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Abstract

This thesis reports on the chemica vapour deposition (CVD) growth of carbon
nanostructures (mainly carbon nanotubes (CNTSs)) on perovskite oxide surfaces with
the aid of various catalysts. Two types of perovskite oxide, single crystal SrTiO3 (001)
and polycrystaline BaSrTiOs;, have been used as catayst supports (in
metal-catalyst-involved CVD routes) or as catalysts (via metal-catalyst-free CVD
routes) for the growth of carbon nanostructures.

In metal-catalyst-involved cases, SrTiO3 (001) single crystal has been proven, for the
first time, to serve as a substrate for the growth of CNTs. Fe and Ni catalysts can be
tailored in a controllable manner on SrTiO3; (001) surfaces prior to the CNT synthesis,
forming truncated pyramid shaped nanocrystals with uniform size distributions. The
growth of vertically aligned CNT carpets was realised with the aid of Fe on SITiO;
(001) surfaces, and it was further found that the CNTs grow via a base growth model.
Furthermore, it is possible to grow helical carbon nanostructures on BaSrTiOs
substrates by introducing a Sn catalyst into the system. The synthesised helical
carbon nanostructures follow a tip growth mode, where the structural and chemical
aspects of catalyst particles gave rise to awide range of carbon morphologies.

CNTs were also grown on single crystal S'TiOz (001) and polycrystalline BaSrTiO3
substrates via metal-catalyst-free routes. The surface-roughness-tailored growth of
CNTs was surprisingly achieved on a series of engineered SrTiO; (001) surfaces,
where a correlation between the surface roughness/morphology of the substrates and
the relevant catalytic activity was revealed. The growth of CNTs arises because the
catalyst fabrication methods lead to the formation of SITiO; asperities with
nanoscale curvatures, over which the CNTs are generated throughout a lift-off
process. Facet-selective growth of CNTs was observed on polycrystalline BaSrTiO3
surfaces, where BaSrTiOs (110) facets lead to the growth of CNTs on them, whereas
the (001) facets result in no growth at al. This observation was further analysed in
the content of the adsorption and diffusion of carbon species on distinct BaSrTiOs
facets, before reaching the conclusion that the formation of CNTs occurs through a
metal-free, stack-up process driven by the assembly of the carbon fragments.
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Chapter 1 :

Introduction



1.1 Background

Within the past decade, the growth of carbon nanotubes (CNTSs) on substrate surfaces
has been a topic of extensive interest in both applied technology and fundamental
research. CNTs grown on substrates have already found practical applications, for
example in the fabrication of novel nanoelectronic devices”? and in the design of
new composite materials with advanced mechanical capabilities.* * Owing to their
unique properties, CNTs also have great potentid in the field of bioapplications,
Li-batteries,® " supercapacitors,’ and energy storages.’” ™ In research, there are
ongoing efforts to investigate and understand the synthesis of CNTs on substrates,
which remains vital for CNT science and for industry, and plays a key role in the
performance of the resulting materials within various applications.* Tremendous
progress has been made of late towards synthesising surface-bound™ ** carbon
nanofilaments, notably in achieving a measure of control over morphological
features (wall numbers, defects, chiralities) and in increased knowledge of the
growth mechanism and processes.

The synthesis of CNTs cannot be achieved without control over a large array of
growth-control parameters, such as temperature, carbon feedstock and growth time.
Amongst these, the selection and preparation of the catalyst during the growth of
CNTs are of paramount importance, specifically when employing the chemical
vapour deposition (CVD) technique. This is due to the fact that the chemical and
geometrical aspects of the prepared catalysts dictate the structures and hence the
properties of the grown CNTs. To date, the conventional metal-catalyst-involved
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routes have been heavily researched, accompanied by a large expansion of the
catalyst types developed for CNT growth. For instance, Chiang et al.*” managed to
control the single-wall nanotube (SWNT) chirdities by tuning the elemental
compositions of Ni/Fe binary catalysts, while Chiu et al.”® coupled the elements of K
and Ag to achieve successful synthesis of carbon nanocoils (CNCs). Moreover, new
insight into CNT research has also been gained by the metal-catalyst-free route,
which proves that CNT growth is possible with no metal catalyst. Examples include
the most recent works by Liu et al.** * and Huang et al.?*, who demonstrated growth
of SWNTSs by using SIO, nanoparticles. A detailed discussion on the catalysts for
CNT growth is presented in Chapter 3.

The role of the catalyst is crucia to the growth of CNTSs, especially when the
catalyst is supported on a substrate, which affects the size, shape, and activity of the
supported catalyst particles. In this thesis, single crystal SrTiOs; (001) and
polycrystalline BaSrTiO; are used as substrates for the growth of CNTs. Interest in
the SITiO; (001) surface stems from its remarkable ability to support distinct
nano-sized metal shapes,”*” which in turn would be expected to function as catalysts
for the growth of CNTs. Furthermore, the realisation of vertically-aligned CNT
growth on doped SITiO3; substrates (electrically conductive) may herald the
beginning of a new age of oxide nanoelectronic devices. As for BaSrTiOs, previous
research has indicated that it may be a good candidate for numerous applications, e.g.
high-sensitivity sensors and tunable microwave systems, owing to the benefits of its

low cost and well-known ferroelectric properties.*** The combination of the CNTs



with BST may create new properties and lead to the fabrication of future
MEMS-based devices* Thus, the growth of CNTs on the surface of perovskite
oxides (SrTiOz and BaSrTiOg) presented in this thesis has been studied not only in
pursuit of a controlled design for catalysts and a fundamental understanding of the
CNT growth mechanisms, but also with the idea of building up novel devicesto open

up new avenues in nanotechnol ogy.

1.2 Plan of Thesis

This thesis is concerned with the study and understanding of the growth of carbon
nanostructures (mainly CNTs) on perovskite oxide surfaces with the aid of CVD
techniques. Investigations on utilising S'TiO; and BaSrTiOs as catalyst supports, or
catalysts, for the growth of carbon nanomaterials are carried out. Based on the focus
on the design and fabrication of catalysts, two main threads run through this work: i)
the metal-catal yst-involved route for growing CNTs on SrTiO3 (001) using Fe and Ni
catalysts (Chapter 4) and synthesising CNCs on polycrystalline BaSrTiOz surfaces
with the assistance of Sn (Chapter 7); and ii) the metal-catalyst-free route for the
growth of CNTs on pure Sr'TiO; (001) single crystals and BaSrTiOz polycrystals
(Chapters 5 and 6). An outline of the thesis follows bel ow.

In Chapter 2, a general introduction to the characterisation techniques used to

generate the results in thisthesisis presented. Thisis followed by a description of the



instrument and experimental procedures involved in the fabrication of the CNT
growth catalysts, as well as the synthesis of CNTs.

A review of the research literature in the field of ‘CVD growth of CNTs on
substrates is given in Chapter 3. This contains a background description of the
structural features and morphology-property correlation of CNTs, a general
introduction of the current methodologies for CNT growth, with a special focus on
the *surface-bound CV D’ techniques employed in this thesis, and a detailed review of
the growth aspects and formation mechanisms concerning the synthesis of CNTs on
substrate surfaces, highlighting the role of catalysts during the CVD processes.

From Chapter 4 onwards, original experimental work performed by the author is
presented. The proposed layout of contents for Chapters 4-7 is based on the link-up
between these result chapters. Starting from the exploration on the growth of CNTs
via metal-involved CVD (Chapter 4) is because this investigation accords with the
initial aim of the original project proposal. Then it is natural to come up with the idea
to investigate the CVD growth of CNTs without the 'tedious’ metal-involved routes,
since SITiOs (001) can present various surface structures with atomic surface
roughness, which could be useful to directly grow CNTs on it (Chapter 5). This study
is furthered by the investigation in Chapter 6 to see which perovskite facets are the
most catalytically active for the growth of CNTs, by using BaSrTiO3 polycrystals.
Finally, the investigation of helical carbon growth is included after Sn-residue has
been surprisingly found inside the pits of the BaSrTiOs substrates (Chapter 7).

Chapter 4 is concerned with the growth of CNTs on SrTiO3 (001) substrates via



CVD with the aid of Fe and Ni catalysts. Through STM investigation of catalyst
design prior to CNT growth and SEM study of the effects of various CVD
parameters, the growth conditions are optimised and the synthesis of
vertically-aligned CNTs is then realised for the first time. Interesting results are
obtained when growing CNTs under unusua conditions (fast-heating, catalyst
pretreatment design).

In Chapter 5, different catalyst preparation methods are used in order to investigate
the growth of CNTs on SITiO; (001) surfaces by metal-catalyst-free CVD. The
methods include engineering a series of SrTiO3 substrates to achieve distinct surface
structures, preparing particulate SrTiOs powders and creating scratched SrTiOg
substrates. Using engineered SrTiO3; substrates to grow CNTS, a correlation between
the surface roughness/morphology of the substrate and the relevant catalytic activity
is revealed. Complementary studies of the growth of CNTs on the SrTiO; powders
and scratiched substrates confirm the catalytic capability of SrTiOg
nanoparticulates/nanoasperities. A possible CNT growth mechanism is proposed
based on the experimental findings.

Chapter 6 presents the work on the metal-catalyst-free growth of CNTs on
polycrystalline BaSrTiO3 surfaces. Facet-selective formation of CNTs on substrate
surfaces is observed. Detailed characterisation studies indicate that the orientations
and surface roughness of the distinct BaSrTiOs facets play a critical role in the
facet-selective growth behaviour of CNTs. A mechanism of CNT formation is

proposed in respect to the assembly of carbon segments.



Chapter 7 focuses on the growth of coiled carbon nanostructures (CNC/CMCs) on
SrTiO3; and BaSrTiO3 substrates without/with the aid of Sn, which can be regarded as
new catalyst systems for the synthesis of carbon helices. On both scratched SrTiO3
and BaSrTiO; substrates, observations of grown CNC/CMCs are documented via
SEM imaging, even though no conventional CNT catalyst are used. With the
introduction of Sn into the system, CNC/CMCs can be obtained in much higher yield
on the BaSrTiO3 substrate, especialy when Feis used as an additive to Sn.

A summary of the work is presented in Chapter 8, along with concluding remarks.
The work contained within this thesis deals with the growth of carbon nanostructures
(mainly CNTs) on SrTiO3 and BaSrTiO3 surfaces from an experimental perspective,
centering on the selection, design and usage of catalysts, and provides some
fundamental understanding of the growth mechanisms of the resulting materials. The
usage of perovskite oxides to serve as CNT catalyst supports, or catalysts, is explored.
There is scope for future work in investigating the enhanced production of CNTs and
their properties via the metal-catalyst-involved route, to determine whether they can
serve as promising candidates for oxide/ CNT-based devices. Moreover, the cases of
metal -catalyst-free growth of CNTs on SrTiO; and BaSrTiOs substrates might shed

further light on the use of perovskite oxidesin catalysis.



Chapter 2 :

Experimental Techniques



2.1 Background

The growth of carbon nanotubes (CNTs) by chemical vapour deposition (CVD) is a
complicated catalytic process. In principle, it involves two main stages: 1) the design
and generation of catalysts; 2) the growth of CNTs on these catalysts. In this thesis
the CVD process is restricted to the oxide surface-bound™ ** type (The CNTs are
grown on oxide substrate surfaces with/without metal nanoparticles via CVD. The
detaills are given in Chapter 3). The experimental technique is of paramount
importance in this particular field, not only because it directly leads to the
fabrication-characterisation of obtained carbon nanomaterials, but also because it
dictates the structure-property relationship of synthesised CNTs and provide insights
into the growth mechanismsto facilitate potential applications.

The catalyst plays a key role throughout the whole synthesis, it deserves thorough
characterisation prior to the CVD process. This can be achieved with the aid of
specific probes ranging from scanning tunnelling microscopy (STM), atomic force
microscopy (AFM), and white light interferometric microscopy (Micro-XAM).
Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
Raman spectroscopy are utilised to investigate the final carbonaceous product, whilst
energy-dispersive X-ray spectroscopy (EDX) equipped within an SEM or TEM
provides elemental constitution/chemical information of given samples.

A broad range of different characterisation techniques are employed in this thesis.
These characterisation techniques have been divided into two separate groups:

Section 2.2 focuses on depicting ‘main’ techniques which were used to characterise
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the materials, whilst Section 2.3 covers ‘complementary’ techniques in a more
succinct way, as these are techniques that were not performed by the author
personally. The experimental methodologies and procedures (which are also carried

out by the author) are covered in Section 2.4.

2.2 Main Techniques
2.2.1 Scanning Tunnelling Microscopy (STM)

The scientists' long-term aspiration to observe and manipulate surfaces at the atomic
level was not fully fulfilled until the invention of STM in 1981.%* % The pioneers,
Gerd Binnig and Heinrich Rohrer at the IBM Zurich research laboratory, were
subsequently awarded the Nobel Prize in Physics in 1986. To date, STM has been a
perfect tool to study surface structures, observe surface dynamics, and monitor
catalysis taken place on surfaces.® * It has been touted to have created a ‘revolution
in nanoscience and nanotechnology’ .

STM is based on the quantum mechanical phenomenon caled ‘tunnelling’.
Normally a perfectly sharpened conductive tip is brought close to the surface to be
investigated, a bias applied between the tip and the sample, which gives rise to the

tunnelling current, can be described as:

Itunnel oC VgozpspTeiAd\/6 (2.1)

where lynng IS the tunnelling current, V is the bias established between the tip and the
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sample, ¢ isthe average barrier height (in eV), psisthe density of sample states, pr is
the density of tip states, d is the tip-sample separation (in A), and A is a constant.
There is an inverse exponentia relationship between the tip-sample separation d and
the tunnelling current Iy N the expression (2.1), which means that the current
density is sensitively affected by the separated distance, which gives rise to the high
resolution of the STM. It can also be derived from this relationship that electrons can
only tunnel between the atom situated at the tip-apex and atoms on the topmost layer
of the sample (as shown by the enlarged view in Figure 2.1) This featured ‘ surface
sensitive’ character is the reason why STM is particularly suitable for examining and
analysing surfaces.

Figure 2.1 shows the basic instrumentation of an STM. Typically, a meta
(tungsten or platinum-iridium alloy) tip is attached to a scanner which is constituted
by piezoelectric crystals. The piezoelectric materials expand/contract due to an
applied voltage, and the scanner is specifically designated in order to alow
independent movement in X, y, and z directions, thus extremely precise control in
tip’s positions can be achieved. By scanning the surface of the sample, information is
gathered with the aid of computer and finally presented in image form.

Equation (2.1) not only reveals that the inverse exponential relationship between
tip-sample gap and tunnelling current that leads to the characteristic ‘ sensitivity’ of
STM, it adso conveys that the tunnelling current is dependent on the local density of
states (LDOS) of the tip as well as the sample. Therefore the STM image should not

simply be interpreted as a topologica map. In fact the STM image needs to be
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deemed as a contribution of both textural and electronic information. This means that
the regions that appear bright or dark on an STM image might not exactly correspond
to a surface protrusion or depression topologicaly. An example of the STM study of
rutile TiO, (110) surface™ substantiates the above statement. The Ti ions at a
topologically sunk level on the surface surprisingly appeared as bright rows on the
image because the LDOS of un-coordinated Ti ions will ‘attract’” more electrons to

tunnel into themselves under this circumstance.
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Figure 2.1: A simple sketch of the basic instrumentation of an STM. Image adapted

from the TU Wien.

There are two essential modes to be chosen for acquiring atopological STM image.
The first mode is called constant height mode. This mode is to scan the tip in the x-y
plane over the sample surface without altering in the z direction. In this operation the
height of the tip is held constant thus the tip-sample separation d is varied due to the

topology of the surface, creating an image as a tunnelling current map. The other
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mode is constant current mode which is, by far, the most widely employed method to
produce STM images. In this mode the tunnelling current is set by the operator, the
height of the tip is adjusted by the feedback oop while scanning in order to maintain
the determined current. This leads to variation of tip position in the z direction and
creates an image as a tip height map. Specifically, the image of the surface employs
the voltage applied to the piezoedectric scanner, which changes the %, y, and z
parameter, to document a picture of the sample surface. In this thesis the constant

current mode is used to image surfaces.

2.2.2 Scanning Electron Microscopy (SEM)

An electron microscope (EM) employs a beam of electrons directed at a specimen to
get a magnified image of the specimen. SEM is the most widely used type of EM due
to its versatility in surface characterisation and practical ease of specimen preparation.
It is extremely useful for observing the external morphology of materials and can be
used in tandem with other techniques to obtain analytical information on the
structural, chemical, and crystallographic properties of samples.*

Within an SEM, the electron beam is generated by an electron gun. The most
common electron source is the W/LaBg filament thermionic emitter, but there is a
growing trend toward the use of field emission guns (as within the instrument of the
JEOL JSM 840F), as these guns provide higher brightness and better defined electron

supplies (narrower energy spread). The benefits engendered from using electrons
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instead of light within an EM lie in the following aspects:
(1) An improvement of both resolution and depth of field of the SEM instrument is
achieved.

On the Rayleigh criterion the resolving limit r for distinguishing two adjacent

points could be interpreted as:

061
= Sna 2.2)

Furthermore, the depth of field of the microscope, h, which is defined as the range

r

along the microscope axis within which the specimen can be moved without blurring

the image, is given by:

he 0.6114
Sing tana (2.3)

where 1 is the wavelength, « is the angular aperture of the microscope lens. For a
light microscope, « isrelatively large, and the wavelength A of visible light is posited
at 400-700 nm, while for an SEM, the electron lenses are so poor that the o is very
small thus the approximation sina=tana=a can be applied. This much reduced value
of a gives rise to the greater depth of field in SEM which enables us to build up a
clear 3D pattern of specimen topography. However, the resolution of SEM is mainly
determined by the electron beam diameter (unlike that of TEM which is determined
by the small wavelengths of high-energy electrons), the use of higher beam energy
electrons (e.g. 20-25 keV) within an SEM could cause larger beam penetration
towards the sampl e thus more beam damage, leading to poorer resolution.

(2) An enrichment of characterised information in the specimen, e.g. on chemical

composition, crystal orientation, magnetic behavior and electric potentials can be
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obtained.

In comparison with photon radiations, electron radiations can interact more
diversely with the specimen surfaces. When an incident beam of electrons hits the
surface it can generate many different signals by interacting with the surface atoms.
Among these distinct types of signals, are the secondary €electrons that are detected
for surface topographic imaging. Apart from these originated low-energy electrons,
there are backscattered electrons and X-rays etc. generated and these can be collected
and used to obtain information on the specimen. The backscattered electrons, which
consist of high-energy electrons, can be used to overview the sample composition
and also help determining the crystallography of the specimen (EBSD). The X-ray
emissions can be used for EDX to enable detailed analysis of the chemical make-up
of the specimen.

The operation of an SEM commences when an electron beam is initiated from the
electron gun. The generated beam (energy ranging 0.5-40 keV) is first demagnified
and condensed into a thin, sharp stream of electrons by a series of
condenser/objective lenses, and then deflected by magnetic lenses/scanning coils in
the x and y direction to adopt a raster scanning fashion. The incident beam interacts
with the specimen and the various types of electrons (SE, BSE, etc.) emitted are
collected by designated detectors and amplified to provide an eectrical signal.
Simultaneously, a spot of the cathode ray tube (CRT) is scanned across the display
and it is the amplified signal that controls the intensity of the spot. In the SEM, both

the electron beam and the CRT spot are scanned in the raster pattern; the image is
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digitally captured by a computer and regarded as a distribution of the intensities of
the electrons emitted from the scanned surface. In this work, a JSM 840F SEM
(operates at 5 kV) and a JSM 840A SEM (operates at 10 kV) were used to generate

the SEM data.

2.2.3 Raman Spectroscopy

The Nobel Prizein Physicsin 1930 was awarded to Indian physicist C.V. Raman, for
his discovery of Raman scattering by means of sunlight in 1928. Spurred by this
groundbreaking observation, Raman spectroscopy has devel oped with the progress of
technology since and has become an extremely significant spectroscopic tool for the
analysis of materials and chemicals.

Raman scattering is an inelastic scattering process, as opposed to the elastic
Rayleigh scattering. These different forms of scattering stem from the interaction
between the photons in light and the molecular bondselectron clouds from a
molecule, as shown in Figure 2.2. In Rayleigh scattering a molecule is excited by a
photon and promoted from the ground state to a ‘virtual’ energy state, thereafter it
instantly drops back to its ground state and rel eases a photon, giving rise to scattering.
Since the molecule returns to an identical state the scattered light possesses the same
wavelength as the incident beam of photons. Raman scattering is a different process
because it involves energetic transfers between the photons and molecules during

interaction. If the molecule finally drops back to a vibrational state that has higher
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energy than ground state then the scattered photon possess less energy (longer
wavelength) to keep the whole system energy balanced, this is entitled Sokes
scattering; If the molecule starts off being raised in a vibrational state and return to
its ground state after scattering, then the scattered photon gains energy therefore a
shorter wavelength is achieved, this is called Anti-Sokes scattering. Operationally,
the Raman shift is used for documenting the shifting in energy caused by the
vibrational states of the sample. Raman shift is normally expressed in wavenumbers,

with the typical units of inversed centimeters, which can be interpreted as

olcm™)= t 1 x 7@
solom)={ s i1 o )

where Aw is the Raman shift, /o is the excitation wavelength, Ar is the Raman

spectrum wavelength.
A
0 Virtual states
A ks
Energy
v Vibrational states
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Rayleigh Stokes Anti-Stokes
scattering Raman Raman

scattering scattering

Figure 2.2: A graph showing three forms of visual light scattering. Image adapted from

the University of Cambridge.

Raman spectroscopy offers a surface-sensitive technique for studying a wide range
of materials and identifying specific molecules. In particular, it is well established
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that the quality and intrinsic structure of CNTs can be assessed by Raman
spectroscopy.” CNT samples possess several peaks at specific frequency positionsin
Raman spectra (using visible light excitation). Typical Raman spectra of CNTs
contain four characteristic Raman bands that are resonance enhanced. The bands are
the G-band, the D-band, the 2D (G’)-band, and the radial breathing mode (RBM).
The G-band near 1590 cm™ is related to the vibration of sp>bonded carbon atoms
in a 2D hexagonal lattice, indicating the existence of the graphitic structures. The
D-band at around 1310 cm™ is associated with the presence of amorphous carbon and
disordered graphite. The 2D/(G’)-band near 2700 cm™ indicates the presence of large
crystalinity in the sample. The RBMs at low wavenumbers are strong evidence for
the presence of SWNTs. Furthermore, the diameter of the SWNTSs can be predicted
with the aid of wrsv. More evidence for SWNTSs contained in carbon species relies
on the fact that a sharp split of G-band into two components (G- and G+) occurs,
which is attributed to the curvature effect when the tube diameter is sufficiently
small.** Therefore, by compiling and analysing the Raman spectral data, decisive
information on size, quality and symmetry of CNTs can be attained.” In this work,
the grown samples were inspected by a Raman spectroscopy (JY Horiba Labram
Aramis imaging confocal Raman microscope with a 532 nm frequency doubled

Nd:YAG laser).
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224 White Light Interferometric Microscopy
(Micro-XAM)

Interference is defined as the change of beam intensity occurring at the moment that
two waves of light beam are superpositioned. The use of white light interference
leads to the development of white light interferometric microscopy. White light
interferometric microscopy has aready been employed as a novel tool for
characterising and measuring roughness, step heights, and specia features of the
sample surfaces.”® The principle of operation involves the splitting a beam of white
light into two beams with the aid of upper beam splitter, as shown in Figure 2.3. One
beam is directed towards the target sample surface whilst the other beam is brought
to reach an internal reference surface/mirror. The lower beam splitter equipped
within the objective lenses recombines the light beams reflected from both the
sample and reference surfaces, and the interference patterns of bright and dark
fringes can be detected and imaged by the CCD sensor. This static fringe map
essentially shows the ‘protrusion and depression’ of the sample. By verticaly
adjusting the objective lenses the distance between the sample and the lower beam
splitter varies and dynamic interference fringe images can be created. Once the
maximum constructive interference is established, a 3D topography of the sample

surface is created and is ready to be imaged.
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Figure 2.3: A schematic diagram of typical instrumentation of a white light

interferometric microscopy.*

Conventionally, Atomic force microscopy (AFM) might be the most competent
measurement approach for obtaining the z-direction information (height, roughness,
etc.) of provided surfaces out of UHV. However, lengthy setting-up times and sample
imaging times, along with the fact that the lateral range of inspection is always
limited to an area of several ].Lmz, limit the use of AFM. Compared to the AFM, white
light interferometric microscopy has several advantages including fast measurement
speed, facile access of manipulation, long term reproducibility and stability. This
truly non-destructive technique is also able to achieve high vertical resolution and
good lateral resolution when characterising complex sample surfaces.

Micro-XAM data shown in this thesis were generated on an Omniscan
Micro-XAM 5000B 3D interferometric spectroscopy at Begbroke within the
Department of Materials, University of Oxford. This instrument can measure field of
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view from 84 pm x 63 um to 8.0 mm x 10.0 mm (depending on the objective lenses
employed), and can also quickly and accurately achieve a 3D topographic map of the
surface at the nm scale (the capacity of vertical resolution can be better than 0.1 nm)
with a sensitive z-parameter scan range of up to 10 mm. Experimental data were
processed using the provided SPIP™ software, where the advanced data analysis,

batch processing, surface roughness (linefarea) measurement etc. can be realised.*’

2.2.5 Chemical Vapour Deposition (CVD)

Chemical vapour deposition (CVD) is a chemical process where solid materias are
deposited onto substrates from volatile precursors at high temperatures. Generally,
CVD process can be employed in different forms, the most frequently used CVD
techniques include: atmospheric-pressure thermal CVD, low-pressure thermal CVD,
plasma enhanced CVD, and aerosol assisted CVD.

The CVD technique has played a significant role in the nanotechnology boom of
the past 20 years where it has been used to synthesise novel materials with
fascinating morphologies and tantalising properties. The products fabricated cover a
huge range of types, from elements (metals, semiconductors) to compounds (oxides,
carbides, nitrides), which can also display in various forms (single crystaline,
polycrystalline, amorphous, etc.). Specifically, carbon nanotubes (CNT) grown by
CVD approach have attracted great interest. It is well known that CNT can be

synthesised by a wide range of methods such as arc-discharge, laser ablation, and
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CVD. CVD is used due to its low cost, high yield, and ease of scale-up.®® *
Moreover, CVD is aversatile approach for CNT synthesis in the sense that it enables
precise control of positioning of grown CNTs on patterned substrates and offers
control over growth parameters.

The growth of CNTs by CVD technigue relies on the catalytic decomposition of
carbonaceous precursors and the formation of tubular architectures on catalysts at
elevated temperatures (typically 600-950°C). The catalysts are normally transition
metals (or their alloys) and oxides, in the form of substrate supported nanoparticles
or thin films. In this thesis the carbon nanostructures were grown by means of CVD
process. More detailed information on CVD technique is presented in Section 3.2 of

Chapter 3.

2.3 Complementary Techniques
2.3.1 Transmission Electron Microscopy (TEM)

TEM is capable of providing images of given specimens at an extremely high
resolution, seeing objects in the order of several angstroms (A) due to the small de
Broglie wavelength of electrons (around 2.75 pm at 200 keV). TEM can explore the
internal structure of specimens, revealing the details at the nanostructural level, while
an SEM can always only illustrate an object’s external appearance.

In TEM, a beam of electrons with significantly high energy is transmitted through
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a specimen, interacting with the specimen as it passes through. It is those electrons
which transmitted through the specimen that form an image. A TEM is composed of
an electron gun, a condenser system, a specimen stage, an objective lenses system,
the magnification system, the chemical analysis system, and data recording devices.

There is an array of operating modes in the TEM, which the contrast formation
depends greatly upon. For instance, in the bright field imaging mode, the formation
mechanism of contrast is due to the directly absorption of electrons in the sample,
therefore, thicker regions of the sample will appear dark, whilst regions with no
sample in the beam path will appear bright. Another basic mode is the dark-field
imaging mode, where the images are generated due to the usage of scattered
electrons (diffraction contrast). Nowadays the diffraction contrast is a dominant
mechanism for imaging dislocations and defects in the samples. Moreover, the phase
contrast imaging mode is an advanced operation mode that is based on the variation
of phase of electron waves, which is induced by the interaction with sample. In the
TEM, phase contrast imaging enables the observation of individual atoms, leading to
the high resolution (HR) imaging techniques (HRTEM).

In general, TEM samples need to be sufficiently thin (< 100 nm) to allow electrons
to be transmitted through them. To meet this requirement, numerous sample
preparation methodol ogies have been created, the degree of handling difficulty varies
from being nearly trivial, such as ultrasonicated dispersion, to procedures involving

complex steps, such as focused ion beam milling, mechanical polishing etc..
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2.3.2 Energy-Dispersive X-Ray Spectroscopy (EDX)

In this work, EDX has been employed as a probe of chemical information, due to its
operational ease and extensive availability within both SEMs and TEMs. This
enables EMs equipped with EDX to perform elemental identification especialy at
local areas/morphologies of interests.

Spectroscopy of the inner shell electrons provides information regarding the
elemental constitution of the sample, as the inner electrons are hardly influenced by
chemical bonds between atoms. In EDX, a high-energy beam of primary electrons or
X-rays (external stimulation) is focused to hit the sample being examined. The
incident beam penetrates to excite an electron in an inner shell, releasing it from the
shell thus creating a hole. An electron possessing higher energy from an outer shell
‘drops and fills the hole, during this process X-rays are generated with an energy
that corresponds to the difference between the higher energy shell and the lower
energy shell. The stated principle of EDX is graphicaly shown in Figure 2.4. Since
the energies of the emitted X-rays are characteristic of the atomic structure of the
element, EDX is suitable to measure the elemental composition of the sample.

EDX systems are commonly equipped within SEMs and TEMs, where the
fine-focused electron beam is used to gect the inner shell electrons. Typicaly a
detector within the EMs is used for converting the energy of the emitted X-rays into
voltage symbols (keV), software such as Oxford INCA instaled at computer

monitors could be functioned as data collector, analyser, and processor.
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Figure 2.4: A schematic diagram showing the principle of Energy-Dispersive X-Ray

Spectroscopy.

2.3.3 Electron Backscatter Diffraction (EBSD)

By making use of backscattered electrons, as mentioned in the above sub-section
2.2.2, the crystal structures of a polycrystalline material can be well elucidated. It is
the backscattered el ectrons generated by incident beam could exit the sample surface
in the special fashion that the Bragg diffraction condition is adopted. EBSD has
therefore been devised in this sense and becomes a reliable and suitable technique
nowadays for identifying the crystallographic orientations and examining the
crystalline structures in solid materials.

In general, EBSD is performed by virtue of an SEM equipped with an EBSD
detector, which mainly consists of a transmission phosphor screen and a sensitive
video camera. In order to conduct an EBSD measurement, the specimen, prior to
placement into the SEM chamber, needs to be mechanical/chemical polished to form

aflat surface free of damage. This is because, as the electron backscattered patterns
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are normally created at relatively shallow depths (~1 pum) within the materials, the
crystal lattices close to the surface of specimens need to be clearly presented. The
prepared specimen is then mounted inside the SEM and tilted to an angle of ~70°
relative to normal incidence of the electron beam, and the diffraction pattern named
Kikuchi bands are formed on the phosphor screen. It is these Kikuchi bands that can
be processed and analysed in the connected PC to generate information on the crystal

structures and orientations of the specimen being examined.

2.3.4 Atomic Force Microscopy (AFM)

Following the invention of the STM, there has been a revolution in the field of
scanning probe microscopies (SPMs). AFM, has swiftly found widespread uses since
its invention in 1986,>° and is now a ubiquitous tool for observing, imaging and
mani pul ating surfaces at the nanoscale.

The AFM utilises a sharp probe which ismounted on a Si or SIN cantilever to scan
and image the sample surfaces. In a typical AFM measurement the probe is placed
close enough above the specimen that forces between the atoms of the probe and
those of the specimen surface give rise to a deflection of the cantilever. When the
specimen is scanned, the cantilever will move up and down in accordance with the
surface topography in order to maintain the constant force between the tip and
sample. This vertical movement of the tip can be accurately measured by using a

laser beam reflected from the cantilever. Moreover, as in the STM, piezoelectric
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crystals facilitate the sensitive and precise scan in al the x, y and z directions. The
vertical resolution is less than 0.1 nm and hence the atomic imaging of surface
structures of the specimen is possible.

The AFM provides clear atomic 3D surface profiling and the measurement can be
carried out under ambient conditions (no vacuum is required). However, compared to
other techniques such as Micro-XAM and SEM, AFM has a limited scan size
(typically up to 10~20 pm in height and 100 pm % 100 pm scanning area limit), a

slow scan speed and laborious sample preparation is required.

2.4 Methods and Procedures
2.4.1 The Equipments

In this thesis the UHV-STM system, JSTM-4500XT>*>* in the Department of
Materias at Parks Road was designated to carry out experiments to fabricate and
characterise of SITiO; catalyst substrates for CNT growth, whereas the
aerosol-assisted, atmospheric CVD apparatus in the Department of Materials at the
Begbroke Science Park was used for the ex situ growth of CNTs on the prepared

substrates by means of CVD approach.
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2.4.1.1 UHV-STM System

Figure 2.5 shows a genera view of the JISTM-4500XT. This JEOL system maintains
and operates at pressure of 10° Pa with the aid of ion pumps as well as titanium
sublimation pumps (TSP) when required. It consists of two UHV chambers: a
treatment chamber and an STM chamber. The treatment chamber is built up for
treating samples (i.e. degassing, sputtering, annealing), and can also function as a
platform for storing the tips and samples. A loadlock is connected with the treatment
chamber and used for tip/sample introduction, which can be opened and pumped
down using a turbo molecular pump (TMP) to a pressure around 10° Pa. The STM
chamber contains the STM head for detailed STM imaging, an e-beam evaporator for

metal deposition and a K-cell evaporator for organic molecular deposition.
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Figure 2.5: Photograph of the JEOL JSTM-4500 XT microscope. A list of key

components is labelled on the UHV chambers.
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2.4.1.2 Atmospheric CVD Appar atus

The lab designed CVD apparatus™ consists of a 50 cm long horizontal electrical
furnace, a quartz tube (2.2 cm inner diameter) which is typically inserted into the
furnace, and a gas exhaustion trap filled with acetone. It should be noted here that the
use of acetone at the current set-up has potential danger, in particular when the
system functions at high temperatures, since acetone is highly flammable. A
diaphragm pump could be used instead for future work. The whole system is
equipped with a gas flow controller for governing the used type and flow rate of
carrier/feedstock gases. A piezo-driven aerosol generator (RBI Pyrosol 7901) can be
incorporated into the system to alow the use of liquid carbon feedstock (such as

ethanol) for CNT growth. A picture of the apparatus is shown in Figure 2.6.

Electrical Furnace

Gas gate

Acetone trap

Figure 2.6.: Photograph of the atmospheric CVD apparatus at Begbroke lab. A selection

of set-ups is labelled.
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2.4.2 Buffered-HF Etching

Buffered-HF (BHF) etching remains an effective method to prepare and treat the
surface of perovskites, such as SITiO; (STO), BaSrTiOz (BST). The BHF solution
used in this work was prepared by dosing the NHsF solution (60% mass
concentration) into the HF solution (40% volume concentration), to make sure the
final mixture has a pH value of 4.5. Further details regarding this preparation method
were reported by Kawasaki et al.*

Two kinds of substrates, single crystalline STO (001) and polycrystalline BST,
were used in the experiments. Both of the substrates were epi-polished and supplied
by PI-KEM, UK. In thiswork, the substrate samples were typically etched for 10 min
in the prepared BHF solution and thoroughly cleansed by ethanol and deionised
water afterwards, prior to CNT growth. By using BHF etching, not only can the
amorphous layer of polishing damage on the new samples be removed, but the used

samples can be regenerated as the sampl e surfaces are cleansed by etching.

2.4.3 Sputtering and Annealing

Sputtering refers to the process of bombardment of sample surface with noble gas
ions. It is a universal and versatile method for surface cleaning. In particular, with
regard to the STO (001) surface, sputtering also remains as a key step for producing
various kinds of surface nanostructures, as the bombardment can induce specific

defects and disorders to the uppermost surface layers.
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In this work, argon (Ar) ions served as the sputtering beam. On the JEOL 4500XT,
sputtering was performed by using a PSP Vacuum technology ion source 1SIS3000,
which is incorporated within the treatment chamber. This sputtering gun uses a
filament to create plasma from Ar gas before accelerating the Ar* ions towards the
sample. The ion beam energy can be selected from 0.3 to 3 keV depending on the
different surfaces, for example, 0.75 keV could be used for STO sample. The Ar gas
pressure should be maintained at ~2x10° Pa for the sputtering gun to operate. In
order to achieve this, the TMP must be in constant operation to control the pressure
in both the load lock and the treatment chamber, whilst the ion pump should be
switched off beforehand to avoid any possible damage.

Annealing is often necessary after sputtering. Annealing of materials not only
serves as a cleaning approach, but also assists the atoms on the uppermost surface
layers to rearrange and heals the defects/disorders of crystal surface caused by the
bombardment.

The STO sample used in this work is doped with 0.5% wt Nb to become
sufficiently conductive for STM measurements. The level of dopants gives rise to a
low RT resistivity of 10 Q-m, which allows the sample to be heated up resistively
through passing a current along their length. In this manner an annealing temperature
of up to 1400°C can be achieved in the UHV chamber. To measure sample
temperatures during annealing, an optical pyrometer can be employed to monitor
temperatures above 750°C, while a fit equation™ is applied to estimate the sample

temperatures below 750°C, as stated in Equation (2.5),
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T = 1.4739% — 34.546x° + 325.3x + 15.58 (2.5)
where x is the power supply output (W) of the sample when heating, T is the sample

temperature (°C).

2.4.4 Metal Deposition

Metals, in the form of thin films (nanometer thickness) coated on the substrate
surfaces, are capable of producing CNTs. In UHV, in order to deposit metal thin
films on substrates, certain types of metals need to be delivered by their evaporated
states from the source to the target substrates. This was achieved with the aid of the
e-beam evaporator equipped within the JEOL-4500XT in this work, and Fe and Ni
were used and deposited with the evaporator.

In the e-beam evaporator, a W filament is positioned close to the top of a metal rod.
The metal rod is applied by a positive bias (typically 2 kV). The filament is passed
through a current to emit electrons, which can be attracted and collected by the tip of
the rod. The emitted electrons, due to thermionic emission, lead to high electron
density on the tip of the rod, further inducing local heating at the area of the tip.
Hence, the evaporation of source materialsis enabled.

In this work, an Oxford Applied Research mini e-beam evaporator ENG4 is used
for metal deposition. It has four separate pockets, and each pocket possesses an
independent filament, which facilitates replacement of different types of material

rods. A water circulation system is provided to cool the instrument when operating
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and a shuttle is attached to protect the target substrate from contamination before

establishing a steady flux rate and also offer control on the deposition timings.

2.4.5 CVD Procedure

The carbon nanotubes (CNTs) were produced on the STO or BST substrates by
EtOH-CVD or C,H,-CVD over a range of temperatures (600-800°C) for designed
growth periods (normally 30 min). Briefly, samples of STO substrates were placed
inside anew quartz tube (2.2 cm inner diameter), which was then positioned in a50 cm
long horizontal furnace. For EtOH-CVD, pure ethanol (C,HsOH) as carbon feedstock
was introduced by an ultrasonic unit (piezo-driven aerosol generator (RBI Pyrosol
7901)) during the growth period, whilst for C;H,-CVD, instead of aerosol generator,
plastic tubing directly connected to the quartz tube could deliver C;H, at a requested
flow rate. In atypical CVD experiment the furnace was ramped up to the designed
growth temperature under the protection of 900 sccm Ar and 100 sccm H,. Carbon
precursors were carried by the Ar/H, mixture and introduced to the quartz tube after
the furnace reached the growth temperature. The Ar and H; gas flow was maintained
during the growth stage. After a certain growth time, the furnace was switched off and
the quartz tube was cooled down to room temperature in Ar. The as-reacted substrates

were collected to be further characterised.
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2.5 Summary

This chapter has introduced the characterisation techniques and experimental
procedures for investigating the CNT growth on STO surfaces. Since the topic of
surface-bound CVD growth of CNTs can be considered as a ‘merged’ area, a wide
range of probing tools and dedicated synthetic methods have been employed.
Integrated usage of all the techniques enables complementary analysis and leads to

more detailed information to be revealed.



Chapter 3 :

Growth of Carbon Nanotubes by
Surface-Bound CVD: A Literature
Review
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3.1 Background

This chapter deals with the latest progress and understanding in the field of the
growth of carbon nanotubes (CNTs) by surface-bound chemical vapour deposition
(CVD). The growth of CNTs on substrate surfaces via CVD is of technologically
significance for the development of novel devices and composites. In this chapter,
the major technique employed in this area is described. Growth parameter-control
aspects such as the influences of growth temperature, carbon feedstock, ambient gas,
and catalysts (and/or substrates) are reviewed. Emphasis is placed on the selection,
design, and usage of different catalysts in CNT growth on substrates by CVD.
Current understanding of growth mechanisms of various carbon nanostructures
(CNTs, carbon nanofibres (CNFs), carbon nano/micro coils (CNC/CMCs)) are also

explored with the aid of different catalyst types and synthetic methodol ogies.

3.1.1 Sructural Features of CNTs

In the last decade, CNTs have been extensively studied, both theoretically and
experimentally, because of their unique architecture and fascinating properties.® “*

5763 saveral reviews™  ® have shown that CNTs are ideal candidates for electrical,

mechanical, thermal, and chemical applications such as nanoelectronic devices,® > %

1, 67 68, 69 70-72

field emission displays, structural composites, scanning probes, and
sensors.” " Fundamentally, a CNT can be regarded as a seamless graphene cylinder,

obtained from rolling up a planar sheet of graphene.” Nanostructures comprising
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single graphene cylinders are termed single-wall nanotubes (S