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Abstract

The thesis describes the preparation and characterisation of novel oxide catalysts
(NiO and doped ZnO) and catalyst free growth of carbon nanotubes (CNTs). Additionally a
new growth mechanism has been proposed for these oxide catalysts, based on intra-granular
charge transfer and lattice strain. The intra-granular charge transfer process is believed to
help dissociate the hydrocarbon molecules and the lattice strain is believed to be responsible
for the diffusion of carbon atoms through the catalyst nanoparticles. These two processes
collectively give rise to CNTs growth. The materials were prepared through solid state
reaction with a range of temperatures. The pellets were then thermally evaporated on to the
substrates in order to use these catalyst nanoparticles for CNTs growth.

The chemical state and the chemical environment of the dopants (Ni, Cu, Sm, Tb and
Ho) in the ZnO host material were identified through x-ray photoelectron spectroscopy
(XPS). It was observed through XPS that the mixed oxidation state of the dopants in the ZnO
gives rise to the intra-granular charge transfer process. The crystal structure and the lattice
strain produced by the incorporation of dopant ions into the ZnO matrix were observed
through x-ray diffraction (XRD). It was observed that dopant ions produce lattice strain and
the extent of it, depends upon the ionic radii of the dopants. The higher the lattice strain the
higher will be the diffusion of carbon atoms through the catalyst nanoparticles. The size and
shape of the catalyst nanoparticles were obtained using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Energy dispersive x-ray spectrometry (EDS) in
the TEM and SEM was applied to see the elemental composition of individual nanoparticles
and the pellets respectively. After growth the CNTs were characterised through SEM and
TEM to see the morphologies and EDS for the elemental composition of the particle at the tip
of CNTs.

The study of these catalysts regarding the growth of CNTs showed that those catalyst
nanoparticles with a strong intra-granular charge transfer mechanism and higher lattice strain
gives rise to CNTs growth. The catalyst nanoparticles with dopants in their minimum or
maximum oxidation states do not give rise to intra-granular charge transfer and hence no
CNTs growth.
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Chapter: 1; Introduction

1.1): Introduction:

The history of the solid forms of the structures of carbon can be traced back to 1772,
when Antoine Lavoisier proved that diamond is a form of carbon and produces carbon
dioxide on combustion. In 1779 C. W. Scheele proved through combustion that graphite
belongs to carbon family whereas before that time it was believed to be a form of lead. For
the next two hundred years these were the only known forms of solid carbon. Hence it came
as a considerable surprise when in 1985 it was observed the carbon has another allotrope
which has been given the name fullerene® and the discovery of fullerene led to the discovery
of carbon nanotubes (CNTs)? and monolayer graphene®. These new structures were most
attractive for scientists and engineers because of their potential applications*>>.

This thesis concerns mainly the development of new ways of growing CNTSs, which
have possible applications ranging from nano-electronics, quantum wire interconnects, field
emitters to sensors®. Additionally growing CNTs at a desired position on a substrate is still a
challenge for engineers. To address these challenges it is required to have synthesis
techniques that could give rise to controlled growth. Chemical vapour deposition (CVD)
appears to be the best option among the developed techniques for the CNT growth that is
capable of addressing these requirements because CVD can grow CNTs at much lower
temperature than arc discharge and laser ablation”, which makes it suitable to grow CNTs on
different substrates using a range of catalysts.

Growing CNTs through CVD on supported catalyst is a multi step process. First is the
deposition of catalyst nanoparticles on a desired substrate. The substrate is then placed in a
CVD chamber at some elevated temperature ranging from 500C to 1200C. Carbon containing
gas is then allowed into the chamber for few minutes (10 to 20 min) to grow CNTs. The
catalyst free growth of CNTs®*® has raised the very fundamental question that if CVD works
properly then what is the role of catalyst. If we suppose that catalysts are used for the
dissociation of carbon containing gas then again the dissociation of hydrocarbon does not
mean the growth of CNTs%"1%,

For the catalytically grown CNTSs there are two steps involved in the growth. The first
and foremost step is to dissociate the hydrocarbon molecule upon the surface of the catalyst.
For the dissociation it is essential to accept an electron from the adsorbates and must have the

potential to give the electrons back to the antibonding orbitals of the adsorbates. The 2" is
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that the catalyst must have the property to allow the diffusion of carbon atoms through it;
otherwise the amorphous carbon will cover the catalyst nanoparticles and will make it

poisoned. Kim et al'?

associated the synthesis of CNTs with the wetting behaviour of the
catalyst with the adsorbates, which depends upon the relevant interfacial energies. The lower
the interfacial energy the stronger will be the interaction between the two materials. This
interaction comes from the Van-der Waals forces or chemisorptions or the combination of
both. The donation and back donation of electrons between the catalysts and that the
adsorbates (hydrocarbon molecules) causes the weakening of the bonding strengths of
hydrocarbon molecules (C2H; in this study) up to an extent that they start dissociating into
hydrogen and carbon®®.

Traditionally the 3d metal Fe, Niand Co are used for the growth of CNTs and it was
thought to be due to the unpaired d-orbitals that accept electrons from the carbon containing
gas and helps in dissociating the carbon containing gas. After the dissociation of carbon
containing gas the carbon atoms are then dissolved in the liquid droplet of the catalyst
nanoparticles and when it becomes super saturated the carbon atoms start precipitating

through the catalyst nanoparticles***°

and gives rise to CNTs growth. This type of growth is
based on vapour liquid solid (VLS) theory of Wagner and Ellis'®. However, if VLS based
growth is supposed to happen then the very fundamental question regarding the driving force
of carbon diffusion within the catalyst nanoparticles arises.

According to some of the authors****®

it is the temperature gradient that drives the
carbon atoms through the catalyst nanoparticles. The front face of the catalyst nanoparticles is
believed to behave as exothermic while the rear face behave as endothermic, this different
behaviour gives rise to temperature gradient and results in carbon diffusion through the
catalyst nanoparticles. Another group of researchers’*!8 believes that it is the concentration
gradient that causes the carbon diffusion through the catalyst nanoparticles. It is because the
basal planes of graphite have lower energy than the prismatic planes, and therefore the
precipitation is more likely to occur through the low energy planes.

It was observed by Helveg et al*®

through an in-situ TEM experiment that during the
growth of CNTs the catalyst (Ni) nanoparticles remains solid and the graphene layers
terminate at the atomic steps on the surface of Ni nanoparticles. It was observed that an
additional graphene sheet grows between the pairs of steps. These steps move towards the

ends of the Ni surface and help in transporting the carbon atoms towards the graphene-Ni
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interface. Additionally the melting point of the catalyst nanoparticles, even if the size effect is
taken into account, is higher than the growth temperature?®>2 thus it seems unlikely that the
growth of CNTs is governed by the VLS theory.

Dai et al®?

proposed another mechanism for CNTs growth, according to which first a
graphene cap is formed on the surface of a catalyst. This cap in turn reduces the surface
energy of the catalyst nanoparticles and makes it easy for other carbon atoms to get stabilised
on it. Thus more and more carbon atoms accumulate on this graphitic cap and gives rise to a
CNT. Uchino et al synthesised CNTs from Ge®® and SiGe?* islands and proposed that only
nanoscale curvature is necessary for CNTs growth.

The noble metals with no unpaired d-orbitals like Cu were believed to show no
catalytic activity towards the CNTs synthesis?®>. However, recent studies claimed the
synthesis of multiwall and single wall CNTs using Cu®®*?” and Au?® as catalyst through DC
arc discharge and CVD, but did not mention any mechanism for the growth. The synthesis
was just attributed to the reaction between the gaseous carbon specious and the copper
nanoparticles. Zhou et al’” argues that it is the low solubility limit of copper that causes an
increased precipitation of carbon through the catalyst, which seems quite conventional.

There are two reasons for the catalytic activity of noble metal catalysts. One is that the
fraction of low coordinated atoms increases with decreasing cluster size. These low
coordinated atoms are believed to be the origin of the catalytic activity of noble metals?®.
Another possibility is that the catalyst support interface plays a key role in activating the
noble metal catalyst through catalyst support interaction® (SiO, and ALO3).

To understand the effect of oxide catalysts to grow CNTs the very fundamental
question about the nature of the chemical state of the catalyst arises. After an attempt to grow
CNTs through iron oxide it was observed that it is the reduced iron that catalyses the growth
and not the oxides because these catalysts first reduces to metals and then catalyse the
growth?®3%. A range of papers®’*2*® have shown that the catalytic activity (for CNTs
growth) of Fe is better than metallic Niand Co because of more unpaired d-electrons in the
outermost shell. But how the unfilled 3d-orbitals give rise to CNTs growth has not been
discussed*. Wong et al® (1990) studied the reaction between the copper and the acetylere
molecules and attributed the dissociation of acetylene molecule to the ionic interaction

between the acetylene molecule and the copper, which seems to be a quite suitable
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mechanism if applied for the growth of CNTs. The growth of CNTs using metallic catalysts
is a huge success, but despite the fact these metal catalyst have some drawbacks as well,

I): These metallic catalysts are believed to be toxic and are not appreciated in the

clean room environment.

if): For some applications of CNTSs the catalyst particles are not desired and need to be

removed. The removal process of catalyst particle quite often damages the CNTSs.

Very recently it has been observed that oxide catalysts such as alumina (Al,03)*® and
zerconia (Zr0,)%" as catalyst can actively grow CNTs. Liu et al®® synthesised single wall
CNTs using SiO, nanoparticles as catalyst and observed that SiO, nanoparticles can
efficiently grow single wall CNTs while Si nanoparticles do not contribute towards the
growth of CNTs. The author attributed the growth to the presence of oxygen ions that play an
important role in the growth. These oxide catalysts have been used as support in the catalytic
growth of CNTs. This has raised a serious question about the actual role of the support in the
CNTs growth. Additionally it has posed a challenge of re-evaluating the growth mechanism.
Although the CNTs formation using metallic catalysts have provided a wonderful insight into
the growth mechanisms but it seems that there is still a gap in our understanding which could
lead to other possible growth mechanisms.

This study reports on the growth of CNTs using novel metal oxide (NiO), doped ZnO
with transition metals and rare earths (like Cu, Ni, Sm, Tb and Ho) and catalyst free growth
on tungsten substrate through CVD and Direct Current-Plasma enhanced CVD (DC-PECVD)
technique. The grown CNTs have been characterised for field emission properties. The main
focus is the development of novel oxide catalysts for CNTs growth and the re-evaluation of a
proper growth mechanism for these catalysts. According to an author®® “there is an
undeniable role outside the conventional thinking because their use enables the graphitization
of carbon in scenarios beyond the norm”.

The main task was to deposit the catalyst nanoparticles on a desired substrate with
narrow size and shape distribution. For this purpose pellets were prepared through solid state
reaction and were thermally evaporated on tungsten and Si substrates.

The chemical state and the chemical environment (what are the other atoms attached
to the dopant) of catalysts (pellets and thermally evaporated films) was investigated through
x-ray photoelectron spectroscopy (XPS) in collaboration with the University of Surrey. The

pellets were ground to powder form and were characterised through x-ray diffraction (XRD)
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for phase identification and lattice strain. Additionally the pellets were characterised for
elemental composition through energy dispersive spectroscopy (EDS) of x-ray in the
scanning electron microscope (SEM). The size and shape distribution of grains were
observed through SEM. The thermally evaporated grains were transported to transmission
electron microscope (TEM) grid by scratching the sample through tweezers. The crystal
structure of an individual grain was confirmed through high resolution transmission electron
microscope (HRTEM) image and the elemental composition of the grain was confirmed
through EDS in the TEM. After all these checks the sample was then put in the CVD
chamber (MPS1400) to grow CNTs. MPS1400 is a high temperature chemical vapour
deposition system and designed and manufactured by JLS design limited. Before growing
CNTs a stable plasma, conditions are set up for the desired field. For a high field sufficient
for the alignment of CNTs it is necessary to keep the chamber clean, otherwise it is very
difficult to grow well aligned CNTs. DC voltage, DC current, gas flow rate, chamber pressure
and the distance between the two electrodes are the important parameters to obtain a stable
plasma.

After the growth process the samples were then characterised through SEM, TEM,
electron diffraction (ED) and EDS. The structure and morphology of CNTs were carried out
through SEM and TEM. The crystal structure of catalyst particles at the tip of CNTs was
confirmed through HRTEM image and the elemental composition of the catalyst particle was
observed through EDS in the TEM. In addition to the growth, the CNTs were characterised
for field emission through triode and diode configuration. The field emission properties were
observed in an ultra high vacuum (UHV) system. The current voltage (1-V) characteristics,
field emission pattern and the emission current stability were observed for all CNTs grown by
using various catalysts. It was observed that Holmium (Ho) doped ZnO grown CNTs show
better emission current stability and good catalyst support interaction. Additionally the
alignment of CNTs plays a key role in stability.

The thesis is structured in a way such that chapter 2 describes a literature review
regarding the growth and applications of CNTs. Various growth models especially the effect
of catalyst upon the growth will be described. Chapter 2 also covers the use of CNTs as an
electron source. The conventional electron sources like thermionic electron sources, Schottky

field emission sources and cold field emission sources are also described.
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Chapter 3 is associated with different characterisation techniques like SEM, TEM,
EDS, ED, XPS and XRD. These techniques have been briefly discussed to understand the
working principle and the construction.

Chapter 4 deals with the preparation and deposition of transition metal (Cu and Ni)
doped ZnO catalysts. These dopants are used to observe the intra-granular charge transfer
mechanism and the effect of dopants on the lattice strain of the host material. These catalysts
have been prepared through solid state reactionat 1200C for 14 hours. The effect of substrate
surface and that of the buffer layer on the size and shape distribution of catalyst nanoparticles
will be discussed briefly. The catalyst nanoparticles and the pellets have been characterised
through XPS, SEM, TEM and EDS. Additionally the powder of the pellet has been
characterised through XRD.

Chapter 5 is about the characterisation of rare earth (Sm, Tb and Ho) doped ZnO
catalysts. These dopants are again used to see the intra-granular charge transfer mechanism
and lattice strain and the effect of these characteristics on the growth of CNTs. The pellets
and the thermally evaporated films have been characterised through a range of techniques
like SEM, TEM, EDS, ED, XPS and XRD. These catalysts have been prepared through solid
state reaction at various temperatures like 1000C, 1050C, 1150C and 1200C for
14 hours. The catalysts have been thermally evaporated like that of transition metal doped
ZnO pellets. The nanoparticles have then been used for the growth of CNTSs.

Chapter 6 is about the growth of CNTs using all these Transition metal doped and rare
earth doped ZnO catalysts as well as metallic Niand NiO nanoparticles as catalysts through
DC-PECVD. Sm doped ZnO does not show any activity towards the growth of CNTs. This
passiveness is attributed to the charge transfer mechanism that does not happen in these
catalyst nanoparticles after thermal evaporation.

Chapter 7 describes to the field emission properties of the grown CNTs. It has been
observed that the catalyst support interaction, residues and good alignment play an important
role in the stable emission current. The design and set up of the triode configuration for the
field emission will be discussed. Additionally the design and setup for the UHV system will
be outlined.

Chapter 8 summarises the work that has been carried out in this thesis and suggests

more future work.
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2.1): Introduction to Carbon nanotubes (CNTS)

A carbon nanotube is a form of carbon with sp? bonding nature like that of graphite,
in which a carbon atom is attached with three other carbon atoms making a hexagonal
network. A sheet of this hexagonal network is rolled up to make the carbon nanotube. The
graphene sheet is a single atomic layer of the hexagonal network. Single rolling of the sheet
will give a CNT called as the single wall CNTs (SWCNTys), if two graphene layers are rolled
up then it is called a double wall CNT (DWCNTSs) and several concentric rollings will give
multi-wall CNTs (MWCNTS). The structure of the CNTs depends upon the chirality (the way
the graphene sheet is wrapped) of the graphene sheet. The chiral vector Cy, can be represented

as®

C, = na; + ma, (2.1)

Where a; and a, are the unit cell vectors of the two dimensional lattice of graphene
and n and m are the integers showing the number of unit cell vectors. For n=m & 6 = 30°,
the nanotube is called “armchair”, if nZm & 0 = 0° it is called as “chiral”’and if m=0 &0 <

30° the CNTs are called “zigzag” as shown in figure (2.1).

Vector Model (b) Model Simulation

(10,10) armchair SWNT

Figure 2140 (@): Single layer of graphene (b): The corresponding rolling of the sheet with res pect to
different Chiral angles to form the three types of nanotubes like (i): shows the armchair tube (ii); Zigzag
tube and (iii); Chiral tube:
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The length “L” of the chiral vector C, can be determined from the circumference of the
CNTY.

L= |Gl =avn*+ nm+ m?

(2.2)

Where “a” is the length of the unit cell vector either a; or a, and is equal to

a= acc«/§ where ac is the bond length between two carbons. The diameter of the nanotube

is given by the following relation. Carbon nanotubes were first discovered by Redushkevich

and Lukenovich*! in 1952 as shown in figure (2.2). However, the importance of their result
was not recognised.

| l
3
:

|
"l 3

Figure 2.2*%: TEM Images of CNTs first observed by Redushkevich and Lukenovich in (1952) .

These were then identified by lijima? in 1991 and showed that the CNTs are
concentrically a rolled up graphene sheet. Since then it has attracted more attention of the
scientist and industries because of its potential for a range of applications.
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The CNTs can be either metallic or semiconducting depending on the band structure
of the CNTs. Saito et al*? calculated the electronic density of states of CNTs and proposed
that the tube indices (n & m) could be used to observe the electronic structure of CNTSs. It has
been shown that the band crossing the two degenerate points (Fermi level) during the rolling
of 2D graphene sheet gives rise to a finite density of states and the CNTs are therefore
metallic. Thus, all the armchair tubes have bands crossing the Fermi level and are metallic.
There are two possibilities for the rest of the tubes (Chiral and zigzag), if n-m=3q the CNTs
are expected to be metallic and if n - m # 3¢ (q is an integer) then the CNTs will be
semiconducting, with a band gap of 0.5eV. The band structure defines the CNTs to be
semiconductor or metallic, and this can be understood via the quantisation phenomenon. The
wave vector perpendicular to the axis of a CNT is quantised and the parallel component is
continuous because electrons are free in this direction. The band gap decreases with

increasing the diameter of CNTs and could be observed from the relation below.

2Y0Qc—
E, = % (2.3)

Where ac—c is the bond distance between the nearest neighbours, y,is the overlap
energy and d is the diameter of the tube. This clearly indicates that with increasing CNT
diameter the energy gap decreases and approached to zero at some specific CNT diameter
and hence defines the nature of CNTs that whether the CNTs are metallic or semi-
conducting. From the figure (2.3a) it is clear that metallic CNTs have two conducting
channels, which correspond to the number of sub-bands. The steps (spikes) represent the sub-
bands and appear in pairs in CNTs because of the periodic boundary conditions. In fig (2.3a)
there exists a finite density of states while in Fig (2.3b) there exists no density of states and

hence it is considered semiconducting.
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(a)
. . = 8
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: : § - 20
5 J | N
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Energy /7o

Energy/y,

Figure 2.3"® Characterisation of metallic and semiconducting nanotubes. (a): it is the band
structure of (4,4) armchair metallic CNT, where the spikes represent the number of sub-bands.
(b): is the band structure of (5,0) semiconducting zigzag tube showing that the energy gap at the
Fermi level.
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2.2): Properties and Applications of CNTSs.

Since the discovery of CNTs?, they have provided one of the most popular areas of
research for Physicists, Engineers and Chemists****>. Carbon nanotubes are ideal for both
researchers and industrialists due to their unique properties and applications. The electrical
properties of the CNTs are strongly associated with the structure of the CNTs, “whether the
CNTs are semiconducting or metallic”. They could be used for next generation devices, like
field effect transistors*® or sensors because of the high current density and conductivity, and
could be used as the wiring leads in the future large scale integration circuits*’.

The Young’s modulus is directly related to the chemical bonding of atoms in the
material. It is believed that CNTs have high bending strength and this is associated with the
flexibility of CNTs*®. Lu et al*® calculated the Young’s modulus for a single wall CNTs using
the tight binding model and found that CNTs with diameters in the range of 0.34nm to
13.5nm have a Young’s modulus of 970GPa. A range of studies®® have been carried out to
calculate the Young’s modulus for CNTs and the given range varies from 0.5 to 5.5TPa.
Experimentally it was shown that a MWCNT have a tensile strength of 63GPa°!.

The high strength and low weight characteristics of CNTs are equally important for a

range of composite materials used in sport and aircraft industries. The good load transfer
capability between the matrix and CNTs makes them exceptionally mechanically strong
material®?.
Carbon nanotubes are unique one dimensional systems that have potential
applications in optics and photonics. The low work function, high aspect ratio and ballistic
movement of electrons have made CNTs a promising candidate as a field emission electron
source®. They could be used in light emitting diodes®*. Absorption and emission of a beam of
light or electrons describes the optical properties of CNTs and could be characterised by
different spectroscopy like absorption and Raman spectroscopy.

It has been found that carbon nanotubes synthesised through arc-discharge have high
thermal stability with thermal conductivity greater than 3000 Watt/meter. K at room
temperature®®. The heat conduction in nanostructures is considered to be quantised because at
temperature near absolute zero, the number of active phonons in nanostructures remains very
low®®. A thermal rectifier has been fabricated, which is used in directing the heat flow in one

direction by loading one end of the tube with high mass density material like trimethyl
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cyclopentadienyle platinum®’. Carbon nanotubes could also be used in super-capacitors
because of the high aspect ratio (surface to volume ratio) and high specific capacitance®®. In
addition CNTs could be used in making loud speakers®®, hydrogen storage®, Field emission
displays and chemical sensors®® and has a possible application as a spin polarized electron

source.

2.3): Methods for the growth of CNTs

It has been well established now that carbon nanotubes can be synthesized through
three different techniques. Although arc discharge® was the first successful technique to
produce CNTs, laser ablation®® and CVVD?2°®3 were also successfully used for their growth
All of these processes are used for the growth of multiwall and single wall CNTs and are

described briefly here. The CNTs described in this study are grown by CVD technique.

2.3.1): Arc Discharge:

This technique is considered to be the easiest one to produce CNTs as it is quite
simple to use. It was first used to produce fullerenes Cgp. lijima found that through the arc
discharge that some of the evaporated anode redeposit on cathode with cylindrical
geometries. The yield of CNTs strongly depends upon the gas pressure, and flow rate. A
range of catalysts for the growth of CNTs using this technique have been employed like Fe®,
Co%, Ni® and some rare earths®”*®. The arc discharge reactor consists of a stainless steel
vacuum chamber with a continuous supply of helium (H¢) gas. There are two electrodes i.e.
cathode and anode, where the cathode is larger in diameter in comparison to the anode
typically with a cathode to anode diameter ratio is 9 to 6. The cathode is kept fixed while the

anode is adjustable from outside the chamber as shown in figure (2.4).
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Figure 2.4 Schematic of arc discharge setup for CNTs growth

A DC woltage from a power supply is used to apply voltage across the electrodes.
Usually 20V can produce a discharge. For a stable arc the electrodes are kept at a distance of
1mm or less. The voltage is applied after the pressure of the chamber is stabilized. A current
in the range of 50 to 100A is produced as a result of the DC voltage and depends upon the
diameter of the rods, the separation between them and the gas pressure. When the voltage is
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applied the anode starts evaporating and gives rise to CNT formation on the cathode. After
the anode is completely depleted the power is turned off.

The main factors affecting the yield and quality of CNTs are the gas pressure, current
and cooling system. It has been observed by Ebbesen and Ajayan et al®® that 500 torr is the
optimum pressure for high yield and good quality CNTs. A stable plasma with current as low
as possible is responsible for good quality and high yield CNTs, where high current has been
reported to affect the yield and gives rise to hard and sintered material’®>"*. This method gives
rise to a highly crystalline and almost with no defects or very few structural defects CNTSs.
Graphite is not necessary for the growth of CNTSs, other material like coal can also be used
for CNTs production which reduces the cost almost by tenfold.

The main problem with this technique, however, is: its need for a very high
temperature for the growth than other methods that the produced CNTs are mixed randomly
with a large amount of byproducts especially the one produced by the non-carbon
constituents. Because of the higher temperature this method is not useful for metal oxides to

be used as catalysts.

2.3.2): Laser Ablation

This technique was first used by Richard Smalley’s group at Rice University. Both the
continuous and pulsed laser modes are used to vaporise a metal graphite composite in the
furnace at 1200C. The chamber pressure is kept at 500 torr using helium (He) or argon (Ar)
as the environment®?,

The system consists of a furnace with quartz tube, metal graphite composite target,
water cooling system and the gas flow system. The laser beam is focused onto the metal
graphite composite target to produce CNTs. These CNTs are usually single wall (SWCNTYS)
and are collected by a copper collector. This copper collector is cooled down by water
flowing through it, which causes condensation of carbon atoms and molecules thus gives rise
to larger clusters. The carbon atoms then start diffusing through the catalyst particles until the
catalyst particles are cooled sufficiently that prevent the further diffusion of carbon through

its surface’2. This has been shown schematically in figure (2.5).
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Figure 2.5 Schematic of Laser Furnace for CNTs growth

The diameter of SWCNTs is temperature dependent and could be controlled by
varying the reactor temperature. This method is not so common for the growth of CNTs

because it needs a quite expensive laser source.
2.3.3): CVD Method

Chemical vapour deposition (CVD) is considered a well-established method for
producing CNTSs in which organic precursors such as acetylene or methane etc; are used as
the carbon source that are decomposed on the catalyst’s surface. The choice of catalyst is
important because it decomposes the carbon containing gas and has a strong effect upon the
CNTs morphologies®. Although it has been observed that CVD can be used for catalyst free
growth of CNTs"3, but usually this technique is used for catalytic decomposition of carbon
containing gas, which decomposes on the catalyst surface and upon diffusion through the

catalyst gives rise to CNTs formation. Koyama et al”* (1972) reported the synthesis of carbon
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filament through the catalytic decomposition of benzene at 1000C. The choice of the catalyst
is the ultimate requirement for the low temperature CNTs growth through CVD. It has been
observed by Deck and Vecchio’ that only Fe, Ni and Co are active catalysts for the
decomposition of hydrocarbon and diffusion of carbon through the catalyst particle. The
other metals like Cr, Mn, Zn, Cd, Ti, Zr, La, Cu, V and Gd are non-active in growing CNTSs.
This is because, either they do not decompose the hydrocarbon or they form carbides with
carbon after the decomposition of hydrocarbon and hinder the diffusion of carbon through it.
Very recently this perception has been proved wrong by growing CNTs using Cu’® and Gd®’
as catalysts for the growth of CNTs. In this study it has been shown that transition metals (Ni
and Cu) and rare earths (Tb and Ho) doped ZnO could actively grow CNTs. Additionally
undoped ZnO do not show in activity towards the CNTs synthesis.

The CVD system consists of a chamber with a stage for a sample, which is kept at a
negative potential whilst the chamber’s upper portion is kept grounded. The gas inlet is
introduced through the upper part of the chamber. The chamber is connected with a turbo
pump that creates a vacuum of about 1*10°" Torr. The chamber is connected with a heater to
provide a specific temperature for the growth of CNTs. Usually the growth temperature is
kept between 500-800C and the chamber is kept cooled through water circulation as shown in
figure (2.6).
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Figure 2.6 Schematic of CVD for CNTs growth

The main advantage of the CVD is that this technique shows high control over the
growth process with a quite high yield. It offers a choice for the precursor and catalyst
selection. The disadvantage of CVD is that it does not give high quality CNTs in comparison
to laser ablation and arc discharge techniques, because of the amorphous carbon produced
during the growth process. The amorphous carbon covers the catalyst particle and hinders the
growth. The amorphous carbon is produced by the self decomposition of carbon containing
gas during the thermal CVD process. In CNTs synthesis this is unwanted material and can
lead to leakage current, which in result strongly affect the electrical and electronics properties
of CNTs"".

There are two types of CVD, one is thermal CVD and the other is plasma enhanced
CVD (PECVD). In thermal CVD the hydrocarbon is decomposed via heating with catalysts
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to promote growth. The growth temperature varies from 500 to 800C. The CNTs produced by
the thermal decomposition of hydrocarbon are not aligned and are quite random. Although it
has been reported that partially aligned CNTs can be grown through thermal CVD, which is
attributed to the van der Waals forces and crowding effect where the neighbouring CNTs
support each other’®. In PECVD the plasma could be created through a range of ways e.g. by
direct current (DC), by radio frequency (RF) and by microwave (MW) etc. In this study
CNTs have been synthesised through thermal CVD and DC PECVD. Although the exact role
of the plasma upon the CNTs growth is still unclear’® the majority of views is that the electric
field in the plasma is responsible for the alignment of CNTs8-81-82:83 - Additionally it hes
been observed in this study that PECVD grown CNTs are well aligned while that of CVD is

randomly oriented and curly.

2.3.3.1): DC PECVD:

Plasma could be generated when the gases are ionised by supplying energy to the
neutral gasses to form the charge carriers like electrons, ions, atoms and reactive and non-
reactive radicals with quite complex structures. The plasma is also referred to as electric
discharge, glow discharge or gaseous discharge®*. The energy supplied to the system through
direct current is known as DC-Plasma. This is the most simple and common type of plasma in
which a potential difference is created between two parallel plates and this can be
accomplished by applying from several hundreds to few thousand volts across the two plates.
The DC current from few mA to hundreds of mA could be obtained. The distance between
the two electrodes could vary from 1mm to few cm, which depends upon the gas flow
conditions and the amount of current®. The distance between the two electrodes are
important for the DC-PECVD synthesis of CNTs, because it determines the field strength,
which is believed to be responsible for the alignment of CNTs®®. According to Tanemura et
al®®; for CNTs to be vertically aligned it is essential to produce excess of positive ions,
because in DC-PECVD selective interaction of positive ions with the tip of a CNT is
responsible for the alignment. The Schematic of DC glow discharge production is shown in
figure (2.7).
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Figure 2.7 Schematic of DC plasma creation between two electrodes

The electrons are accelerated by the electric field with sufficient energy to ionize the
rest of the gas molecules by collisions. The ions that are produced by these collisions are
attracted towards the cathode, which upon striking the cathode gives rise to secondary
electrons. These secondary electrons are accelerated towards the anode and cause further
collisions and give rise to further ionization and continue until the potential difference is

maintained.

2.3.3.2): DC Glow discharge:

Before the application of a potential the gas molecules remain electrically neutral.
When a large potential difference in the range of few hundreds of volts is applied, the free
electrons attain high kinetic energy and become quite hot because of their low mass. These
electrons then collide with the gas molecules in the plasma giving rise to excitations,

ionizations and dissociations of atoms and molecules, that result in a range of chemically
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reactive species like ions and radicals. DC glow discharge consists of number of distinct
regions like cathode sheath, negative glow and positive column etc, as shown in the figure
(2.8).

Cathode Negative Positive
sheath  glow column
Cathode
) +
l Anode
Cathode Faraday
glow dark space

Figure 2.8 DC glow discharge diagram showing different regions of plasma.

The cathode and anode are the two plates that are kept at opposite polarity, the
cathode is kept at negative potential while the anode is kept at positive potential. The cathode
glow region is because of the excitation of neutral gas molecules by ions bombardment and
has the higher ion density compared to other regions. The positive ions are accelerated
towards the cathode and recombine. The excited ions fall to ground state with the emission of
light and gives rise to the cathode glow. Most of the positive ions are coming from the
negative glow region, where fast electrons collide the neutral atoms and causes ionisation and
even excitation of ions as well.

The negative glow discharge region is the brightest region in the DC glow discharge
volume. It contains almost equal number of electrons and ions. The ions are attracted towards
the cathode from negative glow discharge and secondary electrons are attracted towards the

negative glow discharge from the cathode. The space between the cathode glow and negative
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glow is less luminescent, which is called as the cathode dark space. This region has the
strongest electric field and is also called as the cathode sheath region consists of higher ion
density and low electron density and most of the potential drops across this region.

The Faraday dark space has very low ion density and the electrons could be
accelerated by a small field. Since electrons are moving slowly in this region therefore the
chances of ion electron recombination is more likely. The electric field increases as we move
towards the anode. The rise in electric field increases the kinetic energy of electrons. When
the kinetic energy of an electron reaches the resonance energy then the electron can excite the

neutral atom or molecule, which gives rise to light emission upon de-excitation®’.

2.4): Growth Modes of CNTs using CVD

The growth of CNTs by CVD is due to the decomposition of the carbon containing
gas on the surface of the catalyst particle. The carbon atoms then diffuse through the catalyst
particle and gives rise to CNTs formation. This process is divided into two parts, one is the
decomposition of the carbon containing gas on the catalyst surface and the other is the
diffusion or precipitation of the carbon atoms through the catalyst particle. The former is
quite clear and mostly belong to the carbon deposition that strongly depends upon the surface
morphology and chemical nature of the catalyst'®. The later one is quite controversial but the
most commonly held view is that the driving force for the carbon diffusion through the
catalyst is the activation energy, because the activation for the CNTs formation is the same as
that for the carbon diffusion through the catalyst material®®. The diffusion of carbon through
the catalyst particle could be divided further into two types, the surface diffusionand the bulk
diffusion. In the surface diffusion process the carbon atoms diffuses through the catalyst
surface and the CNT grows on the side of the catalyst particle. In this process the catalyst
nanoparticles remains solid and is used to explain the low temperature growth®. This process
was first shown by Tom Baired and his colleagues in 1974 *°. The connection of the surface
diffusion process with CNTs growth was first observed by Helveg'® and Ajayan®! through in-
situ high resolution transmission electron microscope (HRTEM) experiment. They observed

through high resolution images (atomic scale images) the reaction of methane (CH4) on the
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surface of Ni nanoparticles at 500C. It was observed that there are mono-atomic steps on the
surface of the Ni nanoparticles and the graphene sheets terminate at these steps. These mono-
atomic steps are believed to be responsible for the nucleation and growth of CNTs. As shown

in figure 2.9.

Fig; 2.919; HRTEM image of the catalyst nanoparticles during the in-situ CNTs growth process, the

arrows show the mono-atomic steps in the catalyst nanoparticle , where the carbon atoms diffuse through
and forma CNT.

The bulk diffusion is like that of the surface diffusion process but here it is believed
that catalyst nanoparticle can either be a solid or become a liquid nano-droplet. In case the
particle becomes a liquid droplet then it is necessary for it to be super saturated after which
the precipitation of carbon will occur that causes the CNTs formation.

This is the basic assumption for vapour-liquid-solid (VLS) mechanism, which was
first proposed in 1964 for the synthesis of Si and Ge whiskers®?’%® and Saito et al®* extended
the same model for the CNTs formation in 1995. The controversy with this process (VLS)
appears to be that the temperature used for the MWCNTSs ranges from 550C to 700C, while

the melting point of the bulk material is too high above the temperature used for CNTs
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synthesis. Like for Fe the melting point (MP) is 1536C and that for Ni is 1453C. However if
the size effect is taken into consideration as shown by Buffat® and Mei®®, the melting point of
the material could be depressed significantly if the particle size is reduced from bulk to
nanoparticles, even though the melting point of 10nm Fe nanoparticle is shown to be about
940C and that of Ni is 1180C °’. Therefore it seems quite difficult to believe that the melting
of the catalyst particle occurs during the MWCNTS growth.

It was first proposed by Baker and colleagues in 1972%® that the formation of a
filament is the result of carbon deposition advancing behind the metal particle with the top
surface of the metal particle remaining apparently clean. It was also observed that the
activation energy required for the formation of a carbon filament is the same as that for the
bulk carbon diffusion through a nickel particle. Using these, Baker proposed the tip growth
and base growth mechanisms for the carbon filament and is briefly discussed below. Both the
growth processes have been proposed for filaments, multiwall CNTs and single wall CNTs
that largely depend upon the nature of the catalysts, carbon containing gas and the growth

198 that rapid heating of the substrate gives rise to tip

temperature. It is shown by Huang et a
growth while slow heating of the substrate results in the base growth process while keeping

the other growth conditions constant.

2.4.1): Tip growth process

In this process the carbon containing gas (usually hydrocarbon) is decomposed on the
front face of the catalyst nanoparticles and the carbon then diffused through the particle,
which results in the formation of filament or nanotube. In this process the CNT remains stuck
to the substrate and the catalyst particle is attached to the other end of the growing nanotube,

as shown schematically in figure (2.10).
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Figure 2.10 Schematic diagram of tip growth process, showing the nanoparticles for mation from the
evaporated continuous film at some elevated temperature. The angle between the catalyst and support

defines the growth mechanism.

The main factors involved in the tip growth process are the temperature and
concentration gradients. Additionally, the CNTs diameter is responsible for the growth mode,
for larger diameter MWCNTSs tip growth process is dominant while for MWCNTSs with few
shells or SWCNTs the base growth is the most favourable®®. The formation of continuous
film or islands upon physical deposition of a material on a substrate depends upon the surface
energies of substrate and the depositing material. If ya is the interface energy of a substrate
and vyg IS the energy of the depositing material then the contact between the two phases can be

described as'®°,

Ya = Yap + VpcosO (2.4)

If0 = 0 then the film will be continuous otherwise will give rise to islands. The higher

the angle the higher will be the chances of tip growth process. According to Dijon’s et al***

there is a critical particle size limit and the chemical state of the catalyst particle that is

|80

responsible for the type of the growth mode. Bower et al®” attributed the tip growth process

to the weak catalyst support interaction using cobalt (Co) as catalyst.
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2.4.2): Base growth Method:

In this process the catalyst particles remain attached to the substrate and the CNTs
grow in the air with either the tip closed or open. The base growth process occurs because of

the strong catalyst support interaction as shown schematically in figure 2.11.

Catalyst material

j = bl

support

Figure 2.11 Schematic diagram of base growth process, showing that catalyst nanoparticles making

smaller angle with the substrate gives rise to base growth process.

The CNTs will continue to grow until the carbon feedstock is stopped, or the
amorphous carbon fully covers the catalyst particle. Actually there are two reactions that are
taking place at the same time on the surface of the catalyst nanoparticle in CVD growth, one
is the formation of amorphous carbon and the other is the formation of graphene layers. The
amorphous carbon slowly and gradually covers the whole catalyst particle cutting off the

carbon source and results in the termination of CNTs growth.
2.5): Electron sources

An electron beam is the collection of extracted electrons from a solid surface and it

plays an important role in observing the fine details of mater. Electrons could be obtained
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from the surface of a desired material by some physical emission processes. The electrons

could be removed from the solid surface either,

i): By Exciting the electrons thermally to overcome the energy barrier of the solid
surface, or

i): By thinning and lowering the potential barrier through the external applied field, so
that the electrons can tunnel through or pass over the potential barrier. The tunnelling
of electrons through the potential barrier occurs in the cold field emission, while both
the electron tunnelling and overcoming the barrier happens in Schottky field emission
processes as discussed in the preceding sections of this chapter.

Electron beams have potential applications in microscopes, interferometers and field
emission displays etc. A range of information could be obtained like topography, elemental
composition and crystallographic information when an electron beam interacts with matter.
The most important parameters for an electron source are the brightness, energy spread,
stability and long life time. The brightness (B) of an electron source is the amount of current
emitted per unit area (normal to the beam) per solid angle as defined by Hawks et al*®? (1989)

and is measured in A/cm? sr.

_ _ Al
b= AltlerO Alslzrllo (AaAQ) (2:5)

The final beam diameter (dr) of an electron source is affected by two main factors.
One is because of the nature of the electron source and the other is the lenses of the electron

optical system. The final; beam diameter could be described as*°?,

dp = \/dg + dZ+ d?+ d? (2.6)
Where
4 061 27
da — a; .
ds, = 0.5C,a? (2.8)
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dc = ZCCiai AV/VL (29)

Where do, dg, d: and ds are the contribution of the diameter of the emitted beam from
the electron source, the diffraction effect, chromatic aberration and spherical aberration
respectively, 4 is the electron wave length, «; is the beam angle in the image side, C,; and Cg;
are the co-efficients of chromatic and spherical aberrations respectively and AV is the energy
spread of the electron source. Here it is worth noting that d,. and energy spread (AV) are

directly related to one another and it is the full width at half maximum (FWHM) of the total

energy distribution as shown schematically in figure 2.12.
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Figure 2.12 Schematic of the total energy distribution of the emitted electrons. The energy spread is the

FWHM of the total energy distribution cur\e.

Emission current stability is the emission current fluctuations, which arises either

from the variations in the work function or from the variation of applied field. Variation in
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the work function usually happens because of the adsorption and desorption of gasses, and
the applied field fluctuation which arises from the geometric fluctuations. An electron source
is said to be ideal if it exhibits high brightness, low energy spread, small source size, high
stability and longer life. The most commonly used electron sources are the thermionic
sources, cold field emission sources and Schottky field emitters. These three sources are

described briefly below.
2.5.1): Thermionic emission

It is the process in which electrons cross the potential barrier and escape into the
vacuum by gaining sufficient thermal energy. The potential barrier also known as the work
function is different for different materials. The work function is the potential energy barrier
between the Fermi level and the vacuum and the Fermi level in metals lies in the conduction
band. If the temperature is increased to some finite value T, then the energy distribution
function for an electron to occupy higher energy levels is given by the Fermi-Dirac
distribution function as,

n(E) = 1 (2.10)

kT

Where n(E) is the density of states with energy E and E; is the Fermi energy. k is the
Boltzmann constant and T is the temperature in Kelvin. This equation indicates that the
difference in energy decreases with increase in temperature. More and more electron will
overcome the potential barrier and will escape into the vacuum. The minimum amount of

energy required for the escape of electrons would be of the order of 1
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Where e is the work function of the metal. The current density of thermally e mitted

electrons with work function e@ at any temperature T is given by the Richardson-Dushman

equation®®®.

2T? (-e —e
J(T) =%e( ®hr) = ar2e("%r) (2.12)

Where T is the temperature, e is the work function, k is the Boltmann constant and
A is the Richardson constant = 120 Amp/cm?K? ®. It is evident from the above equation
that the current density of the thermally emitted electrons depends strongly upon the
temperature and the work function of the cathode material. These two characteristics define a
basis for the thermionic source. A material with low work function and high melting point
can be a good thermionic electron source.

A thermionic electron gun consists of a cathode, anode and a Wehnelt. The cathode is
usually made in a hairpin shape and is kept at negative potential. The filament current is
responsible for the temperature of the cathode and hence controls the beam current. A
wehnelt is a cylindrical shaped electrode near the cathode and is kept at less negative
potential relative to cathode. It is used to control the electron beam and focus it. The anode is
held at strong positive potential that causes electrons to accelerate. The beam of electrons

passes through a small opening at the centre of the anode as shown in figure 2.13.
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Figure 2.13'% (a): tungsten filament with corres ponding Wehnelt (b): Schematic of ther mionic emission

along with the electrode configuration.

Usually a tungsten hairpin is used as a thermionic electron source with a work
function of 4.5eV and melting point around 3650K. The tungsten hairpin is usually operated
as thermionic electron source in a pressure of about 1 x 10~>mbar or lower. Another widely
used thermionic electron source for microscopy is the single crystal of lanthanum he xaboride
(LaBs) with a work function of about 2.5eV 7. The operating pressure for LaBg cathode is

about 1 x 107% mbar and has 10 times higher brightness than Tungsten filament.
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2.5.2): Schottky Field Emission:

In this process the electrons are emitted from the metal surface with the combination
of both the temperature and that of the electric field. The electric field is used to make the
potential barrier thinner and the temperature provides the electrons an extra energy to escape
from the metal surface. The energy diagram for the Schottky emission is given in figure 2.15.

IfF is the applied electric field, then the work function will be reduced by the amount of %8,

p=¢— ez F2 (2.13)

The total emission current density of the Schottky emitter will be 1°8+1%°,

_ 3/
J. = 120T2 exp (k—f) exp (%) Ampy (2.14)

This equation shows that the Schottky emission depends upon the applied electric
field, the temperature and that of the work function of the tip material. The electric field has
two effects on the emission process!!®. One effect is that it lowers the potential barrier and
makes it easier for electrons to overcome the barrier with increasing the temperature. It is
because at higher temperatures, electrons occupy the higher energy levels near the top of the
potential barrier. The other effect is that it reduces the width of the barrier (thinning) so that
electrons could tunnel through the barrier. The total emission current is then the combination
of both the thermionic electrons and the field emitted electrons this is usually called extended
Schottky emission.

The Schottky emitter is usually a single crystal tungsten wire with one end etched
down to tip and the other end is spot-welded to polycrystalline tungsten wire. The single
crystal tungsten wire with (100) plane normal to the axis of the tip is coated with ZrO, which
is used to lower the work function from 4.5eV to 2.8eV. The ZrO coating lower the work
function of (100) plane more, than the other orientations like [111] or [110] etc'!. The zr
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and O3 ratio plays a critical role in defining the work function, because the excess amount of
oxygen may increase the work function, however it is reversible if the emitter is operated
below 1850C 2 as shown in figure 2.14. The Schottky emitter is operated at 1800K with a
relatively poor vacuum of about 10® to 10™° mbar in comparison to the cold field emitter. The

electric field of about 1V/nm is required at the tip to get emission from the source.

Figure 2.14112, Single crystal W tip with Zr/O complex.

The essential parameters for an electron source are the brightness, energy spread and
the stability. The brightness determines the amount of current, energy spread is involved in
the probe diameter and the stability of the shape of the emitter specifies the stability of the
beam. The shape of the emitter is not thermodynamically stable because of the applied field
and the temperature that causes surface diffusion.
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Figure 2150 potential energy diagram showing the lowering and thinning of the potential barrier. The
potential barrier is lowered by an amount of Ad. Some of the electrons acquire enough energy and

owercome the barrier while some of the electrons tunnel through the potential barrier.

The main advantages of the Schottky emitter is, it has a longer life, small source size, high

brightness and high emission stability.

2.5.3): Field Emission Mechanism

In the cold field emission process, electrons are extracted from a material (metals and
semiconductors) with the application of a very high electric field (of the order of several
KV/um)'*, which is used for thinning the potential barrier. The electrons then tunnel through
the barrier quantum mechanically, according to wave mechanics there is always a probability
for the electron to tunnel through the potential barrier. At low temperatures the electrons

tunnel through the potential barrier from around the Fermi level because the high energy
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levels are empty and electrons are not available above the Fermi level. Therefore the field
emission process could be treated as one dimensional potential barrier, as shown by the

potential energy diagram in figure 2.16.

Vacuum level
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A\ 4

Metal Surface
Figure 2.16 Potential energy diagram showing emission mechanism of field emitted electrons. Electrons

are emitted through tunneling from the Fermi le\el.

The cold field emitters have a longer life compared to other emitters but have lower
emission stability. It is the high electric field around the tip that causes in the ion formation
which attacks the tip and causes instability. To minimize the back ion bombardment, it is
necessary for the field emitter to operate in the ultra high vacuum, in the range of about 10™°
mbar. But even at ultra high vacuum some of the adsorbates contaminate the tip and it needs
flashing after successive usage to restore the emission current!®®. Field emission electron
sources are generally made ofa single crystal tungsten wire because of its high melting point

and its ability to withstand with high electrostatic stress.
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In a field emission system, there are two anodes, one is called the extractor that
regulates the field at the tip and the other anode is responsible for accelerating the electrons.
The cold field emitter has a very sharp tip in comparison to the thermionic emitter. It is
because the electric field around the tip increases with decreasing the radius of the tip.
Therefore the sharper the tip the higher will be the field enhancement factor S (where F' = SFy

and f= h/r) where h is the height of the tip and r is the radius of the tip*'*. As shown
schematically in figure 2.17

Field emission Tip £

By —— T

27 anode h :

Figure 2.17 Schematic for the field emission along with the corresponding electrode configuration.

The tip is made sharp to obtain a high electric field, because the smaller the radius of
curvature the higher will be the electric field. The field emission mechanism is described by
the Fowler-Nordheim model for the electron tunnelling to vacuum from the metal surface.

The relation between the applied electric field and the emission current density at T=0 is
givenas''®
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—1.42 % 10—6F—2 104 —6.44x 1079 2.15
J=1 5 P o7 exp F (2.15)

Where J(Acm™) is the current density, F(V/cm) is the applied electric field, ®(eV) is
the work function of the metal. For field emission the shape and the work function of the
cathode plays an important role. A smaller change in the shape or in the chemical state of the
cathode has a strong impact on the emission current because it ultimately changes the field
strength or the work function*®.

The main advantage of the field emission electron source is the high brightness of
about 108 to 10° Amp/cmPsr. The energy spread for the cold field emitter remains in the range
of 0.2 to 0.3eV. The stability of the field emitter can be improved by improving the vacuum
conditions and having properly cleaned electrodes. The tip can be cleaned through moderate
heating. For carbon nanotubes the applied potential is quite small and remains in the range of
1.5KV to 2KV for typical systems employing the Schottky emitter.

2.6): Carbon Nanotubes as an Electron Source:

Electron sources are the main focus of research and industry, and there is still a huge
appetite of field emission sources in cathode ray tubes and in flat panel displays. The work
function of CNTs is an important physical property for the field emission and can be
determined from the electronic structure of CNTSs. It has been focused on the investigation of
the localized states near the Fermi level during emission process and has been understood that

the work function of CNTs depends upon the tip geometry*!®.

The voltage, current stability
and the energy spread are the important parameters for the electron emission sources. The
energy spread and the reduced brightness affect the resolution of the equipment, and depend
upon the angular current density and the virtual source size. Carbon nanotubes have shown a
high degree of coherence, a small value of virtual source size and a small energy spread**®.
An individual CNT emits most of the current in a single beam, which shows a round spot
along with some wide visible patterns which contain a minor fraction of total current*?°,

which is attributed to be the magnified image of the capping of the emitting nanotube*?*. This
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single spot brightness (as shown in the figure 2.18) is more desirable as a source in an
electron microscope, but again it depends upon the band structure of a CNT which alters with

the way it is synthesised.

120

Figure 2.187"" (a); Asingle CNT (b); the corresponding emission pattern.

Carbon nanotubes are considered to be an ideal field emitter because of the high
aspect ratio, small radius of curvature at the tip, high electrical conductivity and high
mechanical strength. For aligned CNTSs it is believed that maximum field emission can be
obtained if the ratio of inter-tube distance to the height of a CNT is kept at approximately 2.
This is because of the reduced the screening effect in the nearest neighbour CNTs*?%. It has

1123 that a maximum current of about 0.2mA can be drawn from

been shown by Bonard et a
one CNT, and the greatest part of the emitted current comes from the localized states that lie
near the Fermi level. The localized states have a great impact upon the emission mechanism
because of high density of states. Simulations show that at the tip of CNTs the local density
of states is higher (almost 30 times higher) than the rest of the CNT, which is why the field

emission current in CNTs is far higher because of the carrier density at the tip*%3. Fujii et al***
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characterised the aligned CNTs bundle for emission current, and showed that it is the edge
effect that is responsible for high field emission in CNT bundles, while the electric field
remains constant for CNTs flat film. Also it was shown that the CNT bundles are highly
stable, and this is because of the high density structure and low per CNT current in the
bundle?* as shown in figure 2.19.
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Figure 2.197"" (a); CNTs bundle (b); the corresponding emission stability for 200 hours and fieldemission

pattern that shows asingle spherical s pot.

Baik et al'?® (2007) tried to improve the emission characteristics of CNTs with
electrical treatment and showed that non-stationary electric field is more effective in
enhancing the emission characteristics of CNTs than direct current and square-pulsed
electrical treatment. The ac treatment activates the emitter and also suppresses the abnormal

emitting spots.
2.7): Crystal structure of ZnO

It crystallizes in three different phases’ i.e hexagonal wurtzite, sphalerite (zinc blend)

and cubic rock salt. Ineach phase each anion or cation is surrounded by four other cations or
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anions respectively. The wurtzite phase of the ZnO remains stable under ambient conditions,
while the other structures could be obtained by applying specific conditions, like strain and
high external pressure. The wurtzite structure is an example of hexagonal crystal system,
where two tetrahedrally packed sublattices are joined together to form a wurtzite structure. In
wurtzite phase each sublattice has four atoms per unit cell and every atom of Zn is
surrounded by four O atoms and in similar way an O atom is surrounded by four Zn atoms.
For an ideal wurtzite structure the atoms are displaced along the c-axis by an amount of u
=3/8 = 0.375, Where, u is the bond length parallel to c-axis'?®. The schematic of the unit cell

is given in figure 2.20.

Figure 2.20: Schematic representation of one of the tetragons of Wurtzite crystal structure of

Zn0O. The gray spheres represent the Zn atoms while the grey s pheres represent the oxygen atoms.

The lattice parameters for wurtzite phase observed experimentally through various

techniques are in good agreement with the theoretical calculations. The experimentally

|127

observed values by Karzel et al*?’ through x-ray diffraction (XRD) and Desgrenier et al*?®

through energy dispersive x-ray diffraction (EDXD) are a =0.3247nm, ¢ =0.5204nm and a
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=0.3249nm, c= 0.5207nm respectively, while Catti et al*?® calculated the lattice parameters
for the ZnO through ab-ibintio calculation using linear combination of atomic orbitals theory
and found a = 0.3286 nmand ¢ =0.5241nm.

The wurtzite structure belongs to the symmetry group of P6smc. Since each Zn atom
is surrounded by four O atoms, therefore each atom (Zn or O) will be coordinated at the
edges of a tetrahedron. If a wurtzite structure in ZnO is disturbed from its ideal atomic
arrangements through a distortion of tetrahedral angles, the c/a ratio will decrease and the
parameter u will increase in such a way that the four tetrahedral distances remain constant.

The parameters uand c/a ratio are inversely related to one another by a relation below*?°.

u= (%) (?—j) + le (2.16)

ZnO could also be crystallized in sphalerite (zinc blende) phase and this happens
because of high strain. This phase is not stable and could be stabilized if grown
hetroepitaxially on cubic substrates such as GaAs*®. Like that of wurtzite phase, the unit cell
in sphalerite phase consist of four atoms in which every cation is surrounded by four anions
and vice versa, but here two face centred sublattices are joined together to form a sphalerite
phase instead of tetrahedral sublattices. The two sublattices are shifted along the body
diagonal by one fourth (1/4) of the body diagonal. Both the wurtzite and sphalerite phases
have the same tetrahedral coordination and the same bond length between the nearest and
next nearest neighbours. There are four nearest and twelve next nearest neighbours in both
the wurtzite and sphalerite phases. The only difference between both the structures is the
stacking sequence of the closed packed diatomic planes. The stacking sequence in sphalerite
structure takes place in AaBbCcAaBbCe........ manner, along (111) plane in the <111>
direction, as shown in the figure 2.21.
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Figure 2.21 Schematic reperesentation of sphelerite crystal structure of ZnO. The black s pheres
represent the Zn atoms while the gray spheres represent the oxygen atoms. The crystal is arrangedin
ABCABCABC ........ packing.

While the stacking sequence in wurtzite structure is in AaBbAaBb...... manner along
the (0001) plane in the <0001> direction. The lattice parameters calculated through the ab-
initio calculations were found to be a*** = 0.460nm and a*?° =0. 4619 nm and belongs to the
space group F43m.

The third form in which the ZnO could be crystallized is the rock salt structure, which
takes place when an external pressure is applied on wurtzite ZnO shown in figure 2.22. It
happens because of the reduced lattice dimension that breaks the covalent nature of the bonds
and become more ionic. This structure has a face centred cubic array of anions with an
interpenetrating array of cations and specified by Fm3m symmetry group. In the rock salt
structure each atom is coordinated with six other atoms at the edges of an octahedron. The

term octahedron is because it makes eight different sites with six atoms. The lattice constant
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for the rock salt structure was found by Karzel et al*?” to be 0.4271nm using XRD while by
Desgrenier et al*?® through energy dispersive x-ray diffraction (EDXD) the lattice constant
was observed to be 0.4283nm. The lattice constant for the rock salt structure of ZnO was
calculated by Recio et al*® using density functional theory and was found to be 0.4058nm
and 0.4316nm using various techniques like Hartree Fock perturbed ion (HF-PI), generalized
gradient approximation (GGA) and Local density approximation (LDA), which is either
smaller or greater than the than the experimentally observed values.

This cubic phase of ZnO is meta-stable and cannot be stabilized by epitaxial growth
like that of sphalerite structure. According to Bates et al*** the phase transition in ZnO from
wurtzite to rock salt cubic occurs at approximately 10GPa and this was taken further by

d134 |132

Gerwar and Recio et a

15GPa.

and explained that the phase transformation completes at
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Figure 2.22 Schematic representation of the rock salt cubic structure of ZnO. The black spheres

represent the Zn atoms while the gray spheres represent the oxygen atoms.
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The (111) plane in sphalerite and in rock salt structure and the (0001) in wurtzite
structure are different from their corresponding inverse (111) and (OOOI) planes, which
shows that these structures possess crystallographic polarity. This would either be Zn polarity
or O polarity, i.e if the bond along the c-direction is from Zn to O then this is called Zn
polarity and vice versa. This crystallographic polarity is responsible for a range of ZnO

properties like defect generation, plasticity and spontaneous polarization.

2.8): Doping of ZnO

ZnO has a wurtzite structure in the ambient condition as discussed in the previous
section, which is a form of hexagonal crystal system. This system of unit cells is highly
anisotropic which leads to wider energy gap and strongly dependent upon the direction of
force. ZnO is naturally n-type semiconductor because of the non-stoichiometric nature. The
non-stoichiometry in ZnO mostly arises from oxygen vacancies and gives rise to vary high n-

e conductivity of about 10%*cm3 13°
typ y

. It has a large exciton binding energy, where some of
the rare earth or transition metal ions can replace the Zn ions and because of its wide band
gap it could be manipulated for any desired hetrostructure with the addition of any impurity.
It has a strong potential in optoelectronic devices, chemical sensor as well as luminescent
devices such as transparent conductors, optical wave guides, acousto-optic modulators /

deflectors, ultra violet laser source and detectors*3¢°137,

2.8.1): Transition metal (TM) Doped ZnO

ZnO is a wide band gap semiconductor and can be doped with transition metals and
rare earths through a range of techniques like solid state reaction, physical layer deposition
(PLD), sputtering and molecular beam epitaxy (MBE). In this study the ZnO has been doped
through solid-state reaction method with various metal oxides (transition metal oxides and
rare earths). Although this technique requires high temperature for the process, which is not
cost effective but the thermal evaporation of pellets seems very helpful in complete doping of

the ZnO grains. In wurtzite structure the cations and anions are bonded tetrahedral with sp*
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nature and TM ion shares its 3d electron to the sp® bonding to form TM*? charge state and

replace Zn*? ion upon doping, as shown by blue spheres in the figure 2.23.

TM‘Z.
Zn .

0@

Figure 2.23 Schematic representation of the replacement of Zn atoms in Wurtzite crystal structure of

ZnO. TM**ions (Cu and Ni) replace Zn?" ions in wurtzite phase. Blue s pheres are TM?*ions.

In transition metals s and d orbitals are considered as valence orbitals, where the 3d-
orbitals have lower energy than 4s. The 3d band of the transition metals of spin up or spin
down states always remain partially filled and hybridize with the p-orbital of the host
material, which gives rise to exchange interaction between the localized 3d spin and the
carrier in the valance band of the host material**®. In case of Cr and Cu one 4s electron and
one 3d electron participate in bonding as they have one s electron in their outer orbital. It is
because of the fact that empty, half-filled and completely filled orbital are more stable,
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therefore Cr remains in 4s'3d° state rather than 4s23d* and the same happens with Cu that

completes its d orbital first rather than to complete s orbital as shown in the figure 2.24.

% Cr Mn Fe Co Ni Cu
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Figure 2.24'® Bectronic configuration of the transition metal elements showing the 3d and 4s occupation

of electrons.

In ferromagnetic material (like Fe, Ni, and Co) the d-band is divided into two sub-
bands, one is filled with spin up electrons and the other is occupied by spin-down electrons.
The sub-band with spin up electrons is first filled and then if there are some electrons
remaining are adjusted in the spin down sub-band according to Hunds rule of maximum
multiplicity.

The doping of ZnO strongly depends upon the dopant and the doping level, because
the overlapping of the states and the splitting of the energy levels are dopant and doping level
dependent. It has been found that different transition metals have different effects if used as
dopant in ZnO. For example Ti, V, Cr, Fe, and Ni-doped ZnO behave as metals while Mn, Co
and Cu doped ZnO behave as ferromagnetic semiconductor and Sc doped ZnO is non
magnetic, which are attributed to the difference in the band gap of spin up and spin down
electrons. For example the band gap in spin up and spin down electrons for Mn, Co and Cu
are (0.26eV, 0.93eV), (0.76eV, 0.92eV), (0.81eV and 0.53 eV) respectively**°.
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The magnetic behaviour of TM doped ZnO depends upon the concentration of the TM
ions in the semiconductor crystal, the carrier density, and the crystal quality of ZnO. The
electronic structure of the TM doped ZnO is governed by two competing processes. One is
the strong overlapping of the d-orbitals of the TM ion with the p-orbital of the neighbouring
atoms and the other is the strong coulomb interaction between the d-electrons of the impurity

140 observed in the 3d

atoms. The 3d-host overlapping is responsible for the multiplet splitting
XPS spectra of TM ions. This multiplet splitting gives rise to metal-ligand or ligand- metal
charge transfer transition.

The foremost requirement for the catalyst to be used for the growth of CNTs is to
accept electrons from the carbon containing gas molecules and have the potential of back
donating the electrons to the anti-bonding orbitals of carbon containing gas molecules. In
case of transition metals like (Fe, Niand Co) it is highly expected that the unfilled d-shells of
the transition metal would adsorb hydrocarbon on its surface by accepting electrons. This
electronic interaction is believed to dissociate the hydrocarbon molecule and this property of
the transition metals is believed to be due to their electronic structures, which discriminates
the efficiency of various catalyst for growing carbon nanotubes (CNTs), like Fe, Ni and
Co31»33-141 1 case of metal oxides or doped metal oxides it has been observed for the first
time experimentally in this study that it is the intra-granular charge transfer transition and
lattice strain that gives rise to CNTs growth. The intra-granular charge transfer transition is
responsible for the dissociation of hydrocarbon molecules because it strengthens the back
donation of electrons to the anti-bonding orbitals of the hydrocarbon molecules and the lattice
strain is believed to be responsible for the diffusion of carbon atoms through the catalyst
surface.
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3.1): Introduction:

In the previous chapter the methods and modes of CNTs growth mechanism have
been briefly described. This chapter is dedicated to the characterisation techniques, where the
construction and working principle will be described. These techniques include the SEM,
TEM, EDS, ED, XRD and XPS. SEM and TEM are used to see the morphology and structure
of grains and CNTs, while the EDS is used to determine the elemental composition of the
catalysts nanoparticles before and after the growth. ED is used to see the crystallinity of
grains, XRD analysis has been carried out for the phase identification and XPS describes the

chemical state and chemical environment of the catalyst nanoparticles.
3.2). Scanning Electron Microscope

It is high magnification electron microscope where a focused electron beam is used to image
a specimen. SEMs have higher depth of field, higher resolution and larger magnification. The
beam of electrons is produced by an electron source that can be made of many different
materials depend upon the nature of the source (like thermo-ionic or field emission source).
The beam of electrons is then attracted by the anode, which is put at higher positive potential.
In the case of thermionic source there is a cloud of electrons in the vacuum because the
electrons are given high energy to overcome the work function of material and then
accelerated by the anode, while for field emission (FE) source the electrons are extracted
from the material through a high electric field and the tunnelled electrons are then accelerated
by the anode. This beam is then passed through a condenser lens to demagnify the beam and
thento make the beam smooth and parallel. The highly scattered electrons from the beam are
removed through the condenser aperture. The beam is then passed through a set of coils that
is used for scanning the beam. The scanning beam is then passed through the objective lens,
which focuses the beam further and then the beam is finally passed through the objective

aperture to remove the high angle scattered electrons as shown in figure 3.1.
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Figure 3.1 Schematic of scanning electron microscope (SEM), showing the emission of various types of
electrons like secondary electron (SE), back scattered electrons (BSE), Auger electrons and x-rays

photons during the beam sample interaction.

When the beam hits the sample, it gives rise to electrons (secondary, backscattered and Auger
electrons) and x-rays and is detected by various detectors. All these electrons and x-rays
collect different information from the sample underneath. For example the secondary
electrons are used for surface topography, backscattered electrons (BSE) have the
information about the atomic number and surface topology because they interact with the
nucleus of the atom. The atoms with larger nuclei will yield high BSE. Auger electrons are
used for surface elemental composition and the x-rays have information about the elemental
composition of the bulk of the sample. The SE and BSE are used to image the sample and the

x-rays and Auger are normally used for spectroscopy.
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3.3): Transmission Electron Microscope (TEM):

The principle of operation of transmission electron microscope is the same as that of the
optical microscope, but here a beam of electrons is used instead of light. Electron microscope
has a very high resolution than the optical microscope, because of the very short wave length
of electrons. Resolution of a microscope is different from the magnification in a sense that it
the beam property, while magnification corresponds to the power of lens. It is based on de
Broglie’s hypothesis, which states that the wavelength is inversely proportional to
momentum. For higher resolution the wavelength needs to be very short. Resolution is the
power of microscope that enables an operator to see the fine details separately. The resolution

of an optical microscope estimated from Abbe's equation,

L 06127 -
~ (2nsind) D

Where d is the separation between two different objects, n is the refractive index of
the medium, A is the wavelength and 0 is the half angle of the cone of light from specimen
plane accepted by the objective. Equation (3.1) can be extended for TEM using De Broglie’s
hypothesis as,

A= — (3.2)

Where h is the Plank’s constant, m is the mass of an electron and v is the velocity of
an electron. Since the kinetic energy of an electron is directly proportional to the applied

voltage (V), therefore it can be written as,

eV = = mv? (3.3)
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Every electron microscope has an electron gun. This source produces a beam of
electrons, which are controlled by the voltage applied to the filament. High voltage TEM
requires ultra high vacuum (UHV) in the range of 107 to 10™* mbar to avoid any arcing**2.
Usually the electron gun is isolated from the main chamber by use of a gate valve. The
electron gun consists of an electron source, which might be thermionic or field emission
source. The TEM used in this study is JEOL 2011F with LaBg thermionic source. The
electron source is heated to obtain an electron beam. The beam of electrons is then passed
through a strong magnetic field that acts as a lens. The lens converges the beam to the second
condenser lens to make it parallel at the output. The beam of electrons is then focused on the
sample through an aperture which eliminates high angle scattered electrons as shown in
figure 3.2. Apertures are of different sizes, but the selection of an aperture is made by the
operator to balance the intensity and filtering effects of the aperture.

When an electron beam strikes the sample, some of the electrons are scattered and
some are transmitted. These transmitted electrons are then passed through an objective lens
which gives an inverted image. An objective aperture is placed at the back of the objective
lens to form an image. The first image generated by the objective lens is magnified by an
intermediate lens, which is further magnified by the projector lens. The function of an
objective lens can be estimated from the quality of an image, which should be magnified and
as exact as the object. This works well for less transparent objects and as the transparency of
an object increases the quality of an image decreases. It is because of the constant intensity of
the transmitted electrons.
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Figure 3.2 Schematic of Transmission electron microscope (TEM).

There are three types of contrast mechanisms: mass contrast is the interaction of the
electron beam with the atoms of the particle. For a particle with heavy atoms the interaction
will be strong in comparison with a particle with light atoms. Thickness contrast depends
upon the thickness of the sample. A thicker particle will appear darker than the thinner one.
Third is diffraction contrast that depends upon the crystallinity of the particle. Highly
crystalline particle will scatter the electrons and will appear darker if the planes are at the

Bragg angle as shown by equation (3.7).
3.4). Selected Area Electron Diffraction (SAED):

It is a technique that is used for the identification of solid material regarding the

lattice parameter measurement, disorder and defect identification. When a beam of electrons
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strikes the sample they are scattered and gives rise to interference. The scattered electrons
will interfere constructively if the path difference between the diffracted electronic waves is
an integral multiple of wavelength and will give rise to bright sharp spots for single crystals
or bright rings for polycrystalline material. The diffraction rings are because of the random
orientation of single crystals in a polycrystalline grain. Each ring consists of a large number

of bright spots that corresponds to a specific plane of a single crystal as shown in figure 3.3.

Figure 3.3 SAED pattern for (a) Single crystal (b) polycrystalline

To obtain SAED pattern through TEM an area of interest is selected by inserting a
selected area aperture in the first image plane. The spot size is reduced to minimum and the
brightness is lowered to avoid any damage to the CCD camera. Sharp spots or continuous
rings will appear on the screen upon switching to the diffraction mode. The diffraction
pattern is then focused and saved. SAED pattern is helpful if we are interested in the area of
constant orientation, or to find a relation between two different crystals or we are interested in
a very small particle. The radius (R) of each ring depends upon the scattering angle (8) and

the camera length (L), mathematically 43,

R = Ltan® (3.6)
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By tilting the specimen with respect to the electron beam direction can give rise to a
recognisable diffraction pattern that might correspond to a specific pattern like phase
contrast, defects in the crystal structure ( atomic dislocation) or chemical composition of
grains etc.

For amorphous material the diffraction patterns are fuzzy rings because of the disordered
atomic arrangements. The diameters of these rings correspond to the average nearest

neighbour distance in the material.

3.5): Energy dispersive x-rays spectroscopy

It is a technique used for the elemental composition of materials. It is based on the
principle that when an inner core electron is knocked out by electron beam interaction with
the sample, an electron from the higher energy level jumps to the lower level to occupy the
inner shell electron space and releases energy, which corresponds to the energy difference
between the two energy levels. The characteristics x-rays of the element is also a form of this

energy and is shown schematically in figure 3.4.

Kicked out
electron

Nucleus
Incident beam

X-rays photon

Figure 3.4 Schematic of the EDS phenomenon, showing that an incident beam kicks out an electron and

giwves rise to photon emission when an electron in the higher energy level jumps to the lower leel
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Every element emits a specific characteristic x-rays and can be used to identify which
specific element is actually present in the specimen. A particular area or spot of a specimen is
selected for EDS analysis. The x-rays emitted from the selected area are analysed through
energy dispersive spectrometer for different energies. When an x-ray photon strikes the
Lithium-drifted silicon detector it generates photoelectrons. This causes an electron hole pair
in the reverse biased diode and is converted to voltage pulse by a charge sensing amplifier.
The pulse is then analysed through a multichannel analyser and is sent to the computer. The
software then displays the peak after identification and quantifications as shown in the figure
3.5.
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Figure 3.5 EDS spectrum for Sm doped ZnO pellet prepared through solidstate reaction

The quantification of the peak [shown in table 3.1] is a complicated process, it is
because of the background and overlapping effects and especially it depends upon the
operating conditions of SEM. There following few steps are considered necessary for better
quantification like, 1): Removal of the background ii): Identification of the peak and iii): the

peak resolution.
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Element Weight % Weight % Atom %

Line Error

CK 13.22 +/- 0.17 33.35
OK 19.35 +/- 0.19 36.65
Al K 0.96 +/- 0.05 1.08
ZnK 59.28 +/- 0.61 27.47
ZnL
SmL 7.19 +/- 0.29 1.45
Sm M
Total 100.00 100.00

Table 3.1 quantitative analysis of the EDS spectrum.

Despite the fact that EDS provides a better chemical analysis, however the technique
has got some draw backs related to the detection process like, X-ray escape peaks, peak
distortion and peak broadening. The escape peak is because of the interaction between the x-
ray photon with the detector, which ionizes the Si and results in Auger emission. Some of the
Auger electrons recombine in the detector and some of the electrons escape. Therefore the
probability of making an electron hole pair is negligibly small. This phenomenon gives rise to
escape peak and is equal to the energy of the parent line minus the energy of the Si x-rays.
The non-uniformity of the detector near the faces and edges gives rise to recombination and
trapping of electrons. This in turn causes the peak distortion. The peak broadening is the
result of variation in the number of charge carriers and thermal noise during amplification.
This could be overcome only by increasing the collection time.

The EDS data in this study was obtained using an Oxford INCA analysis system
equipped with 30mm 2 light element capable ATW detector. The system is capable of
analysing element with Z >5. The spectrum consists of energy along the x-axis and the
counts/intensity along the y-axis, which gives rise to peaks where each peak corresponds to a
specific element. Quantitative information about an element in the specimen could also be
obtained, which show what weight per cent and what atomic per cent of an individual

element does exist in the sample.
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3.6): X-Ray Diffraction (XRD):

It is a non destructive technique used for the phase identification of materials. The
crystal lattice is a three dimensional array of atoms in space with the lattice planes separated
by a distance d. When a monochromatic x-rays fall on the crystalline surface they are
scattered and gives rise to interference phenomenon. The diffracted x-rays from various
planes with integral multiple (n) of wavelength (1) will interfere constructively and results in
a large output signal at the corresponding angles in the spectrum. The diffraction with half
integral multiple of wavelength will interfere destructively and will cancel each other’s
effect. By changing the angle (0) the lattice spacing (d) varies to satisfy the Bragg’s law, as

shown schematically in figure 3.6.

2dsin(6) = nA

A ..L
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Figure 3.6 Bragg’s scattering from lattice planes with s pacing “d” with the same angle of incidence and

the angle of reflection.
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XRD pattern plays an important role in determining the lattice parameter and the
number of planes with various orientations for powder samples. The grains in the powder
samples are randomly oriented and the peak positions are used to identify the planes. The
wave length of an x-ray source is known and the angle (0) can be estimated from the XRD
spectra and hence the lattice spacing (d) can be calculated using Bragg’s law (equation (3.7)).
Since the powder samples used in this study are doped ZnO belonging to hcp crystal family,
therefore the lattice parameter can be calculated from equation (3.8). The lattice spacing (d)
can be calculated by using Miller Indices that describes the orientation of planes with respect

to different crystal axis and the lattice spacing dni for hep crystal is given by the equation'*®

(dl )Z 2 12 (38)
a3 \/(hz + hk + k2) +

c?

Where ‘a’ and ‘¢’ are the lattice constants and h, k, | are the Miller indices along x, y, and z-

axis respectively.

3.7). X-ray Photoelectron Spectroscopy (XPS):

XPS is a spectroscopic technique that is used to measure the elemental composition
and chemical state of elements. The working principle of this technique is based on the
principle of photoelectric effect. A material is irradiated by a beam of x-rays, which causes to
eject a core electron from the sample atom. The energy of a core level electron is a function
of its binding energy which is different for different elements and helps identify the elemental
composition in a sample up-to the depth of 1 to 10nm. The binding energy of an atom
depends upon the formal oxidation state and the chemical environment. The higher oxidation
state of an atom will shift the photoemission peak towards a higher binding energy side
because of the smaller ionic radii, which gives rise to a higher coulomb attraction between the
nucleus and the surrounding electrons. The binding energy of a photo emitted electron can be

represented mathematically as,
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EB - hU - Ek.E - ¢ (3.9)

¢ = E;— E, (3.10)

Where Eg is the binding energy of a photoelectron, /v is the energy of the incident x-
ray beam, Ey g is the Kinetic energy of the photo emitted electron and ¢ is the work function
of the spectrometer. The core level photoemission peak corresponding to certain element can
be grouped into three categories. i): the peak corresponding to the core level, ii): the Augur

transition, iii): the valance level transition at low energies. The emission of photoelectron is

shown schematically as in figure 3.7.
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Figure 3.7 Schematic of the photoelectric effect.

The main source of information is the core level peaks and is the main focus of this
study. Although the importance of the processes (ii) and (iii) cannot be underestimated,

however they contribute little in this study therefore will not be discussed. XPS spectra is
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described in terms of the angular momenta, which are described by the quantum numbers like
n (principal quantum number), | (orbital angular quantum number), S (spin quantum number)
and J (total angular momentum quantum number). For all non s orbitals the core level peak
appears as doublet, which arises from the spin orbit coupling. For example the removal of a d
electron from the core level gives rise to two 3d peaks, one corresponds to 3ds/, and the other
corresponds to 3ds,. It is because for d-orbitals the orbital angular momentum is 2 (I = 2) and
S =1/2 s0J=5/2 and 3/2. Since the former is more than half full therefore appears at lower
binding energy and the later appears at higher binding energy with respect to the former
photoemission peak. The intensities and the widths of the photoemission peaks are different
for different materials and are strongly dependent on the ionization potential of different core
levels.

The XPS system consists of a vacuum chamber with a sample stage, electron energy
analyser and x-ray source. The x-ray source used in this study is the Al K,. XPS is operated
in ultra high vacuum (UHV) of the order of 10 to 10™*° mbar to obtain high signal to noise
ratio. Additionally a low vacuum also causes a monolayer deposition on the surface of the
sample. The fact that XPS is a surface technique with a depth resolution of up to 10nm for Al
K, source clearly requires a UHV system. To characterise a sample through XPS the sample
is first cleaned through Ar ions sputtering to remove the adsorbates like amorphous carbon
from the sample surface. After proper cleaning, the sample is further characterised in two
steps. First a broad survey spectrum is taken and then the detected desired elements are
characterised through the core level spectra. All the spectra are scanned from 30 to 50 times
to improve the signal to noise ratio. After that the peaks are corrected with respect to the
carbon peak at 284.6eV.
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4.1): Introduction:

Better activity and selectivity of catalysts for a process is the ultimate goal of the
catalyst research. In this regard the catalyst-support interaction is an important issue in all
technological areas especially in the growth of CNTs through CVD where the catalyst
determines the morphology and the growth modes i.e (CNTs are grown through tip growth or
base growth mode). Novel oxide catalysts have been used for the first time to grow CNTSs.
Their preparation and deposition methods and the factors affecting the size and shape of
grains upon thermal evaporation will be discussed in this chapter. The characterisation of
catalysts is carried out through a range of techniques like SEM, TEM, EDS, ED, XRD and

XPS and will also be briefly discussed in this chapter.

4.2): Catalyst preparation through solid state reaction

In solid state reaction the reactants react with one another to form a new substance
without dissolving in any appropriate solvent. It takes place under specific conditions. In one
such method, referred to as the oven technique, a high temperature is used to cause a reaction
between the reactants to form a new desired substance. Another way is that the reactants are
melted together and are then allowed to interact with each other to forma new substance, this
new substance is then cooled down to solid state. A third method, called gas reaction in
which the reactants are exposed to gases, in the presence of which they react and form a new
substance. In this study the first condition is used for producing the catalysts. The reaction

chamber used for the sample preparation is shown in figure 4.1.
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Figure 4.1 Carbolite furnace usedfor samples preparation through solid state reaction

For solid state reaction to take place the reactants have to be mixed vigorously either
by mortar and pestle or by ball milling for about an hour. After this vigorous mixing the
reactants were placed in furnace at some specific temperature for hours. In this study ZnO
powder from sigma Aldrich was obtained and was mixed with transition metal oxides (like
NiO and CuQO) and rare earth oxides (SmO, Th,03 and Ho,O3) with 5 wt%. All oxides used
has purity levels of 99.99%. The mixed powder was then ground for about an hour with
mortar and pestle. The powder was then annealed for about 7 hours at 700C and then let to
cool down to room temperature in the furnace. The annealed samples were again
mechanically ground for about half an hour to ensure complete mixing of host and dopants.
Pellets were then made through the presser and put in the furnace for sintering for 14 hours at
1200C, 1150C, 1050C and 1000C. The pellets were then slowly cooled down to room
temperature in the furnace and then were imaged under the SEM to obtain the grain
morphologies. The pellets were then evaporated on the substrates for further use as catalyst
for the growth of CNTs.
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4.3): Catalyst deposition

Thin films can be deposited in two ways i.e. Physical deposition that consists of
thermal evaporation, sputtering, electron beam deposition and pulsed layer deposition, while
the chemical deposition consists of chemical vapour deposition and plasma enhanced
chemical vapour deposition. The technique for the buffer layer deposition and for the
deposition of catalyst used in this study is the thermal evaporation. The thermal evaporation
process consists of three basic steps,

i): Sublimation of the source material.

i): Transportation of the material from the source material to the substrate.

ii): Condensation of the material on the substrate.

The thermal evaporator is used for the buffer layer and catalyst deposition. It consists
of rotary and backing pump with two gauges and two valves and an in-situ film thickness
monitor. The source material is placed in a tungsten boat that is connected across the two
terminals of the electrode. The substrates are placed at the same distance as that of the
thickness monitor. The shutter is kept upon the tungsten boat to avoid deposition of the
adsorbates on the substrate at the beginning of the evaporation and after one minute the
shutter is removed and the thickness is monitored through the in-situ thickness monitor. After
obtaining the desired thickness the shutter is closed and the filament is switched off. The
samples are kept under vacuum for some time and removed when the samples are cool.

Novel oxide catalysts for the growth of CNTs have been prepared through solid state
reaction. According to this process first a pellet of the desired material was made and was
then evaporated thermally on the substrate. Unlike metals the pellet of doped ZnO evaporates
in the form of nano-grains instead of continuous film. There is a distribution of grain sizes
and shapes, which is attributed to the catalyst support interaction. The effect of substrate
surface morphology and buffer layer deposition upon the size and shape distribution and the
density of grains are discussed briefly in this section, because these are the possible factors
that seems to be responsible for the size and shape distribution of grains and hence the growth
of CNTs.
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4.3.1): Effect of substrate and surface roughness:

Three parameters have been chosen to understand the effect of substrate upon the
deposited material.

I); The size and shape distribution of grains

i): Density of grains

ii): Crystallinity of grains

After the thermal evaporation of the transition metal and rare earth doped ZnO pellet
it was observed that the above parameters are a function of substrate surface roughness and
that of the nature of material used. The surface morphology of the substrate defines the size
and shape of the grains because of the residual stress of the individual substrate**. Pellets of
transition metal and rare earth doped ZnO were evaporated thermally on a tungsten (W)
substrate and was observed that rough surfaces gave rise to elongated and non-uniform grains
with large grain size distribution. The high residual stress is because of the high lattice
mismatch of the substrate and that of the deposited material, which gives rise to elongated
and non-uniform grains. The high surface stress gives rise to higher lattice energy that lowers
the mobility of atoms and molecules and ultimately yields low density**°. SEM studies of all

materials confirm these previous observations as shown in the figure 4.2.
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Figure 4.2 (a) low magnification image of thermally evaporated SmZnO pellet on bare W substrate (b)

High magnification image of the circled area.
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Another important factor affecting the size and shape distribution of grains is the
lattice strain. It is widely believed**®*14" that the doped material builds a charge field at the
grain boundaries, which results in a reduced mobility and pinning of the grain boundaries,
which eventually affects the growth of grains. The doping of ZnO with rare earth especially
Sm produces relatively high lattice strain [table 5.4 chapter 5], which might be a reason for
the anisotropic grain growth upon thermal evaporation on rough surfaces like bare tungsten.
This is because of the fact that added rare earth oxides might change the chemical character
of the point defects in the lattice'*® and hence affect the grain growth and make it anisotropic.
The transition metal doped ZnO like Cu and Ni produces relatively low strain, which might
be because of the comparable ionic radii of Cu and Ni that replace Zn in the ZnO matrix and
produces relatively isotropic grains as shown in the figure 4.3. The Cu doped ZnO pellet
produces well crystalline grains with proper hexagonal geometry. Therefore it could be
concluded that the lattice strain of the material also play a key role in defining the size and

shape of the grains.
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Figure 4.3 Cu doped ZnO pellet evaporated on bare W surface. In the insetis the high magnification

image of the grains showing the proper hexagonal geometry and the scale bar is 100nm.
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4.3.2: Buffer layer deposition:

To avoid the undesired chemical reaction between the catalysts and support
(substrate) a buffer layer is usually deposited onto the substrate before the deposition of any
catalyst material. Additionally it is highly desirable to control the size and shape of the
catalyst nanoparticles through manipulation of the supporting substrate. For this purpose Cr,
and Al were used as buffers layer in this study. The buffer layer controls the polarity of the
ZnO film as shown by Park et al**° and this strongly depends upon the thickness of the buffer
layer.

The crystallinity and crystal structure of the catalyst nanoparticles upon thermal
evaporation strongly depends upon the nature of the substrates. For example the crystallinity
of grains will be different if deposited on W and Cr coated W substrate. This might be
because of the electrostatic interaction between the two different materials as observed by

Ricci et al*®°

. The catalyst support interface can be used to control the shape of the catalyst,
because the electronic and magnetic properties of the nano-materials are strongly size and
shape dependent'®l. Furthermore the size and shape of the catalyst nanoparticles defines the
CNTs morphologies.

An aluminium (Al) layer was employed on the substrate both on the Siand W. It was
observed that the Al buffer layer does not gives rise to isotropic grain growth as shown in
figure 4.4. However when Cr was used as buffer layer there was a narrow distribution of
grain sizes and shape as shown in figure 4.5. This might be because of the following reasons,

I); one might be the high lattice mismatch between the ZnO nanoparticles and Al

buffer layer, which gives rise to needle like structures.

i): the other might be the low interfacial charge of the Al-ZnO interface, which gives

rise to strong adhesive bonding between the two materials and controls the growth™®°.

iii): The third probable reason could be the ZnO polarity, which could be explained on
the base of surface bonding Model**2. According to which the ZnO has two polar
surfaces one is Zn-polar surface and the other is O-polar surface. The O-polar surface
Is more reactive than Zn polar surfaces because of the two dangling electron per

oxygen atom. Since there is significant difference in the electronegativity of O and Zn
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atoms, therefore the covalent nature of ZnO becomes partially covalent and the
electrons are more attracted towards the O. The Zn surface becomes more positive
while the O surface becomes more negative. Because of these two electrons per
oxygen atom the O surface is more reactive than Zn surface. Since Al reacts with
oxygen more quickly than Cr therefore it is more probable that the needle like
structure in figure 4.4 is because of the O-polar surface of the doped ZnO material.
Because it is the believed*® that it is the buffer layer that defines the O-polar or Zn-
polar growth of ZnO. Additionally the needle like structures are quite shiny and

white, which might be because of the Zn termination of the ZnO**3.
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Figure 4.5 CuzZnO pellet thermally evaporated on Si substrate with Cr as buffer layer
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It has become quite clear that lattice mismatch of the catalyst and support, lattice
strain of the catalyst nanoparticles and substrate roughness play a key role in controlling the

size, shape and density of the catalyst nanoparticles upon thermal evaporation.
4.3.3): Substrate cleaning

Carbon nanotubes were grown on two substrates insulator (SiO, coated Si) substrates
and metallic substrates (tungsten W). The Si was cut froma 6 inch diameter wafer and for W,
the tungsten boat was used as the substrate. The substrates are expected to have two types of
contamination i.e. organic and in-organic contamination. A couple of steps were taken to
clean the substrates.
1): To remove the organic contamination a solution of H,O, / H,SO4 with 50wt% were mixed
in a glass beaker and then the samples were put into the solution using tweezers and left for
about 20 minutes
2): Again there is always a chance of in-organic contamination especially that of the sodium
(Na) as human being are the biggest source of Na. To remove this inorganic contamination
the substrates are then put for just one second in the 0.01wt% HCI added to water. It removes
immediately the inorganic contamination®.
3): Flush the beaker containing the substrates several times using DI water and take the
substrates out of the beaker and blow the substrates with the filtered nitrogen gun.
4): The substrates were then put on the hot plates at a temperature 100C for about a minute to

completely dry the substrate.

4.4). SEM and EDS Studies of CuzZnO:.

Scanning electron microscope (SEM) studies were carried out on the sintered pellets
and after thermal evaporation of the pellet onthe Cr coated W substrates. The SEM images of
the pellets show that the grains of the CuzZnO have quite distinctive boundaries. The results
obtained display a large distribution of grain sizes and shapes in the pellet as shown in figure

4.6. It is found that the grain size of the pellet depends upon the sintering time, sintering
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temperature and the nature of dopant. Higher temperature and longer sintering time will give
rise to larger grains due to grain growth™>°, because the smaller grains will diffuse with one
another at high temperature if the latter persists for a long time. Since all the pellets (TM
doped as well as RE doped ZnQO) have been sintered for 14 hours. Hence the time dependence

of sintering was not considered in this study.

AccV Spot Magn Det WD Exp b——— 5mm
(150kv 30 6281x SE 41 1

Figure 4.6 SEM image of CuzZnO Pellet

After the thermal evaporation of the pellet on Cr coated W substrate it was observed that the
material deposits on the substrate in the form of grains. These grains are quite uniform in size
with well defined shapes as shown in figure 4.7. This is more likely for two reasons.
I): since the copper produces very low strain in the ZnO lattice (observed through the
XRD analysis of CuzZnO powder), therefore it seems likely that it produces very small
lattice mismatch with the support and hence gives rise to isotropic grain growth with
well defined shapes®°®.

149 therefore

i): Since the buffer layer is believed to control the polarity of ZnO grains
it is more likely that Cr coated W substrate gives rise to Zn-polar growth of grains.
The Zn polar surfaces are not as reactive as O-polar surfaces, because of the lower

electronegativity than oxygen'®3.
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Figure 4.7 SEM image of a thermally evaporated CuZnO pellet, the red arrows show the needle like

structures that are believed to be non-active for the CNTs growth.

The elemental composition and the quantitative analysis of the CuzZnO pellet were
carried out through EDS. The spectrum was taken from the whole surface of the pellet as
shown in figure 4.8. Because of the varying morphology of the pellets, the pellet was
characterised through EDS in the SEM at three different points to see the uniformity of the
dopant ions across the pellet. All the three point analysis shown in figure 4.9 confirms the
presence of Cu, Zn and O. the quantitative analysis of the figure 4.6 is given table 4.1 and the

corresponding EDS is given in figure 4.8.
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Figure 4.8 EDS spectra for CuZnO pellet

Quantitative Results

Element Weight % Weight % Atom %
Line Error
oK 14.7 +/-0.08 41.2
Cuk 4.4 +/-0.67 2.4
ZnK 80.9 +/-0.53 56.4
Total 100.0 +/-0.43 100.0

Table 4.1 Quantitative analysis of the CuZnO pellet.
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Figure 4.9 EDS analysis of grains in the pellet at three different points

The quantitative results of the pellets show that the dopant (Cu) is uniformly
distributed within the pellet.

4.5): Electron Diffraction Studies

An electron diffraction pattern is the result of the interference of the two electronic
waves scattered from two crystalline planes. The Selected Area Electron Diffraction (SAED)
pattern of the particles was taken using a JEOL 2011 transmission Electron Microscope
(TEM) with the beam parallel to (0002) zone axis. The observed SAED pattern was used to
see the crystalline nature of the catalyst before using it for the CNTs growth. The pattern
shows that the catalyst particles are highly crystalline with hexagonal crystal structure. It is

evident from the pattern below that there exists no secondary phases as shown in figure 4.10.
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Figure 4.10 Selected area electron diffraction (SAED) pattern collectedin TEM from the CuzZnO catalyst

particle showing the crystallinity of the catalyst nanoparticles.

The contrast of the spots varies from sharp to an elongated spots with tilting the
sample along any axis (X or Y). The elongated spots show that the beam is diffracted from

larger angle and the intensity of the spots increases towards the axis as shown in figure 4.11.

10 1/nm

Figure 4.11 SAED patterns of the CuZnO grains after tilting the sample along the x-direction at (a) 3.5
and (b) 6.5 degrees
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4.6): XRD analysis of the CuZnO powder

X-ray diffraction was carried out to investigate the phase of the CuzZnO powder and
the lattice strain due to the incorporation of Cu ions into the ZnO matrix. Data were collected
using Cu K, as an x-ray source at room temperature. The analysis of the data indicates that
there is no secondary phase and the only phase that has been observed corresponds to ZnO

wurtzite structure, as shown in the figure 4.12.
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Figure 4.12 XRD pattern of CuzZnO pellet ground to powder

The incorporation of dopants changes the lattice strain and the lattice constant of the
host material and usually depends upon the ionic radii of the dopant ions'®’. The lattice
parameters were calculated as a = 0.3252nm and that for ¢ = 0.5202nm from the XRD peaks

using the formula for a hexagonal structure as**?,

(dl ): 2 12 (38)
hkt a\/§\/(h2+ hk + k2) + =

CZ
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Where a and c are the lattice parameters for the hexagonal crystal system, h, k, and |
are the Miller indices and dn is the spacing between the planes. Crystalline material contains
a range of crystal imperfections and distortions that affect the properties of the material®®’.
The factors affecting the properties of doped materials are the reaction temperature and the
chemical reaction between the impurity and the host material. The lattice strain can be

estimated using the Williamson-Hall model*®8,

0.9 1 ,
B (rad)cos6 = 3 + 4¢ sinf (4.1)

Where f is the full width at half maximum (FWHM) of the individual peak, A is the
wave length of the x-ray source which is 0.154nm for CuK,. The estimated crystallite size
from 101 peak is of the order of 73nm. The data observed from the XRD analysis is given in
the table 4.2.

B(degq) B(rad) 0 cosé sin@ 4*sin@ | B(rad)*cosO
0.11 0.00192 15.87 0.96188 0.27346 1.09384 0.00185
0.11 0.00192 17.22 0.95518 0.29604 1.18417 0.00183
0.114| 0.001989 18.12 0.95041 0.31101 1.24404 0.00189

0.13| 0.002269 23.77 0.91517 0.40307 1.61226 0.00208
0.136 | 0.002373 28.29 0.88056 0.47393 1.89572 0.00209
0.153 0.00267 31.44 0.85319 0.52161 2.08644 0.00228
0.161| 0.002809 33.97 0.82933 0.55876 2.23504 0.00233

Table 4.2 angular parameters observed from the XRD pattern of CuZnO powder in figure (4.12)
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Since the plot of B(rad)*cos@ vs 4*sin@ gives rise to a straight line therefore the microstrain
due to the incorporation of Cu ions into the ZnO matrix could be estimated from the slope of

the line as shown in the figure 4.13. The estimated strain is of the order of 4.3 x 10™.
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Figure 4.13 Williamson-Hall plot of the CuZnO powder and the lattice strain is calculated from the slope
of the straight line.

The average crystallite size [using Scherer’s formula (equation (4.2)], lattice strain and lattice
parameter of the CuzZnO powder is given in table 4.3.

Crystallite size (D) Microstrain (&) Lattice constants (nm)

a=0.3252 £ 0.02
¢ =0.5202 £ 0.02

73nm£1.5 nm 43 x10%+02x10*

Table 4.3 crystallite size, lattice strain and lattice constant of the CuzZnO powder
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4.7): XPS analysis of the CuZnO catalyst.

XPS is a powerful technique for studying the oxidation state for a range of materials
and especially the transition metal compounds having localized valence d-orbital. The XPS
studies were carried out in order to understand the bonding state of Cup.o5 (ZnO)o.95 and to
study the possible changes in the chemical composition of this material when it is thermally
evaporated on a substrate. Usually copper in the divalent state has d° character with an
unpaired electron, whilst Cu,O and metallic copper Cu® is expected to have d'° character with
no unpaired electron®®®.

The Cu doped ZnO was characterised through XPS, which is a representative of
several Cu oxidation states as shown in figure 4.14. The XPS detects the core level and shake
up satellites for Cu2ps;, and Cu2py/, in the pellet. While no shake-up satellite were observed
in the film. The core level lines of Cu2ps;; and Cu2py/, correspond to the binding energy of
933eV and 953eV respectively, while the shakeup satellites are revealed at 940.7eV and
943eV for Cu2psz and 961.7eV for Cu2pis,. The core level spectrumat 933eV along with the
shake-up satellites at higher energies correspond to the mixed oxidation states of Cu* and
Cu*? ions'®, which gives indication that there is no metallic copper on the surface of the
pellet or in the film.

The satellites in the higher binding energy sides show that the material has a d°
character in its ground state, which corresponds to the Cu®* ions in the ZnO matrix'*°. The
satellites are considered to be due to the transition from the valence band to the un-occupied
states in the conduction band as discussed by Kim et al*®*. The structure of satellites is due to
the multiple splitting of the 2p°3d® final state and a range of transitions of a second electron
during the photo-ionisation. After the thermal evaporation of the pellet the satellites disappear
and two very striking peaks are observed, that correspond to the Cu2ps;, and Cu2pi. at
933.7eV and 953.7eV, respectively, which is because of the spin orbit splitting. The peaks
have been shifted by 0.7eV to the higher binding energy side. This indicates that after thermal
evaporation of the pellets the Cu* ions are further oxidized to form Cu®* ions. The peak for
Cu2pss, at 933.7eV and the absence of the shake-up satellites in the Cu2p spectra is attributed
to the charge transfer transition from metal (Cu) to ligand (O), because the satellites will

appear in the core electron spectra of the acceptor species®2. It can be concluded that after
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thermal evaporation of the pellet, the concentration of the Cu*? species increases, which has a
d® character and is used to trap an electron in its active d-shell'®3,
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Figure 4.14 XPS spectrum of Cu 2p for pellet (red) and thermally evaporated film (blue). The peak at
B.E=933eV and 933.7eV represent the 2ps,, for the pellet and film res pectively. The satellite structure
only appears in the pellet spectra at 940.7eV and 943eV. The Cu 2py;, peak appears at B.E =953eV and
953.7eV for both pellet and film res pectiely. The corresponding satellite peak for the pellet appears at

B.E=881eV.
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The broadness (FWHM) of the Cu2p3/, peak for cuprous oxide (Cu,0) is of the order
of 1eV and for that of the metallic copper Cu® is about 0.8eV'®*. In comparison to these
values the observed peak from the evaporated CuZnO material is much broader than the
combination of both, which indicates that there is neither Cu,O nor metallic copper Cu® that
resides on the surface of the film. Here it could be expected that the dopant has taken some
interstitial lattice positions as well that resulted in the broadening of the spectrum®®®.

Two peaks have been observed for O1s core level spectrum in the pellet. One peak is
at the binding energy of 530.3eV and the other is at 531.5eV. The peak at 530.3eV is
considered to be the lattice oxygen corresponding to Cu,0°*%® while the other peak at
531.5eV corresponds to O in the oxygen deficient regions within the matrix of ZnO*®. If
the two earlier studies*>®**%° is considered a base for the XPS analysis of the bulk CuzZnO
(pellet) then the Cu2p core level and O1s spectra are quite controversial with one another.
The authors attributed the Cu2ps;, peak at 933.2+0.2 to the presence of CuO with the
corresponding O1s peak at 529.2+0.3. Again if the O1s peak at 530.3eV is associated with
the presence of Cu,O then the FWHM of the Cu2ps,, peak does not support, which is quite
higher than the corresponding FWHM (~1eV)*** of Cu,0. Additionally no secondary phase
corresponding to CuO or Cu,O has been observed through the XRD analysis of the CuZnO
powder [section (4.6)]. Therefore it can be deduced that the binding energy corresponding to
O1s core level inbulk is different from that of the film. This behaviour is quite evident in rare
earth doped ZnO samples (discussed in section 5.3 and 5.9) as well. Thus it is believed that
the O1s peak at 530.3eV correspond to the oxygen in the bulk ZnO.

However after thermal evaporation the O1s core level XPS peak shifts towards the
higher binding energy and appears at 530.9eV. This is believed to correspond to O™ on
wurtzite structure of ZnO matrix'®’, as shown in figure 4.15 (blue spectrum). The intensity of
the O1s peak of the thermally evaporated film is quite high in comparison to that of the pellet,
which is attributed to the variations in the oxygen vacancies. A small kink at 531.3eV shows
that there still exist some oxygen deficient areas'®®. It is evident now that after thermal
evaporation most of the oxygen deficient regions have been recovered. Additionally there is
dispersion in the Ols core level on the higher binding energy side for the thermally
evaporated sample, which clearly identifies the Cu (2p) to O (1s) charge transfer transition™®°.
This intragrannular charge transfer transition from Cu2p to O1s is believed to play a critical

role in dissociating the hydrocarbon molecule during the CNTs growth.
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Figure 4.15 XPS spectra of Ols in the CuZnO pellet (red) and film (blue). The pelletspectrum has two
well defined peaks at B.E =530.3eV and531.5eV. The film spectrum has a well defined peak at B.E =
530.9eV with two other shoulders at 531.3eV and 533.7eV.

The core line spectra for the Zn from the pellet and that of the film are different as
shown in figure 4.16. Both of the samples do not exhibit the same character. The core level
XPS spectrum of the pellet for the Zn2p3/2 seems to be a convolution of two peaks and
appear at 1021.3eV and 1021.7eV showing the existence of the Zn in metallic and in the first
oxidation state’’®. But after thermal evaporation of the pellet on the substrate the main peak

shifts towards the higher binding energy side and appears at 1022.1eV. This confirms that the
metallic Znor Zn*! have been transformed into Zn** oxidation state'’°.
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It is obvious from the results shown in figure 4.16 that the intensity and the width of
the Zn2ps/, peak for the film decreases after evaporation which is suggested as being due to
the decrease in Zn concentration with copper doping in the ZnO matrix. The shoulder peak on

the lower binding energy side at 1020.9¢eV corresponds to the Zn—Cu bonding. It is because
the electronegativity of Cu (1.9) is less than that of oxygen (3.44) therefore the Zn—Cu

bonding will appear on the lower binding energy side than Zn—O*"*. This further confirms

that copper has successfully been incorporated into the ZnO matrix.
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Figure 4.16 XPS spectra for Zn2p. The red spectrumis for the pellet showing a peak at B.E=1021.7eV
and the blue is for the thermally evaporated pellet at B.E=1022.1eV. The shoul der at 1020.9eV

corresponds to the Cu—Zn bonding.
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4.8): SEM and EDS Characterisation of NiZnO

Nickel doped zinc oxide (NiZnQO) pellets were prepared through solid state reaction.
The pellet was then evaporated thermally on Cr coated W substrates in view to using the
material for the growth of CNTs. The pellet was characterised through the SEM for the grain
morphology. It is obvious that there is large distribution of grain sizes and shapes with sharp
grain boundaries, and is shown in the figure 4.17.

- T e
AccV Spot Magn Det WD Exp 1 pm ’

_ 100kV 3.0 36864x TLD 49 1

A

Figure 4.17 NiZnO pellet prepared through solid state reaction. The arrows showing grains facets and

sharpgeometry.

The elemental analysis of the pellet was carried out through EDS, which confirms the
presence of all the three elements Ni, Zn and O and is shown in figure 4.18. The quantitative
results obtained from the EDS are given in the table 4.4, which confirms the added quantity
of 5wt% Ni.
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Figure 4.18 EDS spectrum for NiZnO pellet

Weight % Weight %

Error
0.5 +/- 0.06 1.7
17.4 +/-0.15 45.5
4.8 +/-0.20 33
77.3 +/-0.42 49.5
100.0 100.0

After the thermal evaporation, the sample was imaged under the SEM for the grains
morphology. The grains have quite irregular shapes but with sharp grain boundaries and some
of the grains have diffused with one another and have become elongated, which might be
because of the lattice mismatch arises from the Ni doping of ZnO. It is observed in section
(4.9) through XRD that the doping of Ni produces higher strain in the ZnO lattice and
increases the lattice parameter more than Cu doping of ZnO. Therefore it is more likely that
NiZnO will produce higher lattice mismatch with support than CuzZnO. This higher lattice
mismatch will give rise to higher surface stress and will result in anisotropic grain growt
It has been observed in this study that smaller grains are more favourable for CNTs growth.

This may be because the smaller particles have high surface to volume ratio and the surface

Table 4.4 quantitative analysis of NiZnO pellet

atoms of smaller nanoparticles are more active than bulk.
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Figure 4.19 thermally evaporated pellet of NiZnO upon W substrate with Cr as buffer layer

4.9). X-ray diffraction studies of the NiZnO powder

The ZnO powder doped with 5wt% NiO through solid state reaction was analysed
through XRD to see the phase of the powder after heating it up-to 1200C for 14 hours. The
sample was then let to cool down to room temperature. From the analysis of the XRD data it
is found that the sample is crystalline and the main peaks correspond to the ZnO wurtzite

crystal structure. A secondary phase of NiO has been observed, as shown in figure 4.20.
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The XRD analysis of NiZnO powder shows that there is a small angular deviation of
the peaks to the lower angle in comparison to the CuZnO material. This indicates that some
of the Ni ions have been incorporated into the ZnO matrix and have changed the lattice
parameter of the host material as shown in table 4.6. However the only secondary phase
observed is that of the NiO, which shows that some of the NiO have been accumulated in
separated and have not been incorporated into the ZnO matrix. This indicates that the
sintering temperature of 1200C for 14 hours is not sufficient for the complete incorporation
of Ni ions into the ZnO matrix, which might be because of the different crystal structures of
NiO and ZnO. Since NIO crystallises in rock-salt structure while ZnO belongs to hexagonal
crystal family, therefore it seems difficult to accommodate Ni ions in the ZnO host lattice®®’.
There is no direct evidence of metallic Ni or clusters of Ni atoms. The data for the peaks
(100), (002), (101), (102), (110), (103) and (112) have been analysed and are given in the
table 4.5.
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B (deg) B (rad) 0 cosd sin@ 4*sing | B(rad)*cosO
0.142 | 0.002478 15.87 0.96188 0.27346 1.09384 0.00238
0.148 | 0.002583 17.2 0.95518 0.29604 1.18416 0.00247
0.151 | 0.002635 18.11 0.95046 0.31084 1.24336 0.00250
0.169 | 0.002949 23.76 0.91524 0.40291 1.61163 0.00270
0.185 | 0.003228 28.28 0.88064 0.47378 1.89512 0.00284
0.194 | 0.003385 31.45 0.85309 0.52175 2.087 0.00289
0.199 | 0.003473 33.98 0.82923 0.55891 2.23564 0.00288

Table 4.5 angular parameters observed from the XRD pattern of NiZnO powder in figure 4.20.

To see any structural modification due to the incorporation of Ni ions into the ZnO

matrix through solid state reaction it was necessary to go through an in-depth analysis of the

XRD pattern. The change in the microstrain or in the lattice constant of the ZnO indicates

that some impurity has been incorporated into it. The microstrain was obtained from the slope

of the linear fit of the plot of 4*sin6@ vs B(rad)*cos6 as shown in figure 4.21.
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Figure 4.21 Williamson-Hall plot for the NiZnO powder and the lattice strain is calculated from the slope

of the straight line. The error bars represent the 2% error in the FWHM of each diffraction plane.

The microstrain observed from the slope of the linear fit is of the order of5 x 107

The crystallite size for (101) planes was calculated using Scherer’s formula,

094
~ B(rad)cos6

(4.2)

The average crystallite size, the microstrain and the lattice parameters for the NiZnO powder

are given in the table 4.6.

Crystallite size (D) Microstrain (&) Lattice constants (nm)

a=0.3252 +/-0.02
¢ =0.5210 +/-0.02

55.4 +/- 5nm 5x10* +/- 0.1 x 10™

Table 4.6 crystallite size, lattice strain and lattice constant of the NiZnO powder in table.
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There is a small increase of the order of 0.06nm in the value of the lattice constant ‘a’
that might be the cause of slight increase in the lattice strain in comparison to that of the
CuZnO. This increase in the lattice constant in the (101) plane shows that some Ni ions have

been incorporated into the ZnO matrix.
4.10): XPS analysis of NiZnO catalysts

After the thermal evaporation of the NiZnO pellet onto the Cr coated W substrate it
was characterised through XPS to see any possible changes in the chemical composition of
the sample. The XPS spectrum gives information about the oxidation state of the Nion the
substrate. The XPS spectrum for NiZnO shows a doublet with binding energies at 855eV and
873.75eV that correspond to Ni 2ps and 2pys, respectively. The corresponding satellite
peaks for 2ps;, and 2p;/, are observed at 862.25eV and 880.5eV, respectively. The binding
energy for metallic Ni is 852.6eV/1"2. This indicates that no metallic (Ni) exists; additionally
the absence of the metallic Ni on the surface of the substrate could be supported from the
energy difference between the 2ps;, and 2pip peaks, which is 17.4eV for metallic Ni and
18.4eV for NiO'"3. The observed binding energy difference in our case is 18.75eV, which
rules out the existence of metallic Ni and NiO. The shoulder on the higher binding energy
side of the main peak (855eV) at 856.25eV shows that there is a combination of Ni*? and Ni*3
ions in the nanoparticles. The presence of the mixed valance state of the metal ions also gives
rise to charge transfer transitions'’®. This shows that Ni has been incorporated in the ZnO
matrix. This has been confirmed from the oxygen (O1s) core level electron spectra [figure
4.24] where the O1s peak appears at 530.9eV that corresponds to the oxygen in the ZnO
matrix®”. It has been observed from the XRD pattern of the NiZnO powder that there exist
NiO phase and also shows an increased lattice constant along the (100) plane, that is mainly
because of the incorporation of Ni ions into the ZnO matrix. Therefore it is strongly believed
that after thermal evaporation of the pellet the ZnO has been doped with Ni. The satellite
peaks in the Ni2p spectra correspond to the charge transfer transition from O2p to Ni3d,
because the shakeup satellites appear in the core level electron spectra of the acceptor

species*®?.
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Figure 4.22 XPS spectrum of Ni 2p for thermally evaporated pellet. The peak at B.E=855eV represent the
2ps2 With corresponding satellite structure at 862eV. The Ni 2p;/, peak appears at B.E =873.75eV with
corresponding satellite peak at B.E =881eV.

The Zn2p spectrum is a representation of multiple components. There are two peaks
observed, one at 1022.1eV and the FWHM is 1.75¢V, which corresponds to the Zn — O
bonding. This shows that Zn is in the 2+ oxidation state and there is no effect of doping upon
the oxidation state of Zn. The other peak is in the lower binding energy side at
B.E=1020.5¢V, that corresponds to Zn—Ni bonding. Since the electronegativity for both
elements Zn (1.65) and Ni (1.91)) is lower than oxygen (3.44) therefore the peak for Zn and
Ni will appear in the lower binding energy side'’:. Additionally this peak has a quite low
intensity indicating that a small number of Ni ions are bonded to Zn and that the bonding

strength is quite low. This gives clear evidence that Ni has been incorporated into the ZnO

matrix.
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Figure 4.23 XPS spectrum of Zn 2p. The peak at B.E=1022.1eV represent the Zn2ps/, another small
shoulder in the lower binding energy side represent the Zn—Ni bonding.

The photoemission spectrum for O1s is not symmetric. The main peak was observed
at 530.9eV and the other at 532.1eV. The main peak corresponds to the Oxygen in the ZnO
matrix, while the other peak on the higher binding energy side at 532.1eV corresponds either
to the oxygen deficient regions *®* or to the hydrogen bonding®"®>**"®. It is worth mentioning
that some of the species cannot be removed completely from the surface of the thermally
evaporated pellet. Adsorbed hydrogen on the ZnO surface may give rise to Zn—H or OH
species that results in passivation of the surface and protects it from reduction during
hydrogen plasma or heat treatment and increases its thermal stability’’
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Figure 4.24 XPS spectrum of Ols. The peak at B.E=530.5eV represent the lattice oxygen and the shoulder

at 532.1eV corresponds to the oxygen in the oxygen deficient regions.

4.11): Conclusion

This chapter describes the preparation (in general) and characterisation of transition
metal (Cu & Ni) doped ZnO prepared through solid state reaction. The CuZnO nanoparticles
show well the crystalline nature and quite narrow distribution of particle sizes when
thermally evaporated upon Cr coated W substrate. Additionally it has been observed through
XPS [section (4.7)] that charge transfer transition occurs from metal to ligand (from Cu to O)
in CuZnO nanoparticles when thermally evaporated. While the NiZnO nanoparticles are quite
irregular in shape and have a wide distribution of particle sizes. The charge transfer transition

occurs from ligand to metal in NiZnO nanoparticles upon thermal evaporation.
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5.1): Introduction:

Catalysts play a key role in synthesising the carbon nanotubes through CVD. Novel
rare earth doped ZnO catalysts have been prepared through solid state reaction and the pellets
have been thermally evaporated on W and Si substrates. The catalysts have been
characterised through various techniques such as SEM, EDS, HRTEM, XRD and XPS. The
effect of dopants and the sintering temperature upon the doping of ZnO and that on the size

and shape distribution of grains will be briefly discussed in this chapter.
5.2): SEM and EDS studies of ThZnO

Pellets of Th,O3 mixed ZnO were prepared through solid state reaction and sintered
through a range of temperatures: 1000C, 1050C, 1150C and 1200C and were named after the
sintering temperature such as T1000, T1050, T1150 and T1200. The pellets were then imaged
under the SEM for the grain morphology and it was observed that there is a large distribution
of grain sizes ranging from 200nm—3.5um, as shown in figure 5.1.

To observe the elemental composition and the quantity of each element present in the
pellet, it was characterised through EDS. The EDS spectra confirm the presence and the

stoichiometry of all the elements Tb, O and Zn in the pellet as shown in the table 5.1.
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Intensity

Figure 5.1 SEM image of Thy s ZnOy g5 pellet sintered at 1200C showing the grains size andshape and in
the insetis the EDS spectrum representing the elemental composition of the pellet.

Element  Weight % Weight % Atom % Formula
Line Error
OK 16.7 +/- 0.17 44.3 O
ZnK 78.1 +-0.74 53.9 Zn
ZnL
ThL 5.2 +/- 0.41 1.8 Tb
Th M -=- -— -=-

Total 100.0 100.0

Table 5.1 quantitative analysis of the Thyg5ZnOg g5 pellet sintered at 1200C.
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The pellets were then thermally evaporated onto a Cr coated tungsten (W) substrate
(after that will be described as W) to use the material for the growth of CNTs afterwards. All
the samples accumulated on the W substrate in the form of grains as shown in figure 5.2.
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Figure 5.2 SEM image of the thermally evaporated pellets (a) sintered at 1000C, (b) sintered at 1050C, (c)
sintered at 1150C and (d) sintered at 1200C on W substrate.

The pellets sintered with different temperature behave differently regarding the grain
size and density upon thermal evaporation. The grains of the pellets with lower temperatures
show more coalescence and have smaller particle sizes while the sample sintered at 1200C

the grains are sharper with definite boundaries and with near hexagonal structure. The
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increased coalescence is because of the strong interaction between the particles, which arises
from the large amount of defects present in the particles'®. The thermal evaporation of the
pellets exactly follows the trend what has been observed from the XRD analysis regarding the
average particle size as given in table 5.2, which might be because of the different
composition of dopant ions in individual particle. It is quite clear from figure 5.2 that the
thermal evaporation of the ThZnO pellets gives rise to a very narrow distribution of sizes. It
seems more likely that the grain deposition on Cr coated W substrate is governed by the
vapour solid process'’®, in which the oxide vapours evaporates from the high temperature
zone and deposits on the substrate at lower temperature and gives rise to grain growth.

After thermal evaporation the grains were further characterised through HRTEM. The
W substrate was scrapped through a tweezers to eliminate grains and was put over a copper
grid. The copper grid was then examined through TEM to observe the grains morphology and
structure. It was observed that the grains correspond to the ZnO with a lattice parameter of

0.5196nm as shown in the figure 5.3.
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Figure 5.3 (a) HRTEM image representing the lattice parameter of about 0.5196nm that correspond to

ZnO structure. (b); EDS analysis through TEM showing the elemental composition of the grain.
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The HRTEM image shows that the grains are highly crystalline with c-axis as the
preferred orientation of growth. This value is a bit smaller than the corresponding value
observed through the XRD analysis (shown in table 5.2) of the same sample (T1200), which
might be because of the smaller grain size with less strain. Elemental analysis of the grain
was carried out through the EDS in TEM which confirms the presence of Tb in the ZnO
matrix as shown in figure 5.3b. There is a peak for Cu in the EDS spectrum that is because of

the copper grid.

5.3): XPS analysis of ThZnO

The doping of ZnO with terbium (Th) was investigated through XPS. The binding
energy shift due to relative surface charging was corrected with respect to C1s of binding
energy 284.6eV. Three samples of TbZnO were characterised through XPS. Two of them
were pellet sintered at 1000C and 1200C and the third sample was the thermally evaporated
film on the tungsten substrate and the samples are named after that as T1000, T1200 and
TW1200 respectively. The 3d core level spectra for all the three samples were obtained. The
characteristic peaks for Th3ds,, and Tb3ds, for all the samples are shown in figure 5.4. It is
quite evident that the Th3ds, peak is a convolution of different peaks and this behaviour
appears for all the samples. There is a steep increase from 1240.75eV to 1242.5eV. This

179 According to Sarma et al*®%: the

happens when the Tb*® and Tb** ions are present together
change of oxidation state from +3 to +4 does not shift the peak significantly towards the
higher binding energy side. This clearly indicates the presence of more than one oxidation
state of Tb on the surface of the sample.

The corresponding satellite structures become prominent as the temperature increases
and become more visible after the pellet is thermally evaporated. Interestingly the shakeup
satellite structure for the pellet samples is a convolution of two different peaks that appears at
1250.75eV and 1251.5eV. The former correspond to the Th*® and the later correspond to the
Tb** ions'’®. After thermal evaporation of the pellet the peaks for the Tb3ds, and 3dap
appears at the same binding energy with the same behaviour as that for the pellets. The only

difference is that the satellite gets sharpened in comparison to the structures for pellets. The
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sharpening of the satellite structure is due to the increased oxidation state of Tb in the

sample®®?.
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Figure 5.4 XPS spectra of Thygs (Zn0O)y g5 representing the 3ds,, and 3ds, core lewel peaks for the pellets
(red and green spectra) and thermally evaporated (blue) samples. The satellite structures appears at

1250.75 and 1251.5eV, which corres pond to the presence of Th*® and Tb*™ oxidation states respecti\ely.

The appearance of shakeup satellite structure in the Tb3d core level spectra shows a
ligand to metal charge transfer. This happens when an electron from the O2p transfers to the
unoccupied 4f level of the rare earth (Tb)'®2. Although the binding energy of the 3ds
(1242.5eV) is still higher from the standard peak for Tbh3ds, that appears at 1241.2eV in
Th,03 where Tb ions exists in the +3 oxidation state. This is because the distance between the
Tb—O in Th,03 is different from that of Tb—O in ZnO. The appearance of 3ds/, peak on the
higher energy side seems more likely because of the Tb*™* ions in the ZnO matrix, which is in

complete accordance with the earlier study*®?.
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Since the XPS analysis of Tb is very rare and also there is no unique agreement on the
oxidation states of Th that correspond to a certain unique value. For example Rodrigo et al*®®
doped gadolinium oxide with Tb and obtained the peak at 1242eV for Th3ds;, and attributed
the peak to the +3 oxidation state of Th. The Th3ds, peak for Tb*® ions appears at 1239.1eV

if used as an external dopant in LiAlOg '

and if it is used as a dopant in ZnO nanorods
synthesised through electrochemical deposition the peak for Th3ds/, appears at 1242.4eV/*84,
which shows that it behaves differently if used as an extrinsic dopant in different host
materials. Therefore it is necessary to make an analysis of the Th4d spectrum, which is
considered one of the most important parameter to distinguish the oxidation state of Tb in a
host material™®°.

The Th4d spectra for all the three samples show very interesting features as shown in
figure 5.5, such as for the sample T1000 there appears a single peak at 149eV, which
confirms the +3 oxidation state of Th. For the pellet sintered at 1200C (T1200) the main peak
appears at the same binding energy of 149eV along with another peak on the higher binding
energy side at 157eV. The appearance of the high binding energy peak at 157eV clearly
indicates the trend of incorporation of Tb** species into the ZnO matrix. This is because
usually Tb** ions have two photoelectron peaks at 150.5eV and at 157eV and Th3* ions have
a single peak at 149 eV*®®. This shows that increase in annealing temperature increase the
Tb** content in the ZnO matrix. After thermal evaporation of the pellet the peak shifts
towards a higher binding energy side and appears at 150.5eV. The intensity of the peak at
149eV has significantly reduced, which shows that the Th*® species decreases. Additionally
the peak at 157eV is more visible, which confirms the existence of both +3 and +4 oxidation
states of Tb in the ZnO matrix'8*,
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Figure 5.5 XPS Th4dspectra for the pellets (red and green) and thermally evaporated (blue) samples.
The blue spectrumclearly indicates the existence of Thin both +3 and +4 oxidation state.

It is now well established from the analysis of the Th3d and Tb4d core level XPS
spectra that Tb exists in the sample in mixed oxidation states (+3 & +4). It has been observed
through the XRD analysis for the samples T1000, T1050 and T1150 in section (5.4) that there
exists a secondary phase of ThsO7, which is a mixed valance oxide. To confirm that the
mixed oxidation of Tb exists in the ZnO matrix rather than in the form of ThsO7 it is
necessary to carry out the XPS analysis of O1s core level spectra.

The XPS core level spectra for O1s were observed for all the three samples. The
spectra are asymmetric with a peak for both the samples T1000 and T1200 appears at
530.1eV, but the shoulders appear at different binding energies, which are at 531.3eV for

98



Chapter: 5; Characterisation of Rare Earth doped ZnO

T1000 and 530.9eV for T1200. This indicates that the sintering temperature of 1000C show
somehow clustering behaviour that has been agglomerated on the surface and remained
unreacted with ZnO. The sample T1200 shows a visible shoulder at 530.9eV that correspond

to the oxygen in the ZnO matrix'8® as shown in the figure 5.6.
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Figure 5.6 O1s core level XPS spectra for Thgg5(ZNn0O)ygs. The spectrum represent a main peak at
B.E=530.1eV and at 530.7eV for the pellet (red and green) and ther mally evaporated (blue) samples

respectiely.

From both the peaks (530.1eV and 530.9eV) of the sample T1200 it is hoped that
some Tb ions have been incorporated into the ZnO matrix and some of the terbium oxide still

remain in the separate form, which correspond to the Th4O. This has not been detected by
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XRD for the sample T1200 as discussed in section (5.4). This means that either this amount is
too low for the XRD to detect or it exists just on the surface of the pellet. This shows that
sintering temperature of 1200C increases the incorporation of Th contents into the ZnO
matrix. After thermal evaporation the behaviour of oxygen changes and the main peak shifts
towards the higher binding energy side and appears at 530.7eV with the shoulder at 531.7eV.
The main peak is attributed to the lattice oxygen in normal wurtzite structure'®” and that the
shoulder peak of the sample TW1200 that appears at 531.7eV correspond to oxygen ions in
the oxygen deficient regions'®®. The low intensity peak in the sample TW1200 at 528.5eV/
correspond to the surface oxygen, while the shoulder at higher binding energy side at
533.3eV correspond to the OH group attachment?°®,

The XPS core level spectra for the Zn2ps;, were observed for all the three samples.
For T1000 the peak appears at 1021.5eV, while for T1200 the peak shifts towards the lower
binding energy and appears at 1021.3eV. The peak at binding energy of 1021.5eV
corresponds to the Zn*! state, while the peak at lower binding energy for T1200 corresponds
to metallic Zn'’®. This confirms that when annealing at higher temperature the dopants
replace the Zn in the ZnO matrix and because of the oxygen deficiencies the Zn remain in
metallic form and lies on the surface of the pellet. After thermal evaporation of the pellet the
peak for Zn2ps., shifts towards the higher binding energy and appears at 1022.1eV, which

shows the +2 oxidation state of the Zn in the ZnO matrix*°.
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Figure 5.7 XPS core level spectra for Zn2p representing the main peak at B.E=1021.1eV, 1021.5eV and
1022.1eV for the samples T1000, T1200 and TW1200 respectively

From the XPS analysis of all the three samples for ThZnO, it can be concluded that
the pellets prepared through solid state reaction are not completely doped. Because sintering
at lower temperature the doping does not occur properly while at higher temperature clusters
are formed and the material behave independently. However after thermal evaporation the
doping is very successful and no clustering has been observed. Additionally the dopant ions

in the ZnO matrix remain in the mixed oxidation states.

5.4): XRD analysis of TbhZnO powder

All the four samples T1000, 1050C, 1150C and T1200 were then characterised
through XRD with the XPERT-PRO diffractometer using Cu K, source, to estimate some of

the most important parameters of the mixed material such as the phase of the material,
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crystallite size, lattice strain and the effect of doping upon the lattice constant of the ZnO.
From the XRD pattern it has been observed that at lower sintering temperature a secondary
phase corresponding to Th,O7 appears but as the sintering temperature increases the peak that
corresponds to Th4O; loses its intensity and disappears for the sample sintered at 1200C
(T1200). There is only one phase detected that corresponds to the ZnO wurtzite structure in
the sample T1200 and the other complex Th4O7 gets incorporated into the ZnO matrix. This
shows that the Th,O3 is first converted into the ThsO7 and then dissolved into ZnO to form a

single phase solid sample of ThZnO, as shown in the figure 5.8.
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Figure 5.8 XRD spectra representing the phase of the Thyos5(ZNO)ygs powder sintered at various
temperatures. The secondary phase is evident at lower temperatures and loses its intensity with

increasing sintering temperature and completely vanishes at sintering temperature of 1200C.
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The appearance of secondary phase at low temperature is because of the relatively
higher ionic radii Tb*® ions than that of the Zn*? and causes a limited amount of ions to go
into the ZnO matrix and some of the Th,O3 remains unreacted which forms a complex of
ThsO7. This type of behaviour has been observed by Kim et al'®” and Cheng et al*®® and
showed that the degree of replacement of the cation in the host material strongly depends
upon the radius of the impurity ion. This secondary phase persists up to 1150C. This indicates
that 1150C is not a sufficient temperature for 5wt% Tb,O3 to be incorporated fully into the
ZnO matrix. Additionally at a sintering temperature of 1150C the crystallite size decreases,
which confirms the incorporation of Tb ions into the ZnO matrix. This is because the
incorporation of Th ions inhibits the grain growth!®.

The lattice parameter for the sample T1000 and T1050 remains unchanged, while it
increases for the other samples (T1150 & T1200). Furthermore the large crystallite size of the
sample T1050 seems to be because of the diffusion of smaller crystallites into one another to
form larger grains®>®. Upon further increasing the sintering temperature the ZnO lattice
accommodates further Tb ions thereby increasing the lattice parameter'®®. The Ilattice
parameter of a semiconductor usually depends upon*®°.

(i): The concentration of free electrons present in the conduction band minimum

acting via deformation potential.

(ii): The presence of defects and the concentration of impurity atoms and the

difference between the ionic radii of the impurity atomand that of the host material.

(iii): External strain usually produced by a substrate on which the material is

deposited.

(iv): Temperature

Interestingly at sintering temperature of 1200C the two parameters (crystallite size
and the lattice strain) decreases, while the lattice constant increases. This might be because,
the higher sintering temperature of 1200C further oxidises the Tb** ions into Tb** ions, which
have relatively smaller ionic radii and it is easier for the ions to inter the ZnO matrix.
Additionally the incorporation of Tb ions with increased oxidation state inhibits the grain
growth and results in smaller crystallite size!®’. This is why the lattice strain and the
crystallite size decreases for the sample T1200. The increase in the lattice constant might be
because of the excess oxygen absorbed due to the higher sintering temperature®? or it might

be because of the excess presence of dopant ions in the matrix**°. This is in complete
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accordance with the XPS analysis described in section (5.3). The XPS analysis of the samples
shows the existence of both the +3 and +4 oxidation state of the Th ions in the ZnO matrix
and the +3 content of Th decreases with increase in sintering temperature, and because of the
smaller ionic radii of the later produces less strain and less polarity. The behaviour of the
samples as a function of temperature and dopant ions signals towards two very interesting
points.

(i): The crystallite size will increase and the lattice strain will decrease with increasing

sintering temperature if the oxidation state of dopant ions remains unaltered.

(ii): The smaller crystallite size and the smaller lattice strain at higher sintering

temperature of 1200C correspond to the presence of the large amount of Th ions with

+4 oxidation state in the ZnO matrix.

These points could be supported with two arguments. One is that if we look at the
XRD pattern [figure 5.8] the extra peak that corresponds to the ThsO; phase disappears at a
temperature of 1200C, which means that the sample corresponds to a material with one
crystal structure. The other is that the contraction of Tb ions inhibits the crystallite size'®®.
Therefore it is strongly believed that majority of the dopants have a +4 oxidation state in the
ZnO matrix. The lattice parameters a and ¢ were calculated from the XRD pattern using the

equation®,

dZ

= (3.8)

1 4 |h?>+ hk + k? [?
= — +
3 a?

The full width at half maximum (FWHM) of the diffraction peaks decreases at 1050C
and then increases with sintering temperature. The broadening of XRD lines, i.e. FWHM is
mainly caused by microstructural imperfections that diffract the x-ray beam incoherently.
These microstructural imperfections give rise to microstrain, which is mainly because of the

stacking fault or any impurity in the crystal lattice!®

. Additionally the incorporation of bigger
ions into the ZnO host material causes an increase in the lattice strain'®’. The change in the

FWHM of the XRD lines might be because of the two reasons,
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i): One is that at 1050C the Th,O3 just transforms into Th,O7 without going into the
ZnO matrix. So this temperature is used to improve the crystallinity of the ZnO
powder.
if): The other is that the increase in the FWHM at higher sintering temperature (at
1150C and 1200C) is because of the incorporation of dopant ions into the ZnO matrix.
The intensity of the secondary phase corresponding to Th4O7 decreases and vanishes
at 1200C, which is quite evident from figure 5.8.
Williamson-Hall model was used to estimate the microstrain from the graph of 4sinf
vs fcosB observed from the seven different orientations of the ZnO crystal planes, like (100),
(002), (101), (102), (110), (103) and (112). A straight line was then fitted to the data and the

slope of the linear fit then gives rise to lattice strain as shown in following figure 5.9.
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Figure 5.9 Williamson-Hall plots obtained from Thy05Zn0q g5 powders sintered at different temperature.
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The crystallite size for the dominant peak representing the (101) plane of the XRD
spectra in figure 5.8 were calculated using the Scherer’s formula given by Eq (4.2) and has

been given in table 5.2.

p= 2N 4.2
~ B(rad)cos6 (42)

The crystallite size increases with temperature but reduces for the sample T1200. This

shows that the crystallite size is more dopant dependent rather than temperature dependent.

Sintering ) _ o )
Lattice strain Crystallite Size Lattice constant (nm)
temperature

. a=0.3245

1000C 3x 10 59.23nm +/-5nm
¢ =0.5199
a=0.3245

1050C 2.8x10™ 68.27nm +/-5nm
¢ =0.5199
. a=0.3249

1150C 5x 10 60.52nm +/-5nm
¢ = 0.5205
4 a=0.3251

1200C 2.3x10 58.35nm +/-5nm
¢ =0.5208

Table 5.2 lattice strain, crystallite size and lattice parameter of Thy¢5Zn0Og g5 Samples sintered at 1000C,
1050C, 1150C and 1200C.

5.5): SEM and EDS studies of SmZnO

The powders of SmO and ZnO were mixed and were pressed to make pellets and
were then sintered through a range of temperatures like 1000C and 1200C and were named
after the sintering temperature e.g. Sm1000 and Sm1200. The pellets were then characterised

through SEM to observe the surface morphology and the size distribution of grains. The
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grains are quite huge with sizes up to 10um with various shapes. The grain sizes of T1200
pellet are much smaller than that of Sm1200 although both were sintered at 1200C for 14
hours, which shows that crystallite size is not the only function of temperature but strongly
depends upon the dopants as well. The surface of the pellet were then characterised through
EDS to see the elemental composition and the quantity of each element present. The analysis
confirms the existence of Sm, Zn and O. Clusters of Sm complexes are observed on the
surface of the pellet, which clearly indicates that Sm has not been fully incorporated into the

ZnO matrix.

(b)
15000

10000

Intensity

5000

Figure 5.10 (a) SEM image of the pellet S1200. The image shows the size and shape distribution of grains
of Smg g5 (ZNO)g g5. (b) The corresponding EDS spectra indicating the elemental composition of the pellet
sintered at 1200C.
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Element Weight % Weight % Atom % Formula
Line Error
oK 23.3 +/-0.2 55.7 0]
Zn K 71.9 +/-0.7 43.8 Zn
SmL 4.8 +/-0.3 0.5 Sm
Total 100.0 100.0

Table 5.3 Quantitative analysis of Smg g5 (Zn0O)y g5 pellet sintered at 1200C.

The pellets were then thermally evaporated on a Cr coated W substrate and it was
observed that the pellets evaporate in the form of grains. These grains are of uniform sizes
and shape of all the pellets. The grains in both the samples are quite mixed with one another
and do not show any sharp geometry. The grains of the pellet sintered at 1200C gives rise to
clusters upon thermal evaporation while that of the pellet sintered at 1000C are still uniform
with less coalescence as shown in figure 5.11. The coalescence is because of the strong

interaction between the smaller crystallites with large amount of defects™®®.

AccV  SpotMagn Det WD F——————— 500nm C /\((‘V Spnl Mdgn Dr! WD I—i )O()nm

100kV 30 73833x TLD 49 M I()()PV 0 63996x ILD‘()
- . \ s S

Figure 5.11 SEM image showing the size and shape distribution of grains of the thermally evaporated
pellets on the W substrates (a) sintered at 1000C (b) sintered at 1200C
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The grains were then characterised through TEM to confirm the nature of grains.
These were scrapped from the W substrate through tweezers and put on the copper grid. The
TEM analysis shows that the grains are highly crystalline with the lattice parameter of about

0.5206nm that correspond to the c-axis of the ZnO. This is shown in the figure 5.12.

(a) 60000 4 o (b)

40000 4

Counts

Cu

10000 4

Figure 5.12 HRTEM image of grains taken from a thermally evaporated pellet sintered at 1200C
indicating the lattice parameter of about 0.5206nm. (b); EDS spectrum showing the presence of Smions

in the grain.

The existence of the dopant was then investigated through EDS in the TEM. The EDS
analysis of the grain shows that Sm ions have been incorporated into the ZnO matrix. This
confirms that after the thermal evaporation the SmzZnO pellet the dopants have been
incorporated into the ZnO matrix. The copper peak observed in the EDS spectrum is because
of the copper grid. It could be concluded that ZnO grains have been successfully doped with
Smions.
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5.6): XPS analysis of SmZnO catalysts.

The analysis of Sm3d was carried out to observe the oxidation state of Samarium in
the ZnO. It was observed that the Sm3ds/, peak for the samples sintered at 1000C and that at
1150C appear at the same binding energy of 1083.6eV, which corresponds to Sm*? oxidation

state 19°

and the 3ds;, peak for both the samples appear at 1110.6eV. This is very similar
behaviour for the Sm in the Smy,O3 compound. But here the observed difference is the energy
difference between the two peaks, which is 27eV while that for Sm,03 is 27.6eV'°. The
peaks shift towards the higher binding energy side for the samples sintered at 1200C and
appear at 1083.8eV and 1110.8eV respectively. But the energy difference for both the peaks
remains constant (i.e 27eV). This indicates a strong spin orbit splitting, but the multiplets are
not resolved properly, which shows a weak exchange interaction between the d—f orbitals in
Smdoped ZnO. The other is that for charge transfer transition to happen [either from metal to
ligand or from ligand to metal] the energy difference between the two 3d peaks should be
constant'®”. The energy difference between the two 3d peaks is quite constant for the pellet
samples (S1000, S1150 and S1200), which is 27eV.

There is a different trend observed for the thermally evaporated sample. The 3dsy
peaks shifts more towards the higher binding energy with no peak on the lower binding
energy side, indicating the full contribution of Sm*® ions in the ZnO matrix. This effect has
been confirmed by XRD analysis of the samples discussed in section (5.7), where it shows
that the microstrain decreases and the crystallite size increases with increasing sintering
temperature [table (5.4)]. This clearly confirms that the higher sintering temperature does not
change further the oxidation state of Sm ions and these dopant ions remain in the +3
oxidation state in the ZnO matrix.

The very interesting behaviour observed from the spectra in figure (5.13a) is the peak
broadening with the increase in sintering temperature, The full width at half maximum
(FWHM) for the sample Sm1000, Sm1150, for Sm1200 [figure 5.13a] are 3.7eV, 3.86eV and
4.2eV respectively and that for SW1200 [figure (5.13,b)] is 4.4eV. This clearly shows the
oxidative behaviour and especially the sample SW1200 confirms that the nanoparticles have
not been reduced after thermal evaporation'®*. The intensity ratio of the 3dss, to 3dsp almost
remains constant at 0.5 for all the samples. The FWHM for the metallic Sm is 2.8eV1%® and

that the ratio of 3day, to 3ds,» remains at about 0.67*°®. Additionally the binding energy peak
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of Sm 3ds, for metallic samarium appears at 1081.1eV/1%°. These effects clearly rule out the
possibility of the existence of metallic Smon the surface.

The most important behaviour of all the pellet samples is the appearance of the peak
at the lower binding energy side. The peak on the lower binding energy side from the main
3ds/; peak has two possibilities, either it corresponds to the Sm*? oxidation state or is the
shake-down satellite peak. The intensity of this peak remains the same for the pellet sintered
at 1000C and at 1150C but loses its intensity in the sample sintered at 1200C and completely
vanishes after the thermal evaporation. In this study the peak is attributed to the shake-down
satellite structure, because of the two reasons.

() This behaviour appears in the pellet samples that behaves like a bulk of Sm
doped ZnO material. It is believed that Sm atoms in the bulk remain in
trivalent state°°,

(i) (ii):  The core-level separation between the divalent and trivalent states of

Sm remains of the order of 7.6eV2°*, while the observed difference in our case

between the main peak and that the peak on the lower binding energy side is

11.4eV.

With the belief that the peak on the lower binding energy side corresponds to the
shake down satellite structures, there are two possible mechanisms for their description. One

1292 according to which the shake-down satellite structures

that is proposed by Burroughs et a
are due to the energy gain process, when an electron transfer occurs from the ligand to the
metal 4f ion. But this mechanism does not seem to be applicable here because if the electron
transfer occurs from Oy, (which is the valance band of oxygen) to the 4f of Sm the energy
difference between the main peak and shake-down peak should not exceed 3.0eV—5.0eV?%,
Where the energy difference between the Sm3d main peak and that the shake down satellite
inour case is 11.4eV.

1204, according to which the shake

Another mechanism is proposed by Crecelius et a
down satellite structures are due to the jump of an electron from the 5d conduction band to
the 4f level. This mechanism seems quite suitable because the amount of energy required to
remove an electron from the 4f level to Fermi energy level is comparable to the electron
energy that jumps from 5d to 4f level. This clearly shows that there is no Sm in the +2

oxidation state.
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Figure 5.13 (a): 3d core level XPS spectra of SmgosZn0Oggs pellets sintered at 1000C (green) at 1150C
(red) and 1200C (blue). The main peak corresponds to 3ds;; and the smaller peak corresponds to 3ds;.
The smaller peak at the very left correspond to the shake down satellite (represented as shake down sat).
The shakeup satellite (represented as shake up sat) only appears in the sample sintered at 1200C at the
very right of the 3ds/, peak. (b): 3d core level XPS spectra for the thermally evaporated pellets sintered at
1200C. The two main peaks at B.E=1084eV correspond to 3ds;; and the smaller peak correspond at B.E=
1110.8eV corresponding to 3ds/,.
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Figure 5.14 (a): Ols core lewel XPS spectra for the pellets sintered at 1000C, 1150C and 1200C. The main
peaks correspond to the lattice oxygen and the shoulders correspond to the Oxygen ions in the oxygen

eficient regions. (b): XPS core lewel spectra of Ols for the SW1200. The peak corresponding to B. E. =
530.9eV
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O1s core level XPS spectra were obtained to understand the oxidation state of the Sm
in the ZnO matrix. It was observed that O1s spectra for all the three samples is a convolution
of two peaks that appears at 530.3eV and 531.5 for the sample Sm1000, at 530.5 and
531.3eV for the sample Sm1150 and that for the Sm1200 it appears at 530.3eV and 531.7eV.
The main peak corresponds to the lattice oxygen in the bulk ZnO and the shoulder at higher
binding energy is attributed to the Sm*> — 02°°. After thermal evaporation of the pellet the
O1s peak shifts towards the higher binding energy and appears at 530.9eV, which clearly
corresponds to the oxygen in the ZnO matrix. The shift in the lower binding energy side is
quite understandable, with the addition of Sm atoms into the ZnO matrix the O1s
photoemission peak for Zn—O—2Zn would be replaced by Zn—O—Sm and would lead to a
lower binding energy. It is because the ionic radii for the Sm ions are larger than that of the
Zn, which will lead to higher screening effect that result in lower binding energy?°.

The Zn core level peak profile of the XPS spectra for all the three samples are quite
symmetric and show some reversible behaviour in their peak widths as shown in figure
(5.15a). The FWHM for the sample sintered at 1000C is 1.55eV and that for the sample
sintered at 1200C reduces to 1.45eV. After the thermal evaporation of the pellet the FWHM
for the Zn spectra increases to 1.5eV. This shows that the pellet sintered at 1200C shows
more metallic behaviour than the one sintered at 1000C for the same time. Additionally the
thermal evaporation helps in doping the material and getting the oxidative behaviour back

again'®*

. All the three samples show photoemission peaks at different binding energies. The
sample sintered at 1000C show a peak at 1021.5eV, the sample sintered at 1150C show a
peak at 1021.3eV while that for the sample sintered at 1200C appears at 1021.7eV. This
might be because of the existence of metallic Zn (Zn”) and Zn*! oxidation state on the pellet
surface.

After thermal evaporation the peak shifts towards the higher binding energy and
appears at 1022.3eV and also gets broadened that corresponds to the Zn in the +2 oxidation
state as shown in figure 5.15b. Another interesting behaviour is the appearance of the
shoulder at 1020.9¢V that correspond to the Sm—Zn bonding. It is because the
electronegativity of Sm (1.17) and Zn (1.65) is lower than oxygen (3.44)?° therefore the
bonding between these two elements will appear at the lower binding side. This clearly
indicates that Sm ions have been successfully incorporated into the ZnO matrix. Similar

behaviour has been observed by Huang et al*’* while doping ZnO with Ni.
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Figure 5.15 (a): XPS core level spectra of Zn2p for the samples sintered at 1000C (green), at 1150C (red)
and sintered at 1200C (blue). (b): XPS core lewel spectra of Zn2p for the samples SW1200. The main peak
for Zn2ps/, appears at 1022.3eV and the shoul der at 1020.9¢V is attributed to the Sm—Zn bond.
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5.7): XRD analysis of SmZnO

The Samarium doped ZnO was characterised through XRD for the phase
identification and the behaviour of Samarium through solid state reaction. Two samples
Sm1000 and Sm1200 that are named after its sintering temperature were characterised
through XRD as shown in the figure 5.16.
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Figure 5.16 XRD analysis of the Smg45Zn0y g5 powder representing the phase identification of the powder
sintered at 1000C and 1200C

Two phases have been observed from the XRD pattern, one that correspond to the
wurtzite ZnO structure and the other correspond to the Sm,O3; phase. The XRD pattern
indicates that Sm shows a very complex behaviour if sintered at 1000C and at 1200C with
ZnO. At these temperatures the Sm ions do not go into the ZnO matrix completely and some
of the SmO remains unreacted and appear in a separate phase and might form other Sm
complexes like SmyO3. It might be because of the bigger ionic radii of Sm*® ions than Zn*?
and is hard for the ZnO to accommodate these ions. Lattice strain was calculated using the

Williamson-Hall model (shown in figure 5.17) and it was observed that the incorporation of
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Sm ions increases the lattice strain and also the lattice constant at 1000C. After increasing the
sintering temperature to 1200C the crystallite size increases but the lattices strain decreases.
This seems to be because of the two processes;
1): One is that there is no change in the oxidation state of the Sm ions at 1200C that
could inhibit the grain growth and result in smaller crystallite size. This is because the
increased oxidation state of dopants inhibits the grain growth®®3.
i): The other is that there is no further incorporation of Sm ions into the ZnO matrix
that could increase the lattice strain. The increase in temperature from 1000C to

1200C seems to reduce the defects density thereby improving the crystallinity.
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Figure 5.17 Williamson-Hall plot for the sample Sm1000 and Sm1200 obtained from the XRD peaks
corresponding tosewen different planes. The error bars correspond to 3% error in the FWHM of

individual diffraction peak.

The particle size was calculated from the XRD peak of (101) plane using Scherer’s
formula and the lattice constant was calculated from the XRD pattern using Eq (4.2) and are

summarised in table 5.4.
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Sintering temperature Lattice strain Crystallite Size Lattice constant (A°)
a=3.2557
1000C 8.75 x 10 49nm +/-1nm
c =5.2081
a=3.2456
1200C 8 x 10™ 53nm +/-1nm
€ =5.1992

Table 5.4 lattice strain, crystallite size and lattice parameter of Smg5Zn0g g5 Samples sintered at 1000C

and 1200C.

5.8): SEM and EDS studies HoZnO

The Ho,03 with 5wt% was mixed with ZnO powder and four samples were prepared

through solid state reaction with a range of sintering temperature of 1000C, 1050C, 1150C
and 1200C. The samples sintered at 1000C are named as Ho1000, at 1050C as Ho1050, at
1150C as Ho1150 and at 1200C is named as H01200. The pellets were characterised through
SEM to see the grain morphologies in the pellet. It was observed that there is no uniformity in

shapes and in the sizes of the grains. No clusters corresponding to Ho were found on the

surface of pellets as shown in the figure 5.18. The large distribution of grain sizes show that

smaller crystallites have been diffused with one another to form bigger grains, which is

believed to be due to the large amount of defects. These defects cause a strong interaction

between the smaller crystallites and gives rise to bigger grains*®.

118




Chapter: 5; Characterisation of Rare Earth doped ZnO

=

g
”

AccV SpotMagn Det WD Exp H—— 5um

(150kv 30 6281x SE 4.1 1

Intensity

Figure 5.18 (a); SEM image of the Hog g5Zn0g g5 pellet sintered at 1200C, indicating the size and shape
distribution of grains. (b) The corresponding EDS spectra of the pellet for the elemental composition
confirming the presence of Hoions in the pellet.

Element Weight % Weight % Atom % Formula
Line Error
OK 15.2 +/- 0.17 44.3 o)
ZnK 80.1 +/- 0.48 55. Zn
ZnL
Ho L 4.7 +/- 0.27 0.6 Ho
Ho M

Total 100.0 100.0

Table 5.5 Quantitative analysis of Hog95Zn0Og g5 pellet sintered at 1200C.
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EDS analysis of the pellet confirms the presence of Ho, Zn and O. The observed
quantity of Ho in the pellet is 4.7wt % + 0.27%, which corresponds to the quantity that have
been added to the ZnO powder. The quantity of each element present in the pellet is given in
the table 5.5 with respect to its atomic and weight percent.

After the thermal evaporation of the pellets on Cr coated W substrate, no clusters of
Ho were found on the surface and this has been confirmed through XPS as discussed in
section (5.9). The grains of the pellet sintered at 1000C have very poor geometry, while the
grains morphology improves with increasing sintering temperature. All the samples show
almost similar behaviour regarding the grain size distribution upon thermal evaporation on
the W substrate. The samples have some needle like structures (shown by red arrows) which

usually happens because of the Zn termination and excess oxygen®>3.
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Figure 5.19 thermally evaporated pellets of HoZnO (a) sintered at 1000C and (b) sintered at 1050C (c) at
1150C and (d) at 1200C.
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After thermal evaporation of the pellets the grains were scratched through tweezers to
make a TEM sample. The grains were then examined through TEM (JEOL 2011) and are
shown in the figure 5.20.
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Figure 520 (a) HRTEM image of the thermally evaporated grain of HoZnO, showing the lattice
parameters of about 0.5204nm, which corresponds to ZnO crystal lattice. The pellet was sintered at

1200C. (b); EDS s pectrum that confirms the presence of Hoions in the grain

The HRTEM image shows that the grains correspond to ZnO structure with lattice
parameter of 0.5204nm, which correspond to the lattice constant ¢ of ZnO, which is in good
agreement with the lattice parameters observed from the XRD pattern shown in table 5.6. The
grains were then analysed through EDS in the TEM to observe the elemental composition of
the grains. It was observed that Ho ions have been incorporated into the ZnO matrix upon

thermal evaporation.

5.9): XPS Characterization of HoZnO

ZnO was doped with 5wt% Ho,O3 through solid state reaction as discussed in section

(4.2). Three samples were characterised through XPS to see the chemical state and chemical
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environment of dopants in the ZnO matrix. Two of the samples are pellets and the third one is
the thermally evaporated pellet on Cr coated W substrate.

The core level 4d peak for Ho was observed at the binding energy of 161.2eV for both
the samples Ho1000 and Ho1200. After the thermal evaporation the peak shifts towards a
higher binding energy and splits into doublet. One peak appears at 161.8eV and the other at
163.8eV as shown in figure 5.21. Usually Ho exists in the trivalent state, however the
removal of one 4d electron causes perturbation and gives rise to multiplet structure in the
XPS spectra, where the peaks appear at different energies. This is because of the various
possible states of the 4d° configuration. The splitting of the 4d peak into doublet therefore
seems to be due to the multiplet splitting that occurs because of the interaction between the
4d holes and the 4f shell electrons and gives rise to 4d°4f" final state configuration®%®. This

162

multiplet splitting gives rise to a charge transfer process™“ that plays a key role in

dissociating the hydrocarbon molecules.
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Figure 5.21 Ho4dspectra for the pellets sintered at 1000C and 1150C (green and red) and for the

thermally evapor ated sample (blue)
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The Ho 4d spectra containing the un-paired 4f electrons are expected to exhibit
multiplet splitting®°®*?1%. The interaction between the 4d and 4f is more complicated because
of the coupling nature®®3,

The O1s core level spectra for all the three samples is a convolution of two peaks as
shown in figure 5.22. For the sample Ho1000 the main peak for O1s appears at 530.1eV. The
peak shifts towards the higher binding energy side and appears at 530.5eV for the sample
Ho01200. This shows that oxygen corresponds to two different compounds within the pellets.
The peak at 530.1eV has two possibilities either it corresponds to Ho(OH)3 as observed by
Milligan et aP°, or it corresponds to Zn—O—Ho bonding in the bulk. The former has a very
low probability because the XRD analysis of HoZnO powder [section 5.10] shows a
secondary phase that corresponds to the hcp phase of Ho,O3. The latter seems more likely
because the Ho has larger ionic radii than Zn and the Ho substitution of Zn will result in
lower binding energy?°®.

For the sample Ho1200 the main peak of O1s shifts towards the higher binding energy

side and appears at 530.5eV. Singh et al?®®

attributed the peak to the formation of Holmium
oxide, which does not seem probable because the XRD analysis does not show any secondary
phase for the sample Ho1200, even if it exists then the amount is negligibly small and it
resides on the surface of the pellet. The following two seem to be the most likely reasons for
the shift towards the higher binding energy (B.E) side,

I): One is that the higher sintering temperature decreases the covalent nature of the

pellet, which results in higher binding energy?°®.

ii): The other is that the higher sintering temperature increases the Ho™ species in the

ZnO matrix, which have relatively smaller ionic radii than Ho™ and shifts the peak

towards the higher binding energy?°®. This is quite evident from the Ho4d spectrum

(blue spectrum) in figure 5.21.

The peaks at the higher B.E energy side at 531.5eV for both the samples are attributed
to the formation of a surface hydroxyl group?®® or to the oxygen deficient regions'®®. After
thermal evaporation of the pellet the main core level XPS peak for O1s shifts more towards a
higher binding energy side and appears at 530.7eV, which corresponds to the oxygen in the
ZnO matrix'®” and the shoulder peak corresponds to the oxygen ion in the oxygen deficient
region'®. This indicates that the grains on the Cr coated tungsten substrate have been
properly doped.

123



Chapter: 5; Characterisation of Rare Earth doped ZnO

530.5
%)
4 175 - —+—HoW1200
g O1s / 530.7 ;
g . H01200
=] a
& W
= qEE - i Ho1000
5301 ¢ 4
w;. “‘
| | |
135 - \ 537
SR
g\ ¢ / 531.5
!‘/
| | ]
2 15 J X 5315
) ¢ >
5 [l 928
- E)
£ 95 "
4 LA
I IR
75 - i LR
:»‘ - o
» e
n o*e <
n Potetete 00ee 4% 0
R e i e e
35 ; ; : ; ‘ ‘ : ‘
522 524 526 528 530 532 534 536 538 540
B.E. (eV)

Figure 5.22 Ol1s XPS spectra for the pellets sintered at 1000C and 1150C (green and red) and for the
thermally evaporated sample (blue). The main peaks correspond to the lattice oxygen and the shoulders

correspond to the Oxygen ions in the oxygen deficient regions.

Core level XPS were performed for Zn2p to understand the chemical state of Zn in
the Ho doped ZnO as shown in figure 5.23. It is observed that for the sample annealed at
1000C the peak for the Zn 2p is shifted towards the lower binding energy and appears at
1021.5eV, which shows that more Zn atoms are attached to oxygen and the sample is more
Zn rich than oxygen rich?!!. The trend of the Zn2p peak changes with sintering temperature.
The sample sintered at 1200C the peak appears at 1021.7eV and after thermal evaporation the
peak appears at 1021.9eV, which corresponds to ZnO. The peak shift towards a higher
binding energy side is a finger print towards +2 oxidation state of Zn.

Areversible behaviour in the FWHM has been observed. The Zn2p spectra for all the
three samples sintered at 1000C, 1200C and thermally evaporated one the FWHM is 1.55eV,
1.53eV and 1.58eV respectively. This clearly indicates that after thermal evaporation of the
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pellet that the Zn remain in oxide form. This rules out the possibility of the existence of the

metallic Zn on the surface of the tungsten substrate
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Figure 5.23 XPS core lewel spectra of Zn2p for the samples Hog5Zn0g 95 sintered at 1000C (green), at

1200C (red) and thermally evaporated pellet sintered at 1200C (bl ue).

5.10): XRD of HoZnO

The ZnO powder with 5wt% Ho,03; was added and the doping was carried out

through solid state reaction. Four samples were prepared through a range of temperatures in

order to setting up the optimal temperature for complete incorporation of the dopants into the

ZnO host material. The samples were named after the sintering temperature like the sample
sintered at 1000C is named as Hol1000 and similarly Ho1050, Ho1150 and Ho1200. The

pellets were ground down to powder and were analysed through XRD as shown in the figure

5.24.
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Figure 5.24 XRD s pectra of the Hog 95(Zn0)g.95 powder sintered at various temperatures.

The XRD pattern of HoZnO powder shows two different crystal structures. One that
represents the ZnO waurtzite structure and the other correspond to the hcp phase of Ho,0s.
The secondary phase exists at 1000C and vanishes for higher sintering temperature. This
behaviour is quite similar to that of the Th doped ZnO pattern discussed in section (5.4),
where the secondary phase exists up to 1150C. This might be because of the fact that dopant

ions with smaller ionic radii could easily be adjusted in the ZnO matrix'®"**®. This confirms
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that 1050C is the sufficient temperature for 5wt% Ho to be completely incorporated into the
ZnO matrix. The FWHM of the diffraction peaks increases at 1050C and then decreases with
increasing sintering temperature. According to Bayan et al*>’, the main reason for broadening

the XRD lines is the microstructural imperfections that cause an incoherent diffraction of the

x-ray beam. These microstructural imperfections arise mainly from the stacking faults or any

dopant ions in the host material. Additionally the incorporation of dopant ions with bigger

ionic radii causes an increase in the lattice strain'®’. The lattice strains for all the four samples

were observed through the Williamson-Hall model and are given in the figure 5.25.
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Figure 5.25 Williamson-Hall plots of the Hog gsZn0Og 95 samples sintered at various temperatures like

B(rad)coso

B(rad)coso

00027 { @ Hol050 ]
T— Linear fit ip
0.0026
0.0025
0.0024 I
L
0.0023
0.0022
Sl
0.0021 %
0.002041
10 12 14 16 18 20 22 24
4sinf
11
0.00234 m Ho1200 .-
—— Linear fit +/'
0.0022 :
0.0021 /{/
0.0020
_
000194} %/
2 T
0.0018 1
10 12 14 16 18 20 22 24
4sind

1000C, 1050C, 1150C and 1200C obtained from the XRD analysis of seven different peaks. The lattice

strain was calculated from the slope of the straight line.
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The three most important parameters (lattice strain, crystallite size and lattice
constant) of the Ho doped ZnO powder have been calculated from the XRD pattern and are

summarised in table 5.6.

Sintering temperature Lattice strain Crystallite Size Lattice constant (nm)
a=0.3246
Ho1000C 5.17 x 107 72nm+/- 2nm
c=0.5199
a=0.3249
Ho1050C 5.45 x10™ 61.59nm +/-2nm
¢ =0.5205
4 a=0.3248
Ho1150C 3.75 x10 66.521nm +/-2nm
¢ =0.5203
-4 a=0.3249
Ho1200C 3.33 x10 69.29nm +/-2nm
¢ =0.5202

Table 5.6 lattice strain, crystallite size and lattice parameter of Hoy5Zn0Og 95 samples sintered at
1000C,1050C, 1150C and 1200C

From the table 5.6 it evident that the lattice strain for the sample Hol1050 is higher
than all the other samples. This means that, either there are more defects or there is a higher
concentration of Ho ions in the ZnO host material. In this study the latter seems more
probable because of the two reasons. One is that the Ho ions as a dopant act as a grain growth
inhibitor and give rise to a smaller crystallite size upon incorporation into a host material?'.
Another is that, peaks of the sample Ho1050 have been slightly shifted towards the lower
angle, which is a clear indication of the incorporation of impurity ions in the ZnO host
material®®®. It is because the ionic radii of the Ho ions are bigger than that of the Zn ions
therefore upon replacement of Zn ions by Ho ions the distance between the adjacent crystal
planes increases and results in the shift towards a lower diffraction angle. Furthermore the
lattice parameter for the sample Ho1050 increases, which seems to be because of the high
concentration of Ho ions in the ZnO matrix. Therefore it is more likely that the higher lattice
strain, smaller crystallite size and larger lattice constant at 1050C is because of the higher

concentration of Ho ions in the ZnO matrix.
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For the other two samples Ho1150 and Ho1200 the lattice strain decreases, and the
crystallite size increases, which shows that a sintering temperature above 1050C can be used
to improve the crystallinity by reducing the imperfections. The larger particle size at low
sintering temperature (Ho1000) is because of the slow doping of the host material?**. The
earlier study by Kakazey et al*>® shows that higher amounts of defects give rise to a strong
interaction between the particles and hence a strong coalescence between the nanocrystallites
and results an increased crystallite size. It is quite clear from the XRD pattern that the host
material can accommodate some proper amount of foreign atoms at some specific

temperature and after that it gets saturated.
5.11): Conclusion:

This chapter describes the analysis of rare earth doped ZnO material prepared through
solid state reaction with a range of temperatures. The effect of sintering temperature upon the
incorporation of dopants into the ZnO matrix is different for different dopant materials. The
jonic radii and the crystal structure of dopants seem to be the most important parameters for
incorporation into the ZnO matrix. It was concluded from characterisation of these samples
that size and shape distribution of grains depend upon the sintering temperature and the
nature of dopants if the sintering time is kept constant. Additionally the doping of ZnO with

rare earths seems quite successful after thermal evaporation.
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6.1): Introduction

There has been a lot of work published regarding the synthesis of CNTs through CVD
in the last one and a half decade. But still a very fundamental question remains unanswered :
what is the actual role of catalyst in the synthesis of CNTs through CVD? In the last few
years the growth of CNTs using ceramics and particularly the oxides as catalyst has
completely changed the scenario of conventional thinking. This has raised the question again:
How to understand the actual role of a catalyst regarding the growth of CNTs as we are still
lacking a proper understanding of the role of a catalyst. In this chapter the synthesis
procedure of CNTs through DC-PECVD using novel metal oxide nanoparticles as catalyst
has been described. These new oxide catalysts lead towards very exciting and contemporary
concepts, which need re-evaluation of the growth mechanisms. A new growth mechanism

regarding the synthesis of CNTs has been proposed.

6.2): Proposed growth mechanism using metal oxide catalysts

The chemical state of the oxide catalyst nanoparticles plays a key role in the growth
of CNTs. After an attempt to grow CNTs through iron oxide it was observed that it is the
reduced iron that catalyse the growth and not the oxides®?>?!® because these catalysts first
reduces to metals and then catalyses the growth. ZnO is a direct band gap semiconductor with
large exciton binding energy of about 60meV. It is usually used for device application like
light emitting diodes?!® and lasers®!’. Since ZnO is intrinsically n-type because of the defects
regarding the oxygen deficiencies on its surface and the probability of high recombination

218 makes it unfavourable for CNTs growth. After doping the ZnO with some transition

rate
metals like Cu and Ni and some rare earths like Tb and Ho, it was observed that it can
catalyse the growth of CNTs quite efficiently. This shows that the incorporation of dopants
into the ZnO matrix changes the catalytic activity of the intrinsic ZnO. The use of dopants
makes two very prominent changes in the electronic properties of ZnO. One is that it changes
the lattice strain of ZnO nanoparticles, and the other is that it enhances the charge transfer
transition, (either from ligand to metal or from metal to ligand) which produces a non-

radiative relaxation channels?19°220,
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Here we propose a mechanism for the synthesis of CNTs using the metal oxide or
doped metal oxide nanoparticles. Since the catalytic growth of CNTs through CVD involves
two steps, one is the dissociation of carbon containing gas and the other is the diffusion of
carbon through the catalysts. There are two different processes involved with these two steps,
one is the intra-granular charge transfer transition that is responsible for the dissociation of
hydrocarbon molecules and the other is the lattice strain that is responsible for the diffusion
of carbon atoms through the catalyst nanoparticles. The intragrannular charge transfer
transition in metal oxides is believed to be responsible for the change in activation energy
which lowers the activation barrier and helps to dissociate the hydrocarbon molecules®?. The
energy required for this transition depends upon the ionization potential of the donor and the
electron affinity of the acceptor. Additionally the charge transfer process opens additional

non-radiative channels for the defects relaxation?!°>°. The charge transfer rate is temperature

dependent and can be written as®#2>2%3
T V? y)
ktransfer = /UCBT 78Xp(—4kBT> (61)

Where kj is the Boltzmann constant, T is the temperature, i is the Plank’s constant,

A is the hopping energy accompanying geometric relaxation associated with the charge
transfer and V is the electronic coupling matrix element between the neighbouring ions.

The lattice strain arises from the stretched side of a dislocation and the edge
dislocations have higher adsorption energy than the rest of the surface??*. Since after the
dissociation of hydrocarbon molecules the resultant carbon atoms are more energetic
therefore the edge dislocations are the most favoured place for these carbon atoms to get
stabilised. Additionally it has been observed experimentally??® that the lattice strain
considerably modifies the chemisorptions properties of the catalyst nanoparticles. Thus this
ability of lattice strain could also be used to manipulate the reactivity of the catalyst
nanoparticles. Although the role of defects cannot be underestimated, it could not be solely
considered responsible for the growth using transition metal oxides. Therefore it could be
concluded that the intragrannular charge transfer transition and the lattice strain of the
catalyst nanoparticles play together important roles in the growth of CNTs. The charge
transfer mechanism is shown schematically in the figure 6.1.
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Figure 6.1163; Charge transfer mechanism in doped ZnO: (a); showing the recombination time (RT) of
electron-hole pairs in undoped ZnO, where the electron relaxes to the ground state through radiative
recombination in ~175ps. (b): in doped ZnO, the electron trapped by the impurity ions relaxes to the
ground state non-radiatively via phonon mode in ~ 39ps. This is because the impurity ions produce non-
radiative relaxation channels. The radiative relaxation in doped ZnO is \ery rare and takes place in
~0.35ps. The electrons in the bonding orbitals of the carbon containing gas are trapped by the impurity
ions in the ZnO matrix and are sent back to the antibonding orbitals of the carbon containing gas

molecules, where temperature plays a key role. This back donation of electron density causes dissociation.
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6.3): CNTs with NiO as Catalyst

The sample was carefully prepared to prevent it from any possible transition metal
contamination. The sample was prepared in clean room while using a clean glass and plastic
tools. The SiO, substrate was put in 50% hydrogen peroxide and sulphuric acid solution and
was placed in ultrasonic bath for about 20min. After 20min the substrate was then placed in
de-ionised (DI) water for about 15min in ultrasonic bath and was dried with dry nitrogen
afterwards. The SiO» substrate was then dipped in DI water with 0.1% added HCI to remove
any possible sodium contamination. The sample was then dried with dry nitrogen and was put
in a heater for 1min to make it completely dry. After that the sample was put in IPA and was
cleaned ultrasonically for about 20min. The sample was then dried with dry nitrogen. The
NiO powder was treated ultrasonically with IPA through ultrasonic bath for about an hour to
make the particles smaller and remove the agglomeration. A drop of NiO nanoparticles mixed
with IPA was then put on the SiO, substrate and left for about an hour to dry it completely
under a glass cover. The SiO; substrate with NiO particles was then put into the chamber of
PECVD reactor (MPS1400).

SEMMAG: 4591 kx  DET: SE Detector bbbt bttt ]
HV: 100KV DATE: 05/20/09 1um Vega©Tescan
VAC: HiVac Device: TS5136MM Digital Microscopy Imaging

Figure 6.2 SEM Images of NiO nanoparticles
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The substrate temperature was measured by a thermocouple attached to the substrate
heater. As soon as a vacuum below 4x10Torr was achieved; the process was activated with
a flow rate of nitrogen (N») as 80 sccm (standard cubic centimeter per minute) with chamber
pressure kept at 2.5Torr. After the attainment of this pressure, the heater was switched on in
order the growth temperature is reached. It normally took two minutes to get to 650C and that
the acetylene (C,H;) was allowed into the chamber with a flow rate of 20 sccm. Both the
electrodes (anode and cathode) were separated by about 18mm with the chamber pressure set
around 1.2 Torr. The DC power was applied to generate the plasma, which was obtained with
a stable state at 442V and at a current of 65 mA. The growth process was carried out for
20minutes at a temperature of 650C. After this time the process was de-activated and the
sample was allowed to cool down below 100 °C. This process produced CNTs with a range

of diameters from 20nm to 70nm, as shown in figure 6.3.
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Figure 6.3 SEM Images of CNTs using NiO as catalyst showing the good alignment of CNTs and indicates
the tipgrowth mode.
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The SEM images show two well established phenomena, one is that the DC-PECVD
grown CNTs are quite well aligned and the second is that the growth is not uniform with
respect to the height and diameter of CNTs. The wide distribution in the diameters of CNTs
is because of the wide range of particle size distribution that plays a main role in controlling
the diameter of CNTs. The particles of the same size, shape and composition will produce
CNTs of the same diameter and height; because the decomposition of the carbon feed gas and
diffusion of carbon atoms occur at the same time on the surface of catalyst particle, which in
turn will yield a uniform growth?2°2?”, Additionally the composition of catalyst nanoparticles
is believed to affect the lattice strain, which controls the diffusion of carbon atoms through
the catalyst nanoparticles??®. The density of CNTs is quite high, almost every particle is
catalysing the growth and it is clear from the SEM images shown in figure 6.3 that the CNTs
are grown where a catalyst particle exists. Additionally the SEM images show that tip growth
is the dominant mode for the CNTs grown through DC-PECVD using NiO as a catalyst
because the majority of CNTs have the catalyst particle at the tip. This usually happens when

t80

there is a weak interaction between the support and catalyst®™. Additionally the chemical state

of the catalyst nanoparticles also plays an important role in defining the growth modes as

1101

shown by Dijon’s et al™"~. Usually the base growth is identified from the curvature of

compartments that would be directed towards the tip of CNTs and that for the tip growth the
compartments are directed towards the substrate 22°.

The sample was scrapped using plastic tweezers and rubbed with copper grid of TEM
to prepare the sample for TEM analysis. The transmission electron (TEM) micrograph of the
NiO grown CNTs shows that all the CNTs are multiwall with diameter ranging from 50nm to
70nm. The CNTSs that have a particle at the tip showing a tip growth process as shown in

figure 6.4 a & b.
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Figure 6.4 TEM Images of the NiO/CNTs (a): a straight CNT with particle at the tip showing the tip
growth process (b): is aclosed cap CNT with the compartments directed towards the cap indicating the

base growth process.
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The TEM images show that NiO grown CNTs have different carbon morphologies
depending on whether they have been grown through tip growth or base growth mechanisms
as shown in figure (6.4a &b). The arrows show the direction of the curvature of
compartments that are directed towards the tip indicating the CNTs that have been grown
through base growth mechanism. The figure (6.4a) shows a multi-walls CNTs with quite
tabular morphology, while in figure (6.4b) the CNTs is bamboo shaped with very narrow
compartments (shown by the arrows).

The different CNTs morphologies seem to be because of the large particle size and
shape distribution and varying composition of the catalyst nanoparticles. Lee and Park
(2001)*?°, have suggested that the bamboo structure of the nanotubes is because of the base
growth process and could be recognised from the direction of the compartments. The
compartments are directed towards the tip which favours the Lee and Park model. The shape
of the compartments is due to the surface geometry of the catalyst particles and these
compartments will appear periodically as long as the carbon is supplied continuously and
steadily. Also the catalyst composition is believed to be a factor that affects the CNTs
morphologies?®° . The catalyst nanoparticles with varying compositions of elements give rise
to CNTs with different morphologies. It has been observed in this study that varying the
composition of the catalyst nanoparticles may affect the lattice strain of the grains and hence
the non-uniform extrusion of carbon through the catalyst nanoparticles, which might lead to a
non-uniform growth.

When NiO nanoparticles are used as catalyst, the charge transfer process from O2p to
Ni3d plays an important role because it strengthens the back donation of electron density to
the anti-bonding orbitals of the adsorbates'®. Acquisition of the negative charge of Ni from
the O enhances its catalytic activity. It is because the Ni becomes more negative, where the
Fermi level gets raised and the electron transfer occurs from Fermi level to the lowest
unoccupied molecular orbitals, which might widen the band gap2®'. But, according to Blazy
et al®®? the charge transfer in NiO (either from metal to ligand or ligand to metal) does not
affect the band gap but it is strongly dependent upon the valency of the metal ion. Since NiO
remains non-stoichiometric and 1:1 ratio does not usually hold®33, therefore it is strongly
believed that in NiO there is always present excess oxygen, which results in the Ni*3
oxidation state and these ions act as electron acceptor. This behaviour pins the Fermi energy

at the top of the valance band, which is also the O2p band?3*.
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The mechanism for accepting electrons from acetylene molecules and the potential of
back donating the electron to the acetylene antibonding orbitals causes weakening of the
bonding strength of C,H, to an extent that they start dissociating into hydrogen and carbon®3.
The charge transfer transition between the O2p and Ni3d is believed to be responsible for the
change in activation energy which lowers the activation barrier and help dissociating the
acetylene molecules?®®. After dissociating the acetylene molecules the atomic carbon then
start diffusing through the atomic steps at the grain boundaries of the catalyst nanoparticles as

I*°. The atomic steps or vacancies or any imperfections at or near the

proposed by Helvegeta
grain boundaries will be different from that at the centre of the grain, which gives rise to
lattice strain gradient®3®°2%’. This lattice strain gradient is believed to be responsible for the
drift velocity of the diffusion of carbon through the catalyst?®®. It could be inferred that the
charge transfer mechanism help in dissociating the acetylene molecules and lattice strain
controls the carbon diffusion through the catalyst.

The nature of the particle at the tip of CNTs was verified through line spectrum EDS
in the scanning transmission electron microscope (STEM) to verify the elemental
composition of the particle at the tip of a CNT. The line spectrum obtained shows the
presence of Niand O. The STEM EDS analysis verifies the existence of ~52% oxygen and
~48%Ni, which correspond to the NiO stoichiometry. In order to avoid the Cu contribution,
the spectra was taken from a particle of interest away from the grid. This clearly indicates
that N'iO does not reduce if used as catalyst for the dissociation of hydrocarbon (acetylene) at

650C in N, environment.
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Figure 6.5 Line scan EDS spectrum of the NiO nanoparticles at the tip of aCNT taken with the scanning
transmission electron microscope (S TEM), showing the elemental composition of the catalyst particle.

The EDS spectrum was taken at the accelerating voltage of 200k V.

Element Weight % Weight % Atom % Atom % Error Formula

Line Error

OK 22.78 +/- 8.12 51.99 +/- 13.00 @)
Ni K 77.22 +/- 17.57 48.01 +/- 10.84 Ni
Ni L -=- -=- -=- ===

Total 100.00 100.00

Table 6.1 quantitative analysis of the line scan s pectrum in figure 6.5.

The diffraction pattern froma particle at the tip of a CNT was observed through TEM.
The spot pattern shows that the particle at tip of the CNT is single crystal and is in the form
of square arrays that correspond to a rock salt structure of NiO.
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Figure 6.6 selected areaelectron diffraction pattern of a NiO particle at the tip of CNT confirming the

rock salt structure of NiO catalyst.

6.4): Growth of CNTs using Ni as Catalyst

CNTs were grown using Ni as catalyst. A layer of Ni film of thickness 7nm was
thermally evaporated on a SiO, substrate. The thickness of the film was controlled through a
crystal monitor. The SiO, sample was then put in the MPS1400 and was heated to 700C
under hydrogen atmosphere to make nanoparticles of the film. The hydrogen is used to
remove any amorphous carbon if does exist on the sample surface.

The sample was then put back in the chamber of the MPS1400 for growth of CNTs.
The sample was heated up to 750C. After the pressure below 4*10° Torr was obtained,
ammonia was introduced in the chamber with a flow rate of 100 sccm followed by acetylene
with a flow rate of 20sccm. Acetylene is used as a carbon source and ammonia as an etchant,
which is used for the removal of amorphous carbon produced during the growth process. The
process was continued for about 25minutes in stable DC plasma with the DC voltage of 460V

and a current of 95mA giving rise to a net power of about 44W. The process was then
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stopped and the sample was taken out when the temperature of the chamber comes down to
room temperature. The sample was then investigated through the SEM to see the CNTs

growth as shown in figure 6.7.

SEM MAG: 13.41 kx DET: SE Detector 2
HY: 10.0 R DATE: 12/23/09 sum Vega @Tescan
VAC: Hivac Device: TS5136MM Digital Microscopy Imaging

Figure 6.7 SEM Image of CNTs using Ni as catalyst. The CNTs hawe been grown through DC-PECVD.

The SEM image shows that CNTs are well aligned as shown in figure 6.7. This
confirms that well aligned CNTs can be grown under stable plasma conditions at the applied
power of about 44W. From the SEM image [figure 6.7] it is clear that it is a tip growth
process with Ni particles at the tips. The sample has CNTs with a range of diameters, which
is believed to be due to the particle size distribution®?®*??’. The sample was treated
ultrasonically in IPA to remove some of the CNTs and put a drop of it on a TEM copper grid

to make a sample for TEM studies, as shown in figure 6.8a & b.
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Figure 6.8 TEM Images using Ni as catalyst (a); bamboo type CNT (b); carbon nano-fibre (CNF)

The TEM images show that there are bamboo shaped CNTs and herringbone type
filaments as shown in figure 6.8 a & b respectively. Figure 6.8a is a bamboo type multiwall
CNT, with the walls parallel to the tube axis. A small curvature at the tip is supposed to be
due to the addition of pentagons or heptagons to the hexagonal network. During the growth
process the carbon atoms accumulate on the surface of the catalyst particle and then start
diffusing through the catalyst surface to gives rise to a CNT formation. The production of
herringbone filaments is due to the surface morphology of the catalyst particle, the relative
composition of the carbon source gas and that of the etchant gas and the growth
temperature®3®. According to Merckulov et al?®%; if the growth conditions such as the relative
combination of the gases and the growth temperature are kept constant then this will give rise
to one form of graphitic carbon, i.e. either CNT or carbon nano-fibre (CNF). But besides this
the catalyst morphology plays a critical role in defining the structure of CNTs or CNFs,
because in this study it has been observed that CNTs and CNFs grow in the same sample
while keeping the growth conditions constant. This confirms that growth conditions like
(chamber pressure, temperature flow rate of different gasses and plasma power) are not the
only parameters that control the transition of CNTs to CNFs or vice versa.
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6.5): Growth of CNTs using CuZnO as Catalyst

The substrate was cleaned in the clean room according to the procedure discussed in
section (4.3.3). After the evaporation of the Cw/ZnO pellet on the Si substrates these were
loaded into the CVD chamber to grow CNTs upon the surface of the substrate. The
temperature was kept at 550C with nitrogen at a flow rate of 100sccm and acetylene (C,H>)
as the carbon source with a flow rate of 20sccm. The chamber pressure was kept at
2500mTorr and the process was deactivated after 15min. Before starting the process the
chamber was evacuated to a base pressure of ~5x10° mtorr. After the growth was completed
the chamber was allowed to cool down to 100C in nitrogen atmosphere and after that the
chamber was left under low pressure overnight. The samples were then taken out and
inspected in the SEM as shown in figure 6.9.

AccV SpotMagn Det WD Exp — 2ym AccV  Spot Magn Det WD Bp F—— 200nm
100kv 30 8236x SE 50 1 100kvV30 99172x SE 50 1

Figure 6.9 (a); Low magnification SEM Image of CNTs using Cugos (ZnO)g9s as catal ysts through CVD .
(b); High magnification SEM image, showing the CNTs are quite uniformin size and diameter, which

correspond to the uniformsize distribution of catalyst nanoparticles.

The SEM images of figure 6.9 show that all the CNTs are multi-wall and are quite

uniform in size and in diameter, which is attributed to the uniform composition and narrow
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distribution of the catalyst particle sizes?*°

. Additionally it is quite clear from figure 6.9 that it
is a tip growth process and all the observed CNTs have a particle at the tip. This clearly
confirms that either all the catalyst nanoparticles have a weak interaction with the support®®

(substrate) or have the same chemical state*

, Which gives rise to uniform lattice strain. The
chemical state of the catalyst nanoparticles seems to be a dominant factor that defines the
growth mechanism. It has been observed in the preceding sections [section (6.7) and (6.8)]
that the catalyst nanoparticles with different dopant concentrations will give rise to CNTs
with different morphologies, which is attributed to the difference in lattice strains. For
uniform growth all the catalyst nanoparticles must have the same lattice strain and any
change in the lattice strain will affect the diffusion of carbon atoms, which results in non-

uniform growth.

Figure 6.10 (a): TEM image of a CNT, (b): High resolution image of the particle atthe tip of CNT. The

scale bar of “a” is 5nm and that of “b” is 0.5nm.

The sample was investigated througha JEOL 2011 TEM to see the morphology of the
CNTs. It was observed that almost all the CNTs show the same morphology and size as
observed through the SEM in figure 6.9. It is believed that the size, shape and composition of
the catalyst nanoparticles affect the CNTs growth, which seem to be dominant factors in the
growth of CNTs. From the SEM and TEM images it is clear that the needle like structure
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(observed in figure 4.7 section 4.4) do not contribute to the CNTs formation. All the CNTs
are of the order of 10nm to 25nm in diameter. The majority of CNTs are quite cylindrical but
there were a few that have very narrow compartments, which make them like a bamboo
structure CNTs, which usually happens because of the composition®*® and morphology of the
catalyst nanoparticles. During restructuring of the catalyst nanoparticles one of its edges is
deformed as shown in figure 6.10a. According to Lee et al**® the bamboo structure is because
of the bulk diffusion of carbon through the catalyst nanoparticles that occurs in hot reaction
zones. But for smaller nanoparticles in the range of 10 to 25nm diameter, it seems unlikely
that a temperature gradient will occur on the surface of the catalyst nanoparticles. In this
study it is believed that the main driving force for the carbon diffusion is the lattice strain
across edge dislocations that give rise to surface diffusion of carbon through the catalyst
particle. This is because the edge dislocations give rise to low activation energy due to higher
strain®%*,

The CNTs in figure 6.11 are quite crystalline but are surrounded by amorphous
carbon (as shown by an arrow figure 6.11b). The high resolution TEM image show that the
CNTs are quite straight with no helicity and curling. Catalytically grown CNTs usually have
a low degree of graphitization but the CuZnO grown CNTs are highly graphitised. The
graphitic layers are surrounded by some amorphous carbon, which might be because of the

low etching effect of nitrogen.

Figure 6.11 (a); (a); low magnification Image showing small compartments (b) High resolution TEM

Image of the CNT showing graphitization and the amorphous carbon around the CNT.
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The TEM images show that the CNTs have quite large inner diameter indicating that
surface diffusion is dominant over bulk diffusion. The surface diffusion is more favourable
because the diffusion of carbon through the catalyst takes place at the grain boundaries and
edge dislocations because of the higher strain®*!. This study shows that CuZnO nanoparticles
are highly active in dissociating the C,H, at 550C and carbon diffusion occurs through the
grain boundaries parallel to the c-axis of the catalyst nanoparticles. The CuZnO nanoparticles
can accommodate electrons more easily than holes because of the increased resistivity and it
has been observed that Cu as a dopant in the ZnO matrix increases the resistivity?*? of the
nanostructure and hence the electron acceptance nature. Also the foremost requirement for
the catalyst to grow CNTs is to make bonds with the hydrocarbon by accepting electrons.

To observe the effect of chemical composition of catalyst and the charge transfer
phenomenon on the growth of CNTs, two separate samples were prepared. One sample was
made of just the ZnO nanoparticles and the other was prepared by thermally evaporating the
CuzZnO pellet. It is worth noting that a charge transfer transition has been observed in the
sample of CuznO through XPS as discussed in section (4.7). Additionally the
crystallographic and surface composition has been observed through XRD and XPS as
discussed in section (4.6) & (4.7) respectively. The XPS analysis of the thermally evaporated
CuznO sample has confirmed that the thermal evaporation has not reduced the nanoparticles
and the oxygen corresponds to the lattice oxygen and not the adsorbed one, which happens
upon exposure to air. Both the samples were put in the MPS1400 with the same environment.
After the process it was observed that copper doped ZnO can easily catalyse the growth at
550C while only amorphous carbon was observed on the ZnO sample. It could be concluded
from the process that surface defects of the catalyst are not the only reason of the CNTs
growth. According to Helveg'® and Ajayan®’, the mono-atomic steps (vacancies or any
defects) on the surface of catalyst nanoparticles help nucleate the CNTs growth, which is
only possible if there is a charge transfer mechanism otherwise the trapped electrons will
recombine and the surface will relax with a photon emission as happens in pure ZnO
nanostructures®*3,

242 and causes a fast electron

Since the doping of ZnO with Cu make it more p-type
transfer process to occur®*®. This hinders the way of recombination of carriers and provides
additional relaxation channels for the carriers. The charge transfer process helps dissociating

the hydrocarbon molecules through back donation of electrons to the anti-bonding orbitals of
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the hydrocarbon molecules. Xing et al**® observed the charge transfer dynamics in copper
doped ZnO nanowires using time resolved photoluminescence and transient absorption
spectroscopy and showed that in undoped ZnO nanowires the carriers either undergo
radiative recombination or become trapped at the defect states. The trapped carriers again
then recombine and give rise to photon emission, while in copper doped ZnO a charge
transfer process occurs, which competes with the trapped carriers and provide additional
relaxation pathways for the trapped carriers.

Particles at the tip of the CNTs are having proper hexagonal geometry like that of
wurtzite structure and are also slightly elongated in the direction of CNTs. This is because of
the restructuring of the catalyst particles that undergo during adsorption of the carbon
containing gas. According to Baker et al*** this restructuring of the catalyst nanoparticles
produce faces that cause the decomposition of carbon containing gas and other faces that
favour the diffusion of the carbon atoms.

The selected area diffraction patterns (SAED) taken from the catalyst particle at the
tip of the CNT (in the inset of fig 6.10b) unveils the crystal details of the catalyst particle.
The pattern shows that the particle is single crystal that corresponds to the wurtzite structure
of ZnO. The high resolution TEM image of the catalyst particle [figure 6.10b] shows the
details of the lattice spacing, which is equal to 0.5198nm, which corresponds to the ZnO

crystal structure with perfect wurtzite geometry.

6.6): Growth of CNTs using NiZnO as Catalyst

The Ni doped ZnO pellets prepared through solid state reaction were thermally
evaporated on Cr coated W substrate and was placed in the MPS1400. This sample was
characterised through XPS and XRD, SEM and TEM prior to use for CNTs growth to see the
doping condition and crystalline nature of the particles as discussed in chapter 5. The reactor
chamber was evacuated below 5 x 10 mTorr to remove all residual gases. After that the
heater was switched on and the temperature was fixed to 650C under nitrogen atmosphere
keeping the chamber pressure at 2500mTorr. As soon as the desired growth temperature of
650C was achieved, acetylene was allowed in the chamber at flow rate of 25sccm. The

process was continued for about 15min. The process was then deactivated and the chamber to
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cool at 2500mTorr until the temperature comes down to 100C. After that the nitrogen flow
was stopped and left the chamber overnight. The sample was then inspected in the SEM for
any CNTs growth. It was observed that Ni doped ZnO can actively grow CNTs as shown in
figure 6.12.

AccV Spot Magn Det WD F
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Figure 6.12 SEM Images of the NiZnO grown CNTs

It is clear from the SEM image that there is a wide range of CNTs with varied lengths
and diameters. This indicates that there is a wide range of particle size distribution with a
wide range of elemental composition as well. The growth process is also a mixture of growth
processes, where some of the CNTs grow through the tip growth while some of the CNTs
grow through the base growth process, which strongly depends upon the chemical state of the
catalyst particles and the angle of the catalyst to the substrate.

The sample was then scratched using plastic tweezers to transfer the CNTs onto the
copper grid for further investigation in the TEM. It is clear from the TEM analysis that there
are two types of CNTs, one type corresponds to the tubular CNTs and the other corresponds
to the bamboo shaped CNTs. The bamboo shaped CNT seem more crystalline than the

tubular CNT. There are some irregularly arrange graphitic layers around. It has been
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observed through XPS analysis [section 4.6] ofthe Nidoped ZnO nanoparticles that Ni exists
in the mixed oxidation state in the ZnO matrix and it is believed that Ni in the +3 oxidation
state act as an electron acceptor®3*. The acceptance of an electron from acetylene molecule is
the pre-requisite for CNTs growth. Additionally the mixed oxidation states of the Ni ions
gives rise to intra-granular charge transfer transition from ligand to metal, which helps
dissociating the hydrocarbon molecules.

It has been observed in all the CNTs (using transition metal and rare earth doped ZnO
grown) that the graphitisation decreases from outer to the inner side. It seems to be due to the
higher diffusion of carbon atoms along the edge dislocations of the catalyst particle. The edge

dislocations produce higher lattice strain that gives rise to low activation energy®?*.

O UL

Figure 6.13 (a) TEM image of the bamboo shaped CNT (b) HRTEM of a tubular CNT showing the
graphitic shells that are getting amor phous as goes from outer to the inner side of the CNT. The red
arrow shows the inner diameter of the tube. In the inset some irregularly arrangedgraphitic layers are

shown.

The growth of CNTs using NiZnO catalysts was confirmed through the ultra high
resolution image of a particle at the tip of a CNT in figure 6.14b. it was observed that the
stacking sequence of the follow the ABAB......... order which corresponds to the ZnO wurtzite

structure.
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Figure 6.14 (a): TEM Images of the NiZnO grown CNTs (b): the ultra high resolution image of the
particle at the tip of the CNT confirms the wurtzite crystal structure with the staking sequence as
ABABAB.....

The yield of the Ni doped ZnO grown CNTs is pretty low. There might the two
reasons for this, one is that it might be due to the low electron acceptance nature of the Ni

doped ZnO. It has been observed by earlier studies®*>*#4®

that Nidoping of ZnO make it more
n-type. It is because the d-states of Ni appear near the Fermi level. The t2g orbitals overlap
with the p-orbital of oxygen, which causes further splitting into bonding and anti-bonding
orbitals. The bonding orbitals have lower energy so remain localized, while the anti-bonding
orbital have higher energy and contain itinerant electrons. These itinerant electrons lie near
the bottom of the conduction band thus giving rise to the higher conductivity. Secondly it is
possible for the Ni*® ions in the excited state to transfer their excitation energy to the nearby
(few lattice sites away) trapped electron®*’, which eventually causes recombination and gives

rise to photon emission, thereby decreasing the charge transfer strength.
6.7). Growth of CNTs using Th doped ZnO as Catalyst:

After the evaporation of the ThZnO pellet sintered at various temperatures upon the

W substrates with Cr over layer, the samples were named after the sintering temperature as
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TW1000, TW1050, TW1150 and TW1200. These were then placed in the CVVD chamber to
grow CNTs. The temperature was kept at 550C with nitrogen at flow rate of 100sccm and
acetylene C,H, as a carbon source with flow rate of 20sccm. The chamber pressure was kept
at 2500mTorr and the process was deactivated after 15min. Before starting the process the
chamber was evacuated below 5 x 10° mTorr to remove all the residual gasses. After the
growth was completed the chamber was cooled down to 100C in nitrogen atmosphere and
then left under vacuum overnight. The samples were then taken out and were inspected under
the SEM. The SEM images show that all the CNTs are multi-wall with diameters in the range

of 20nm to 40nm as shown in figure 6.15.

4
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Figure 6.15 SEM images of ThZnO-CNTs. In the insetis the SEM image showing that almost every

catalystis nucleating a CNT.

From figure 6.15 it is clear that there is a range of diameters of the CNTs, which are
attributed to the particle size distribution, because for uniform growth it is essential that all
the catalyst nanoparticles should catalyse the hydrocarbon molecules at the same time and
same amount. If the particles are not uniformly doped then there will be an anomaly in the
growth which will give rise to CNTs with different morphologies and heights because of the
catalyst composition”°. The SEM image also shows that there is a mixture of growth modes
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where some of the CNTs have grown through tip growth mode while others are through the

base growth mode. This indicates that all the catalyst nanoparticles are not uniformly doped

and that there is a difference in the composition of the dopant in the grains®3°.

Figure 6.16 (a): HRTEM images of TW1000 grown CNTs showing the tubular and the graphitic nature of
CNTs. (b): TW1150 grown CNTs showing the large number of graphitic shells with hexagonal geometry,
(c): TW1150 grown CNTs with large number of graphitic shells. All the three images also show that the
graphitisation decreases towards the inner side of CNTs.

152



Chapter: 6; Growth of CNTs

It has been observed from the TEM images that the two parameters are quite
prominent, one is the graphitisation and the other is the ratio of inner diameter of CNTs to the
outer one. Both the parameters seem to be a function of lattice strain. The lattice strain at the
edge dislocations remains higher than the centre of the particles?**. The graphitisation of
CNTs decrease from the outside to the inner side of the tube as shown in figure 6.16a & b.
Additionally there is a reversible trend in the ratio of inner diameter of CNTs to the outer
diameter, which exactly follows the trend of the lattice strain in the catalyst nanoparticles as
observed from table 5.2 section (5.4) in the previous chapter. It has been observed in this
study that the CNTs grown through the sample TW1000 have comparatively larger average
inner diameter with few graphitic shells as shown in figure 6.16a, while CNTs grown through
the sample TW1150C have a large amount of graphitic shells with a very small inner
diameter as shown in figure 6.16b and 6.16¢. This trend reverses for the sample TW1200C.
The carbon diffusion through the catalyst particle increases with lattice strain, it might be
because the lattice strain gradient is believed to be responsible for the drift velocity of

28 and additionally it also reduces the activation energy?>*. The change in

diffusing materia
the inner diameter of CNTs do not follow the change in the lattice parameter, therefore it is
believed that it might be because of the defect mediated strain. The lattice strain that arises
from the surface defects (vacancies, ionic deficiency or impurity ions) of the catalyst
nanoparticles controls the diffusion of carbon through the catalyst. The inner diameter of

CNTs as a function of sintering temperature is shown in the figure 6.17.
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Figure 6.17 graph representing the inner diameter of CNTs as a function of sintering temperature of

pellets. The change in inner diameter is because of the change in lattice strain.
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The stress gradient, dislocation and vacancies give rise to higher diffusion of carbon
through the catalyst?*®, the mechanism was first proposed for stress dependent diffusion
through Si by Laudon et al?*° . In this study strain dependent diffusion is proposed. On the
one side of any dislocation the lattice is compressed and on the other side the lattice is
stretched. This stretched side of the lattice is what gives rise to lattice strain and seems to be
responsible of the adsorption of carbon atoms. According to Quyang et al>> the lattice strain
and compressive and thermal stresses are responsible for the mechanical behaviour of
nanoparticles. The compressive stresses are considered responsible for the modulation of
lattice parameter by changing the energy level of the bonding electron, while the lattice strain
is responsible for the change in surface or interface free energy of the catalyst
nanoparticles?®!°2°2, The lattice strain remains higher on the edge dislocations because it
stabilizes the energy difference arising from the electronic coupling of adsorbates with the
catalyst surface. The diffusion of carbon through the edge dislocations is highly favoured
because of the enhanced adsorption energy®*!. Therefore it is strongly believed that it is the
lattice strain that controls the carbon diffusion through the catalyst nanoparticles.

In so far as the morphology of CNTs is concerned the TEM analysis of the samples
indicates that it consists of various structures, like straight long CNTs and just graphitic
layers with hexagonal geometries which are hollow at the centres as shown in figure 6.16.
The growth of CNTs through CVD is a continuous process, where a CNT will continue to
grow until the carbon supply is stopped. It is believed that the graphitic layers with hexagonal
geometry figure 6.16b are caused by the simultaneous decomposition of C,H, molecule on
the whole surface of Th doped ZnO nanoparticles, which covers completely the outer surface
of the catalyst and hinders the further supply of carbon to the catalyst particle, which results
in yielding a hexagonally arranged graphitic layers without nucleating CNTs%*°. The presence
of mixed valence cations in doped oxides gives rise to a charge transfer effect where the
conversion of Tb*® to Tb* ion produces an extra electron, which can be trapped by the local
defect density of states on the surface!’®. The presence of mixed valence cations has been
observed in section (5.3) through the XPS analysis of Th doped ZnO. This clearly indicates
that the stronger the charge transfer effect with higher lattice strain will give rise to higher
decomposition rate of C,H, molecules with higher diffusion of carbon. It is in accordance
with the earlier study**® , where the onion like structure has been attributed to the difference

in composition of catalyst and faster decomposition rate of the carbon containing gas on the

154



Chapter: 6; Growth of CNTs

whole surface of the catalyst particle. The change in the lattice strain as a function of
sintering temperature has been observed from the XRD pattern discussed in section (5.4).

The elemental composition of the particle at the tip of a CNT (shown in figure 6.18)
was investigated through EDS in the TEM and was observed the presence of five elements.
The existence of copper is believed to be because of the copper grid and the carbon is
because of the graphitic layers around the particle. This analysis confirms that the particle at
the tip of a CNT belongs to ThZnO material, which confirms the active catalytic nature of Tb
doped ZnO nanoparticles towards CNTs growth.
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Figure 6.18 (a) TEM images of Th/ZnO-CNTs (b) the corresponding EDS of the catalyst particle at the tip
of the CNT.

6.8): Growth of CNTs using Ho doped ZnO as Catalyst:

In this section the growth of CNTs using Ho doped ZnO as catalyst is discussed. The
sample was prepared through solid state reaction as discussed in section (4.2) by adding
5wt% Ho to ZnO. After thermal evaporation the samples were put in MPS1400 to grow
CNTs. By using the growth temperature of 650C it was observed that Ho doped ZnO did not
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catalyse the growth. When the temperature was increased to 750C growth was obtained. This
is because temperature is believed to be the most important parameter affecting the
kinematics and dynamics of the charge transfer?®®. The sample was then characterised
through SEM to see the growth mechanism. It was observed from the SEM image that some
of the CNTs grow through the base growth and some of the CNTs follow the tip growth

mechanism as shown in figure 6.19.
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Figure 6.19 SEM image of Ho doped ZnO grown CNTs with particles at the tip and without catalyst
particle at the tip of CNTs as shown by arrows. The image in the inset shows that CNTs hawe just started

nucleating at 650C.

The SEM image shows that there is a very narrow distribution of CNTs diameters,
which is because of the narrow particle size distribution. After thermal evaporation of the
pellet the size and shape of the particles were quite uniform as has been discussed in section
(5.8). Two types of CNTs have been observed that correspond to the two different growth
mechanisms. One type of CNTs have are quite tabular with a particle at the tip indicating the
tip growth process and the other is bamboo shaped CNTs with the compartments directed
towards the tip indicating the base growth process??® as shown in the figure 6.20, which

implies that some of the grains are tightly bonded with the substrate and some have a weak
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interaction with the substrate. Additionally the two different growth mechanisms might be

caused by the two different chemical states of the catalyst particles®*.

- -

Staking fault "

Figure 6.20 (a): HRTEM image of CNTs with particle at the tipshowing hexagonal geometry; (b):
HRTEM image of the particle at the tip of the CNT (c): low magnification TEM image showing the
bamboo structure and the compartments (shown by arrow) are directed towards the tip of the CNT

showing base growth process.
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In catalyst support interaction the contact angle of the catalyst particle with the
substrate defines the interaction. For larger contact angles the catalyst nanoparticles show
weak interaction with the support and in this case the particle goes up and remains at the tip
of the growing CNTs. While for smaller contact angles the catalyst nanoparticles remain
attached to the substrate and the particle does not go up with the growing CNTs***. This may
happen during the thermal evaporation of the pellet. In addition, the grains with varying
chemical states give rise to different growth modes'®®. It has been observed through XPS
[section (5.9)] that the dopant ions have mixed oxidation states in the ZnO matrix, which
might affect the chemical state of the catalyst nanoparticles.

The TEM analysis of CNTs shows that the inner diameter and the number of graphitic
shells of CNTs changes with lattice strain. The lattice strain plays an important role in
tailoring the catalytic activity of the catalyst®”®. Shu et al®*® has pointed out that with
increasing lattice strain the density of states becomes increasingly smooth at the valence band
region and ultimately lead to a charge transfer between the two ions. Additionally the
presence of mixed dopant ions in the ZnO matrix gives rise to charge transfer transition
[either from metal to ligand or from ligand to metal] and is believed the main source of
dissociating the acetylene molecule on the surface of catalyst nanoparticles and gives rise to

CNTs growth upon diffusion through the catalyst.
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Figure 6.21 (a): TEM image of a CNT with the catalyst particle at the tip using HoZnO as catalyst. (b):
the corresponding EDS s pectrum of the particle at the tip.
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The elemental composition of the particle at the tip of CNTs (shown in figure 6.21)
was confirmed using two techniques; first the high resolution TEM image (in figure 6.20b) of
the particle at the tip confirms that the lattice parameter of 0.5240nm corresponds to ZnO
crystal structure, second the elemental composition analysis of the particle shown in figure
(6.21b) was carried out through EDS in the TEM, which confirmed the existence of Ho, Zn
and O.

6.9): Growth of CNTs using Sm doped ZnO as catalyst.

Samarium doped ZnO pellets were prepared through solid state reaction over a range
of temperatures and were thermally evaporated on Si substrates using Cr as over-layer. The
sample was then put in the CVD chamber to grow CNTs using these Smdoped ZnO grains. It
was observed that the process was unsuccessful regarding the growth of CNTSs. the process
was repeated for various growth temperatures like 650C, 750C and that 850C for various
sample sintered at different temperatures.

In the doped metal oxides the charge transfer mechanism remains ineffective if dopant
cations remain in their minimum or maximum oxidation state'’*. This is because the energy
gain for the local density of states is less than the amount of energy required to transfer an
electron from Sm*? ions. Since in this study it has been observed through the XPS analysis of
Sm doped ZnO (section 6.6) that the dopant ions remains in the +3 oxidation state (which is
the maximum oxidation state of Sm) in the ZnO host material and there is no Sm in +2
oxidation state. Therefore there will be no charge transfer process and hence no dissociation

of hydrocarbon molecules.
6.10): Catalyst Free growth of CNTSs:

Catalyst free growth of CNTs was carried out on a tungsten substrate. The substrate
was first etched using hydrofluoric acid (HF) for about thirty minutes. It was observed that
some parts of the sample have been etched successfully. Usually HF is used to remove the
native oxides from a metallic surface. The dangling bonds on the surface are more reactive

and quickly react with other species like hydrogen (H2)?°°. The sample was then rinsed in DI

159



Chapter: 6; Growth of CNTs

water and was placed in the CVD chamber. The chamber was cleaned properly, in a sense to
avoid any chances of any other metals especially the presence of transition metals like Ni, Fe
and Co and was heated to 700C in the presence of ammonia (NHs). After the chamber gains
the temperature the carbon containing gas acetylene (C,H;) was allowed into the chamber for
the growth of CNTs. The process was deactivated after 25min. The chamber was left to cool
down to room temperature and then the sample was taken for further investigation through
SEM.

SEM MAG: 28.28 k¢  DET: SE Detector ]

Figure 6.22 catalyst free growth of CNT on tungsten substrate

It is very clear from the figure 6.22 that CNTs have been grown in the split area of the
sample, which is believed to be a high lattice strain area because the slip steps appear on the
surface because of the higher lattice strain®>’. The lattice strain is believed to broaden the
width of the density of states and with increasing strain the density of states is becoming
smoother and leads to a charge transfer between the two ions?®®. This charge transfer
dissociates the hydrocarbon molecule and because of the higher lattice strain the carbon

atoms start diffusing through the surface and gives rise to CNTs growth.
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6.11): Conclusion:

This chapter describes the growth of CNTs using Ni, NiO and doped (Cu, Ni, Sm, Tb,
& Ho) ZnO catalysts through DC-PECVD and thermal CVD. It was observed that stable DC
plasma with power of about 44W promoted the alignment of CNTs. In addition, novel metal
oxide catalysts were used for the growth of CNTs through CVD. Those catalyst nanoparticles
where the dopant ions were in mixed oxidation state, gave rise to CNTs growth, which was
attributed to the intragrannular charge transfer transition between the metal and ligand ions.
This charge transfer process seems to be responsible for back donation of electrons to the
antibonding orbitals of acetylene molecule and dissociate it. Furthermore the lattice strain of
the catalyst nanoparticles helps diffusion of carbon atoms through the nanoparticles and gives
rise to CNTs growth. The lattice strain of the individual catalyst nanoparticles seems
responsible for the morphology of CNTs. It has been observed that higher the lattice strain
the higher will be the diffusion of carbon atoms through the catalyst nanoparticles, which in
turn will affect the inner diameter and the number of graphitic shells around the CNTs. A
new growth mechanism has been proposed for the growth of CNTs using metal oxide
nanoparticles as catalysts and for catalyst free growth of CNTs.
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7.1): Introduction:

Field emission is a quantum mechanical phenomenon where the electrons are
extracted from the solid through electric field. CNTs are considered an excellent field emitter
because of low threshold electric field and high brightness. In this chapter the current-voltage
(I/V) characteristics of CNTs grown by using a range of catalyst have been discussed. The
emission current stability is measured as a function of time. The field emission patterns are

collected on a yttrium aluminium garnet (YAG) scintillator in a triode configuration.

7.2): Field Emission Set Up:

For field emission experiments it is necessary to have a system that is capable of
achieving ultra-high vacuum conditions. The intense electric field may cause ionization of the
existing gas molecules that might lead to an arc that might cause to damage the sample. To
obtain field emission from carbon nanotubes a vacuum in the range of 10 to 10™** mbar is
needed?®®.

The system consists of a stainless steel chamber with two pumps (rotary and turbo
pumps) and a baking unit. The rotary pump is used to create vacuum of the order of 10 mbar
and the turbo pump takes the vacuum down to 10°° mbar. The field emission pattern is

observed through a glass window that is fixed in the UHV system as shown in figure 7.1.
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Figure 7.1 a photo of the chamber which was used for field emission experiments.

An ion gauge and pirani gauge are used for pressure measurement in the main vacuum
chamber. The chamber is baked at 160C for 24 to 30 hours. The baking temperature is
controlled through a thermocouple attached at the outside of the chamber. The baking of the

chamber helps in removing the humidity and accelerates the removal of the gases from the

chamber.

7.3): Design and Fabrication of Field Emission Setup (Triode
Configuration)

Carbon nanotubes are considered to be an electron emission source with high
brightness and small energy spread*'®. The CNTs grown sample is mounted on the sample
holder and is kept at negative potential. A copper grid is separated from the sample holder
through 250um thick PEEK (poly ether ether ketone) sheet. The copper grid is kept at ground
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potential to be used as extractor. A Yttrium Aluminium Garnet (YAG) is used as the screen
for observing the field emission pattern and is kept at positive potential. The YAG screen is
separated from the extractor through peek sheets of thickness of the order of about 1mm as
shown in figure 7.2.

SS Plate

Screw

—> Peck

Sample

Figure 7.2 Schematic of the triode configuration for field emission, showing how the field emission

pattern is observed on the YAG scintillator.

The sample holder consists of a stainless steel (SS) plate with two pieces of tungsten
plate of about 50um thickness is spot welded on each side of the SS plate to hold the sample
as shown in figure 7.3. The purpose of the triode configuration is to achieve a relatively low
control voltage. Grids of different material and density were used to find out the best value of
anode current. Since the electric field is a function of the applied voltage and that of the
distance between the electrodes therefore the applied electric field will not be smooth and
uniform ifa grid is used as an extractor. The field non-uniformity will be greater for stainless
steel (SS) woven grid and will be less for copper grid. This is due to the higher surface
uniformity of the copper mesh than the SS one. Additionally because of the non-uniform

surface, the exact width of the gap between the SS wires cannot be determined accurately.
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The width of the SS wire is about 100um and the gap is 160 pm so the transparency for the
emitted electrons is nearly 60% for SS grid.

Figure 7.3 Photo of the flange with sample holder assembly, in the inset the sample is heldin between the
two tungsten plates

The sample loading and unloading involves the opening of the chamber to the
atmosphere and is carried out by using the liquid nitrogen. Since the nitrogen is an inert gas
therefore it is used to reduce the adsorption of water vapours on the walls of the chamber.
After opening the chamber the sample holding assembly is separated and the flange is fitted

again to reduce the chances of chamber contamination.

7.4): Current—\Voltage characteristics of the transition metal
(Cu and Ni) doped ZnO grown CNTs

The CNTs were characterised for their emission characteristics in the ultra high
vacuum chamber described in figure 7.1. The emission current as a function of extraction

voltage was then analysed through the Fowler-Nordheim (FN) plot.

165



Chapter: 7; Field Emission Studies of CNTs

L 1425106 g2 e (104 ~6.44 % 107¢ /2d -
VZ_ . d2¢ﬁ exp ¢1/2 exp ,BV ( )

The plot of 1V vs In(1/V?) ideally gives a straight line. The field enhancement factor
p can easily be calculated from the slope of the straight line, if the distance between the two
electrodes and the emitting area A is accurately measured. In this experiment the emission
current of 110nA was recorded at 1050V. It was observed that at each increase in voltage
there was an abrupt increase in the emission current. Initially the wvoltage-current
characteristics of the sample were measured only up-to 1.75kV. Further increase in applied
voltage causes break-down and the huge amount of current limits the power supply. The
emission current as a function of applied voltage of the first experiment with the

corresponding FN plot is shown in the figure 7.4.
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Figure 7.4 the first I/V characteristics of the CuZnO grown CNTs, where at low voltage high and

very unstable emission current is observed. In the insetis the corresponding FN plot.
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The first measurement of 1-V characteristics of the CuZnO grown CNTs shows that
the increase in emission current is quite high with a small increase in voltage. The turn on
voltage for the first measurement is 1053V with 110nA emission current that seems
reasonable but the rise in emission current with each applied voltage was quite unstable. The
more likely reasons for this behaviour are the effect of adsorbates and the effect of the
catalyst-support interaction®®°.

In field emission experiments, the emission current is very sensitive to the cathode
surface, where the adsorbates play an important role in the stability and the amount of
emission current. Vacuum break down occurs in strong electric field and the field emission
process is considered an important factor that initiates it. The following two are the more
likely reasons for the soft break down in this study.

i): If the applied voltage is increased, an over-current followed by resistive heating on
weakly contacted electrodes may result in thermal destruction of the materials to break off,
and evaporate into vacuum®®*, The evaporated particles (Impurities either on the grid or on
the cathode) become charged and accelerated toward the anode to induce serious vacuum
breakdowns or vacuum discharge.

if): The CNTs might get heated due to self heating process by high emissive current
and may gives rise to structural deformation®®*. The high emissive current at low voltage can
cause a high electron bombardment on the anode (Grid) and cause evaporation of the material
on the substrate and the scintillator?®2,

After successive operations of the field emission system and soft breakdowns the
adsorbates were mostly eliminated from the surface and the emission current became
stabilised. This time higher voltage was required for the same emission current. The applied
voltage across the sample was increased systematically with a step of 60V and observed the
current for each increase. The data for the emission current as a function of applied voltage
for the CuZnO grown CNTSs is shown in the table 7.1. The I-V plot of the sample is quite
symmetric and there is no sudden drop or rise in the emission current with the increase of
applied wvoltage. This is a good indication towards the removal of adsorbates. The
corresponding F-N plot is a straight line, which confirms the field emission.

The field emission characteristics from NiZnO grown CNTs was a bit different from
that of the CuZnO grown CNTs in the sense that there was no abrupt increase in emission

current. The emission current increases exponentially with each step of voltage. There is very
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small deviation from an ideal linearity in the middle of the line. This is similar to that of
CuzZnO grown CNTs and is attributed to the thermal evaporation of CNTs and the subsequent
increase is attributed to the adsorbates effects that lower the work function of the emission
sites and causes to increase in the emission current.

It has been observed by Dean et al?®! that some of the species like H,, H,O, CO and
CO; exist in the vacuum chamber during the field emission process. These adsorbed gas
molecules are attracted towards the tip of CNTs and form stable complexes with the carbon
atoms of CNTSs that causes reduction in the work function. This decrease in the work function
results in high emission current in the low voltage region like 1.374kV to 1.435kV. As the
voltage increases above 1.5kV a soft breakdown occurs that limits the power supply for
current measurement. This soft breakdown is used to clean the surface of the sample from
different adsorbates?®?.

The two most important parameters are taken into account to see the field emission
characteristics of both the samples (CuzZnO and NiZnO grown CNTs). One is the turn on
field and the other is the emission current stability. The emission current density is an
important parameter of the field emission, but cannot be estimated in this study because of
the following two reasons.

i): One is that the CNTs are randomly oriented and the number of CNTs per unit area

cannot be correctly estimated, additionally the adsorbates effect cannot be eliminated

therefore the true current density cannot be calculated. Additionally all the CNTs in
the sample do not have the same structure.

i): Although it is believed that most of the adsorbates have been removed during the

soft breakdown but it seems improbable to remove all of them completely.

The turn on fields for both the samples was calculated from the applied voltage and
the distance between the electrodes. Since the distance between the electrodes is 300pum
therefore the turn on field is 3.63V/ pm and 3.66V/ um for CuZnO and NiZnO grown CNTs
respectively. The emission current as a function of applied voltage and the corresponding FN

data for both the samples are given in table 7.1.
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CuZnO (CNTs)

NiznO (CNTs)

Applied | Emission Applied o
) Emission 5
Voltage | current Y In(I/V*) | Voltage N In(I/V7)
current (LA)
V) (HA) V)

1090 0.022 0.00092 | -3.81671 1100 0.011 0.00091 -4.5099
1150 0.035 0.00087 | -3.35241 1150 0.026 0.00087 -3.6497
1210 0.062 0.00083 | -2.78062 1200 0.035 0.00083 -3.3524
1270 0.095 0.00079 | -2.35388 1250 0.059 0.0008 -2.8302
1330 0.19 0.00075 | -1.66073 1300 0.098 0.00077 -2.3228
1390 0.35 0.00072 | -1.04982 1350 0.165 0.00074 -1.8018
1450 0.5 0.00069 | -0.69315 1400 0.243 0.00071 -1.4147
1510 0.73 0.00066 | -0.31471 1450 0.294 0.00069 -1.2242
1570 0.95 0.00064 | -0.05129 1500 0.45 0.00067 -0.7985
1630 1.8 0.00061 | 0.587787 1550 0.716 0.00065 -0.3341
1690 2.7 0.00059 | 0.993252 1600 0.97 0.00063 -0.0305
1750 4.3 0.00057 | 1.458615 1650 1.34 0.00061 0.2927
1810 7.2 0.00055 | 1.974081 1700 2.28 0.00059 0.8242
1890 12.5 0.00053 | 2.525729 1750 3.65 0.00057 1.2947
1800 5.32 0.00056 1.6715

1850 7.64 0.00054 2.0334

1900 9.58 0.00053 2.2597

1950 12.16 0.00051 2.4982

2000 13.95 0.0005 2.6355

Table 7.1 the emission current as a function of applied voltage obtained from both the CuzZnO and

NiZnO grown CNTs through field emission.
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Figure 7.5 (a) The I-V of CuZnO and NiZnO grown CNTs (b); The corresponding FN plots
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After the field emission process was completed the sample was checked under the
SEM for any possible CNTs destruction. It was observed that some of the CNTs were peeled
off from the substrate. It is because the chemical bond strength between the substrate and
CNTs is lower than the bond strength between carbon molecules. Therefore it seems more
probable that the resistivity at the joints between the substrate and CNTs will be higher than
that of between the carbon atoms. Similarly the temperature will be higher at high resistance
zones and hence causing to peeling off the CNTs from the substrate, which is known as a
thermal run-away mechanism and is considered responsible for the initiation of vacuum
breakdown?®3. This might be the possible reason for the vacuum breakdown that happened in
the measurement of 1/V characteristics of the samples for field emission.

AccV Spot Magn Det WD
10.0kv 8.0 13009x TLD 5.0
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Figure 7.6 location where CNTs hawe been peeled off from the substrate during field emission.

The high electron emission from the CNTSs increases the local temperature and causes

264

burning the emitter=>® and may cause evaporation of some of the carbon and other adsorbate

molecules. These molecules are then ionised by high temperature and the electric field. These
ions cause a charge build-up in the gap between the two electrodes (sample and the grid) and
eventually cause a breakdown?®®. It is also believed that electric field can induce structural

damage to CNTs, like a very high electric field of the order of 100V/um opens the tip of

171



Chapter: 7; Field Emission Studies of CNTs

CNTs and shortens them?®©°2%7_ In this study the field strength ranges from 3V/ pm to 5.5V/
um, which is very low for inducing any structural damage in CNTs, but its effect regarding

the ionisation of carbon or any other residual molecules cannot be excluded.

7.4.1): Field emission patterns from transition metal doped ZnO

grown CNTs

The field emission patterns from the CNTs using CuzZnO and NizZnO as a catalyst
were obtained on a YAG scintillator. The CNTs were grown using the CVD process as
discussed in section (6.5 & 6.6). The low magnification SEM image of the sample is given in
figure 7.7. The sample was then loaded on the sample holder. The whole assembly was then
put in the UHV system. The system was baked for about 12 hours. Field emission experiment

was carried out when the pressure came down to 2 x 10° mbar.

AccV SpotMagn Det WD Exp 1 2m
100kv 30 8235x SE 50 1

Figure 7.7 Low magnification SEM image of the CuZnO grown CNTs, showing a bunch of CNTs and the

CNTs scattered around the sample.
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The patterns were captured by a digital camera through a glass window in the UHV
chamber. The first spot appeared on the YAG screen at 1090V with a current of about 22nA.
It was observed that with the increase of the applied voltage, the emission current was
increasing and many spots start appearing on the screen. These spots were getting intense and
broadened with increasing applied voltage until the breakdown occurred. Since the CNTs of
CuznO are quit weakly attached to the substrate therefore in addition to the adsorbate effect,
the peeling of CNTs from the substrate with the applied field also seems to be a factor of
breakdown occurrence. After few soft breakdowns most of the adsorbates were removed
from the surface of the sample and the field emission became stable. The emission patterns

after the stabilised field emission are given in figure 7.8.

(a)

Figure 7.8 Fieldemission patterns of CNTs on Tungsten substrate using CuZnO as a catalyst with Cr as
buffer layer. The patterns show the emission current as a function of increasing wltage: (a): 1.090kV, (b):
1.5kV and (c): Breakdowns flash at 2k V.
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The field emission patterns from Ni doped ZnO grown CNTs were obtained through
the same process as that for the Cu doped ZnO grown CNTs. It was observed that NiZnO
grown CNTs produces less amount of adsorbates and have a very strong interaction with the
substrate. These CNTs do not come off the substrate at the applied voltage of 2kV. The
emission current obtained from the NiZnO CNTs is about 14pA at 2kV. The low
magnification SEM image [figure 7.9] of the CNTs was taken to make correspondence with
the emission pattern shown in figure 7.10.

10.0KY 4.0 4609x

Mo > R Y
E . IV ST

Figure 7.9 Low magnification SEM image of NiZnO grown CNTs, showing an area in the sample usedfor

fields emission.

Figure 7.10 The fieldemission patterns obtained from the sample of figure (7.9) at (a): 1.5kV (b): 2.0kV

174



Chapter: 7; Field Emission Studies of CNTs

7.5): Current—Voltage characteristics of the rare earth doped
ZnO grown CNTs

The CNTs were grown using CVD with Tb and Ho doped ZnO as the catalysts on Cr
coated Si substrate. The Cr was evaporated thermally to make a conducting pathto the CNTs
on the surface. To observe the field emission from the CNTs using rare earth doped ZnO the
sample was placed in the UHV chamber and baked the system for about 12 hours. After the
system was cooled down, the emission current was observed as function of applied voltage. A
range of voltages were applied to see the emission current characteristics of the sample. The
voltage was applied from an external source and the current was observed through a pico-
ameter. The first spot was observed at 1050volts with emission current of 13nA. After that
the emission current used to increase with increasing applied voltage. The voltage was
increased with a step of 50V and recorded the current at each step.

The CNTs grown from Tb and Ho doped ZnO exhibit excellent emission
characteristics. It might be because most of the CNT have either open tips or closed tips with
catalyst particles at the bottom. The open and closed tip CNTs have higher density of states
near the Fermi level, which causes high emission current at low fields?®®>2%°. The turn on
voltage was found to be 1000V and 1050V for Ho and Th doped ZnO respectively. The
respective emission current was recorded as 17nA and 13nA for both the samples
respectively. The corresponding field emission patterns are shown in figure 7.14a and 7.16a
for HoZnO and TbZnO respectively. Since the field enhancement factor for the non-aligned

17 and cannot be taken into account therefore the estimated turn on

CNTs is negligibly smal
field is 3.3V/um and 3.5 V/um for the Ho and Tb doped ZnO CNTs respectively.
Additionally the vacuum breakdown for TbZnO sample occurs at very low voltage in
comparison to that of the HoZnO sample. Although both types of catalysts produce the same
type of CNTs (with regards to structure i.e open tip and closed cap) with the same mixed
growth mechanism (tip + base growth), however there seems to be a small difference in the
emission characteristics of both the samples. The difference in the emission characteristics
might be because of the following three possible reasons,

i): One possible reason might be the different amount of amorphous carbon®’* around

the CNTs that have been grown using two different catalysts.
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il): The second is that those CNTs that have been grown through the tip growth
process with different geometry and composition of the catalyst particle might affect
the emission characteristics.

iii): The third possible reason is that the catalyst particle at the base of CNTs produces
different electrical resistance, which has a strong effect upon the emission
268,269

phenomenon
Fromthe I-V characteristics of both the sample it has been observed that the emission

current increases with the applied voltage exponentially as shown in the figure 7.11a.
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Figure 7.11 (a); The I-V characteristics of HoZnO and ThZnO grown CNTs (b); the corresponding FN-
plots
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The field emission phenomenon was confirmed by the Fowler-Nordheim plot. Ideally
it should give a straight line, but there is a little deviation from the linearity in the F-N plot of
both the samples. It is seen that there is a decrease in the slope in the middle of the line as
shown in the figure 7.11b. This decrease in the slope has been attributed to various reasons
like structure of CNTs, different catalyst particles at the tip of CNTs and because of the
amorphous carbon®’?. It has been observed in section (6.7 and 6.8) that ThZnO grown CNTs
are less crystalline and have more amorphous carbon around the CNTs in comparison to the
HozZnO grown CNTs. Additionally both type of CNTs have been grown through both tip and
base growth modes. Therefore it seems more likely that the deviation of the FN plots from
linearity is because of the saturation sites of CNTs. Since both types of CNTs are randomly
oriented with different sizes and diameters giving rise to different emission sites therefore as
the applied voltage is increased more and more sites start emitting and the emission current
increases with each step. Above a certain level of applied voltage some of the CNTs will get
saturated, which slows down the increase in emission current, which results in the decrease in
the slope in the middle of the line. The subsequent increase in the slope might be caused by
the adsorbates that sit on the CNTs emission sites and decrease its work function.
Additionally different species have been found like Hy, H,O, CO and CO; as observed by
Dean et al’®! and these are considered responsible for affecting the field emission process.
The one difference that could be observed from the FN plot in figure 7.11b is that the
subsequent increase in the emission current in TbZnO is higher than that of the HoZnO
grown CNTs. It might be because the ThZnO catalysts react quickly with some of species
like Hz, H,O, CO and CO; etc the adsorbates rather than the HoZnO, which reduces its work
function and causes an increased emission.

After the field emission process both the samples were checked under the SEM to see
the after effect of field emission on CNTs. It was observed that the TbZnO sample was
greatly affected by the field emission, while the HoZnO sample the CNTs have been affected
but still exist on the substrate as shown in the figure 7.12a, b. After continuous operation of
field emission, the resistive heating causes the destruction of more and more e mission sites. It
can be seen very clearly from the figure 7.12a that the CNTs have been cut into pieces
showing the structural instability of CNTs as observed by Wang et al’®*. Since the ThZnO
grown CNTs have more graphitic shells therefore expected to have more structural defects.

Theses defects have electrostatic charge and causes soft breakdown.
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Figure 7.12 (a); The SEM image of ThZnO grown after fieldemission showing the evaporation and

breaking of CNTs and (b) SEM image of HoZnO grown CNTs after fieldemission.

The CNTs in figure 7.12b has been affected by the field emission, which seems to be
because of the ion bombardment (although it needs an experimental evidence), but has a very
small effect upon the field emission characteristics. Additionally the damage of HoZnO
grown CNTSs is different from that of the ThZnO grown CNTs. The damage of the HoZnO

grown CNTs is more like that of unravelling process as was first proposed by Rinzler et al*’?.

179



Chapter: 7; Field Emission Studies of CNTs

According to which the CNTs are damaged through the string by string removal of carbon
atoms along the circumference of the tube.

It seems quite evident from the above discussion that beside the CNTs structure the
role catalyst composition and catalyst support interaction cannot be under estimated in
defining the field emission properties of CNTs. The reaction of catalysts with the adsorbates

and the amorphous carbon around the CNTs are also important parameters for stable field

emission.

7.5.1): Field Emission Patterns from Rare Earth doped ZnO Grown
CNTs:

Two samples of HoZnO and TbhZnO were used to grow CNTs through CVD. The
samples were then put in the UHV system to observe the field emission patterns. The growth
of CNTs was confirmed through the SEM. The low magnification SEM images [as shown in
figure 7.13] were obtained for further correspondence with the field emission patterns. The
field emission patterns were collected through digital camera for various applied voltages as

shown in figure 7.14.

AccV SpotMagn Det WD F———————— 200 ym A ] Det WD ——— 10ym
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Figure 7.13 (a): Low magnification SEM image of HoZnO grown CNTSs, which is the representative FE
patterns. (b): Higher magnification SEM image of redcircled areain figure 7.13a, in the inset is the high

magnification image of the redcircled area in figure 7.13b.
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Figure 7.14 Field emission patterns as a function of increasing applied voltage from CNTs using Ho

doped ZnO as catalyst. The CNTs were grown on W substrate using Cr as buffer layer. (a): 1.0kV with
corresponding emission current of 17nA, (b)1.5kV with emission current of 948nA, (c): 1.8kV with

emission current of 7.86 A (d): 2.0kV with emission current of 21.35pA (e): breakdown at 2.3kV
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The first two very strong spots were obtained at applied voltage of 1050V for the Ho
doped ZnO CNTs. As can be seen from figure (7.14a, b, ¢, and d) that the spots became
brighter and larger as the applied voltage increased. When the applied voltage was increased
above 2kV, a breakdown occurred and the emission current limited the power supply.

Field emission patterns from the Th doped ZnO were obtained using the same vacuum
system with the same triode configuration. It was observed that breakdown occurs at very
low emission current in comparison to the Ho doped ZnO sample. There might be two
reasons for that,

i): One is that it might be because of the amount of amorphous carbon around the

CNTs inthe Th doped ZnO samples. The amorphous carbon is a good insulator?’* and

gives rise to charge build up, which can lead to a vacuum breakdown.

i): it might be because of the electrical resistance between the nanoparticles and the

interface, because many of the CNTs have been grown through the base growth

mechanism. This might cause the high rate of heat dissipation, which causes the
catalyst interface degradation®’®. This results in peeling the CNTs off the substrate

and causes breakdown.
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Figure 7.15 (a): Low magnification SEM image of ThZnO grown CNTs used for field emission (b):

Higher magnification SEM image of the red circles areain the image (a).
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Figure 7.16 Fieldemission patterns as a function of increasing applied voltage from CNTs using Th doped
ZnO as catalyst. The CNTs were grown on W substrate using Cr as buffer layer. (a): 1.050kV with

corresponding emission current of 13nA, (b)1.5kV with emission current of 550nA, (c): breakdown at

2kV
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7.6): Emission current stability:

The emission current stability test was carried out for the sample of CNTs using
CuZnO as catalyst using a chart recorder. The chart recorder has a voltage input so it was
connected in parallel with a 10MQ resistor, which converts the voltage input into a current
signal and records the data as a function of time. The field emission performance of CuZnO
grown CNTs regarding the emission current stability is not very attractive. There is a higher
fluctuation of emission current at a fixed anode voltage. Long term emission current stability
is an important factor for practical applications. The field emission started at 1.053kV in the
first measurement of the I-V characteristics of the sample, which was quite unstable. From
figure 6.9b [section (6.5)], it is quite evident that the CNTs are loosely attached to the
support, which could easily be peeled off the substrate at high voltage and causes breakdown.
Additionally from figure 6.11 it is clear that there exists some amorphous carbon around the
CNTs, which might cause instability. After successive soft breakdowns at fixed voltage of
1.4kV it was observed that most of the adsorbates were removed and the emission current

stability improved to some extent.
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Figure 7.17 the emission current as a function of time.
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The stability curve for the first 50 minutes at fixed voltage of 1.2kV was measured
and it was observed that the emission first increases and then starts decaying exponentially.
After the 20 to 25min continuous decay it starts rising again. There are two processes that are
believed to be responsible for the decay. One is that proposed by Dean et al®’#, that
adsorbates occupy the enhanced tunnelling states, which gives rise to saturation current. At
high applied field the adsorbates are completely removed and the enhanced tunnelling states
are completely lost. At low applied field the adsorbates re-occupy the enhanced tunnelling
states and gives rise high emission current. The current saturation mechanism is the level
where the adsorbates are displaced through applied field and emission current to an extent to
reduce the enhance tunnelling. This is a reversible phenomenon and is completely different
from the etching process. This seems more likely to have happened in this experiment. The
other possibility is the Joule heating. This effect can happen at two points of CNTs, one at the
tip and the other is at the bottom of a CNT. It has been observed through field emission
electron spectroscopy study that the emission current of 1pA from a single multi wall CNT
can induce a temperature of 2000K at the tip during the field emission®">2’®. However the
Joule heating at the tip of a CNT seems quite unlikely, because the emission current is not
high enough to cause high temperature at the emission sites that eventually results in carbon
evaporation. The Joule heating at the bottom of a CNT is produced by the difference in the
electrical resistance of two different materials (catalyst and substrate). Inaddition, the doping
of ZnO with Cu makes it more p-type and increase the resistivity of the CuznO

nanoparticles?42

therefore this seems to be the probable case, which gives rise to a voltage
drop that causes decay in the emission current?’’. This is an indicative of the importance of
the catalyst-support interaction. It has been observed by Moon et al?’® that adhesion of CNTs
with the substrate plays a critical role in emission stability. It is necessary to have a strong
CNT-support interaction to get an acceptable life time of CNTs. The strong electrostatic force
can peel the CNTSs off the substrate that causes a decrease in the emission current and also a
vacuum breakdown.

The field emission results show that CNTs grown using CuZnO as catalyst have very
poor adhesion to the substrate, while NiZnO grown CNTs show relatively good adhesion
characteristics. The field emission stability of the NiZnO grown CNTs was measured for
13hours. It was observed that at low applied voltage it gives stability with almost 20% - 25%

current fluctuation. The current fluctuation is measured as
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I — I
Fluctuation = (M) x 100 (7.2)
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Figure 7.18 the plot showing the emission current as a function of time.

It has been observed in this study that NiZnO grown CNTs have two shortcomings in
comparison to CuZnO grown CNTs.

i): The yield of NiZnO grown CNTs is very low in comparison to all other

catalytically grown CNTSs.

i): since the NiZnO grown CNTs have large amount of graphitic shells than CuzZnO

grown CNTs therefore it is likely to have higher defect density?’® than CuZnO CNTs.

Besides these two shortcomings the NiZnO CNTs show better long term emission
stability, this indicates that strong catalyst support interaction plays a key role in the emission
stability, which favours the results by Moon et al’’®. Stronger the adhesion can add towards a
better stability.

The emission stability from the rare earth doped ZnO grown CNTs was observed at
the same constant voltage of 1.2kV, as was measured for the transition metal doped ZnO
grown CNTSs using the same chart recorder. It was observed that the stability for the first 100
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minutes of HoZnO grown CNTs consists of many spikes and quite unstable, while after few
hours the sample cleans itself and the stability improves. The long term emission stability of
the HoZnO grown CNTSs behaves quite well in comparison to all other CNTs grown by using
other catalysts used in this study. The short and long term stability of Ho doped ZnO grown

CNTs is given in figures (7.19 a & b) respectively.
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Figure 7.19 (a & b); The emission current as a function of time. This shows that adsor bates affect the
work function and causes instability. After the evaporation of ads orbates the emission current becomes
stable. Additionally it seems that the HoZnO catalysts do not react quickly with the adsor bates.
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In the case of ThZnO grown CNTs, the emission current does not persist for long time
and causes vacuum breakdown. It might be because of the Joule heating effect that causes to
evaporate the adsorbate molecules and the applied field causes to ionise these molecules.
After ionisation there is a charge build up between the two plates, which eventually results in
vacuum breakdown?®®. It can be observed from figure 6.16 [section (6.7)] that these CNTs
have higher amount of amorphous carbon around, which is a good insulator and might cause
charge build up and results in vacuum breakdown. Additionally the TbhZnO grown CNTs
have a larger amount of graphitic shells than the other catalyst grown CNTs (in this study),
therefore it is expected to have large amount of defects. These structural defects might cause
instability?”®. The short term stability curve for the ToZnO grown CNTs is given in the figure
7.20.
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Figure 7.20 The emission current as a function of time.

The catalyst support interaction seems to be a dominant factor in defining the stability
of the rare earth doped ZnO grown CNTSs. It has been discussed in section (6.7 & 6.8) that
both types of catalysts (TbZnO and HoZnO) give rise to CNTs growth through tip growth
and base growth processes. In both samples, it was found that there exists both open and
closed cap CNTs. But besides these two similarities both the samples behave differently

regarding the emission stability. There seem to be two possible explanations for this.
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i): The large amount of graphitic shells that are expected to have higher defects?”®

if): The amount of amorphous carbon around the CNTs causing a charge build up and

results in vacuum breakdown.

In summary, the study of short and long term emission stability of transition metal
(Cu, Ni) and rare earth (Tb, Ho) doped ZnO grown CNTs shows that the following factors
cause fluctuation in the emission current.

1): Adsorptionand desorption of different gas molecules is the main problem in theses

CNTs that affects the fluctuation of the emission current, because these adsorbates

lower the work function and causes an increased emission current, which results in

emission current instability.

i): The joule heating, which is produced by the difference in electrical resistance of

the catalyst and support.

iii): The structural differences also are believed to have a great impact on the emission

stability. The CNTs with large amount of graphitic shells are believed to have large

amount of defects, which gives rise to emission current instability.

7.7). Current—\Voltage characteristics of the nickel oxide

grown CNTs

Field emission studies were carried out for the CNTs grown on Si substrate using Cr
as buffer layer and NiO as the catalyst. Since it is believed that catalysts have a great impact
on CNTs morphologies?®® and hence on the field emission. The sample size is 4mmx 5mm.
Field emission was observed by keeping the sample at negative potential. The applied voltage
was increased from the negative power supply and the emission current was recorded. An
observed current of 0.25 uA was recorded by pico-ameter at an applied voltage of 1.2kV in
the first measurement of the I-V characteristics for the sample. The emission current appeared
on the phosphor screen as a small dot and was observed that it increases as the applied
voltage is increased. The emission current as a function of applied voltage and the
corresponding for F-N plot is given in the figure 7.21. The FN plot is not ideally straight,

which shows that with increasing applied voltage more and more sites have started emitting.
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Since the CNTs in the sample are not uniform in length and diameter it is therefore according
to the expectation that there will be a deviation from linearity of the FN plot with increasing
applied voltage. The low turn on voltage is due to the high density and good alignment of
CNTs.
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Figure 7.21 the I-V characteristics and the corresponding FN-plot (in the inset) of NiO grown CNTs

7.7.1): Emission Patterns of nickel oxide grown CNTSs:

The field emission patterns from NiO grown CNTs were obtained in the UHV system
through a diode configuration. The phosphor screen was made by thermally evaporating the
phosphors on the gold coated glass. The sample and the phosphor screen were separated by

300um thick PEEK sheet. It was observed that with increasing applied voltage the more and
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more sites start to emit and gives rise to high emission current. The emission pattern is shown

in figure 7.22

Figure 7.22 the fieldemission patterns (a): at 1.44kV with emission current as 31nA and (b)2.4kV with

emission current as 22.5pA.
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7.8): Emission Current Stability from NiO grown CNTSs:

In the previous section a field emission pattern has been observed from NiO grown
CNTs. In this regard emission stability for short and long time has been measured at applied
voltage of 1.6kV at the pressure about 5 x 10° mbar. It was observed that at 1.6kV the
emission current remains stable and after 3 minutes there is a sudden increase in the emission
current. After this sudden increase the emission current decays exponentially. It is quite
evident from figure 7.23 that the decay is quite stable with very less fluctuations, but as time
increases the fluctuation increases. This increase in fluctuations indicates that the field
emissions sites are constantly absorbing and desorbing species that constantly change the

work function of CNTs which gives rise to unstable emission.
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Figure 7.23 The emission current as a function of time.

For long term stability the emission current was measured at a constant voltage of
1.6kV as shown in figure 7.24. The stability of the first 5 hours shows several very sharp

spikes, which means that the emission current is quite unstable. These spikes are clearly
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because of the adsorption and desorption of some species that constantly alter the work
function of the emission sites that causes the emission current instability. After 5 hours of
constant emission the current becomes stable. There could be two possible reasons for this.

I): It seems quite reasonable that this instability is due to the adsorbates, because it is
more likely that some molecules in the vacuum may reach the tip of CNTs through surface
diffusion and affect the work function. It has been observed by Patra et al?®!; that the
adsorption of H,O molecules by CNTs can reduce the effective work function that causes an
increase in the emission current. The spikes in the emission current show that the adsorbates
are constantly removed by the field emission and upto the first six hours the sample cleans
itself. From the figure 7.24, it is quite evident that the sample is passing through the self
cleaning process in the first six hours. After the first five hours the spikes are getting
depressed and the stability improves.

i): the second possibility regarding the instability is the presence of a range of CNTSs
with different structure in one sample. It has been observed in section (6.3) that the sample
consists of tubular and bamboo shaped CNTs. Since the emission current stability is
dependent on the individual type of CNT?®2 therefore it could be expected that the emission
current from a sample with different CNTs structures have different emission stabilities and

hence the total emission remains unstable.
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Figure 7.24 The emission current as a function of time.
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7.9): Summary of the field emission studies of CNTSs.

Field emission properties of CNTs grown through CVD using a range of novel oxide
catalysts were carried out in a ultra high vacuum (UHV) system. Field emission patterns were
obtained using a triode and diode configurations. It was observed that those samples where
the CNTs have a strong interaction with the substrate and with low amorphous carbon give
rise to high emission current and high stability. The Ho doped ZnO grown CNTs show an
excellent long term stability at low applied voltage in comparison to all the rest of the
samples, while the NiO grown CNTSs gives rise to high emission current density but have
comparatively low long term emission stability than HoZnO sample. One expected reason
could be the reactivity of the NiO nanoparticles with different species present in the chamber
during the field emission. The other possible reason could be that the HoZnO CNTs are
grown through CVD, while the NiO CNTs are DC-PECVD grown. Since the CVD grown
CNTs are curled and randomly aligned therefore experiencing a larger shielding effect from
the neighbouring CNTs than the DC-PECVD grown CNTSs, which are usually aligned and
free standing.

The long term emission current stability of HoZnO sample is better than all the other
CNTs investigated. The emission current stability of the NiO grown CNTs improves after a
long time (nearly 6 hours in this study) operation. The main reasons that are affecting the
stability seem to be the formation of residues during the growth, non-uniform CNTs emission

and the catalyst support interaction.
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8.1): Summary

In this work CNTs have been successfully grown using CVD with metal oxides
(doped and undoped) as catalysts. The results of this research show that conventional
thinking about the metal oxides as catalysts for the growth of CNTs and growth mechanism
was somewhat misleading. Although very recently it has been observed that metal oxides can
catalyse the growth but the growth mechanism is still unclear.

The initial studies carried out here focused on the characterisation of bulk and
nanoparticles of ZnO doped with transition metals (Cu & Ni) and rare earths (Sm, Tb & Ho).
The material behaves differently in bulk and in nanoparticles. The thermal evaporation of
bulk (pellets) helps to completely incorporate dopants in the ZnO matrix. For uniform CNTs
growth it is desirable to have a narrow size and shape distribution of catalyst nanoparticles.
For this purpose Al, Crand SiO; are used as buffer layers and it was observed that a Cr buffer
layer gives rise to a very narrow size and shape distribution of grains.

It has been observed through the SEM that the thermal evaporation of pellets does not
make a continuous film like that of Ni or Fe, but deposits on the substrate in the form of
grains (nanoparticles). The size and shape of the grains strongly depend upon the nature of
the substrate and the dopant material, because ZnO powder doped with various dopants
exhibit different properties and hence gives rise to different lattice strain. The lattice strain,
which arises from the dislocations and imperfections causes to distort the shape of the grains
and gives rise to an anisotropic growth. The elemental composition of pellets and the grain on
the substrate were confirmed through the EDS in the SEM. Additionally the elemental
composition of individual nanoparticles was confirmed through the EDS in the TEM. The
EDS confirms the existence of host (ZnO) and the dopants (transition metals and rare earths)
in all the samples.

The XRD analysis of grounded pellets (powder) show that powders of all the samples
are crystalline and some of the dopants make their own clusters at some specific temperature
and do not go into the ZnO matrix completely. In this study it has been observed that ionic
radii are not the only factor that restricts the ions to go into the ZnO matrix. It is because Ni
has smaller ionic radius than Tb but at 1200C sintering temperature Th goes into the ZnO

matrix completely while Nidoes not. The ions with higher ionic radii produce larger lattice
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strain than smaller ones if used as dopants. After thermal evaporation it has been observed
through XPS and TEM that dopants have been successfully incorporated into the ZnO matrix.
The incorporation of dopant ions into the ZnO matrix could clearly be observed from the O1s
core level spectra. The oxygen bonding to different metal atoms corresponds to different
binding energies, which help in analysing the behaviour of the material. The doping
behaviour could also be understood from the Zn2p core level spectra. Especially in the case
of Sm and Niwhere some of the Niand Sm ions have been bonded with Zn and appears on
the lower bonding energy side of the Zn2p core level spectra.

The XPS analysis of the thermally evaporated samples show that the grains are
properly doped and the dopants have mixed oxidation states in the ZnO matrix except Sm
doped ZnO where Sm remain in the +3 oxidation state only. It has been observed that the
presence of mixed oxidation states of dopants in the ZnO matrix gives rise to charge transfer
phenomenon that plays a key role in dissociating the hydrocarbon molecule (CzH,). The
charge transfer transition does not occur in Smdoped ZnO and therefore does not catalyse the
CNTs growth. It has been observed through the XRD that the oxidation state of dopants
control the crystallite size and lattice strain. The lattice strain is responsible for the carbon
diffusion through the catalyst nanoparticles and hence gives rise to CNTs growth. The higher
the lattice strain the higher the diffusion of carbon through the catalyst.

CNTs have successfully been grown through DC-PECVD and CVD using NiO and
doped ZnO respectively as catalysts. The NiO grown CNTs are well aligned and quite
straight with the majority of CNTs having catalyst particles at the tip. The CNTs have a large
distribution of diameters and length, which is because of the large size and shape distribution
of the catalyst nanoparticles. The closed tip CNTs have been grown through the base growth
process. The growth behaviour of both Niand NiO grown CNTs seems pretty same, but the
only difference is that in Niall the CNTs have grown through the tip growth mechanism
while some of the NiO grown CNTs have been grown through the base growth mechanism
with the tip of the CNT closed. This shows that NiO nanoparticles do not have a uniform
chemical state.

The CNTs grown through the CVD are curled and randomly oriented. The CNTs were
grown through mixed growth process showing that the chemical state of the individual
particle plays a main role in defining the growth process. Additionally the size and

composition of the individual nanoparticle plays a main role in defining the diameter and
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length of CNTs. Because some of the nanoparticles just gives rise to graphitic shells and does
not nucleate CNTSs. It has been observed that different dopants have different effect upon the
CNTs morphologies. The catalyst nanoparticles with higher lattice strain gives rise to large
amount of graphitic shells and smaller inner diameter and as the lattice strain decreases the
ratio of inner diameter to outer diameter increases. This confirms that the lattice strain is
responsible for the diffusivity of carbon atoms through the catalyst nanoparticles. Another
interesting behaviour that has been observed is the decrease in crystallinity of graphitic shells
towards the inner diameter. Since the lattice strain near the edge dislocations is very high in
comparison to the inner surface, it is highly probable that sufficient amounts of carbon atoms
diffuses near the edge and gives rise to well crystalline graphitic layers, while an insufficient
amount of carbon atoms diffuse through the inner surface and hence the atoms are randomly
arranged with some breaks, which gives rise to amorphicity. The crystallinity of HoZnO
grown CNTSs is far better than all the other catalysts (used in this study) grown CNTs. This
might be because of the HoZnO nanoparticles need higher temperature for CNTs growth in
comparison to the other catalysts (used in this study).

The growth of CNTSs regarding the specific catalyst was confirmed from the particle
at the tip of CNTs through EDS in the TEM. The high resolution images of the catalyst
particle confirm the wurtzite structure of ZnO and EDS confirms the elemental composition
of the catalyst particles.

Field emission properties of CNTs grown through CVD using all the novel oxide
catalysts were carried out in an ultra high vacuum (UHV) system. Field emission patterns
from all the transition metal (Cu, Ni) and rare earth (Th, Ho) doped ZnO grown CNTs were
obtained through a triode configuration setup, while from NiO the field emission patterns
were obtained using diode configuration. It was observed that CNTs with a strong interaction
with the support and with low amorphous carbon give rise to high emission current and high
stability. Since the HoZnO grown CNTs have high crystallinity, they therefore show
excellent long term stability at low applied voltage in comparison to all the rest of the
samples, while the NiO grown CNTSs gives rise to high emission current density but have
comparatively low long term emission stability than HoZnO sample. One expected reason,
could be the reactivity of the NiO nanoparticles with different species present in the chamber
during the field emission. The other possible reason could be that the HoZnO CNTs are
grown using CVD, while the NiO CNTs are DC-PECVD grown. Since the CVD grown
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CNTs are curled and randomly aligned, the shielding effect of the neighbouring CNTSs is
more pronounced than the DC-PECVD grown CNTs, which are usually aligned and free
standing. Additionally the NiO grown CNTs have higher density than HoZnO therefore it is
very likely to have higher emission current than HoZnO grown CNTs at some specific
applied voltage.

The long term stability of HoZnO sample is better than all the other CNTs. The
emission current stability of the NiO grown CNTSs improves after a long time (nearly 6 hours
in this study) operation. The main reasons that affect the stability seem to be the formation of

residues during the growth, non-uniform CNTs emission and the catalyst support interaction.

(8.2): Future Work:

Although NiO and doped ZnO (transition metal and rare earth ) are used for the first
time to explore its catalytic activity in the synthesis of CNTs, there is still a considerable
amount of understanding to be gained from further exploring this material. In particular, the
critical level of doping to control the ratio of the inner diameter to number of graphitic shells.
Since the doping gives rise to the lattice strain and hence the diffusion of carbon through the
catalyst nanoparticles, it is of the utmost importance to have proper control over the doping
process. Additionally, since the Fermi level changes with the charge transfer process, the
theoretical consideration of the position of Fermi level with charge transfer transition will
help control the dissociation of carbon containing gas and will help reduce the amount of
amorphous carbon.

Although the thermal evaporation of pellets help in complete doping of the grains, but
it also gives rise to other adsorbates like amorphous carbon and hydrogen and hydroxyl (OH)
ions. This amorphous carbon might poison the catalyst and lose the potential of the catalyst
nanoparticles to dissociate the hydrocarbon and gives rise to CNTs growth. Therefore
alternative deposition methods like molecular beam epitaxy (MBE) may be a better choice.
Additionally since it has been observed in this study that the substrate and buffer layer have a
great impact on the grain size and shape, the selection of a more suitable substrate or buffer

layer will help control the size and shape of the grains and hence the diameter of CNTs.
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It has been proposed by Lee et al*®3

that the nano-composite of CNTs and NiO could
be used as electrode for super-capacitors. Because of the high resistivity, NiO has very poor
energy and power density. Additionally it has very low specific capacitance because of the
low surface area. On the other hand CNTs have a very high conductivity and large surface to

284-285 and it has been shown that the nano-composite of both NiO and CNTs can

volume ratio
enhance the performance of NiO as an electrode for super-capacitors. But NiO grown CNTs
is believed to be the easiest way to make the NIO/CNTs nano-composite.

The most important work regarding the growth of CNTs from either NiO or doped
ZnO could be done by growing an individual vertically aligned CNT on a tip to use the CNT
as a field emitter. Since the diameter of CNTs could be controlled by controlling the size of
the grains, which could be controlled by selecting more appropriate substrate and buffer
layers, the proper optimisation of growth conditions and growth setup can help in growing an
individual CNT on a tip.

The field emission characteristics of CNTs in this study show that none of the
catalysts produced CNTs that could be used for practical applications like flat panel field
emission displays. To make CNTs suitable for field emission there are few steps that must be

addressed.

I): catalyst support interaction
i): suitable arrangements for the removal of residues adsorbed on the
substrates or on the surface of CNTs.

iii): uniform CNTSs structure, diameter and length.

The catalyst support interaction is important because the CNTs in some of the
samples were weakly attached to the substrate and caused voltage breakdown during field
emission. The field emission characteristics were studied through the diode and triode
configuration. The problem with the triode configuration is the spacer (peek sheet), which is
an insulating material that gives rise to charge build up which can affect the field emission
process and might cause vacuum breakdown. Additionally the observed field emission
characteristics are the average of all the CNTs with a range of lengths, diameters and
structure. The field emission properties of an individual oxide grown CNT can provide an

insight into the understanding of the field emission mechanisms.
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Chapter: 8; Summary and Future Work

Electron beams are used in a variety of applications from electro-optical analytical

instruments to synchrotron storage rings, visual displays2®

etc and the analysis of magnetic
nanostructures. To analyse the magnetic nanostructures the incident beam must be spin
polarised, because it gives rise to spin dependent scattering, which gives a complete
description of the spin effects, while in conventional scattering the incident and oriented spins
are random and the results for all the spin dependent phenomena are averaged. Increased
polarisation from CNTs in comparison to the existing sources is possible because of the one
dimensional quantum confinement®®’. In addition to increased polarisation than the existing
sources, the magnetic particle at the tip may make it easy to select the spin polarisation
direction by magnetising the particles in specific direction. Therefore it is believed that CNTs
could be a possible spin polarised electron source. If a spin polarised source could be
developed for scanning low energy electron microscope (SLEEM), then one can realise a new
imaging electron microscope i.e. SP-SLEEM. Such a technique or imaging tool can be used
to gain information about the domain structure and the direction of magnetisation. SP-
SLEEM, if it could exist, would be used in many labs, since it could be inexpensive. The
information obtained from the SP-SLEEM would be similar to that of the SPLEEM which
provides magnetisation direction, having high spatial resolution below 10nm and could have
a higher polarisation limit than the existing sources.

Spintronic devices have a range of applications, with spin field effect transistors and

288:289 a5 leading candidates. The challenge for realising these devices is the

spin g-bits
requirement for efficient spin polarised carrier injection and transport. To-date the current
conventional ferromagnetic metals show no compatibility towards the existing semiconductor
technologies. Diluted magnetic semiconductor (DMS) materials have the potential to inject
electrons with a well defined spin and to control the same spin properties in the adjacent non-
magnetic semiconductors?®®. The CNTs have a weak spin-orbit coupling therefore they have
a large spin diffusion length?®!. Therefore it is expected that the hetrostructure of DMS and
CNTs could be a possible way towards realising spin field effect transistors and the spin g-

bit.
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