneal in air at 400 °C for 20 minutes prior to the CNT growth step

at 900 °C in a mixture of Hy and CHy (1 : 3 gas ratio) for 20 minutes. (a) Typical

G-band characteristic detected with 532 nm laser excitation, fitted with four Lorentzian

curves. (b) Typical RBM modes detected with 532 and 633 nm laser excitation lines.
(c) Histogram of the SWNT diameters obtained via RBM.

The CNTs grown from the combined Fe-Ge nanoparticles were characterised by Raman
spectroscopy and the results are shown in Figure 7.11. The Raman spectra obtained
from areas of relatively high CNT area density typically exhibited an asymmetric double
peak at approximately 1590 cm~! (Figure 7.11(a)). This double peak can be attributed
to the Raman allowed tangential mode of CNT's, G-band. In the representative spectrum
shown in Figure 7.11(a), this could be fitted with four Lorentzian oscillators located at
1550, 1579, 1602 and 1606 cm~!. The Raman intensity ratio (Ip/Ig) of D-band to
G-band was less than 0.1, indicating that synthesized SWNTs have a low defect density.
All samples clearly showed the radial breathing mode, and M-band, indicating that
SWNTs are present. Figure 7.11(b) shows the spectral region of 100 — 500 cm ™! by two
laser excitation lines, 532 nm and 633 nm at different sample locations. Due to a broad
luminescence it was not possible to obtain Raman measurements in this region using
a 785 nm laser excitation line. The diameter distribution of SWNTs is estimated at
1.4 — 2.3 nm from the RBM peaks, though larger diameter SWNTs may be present due
to the cut-off of the Raman notch filter. A histogram of the SWNT diameters is shown
in Figure 7.11(c). It should be noted that since the measurements were only undertaken
using two excitation lines these results do not provide a full diameter characterisation
of the sample. The histogram indicates that the SWNTs observed had a modal peak of

1.4 nm and shows a similar profile to Figure 7.8(b).

To study the relationship between the catalyst and the synthesized CNTs, AFM charac-
terisation of the CNTs grown from the combined Fe-Ge nanoparticles was undertaken.
Figure 7.12(a) shows a typical AFM image of the sample after CNT growth. This image
shows a high density of nanoparticles and CNTs. The diameter of the CNTs detected
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FIGURE 7.12: (a) Atomic force microscope image of CNTs on a HfOy support using

Fe-Ge nanocrystal catalyst. The CNTs were grown by depositing 1 mM of a Fe-nitrate

salt by dip coating, followed by a nitrate reduction anneal in air at 400 °C for 20 minutes

prior to the CNT growth step at 900 °C in a mixture of Hy and CHy (1 : 3 gas ratio)

for 20 minutes. (b) Histogram of the diameter distribution of the synthesized CNTs,
generated from 196 nanotubes.

were measured and were found to be between 0.8 — 4.4 nm. A histogram of the CNTs
diameters measured, consisting of data from 296 CNTs, is shown in Figure 7.12(b). It
should be noted that CNTs with diameters larger than 3 nm are unlikely, and that the
larger diameter nanotubes measured are most likely bundles. The histogram shows a
diameter distribution with two modal peaks at 1.3 and 2.2 nm. This distribution closely
matches that of the Fe-Ge nanoparticles after pretreatment at 900 °C in H2, shown in
Figure 7.11(c). Indeed, there is a consensus in the literature concerning the correla-
tion between the catalyst size and the CNT diameter. Many groups have observed a
direct dependence of the two quantities [150-159]. Nikolaev et al. [189] observed that
the catalyst particle tends to be slightly larger than CNT diameter, suggesting a growth
mechanism involving graphene cap formation. This appears to be the case in this ex-
periment, as the modal peaks of the Fe-Ge nanoparticles after pretreatment were also

slightly larger than the CNT diameters observed.

7.6 Discussion and Conclusions

The activity of a metal catalyst-support system depends upon a variety of factors rang-
ing from the dispersion of the metal salt precursor on the support to the chemical
composition and phase of the support material itself. By testing combinations of metal
catalysts and support media explores the effect of different catalyst-support interactions
upon CNT growth. Three metals, Fe, Co and Ni of moderate to high catalytic activity
were chosen for comparison on three different support media, HfOs, AloO3 and SiOs.

Additionally, a novel growth process using a combination of Fe and Ge nanoparticles
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was presented which minimises the effect of the HfOo support on the CNT yield. The

results of these studies are summarised in Table 7.1.

However, there is still controversy for many of the suggested atomic processes during
CNT growth. The active physical and chemical state of the catalyst is still debated;
oxide [408], carbide [36, 409] or metallic [36] phases have been proposed for commonly
used catalysts. A liquid catalyst is frequently cited as necessary to obtain SWNT's [410],
by analogy to VLS theory. Additionally, the properties of a nanoscale catalyst depend
strongly on their surfaces and interfaces. Therefore, bulk values do not necessarily
apply and effects such as melting point reduction [411], solubility shifts [412] and higher

reactivity [413] have led to much speculation.

For the catalysts examined in this study, the overall CVD growth process can be viewed
as a two step process: (1) restructuring the deposited metal catalyst into catalytically
active nanoparticles during pretreatment and (2) introduction of a carbon feedstock and
SWNT growth. The step of catalyst formation is equivalent to the calcination step in
conventional heterogeneous catalysis [396]. This step produces the active, metastable
catalyst form, usually by oxidising a precursor into a defective oxide that is then carefully
activated into the final catalyst form. This process is also followed here, by a combination

of a nitrate reduction anneal (oxidation) and a reduction step in Hs.

When supported on SiOq, the Fe catalyst showed good catalytic activity as observed by
CNT area density. In comparison, both Ni and Co catalysts were inactive on this support
medium. This difference is believed to be due to the formation of Fe nanoparticles of
the preferred size for CNT formation after the reduction anneal. In the case of Ni
and Co, the interaction strength between the catalyst and SiOy support is weaker than
that of Fe, which at higher coverages results in higher clustering and agglomeration.
Additionally, Hofmann et al. [396] found that due to its higher affinity to oxygen, Fe
does not fully reduce by annealing in vacuum or in Ho pressure below 4 mbar. Due
to the lower surface free energies of metal oxide nanoparticles [414] there would be
less wetting and agglomeration compared with metallic nanoparticles, resulting in a
narrower size distribution. However, it should be noted that Hofmann et al. [396] also
determined that FeO is not catalytically active, and that potential metal oxide phases
require at least partial reduction. Fe supported on Al,Og provided the highest CNT yield
among the nine systems examined. This could again be attributed to the particle size
distribution obtained after the reduction anneal. Fe showed a very narrow distribution
after the reduction anneal, this is thought to be due to the formation of Fe 2+ and 3+
interface states when supported on AlsOs. The Fe-Al,O3 interfacial bonding restricts
Fe surface mobility, resulting in a narrow catalyst size distribution which allows a high
density growth of SWNTs. Additionally, AlsOg3 is reported to have higher rates of
CNT formation [223, 398]. This can be understood through Lewis base theory; a basic

support may donate electron density to the catalyst, increasing its catalytic activity.
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This behaviour can be observed for all catalysts supported on AlsOgs, as CNT yield on

was significantly higher on this support medium.

Co supported on SiOg has received great attention due to its application in Fischer-
Tropsch synthesis (high-molecular weight hydrocarbon formation). Through these stud-
ies it is known that the metallic phase is the active form for most applications [414].
Although SiO4 is considered an inert support, the interaction of the Co phase with the
SiO9 support and the formation of surface cobalt silicate or silicate-like species during
the preparation of Co-SiO2 has been reported [415-417]. The formation of silicates de-
creases the reducibility of the catalyst under growth conditions and reduces the surface
area of the active catalyst [418, 419]. In this work Co was found inactive for CNT syn-
thesis when supported on SiOg. The work of Potoczna-Petru and Krajczyk [414] showed
that samples with a low Co catalyst loading on SiOs formed Co2Si04 upon anneal at
900 °C in air. Indeed, the binary phase diagram of CoO-SiOs shows that CosSiO4 forms
at temperatures higher than 900 °C [420]. It should be noted that Potoczna-Petru and
Krajczyk [414] also found that following a reduction step in Hg, the crystalline phase
of Co was recovered and there was a marked increase in mean particle size due to ag-
glomeration. The particle size distributions for Co-SiOs shown in this chapter showed
significant evidence of phase coarsening and agglomeration upon a reduction anneal,
increasing the modal peak of the catalyst from 1.94+0.8 nm to 7.3 4+ 1.8. This behaviour
is similar to that seen by Potoczna-Petru and Krajczyk [414], although it is unlikely that
Co95104 was formed due to the low temperature used in the nitrate reduction anneal in
air. The coarsening of the Co catalyst upon anneal can be attributed due to the weak
interactions between the support and the catalyst. The inability of this catalyst support
system to synthesize CN'Ts is most likely due to the morphology of the catalyst after
the reduction anneal in Hy. In the case of Co supported on AlyOs, the particle size
distribution after the reduction anneal remained relatively unchanged. This possibly is
due to the formation of interfacial states, as with the Fe catalyst, which restrict surface

mobility.

Ni is reported to have the highest propensity for carbon nanostructure formation [299].
Vander Wal et al. [299] found that Ni is most catalytically active on supports that
are capable to donate negative charge upon partial reduction initiated by the supported
catalyst. Group VIIIB elements are known for their ability to catalyse Hy decomposition
[421]. On TiO, for instance, the resulting H-atoms are known to reduce the oxide to one
with an empirical formula of TiyO7 [422, 423]. The presence of Hy in the carrier gas may
further accelerate this process. In the reduced state, the Ti ion may transfer electronic
charge to the supported metal catalyst. The results obtained for Ni are consistent with
this process, Ni is most active on AlyO3 than SiOy, which is less readily reduced [299].
Additionally, the morphology of the catalyst plays a very important part. The results
shown in this chapter show that due to weak interactions between Ni and SiOs there

is significant coarsening of the catalyst, which showed an increase in modal height from
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1.0 £ 0.2 nm to 3.7 + 1.4 nm. In contrast, on AlsOgs, Ni showed a very slight increase
in modal height, from 1.4 + 0.4 nm to 1.9 + 0.6 nm. This resulted in the synthesis of
SWNTs, at a reasonable density. It should be noted that Ni catalysed SWNTs showed a
larger diameter than Fe and Co (on AlyO3), similar results are also seen in the literature
[396].

SWNT synthesis on a HfO5 has shown to be very problematic. Fe, Co and Ni nanopar-
ticles were unable to catalyse SWNTs when dispersed on this support medium. AFM
analysis of the deposited metal nanoparticles showed that all catalysts were well dis-
persed and with a modal height adequate for SWNT synthesis. Upon pretreatment in
Hs at 900 °C, there was little reduction in nanoparticle density and the particle size
distributions showed little change. From the results presented, it is evident that the in-
teractions between the HfOo support and the metal catalysts are chemical. It has been
reported that upon a high temperature anneal in an inert atmosphere, oxygen vacancy
states in HfOy are formed [403]. These appear to exist in sizeable amounts in HfOq
films [424, 425], which allow oxygen transport across the HfO9 layer [426]. This effect is
expected to be more pronounced in a reducing atmosphere such as Hs. One possibility
for the difficulty in catalysing SWNTs on a HfOy support may be due to a transfer of
the oxygen liberated from the vacancy into the metal catalyst, forming an oxide cap
which is expected to be inactive. Calculations have indicated that the modified vacancy
formation energy for this mechanism is too large to allow enough vacancies to have an
effect in bulk metals [403]. However for nanoparticular metals, the free energy of oxide
formation per O atom for bulk high work function metals (such as Fe, Co or Ni) is ex-
pected to be lower due to surface effects, and would require the formation of less oxygen

vacancies.

Finally, a novel technique using a combination of Fe and Ge nanoparticles was presented
which allowed carbon nanotubes to be grown directly on HfO, for the first time. These
results were published in Uchino et al. [427]. Experiments showed that the presence of
Ge nanoparticles dramatically increases the area density of CNTs. It is thought that
the Ge nanoparticles act as a barrier layer, passivating the support. It is possible that
this effect could also be achieved by the deposition of a thin film. However, it is likely
that the higher surface area achieved by using Ge nanoparticles, compared with a Ge
thin film, has an effect on the yield of the process. Further experimentation is required

to investigate this issue.

Additionally, the origin of SWNTs was investigated by TEM (by Dr. Takashi Uchino),
and the resulting images were also presented in [427]. The TEM images show the
presence of at least two distinct nanoparticles with a diameter around 6 nm and SWNT
appear to originate from these particles. The SWNTs are wrapped with amorphous
carbon layers, which are probably due to the long growth time of 20 minutes. The
undesirable amorphous carbon coating could be avoided by reducing the growth time.

Raman measurements have shown that the SWNTs have a low intensity D-band peak
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which indicates a small amount of amorphous carbon coating and defects. However,
the Ip /I ratio was low, indicating that the nanotubes were of a good quality in terms
of graphitisation and structure. To investigate the nature of the nanoparticles, EDS
was carried out on the nanoparticle and showed that the atomic ratio of Fe/Ge is 3.2.
As the nanoparticle is surrounded and sat on a support material into which Ge was
implanted, it is likely that the nanoparticle is richer in Fe relative to Ge than this
ratio implies. A lattice image of the nanoparticle was also taken, and this showed that
the measured lattice spacing was 0.20 nm and the corresponding fast Fourier transfer
pattern gives a lattice constant of 0.28 nm which is in reasonable agreement with the
lattice constant of Fe (e = 0.29 nm) and quite different from the lattice constant of FeGe
(a = 0.47 nm) [428]. In the previous chapters, we determined that CNT growth was
possible from Ge nanoparticles, without the presence of a metal catalyst. However, in
this work, the results indicate that CNTs were grown from the Fe nanoparticles rather
than the Ge nanoparticles. In interpreting these results, it should be also noted that
Figure 7.7(a) shows no significant CNT growth when only Fe nanoparticles are present.
Thus, the improvement of CNT area density when Ge nanoparticles are combined with
Fe nanoparticles can be attributed to a reduction in the interactions between the Fe

nanoparticles and the HfOq layer due to the presence of the Ge nanoparticles.
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Chapter 8
Conclusions and Perspectives

The aim of this work was to investigate the use of non-traditional catalyst-assisted
chemical vapour deposition of carbon nanotubes with a view to determine the essential
role of the catalyst in nanotube growth. Initial experiments by Uchino et al. [10] at
the University of Southampton showed that carbon doped SiGe islands, deposited by
CVD on Si, form nanoscale clusters through various mechanisms which act as a seed
for SWNT growth. These results were supported by the work of Takagi et al. [11], who
showed that CNT growth from Ge, Si and SiC nanoparticles was possible. More recently,
there have been various reports of CNT growth from SiOy nanoparticles [279, 282], which
are thought to be promising catalysts owing to their ability to maintain a narrow size

distribution at CNT growth temperatures.

To investigate the role of Ge nanoparticles on carbon nanotube growth, Ge nanoparticles
have been directly fabricated by Ge implantation into silicon dioxide and anneal at var-
ious temperatures. Analysis by AFM showed that good control of the Ge nanoparticle
size is obtained through this process, and SEM analysis showed that CNT growth from
nanoparticles formed by anneal at 600 °C and 800 °C. The highest yields were obtained
from the nanoparticles annealed at 600 °C, corresponding to an approximate nanoparti-
cle size of 2.0 nm. Carbon nanotubes were grown successfully on both samples with and
without carbon implantation, demonstrating that a solid source of carbon is not nec-
essary for CNT growth on Ge nanoparticles. However, samples subjected to a carbon
implant show an advantage of enabling CNT growth for a wider range of pretreatment
and growth conditions. Furthermore, Raman measurements showed the presence of a
disorder induced D-band peak in carbon nanotubes grown without the carbon implant,

but this peak was absent in carbon implanted samples.

Ge nanoparticles were also synthesized from solution by means of an inverse micelle
technique. The colloidal Ge nanoparticle catalyst was shown to be a viable catalyst for
the synthesis of SWNTs from a silicon dioxide support. The results indicate that the

inverse micelle technique provides good control over the morphology of the nanoparticles
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and delivers a well-controlled CNT growth process. A SWNT area density of 5.2 + 0.7
pm in length/pm? was obtained from the colloidal Ge nanoparticles under the optimum
growth condition. This process has the advantage of being amenable to large-scale
manufacturing by means of a floating catalyst approach and offers the possibility of
CNT synthesis on a variety of support materials. In order to determine the role of the
support in the synthesis of CNTs from Ge colloidal nanoparticles, AloO3 was also used
as a support medium and the CNT growth process was examined. SEM measurements
showed that two types of carbon nanostructures were synthesized using this catalyst-
support system after pretreatment at 1000 and 950 °C. After pretreatment at 1000 °C,
carbon nanofibres were synthesized. Following a pretreatment at 900 °C, a homogeneous
coverage of MWNTs (as determined by Raman spectroscopy) was synthesized. This was
attributed to a weaker catalyst-support interaction compared with Ge-SiO2, which led

to increased clustering and aggregation of nanoparticles.

Both CNT synthesis techniques based on Ge nanoparticles presented in this thesis re-
sulted in the formation of silica nanowires as a byproduct. Raman, PL and TEM mea-
surements confirmed the synthesized nanostructures as SiO, nanowires. TEM images
showed that the nanowires had a typical diameter in the range of 10 — 20 nm, and EDS
measurements indicated that the nanowires were oxygen deficient. This hypothesis was
confirmed by the PL spectrum, which showed a neutral oxygen vacancy and twofold
coordinated silicon lone pair centres. The Raman spectra showed a peak at 505 cm ™!,
which is attributed to a shift in the first-order optical phonon of silicon (520 cm™1)
due to phonon confinement effects in the nanowire. SEM measurements showed pitting
in the substrate at the base of the nanowires, indicating that nanowire formation is
most likely due to a SLS growth mechanism. It is suggested that this occurs due to

carbothermal reduction of the SiOs support.

Additionally, SWNT growth catalysed by noble metal nanoparticles has been studied.
Au and Cu nanoparticles have shown to be adequate catalysts for CNT growth and
extensive characterisation has been undertaken for each step of the growth process. Au
nanoparticles of 1.4 + 0.2 nm, synthesized by Nanoprobes Inc, were used as a catalyst.
The results indicate that SWN'T growth is possible on a silicon dioxide support from
dilutions of 0.3 mM, after pretreatment in Hs at a range of temperatures between 900 —
1050 °C. Hy pretreatment was shown to be crucial for the growth of SWNT, as it is
believed that growth is only possible from contaminant free nanoparticles, once the
residual shell of gold oxides or gold chlorides have been reduced. Cu nanoparticles
were formed by the thermal decomposition of copper nitrate in air at 400 °C. Three
concentrations of metal nitrate solution were prepared, and CNT growth was shown to
be possible from Cu nanoparticles prepared from 1 mM and 2 mM dilutions. As was the
case with the Au nanoparticles, CNT growth was only possible after pretreatment in Ho
at temperatures between 850 — 1000 °C. From analysis of the uniformity of the samples,

it was observed that the yield improves with an increase in pretreatment temperature.
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This suggests that the Ho pretreatment affects the morphology of the catalyst. This
hypothesis was confirmed by AFM analysis of the nanoparticles after pretreatment,
which showed a reduction in nanoparticle size as pretreatment temperatures increased.
Finally, Ag nanoparticles were shown to be unable to catalyse CNT formation. AFM
analyses showed this to be due to a loss of nanoparticles during pretreatment. This is

most likely due to the lower melting point of Ag compared with Cu and Au.

The role played by the support in the CVD of CNTs is not yet fully understood. The
simplistic view that the support only plays a catalytically passive role in the formation
of CNTs requires examination. By testing combinations of metal catalysts and support
media, the effect of different catalyst support interactions were explored. Three metals,
Fe, Co and Ni of moderate to high catalytic activity were chosen for comparison on three
different support media, HfO2, AlsO3 and SiO». Additionally, a novel growth process
using a combination of Fe and Ge nanoparticles was presented which minimises the effect
of the HfO4 support on the CNT yield. The results of these studies are summarised in
Table 7.1.

When supported on SiOq, the Fe catalyst showed good catalytic activity as observed by
CNT area density. In comparison, both Ni and Co catalysts were inactive on this support
medium. This difference is believed to be due to the formation of Fe nanoparticles of the
preferred size for CN'T formation after the reduction anneal. In the case of Ni and Co,
the interaction strength between the catalyst and SiO9 support is weaker than that of Fe,
which at higher coverages results in higher clustering and agglomeration. Fe supported
on AlyOj3 provided the highest CNT yield among the nine systems examined. This could
again be attributed to the particle size distribution obtained after the reduction anneal.
Fe showed a very narrow distribution after the reduction anneal, this is thought to be
due to the formation of Fe 2+ and 3+ interface states when supported on AloOs. The
Fe-AlOg interfacial bonding restricts Fe surface mobility, resulting in a narrow catalyst

size distribution which allows a high density growth of SWNTs.

In this work Co was found inactive for CNT synthesis when supported on SiOs. The
particle size distributions for Co-SiO5 shown in this chapter showed significant evidence
of phase coarsening and agglomeration upon a reduction anneal, increasing the modal
peak of the catalyst from 1.9 + 0.8 nm to 7.3 £ 1.8. The coarsening of the Co catalyst
upon anneal can be attributed due to the weak interactions between the support and the
catalyst. The inability of this catalyst support system to synthesize CNTs is most likely
due to the morphology of the catalyst after the reduction anneal in Hs. In the case of Co
supported on Al,Og, the particle size distribution after the reduction anneal remained
relatively unchanged. This possibly is due to the formation of interfacial states, as with

the Fe catalyst, which restrict surface mobility.

The results obtained for Ni are consistent with the fact that Ni is most catalytically

active on supports that are capable to donate negative charge upon partial reduction
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initiated by the supported catalyst [299]. Ni is most active on Al;O3 than SiOg, which
is less readily reduced [299]. Additionally, the morphology of the catalyst plays a very
important part. The results shown in this chapter show that due to weak interactions
between Ni and SiOs there is significant coarsening of the catalyst, which showed an
increase in modal height from 1.0 £ 0.2 nm to 3.7 £+ 1.4 nm. In contrast, on AlO3, Ni
showed a very slight increase in modal height, from 1.4 + 0.4 nm to 1.9 + 0.6 nm. This
resulted in the synthesis of SWNTSs, at a reasonable density. It should be noted that Ni
catalysed SWNTs showed a larger diameter than Fe and Co (on AlyO3), similar results

are also seen in the literature [396].

SWNT synthesis on a HfOs has shown to be very problematic. Fe, Co and Ni nanopar-
ticles were unable to catalyse SWNTs when dispersed on this support medium. AFM
analysis of the deposited metal nanoparticles showed that all catalysts were well dis-
persed and with a modal height adequate for SWNT synthesis. One possibility for the
difficulty in catalysing SWNTs on a HfOs support may be due to a transfer of the oxy-
gen liberated from the vacancy into the metal catalyst, forming an oxide cap which is
expected to be inactive. A novel technique using a combination of Fe and Ge nanopar-
ticles was presented which minimises the effect of the HfOs support on the CNT yield.
A good yield of CNTs were fabricated using this technique.

Despite enormous strides in the synthesis of CNTs, the mechanism for growth is still a
highly debated issue. As discussed previously, it is generally accepted that the model
for carbon filament growth [1, 2], derived from concepts of VLS theory, also applies
to CNT growth. This belief arises from the visual observation (by TEM) of catalyst
particles on the ends of nanotubes, as was the case with carbon filaments. In this model,
hydrocarbons adsorbed on the metal nanoparticle are catalytically decomposed resulting
in atomic carbon dissolving into the liquid catalyst particle, and when a supersaturated

state is reached, carbon precipitates in a tubular, crystalline form.

However, the results presented in this work suggest several inconsistencies that do not
support this mechanism. Successful CNT growths from catalyst free and ceramic cata-
lysts reported in the literature, and the results from noble metal catalysts and semicon-
ducting catalysts shown in this thesis imply that hydrocarbon dissociation ability is not
essential in a catalyst. It should be noted that the catalytic behaviour of Cu and Au may
be explained by electron donation to the support [299], creating d-vacancies which may
cause hydrocarbon dissociation. However, the ability of catalyst free and semiconduct-
ing catalysts to seed CN'T growth cannot be explained by the same mechanism. Reilly
and Whitten [176] argue that a more likely scenario is that a free radical condensate
(FRC) provides carbon species through a leaving group, such as hydrogen (or oxygen).
FRCs naturally form during hydrocarbon pyrolysis by the breaking of carbon-hydrogen
or carbon-carbon bonds with each fragment keeping one electron to form two radicals.

The presence of a radical in a hydrocarbon molecule permits rapid rearrangement of
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carbon bonds. In this case, the catalyst particle’s role is to simply provide an interface

where carbon rearrangement can occur and act as a template for growth.

Typically, metal catalysts with no d-vacancies, such as Cu and Au, do not offer sites
to dissolve carbon, such that neither saturation nor precipitation is possible. However,
despite the low carbon solubility, these catalysts have demonstrated an ability to catalyse
CNT formation. Additionally, catalysts with a high melting point such as AloO3 or ZrOs
are thought to be solid at CNT synthesis temperatures. However, if nanoparticles of
these metals are small enough (< 5 nm), the increasing fraction of low-coordinated
atoms may lead to surface saturation followed by carbon precipitation, as reported
by Takagi et al. [3]. Considering that carbon penetration inside small nanoparticles
is unlikely [293], the growth of CNTs is most likely a process primarily controlled by
surface diffusion [294, 295]. Indeed, it is believed by several groups that the rate-limiting
factor in CNT synthesis is the surface diffusion of carbon across the catalyst [269].
Additionally, this factor could explain the influence of the carbon source on the ability of
a catalyst to synthesize CNTs. Yazyev and Pasquarello [270] reported different activation
energies for the surface diffusion of C dimers and adatoms on noble metal catalysts, and
argued that appropriate choice of a diatomic or monatomic carbon gas-phase source

could significantly accelerate diffusion.

However, due to their nanometer dimensions the mechanics of growth of nanotubes
on nanoparticles are markedly different from the growth of carbon filaments. Other
mechanisms are therefore required to explain the nucleation of CNTs from nanoparticle
catalysts. One such model is the Yarmulke mechanism proposed by Dai et al. [188]. In
the Yarmulke mechanism, a graphene cap is assembled on the particle surface with its
edges strongly chemisorbed to the catalyst. The graphene cap acts to reduce the high
total surface energy of the particle caused by its high curvature, owing to the fact that
the basal plane of graphite has an extremely low surface energy. As additional carbon
atoms are added, the hemifullerene cap formed on the particle surface lifts off, creating
a hollow tube with constant diameter which grows away from the particle [189]. This
model was supported by molecular dynamics simulations by Shibuta and Maruyama
[190]. Recent works in high-resolution in-situ TEM observation of the catalytic growth
of CNTs have verified this mechanism [36, 192]. These studies have also shown that cap

stabilisation and nanotube growth involve reshaping of the catalyst nanoparticle.
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