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ABSTRACT OF THE DISSERTATION

ELECTRON FIELD EMISSION AND ELECTROCHEMICAL LITHIATION
PROPERTIES OF VERTICALLY ALIGNED CARBON NANOTUBE ARRAYS

GROWN DIRECTLY ON METAL SUBSTRATES

by
Arun Thapa
Florida International University, 2021
Miami, Florida
Professor Wenzhi Li, Major Professor

Carbon nanotubes (CNTs) represent one of the critical inventions that have
triggered new science and technology in many fields because of their distinctive
mechanical, thermal, electrical, electrochemical, and optical properties. Despite the
tremendous potential of CNTSs, challenges in synthesizing and processing continue to
hinder their applications. This dissertation is devoted to synthesizing vertically aligned
CNT arrays on metal substrates via plasma-enhanced chemical vapor deposition and the

study of their electron field emission (FE) and electrochemical lithiation properties.

Vertically aligned CNTs (VACNTS) are promising electron field emitters for
vacuum micro/nano-electronics. Improved control over the morphology and a successful
direct-growth of the VACNTSs on a metal substrate will greatly improve their emission
current and temporal stability. Coating the VACNTs with metal oxides or filling the

interior hollow channels of the VACNTs with metals will boost both their mechanical

vii



strength and electrical conductivity. The first part of this dissertation is focused on the
controlled synthesis, surface modification, metal filling, and FE properties measurement
of VACNT arrays grown over several metal substrates, including stainless steel, copper,
and nickel. Compared to pristine VACNT array, the SnO2 coated VACNTSs (SnO2-
VACNTS), VACNT npillars, and copper-filled VACNT array exhibited enhanced FE
properties because of the unique structural change caused by the coating procedure, the
protection against the structural failure of VACNTS provided by SnO2 nanoparticles, the
low contact resistance between the substrate and the VACNTS, the increased active
electron emitting sites in pillar structures, and the improved thermal and electrical
conductivities of VACNTSs caused by a highly conductive copper core filled inside the

VACNTS.

Vertically aligned CNTs have great potential applications for developing high-
energy and high-power density lithium-ion batteries (LIBs). In the second part of the
dissertation, the electrochemical lithiation property of the free-standing binder-free SnO2-
VACNTSs was investigated. Compared to the conventional graphite-based LIB anode, the
SnO2-VACNTS exhibited superior Li* storage performance with a high specific capacity
of 1891 mAh/g at a current density of 0.1 Ah/g after 100 cycles and 900 mAh/g at the
current density of 1 A/g after 200 cycles with excellent coulombic efficiency and rate

capability, showing potential anode material for developing future LIBs.
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Electrostatic field distribution for VACNT-P-FEAs having
different pillar diameters, referring to the sample (a) PS950, (b)
PS450, and (c) PS200. The hue on the VACNT-P-FEAs
represents the distribution of the electric field. The reddish
regions denote the strong electric field, whereas the dark blue
regions show the zero-electric field. The numbers above the scale
bar correspond to the maximum electric field in the domain.

Surface morphology of Cu substrates before and after the heat
treatment in an NHs environment. SEM images of the surface of
(@) as received and (b) polished substrate. The insets in Figure
6.1(a-b) represent the AFM images showing the surface profile
along the line shown in the corresponding images. (c) EDS
spectrum from the polished substrate. (d-f) SEM images of the
substrate after the heat treatment at temperatures 650 °C, 700 °C,
and 750 °C, respectively. White dots are the Cu particles and
black spots are the holes formed on the surface of the Cu
substrate. The insets in Figure 6.1(d-f) represents the particle size
distribution of the corresponding samples.

SEM images of the VACNTSs synthesized on Cu substrate at the
temperatures of (a) 650 °C, (b) 700 °C, and (c) 750 °C for 30 min.
The other growth parameters (flow rates of C2H2 and NHzs at 25
sccm and 600 sccm, respectively, the pressure of 7 torr, and
plasma power of 90 W) were maintained constant throughout the
growth process. (d-f) Scratched areas of the samples showing the
length of the CNTSs.

TEM images of the CNTs and EDS spectrum from the filler
material of the CNTs synthesized at the temperature of (a-d) 650
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Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 7.1

Figure 7.2

Figure 7.3

°C, (e-h) 700 °C, and (i-l) 750 °C. (a, e, i) Low-resolution TEM
images showing the entire length of the CNTs, (b, f, j) high-
magnification TEM images showing the material trapped/filled
inside the CNTSs, (c, g, k) high-resolution TEM images at the
interface between the graphitic layers of CNTs and the filler
material, and (d, h, I) EDS spectrum from the material
trapped/filled inside the CNT. The insets in Figure 6.3(c, g, K)
represent the SAD pattern of the material trapped/filled inside the
CNT.

(@) Raman spectra of the multi-walled Cu-filled VACNTSs
synthesized at different temperatures on the Cu substrates. (b)
XRD profile of the Cu-filled VACNTSs synthesized at 700 °C
(S700).

Schematic of the proposed growth mechanism for the ideal case
of completely filled CU@VACNTS.

Comparative study of the FE properties of unfilled VACNTSs
(S650) and VACNTSs filled with Cu (S700). (a) F-J plots in semi-
log scale, (b) F-J plots in linear scale, (c) Fowler—Nordheim (F—
N) plots, and (d) stability test at different current.

Simulation of electrostatic field distribution for (a) an unfilled
VACNT and (b) a CU@VACNT. The numbers above the scale
bar represent the maximum value of the local electric field in the
simulation domain.

Study of nanostructure of the SnO2-CNTs composite material
synthesized on the stainless steel substrate. (a) Low-
magnification, (b) high-magnification, and (c) high-resolution
TEM images of the SnO2-CNTs. The inset in figure 7.1(c)
represents the SAD pattern obtained from the SnO2-CNTs. (d)
EDS spectrum from the SnO2-CNTs composite. The Cu signal
was associated with the TEM grid.

TEM image of a miniaturized LIB, showing the SnO2-CNT
nanowire in contact with the Li-cathode. The inset shows the
schematic of a design of the miniature LIB using SnO2-CNT
nanowire as an anode.

In situ TEM observation of morphology and phase evolution of
a SnO2-CNT nanowire upon lithiation. (a) TEM image showing
a cluster of SnO:2 nanoparticles before lithiation and (b)
corresponding SAD pattern. (c) TEM image of fully lithiated
SnO2-CNT nanowire and (d) corresponding SAD pattern. The
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Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

numbers shown by dotted lines in Figure 7.3 (b) and (d) represent
the lattice plane distances of SnO2 nanocrystals in reciprocal
lattice.

Time-resolved high-resolution TEM images from video frames
of the electrochemical reaction-induced nanostructure evolution
of a SnO2 nanoparticle. The insets in Figure 7.4(a-c) represent
the high-resolution TEM images of a SnO2 nanoparticle (boxed
area) showing the evolution of crystal lattice planes.

Schematic showing the detailed plan of VACNTSs synthesis on
Ni foam, coating with SnOz, and fabrication of CR2032 Li-ion
coin cell.

Surface evolution of the Ni foam (single strip) due to the heat
treatment at 600 °C under the NH3 environment for 6 min. AFM
images of the surface of Ni foam (a) before, (b) after the heat
treatment, and (c-d) their corresponding 3D view.

SEM and TEM characterization of the as-synthesized samples.
(a, ) SEM images of VACNTs and SnO2-VACNTSs grown on
the Ni foam. The insets represent the magnified view of the
boxed area shown in the respective images. (b, f) Low and (c, g)
high magnification TEM images of a VACNT and a SnOq-
VACNT composite. The inset in Figure 7.7(c) represents a high-
resolution TEM image showing the lattice fringes in the VACNT
wall. High-resolution TEM image (d) at the interface between
the graphitic layers of the VACNT and the catalyst particle and
(h) of the SnO2 nanoparticles. The upper-right and lower-left
insets represent the SAD pattern and EDS spectrum of the
catalyst particle trapped at the tip of the VACNT and SnO:2
nanoparticles, respectively.

(@) TGA, (b) Raman, (c) XRD, and (d) FTIR spectra of the
pristine VACNTSs and SnO2-VACNTS.

Electrochemical properties of the pristine VACNTs and SnO2-
VACNTSs composite anode materials evaluated via Li-ion coin
cell fabrication. (a-b) CV curves of pristine VACNTSs and SnO3-
VACNTSs composite with a scan rate of 0.2 mV/s measured
between 0.01 and 3 V. (c-d) Charge/discharge profile of the
pristine VACNTSs and SnO2-VACNTs composite at the current
rate of 0.1 A/g within a voltage range between 0.01 to 3 V.

Electrochemical properties of the pristine VACNTSs and SnO2-
VACNTs composite. (a-b) Cycle stability and (c-d) rate
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Figure 7.11

Figure 7.12

Figure 7.13

performance of the VACNTSs and SnO2-VACNTSs composite,
respectively. (e) Cycling performance of SnO2-VACNTSs
composite at a high current density of 1 A/g with Coulombic
efficiency.

Cycling performance of the heat-treated Ni foam at a current
density of 0.1 A/g. The heat treatment to the Ni foam was
performed under the NHs environment for 6 min to create similar
conditions to that of synthesizing VACNTS in the Ni foam.

AC impedance spectra of (a) VACNTSs and (b) SnO2-VACNTSs
before and after the discharge-charge cyclic processes.

Equivalent Randle’s circuit model used for fitting experimental
impedance data.
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CHAPTER 1
Introduction

The purpose of the present research is to investigate the correlation between
synthesis, structure, and electronic/electrochemical properties of vertically aligned carbon
nanotube (VACNT) arrays and their composites for potential applications in electron field
emission devices and lithium-ion batteries. In the dissertation, the field emission
performance of VACNT arrays, the VACNTs encased within shells of tin-oxide
nanoparticles (SnO2-VACNTS), and copper filled VACNT arrays has been extensively
studied to develop an understanding of the field emission process and hence to overcome
the shortcomings of existing field emitters. Besides, key electrochemical lithiation
parameters of the SnO2-VACNTSs have been investigated to understand the lithiation
property of the hybrid material, which may hold the promise of developing high-

performance lithium-ion batteries.
1.1 Overview

Since the discovery of carbon nanotubes (CNTs) by lijima in 1991 [1], a vast
amount of time, money, and effort have been expended on exploiting their unique and
excellent properties to develop new devices and to improve many components of current
technologies. Carbon nanotubes have demonstrated great potential in plentiful
applications, such as field emitters, lithium-ion batteries, supercapacitors, sensors, fuel
cells, and solar cells, because of their unique physical, electrical, electronic, mechanical,
and thermal properties [2-9]. Carbon nanotubes are one of the most researched materials

in physics, chemistry, materials science, and related fields, evidenced by the steady



increase in the number of journal publications and patents related to CNTs from 1991 to
2019, as shown in Figure 1.1(a) [10]. Figure 1.1(b) represents the number of annual
publications in CNTSs research in the field of materials science, chemistry, and physics over

the period 1991-2019.
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Figure 1.1. Research trends of CNTs from 1991 to 2019. (a) The number of publications and patents related
to CNTs over the last two decades. (b) The number of journal publications annually in the fields of Materials
Science, Chemistry, and Physics over the period 1991-2019 [adapted from ref. 10].

1.1.1 Carbon nanotubes as field emitters

Field emission (FE) is the escape of electrons from a conductor’s surface as a result
of the quantum mechanical tunneling effect in the presence of a very high electric field.
Carbon nanotubes are exceptional electron emitters because of their small tip dimensions,
large aspect ratio, and chemical stability. Since the first report of FE from a single CNT by
Rinzler et al. [11] and from a CNT film by de Heer et al. [5] in 1995, CNTs have been
exploited as electron sources in many applications such as flat panel displays [12], vacuum
tube x-rays [13], electron microscopy [14], and vacuum microelectronic devices [15]. The
morphology of the single CNT and its arrays, such as tip structure, length, degree of
defects, number density, alignment, and geometrical arrangement, play a crucial role in

their FE properties, including turn-on field, threshold field, field enhancement factor, total



current density, and current stability. The FE process involves the transportation of
electrons from the substrate through the interface between the substrate and CNT, along
the CNT, and final emission out into the vacuum. So, the contact resistance between the
CNT and the substrate, as well as the electrical and thermal conductivity of both the CNT

and the substrate, becomes important in device applications.

The main drawback of currently available CNT emitters is the lack of direct
connection of CNTs on the conducting substrates and their vertical alignment with an
appropriate inter-CNT separation. Most experimental work focuses on synthesizing dense
forests of VACNTS on conducting substrates with pre-deposited buffer and metal catalyst
layers [16-18]. The method of synthesizing VACNTSs using buffer layer adds an extra
electrical resistance between CNTs and the substrate, which can hinder the FE performance
by increasing the turn-on and threshold field and hence lowering the total current density
and field enhancement factor. Besides, high contact resistance can cause resistive heating,
which in turn results in sublimation or melting of VACNTSs at the higher electric field,
thereby reducing electron-emitting sites and producing subdued FE properties. The most
efficient techniques commonly used to deposit the buffer layer and catalyst onto the
substrate are sputtering and e-beam evaporation. Unfortunately, these techniques are
limited to a research laboratory scale because of the high cost and the limited chamber size,
inhibiting mass production at a commercial scale. Hence, it is necessary to grow VACNTS
directly on the conducting substrates without the aid of an extra catalyst. However, the
main problem with the direct synthesis techniques lies in an absolute requirement of
substrate pretreatments with acids and a series of oxidation-reduction processes and non-

uniform and non-reproducible CNT growth [19-21]. Also, the direct fabrication of VACNT



arrays on metal substrates generally produces a dense forest of VACNTS, which suffers
significant screening effect by the adjacent VACNTSs, reducing field enhancement at

VACNT apices.

The critical aspect of the CNT growth is the decomposition of the carbon precursor
on a catalytic surface, dissolution of carbon atoms or clusters into the catalyst particles,
and their precipitation in a certain crystalline form, namely, graphite [22]. The deposition
of a thin layer of catalyst materials on the substrate surface is a crucial stage. Therefore,
the availability of substrate materials showing catalytic activity to CNTs synthesis and
adequate techniques to synthesize and align CNTs are essential for the direct growth of
VACNTS on conducting substrates by eliminating a vital step, namely, catalyst preparation.
Stainless steel can be used as the catalytic substrate for CNTs growth as it is an economic
material with a high content of iron, and iron is an excellent catalyst for CNTs growth.
Besides, plasma-enhanced chemical vapor deposition (PECVD) for VACNTS synthesis
facilitates control over the alignment, length, diameter, and density of the CNTs by
adjusting the synthesis parameters [23]. The plasma sheath possesses an abundant number
of highly energetic species that help in activating catalyst nanoparticles by etching the
substrate surface and amorphous carbon from the catalyst surface, which can eliminate the
necessity of substrate pre-treatment by various means. The energetic plasma species also
contribute to the efficient decomposition of hydrocarbon gas, leading to the graphitization

even when the substrate is not heat-treated externally.

The FE properties of dense arrays of VACNTSs can be enhanced by synthesizing

separated VACNTSs with a spacing of about twice their height to minimize the screening



effect [24]. Pillar arrays of VACNTS, an alternative to separated VACNT arrays, have
shown improved FE properties over their dense array counterpart [25]. Current pillar
emitters lack direct contact with the substrates and rely heavily on the complex
photolithographic techniques since they require careful catalyst patterning before VACNTS
synthesis. It is important to note that these pillars have a cross-section typically ranging
from a few um to tens of um in diameter. Therefore, field screening within a single pillar
emitter still occurs dominantly during the FE process. Hence, it is more desirable to
synthesize the VACNT pillar of smaller lateral dimensions in an array structure with

controlled inter-pillar distance directly on the conducting substrates.

The FE properties of VACNT arrays can be improved by decorating the CNT wall
with metal/metal-oxide nanoparticles, such as Al, Cu, In, ZnO, RuOz2, and MgO, which can
lead to highly conductive, as well as mechanically and chemically more stable CNT
composite [26-30]. To date, plenty of research has been done to understand the FE
properties of various field emitters, including pristine and morphology controlled-VACNT
arrays, vertically aligned metal nanowire arrays, and CNTs coated with metal/metal-oxide
nanoparticles. However, there are no reports on the FE behavior of the copper filled
VACNT arrays synthesized directly on the bulk copper substrate. The lack of reports is
fairly understandable because it is challenging to grow VACNT arrays directly on the
copper substrate because of the poor carbon solubility in copper [16]. The FE properties of
VACNTSs can be significantly improved by filling their interior hollow space with a metal
nanowire such as copper. The presence of a highly conductive metal nanowire at the core
of VACNTSs can enhance the overall electronic and thermal conductivity of the emitters,

thereby improving the FE performance.



1.1.2 Carbon nanotubes as anode materials for lithium-ion batteries

The quest for highly efficient, economic, and environmentally friendly energy
storage means for powering electronic devices, as well as electric vehicles, has remained a
challenge for a long time. Lithium-ion battery (LIB) is one of the energy storage and power
devices that operate on the basis of electrochemical energy storage and conversion
mechanism. To improve the lower energy density and power capacity of current LIBS,
significant research has been carried out towards developing new and high-performance
materials for LIB components. Carbon nanotubes have demonstrated the potential for
application as the LIB anode because of their unique one-dimensional tubular structure,
large surface area, short diffusion length of Li* ions, and high electrical and thermal
conductivity [31]. Also, CNTs are considered to have a high theoretical specific capacity
of ~1000 mAh/g [32] compared to the-state-of-art graphite anode material (372 mAh/g).
Also, CNTs have been used as an excellent additive material to improve the
electrochemical performance of electrode materials with much-improved energy
conversion, storage capacities, and charge transfer ability. Several groups have researched
the possibility of using CNTs, in different forms and architectures, as an anode in LIBs for

charge storage [33, 34].

Despite a high theoretical Li* ion storage capacity, several reports have shown that
the specific capacity of CNT anodes is well below 400 mAh/g [33, 35]. One of the main
reasons to the low specific capacity of the CNT anode is its conventional bilayer design in
which a thin layer of CNTs is glued onto a copper foil current collector with the help of a

binder. The binder limits the potential application of batteries above 200 °C. Reports have



shown that the bilayer design of anode materials can reduce the usable capacity by ~47%
[32], making it necessary to use free-standing binder-free CNTs grown directly on current

collectors.

High capacity metal and semiconductor materials, such as Al (800 mAh/g), Sn (994
mANh/g), Li (3860 mAh/g), Si (4000 mAh/g), and Ge (1600 mAh/g), have been explored to
improve the specific and volumetric capacity of LIB anodes [36]. Despite having such a
high Li* storage capacity of these materials, colossal volume instability during the
lithiation/delithiation leads to pulverization of the anode materials and loss of inter-particle
contact, resulting in rapid capacity fading and severe safety issues. Recent research of
anode materials has been motivated mainly by hybrid materials consisting of high capacity
nanoparticles (<100 nm) and CNTSs to address the inherent concerns of bulk electrode
materials [37-39]. The reduction of particle size may potentially modify the mechanism of
volumetric alteration, and simultaneous use of CNTs can absorb the considerable stress
developed during the lithiation and delithiation process. Also, the high electrical
conductivity of CNTs can enhance the performance of LIBs by offering a quick pathway
for charged particles during the battery operation. Hence, using CNTs coated with SnO2
nanoparticles (SnO2-CNTs) as an anode of LIBs is an attractive strategy since the
theoretical charge storage capacity of SnO2 (781 mAhg) is over twice as much as graphite
anodes. Several groups have researched on SnO2-CNTs composite material to explore its

potential as anode materials of LIBs [39-41].

Most of the reports for fabricating SnO2-CNTs composite as anode materials

mainly focus on using wet chemical methods on randomly oriented CNTs. However, SnO--



VACNTSs can significantly improve the performance of anode materials by offering proper
electrolyte accessibility and charge transfer capability owing to the regular pore structure
and inter-tube space of the VACNTSs array [42]. Improved contact resistance between
VACNTSs and current collectors achieved through the direct synthesis of VACNTSs on
conducting substrates and anisotropic conductivities of VACNTSs may enhance the charge
transfer and dissipation of heat caused by resistive heating. A proper inter-tube distance in
an array of VACNTSs can alleviate the stress developed during the lithiation/delithiation
process. Therefore, it is highly desirable to develop binder-free VACNT templates with
minimum contact resistance to accommodate a uniform coating of ultra-fine SnO:

nanoparticles for achieving high-performance LIB anodes.
1.2 Objectives and scope of the research

The primary goal of the research is to fabricate arrays of VACNTS, in different
forms and architectures, directly on conductive substrates and to study how their
morphology affects their field emission and electrochemical properties. The central part of
the research is focused on the controlled synthesis of VACNT arrays on popular metal
substrates and their surface modification. Our aim of synthesizing VACNTS directly on
conductive substrates without using an external catalyst layer inspired us to choose metals
such as stainless steel, copper, and nickel, which are well-known catalysts for CNT growth.
In my dissertation work, three different approaches were used to enhance the FE properties
of VACNT emitter arrays. (i) Coating VACNTSs with SnO2 nanoparticles (SnO2-VACNTSs
core-shell structure) and modifying VACNT arrays into uniquely bundled structures

formed by the solution phase coating process. After the coating process, the resulting



morphology is expected to reduce the field screening effect and enhance the mechanical
stability of the VACNT emitters, thereby improving the FE properties. (ii) Fabricating
micro-pillar arrays of VACNTs with an appropriate size and inter-pillar distance to
increase the number of active field emitters and reduce the screening effect, thus increasing
the total emission current density. (iii) Synthesizing vertically aligned and mechanically
self-supported pure copper-filled CNT arrays directly connected to the copper substrate.
The highly conductive crystalline copper at the core of VACNTS is expected to increase
the electrical and thermal conductivities of VACNT emitters, which can be vital in
increasing the field enhancement factor of VACNT emitters. To understand the effect of
VACNT emitter morphology on FE properties, simulation on the electrostatic field

distribution of VACNT field emitters has been performed.

Another focus of the research is on synthesizing binder-free self-standing VACNTSs
on 3-dimensional (3D) nickel foam and coating the wall of the VACNTs with SnO2
nanoparticles to form core-shell structures. Further, the electrochemical lithiation
properties of the pristine VACNTSs and SnO2-VACNTSs grown on 3D nickel foam were
investigated when they are used as anode materials in LIB coin cells. The SnO2-VACNTS
composite with uniquely bundled morphology fabricated on 3D nickel foam has shown
high energy density and improved cyclability at high current rates with excellent capacity

retention.
1.3 Outline of the dissertation

This dissertation is organized into eight chapters. Chapter 2 presents the

background literature review on basic structures, synthesis methods, properties, and



applications of CNTs. In chapter 2, only the properties of CNTs relevant to the
dissertation’s scope have been discussed. While reviewing the applications of CNTs,
particular care has been concentrated on field emission and energy storage devices. Chapter
3 is dedicated to the detailed description of the experimental procedures involved,
including substrate preparation, consequent synthesis of VACNTSs by PECVD, and SnO2-
VACNTSs composite synthesis by a wet-chemical method. Chapter 3 also describes various
tools and techniques for structural and properties characterization of as-synthesized
samples. Chapter 4 discusses the results of direct synthesis of VACNT arrays on stainless
steel, structural modification of VACNT arrays by solution-phase SnO2 coating process,
and its effect on FE properties. Efforts to enhance the FE properties of VACNT arrays by
synthesizing unique VACNT pillar arrays on stainless steel and crystalline copper-filled
VACNT arrays on the copper substrate have been reported in chapters 5 and 6,
respectively. A complete explanation of the synthesis, structural characterization, and
electrochemical lithiation properties of pristine VACNTs and SnO2-VACNTS composite
fabricated on nickel foam is presented in chapter 7. Finally, research results with future

perspectives have been summarized in chapter 8.
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CHAPTER 2
Progress and trends in carbon nanotubes research

The current chapter presents a summary of the literature review in the field of

carbon nanotubes.
2.1 Structure of CNTs

Carbon is one of the most abundant and is an extremely versatile element. It has
several allotropes, each with different chemical and physical traits. Various arrangements
of carbon-carbon bonds result in the allotropes having different properties. Carbon
nanotube (CNT) is one of the allotropes of carbon, which can be considered a hollow
cylindrical structure formed by rolling graphene sheets. A graphene sheet is an extended
planar honeycomb lattice of purely sp>-bonded carbon atoms, Figure 2.1(a). In general,
CNTs can be classified into single-walled CNTs (SWCNTs) and multi-walled CNTs
(MWCNTS) on the basis of the number of graphene layers on the tube structure. A chiral
vector (Ch), an intrinsic geometrical property, is expressed as a linear combination of two
basis vectors a; and az in real space as Cn = nai + maz, where n and m are integers can
completely describe an SWCNT except its length [1]. Different values of n and m set up
different chirality, such as (n, 0), (n, m = n), or (n, m), forming three different types of

SWCNTSs, which are zig-zag, armchair, and chiral tubes, respectively (Figure 2.1(b)).

In other words, the vector Cn makes a chiral angle 6 with vector a; which defines
the mode of graphene layer wrapping, such as zig-zag when 6 = 0° and armchair when 6 =
30°. All other chiral angles (i.e., 0° < 6 < 30°) represent the chiral tubes. Besides, these

integers (n, m) also determine the electronic band structure of the SWCNTSs and hence their
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optical, magnetic, and electronic properties [2]. The SWCNTs are metallic if the (n, m)
indices satisfy the relationship n —m = 3j and they are semiconducting when n —m = 3j +1

or 3j + 2, where j is an integer [1]. Additionally, the chiral indices (n, m) can also determine

the diameter of the SWCNT as d = i\/(n2 +nm + m?), where a = 0.246 nm. In contrast, an

MWCNT is a more complex system of a few to a few tens of coaxial cylindrical graphene
sheets separated by a distance of about 0.34 nm, as shown in the inset of Figure 2.1(a).
Experimental measurements suggest that MWCNTSs are one-dimensional conductors, and

electronic transport occurs on the tube’s outer wall [3].
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Figure 2.1. Schematics of (a) a graphene sheet and (b) three types of single-walled CNTs. The inset in Figure
2.1(a) shows a multi-walled CNT [adapted from ref. 1].

2.2 Synthesis methods of CNTs

To date, various methods have been used to synthesize CNTs. The following
section presents a comprehensive description of some widely used synthesis techniques,
including the arc-discharge method, laser ablation method, chemical vapor deposition
(CVD) method, and plasma-enhanced chemical vapor deposition (PECVD) method. A few

other synthesis techniques are also summarized.
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2.2.1 Arc-discharge

lijima reported the discovery of a new type of finite carbon structure consisting of
needle-like tubes, now known as CNTs, by using the arc-discharge evaporation technique
[4]. As shown in the schematic in Figure 2.2(a), the arc-discharge apparatus consists of two
carbon rods as the cathode and the anode separated by a distance of about 1mm [5]. A high
direct current (50-200 A) is applied between two carbon rods; meanwhile, the whole
apparatus is enclosed inside a chamber filled with inert gas (Ar or He) at 100 Torr. The arc
created between the electrodes at a high current vaporizes the carbon rod, and the cathode
deposit contains CNTs. The diameter of CNTs was in the range of 4 to 30 nm and the
length of about 1 um [4]. Figure 2.2(b) represents the transmission electron micrograph of

CNTs with 5, 2, and 7 concentric cylindrical graphene layers. Furthermore, lijima et al.

Power Supply

D O ©

Figure 2.2. (a) Schematic of the arc-discharge apparatus for synthesizing CNTs [adapted from ref. 5]. (b)
Transmission electron micrograph of MWCNTS having 5, 2, and 7 walls [adapted from ref. 4].
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reported the growth of SWCNTSs by adding an iron catalyst to the graphite electrode in the
presence of a gas mixture of Ar (40 Torr) and CH4 (10 Torr) [6]. The length of the SWCNTSs
was about 700 nm; whereas, the diameter was in the range of 0.7 to 1.6 nm. Ebbesen and
Ajayan reported a large-scale synthesis of MWCNTSs by employing a potential of about 18
V between two graphite rods of diameter 6 and 9 mm and in the presence of the He gas
pressure of 500 Torr [7]. It was shown that a large-scale synthesis of SWCNTs could be
achieved by using a mixture of metal catalysts and graphite powder in the presence of He

gas at 495 Torr [8].
2.2.2 Laser ablation

In the laser ablation method, a high-energy pulse or continuous laser vaporizes a
mixture of catalysts and a graphite target at a high temperature in an inert atmosphere.
CNTs are formed upon condensation. Figure 2.3(a) shows a schematic of the laser ablation
apparatus for synthesizing CNTs. A research group at Rice University reported a large-
scale (gram quantities) synthesis of SWCNTSs at 1200 °C by using Ni/Co (1.2 at. %) catalyst
in the presence of He or Ar at a pressure of 500 Torr inside a quartz tube (50 cm long and
2.5 cm diameter) [9]. The SWCNTSs were self-organized into ropes consisting of 100-500
SWCNTs in a two-dimensional triangular lattice. Figures 2.3(b-c) show transmission
electron micrographs of SWCNTSs synthesized by using the laser ablation method. These
SWCNTs were more than 100 um long and very uniform in diameter of about 1.4 nm.
Chen et al. reported a novel method for large-scale synthesis of MWCNTSs by using
Nd:YAG laser pulses over a graphite target at normal temperature and pressure in metal

nano-sol [10]. The metal nano-sol was prepared by laser ablation of Fe or Ni targets in
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ethanol and used as catalysts for growing CNTs. The randomly oriented MWCNTS were
15-45 nm in diameter and a few pum in length. They found that the metal nano-sol was
critical in their method to synthesize MWCNTS, and obtained carbon nanofibers instead of

CNTs in the absence of metal nano-sol.

Figure 2.3. () Schematic of the laser ablation apparatus for synthesizing CNTs [adapted from ref. 5]. (b)
low resolution and (c) high-resolution transmission electron micrographs showing ropes of SWCNTs
synthesized by laser ablation method [adapted from ref. 9].

2.2.3 Chemical vapor deposition

Fundamentally, arc-discharge and laser ablation methods are plasma-based
syntheses; however, chemical vapor deposition (CVD) entirely relies on thermal energy
and never exceeds temperature above 1200 °C. Figure 2.4(a) shows a schematic of the set
up for a typical CVD method. Synthesis of CNTs via the CVVD method involves nucleation
of CNTs on catalyst nanoparticles (Fe, Ni, Co) at elevated temperatures (400-1100 °C) in
a controlled hydrocarbon gas environment [11-13]. Catalytically active nanoparticles are
formed through a crucial thermal annealing step under a reducing gas environment, such

as Hz and NHs. Hydrocarbon precursor gas is catalytically decomposed at the catalyst sites
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which allow to dissolve, precipitate upon saturation, and graphitize carbon atoms into

crystalline CNTSs.

Li et al. reported a large-scale synthesis of vertically aligned CNTs via CVD on
mesoporous silica containing Fe nanoparticles using a mixture of C2H2 and N2 as precursor
gas [14]. The growth direction of high-quality CNTs was controlled by the pores available
on the silica surface. The highly aligned arrays of isolated CNTs were about 50 um long,
30 nm in diameter, and separated by a distance of about 100 nm. Jung et al. synthesized
both randomly and vertically aligned CNTs on Ni (2-7 nm) coated Si substrate by using
C2H2 (2.4-20 vol. %) as carbon precursor gas in the presence of various carrier and etching
gases, such as N2, Hz, Ar, and NHs (200 sccm except for NHs 100 sccm) [15]. The
formation of Ni nanoparticles (15-90 nm) after the heat pretreatment at 850 °C under the
reducing environment was crucial for the successful growth of CNTSs, Figure 2.4(b-c). The

CNTs were measured to be about 10-20 um long and about 35 nm in diameter.

There are several reports of synthesizing horizontally aligned CNTs by the CVD
method. Joselevich et al. reported the growth of horizontally aligned CNTs on ferrihydrite
nanoparticles (3-5 nm) deposited on the surface of Si substrate between two electrodes
[16]. The SWCNTs were grown for 10 min at 800 °C in the presence of a gas mixture of
C2H2 (0.2 vol. %), H2 (40 vol. %), and Ar (60 vol. %). The length of SWCNTSs was in the
range of 100 nm to several um, and the diameter was about 2 nm. The alignment was
achieved by applying an electric field of 4 x 10° \V/m parallel to the plane of the substrate.
Furthermore, the horizontal alignment of CNTs has also been achieved through directed

gas-flow and lattice-directed growth [17-19].
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Figure 2.4. (a) Schematic of the set-up for a typical CVD apparatus [adapted from ref. 5]. Scanning electron
micrograph of (b) Ni nanoparticles after heat pretreatment in the mixture of N, and H; environment and (c)
CNTs synthesized for 20 minutes [adapted from ref 15].

2.2.4 Plasma-enhanced chemical vapor deposition

Plasma-enhanced chemical vapor deposition (PECVD) enables the growth of well-
aligned CNTs at lower temperatures than thermally driven CVD [20]. The synthesis of
aligned CNTSs is achieved by facilitating the decomposition of hydrocarbon precursor gas
at lower temperatures. In the PECVD method, a high-frequency potential applied to the
electrodes generates a plasma that consists of highly energetic gas species such as radicals,
ions, and electrons. These energetic plasma species help to decompose carbon feedstock
(e.g., C2H2, CH4, C2H4, and C2Hs.), and the electric field in the plasma aligns CNTs along
the direction of the applied electric field [21]. Besides, plasma enhances the CNT growth
rate by etching away amorphous carbon from the catalyst surface during the CNT growth
process. Figure 2.5(a) represents a schematic of the set-up for a typical PECVD apparatus

consisting of two parallel plates separated by a distance and enclosed by a chamber.

Ren et al. reported the synthesis of vertically aligned CNTs (VACNTS) at 666 °C
on Ni-coated glass substrate by using C2H: as carbon source and NHs as dilution gas [22].
Figure 2.5(b) shows a scanning electron micrograph of VACNTSs synthesized by the

PECVD method. The VACNTs measured 0.1 to 50 pum in length and 20 to 400 nm in
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diameter. They found that the morphology of the CNTs can be controlled by synthesis
parameters such as growth time, plasma intensity, flow rates of precursor gases, and the
thickness of metal catalysts deposited on the substrate. Chhowalla et al. synthesized
VACNTS by direct current PECVD method at 550-900 °C on Ni-coated Si substrate [23].
They studied growth properties, such as the diameter, growth rate, and areal density of the
VACNTSs, as a function of the Ni catalyst layer thickness, bias voltage, deposition
temperature, C2H2:NHs ratio, and pressure. Besides, they concluded that the alignment of

the VACNTSs strongly depends on the applied electric field.

Bell et al. investigated the role of plasma in aligning the CNTSs in the direction of
the applied electric field by synthesizing VACNTSs via PECVD on Ni-coated Si substrate

using C2H2/NHs feedstock [24]. They also studied the role of NHs in the plasma and found

(a) C:H: NHs

Substrafe
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Figure 2.5. (a) Schematic of the set-up for a typical PECVD apparatus. (b) Vertically aligned CNTs
synthesized on quartz substrate [adapted from ref. 22].

that it can suppress the excess decomposition of carbon precursor and remove unnecessary
amorphous carbon during the CNTs growth. Furthermore, PECVD has been used to

synthesize VACNTSs on metal substrates with and without external catalysts to use them in

22



various field emission devices [25-29]. Various types of PECVD, such as microwave
PECVD, radio-frequency PECVD, inductive PECVD, and hot filament PECVD, have been
developed to fabricate VACNTs with controlled morphology and high yield at lower

temperatures [25, 30-32].
2.2.5 Other methods

A few techniques, other than the above-explained commonly used methods, have
been developed to synthesize CNTs. The most notable methods are diffusion flame
synthesis and electrochemical synthesis. Wal et al. reported the synthesis of SWCNTs by
using a simple laboratory-scale diffusion flame method at temperatures above 1200 °C
[33]. The CzH2, diluted with N2, was used as the carbon precursor gas, and metal
nanoparticles formed from a metallocene were used as catalysts in the floating catalyst
approach at atmospheric pressure. The SWCNTs were 1.4 nm in diameter, and the growth
rate of CNTs was observed as 200-2000 nm/s. Yuan et al. synthesized randomly oriented
and partially aligned MWCNTS on the stainless steel grid by using ethylene—air diffusion
flame at temperatures between 1200-1500 °C at normal pressure [34]. The addition of N2
to the ethylene-air flame was crucial for aligning entangled MWCNTSs by lowering the
flame temperature. Multi-walled VACNTSs of uniform diameter (15 nm) can also be
synthesized by using methane inverse diffusion flame in the presence of an external electric

field on metal alloy substrates [35].

The MWCNTSs can be synthesized below room temperature by using electrolysis
of C2Hz, which is mixed with NHs cooled to -40 °C in a glass vessel [36]. The electrolysis

was performed at a direct current bias of 150 V between Si electrodes for 5-10 hours.
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Principally, the formation of MWCNTS on the cathode was initiated by the decomposition
of carbon precursor C2H2 with the help of atomic hydrogen generated on the negative
electrode. The MWCNTSs were measured to be 15 nm in diameter and more than 15 pm in

length.
2.3 Growth mechanism

For synthesizing CNTs, the most common precursors are CHa4, C2H4, C2Hz2, CeHes,
CsHs, and CO; whereas, typical metal catalysts are Fe, Co, and Ni because of their high
carbon solubility and high carbon diffusion rate [37]. Furthermore, metal catalysts in the
form of nanoparticles are essential for decomposing precursor gases at a temperature lower
than their spontaneous decomposition temperature. Once carbon precursor gas decomposes
into carbon and hydrogen species at the surface of catalyst particles, carbon atoms dissolve.
As a result, carbon atoms precipitate out upon the super-saturation of the metal catalyst and
graphitizes into an energetically stable, crystalline cylinder. A thermal gradient created
inside the catalyst particle triggered by exothermic precursor decomposition and

endothermic carbon crystallization processes maintains the whole process active [38].

Two widely accepted and most general CNT growth mechanism is shown in Figure
2.6 [38]. If the catalyst particle is loosely attached to the substrate, carbon atoms precipitate
out across the particle bottom and push the catalyst particle off the substrate, stage (i)
Figure 2.6(a). As long as the catalyst particle remains active for further hydrocarbon
decomposition and dissolution of carbon atoms, CNT grows continuously (stage (ii) Figure
2.6(a)). Eventually, CNT growth is stopped once the particle loses its catalytic activity,

stage (iii) Figure 2.6(a), and the process is familiar as a tip-growth model [38, 39]. In
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contrast, if the catalyst particle is strongly attached to the substrate, precipitation of carbon
atoms occurs at the top of the catalyst particle. As a result, carbon atoms graphitize out as
a hemispherical dome (stage (i) Figure 2.6(b)), which eventually elongates to form a CNT
with a catalyst particle rooted on its base (stage (ii) Figure 2.6(b)). The process is known

as the base-growth model [39].
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Figure 2.6. Growth mechanisms for CNTSs: (a) tip-growth model and (b) base-growth model [adapted from
ref. 38].

2.4 Properties of CNTs

Since the discovery of CNTs in 1991, significant success has been achieved in
understanding the unique and excellent properties of CNTs. The following section reviews

the properties of CNTSs in brief.
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2.4.1 Electrical conductivity

The measurements, performed both in air and in high vacuum, have demonstrated
that CNTs behave as ballistic conductors at room temperature, with mean free paths of the
order of tens of microns. Frank et al. demonstrated for the first time that CNTs conduct
current ballistically without dissipating heat [40]. The conductance of multi-walled CNTs
(MWCNTS), 4 um long and 15 nm wide, was measured by using the MWCNT as the tip
of the scanning probe microscope, which could be lowered into mercury (Hg) to make
electrical contact with the MWCNT, Figure 2.7(a). The conductance of MWCNTSs was one
unit of the conductance quantum, and the current density through the nanowire was
measured to be more than 107 A/cm?. Poncharal et al. followed up on the research
conducted by Frank et al. by using in-situ electron microscopy experiments and further
confirmed the ballistic conduction of CNTs [3]. They also investigated the CNT length
dependence of the resistance. Figure 2.7(b—c) shows an MWCNT in contact with Hg
completing a closed circuit to measure the conductance and the MWCNT failure at a high
applied voltage of 4 V. The measurement revealed that the conductance increases linearly
with the increasing voltage at high voltages because of the opening of higher conducting
channels, as shown in Figure 2.7(d) and its inset. Furthermore, as shown in Figure 2.7(e),

the variation in length did not show a significant change in the conductance of CNTSs.

Langer et al. measured the electrical resistance of bundles of MWCNTSs in a
temperature range from room temperature to 0.3 K in magnetic fields of up to 14 T [41].
The MWCNTSs showed semi-metallic properties with a similar band structure to rolled

graphene sheets. The resistance of the nanotube bundle was decreased as a magnetic field
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was applied perpendicular to the CNT axis. Langer et al. further studied the electrical
properties of individual MWCNTs down to a very low temperature of 20 mK [42]. The
conductance measurements of the MWCNT revealed a logarithmic dependence on the
temperature and its saturation at low temperatures. The MWCNT displayed increased

conductance upon applying a magnetic field normal to the tube axis.
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Figure 2.7. (a) Schematic diagram of the experimental setup for measuring the conductance of an MWCNT.
(b-c) Transmission electron micrographs of contacted nanotubes and their failure at the applied voltage of 4
V. (d) Conductance of an MWCNT as a function of the bias voltage. (e) The conductance of a MWCNT as
a function of the position of the nanotube contact into the Hg [adapted from ref. 3].

2.4.2 Electron field emission
Carbon nanotubes are considered the most suitable source of electrons for future
nano-electronic devices through the process of field emission because of their small tip

dimension and large aspect ratio. The FE from CNTs can be described by the Fowler-

Nordheim (F-N) theory on the basis of a simplified one-dimensional free electron model
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and Wentzel-Kramers-Brillouin (WKB) approximation. According to the F-N theory, the

emission current density from the CNT emitter can be given as:

3
_ (A E:lzocal> B ¢2
J= exp

¢ - Elocal (2.1)

where A (1.56 x 108 A V-2 eV) and B (6.83 x 10° eV®? V m™) are constant quantities. ¢ is
the work function of the field emitter. An expression relates the local electric field (Eioca)
and an applied electric field (E) as:

Elocal
= 2.2
p=—= (22)

where [ is the field enhancement factor. The FE properties of CNTs are measured typically
by using a diode configuration method under a high vacuum of ~10° to 10 Torr. The
diode configuration includes a cathode consisting of CNT emitters and an anode, and a
voltage bias can be applied between the anode and the cathode.

Rinzler et al. in 1995 reported, for the first time, the FE from a single CNT and
found that the emission current significantly enhanced when the nanotube tips were opened
[43]. The emission currents of 0.1 to 1 pA were recorded at room temperature with bias
voltages of less than 80 V. In the same year, De Heer et al. fabricated a high-intensity and
highly stable electron gun with the FE at low voltages from a thin film of vertically aligned
CNTSs [44]. Current densities up to 0.1 mA/cm? were observed for applied voltages as low
as 200 V, and high current densities more than 100 mA/cm? were recorded at 700 V.

In the case of FE from CNTs film, one of the fundamental parameters is the number
density of the emitters. Typically, CNTs density is reported to be in the range between 102

to 10° cm2 in a dense CNTs film; however, the number density of effective emitters for

28



randomly oriented CNTs usually is much lower, in the range between 10° to 10’ cm™ [45,
46]. It is expected a number density of the emitters more than 10° cm and a total emission
current density of more than 80 uA cm are appropriate for CNT films to be used in real
FE applications [47]. Therefore, vertically aligned CNTs (VACNTS) are preferred over
randomly oriented CNTs as field emitters because of their high number density of effective
electron-emitting sites.

It is a well-known fact that the tip of the CNT releases the electron during the FE
process. The VACNTSs can facilitate the FE process because the apex of each CNT
experiences the same constant electric field to emit the electrons. However, typical dense
VACNT arrays suffer from the screening effect because of the close proximity of
neighboring VACNTSs, which adversely affects the field emission performance by
increasing the turn-on field and decreasing the total emission current density [48]. Nilsson
et al. suggested an optimum ratio of intertube distance (R) to the VACNT height (H) to be
2 (R/H = 2) for the maximum possible field enhancement from the emitter array [49].

The VACNT arrays can be patterned to form various morphologies such as circular,
square, and toroidal pillar-shaped structures with appropriate inter-pillar distances through
optical or electron beam lithography to achieve high emission current density, which can
garner values up to a few amperes per cm? [50-52]. It has also been observed that the length
and diameter (cross-section size) of the pillar structure and inter-pillar distance play a vital
role in FE properties.

Hazra et al. reported an extremely low turn-on field (0.16 V pm™ at 10 pA cm)
and impressively high emission current density of about 1.5 A cm™ at 0.3 V um for the

VACNT-based pillar structure after the plasma treatment had been applied to the pillars to
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create an extremely sharp-tipped pillar structure (tip diameter < 1 um) [53]. It is reported
that a post-growth structural modification of the CNT-based emitters by coating the CNTs
with a wide-bandgap semiconducting metal oxide or metal nanoparticles, such as TiOz,
Zn0O, RuO2, MgO, Sn02, Al, and Cu, can enhance the FE properties through modifying the

electronic and the physical structure of the CNT-based field emitters [54-58].
2.4.3 Thermal properties

The thermal properties of CNTs are technologically crucial for controlling the
performance and stability of electronic and micromechanical devices. The phonon energy
spectrum at different temperatures completely describes the thermal transport behavior of
CNTs, specifically SWCNTSs. Hone et al. observed the linear dependence of specific heat
of SWCNTSs in the temperature range from 300 to 2 K and found it completely different
from the specific heat of two-dimensional graphene or three-dimensional graphite [59].
The calculation of the lowest quantized phonon subband energy (4.3 meV) and tube-tube
Debye energy (1.1 meV) through theoretical modeling indicated a weak coupling
interaction between the tubes in SWCNT bundles, which was evidence of 1D quantized

phonon subbands.

Yi et al. reported the measurement of the specific heat and thermal conductivity of
millimeter-long aligned MWCNTSs over the temperature range of 10 to 300 K [60]. The
MWCNTSs exhibited a linear temperature-dependent specific heat and a weak inter-wall
coupling, similar to the SWCNTSs. However, they observed a low thermal conductivity

caused by the highly defective MWCNTS prepared by a chemical vapor deposition.
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Lasjaunias et al. further extended the low-temperature heat capacity measurements
of SWCNTs down to 0.1 K. They tested the role of adsorbed helium (He) on the heat
capacity of the nanotubes [61]. Figure 2.8(a) shows the specific heat of an SWCNT rope
for three different runs in the temperature range of 0.1 to 7 K. The specific heat exhibited
three different influences, mainly from nuclear hyperfine interactions in residual
ferromagnetic catalyst particles (0.7—1.0 at. % Co), represented by a well-defined T term.
Also, the specific heat showed a monotonously varying vibrational contribution raised
from the He adsorption. After completely outgassing the He, as shown in run C of Figure
2.8(a), the specific heat displayed an inter-tube coupling evidenced by the T2 term. Finally,
the specific heat showed linear temperature dependence from 4.5 K onward.

Kim et al. reported the measurement of the thermal conductivity of an individual
MWCNT by using a microfabricated suspended device, as shown in the SEM image at the
upper corner of Figure 2.8(b) [62]. The suspended device consists of two islands of silicon
nitride membranes connected by an MWCNT and a platinum thin-film resistor on each
island for heating the sample. Figure 2.8(b) shows the thermal conductance of an MWCNT
of diameter 14 nm measured in a temperature range of 8 to 370 K. The measurement
displayed an increase in the thermal conductance significantly as the temperature was
increased while reaching a maximum (1.6 x 10" W/K) near room temperature. As shown
in the lower inset of Figure 2.8(b), the thermal conductivity of a single MWNT (solid line)
exhibited an interesting temperature-dependent behavior that was absent in bulk material.
At low temperatures (8-50 K), the thermal conductivity increased with a power law T2,
while it varied almost quadratically (T*%) at intermediate temperatures (50-150 K). Above

150 K, the thermal conductivity deviated from quadratic temperature dependence and
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peaked at 320 K. The thermal conductivity decreased rapidly beyond the peak temperature.
The MWNT bundles (broken and dotted line) did not show such behavior, and thermal
conductivity became similar to that of a mat sample. The thermal conductivity was
measured to be more than 3000 W/m K at room temperature, which is two orders of

magnitudes greater than the thermal conductivity of CNT films [60].
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Figure 2.8. (a) Specific heat of the SWCNT rope for three different runs A, B, and C. The effect of the He
adsorption is maximum in run B and minimum in run C. Power-law straight lines are illustrative only
[adapted from ref. 61]. (b) Thermal conductance of an MWCNT. The inset at the upper corner shows a SEM
image of the microfabricated device with the individual MWNT. The inset at the lower corner represents the
thermal conductivity of an individual MWNT with diameter 14 nm (solid line), 80 nm (broken line) and 200
nm (dotted line) [adapted from ref. 62].

2.4.4 Mechanical properties

The mechanical properties of CNTSs are strongly related to the chemical bonding of
the constituent carbon atoms. In the seamless cylindrical graphitic structure of CNTSs, each
carbon atom is bonded to three neighboring carbon atoms as a result of the in-plane sp?
hybridization through c-bond (see section 2.1 for detail). The o-bond is considered the

strongest chemical bond in nature and crucial for the excellent mechanical properties of
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CNTs [63]. Knowledge of Young’s modulus of CNTSs is essential for their use as a
structural element for various applications. Treacy et al. evaluated Young’s modulus of
individual CNTs by measuring the amplitude of their intrinsic thermal vibrations in the
temperature range of 25 °C to 800 °C inside a transmission electron microscope, as shown
in Figure 2.9 [64]. Measurements on various nanotubes of diameter in the range of 5.6 to
24.8 nm and a length ranging from 1.2 to 5.8 pum revealed an average Young’s modulus of
1.8 TPa. Figure 2.9(a—b) shows the transmission electron micrographs of free-standing
CNTs showing the thermal vibration at different temperatures. Figure 2.9(c) represents the
mean-square vibration amplitude of a 5.60 um long and 16.6 nm wide free-standing CNT.

The Young’s modulus of the CNT calculated by using the slope of the plot was 3.7 Tpa.

Wong et al. measured Young’s modulus of MWCNTs to be 1.3 TPa by using
atomic force microscopy [65]. A comparative study revealed that the MWNTSs were about
two times stiffer than silicon carbide nanorods. Further application of bending force on the
silicon carbide nanorod eventually led to fracture, whereas the MWNTs demonstrated a
remarkable elastic buckling. Various theoretical and experimental measurements have
demonstrated Young’s modulus of an individual SWCNT and SWCNT rope in the range
of 0.4-1 TPa [66-68]. Li et al. reported the direct tensile strength measurements of 20 mm
long ropes consisting of highly aligned SWCNTSs synthesized by the catalytic CVD [69].
The average tensile strength of SWNT rope composites was as high as 3.6 + 0.4 GPa,
similar to that of carbon fibers. Yu et al. measured the tensile strengths of individual
MWCNTSs to be ranged from 11 to 63 GPa by using a nano-stressing stage inside a scanning
electron microscope [70]. They observed a fascinating multi-step breaking mechanism of

MWCNTSs, which initiated in the outermost layer called sword-in-sheath failure.
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Additional analysis of the stress-strain curve of MWCNTs revealed Young’s modulus of

the outermost layer to be in the range of 0.27 to 0.95 TPa.
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Figure 2.9. (a-b) Transmission electron micrographs of free-standing CNTs showing the blurring at the tips
caused by thermal vibration at different temperatures. (c) Plot of mean-square vibration amplitude of a free-
standing CNT at different temperatures to calculate Young’s modulus [adapted from ref. 64].

2.5 Applications of CNTs

Because of the exceptional properties described in the previous section, CNTs have
potential in various applications, including field emission displays, energy storage, and

sensors. The following section describes the application of CNTs in various fields.
2.5.1 Field emission displays

CNTs are promising materials for macroelectronic devices such as field emission
display (FED) because of their excellent field emission properties. The CNT-based FEDs
can exhibit superior display performances such as fast response time, wide viewing angles,
wide temperature range of operation, ultra-slim features, low power consumption, bright

displays with excellent color and contrast resolution [71]. The vertical alignment of CNTs

34



is essential for their application as field emitters in FEDs. Wang et al. reported the
fabrication of a 32x32 matrix addressable diode FED (200x200 pum?) by using a CNT—
epoxy composite as the electron emission source, which exhibited excellently-lit pixels
under the bias of £150 V [72]. Each pixel of the FEDs was carefully analyzed by measuring

the current versus applied voltage curves across the panel.

Lee et al. fabricated large-area FEDs by using an electron emission layer of
SWCNT paste printed on a glass substrate to demonstrate moving color images [73]. Figure
2.10(a) and (b) show a schematic of the CNT-based FED panel with the diode structure
and a 4.5-inch CNT-FED display, respectively. The panel consists of a glass plate cathode
with stripes of CNTs and a phosphorus coated glass plate anode separated from the cathode
by a distance of 200 um. Pixels of 20 um size, consisting of vertically aligned CNTSs, were
fabricated on the cathode plate by screen printing and subsequent heat treatment at 350 °C
for 20 min. In contrast, the anode was prepared by screen printing the low voltage
phosphors of different colors with a thickness of 6-10 um on ITO-coated soda-lime glass.
The FED exhibited excellent field emission performance of a threshold electric field of

about 2 VV/um, as shown in Figure 2.10(c).

Nakayama and Akita fabricated FEDs on the basis of vertically oriented CNTs by
using the electrophoresis method [74]. The CNT field emitters were attached to the
substrate using conductive and non-conductive polysilane films. The device in diode
configuration showed a low turn-on voltage of 180 V for the conductive film while the
non-conductive film exhibited the bistability with the turn-on voltage of 380 V and turn-

off voltage of 250 V. The CNT-based and diode-type FED displayed strong luminescence;
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however, the stability was very poor. Various research groups have reported the fabrication
of FEDs using CNTSs, which show a promising future in economical, energy-efficient, and

performance-enhanced displays [75-78].
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Figure 2.10. (a) Schematic of a carbon nanotube field emission display with the diode configuration. (b) 4.5-
inch carbon nanotube field emission display. (c) Plot of brightness versus electric fields [adapted from ref
73].

2.5.2 Lithium-ion batteries and supercapacitors

Properties of CNTs such as unique one-dimensional tubular structure, large surface
area, short diffusion length of Li* ions, and high electrical and thermal conductivity make
them efficient electrode materials for high-performance energy storage devices [79].

Theoretical lithiation/delithiation predictions show that SWCNTs can facilitate charge
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transfer with relatively small structure deformation during electrochemical energy storage
and conversion mechanism [80]. It has been speculated that both the interstitial sites and
the inner wall of the nanotubes may be energetically favorable sites for Li* ion storage.
Furthermore, theoretical computations predicted that every two carbon atoms in a graphene
plane intercalate with a single Li* ion [81]. Therefore, CNTs exhibit higher Li* ion storage
capacity (~1000 mAh/g) than graphite (372 mAh/g). Figure 2.11(a) shows a schematic
diagram of a typical lithium-ion battery (LIB) consisting of a graphite anode and a LiCoO:

cathode, separated by a polymer separator [82].

Yang et al. conducted a comparative study of two kinds of CNTSs, i.e., short CNTs-
1 (150-400 nm long and 35-65 nm wide) synthesized by pyrolysis method and long CNTs-
2 (several um long and 15-30 nm wide) fabricated by a CVD method as anode materials
for LIBs [83]. Figure 2.11(b-c) represents the charge/discharge curves of type 1 and type
2 CNTs anode at the current density of 0.2 mAh/g. Besides, Figure 2.11(d-e) compares the
cycle stability of CNT anodes of type 1 and 2 at the current densities of 0.2 and 0.8 mAh/g.
The reversible capacities of the CNTs-1 anode were nearly double compared to the CNTs-
2 anode at both the high and low current densities. The poor electrochemical performance
of the longer CNT anodes was caused by the larger voltage hysteresis related to the surface
functional groups on CNTs and the surface resistance of CNTs. The surface resistance
caused the limited charge transport and higher overvoltage during Li* ions extraction from

electrodes.

Lu et al. fabricated high-performance and high-safety LIBs by using vertically

aligned CNTs (VACNTS) and V205 coated vertically aligned CNTs (V20s-VACNTS) as
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both anode and cathode electrode, respectively [84]. The VACNT anode and V20s-
VACNTSs cathode exhibited a high specific capacity of 600 mAh/g and 368 mAh/g,
respectively, leading to a high energy density of 297 Wh/kg and power density of 12
kW/kg. Recent research of electrode materials is mainly focused on composite materials
consisting of CNTs and high Li* ion storage capacity materials (e.g., Si, Ge, SnOz2, and L.i)
to address the inherent concerns such as tremendous volume expansion, capacity fading,
low energy density, and safety issues [85-88]. These CNT-based electrodes have pushed
LIBs well above 1000 mAh/g, some reaching even more than 2000 mAh/g with excellent

cycling capacity for hundreds of cycles at the higher current density.
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Figure 2.11. Electrochemical properties of CNTs anode. (a) Schematic of a LIB with graphite anode and
LiCoO; cathode [adapted from ref. 82]. (b-c) Charge/discharge properties of type 1 and type 2 CNTs anode
at the current density of 0.2 mA/h. (d-e) Cycle stability of type 1 and type 2 CNTSs anode at current densities
of 0.2 and 0.8 mA/h [adapted from ref. 83].

Carbon nanotubes have also been significantly investigated as electrodes of
supercapacitors because of their ability to store and deliver a tremendous amount of energy
in a short period of time for a long-life cycle through a simple charge separation process.

Niu et al. assembled a supercapacitor by using free-standing mats of entangled nanotubes
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as electrodes and reported that a power density of more than 8 kW/kg was achieved [89].
A single cell capacitor assembly with 38 wt % H2SOa as the electrolyte produced high
specific capacitances of 102 and 49 F/g at 1 and 100 Hz, respectively. An et al. fabricated
supercapacitors by using CNTs grown on polished nickel foil as electrodes [90, 91]. A low
contact resistance resulted from the direct growth of CNTs on conducting substrate was
observed. A reduced internal resistance as a result of a heat-treatment to the CNT electrode
at high temperatures was crucial for delivering high power densities. A maximum specific
capacitance of 180 F/g and a high-power density of 20 kW/ kg at energy densities in the

range of 7 to 6.5 Wh/kg were recorded [91].

Cheng et al. reported the fabrication of supercapacitors by using flexible and
binder-free CNTs-graphene-MnO2 nanocomposite electrodes [92]. The measurements
revealed a high specific capacitance of 372 F/g with excellent rate capability for
supercapacitors without current collectors and binders. Several research groups have
recently reported the fabrication of high-performance supercapacitors with different CNT-
based composite electrodes such as nitrogen-doped CNTs, CNTs-graphene

nanocomposites, and NiO-CNTs composite [93-95].
2.5.3 Photovoltaic devices

Carbon nanotubes have demonstrated potential applications in photovoltaic devices
such as solar cells for harvesting clean solar energy because of their high electron mobility
essential for efficiently collecting photo-generated electrons. Lee et al. reported the
fabrication of novel dye-sensitized solar cells using nitrogen-doped vertically aligned

CNTs (N-VACNTS) on a rigid glass substrate or flexible plastic substrate as counter
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electrodes [96]. Cyclic voltammetry analysis revealed much higher cathodic and anodic
current densities of the N-VACNT counter electrode than those of the platinum (Pt)
electrode. Improved current densities indicated that the N-VACNT counter electrode offers
a much faster reaction and electron transfer rate from the substrate than in the Pt electode.
Figure 2.12(a-b) represent a schematic of a dye-sensitized solar cell with N-VACNT
counter electrode and current density (J) versus voltage (V) characteristics of solar cells
with N-VACNT or Pt counter electrodes. Under illumination, the N-VACNT based solar
cell exhibited comparatively similar performance to that of the Pt-based solar cell with a
fill factor of 0.67, a current density (Jsc) of 14 mA/cm?, an open circuit voltage (Voc) of

0.767 V, and a conversion efficiency of 7.04 %.
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Figure 2.12. CNTs for solar cells. (a) Schematic of a dye-sensitized solar cell with N-VACNT counter
electrode. (b) J-V characteristics of solar cells with N-VACNT or Platinum (Pt) counter electrodes [adapted
from ref. 96].

Dang et al. report the fabrication of the dye-sensitized solar cells with TiOz2-
SWCNTSs nanocrystal core-shell nanocomposites as photoanodes [97]. The addition of a
small fraction of SWCNTSs improved the power conversion efficiency of the solar cells to
10.6% by increasing the electron collection efficiency. Yue et al. synthesized MWCNTSs

decorated with tungsten sulfide (WS2-MWCNTS) for use as a low-cost platinum-free
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counter electrode in dye-sensitized solar cells [98]. The solar cell showed a conversion
efficiency of 6.41% under a simulated solar illumination of 200 mW/cm?, comparable to
6.56% for a dye-sensitized solar cell with a Pt counter electrode. Li et al. reported the
synthesis of VACNTSs directly onto a free-standing graphene paper (GP-VACNTS) by
using CVD and used the composite as counter electrodes in dye-sensitized solar cells [99].
The solar cell with GP-VACNTSs counter electrode exhibited the closed-circuit current
density of ~14.6 mA/cm? and the conversion efficiency of 6.05%, comparable to that of

the Pt counter electrode.
2.5.4 Sensors

Carbon nanotubes are considered excellent chemical and biological sensors
because of their unique electrochemical and adsorption properties. These sensors work
according to feedbacks shown in the I-V curves upon adsorption of specific molecules on
the CNT’s wall. It has been demonstrated that the use of CNTs in sensor devices improves
sensitivity and selectivity, as well as response rate and recovery time. Sayago et
al. synthesized SWCNTSs by the arc-discharge method. They investigated them as resistive
gas sensors for Hz detection at room and elevated temperatures after functionalizing with
palladium (Pd) nanoparticles of diameter 3-5 nm [100]. Figure 2.13 (a) shows a typical
transmission electron micrograph of the Pd-SWCNT composite used for Hz detection at
room temperature. Figure 2.13(b) represents the dc electrical measurements (resistances)
of the sensor at the detection concentrations of Hz from 0.5 to 4% in the mixture with pure
N2. The measurement showed a small variation in resistance as a function of gas

concentration. The slow rate of adsorption-desorption processes was accredited to the low
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operating temperature; however, the sensor sensitivity (S = 100 x (AR)/Rnz2) was

significantly increased and reached about 20% at the temperature of 250 °C.

Star et al. used a network of SWCNTSs decorated with metal nanoparticles (e.g., Pd,
Pt, Rh, and Au) in the form of a field-effect transistor to detect toxic/combustible gases
such as Hz, CH4, CO, and HzS [101]. The decoration of CNTs with metal nanoparticles
dramatically improved the selectivity and sensitivity of the sensor at less than 5 ppm (parts-
per-million) concentrations of gases. It has been reported that various materials such as
NHs, H202, DNA, glucose, and protein can be detected by recording their electrical or
optical response to the CNT-based sensors before and after introducing the detection

materials [102-106].
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Figure 2.13. Application of CNTSs as a gas sensor. (a) Transmission electron micrograph of Pd-SWCNT
composite. (b) Response curve of the Pd-SWCNTSs at room temperature [adapted from ref. 100].

2.5.,5 Hydrogen storage
Hydrogen has demonstrated tremendous potential as a fuel to power transport
vehicles and electronic devices. However, a lack of proper hydrogen storage has remained

a problem for a long time, limiting its use as a power source. A large number of theoretical

and experimental research have revealed that CNTs can store a significant amount of
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hydrogen at an extensive temperature range because of their chemical stability, large
surface area, low density, hollowness, and nanometer-scale diameters. Research performed
by Dillion et al. showed the possibility of storing impressive 5-10 wt.% molecular
hydrogen at room temperature in SWCNTSs of diameter 1.2 nm, which were synthesized
by the arc-discharge method [107]. Shiraishi et al. investigated molecular hydrogen
desorption from SWCNT bundles at about 350 K by using the temperature-programmed-
desorption (TPD) method [108]. The SWCNTSs treated with NaOH exhibited the storage
of the hydrogen molecule in an inter-tube space and sub-nanometer sized spaces in the
bundle. Since the hydrogen desorption measurement was performed under high vacuum
conditions, only a small amount (0.01 wt%) of molecular hydrogen was desorbed into the

host SWCNT bundle at the moderate temperature.

It has been reported that the hydrogen storage capacity of the CNTs can be
improved significantly by impregnating Ni nanoparticles on MWCNTs [109]. The
improved hydrogen storage capacity was accredited to the effective dissociation of
hydrogen molecules in the gas phase by Ni catalysts, supplying atomic hydrogen promising
for adsorbing on the walls of MWCNTSs. Hydrogen desorption measurements revealed
~2.8 wt % hydrogen storage into MWCNTS in the temperature range of 340-520 K.
Seenithurai et al. performed a theoretical analysis of Al-decorated SWCNT for possible
hydrogen storage applications by Density Functional Theory [110]. The investigation
revealed that the Al decoration on the CNT’s wall significantly increased the gravimetric
hydrogen storage capacity up to 6.15 wt% since Al atoms adsorbed H2 molecules by

polarizing them. The improved hydrogen storage capacity was accredited to the enhanced
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interaction between the CNT and aluminum caused by the enhanced charge transfer from

the aluminum to the CNT.
2.5.6 Other applications

Carbon nanotube yarns can convert mechanical energy into electrical energy from
torsional and tensile motion. It has been reported that these CNT yarn harvesters can be
used in the ocean to harvest wave energy on a large scale and combined with artificial
muscles to generate electrical energy from a temperature gradient [111]. The CNTs have
potential applications on scanning probe instruments because of their small dimension,
high electrical conductivity, high tensile strength, and flexibility. The CNTs have exhibited
an improved resolution when used as the tips of an atomic force microscope or scanning
tunneling microscope [112, 113]. The CNTs and their derivatives have shown excellent
biocompatibility and emerged as a new alternative and efficient tool for transporting
remedial drug molecules [114, 115]. The key to drug delivery applications is that CNTs
can be functionalized with protein or drug molecules, and the bio-composite can be
delivered to cells and organs. Furthermore, because of CNT’s extremely high tensile
strength, high Young’s modulus, large aspect ratio, low density, chemical stability, and
high thermal and electrical conductivity, CNTs-based composites have shown potential
applications for various structural applications [116]. In short, the excellent properties of
CNTs have facilitated their applications in various fields, which will be crucial in

nanotechnology.
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CHAPTER 3
Experimental procedure and characterization technique

Chapter 3 presents the detailed description of the techniques used for synthesis,

characterization, and properties measurement of the materials in the dissertation work.
3.1 Substrate preparation
3.1.1 Substrate for dense arrays of vertically aligned CNTs

Vertically aligned CNT (VACNT) arrays growth experiments were performed on
stainless steel (SS 304 type, Fe 72, Cr 18, Ni 8, Mn 2 wt.%) and copper (Cu 99.95 wt.%).
The as-received metal sheets were cut into slabs of dimension 1 cm x 1 cm x 0.63 mm or
circular disks of diameter and thickness of ~1.5 cm and 0.60 mm, respectively. Then
substrates were polished with different sandpapers (Norton 120, 1200, 2400, and 4000 grits
successively) to a smooth finish. Furthermore, free-standing, binder-free VACNT anodes
for coin cell lithium-ion batteries were synthesized on nickel foam (Ni 99.99 wt.%). The
as-received Ni foam was cut into circular disks of diameter and thickness of ~1 cm and 1.6
mm, respectively. Subsequently, metal substrates were cleaned ultrasonically with acetone
and isopropyl alcohol (IPA) baths, each for 10 minutes to remove organic/inorganic
contaminants. Then, varied synthesis parameter tests were performed in a plasma-enhanced

chemical vapor deposition (PECVD) system, as described in section 3.2.1.
3.1.2 Substrate for morphology-controlled arrays of vertically aligned CNTs

Figure 3.1 shows a schematic of the nanosphere lithography (NSL) procedure using

polystyrene (PS) spheres for the selective synthesis of VACNT pillars or individual self-
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Figure 3.1. Schematic diagram showing the stepwise process of the NSL using polystyrene (PS) spheres to
create optimum spaces on the Cr-coated SS surface before growing individual/pillar VACNTSs on them.

standing VACNT array on the bulk catalytic metal substrate. A brief description of the
NSL procedure is as follows. As-received SS sheet with a thickness of 0.6 mm was cut into
circular disks of diameter ~1.5 cm. They were sequentially polished with sandpapers
(Norton 120, 600, 800, 1200, 2400, and 4000 grits) to a smooth, shiny finish followed by
a 10 minutes ultrasonication in acetone and IPA bath, respectively. The clean SS disks were
treated with RCA solution (NH4OH:H202:H20 in the ratio 1:1:5) for 30 seconds to make

their surface hydrophilic.

The PS sphere solutions were prepared by mixing commercially available PS
sphere suspensions (5% w/v, Spherotech Inc.) with spheres of sizes (nominal diameter)
110, 200, 450, 950, and 1500 nm with IPA at a volume ratio of 1:20, 1:15, 1:10, 1:4, and
1:2, respectively. The different PS solution concentrations were used to achieve a uniform

distribution of individual spheres on the substrate without forming clusters of the PS
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spheres and maintaining the number density of VACNT emitters constant for different
samples. A drop of the PS sphere solution about 30 puL was cast on the substrate surface,
followed by a spin coating process at 2000 rpm for 35 seconds. Chromium (Cr) layer (CNT
inhibitor layer) of different thicknesses, such as 15, 50, 150, and 300 nm, were deposited
on the substrate surfaces patterned with PS spheres of sizes 110, 200, 450, 950, and 1500
nm, respectively using the e-beam evaporation method. Finally, the Cr-coated substrates
were ultrasonicated in an acetone bath for 3 minutes to remove the PS spheres and obtain
open circular areas on the SS substrate. Figure 3.2(a) shows a scanning electron micrograph
of the SS substrate after the dispersion of PS spheres of diameter 200 nm. Figure 3.2(b)
represents the Cr-coated (50 nm) SS surface after removing PS spheres by ultrasonication

in an acetone bath.

/

Exposed SS surface
(cavity)

Figure 3.2. Scanning electron micrographs of the Cr-coated SS surface (a) before and (b) after the removal
of PS spheres of diameter 200 nm. The removal of PS spheres results in the small circular cavities to expose
the native surface of the SS, which are the potential sites for the growth of VACNTS.
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3.2 Material synthesis techniques

3.2.1 Plasma-enhanced chemical vapor deposition
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Figure 3.3. Schematic diagram of the PECVD system used to synthesize VACNT arrays.

Vertically aligned CNT arrays were synthesized by using an in-house designed
plasma-enhanced chemical vapor deposition (PECVD) system, as shown in the schematic
diagram of Figure 3.3. It consists of a quartz tube of diameter 10 cm and length 43 cm
wrapped around by an infrared heater (RHL-P65CP, ULVAC-RICO, INC.) to concentrate
heat onto the substrate. A solid cylindrical copper rod (diameter = 25.5 mm and height =
17.8 mm) was used as the sample (substrate) holder and a cathode, on which a negative

bias was applied to generate plasma. The gas inlet and outlet lines were present at the two
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closed ends of the quartz tube for the carbon source and carrier gases. These lines could be

pumped down if necessary.

The VACNT growth parameters were optimized according to the results of
previously published literature [1, 2]. A brief description of the VACNT growth procedure
is as follows. The cleaned metal substrates were placed on top of the sample holder and the
reaction chamber was pumped down to 0.01 Torr (base pressure). Then ammonia gas
(NHs) as an etch and reduction gas was introduced at a flow rate of 400 or 600 standard
cubic centimeters per minute (sccm). The substrates were heated to growth temperatures
(Table 3.1) at a rate of 50 °C/min under the NH3 environment at a constant pressure of 7
Torr. It should be pointed out that during the temperature increase to the targeted
temperatures, the substrates were simultaneously treated by the NHs gas, resulting in the
change of the substrate surface structure. The surface treatment is not a separate process
from the VACNT growth. Once the growth temperature reached the targeted value, DC

plasma was turned on and adjusted to the desired powers (Table 3.1).

Acetylene (Cz2H2) as a carbon source was introduced immediately for VACNT
growth as soon as the plasma became stable. The flow rate of C2H2 was kept constant at
15 or 25 sccm throughout the VACNTSs growth time. The VACNTs were grown for
different time durations, as indicated in Table 3.1, then allowed to cool down to about room
temperature under the base pressure. To study the surface morphology just before
introducing the carbon source (C2H), two different SS substrates were prepared by heating
to 760 °C at the rate of 50 °C/min under the NH3 environment and Ar environment both at

400 sccm and 7 Torr. To study the surface morphology of Cu substrates before introducing
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the CzH2, the substrates were prepared by heating to 650 °C, 700 °C, or 750 °C in the
presence of the NH3 (600 sccm) at the pressure of 7 Torr. Table 3.1 represents the typical

synthesis parameters for synthesizing VACNTSs on different metal substrates.

Table 3.1. Typical parameters for the growth of VACNTS on different metal substrates.

Flow rate (sccm)

Substrate Temperature (°C) Time (min.)  Plasma (W)
CoH; NHs
SS 650, 700, 760, 800 2,5,10,15,20 9,40, 70,92 15 400
Patterned SS 600 10 70 25 400
Cu 600, 650, 700, 750, 800 30 70 25 600
Ni-foam 600 7 70 25 400

3.2.2 Wet-chemical method

The VACNT arrays were coated with tin oxide (SnO2) nanoparticles to study their
electron field emission and electrochemical properties. A simple wet-chemical method
similar to that reported by Han and Zettl [3] was used to synthesize SnO2 nanoparticles on
the external surface of the VACNTs to form core-shell (SnO2-VACNTS) structured
composite material. The as-synthesized VACNT array (not separated from the original
substrate) was treated with nitric acid (HNOs, 40%) at room temperature for two hours to
clean the surface of nanotubes and to create the oxygen-containing functional groups on
the VACNT wall. However, the acid treatment to the VACNT array synthesized on Ni-
foam was performed in a weak HNOs (20%) for 15 min to protect the Ni fibers from
dissolving into the acid. A solution was prepared at room temperature by mixing 1 g of tin
(1) chloride (SnCl2, 98%, anhydrous) in 80 mL of deionized water, and then 1.4 mL of

hydrochloric acid (HCI, 38%) was added. Finally, the acid-treated VACNTSs sample, first
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rinsed with deionized water, was submerged into the solution for different coating periods.
The solution was stirred by the gentle flow of air through the solution continuously to
facilitate the coating process. Once the sample was coated for the desired time, it was taken

out from the solution and dried at 95 °C for 15 min.
3.3 Examination techniques for structural characterization
3.3.1 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful surface analysis technique for
characterizing micro/nanostructures down to a sub-nanometer resolution. This flexible
technique can be used in ambient air or liquid media to precisely scan the local features of
the samples. The AFM scans the surface of a specimen by using a sharp tip of a size of ~10
to 20 nm attached to a cantilever. While scanning the surface, the tip moves in response to
tip-surface interactions caused by the van der Waals forces [4]. This defection of the
cantilever is projected to a photodiode with the help of a laser beam, which finally maps
the surface features at nanoscopic precision. The AFM images the sample by touching the
surface continuously with the tip (contact mode) or vibrating the cantilever above the
sample surface such that the tip is only in intermittent contact with the surface (tapping
mode) [5]. Many physical properties, including size, morphology, surface texture, and
roughness of the samples before C2H: introduction, were analyzed by the AFM in tapping
mode (Veeco Multimode Nanoscope Il D) with Si tip (spring constant = 42 N/m and
resonance frequency = 250-300 kHz). Raw data were processed and analyzed using

Nanoscope Control and Gwyddion software.
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3.3.2 Focused ion beam method

Focused ion beam (FIB) is an extremely useful technique for scanning and cutting
the substrate surface at the micro/nanoscale inside a vacuum chamber. The FIB uses highly
focused ion beams such as Ga* beam to cut the specimen for sample preparation in electron
microscopy. However, it can also be used to remove/deposit materials from/to a specific
site of the sample surface for creating MEMS/NEMS devices [6]. During the FIB
micromachining, chemical interactions and heating caused by the powerful ion beam can
induce damages in the sample. So, removing neutral and ionized atoms from the substrate
is essential for FIB application. It is also critical to cover the substrate surface with a
metallic or carbon layer for protecting the surface damage caused by energetic ion beams
[7, 8]. The surface evolution and chemical composition of the SS substrate induced by the
heat treatment under the reducing environment before introducing hydrocarbon precursor

gas were analyzed using dual-beam FIB (Ga+) system equipped with an energy dispersive

Figure 3.4. Sample preparation by FIB technique to study surface evolution and chemical composition of
the SS substrate before introducing the carbon precursor gas. (a) Scanning electron micrograph showing the
FIB-milled area. (b) Scanning electron micrograph of a cross-section of the SS substrate.
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dispersive X-ray spectrometer (EDS) and scanning electron microscope. Figure 3.4(a-b)
represent the scanning electron micrographs of the substrate surface after the FIB milling
and the cross-sectional structure of the sample, coated with a platinum (Pt) layer to protect

the surface features.
3.3.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is a common technique used to study the
texture, chemical composition, and orientation of materials composing the sample. The
secondary electrons and back-scattered electrons, resulting from electron-sample
interactions upon the introduction of high-energy electrons focused beam on the sample
surface, generate the specimen’s information in the form of two-dimensional images [9].
An SEM is regarded as a non-destructive method for probing the sample, so the same
materials can be examined repeatedly if necessary. In my research, the surface morphology
of the as-synthesized samples was examined by using a field emission Scanning Electron
Microscope (SEM, JEOL JSM-6330F) operated at an accelerating voltage of 25 kV. The
samples were directly glued to the sample holder using conducting (copper or carbon) tape

to inspect through the SEM.
3.3.4 Transmission electron microscopy

Transmission electron microscopy (TEM) is an efficient technique for generating
highly magnified atomic-scale resolution images in real space that uses a high-energy
electron beam to visualize the sample. During the TEM operation, an electron beam strikes
the sample, and an image is formed by using the information contained in the electron

waves transmitted through the specimen [10]. The nano-structural analyses of samples
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were carried out by using an FEI Tecnai F30 TEM operated at 300 kV equipped with an
Energy Dispersive X-ray spectrometer (EDS). A Tecnai G220 U-Twin high-resolution
TEM with an acceleration voltage of 200 kV was used to acquire the images in the case of
VACNTS synthesized on the Cu substrate. Crystal structure and chemical composition of
samples were investigated through high-resolution TEM images (HRTEM), selected area
diffraction (SAED) pattern, and EDS. The TEM sample preparation was performed on the
as-synthesized VACNTS, by being scratched off the substrate using tweezers and then
dispersed ultrasonically in IPA for 5 min and deposited on to the TEM grid. The TEM raw
data were processed and analyzed using Gatan Microscopy Suite (GMS3) and ImagelJ

software.
3.3.5 X-ray diffraction analysis

X-ray diffraction (XRD) is a rapid and non-destructive technique used to identify
phases of crystalline materials that determine the atomic and molecular structure. The XRD
identifies the crystal structure on the basis of Bragg’s diffraction pattern formation upon
striking the crystalline sample by monochromatic X-rays. In the dissertation, the crystal
structure of the Cu filled inside the VACNT and SnO2 present in SnO2-VACNTS core-shell
structure was established via XRD experiments in Siemens Diffraktometer D5000 using
Cu (Ka) radiation (A = 1.54 A) operated at 40 kV and 40 mA with the step size of 0.02°
ranging from 20° to 80° at a speed of 0.5°/min. During the XRD experiment, the substrate
with as-synthesized samples was placed directly on the sample stage and targeted with the
X-ray beam. The crystal phases of Cu at the core of VACNTSs and SnO2 were identified by

comparing them with the ICDD PDF standard database.
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3.3.6 Raman spectroscopy

Raman spectroscopy is a useful non-destructive real-time material analysis
technique that depends on the inelastic scattering of light according to the Raman effect.
The Raman spectrometer's main components include a monochromator, sample holder,
detector, and a light source. A monochromatic light incident on the sample interacts with
the molecules during the spectral measurement, inducing a redshift of the photon's energy
[11]. The induced change in energy reflects the internal vibrational energy of molecules,
which is observed as a change in the reflected photon energy. Analysis of this energy
change provides detailed information about chemical structure, crystallinity, defects, and
molecular interactions. In my dissertation, the degree of structural defect on the as-
synthesized VACNT samples was characterized by a Raman spectrometer equipped with
an Ar* laser of wavelength 632.8 nm, operated at a maximum power of 15 mV. The relative
intensity of two Raman characteristic peaks (Io/lc) was used to analyze the degree of
defects present in the materials [12]. A higher value of Io/lc interprets into the presence of

a large number of defects.
3.3.7 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is an efficient method to identify
and characterize different functional groups, contaminants, and additives associated with
the material (organic/inorganic) under investigation. The FTIR technigque uses the Fourier
transform, a mathematical tool, for translating the raw data recorded over a wide frequency
range in the infra-red region into the actual high-resolution infrared spectrum of

transmission or absorption. In the FTIR experiment, a beam of light containing many
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frequencies is incident on the sample, and the spectrometer collects photons
transmitted/absorbed by the specimen. The process is repeated many times with the light
beam containing a different combination of frequencies, and the data are compiled to
produce the spectrum. In the dissertation, the functional groups created after the acid
treatment and SnO2 coating on the CNT wall were analyzed using an FTIR (Jasco, FT/IR-
4100) in the frequency range between 4000 and 550 cm™ with the spectral resolution of 4

cm™.
3.4 Properties measurement
3.4.1 Field emission properties measurement

The field emission (FE) properties of VACNT emitters were measured inside a
vacuum chamber using a diode configuration method under the pressure of ~1x10 Torr.
Figure 3.5 shows a schematic diagram of the set up for field emission measurement. In
diode configuration, the as-synthesized VACNT samples were glued onto a stainless steel
plate by silver paste and were used as the cathode. In contrast, a solid cylindrical stainless
steel rod of cross-section area 0.803 cm? was used as the anode. A fixed distance of 500
pum separated the anode and cathode. A Keithley 236 SMU was used to measure the
emission current; meanwhile, a Matsusada AU-15P20 DC power supply was used to apply
the voltage bias during the experiments. A pair of general-purpose interface bus (GPIB)
were used to communicate between the computer, power supply, and SMU. The voltage
was increased in steps of 50 V, and the corresponding current was measured until the
emission current was saturated. The field emission properties of the samples were tested

multiple times to confirm the repeatability and reliability of the recorded data.
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Figure 3.5. A simplified schematic diagram of electron field emission properties measurement set up.

3.4.2 Electrochemical lithiation properties measurement
3.4.2.1 Via coin cell fabrication

Electrochemical lithiation properties of pristine VACNTs and SnO:2 coated
VACNTS (SnO2-VACNTSs core-shell structure) anode synthesized directly on the three-
dimensional Ni foam were measured by fabricating lithium-ion coin cells. Figure 3.6
represents the schematic diagram of the coin cell assembly of a lithium-ion battery
(CR2032 coin type), showing its constituents. Coin cells were assembled inside an argon-
filled glove box with both moisture and oxygen levels less than 1 ppm. The coin cells were
fabricated in half-cell configuration with lithium foil (99.9 %, Aldrich) as both counter and
the reference electrode, while pristine VACNTSs or SnO2-VACNTs composites fabricated

on Ni foams as the anode. Furthermore, 1 M LiPFs dissolved in a mixture of ethylene
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carbonate (EC) and dimethyl carbonate (DEC) (v/v = 1:1) was used as an electrolyte,

whereas a Celgard polypropylene film was used to separate the anode and cathode.

The electrochemical lithiation measurements were carried out using a Princeton
VMP3 Bio-Logic potentiostat at room temperature, and all the potential values were
measured versus Li/Li+. The lithium-ion storage behavior of the pristine VACNTSs and
SnO2-VACNTS anode was characterized by cyclic voltammetry (CV) measured between
0.01 and 3 V at a scan rate of 0.2 mV/s during the first five cycles. Also, the
charge/discharge characteristics of the samples were evaluated at a constant current of 0.1
Al/g with cut-off potentials at 0.01 V and 3 V. Furthermore, the cycle stability of the
samples was tested for 100 and 200 cycles. The rate capability of the coin cell was
evaluated at different current densities such as 0.1, 0.2, 0.5, 1, 2, and 5 A/g. The spectral
impedance of the cell was measured by applying a sine wave with an amplitude of 5.0 mV

over the frequency range from 100 kHz to 0.05 Hz.

Cell cap (-)
Sn02-VACNTSs

Separator anode
Li foil Spacer + Spring
Cell cap (+)

&

Figure 3.6. Schematic diagram showing the constituents of a CR 2032 lithium-ion coin cell.

69



3.4.2.2 Via miniaturized cell fabrication inside TEM

To study the lithiation/delithiation characteristics of a SnO2-CNT nanowire, a
miniaturized lithium-ion battery (LIB) was designed and fabricated inside a transmission
electron microscope (TEM, FEI Tecnai F30) using TEM-scanning tunneling microscopy
(STM) holder, as shown in Figure 3.7. The SnO2-CNT sample was glued to aluminum (Al)

wire coated with conductive epoxy on the tip to assemble the battery. Some fresh lithium

Li:O .
Conductive

epoxy

@ @

Potentiostat

Figure 3.7. Schematic showing a design of the miniature LIB using SnO,-CNT nanowire as an anode.

as the counter electrode and lithium-ion source was loaded at the sharp tip of a tungsten
(W) wire by indenting the lithium metal inside a glovebox. The TEM-STM holder, with
both the SnO2-CNT and lithium electrodes, was transferred into the TEM, and the lithium
electrode was pushed to contact the SnO2-CNT. The lithium-ions transport was facilitated
by a Li20 solid-state electrolyte layer formed on the lithium metal surface. A bias of -2 V
was applied to the SnO2-CNT electrode with respect to the lithium electrode to initiate the

lithiation, whereas the bias was reversed to facilitate the delithiation.
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3.5 Electrostatic field distribution simulation

//,—

4

Grounded surface (0 V)
(Anode)

Field emitters

Symmetry surfaces

Figure 3.8. A typical domain consisting of a VACNT-based pillar emitter for electrostatic field simulation
in a diode configuration method. The top surface was grounded, whereas a constant potential at the bottom
surface generated a uniform macroscopic electric field of 1 VV/um in the domain.

To support the conclusion drawn from the experimental results, the electrostatic
field distribution on the tip of emitters was simulated using COMSOL™ MULTIPHYSICS
5.2 software. Figure 3.8 represents a typical domain used to simulate the electrostatic field
from a VACNT-based pillar field emitter in a diode configuration. The top boundary of the
domain was grounded (V = 0). In contrast, the bottom surface was provided with a constant
surface charge density o = eoEa, where ¢o is the dielectric permittivity of vacuum and Ea (1
V/um) is a macroscopic electric field in the domain. Symmetry surfaces of the domain
ensure no electric field perpendicular to these surfaces, i.e., n-E = 0. The symmetry
boundary condition makes the surfaces act as mirrors so that the stationary solution in the
domain can be considered as that of an infinite array [13]. The VACNT emitters of different

morphologies such as dense arrays, conical bundles, pillars, and Cu-filled VACNT arrays
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were simulated. The emitters were assigned with similar physical properties as those of as-
synthesized samples, such as the aspect ratio, inter-tube/pillar distance, and material
properties of the filler metal before running the simulation. The simulated local electric
field at the tip of emitters was visualized using the surface plot, and the magnitudes were

recorded via the “minimum/maximum values” icon.
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CHAPTER 4

Vertically aligned CNT arrays on stainless steel: Direct growth, structural

modification, and their field emission properties

Chapter 4 presents a detailed description of the experimentations and results
obtained through rigorous scientific analyses on synthesis, characterization, and field
emission properties measurement of pristine and structurally modified VACNT arrays

grown on the stainless steel.
4.1 Introduction

Since the discovery of carbon nanotubes (CNTSs), one of the allotropes of carbon,
by lijima in 1991 [1], a vast amount of time, money, and efforts have been expended on
exploiting their unique and excellent properties to develop new devices and to improve
many components of current technologies. Carbon nanotubes have shown great potential
in plentiful applications, including field emission (FE) emitters, lithium-ion batteries,
supercapacitors, sensors, fuel cells, solar cells, and scanning probe microscopy (SPM),
because of their unique physical, electronic, mechanical, and thermal properties [2-11].
The CNTSs are regarded as the best field emitters in a non-oxidizing environment that can
be utilized as cold field emitters in vacuum electronic devices such as FE displays, electron
microscopes, X-ray sources, microwave amplifiers, and nano-electronics [11-15]. Apart
from being more energy-efficient, CNT field emitters can produce a more stable electron
beam, which can help accurate electron beam focusing. For such a wide range of
applications, CNTs with varied properties and characteristics are instrumental. Many of

these applications, such as field emission emitters, require high-quality vertically aligned
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carbon nanotubes (VACNTSs) directly grown on a metal substrate, which provides
numerous advantages over randomly oriented CNTs (ROCNTS) and powdered forms [16-

18].

The FE process involves electron transportation from the substrate through the
interface between the substrate and CNT, along the CNT, and final emission out into the
vacuum. Since the first report of FE from a single CNT by Rinzler et al. [19] and from a
CNT film by de Heer et al. [20] in 1995, various CNTs and CNT films have been studied
extensively for their FE properties. The morphology of CNTs, such as tip structure, length,
degree of defects, number density, alignment, and geometrical arrangement, play a crucial
role in their FE properties including turn-on and threshold electric fields, field enhancement
factor, FE current density, and stability [21-25]. Besides, the direct contact of CNT emitters
with the substrate is essential to enhance the EF performance by facilitating efficient
electron transfer. However, CNTSs are generally synthesized on a substrate coated first with
a buffer layer and then a catalyst layer by different deposition techniques [26-28]. The
buffer layer arguably adds an extra electrical resistance between the CNT and the substrate,
limiting implementation into applications that require good electrical conductivity. Hence,
it is desirable to grow VACNTS directly on the conducting metal substrate to minimize the

resistance between the CNTs and the substrate.

Several groups have reported the growth of dense forest of VACNTs and ROCNTs
directly on the metal substrate using different techniques [29-32]. However, most of these
synthesis techniques require careful substrate surface pretreatments to nucleate CNT

growth sites, which add extra steps to the growth method limiting their commercialization.
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Another problem with the direct synthesis of VACNTSs on the conducting substrates
without an extra catalyst layer lies in non-uniform and non-reproducible CNT growth. Most
importantly, those typical dense VACNT arrays suffer screening effect because of the close
proximity of neighboring VACNTSs, which adversely affects the field emission
performance by increasing the turn-on field and decreasing the total emission current

density [33].

It has been reported that a post-growth structural modification of the CNT-based
emitters by coating the CNTs with a wide-bandgap semiconducting metal oxide or metal
nanoparticles, such as TiO2, ZnO, RuO2, MgO, In, Al, and Cu, can enhance the FE
properties through modifying the electronic and the physical structure of the CNT-based
field emitters [34-38]. It has also been proven that coating CNT emitters with metal oxide
nanoparticles can help passivate defective sites on the CNT’s surface, thereby improving
the FE stability remarkably. However, to our knowledge, only a few works regarding the
direct synthesis of VACNT-based field emitters on the conducting substrate and their FE
properties enhancement by simple post-treatment methods such as water treatment and
SnO2 coating have been reported. The post-treatment method in solution media was also

advantageous for creating the morphology of VACNT arrays favorable to the FE process.

This study developed a facile and inexpensive method for directly synthesizing
VACNT arrays on stainless steel (SS) substrate without any external catalyst layer using
direct current (DC) plasma-enhanced chemical vapor deposition (PECVD) to enable a
bulk-synthesis approach. We performed a study on the surface characterization of the SS

substrate before the CNT growth. We focused on understanding the growth mechanism
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and the effect of the synthesis parameters, such as growth time, growth temperature, and
plasma power, on the VACNTSs growth. We coated the VACNTS with a thin layer of SnO2
nanoparticles using a facile one-step wet-chemical method. The FE characteristics of the
as-synthesized, water-treated, and SnO2 coated VACNTS were studied to understand the
effect of the SnO2 coating and the morphology change of the VACNTSs array on the FE
performance. Our result revealed that water treatment and SnOz2 coating could significantly
improve the FE properties of the VACNTSs. We also performed simulations to understand
the effect of the surface modification caused by post-treatments to the VACNTS film on

the FE performance. The simulation result agrees well with experimental results.
4.2 Experimental details
4.2.1 Synthesis of VACNT arrays

The SS substrates were prepared as described in section 3.1.1, and forests of
VACNTSs were grown using the DC PECVD method as described in section 3.2.1. In brief,
the VACNT synthesis experiments were performed at different temperatures such as 650,
700, 760, or 800 °C; meanwhile, other parameters such as time (10 min), pressure (7 Torr),
plasma (70 W), the flow rate of C2H2 (15 sccm) and the flow rate of NHs (400 sccm) were
kept constant throughout the experiment. Similarly, VACNTs were synthesized for
different durations (2, 5, 10, 15, or 20 min) and at different plasma power (9, 40, 70, or 92
W) by keeping other parameters constant to understand the effect of growth parameters on
the VACNT morphology. Furthermore, VACNT arrays were synthesized at 700 °C for 5,

10, or 20 min at the plasma power of 75 W under the pressure of 7 Torr for water treatment
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and SnOz2 coating to study FE properties. The flow rates of C2H2 and NH3 were maintained

at 25 and 400 sccm, respectively.
4.2.2 Water treatment and SnO; coating to VACNT arrays

The as-synthesized VACNT arrays were submerged into deionized water (80 mL)
for nine hours at room temperature. A gentle flow of air through the deionized water
facilitated the water treatment. Once the treatment time was achieved, the samples were
dried by using a hot plate at 95 °C for 15 min. Also, VACNT arrays of different lengths
were coated with SnO2 nanoparticles using the wet-chemical method at room temperature,

as described in section 3.2.2.
4.2.3 Field emission measurement

The FE properties of pristine VACNT arrays, water-treated VACNT arrays, and
SnO2 coated VACNT arrays of different lengths were measured using a diode
configuration inside a vacuum chamber under the pressure of ~1x10° Torr, as described
in section 3.4.1. The FE performance of VACNT emitters was compared according to their
lengths and morphology achieved as the result of post-treatments to emitter arrays in

solution media.
4.2.4 Electrostatic field simulation

Electrostatic field distribution for the VACNT emitters was simulated using
COMSOL™ MULTIPHYSICS 5.2 software, as described in section 3.5. Three-
dimensional (3D) models consisting of single VACNT, a dense array of VACNTS, and
systems having VACNT bundles with different emitter densities were created. The

parameters such as the length of VACNT = 8 um, the diameter of VACNT = 130 nm, and
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inter-VACNT distance = 0.3 um were chosen to be reasonably close to the real VACNTSs
emitters system (20-min sample). An electric field of 1 VV/um was applied between the top
and bottom boundaries of the simulation domain. Surface and contour plots were used to
visualize the results, whereas the magnitudes of local electric fields were recorded by using

a point evaluation icon.
4.3 Results and discussion
4.3.1 Surface morphology of the substrate

The study of surface morphology of the substrate before the introduction of
hydrocarbon gases could provide essential information in understanding the growth
mechanism of CNTs on the catalytic substrates. On-site decomposition of the hydrocarbon
source (C2Hz in our case) and diffusion of the carbon atoms or clusters into the active
nucleation sites (nano-sized catalyst islands) are critical steps in CNTs growth. Hence,
abundant availability and uniform distribution of the active nucleation sites on the substrate
surface greatly affected the CNT synthesis. Therefore, a detailed study of the substrate

surface structure was necessary.

Figure 4.1(a) and (b) show AFM images of the surface of as-received and polished
SS samples, respectively. Figure 4.1(e) and (f) are the high-resolution AFM images of the
as-received and polished SS samples, respectively. Larger grains with distinct features of
lateral size ranging from few microns to ~17 um were observed on the as-received sample
surface, whereas a smooth and featureless surface was observed after polishing, confirming
the effectiveness of the polishing process. These grains on the as-received SS sample

surface were likely a thin layer of passive chromium oxide (Cr203). Although such a layer
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present on the surface of commercially available type 304 SS has advantages in corrosion

resistance, it has demonstrated a poisonous effect on the metal catalyst for an adverse effect

Figure 4.1. Low (100 x 100 pm scan, top row) and corresponding high (5 x 5 pm scan, bottom row)
resolution AFM images of the (a, e) as-received SS sample, (b, f) polished sample, (c, g) ramping heated
(760 °C) sample in NH3 (400 sccm) environment and (d, h) ramping heated (760 °C) sample in Ar (400 sccm)
environment.

on the CNT growth [32]. Apart from this, reports suggest that granular microstructures or
microscale features do not help the CNTs grow; hence, it was worth removing such
granular layer from the SS plate when used as the substrate for CNT growth. The polishing
removed the granular structures from the surface, which likely increased the number of
catalytic sites for CNT growth [30, 39-41]. Further, surface evolution during the growth
period of increasing temperature, before introducing carbon source, was vital for the
formation of proper catalytic sites on the SS substrate. Figure 4.1(c) and (d) (4.1(g) and (h)
are their corresponding high-resolution images) represent the AFM images of the SS
surfaces treated at the ramping temperature from room temperature to 760 °C at the rate of

50 °C/min under the NHs and Ar (both at 400 sccm) environment, respectively. The AFM
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image suggests that the heat treatment in the presence of NHs and Ar gas appeared to have

significant effects on the surface evolution, i.e., the formation of the nano-sized catalyst
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Figure 4.2. (a) High resolution (1 x 1 um scan) AFM image of the polished and heated sample in an NH3
environment. (b) Nanoparticles size (lateral diameter) distribution. (¢) TEM image of a cross-section of the
sample heated in an NH3 environment, and (d) EDS obtained from one of the nano-hills shown in panel (c).

particles. The presence of NH3 was critical, as it helped to create uniform nanoparticles, as
shown in Figure 4.1(c) and (g), which was caused by the etching effect of the NHs to the
SS surface [42]. On the contrary, the heat treatment under Ar caused the formation of
prominent features with the dimension of more than 1 um (see Figure 4.1(d) and (h)), which
were not favorable in initiating CNT growth. Figure 4.2(a) is a high-resolution AFM image

of the SS substrate treated under NHs gas, shows the nanoparticles uniformly distributed
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on the substrate surface. Most of the nanoparticles had a lateral diameter in the range of

40-60 nm, and the average lateral diameter of the nanoparticles was found to be 51 nm.

To further investigate the morphology and composition of the SS substrate treated
in the presence of NHs, a cross-section of the sample was extracted using Ga-ion FIB and
was examined by using FEI Tecnai F30 TEM operated at 300 kV and equipped with EDS
technology. Figure 4.2(c) shows the cross-sectional structure of the sample coated with a
platinum (Pt) layer to protect the surface features when the larger current beam milled into
the specimen. In addition, an unwanted thin layer of carbon was deposited on the sample’s
surface during the milling process. Beneath the carbon layer, the native surface was
characterized by nano-hills with a lateral diameter of about 50 nm, which agrees with the
AFM results shown in Figure 4.2(a). Figure 4.2(d) represents the energy dispersive analysis
of X-ray spectrum (EDS) obtained from one of the nano-hills shown in Figure 4.2(c). The
EDS result showed that the major chemical constituents of the nano-hill are Fe along with
Ni, Mn, and Cr, which are also the native components of the as-received SS.

The subtle change of the SS surface resulting from the high temperature and etching
NH3 gas was fundamental to forming catalytically active sites for CNT nucleation. The
surface evolution at the stage after the polishing and before the supply of carbon source, as
revealed by AFM and TEM results (Figure 4.2(a) and (c)), was attributed to the high
temperature and reducing atmosphere (NHs), presence of oxides or carbide, and complex
processes related to surface energy [31, 39]. The reduction of metal oxides and carbides to
their metal phases was critical as the metal oxides and carbides are not catalytically active
for the CNT synthesis. The combined effect of these processes resulted in the chemical and

structural rearrangement at the surface in atomic and nanoscale, ultimately forcing the
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surface to break up and hence exposing the catalytically active metal. Also, the surface
breakup resulted in more surface area and crystallographic defects, which offered more
active sites for dissociative adsorption and precipitation of the elemental carbon available

from the dissociation of the hydrocarbon source at elevated temperature.
4.3.2 Synthesis of VACNTSs on stainless steel
4.3.2.1 Effect of growth temperature

Figure 4.3(a-d) are SEM images of VACNTSs synthesized at 650 °C, 700 °C, 760
°C, and 800 °C, respectively. The SEM images were taken on the samples tilted at 15° with
respect to the normal of the SS substrate. These samples were synthesized by keeping the
other parameters, such as flow rate of NH3 (400 sccm), flow rate of C2H2 (15 sccm), plasma
power (70 W), growth time (10 min), and pressure inside the tube (7 Torr), constant during
the entire synthesis period. The SEM images (Figure 4.3(a-c)) show the uniform
distribution and good alignment of the self-standing VACNTSs. In comparison to the
previous reports by Neupane et al. and Abad et al. on the synthesis of VACNTS on pristine
SS substrate [43, 44], our result is significant in that well-aligned and uniform VACNT
arrays thoroughly covered the SS substrate. The growth of VACNTS on SS substrate was
significantly affected by the growth temperature (see graph in Figure 4.4(c)). At 650 °C,
the SS substrate was covered with VACNTS of short and non-uniform length, as shown in
Figure 4.3(a). The average length and diameter of the VACNTSs were found to be 2.5 um
and 101 nm, respectively. The average length of the VACNTSs increased to 4.2 um and 7.8
um for the VACNTSs grown at 700 °C and 760 °C, respectively, while the average diameter

was found to be 115 nm for both growth temperatures. The length of the VACNTSs
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synthesized at 760 °C directly on the catalytic substrate was significantly longer than those

reported in the literature [43, 44]. The density of the CNTs prepared at 700 °C and 760 °C
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Figure 4.3. SEM images of VACNTSs synthesized on SS substrate at different temperatures (a) 650 °C, (b)
700 °C, (c) 760 °C, and (d) 800 °C, by keeping other parameters such as plasma power (70 W), chamber
pressure (7 Torr), growth time (10 min), flow rate of C;H, (15 sccm), and flow rate of NH3 (400 sccm)
constant.

was about 9 x 108 CNTs per cm? as estimated from the SEM images. The average length
and diameter of the VACNTSs prepared at 800 °C were 8.1 pm and 106 nm, respectively.
The average length did not increase significantly, which indicated saturation of the CNT
length. The top surface of the sample prepared at 800 °C was covered mainly with
amorphous carbon and some poorly aligned CNTs, as shown in Figure 4.3(d). The above

result suggests that the CNT growth on SS substrate by the PECVD favored a specific
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temperature range. It was assumed that at a lower temperature such as 650 °C, the thermal
energy necessary for the reconstruction of the substrate surface to form catalytically active
nano-hills was not high enough; therefore, decomposition of the hydrocarbon gas (C2Hz)
to liberate carbon at this temperature was not sufficient. The lack of a sufficient amount of
carbon and active nucleation sites where catalytic diffusion and precipitation of carbon

took place resulted in short, low-density VACNTSs with non-uniform lengths.

The increase in temperature from 650 °C to 700 °C resulted in a more uniform,
better aligned, denser, and longer VACNTS than the VACNTS synthesized at 650 °C. Upon
increasing the temperature from 700 °C to 760 °C, the average length of CNTs increased
significantly (by ~85%). However, no remarkable changes were observed in other
parameters such as alignment and density of CNTs. The improvement in synthesis at 760
°C was mainly because of the optimum availability of carbon as a result of C2H2
dissociation at this temperature. On the other hand, as the temperature was further increased
to 800 °C, the average length only increased by 0.3 um. The inconsistency between the
growth rate of CNT and the high decomposition rate of C2H2 at 800 °C led to excess carbon,
which was no longer able to graphitize in forming CNT walls and ultimately decorated in
the exterior of VACNTSs in an amorphous form, as shown in Figure 4.3(d). The fuzzy tips
of VACNTSs may also be caused by the intense etching of highly energetic plasma species

at the higher temperature.

Figure 4.4(a-b) represents the SEM image of the VACNT array at the scratched
area where the length of CNTs was measured and the top view of the corresponding array.

The sample was synthesized for 10 min at the growth temperature of 760 °C at the pressure
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of 7 Torr. In the meantime, plasma power was maintained at 70 W and, C2H2 and NHs

gases were fed into the chamber at the rate of 15 sccm and 400 sccm, respectively. Figure

. * &~ 2000+
g 1 : *
Z 6 S 1600/
= = *
g 4 * < 1200{ %
o3 (=)
5 =
2 1 800
3
0 r r r T ) 400 . . . . .
600 650 700 750 800 850 600 650 700 750 800 850
Temperature (°C) Temperature (°C)

Figure 4.4. (a-b) SEM image of the VACNT array at the scratched area where the length of the CNTs were
measured, and top view of the array. The growth conditions were, growth time 10 min, growth temperature
760 °C, chamber pressure 7 Torr, plasma power 70 W, flow rate of C,H, 15 sccm, and flow rate of NH3; 400
sccm. (c) Variation of length and (d) yield, of VACNT array with growth temperature.

4.4(c) and (d) show the length and yield of the VACNTSs as a function of the growth
temperature, respectively. In Figure 4.4(d), Wo is the weight of the substrate before the
VACNT growth, W is the weight of the sample after the VACNT growth, and A is the
surface area of the SS substrate. The graph shows that the yield increases linearly as the
temperature was increased, although the high yield at 800 °C included the amorphous

carbon. The yield of the VACNTSs was increased by 193.12 pg/cm? for the increase in
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temperature from 650 °C to 700 °C. Further increase in temperature from 700 °C to 760
°C resulted in the increase in yield by 520.58 pg/cm?, which corresponds to the maximum
increase in the length by 3.6 um, as mentioned earlier. However, when the temperature
increased from 760 °C to 800 °C, the increase in yield was 380.97 pg/cm? corresponding
to the increase in length of the VACNTS by only 0.3 pm. The inconsistency in the increase
in yield and length supports the conclusion that amorphous carbon was formed on the
sample at 800 °C. The VACNTSs synthesized directly on the catalytic SS substrate at 700
°C with the length of 4.2 um and diameter of ~115 nm may exhibit superior field emission
properties because VACNTS, with similar morphology and density, synthesized on a metal
substrate coated with an external catalyst layer, were reported to show better field

enhancement properties [26].
4.3.2.2 Effect of growth time

To investigate the effect of growth time on the morphology of VACNTSs, PECVD
experiments were performed for 5, 10, 15, and 20 min while keeping the growth
temperature (760 °C), the plasma power (70 W), and the chamber pressure (7 Torr)
constant, as shown in Figure 4.5. It was observed that VACNTS gained a length of about
1.20 pm in the first 3 min growth. The average length was increased to 2.20 pm, 7.80 pum,
9.80 um, and 10.7 um when the growth time was increased to 5 min, 10 min, 15 min, and
20 min, respectively. The VACNTSs grown for 5 min (Figure 4.5(a)) or 10 min (Figure
4.5(b)) exhibited uniform length; however, a longer growth time such as 15 min (Figure
4.5(c)) or 20 min (Figure 4.5(d)) led to non-uniform length, which was also indicated by

the big error bars in Figure 4.6(b). Figure 4.6(b) shows the change in length of the VACNTSs
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with the growth time. The linear dependency of VACNT length on growth time was

expected [45]. When the growth time increased to 15 min, the average length of VACNTSs
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Figure 4.5. SEM images of VACNTS synthesized on SS substrate at different growth time (a) 5 min, (b) 10
min, (c) 15 min, and (d) 20 min by keeping other parameters such as growth temperature (760 °C), chamber
pressure (7 Torr), plasma power (70 W), flow rate of C,H, (15 sccm), and flow rate of NH; (400 sccm)
constant. The insets are images of the scratched area of the corresponding VACNTSs samples.

increased rapidly. However, a further increase in growth time (from 15 to 20 min) slowed
down the growth rate caused by the gradual loss of the catalytic activity of the catalyst
particles, and eventually ceased the VACNT growth [46]. The average diameter of the
VACNTSs grown for 5 min was about 200 nm, but as the growth time increased, the average
diameter was found to be ~115 nm. The decrease in diameter may be accredited to the

plasma etching the sidewall of the VACNTS or the deterioration of the catalyst particle as
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the VACNT grew longer. The shorter VACNTSs (i.e., grown for 5 min) were found to be
filled fully or partially with catalyst materials along its length, as shown in Figure 4.6(a).

However, the catalyst particles were mainly confined at the tip of VACNTS as the growth

time was further increased.
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Figure 4.6. (a) SEM image of the VACNTSs at the scratched area, synthesized for 5 min at growth temperature
760 °C, chamber pressure 7 Torr, flow rate of CoH, 15 scem, flow rate of NH3 400 scecm, and plasma power
70 W. (b) Variation of the VACNT length with growth time.

4.3.2.3 Effect of plasma power

Paschen’s law governs the minimum potential that should be applied between the
parallel plate electrodes for a given electrode distance, gas composition, and pressure [47].
Once a sufficient voltage is applied, the gas breakdown occurs forming a strong electric
field and high ion flux, so-called plasma, near the cathode surface. The plasma enhances
the VACNTSs growth rate and aligns them along the direction of the electric field. The effect
of plasma power on the morphology of VACNTSs is shown in Figure 4.7. Experiments were
carried out at different plasma power, such as 9, 40, 70, and 92 W, while keeping all the
other parameters, such as growth temperature (760 °C), chamber pressure (7 Torr), growth

time (10 min), flow rate of C2H2 (15 sccm), and flow rate of NHs (400 sccm), constant. At
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a low plasma power of 9 W, sparsely scattered bright dot particles were observed on the

sample which were the nucleation sites for VACNTS, as shown in Figure 4.7(a). Very few
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Figure 4.7. SEM images of VACNTSs synthesized on SS for different plasma power (a) 9 W (b) 40 W (c)70
W, and (d)92 W, by keeping other parameters such as growth temperature (760 °C), chamber pressure (7
Torr), growth time (10 min), flow rate of C,H; (15 sccm), and flow rate of NH3 (400 sccm) constant.

and short VACNTSs were also spotted on the sample at this plasma power. When the plasma
power was increased to 40 W, short VACNTSs of average length ~2 um were observed.
However, the density of the VACNTs was very low and a few VACNTSs with a large
diameter (~206 nm) were also observed, Figure 4.7(b). The length, diameter, and
distribution of the VACNTSs were not uniform, and the vertical alignment was not clearly
presented. The result suggests that the thermal energy from the plasma and growth
temperature was not sufficient to decompose C2Hz. The plasma intensity was not strong

enough to align the VACNTSs along the electric field direction at the plasma power below
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40 W. At the plasma power of 70 W, well-aligned VACNT arrays with an average length
of ~7.8 um were obtained (Figure 4.7(c)). When the plasma power was increased to 92 W,
short and thick bush-like microstructures were observed (Figure 4.7(d)). The above results
suggest that the optimum value of the plasma power was 70 W as other growth parameters
remained unchanged in this experiment. It was expected that the optimum value of plasma
would provide sufficient energy to dissociate C2H2 to generate enough carbon atoms or
carbon clusters for the CNT growth and appropriate electric field to align the CNTs during
their growth. High plasma power such as 92 W may have resulted in excess carbon atoms
or carbon clusters, which caused the imbalance between the decomposition, diffusion, and
precipitation of carbon. As a result, carbon accumulated to form microstructures instead of
VACNTSs, as shown in Figure 4.7(d). Hence, these results indicate that the optimal
condition for synthesizing VACNTSs via the PECVD method was by using the following
parameters: the temperature of 760 °C, the growth time of 10 min, plasma power of 70 W,
the flow rate of C2Hz at 15 sccm, the flow rate of NHs at 400 sccm, and the chamber

pressure of 7 Torr.
4.3.2.4 Synthesis of VACNT field emitters

For studying the field emission properties, VACNT arrays with different lengths
were synthesized for 5, 10, and 20 min at the growth conditions described in section 4.3.2.2,
which include a growth temperature of 700 °C, a flow rate of C2H: at 25 sccm, a flow of
NHs at 400 sccm, a pressure of 7 Torr, and plasma power of 75 W. Figure 4.8(a-c)
represents typical SEM images tilted at 15° to the normal of the SS substrate, and Figure

4.8(d-f) represents their corresponding scratched area where CNTs length was measured.
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It was observed that the average length of the VACNTs was 2.1 £ 0.2 um, 4.1 + 0.7 um,
and 8.2 £ 1.1 um for growth durations of 5, 10, and 20 min, respectively. Thus, a linear

relationship between the VACNT’s length and growth time was observed, which was in

good agreement with our prediction. Also, the average diameter of the VACNTSs was found

Figure 4.8. SEM images of VACNTSs (tilted view and corresponding scratched area) synthesized on SS for
(@) 5 min, (b) 10 min, and (c) 20 min, respectively. The other growth parameters (growth temperature of 700
°C, flow of C;H, at 25 sccm, flow of NH3 at 400 sccm, pressure of 7 Torr and plasma power of 75 W) were
kept constant throughout the synthesis process. (d—f) Corresponding scratched areas showing the length of
the CNTs.

to be 138.2 + 24.5 nm, 139.7 + 28.3 nm, and 132.1 + 33.4 nm for the samples grown for 5
min (5-min sample), 10 min (10-min sample), and 20 min (20-min sample), respectively.
We performed our experiments in the growth time range 5 to 20 min since an extended
growth time (> 20 min) slowed down the growth rate of the VACNTSs. The catalyst particles
eventually lost their catalytic activity as the growth time increased. Moreover, prolonged
exposure of the VACNTS to the intense plasma may also destroy the graphitization of the

VACNTS giving rise to wall defects which can hinder the desired longer FE stability of
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VACNT emitters. These results imply that growth time significantly affected the VACNTSs

length while synthesizing them by the PECVD method.
4.3.3 Micro/nanostructure analysis

The microstructure and chemical bonding of the VACNTSs were studied by Raman
spectroscopy. Typical Raman characteristic peaks at about 1348 cm™ and 1590 cm™ were
observed. The former peak corresponds to the D-band, which is an index of disorder in the
graphitic material. The later peak corresponds to the G-band, which indicates the
crystallinity of the material [48]. The ratio of the D-band intensity to G-band intensity
(Io/lg) can be used to estimate the quality of the sample. A high Ip/lc ratio indicates the
presence of structural imperfections such as pentagon and heptagon defects, as well as
broken sp? bonds in the CNT walls [49]. In our Raman experiments, no significant variation
in the Io/lc ratios was observed. The measured values were in the range of 0.978-0.987 for
the VACNTSs synthesized in the temperature range of 650-800 °C. This result indicates
that the VACNTS synthesized at this temperature range have similar microstructure. The
observed high values of Io/lc imply that the VACNTSs were highly defective in structure,
which may be accredited to the high growth rate of the VACNTSs and the etching of
VACNT walls by intense plasma. The VACNTS, synthesized by DC PECVD, with a high

degree of imperfections, similar to our samples, were also reported by Baro et al. [49].

Low and high-resolution TEM images were also used to investigate the
nanostructure of the as-synthesized VACNTSs. Figure 4.9(a) represents the low-resolution
TEM images of the VACNTS (the same sample as shown in Fig. 4.3(c)) which confirms

the tubular structure of multi-walled CNTs with slightly different diameters. It is also
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evident that each VACNT has a catalyst particle of varied sizes anchored at the tip. The
TEM evidence is also in agreement with the SEM images shown in Figure 4.3, indicating

the tip growth model [50]. Contrary to the melting point of their bulk counterparts, the

nano-hills of metal catalysts melted at a lower temperature because of the size effect [51].
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Figure 4.9. TEM images of as-synthesized VACNTSs grown for 10 min at growth temperature 760 °C,
chamber pressure 7 Torr, flow rate of C,H, 15 sccm, flow rate of NH; 400 sccm, and plasma power of 70 W.
(a) Low-resolution TEM image of CNTs with catalyst particles at the tip. (b) High-resolution TEM image
showing CNTs with “bamboo-like” structure. Inset is a close- up view of the boxed area on the VACNT
showing graphite layers of VACNT wall. (c) EDS spectrum showing the composition of the catalyst particle
at the tip of a CNT shown in panel (d). The Cu peaks are from the TEM grid, not from the catalyst particle.
(d) high-resolution TEM (HRTEM) image of the particle at the tip of VACNT enclosed by a few layers of
graphitic layers. The insets on the upper and lower right sides of Figure 4.9(d) represent the HRTEM image
and corresponding SAED pattern of the catalyst particle at the tip of the VACNT.
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As mentioned earlier, during the synthesis process, carbon atoms or clusters of carbon
atoms dissolved into the liquid-like nano-hills of metal catalyst and interacted with the
metal atoms, leading to the weakening and subsequent rupturing of the bonds between the
metal atoms [52]. The process may be enhanced by the ion (electron) irradiation process
[53] since plasma was used as a synthesis parameter. As a result, the catalyst nano-hills
were detached from the substrate and lifted off because of weak interaction between the
substrate and nano-hills during the growth process. As smaller diameter VACNTS were
attached to smaller catalyst particles, whereas larger VACNTSs were attached to larger
catalyst particles, the size of the catalyst nanoparticle (nano-hill) formed at the substrate
controlled the diameter of the VACNT. The VACNTSs in Figure 4.9(b) show a ‘bamboo-

like” structure with diameters at the bases slightly larger than at the tops.

The non-uniformity in diameter along the CNT length may be accredited to the
changes in shape and size of the catalyst particles caused by the dissolution and
precipitation of carbon during the growth process [50]. It has been reported that the
formation of the ‘bamboo-like’ structure rather than a hollow tube is more favorable in the
presence of a highly energetic nitrogen-rich environment [54]. In our experiment, the NHs
plasma contained a significant amount of energetic nitrogen (N) atoms, which helped to
clean the catalyst surface by proper bombardment. Hence, the bombardment can
significantly increase the diffusion of carbon atoms or carbon clusters into the catalyst. At
the same time, a significant number of N atoms can also diffuse into the catalyst. Upon
precipitation of carbon atoms along with N atoms, the presence of N atoms led to the
formation of pentagons along with the regular hexagons [55]. The N atoms can be

incorporated into the VACNT wall during the synthesis process in three possible ways: (i)
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insertion of an N atom into the regular hexagon by replacing one of the carbon atoms —
called graphitic nitrogen atom (ii) sp? hybridized N atom, present at the defects of the
graphitic sheet (VACNT wall) — called pyridinic nitrogen atom, and (iii) sp® hybridized N
atom — called pyrrolic nitrogen atom, which forms pentagon instead of a regular hexagon,

together with four other carbon atoms in the graphitic layers of VACNT [56].

Several researchers have reported that the N-incorporation by methods (i) and (ii)
do not change the physical structure of the VACNT wall. However, N-incorporation by
method (iii) has a profound effect on the tubular structure of the VACNTS, resulting in
more defective, disordered, and bent VACNT [57, 58]. Hellgren et al. proposed a scheme
to explain the formation of a ‘fullerene-like’ structure from the graphite layers because of
the presence of sufficient nitrogen in the growth environment [59]. They suggested that
incorporating sp3-hybridized N-atoms (method (iii)) results in the formation of pentagons
which help to bend the graphite layer. The N-incorporation by method (iii) eventually leads
to the cross-linking between two adjacent graphitic planes through sp3-coordinated carbon.
Jang et al. also reported the presence of the sp3-hybridized N-C bonds in the wall of
bamboo-like CNTs more abundantly than the sp?-hybridized N-C bonds when the nitrogen

concentration is more than 5% in the growth environment [58].

The N atoms in the growth environment played a pivotal role in forming the
‘bamboo-like’ VACNTS shown in this study. The inset in Figure 4.9(b) represents the high-
resolution TEM image of the well-graphitized multilayer of the VACNT wall. The
separation between the adjacent layers was 0.340 nm which corresponds to the lattice

fringe distance of the (002) graphitic plane, indicating a clear multi-walled VACNT. Figure
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4.9(c) shows the EDS spectrum obtained from the catalyst particle present at the VACNT
tip. The graph shows the main peaks of Fe, Cu, and C. Here, the Cu and C peaks were
associated with the TEM sample grid and CNTSs, respectively. The EDS spectrum suggests
that the catalyst particle at the VACNT tip was pure Fe. The absence of oxygen in this
spectrum rules out the possibility of the formation of Fe-oxides. Figure 4.9(d) represents
the high-resolution TEM image of a catalyst particle present at the VACNT tip. The inset
at the upper right side was the high magnification image of the selected area, as shown in
the white box. This image shows the lattice plane distance of 0.497 nm which corresponds
to the (222) lattice plane of body-centered cubic (bcc) crystal of Fe. The inset at the lower
right side of Figure 4.9(d) displays the selected area diffraction (SAED) pattern of the Fe
particle at the VACNT tip. The diffraction spots were indexed as (200), (220), and (222)
planes of bee Fe crystal along the [0—11] zone axis. The SAED result, along with the EDS
spectrum shown in Figure 4.9(c), confirms the presence of a single crystalline Fe catalyst
particle at the VACNT tip. Here, it is important to note that the Fe plays the dominant role
as the catalyst during the VACNT synthesis process, as most VACNTS possess Fe at their

tips.

According to the EDS taken from few other VACNT tip particles, weak signals of
transition metals, such as Ni, Cr, and Mn, were also detected, dominated by the Fe.
However, single-phase crystalline structures, as observed from the high-resolution TEM
images, may suggest the presence of alloy (Fe-Ni-Cr-Mn) particles instead of an
agglomeration of individual pure metal particles. Further research is needed to fully
understand the chemical composition and crystal structure of the alloy catalyst

nanoparticles. Hence, the presence of pure Fe or alloy particle at the VACNTS tip supports
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the notion that catalyst nano-hills were lifted off and remained at the tip of the VACNTSs
during the synthesis process, as the elements mentioned above are the main constituents of

the nano-hills revealed by the EDS spectrum shown in Figure 4.2(d).

Plasma-enhanced CVD (PECVD) has been demonstrated as a reliable method to
synthesize uniform arrays of VACNTs on metallic and non-metallic substrates. In the
VACNT synthesis by PECVD, the treatment to the polished SS under the flow of NH3 gas
generated the catalytically active nano-hills on the substrate surface. Carbon was released
upon the hydrocarbon decomposition (e.g., C2H2) with the help of heat available from the
plasma sheath and heater. The carbon dissolved and diffused into the catalyst nanoparticles.
Finally, tube-like structures of carbon were formed as a result of carbon precipitation from
the catalyst surface once a supersaturation was reached. The crystalline tubular structure
called CNT, may or may not contain catalyst particles at the tip depending on the growth
mechanism inherited, namely base growth or tip growth [50]. The electric field present in
the plasma sheath helped to align the CNTs along its direction (perpendicular to the
substrate surface and hence named vertical direction in our case) because VACNTSs have
highly anisotropic polarizability in the presence of an external field [60]. The efficient
removal of amorphous carbon was also an important step to the synthesis of high-quality
VACNTSs. It is suggested that species like atomic hydrogen and high energy nitrogen
species present in the plasma helped to etch the undesirable amorphous carbon deposited
during the growth process [47]. The etching process has an advantage in keeping the
catalyst particles free of amorphous carbon to get continuous access to hydrocarbon

precursor gas.
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4.3.4 Water treatment to VACNT arrays

It has been reported that the treatment of the self-standing high-density VACNT
array with a volatile liquid helps to change the morphology of the array into individual
bundles under the surface tension forces during the drying process [61, 62]. Such a
particular morphology can enhance the field emission properties of VACNTSs owing to
their extended inter-bundle distance and the emission from the bundle as a whole [33]. It
is important to mention that the bundling phenomenon can provide a platform to achieve
maximum FE via minimizing charge screening effects from the surrounding VACNTS in

a dense array. The as-synthesized VACNT arrays were submerged into deionized water

(80 mL) for nine hours at room temperature to form bundled morphology.
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Figure 4.10. SEM images of (a) 5-min, (b) 10-min, and (c) 20-min sample showing bundling of VACNTSs
caused by surface tension during the drying process after treating with water for 9 h.

The water treatment to the VACNT arrays was performed in solution media, as
described in section 4.2.2, which transformed the arrays into self-assembled tapered
bundles of VACNTS, as shown in Figure 4.10. The change in morphology of the VACNT
arrays was attributed to the surface tension of the deionized water, which caused the van
der Waals forces between the deionized water and the VACNTSs to pull the tip of VACNTS

to each other while the roots remained attached on the substrate during the drying process
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[63]. However, the bundling effect was not clearly noticeable in shorter VACNTSs (Figure
4.10(a)) as they were robust enough to counter the surface tension forces, but the bundled
structures were still present to some extent. It should be pointed out that the nine hours
treatment to the VACNT arrays to form bundles was not strictly necessary, and the desired
morphology could be accomplished within a few minute’s treatments. However, the
treatment was performed for nine hours to be consistent with the SnO2 coating time on
VACNTS so that the FE properties of the two different samples can be compared. The
average inter-bundle distance was measured as about 3 um for the 20-min sample, which
was significantly larger than the distance between individual self-standing VACNTS of the
as-synthesized samples. Apart from bundling, the water treatment might also remove
amorphous carbon deposited on the sample surface during the PECVD growth process.
The cleaning process could be beneficial for the FE application of VACNTS, as discussed

in section 4.3.6.

4.3.5 Coating VACNT arrays with SnO nanoparticles

morphology of VACNTS after coating with SnO, nanoparticles for 9 h.

The as-synthesized VACNT arrays were coated with SnO2 nanoparticles by using a facile

wet-chemical method for different time durations such as nine and eleven hours to
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understand the effect of coating time on SnO2 nanoparticle size and coating thickness. The
alignment of the VACNTs was significantly disturbed after the solution-based SnO:
coating process compared to their pristine counterparts (i.e., the as-synthesized VACNT
arrays). Figure 4.11 shows the structure change of the VACNT arrays after the SnO:2
coating process for nine hours, the original vertically standing CNTs formed cone-like
bundles as the VACNT tips were attached. The bundling pattern was similar to that
observed for water treatment, as shown in Figure 4.10. This bundling phenomenon was
clearly presented for longer VACNTS, as shown in Figure 4.11(b-c), whereas it was not

quite significant for shorter VACNTS, as shown in Figure 4.11(a).
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Figure 4.12. TEM images of the SnO, nanoparticles coated for 9 h on the surface of VACNTSs grown for 10
min (a) Low-resolution TEM image of SnO,-\VVACNTSs bundle, (b) Magnified view of SnO, coated VACNT
showing the SnO, coating layer on the VACNT surface (c) Close-up view of the boxed area indicated in (b),
showing clearly the individual SnO, nanoparticles deposited on the VACNT surface. The inset on the top
right side of (c) represents a high-resolution TEM image of a SnO, nanoparticle showing clear lattice fringes
separated by a distance of 0.334 nm which corresponds to the (110) lattice plane of the SnO, crystal. The
inset on the bottom right corner of (c) represents a SAED pattern showing the polycrystalline nature of SnO,
nanoparticles layer. (d) EDS spectrum showing the composition of SnO,-VACNTS composite.
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High and low-resolution TEM images were used to study the distribution and
morphology of the SnO2 nanoparticles coated for nine and eleven hours on the surface of
the VACNTSs. Figure 4.12 shows TEM images of the 10-min sample after coating with
SnOz2 nanoparticles for nine hours. It is clear from the TEM images that all VACNTSs were
thoroughly coated with SnO2 nanoparticles forming a SnO2-VACNT core-shell structure.
Figure 4.12(a) represents a low-resolution TEM image of the SnO2-VACNT bundle,
whereas Figure 4.12(b) depicts a magnified view of a SnO2-VACNT composite showing a
coating layer of SnO2 nanoparticles on the VACNT wall. As shown in Figure 4.12(c), the
high-resolution TEM image demonstrates the individual crystalline SnO2 nanoparticles
deposited on the exterior of the VACNT wall. The average thickness of the coating was
about 10 nm. The inset on the top right corner of Figure 4.12(c) displays a typical SnO2
nanoparticle showing clear lattice fringes separated by a distance of 0.334 nm, which
corresponds to the (110) lattice plane of the tetragonal SnO2 crystal [64]. The inset at the
bottom right corner of Figure 4.12(c) represents the selected area diffraction (SAD) pattern

from the SnO2-VACNT composite.

The distinct concentric rings were indexed as (110), (101), (211), and (301)
corresponding to the tetragonal phases of polycrystalline SnO2 nanoparticles. The presence
of Sn and O in the EDS spectrum, as shown in Figure 4.12(d), further confirmed the
presence of polycrystalline SnO2 nanoparticles. However, the chemical analysis using EDS
showed other elements, such as C, Si, Fe, Mn, Ni, and Cu, besides Sn and O in the coated
multi-walled VACNT. The C signal was related to the multiwalled CNT, whereas a weak
signal of Si could be from the following two sources: (1) contamination of the glass beaker

as a result of reaction with the HNO3 during the pretreatment of VACNTS or (2) interaction
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of the strong C signal and Al, which is part of the collimator [65]. The strong Cu signal
was from the TEM grid, whereas the weak signals of Fe, Mn, and Ni were expected from

the SS substrate or the catalyst particles responsible for the VACNTSs growth.
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Figure 4.13. Particle size distribution of SnO, nanoparticles coated for (a) 9 h and (b) 11 h, on the surface of
VACNTSs grown for 10 min.

Figure 4.13(a-b) represents the distribution of the diameter of SnO2 nanoparticles
synthesized for nine and eleven hours, respectively. The histograms were created after a
representative number of SnO: particles from the samples were counted. According to the
diameter histogram, the average SnO2 particle size increased with the increasing coating
time. The average diameter (xc) of the SnO2 particles for nine hours coated sample was
found to be 4.18 nm with a standard deviation (w) of 0.17 nm, as shown in Figure 4.13(a).
More than 90% of the particle diameters were found to be in the range from 3 to 5.5 nm.
As shown in Figure 4.13(b), the average diameter (xc) of the SnO: particles for eleven
hours coated sample was found to be 5.86 nm with the standard deviation (w) of 0.16 nm,
and more than 90% of the particle diameters were observed to be in the range from 5 to 7.5

nm.
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The as-synthesized multi-walled VACNTSs were treated with HNO3 before coating
with SnO2 nanoparticles to create carboxyl or hydroxyl functional groups. The hydrophilic
functional groups are essential in achieving a uniform SnOz2 coating over the length of the
VACNTS [66]. The synthesis of ultra-fine SnO2 nanoparticles from an aqueous solution of

SnClz precursor can be accredited to the following chemical reaction [64]:
2SnCl, - H,0 + 0, — 2Sn0, + 4HCl (4.1)

In brief, the SnO2 phase formation mechanism and coating on the VACNT wall can be
understood as follows. First, Sn?* cations present in the precursor SnCl2 aqueous solution
were adsorbed on the negatively charged functional groups on the VACNT surface as a
result of electrostatic interaction [67]. Then, the Sn?* cations were oxidized to form SnO2
nanoparticles in the presence of oxygen in the solution. The addition of a small amount of
HCI in the precursor SnCl2 aqueous solution was very crucial because it prevented the
formation of tetratin hexhydroxide dichloride (Sna(OH)esCl2) colloidal particles as a result
of hydrolysis of SnCl2 which would eventually lead to the formation of SnO instead of

SnOz2 nanoparticles [68].
4.3.6 Field emission measurements

The field emission (FE) properties of the pristine, water treated, and SnO2 coated
VACNT arrays were measured by using a diode configuration method described in section
3.4.1 and section 4.2.3. Figure 4.14 shows the FE characteristics of the pristine and post-
treated VACNT arrays. During the emission current density versus applied electric field
(F-J) measurement, the first few F-J cycles showed unstable emission currents with a high

fluctuation. This fluctuation can be accredited to the surface adsorbates (residual gas
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molecules) present at the VACNTS tip as nano-protrusions, which lower the work function
of the VACNTSs tip and increase the field enhancement factor so that FE occurs at the much
lower electric field than expected [69]. The emission current fluctuation can be stabilized
through heating the VACNTS by applying high current densities during the first few F—J
cycles to evaporate the adsorbates and the possible protruding long tubes [25]. A highly
reproducible F-J characteristics of VACNT emitters were observed after the first five F-J

cycles, so-called electrical conditioning.
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Figure 4.14. FE characteristics of as-synthesized, water-treated, and SnO,-coated VACNTS. (a) Emission
current density versus applied electric field (F-J plot) for the as-synthesized VACNTSs grown for 5 min, 10
min, and 20 min. Comparative F-J plots for the as-synthesized, water-treated, and SnO-coated VACNTS
samples synthesized for (b) 5 min, (c) 10 min, and (d) 20 min, respectively. The insets are their corresponding
Fowler—Nordheim (F-N) plots.
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The FE characteristics of the CNT-based field emitters were studied by the Fowler—
Nordheim (F-N) equation represented by equations 2.1 and 2.2. The F-N equation helps
to interpret the experimental results through the calculation of B values. However, it
requires complete knowledge of the local work function of the emitters [70]. It is not easy
to assess the parameter as the VACNTS possess subtle variations in the geometrical
structure. It has been reported that the tip work function varies slightly for metallic (4.6
eV) and semiconducting (5.6 eV) CNTs, depending upon their helicity [71]. Different
helicities and slight variation in the work function were expected in a dense mat of
VACNTS array. Hence, the work function of the VACNT emitter was assumed to be 5 eV
(work function of carbon) [18], and the field enhancement factors were calculated using
the slopes of the fitted F-N plots, i.e., the graph of In(J/F?) versus 1/F, as shown in the
insets of Figure 4.14(b-d). For practical applications and comparison purposes of the
measured data, we define turn-on electric field (Eto) and threshold electric field (Etn) as
the electric field required to produce the emission current densities of 1 pA/cm? and 1

mA/cm?, respectively.

The FE properties of the various samples are presented in Table 4.1. Figure 4.14(a)
represents the plot of emission current density versus applied electric field (F-J plot) of
three pristine VACNTSs samples with different average lengths. The samples demonstrated
different FE characteristics according to their lengths. The Eto for shorter VACNTS, such
as the 5-min sample, was observed to be 2.14 V/um, and its Etn was found to be 3.53
V/um. The Eto for longer VACNTS, such as 10-min and 20-min samples, was 1.68 and
1.40 V/um, respectively, whereas the Etn was recorded as 3.00 and 2.31 V/pm,

respectively. As the average length of the VACNTSs was increased, better FE performance
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(i.e., lower values of Eto and EtH) was observed, as shown in Figure 4.14(a). The field
enhancement factor () for pristine 5-min, 10-min, and 20-min samples was calculated as
2357, 2668, and 3046, respectively. The straight lines observed in the F—N plots (insets of
Figure 4.14(b-d)) indicate that the observed FE phenomenon was mainly because of the
quantum mechanical tunneling process [72]. The geometrical field enhancement factor (f')
of an individual VACNT emitter can be estimated by the ratio of the length to its radius
[44]. In our case, the average radius of the VACNTS for the three samples mentioned above
was similar, and therefore, the length was the only critical factor that can affect the f'. The
increased B values for the longer VACNTSs agree with the geometrical ' estimation.
However, the large inconsistency in the experimental and geometrical  beta values (e.g.,
B =3046 and ' = 107 for 20-min sample) suggests that the quantum tunneling was not the
sole mechanism responsible for the observed FE performance. The VACNT tip may not
only be the area where the FE process occurs. Chhowalla et al. suggested that a triple
junction between the substrate, base of the VACNTS, and vacuum can force the electrons

to be emitted to the vacuum [45].

Figure 4.14(b-d) shows the F-J plots for the pristine, water-treated, and SnO--
coated VACNTSs synthesized for 5, 10, and 20 min, respectively. The insets are their
corresponding F—N plots. In the case of 5-min samples, the Eto values were reasonably
similar; however, the Etn values were improved (decreased) as the pristine samples were
treated with water and coated with SnO2 nanoparticles. Further, the field enhancement
factors were calculated as 2357, 2449, and 2486 for pristine, water-treated, and SnO2-
coated samples, respectively. For longer VACNTSs, such as 10 and 20-min samples,

significant improvement in the FE performance was observed after the posttreatments to
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the as-synthesized VACNTSs arrays, as shown in Figure 4.14(c-d). For example, the Eto
for the as-synthesized 10-min sample was 1.68 VV/um, which was lowered to 1.45 and 1.43
V/um for the water-treated and SnO2-coated samples, respectively. The Etn was improved

after the post-treatments; the values were measured to be 3.00, 2.58, and 2.50 V/um for as-

Table 4.1. FE properties of as-synthesized, water-treated and SnO; coated VACNT emitters.

Before stability test After stability test
Sample Ero(Vim) Em(Vum) B Ero(Vim) Em(Vim) B
5-min
As-synthesized 2.14 3.53 2357 2.35 3.85 1991
Water-treated 2.12 3.39 2449 2.37 3.90 2044
SnO,-coated 212 3.30 2486 2.34 3.80 2015
10-min
As-synthesized 1.68 3.00 2668 1.83 3.26 2359
Water-treated 1.45 2.58 3391 1.65 2.61 2818
SnO,-coated 1.43 2.50 3451 1.62 2.58 2826
20-min
As-synthesized 1.40 2.31 3046 1.64 2.74 2979
Water-treated 1.19 2.20 4670 141 2.65 4020
SnO,-coated 1.18 2.01 4712 1.37 2.58 4109

synthesized, water-treated, and SnO2-coated samples, respectively. Furthermore, the field
enhancement factor was increased considerably after the post treatments, and the values
were 2668, 3391, and 3451 for the as-synthesized, water-treated, and SnO2-coated samples,
respectively. A very similar FE performance trend to that of the 10-min samples was
observed for the 20-min samples, as shown in Figure 4.14(d). The lowest Eto = 1.18 V/um,

Etn =2.01 V/um, and the highest = 4712 among all the samples along with the maximum
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emission current density of about 7 mA/cm? at 2.50 V/um were recorded for the SnOa-

coated 20-min sample.

The main reason for the enhanced FE performance from the post-treated samples
was the restructuring of the VACNT array morphology into individual sharp conical
bundles, as shown in Figure 4.10 and 4.11. The result also implies that a bundle emits as a
whole rather than individual VACNTSs. The bundling alleviates the charge screening effect
by increasing the distance between the effective emitters. For example, an inter-tube
distance of about 0.3 pum was measured for the pristine 20-min sample and after the water
treatment and SnOz2 coating, and the inter-bundle distance was measured to be about 3 um.
An optimum ratio of CNT height and inter-tube distance (l/s) has been suggested as 1.5:1
[73] or 1:2 [72] for a high field amplification. The I/s in our case was 2.7:1 (after the post-
treatments to pristine 20-min sample), which is much close to the ideal ratio compared to
that for pristine sample (about 27:1). As a result, the field enhancement factor was
improved significantly, and consequently, much lower values of Eto and Etn were
observed compared to that for the pristine samples. Gupta et al. have reported low Eto (0.6
V/um at 1 pA/cm?) and Etw (0.7 V/um at 10 pA/cm?) from an array of VACNT-based
square pillar of several millimeters high and 500 um wide [74]. However, the total emission
current density was rather low (4 mA/cm?) regarding the millimeter long VACNTSs because
the field emission came mainly from the edge rather than the tip of the flat pillar structured

emitter.

Wang et al. observed improved FE properties (Eto = 0.73 V/um at 10 pA/cm?, Eth

=1.29 V/um at 10 mA/cm?, and total emission current density of about 30 mA/cm?) from
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dense VACNT-based pillar structure (height 30 pum, diameter 20 um, and I/s = 1:2) because
of the minimum screening effect [75]. Hazra et al. reported extremely low Eto (0.16 V/um
at 10 pA/cm?) and impressively high emission current density of about 1.5 A/cm? at 0.3
V/um from the VACNT-based pillar structure of height 132 um and base diameter 80 um
[76]. It is important to note that such an impressive result was possible only after the plasma
treatment to the VACNT pillars to create an extremely sharp tip of the pillar structure (tip
diameter < 1 um). The reported results indicate that isolated VACNT pillars have much
better FE performance than uniform VACNT arrays. Our research findings agree well with
the reported results. Our method for converting uniform VACNT arrays into bundled arrays
is efficient and straightforward and can be easily applied to the large area of VACNT
arrays. The FE performance of our bundled VACNT arrays is better or comparable to the
reported results despite the low height and the smaller inter-bundle distance in an array.
We expect that the bundling of VACNT arrays with low density and long length will further

improve the FE performance.
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Figure 4.15. Stability comparison of the as-synthesized, water-treated, and SnO,-coated VACNTS
synthesized for 20 min.
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It is also worth mentioning the F-J behavior of water-treated and SnO2-coated (10
and 20-min) samples at the higher emission field region. At the higher applied electric field
region (i.e., beyond the Evo), the F-J curves for water-treated samples are saturated faster
than those for the SnO2-coated samples. As a result, the lowest Etn values were observed
for SnO2-coated samples compared to water-treated and pristine samples. The slower
saturation of the F-J curves for the SnO2-coated samples at the higher field region could
be ascribed to the protection against the structural failure of VACNT emitters by SnO2

coating caused by Joules heating during the FE process.

We also performed the temporal measurement of the emission current density for
pristine and post-treated 20-min samples. During the experiments, the voltage was applied
so that the initial emission current density of 1 mA/cm? was recorded for all the samples.
The applied voltage was kept constant meanwhile recording the emission current density
for 40 hours. The SnO2-coated sample showed a stable emission current during the stability
test period, indicating a superior FE stability among the three samples, as shown in Figure
4.15. The emission current density from the pristine and water-treated VACNTS arrays was
degraded rapidly with time than that of the SnOz-coated sample. The mechanism for the
superior FE stability of the SnO2-coated VACNTSs emitter was similar to that of CNTs
coated with a thin layer of wide bandgap semiconducting material such as ZnO [77], RuO2
[36], and TiO2 [78]. The defective sites formed on the VACNTSs caused by the intense
plasma bombardment during the PECVD growth process were responsible for the poor
electron emission lifetime of the pristine and water-treated VACNT arrays. In the case of
SnOz-coated VACNT emitters, however, the defects on the VACNTSs were covered by the

uniform SnO: layer. This SnO: layer protects the defective VACNTS from the destructive
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bombardment of energetic ions and radicals created in the emission process, as well as
residual oxygen molecules in the chamber. Also, it is to be noted that the FE performance
from our samples, even after electrical annealing (EA) for 40 hours, did not degrade
significantly (see in Table 4.1). The consistency in the FE performance after the EA implies
no substantial change in the morphology of the bundled emitters, which was further

confirmed by the SEM images taken after the EA process.

The CNT structure is made of sp? bonding between carbon atoms. The minimum
energy required to remove a carbon atom from the structure is ~ 17 eV [79], and the melting
point of CNTs is very high (~ 4800 K) [80]. Hence, it was tough to change the structure of
CNTs, even at a large electric field. However, the eventual failure of the CNT emitters was
inevitable at a specific electric field. Doytcheva et al. performed an in situ TEM
investigation on the structural failure in freestanding multiwalled CNTs. They observed
that CNTs suffered structural changes only after a certain current level but not gradually
[81]. Interestingly, they observed an increase in current level at a constant voltage followed
by a shortening of the CNT as a consequence of tip failure, which resulted in a current
drop. We also observed similar behavior in the emission current during the first few hours
for the SnO2-coated sample, as shown in Figure 4.15, where emission current was increased
first and then decreased, followed by a stable FE performance. Doytcheva et al. also
suggested a critical current (i.e., a maximum current an individual CNT can withstand
without undergoing structural failure) of 2-15 pA for CNTs with diameters in the range of
5-20 nm and a much higher critical current of 40-250 pA for CNTs with diameters about
30 nm. Hence, the critical current for a CNT increases as the diameter increase. The average

diameter of the VACNTS synthesized in our experiment was in the range of about 132-140
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nm, and hence, they should be able to conduct high current without structural degradation.
Besides, robust contact between VACNT emitters and the substrate allowed an easy and
sufficient heat transfer, which may prevent the VACNTSs from damage caused by Joule
heating. Therefore, the excellent emission current stability for such a long period from our
sample can be attributed to the lower thermal stress, high critical current, uniform local
electric field for many emission sites (bundles), strong adhesion of VACNTS to the SS

substrate, and coating of emitters by crystalline SnO2 nanoparticles.
4.3.7 Electrostatic field distribution

To further support our conclusions, we simulated the electrostatic field distribution
for asingle VACNT, an array of individual VACNTSs, and bundled VACNTSs with different
numbers of VACNTSs per bundle, as shown in Figure 4.16. Figure 4.16(a) represents the
electrostatic field distribution at the tip of a single VACNT. The local electric field was
found to be the strongest (~ 455 V/um) compared to other such as array and bundled
structures. The strongest field was evident because there were no other VACNTS to affect
via the screening effect. The presence of the strongest electric field was well supported
because most field penetration occurred around the single VACNT emitter, as shown in
Figure 4.16(a). In the VACNTSs array (Figure 4.16(b)), the local electric field at the tip of
emitters was recorded as ~ 188 V/um. The remarkable drop in the electric field strength
was because of the screening effect from the neighboring VACNTS in the closely packed
array. The screening effect was evident from the weak penetration of the equipotential lines
between the VACNT emitters, as shown in Figure 4.16(b). On the other hand, the local

electric field was 355 V/um for the bundled structure with 9 VACNTS per bundle (Figure
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4.16(c)). It was ~89% increase in the local electric field strength compared to that for the
closely packed VACNT array. The significant improvement in the local electrostatic field
can be attributed to the increased inter-bundle distance (0.9 pm), which can lower the

screening effect [33, 82].
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Figure 4.16. Electrostatic field distribution (simulation result) for a (a) single VACNT, (b) an array of
individual VACNTSs, (c) bundled VACNTSs with 9 VACNTSs per bundle, and (d) bundled VACNTSs with 25
VACNTS per bundle.
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We also simulated the local electric field distribution for the bundled structures
having 17 VACNTSs per bundle and 25 VACNTS per bundle (Figure 4.16(d)) to study how
the number of VACNTS in a bundle affects the FE process. The maximum local electric
field (Emax) versus emitter morphology is graphed in Figure 4.17. The graph shows that a
single VACNT has the highest local electric field, and the closely packed VACNTSs array
has the lowest local electric field. For VACNT bundles, the array with 9 VACNTS per
bundle displayed the highest local electric field, and the field decreased as the number of
VACNTS in a bundle increased. Therefore, the simulation result suggests that the bundled
field emitters with a smaller number of emitters per bundle (e.g., 9 VACNTSs/per bundle)
can deliver better FE performance than that from the dense emitters array and bundled
emitters with a larger number of VACNTS per bundle. Our simulated result for pristine and
post-treated VACNTSs (bundled structures) agrees well with our experimental results. Our
current experimental technique cannot control the number of VACNTSs in a bundle.
However, the bundling through simple water treatment and SnO:2 coating, as described in

this work, can be a promising way to optimize the FE performance of VACNT arrays.

As the VACNTSs were synthesized directly on the SS substrate without a buffer
layer, the contact resistance between the substrate and CNTs was expected to be reduced
substantially. The reduced contact resistance facilitated an easier electron transport in the
interface between the substrate and the CNTs, through the CNTSs, and finally emission into
the vacuum, enhancing the overall FE performance. Also, the VACNTS synthesized by our
method may be doped with nitrogen since an ammonia plasma was used during the
experiment. Chen et al. conducted an XPS N 1S spectra study on CNTSs treated by the NH3

plasma and demonstrated the presence of carbon-nitrogen bonding on the CNTs wall [27].
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Figure 4.17. Change of electrostatic field as a function of emitter morphology.

They also revealed doped nitrogen even for untreated CNTSs as they used the ammonia
plasma during the synthesis process. The nitrogen doping on the VACNTSs was expected
in our samples as we also used ammonia plasma during the experiments. It has been
reported that the FE properties of CNTs can be improved by nitrogen doping [83]. Hence,
the combined effects of low contact resistance between the substrate and the VACNTS,
highly conductive substrate, nitrogen-doped VACNTS, bundled morphology, and SnO2
coating greatly enhanced the FE properties of the multiwalled VACNTSs synthesized on the

SS substrate by PECVD.
4.4 Conclusions

In summary, we developed a facile and effective method of synthesizing high-
quality VACNT arrays directly on the stainless steel without an external metallic catalyst
layer on the substrate surface using the PECVD method. The results are significantly better
than those reported in previous literature regarding the uniform length, good alignment,

and uniform coverage of VACNTSs over the substrate surface. A careful study of surface
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morphology of the substrate before VACNTs growth, as revealed by AFM and TEM
images, underlines the occurrence of important surface evolution caused by ramping
temperature in the presence of NHs gas to form the uniform nano-hills, which played a
crucial role in the VACNT nucleation and growth process. The TEM analysis and EDS
examination confirmed the VACNT tip particle to be pure Fe in most VACNTSs. However,
alloy particles of other transition metals (Ni, Cr, Mn) were also present in a few other
catalyst particles. The transition metal (e.g., Fe, Ni, Cr, Mn) particle allows the dissolution
and precipitation of carbon at an elevated temperature, which eventually lift-off and
remains at the tip of the VACNT during the growth process, the tip-growth mechanism.
Furthermore, VACNTSs were successfully coated with SnO2 nanopatrticles by a facile wet-

chemical method.

The FE properties of VACNTSs with different lengths were compared, and the
longer VACNTSs (20-min sample) demonstrated better FE performance in terms of low
turn-on electric field (Eto = 1.40 VV/um) and low threshold electric field (Etn = 2.31 V/um)
as well as higher field enhancement. The longer VACNTS resulted in a higher aspect ratio,
leading to a more significant field enhancement. The post-treatment to the pristine
VACNTS, such as water treatment and SnOz-coating, significantly enhanced the FE
properties (the Eto and Etn were 1.18 and 2.01 V/um, respectively, for SnO2-coated 20-
min sample) because of the structural change, which significantly reduced the screening
effect. The bundling effect of VACNTS on the local electric field was simulated, and the
experimental and simulation results agree well. Longer VACNTSs coated with SnO:
nanoparticles presented superior FE stability among all the tested samples. The superior

FE stability can be attributed to the mechanical strength enhancement and chemical
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stability of the VACNT emitters. The present method of direct synthesis of VACNTSs arrays
on the conductive substrate such as stainless steel and their structural modification through
water treatment and SnO2 nanoparticles coating may find potential application in the field

emission devices that require low bias and longer emission current stability.
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CHAPTER 5
VACNT-pillar arrays on stainless steel and their field emission properties

Chapter 5 describes the synthesis, characterization, and field emission properties of

vertically aligned carbon nanotube (VACNT) pillar arrays on the stainless steel substrate.
5.1 Introduction

Electron sources for cold field emission are used broadly in flat panel displays,
electron microscopes, x-ray tubes, microwave power amplifiers, and gas sensors [1-5].
Carbon nanotubes (CNTSs) are high-performing electron field-emitters because of their high
aspect ratio, small tip dimension, high electrical and thermal conductivity, as well as high
mechanical and chemical stability [6-9], but they are challenging to scale up into a
functional device ascribed to standard CNT synthesis routes that introduce unevenly
packed arrays of CNTs and poor connection to a conductive substrate. In operation,
electron field-emitters require a highly-oriented structure with well-defined packing
density [10] to enhance the localized electric field, which improves the overall electron
field emission (FE). More importantly, direct contact of the field-emitters with their
substrate is critical for achieving high electrical and thermal conductivity. This direct
contact can facilitate rapid electron transport from the substrate to the emitters during the
FE process [11]. Also, a robust emitter-substrate connection can adequately dissipate any
heat manifested by Joule heating during the field emission process, which can protect the
emitters from field evaporation failure. Therefore, we present a novel method for growing

CNT field-emitters in the form of micro-pillar structures on a conductive substrate while
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preserving the number density of active emission sites, which is essential to achieving large

and stable FE currents for an extended duration.

Carbon nanotubes have been studied extensively as cold cathodes for FE for more
than two decades [12-16]. The FE from CNT thin film highly depends on the morphology
such as length, diameter, alignment, and packing density of CNTs [17-19], growth
substrate [11], and CNTs-substrate interface properties [20]. Different methods, including
plasma-enhanced chemical vapor deposition (PECVD) [21], can synthesize dense forests
of vertically aligned carbon nanotubes (VACNTS); yet, these forests usually lack
uniformity in alignment, height, and distribution across the entire cathode, which can result
in a low and unstable emission current density. It has been suggested that self-standing
VACNTS have optimum total FE when the spacing between adjacent VACNTS is about
double their height [10]. But it is difficult to precisely control the spacing between
individual VACNTS in an array, as it requires a sophisticated, expensive, and multi-step
photolithography technique for patterning the catalyst particles (Ni, Co, and Fe) on top of
the substrate before synthesizing the CNTs [22, 23]. As an alternative route, nanosphere
lithography (NSL) has been used to synthesize periodic arrays of VACNTs with well-
controlled spacing between them [24, 25]. It has also been shown that the length and site
density of the VACNTs in the periodic array can significantly influence the FE
characteristics [26]. The critical aspect of the NSL was the deposition of catalyst nanodots
in periodic arrays using self-assembled monolayer or bilayer of polystyrene nanospheres
on a silicon substrate coated with a buffer layer. It is important to note that the VACNTSs
are grown on the intermediate buffer layer (for example, a chromium layer) rather than

directly on the silicon substrate. The buffer layer could be detached from the substrate at
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high temperatures resulting in the loss of VACNTSs. Also, silicon is a low conductive
material that limits the VACNT applications which demand good electrical conductivity
and high emission current. It is highly desirable that the VACNTS are directly grown on a

metallic substrate.

VACNT-pillar based field emission arrays (VACNT-P-FEAs) have exhibited
improved FE performance [27-32]. They are relatively easier to synthesize with controlled
inter-pillar distance, pillar diameter, and height, although the synthesis process relies
heavily on the complex photolithographic technique. While VACNT-P-FEAs showed
encouraging FE performance by increasing the effective field-emitters (VACNTS at the
edges of the pillar structure) compared to the regular VACNT forests, they are associated
with two main problems: the broader cross-section (typically a few um to several tens of
pm in diameter) of each pillar emitter, and the indirect connection between emitters and
the substrate. The broader cross-section means that each pillar structure itself is a dense
forest of VACNTS, which makes most of the field-emitters within the pillar ineffective,
thereby reducing the total emission current significantly during the FE process. Hence, the
overall field emission performance of VACNT-P-FEAs can be improved by synthesizing
VACNT-P-FEAs directly on the metal substrates with smaller pillar dimensions (each

pillar consisting of a few VACNTS) separated by an appropriated inter-pillar distance.

In chapter 5, a facile PECVD method of synthesizing micro-sized VACNT-P-FEAs
directly on stainless-steel (304 type) without using external catalyst particles and a buffer
layer has been devised. Nanosphere lithography with polystyrene (PS) spheres of different

sizes was employed to manipulate the size of the VACNT pillar emitters. The selective
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growth of individual self-standing VACNT arrays was achieved by choosing the
appropriate size of the PS spheres. The method is established on the idea of exposing a
limited area of the catalytic substrate surface to the carbon precursor gas by covering the
surface with an inhibitor layer so that the VACNTS can be grown only on the exposed area.
Further, FE measurements revealed that the turn-on and threshold electric field of the
VACNT-P-FEAs grown on SS substrate patterned with 450 nm PS spheres using
nanosphere lithography were lowered by about half, and the total emission current density
was increased by about four-fold compared to the dense VACNT forests. A two-fold
increase in the field enhancement factor for VACNT-P-FEAs showed promising
candidates for FE applications. Simulations of electrostatic field distribution revealed that
the higher electrostatic field localized at the tip of VACNTSs resided at the edges of
VACNT-P-FEAs, emphasizing that smaller individual pillar size can enhance the FE

properties. These simulation results reinforce the experimental findings.
52  Experimental
5.2.1 Substrate preparation by Nanosphere lithography

The stainless steel (SS) substrates were prepared by employing nanosphere
lithography (NLS) to enable the selective growth of VACNT pillar emitters. The details of
the method have been explained in section 3.1.2. Briefly, smooth and contaminant-free SS
disks of diameter ~ 1.5 cm were treated with RCA solution (NH4OH:H202:H20) for 30
seconds to make their surface hydrophilic, required for nanosphere adhesion. The
substrates were patterned with polystyrene (PS) sphere (110, 200, 450, 950, or 1500 nm in

diameter) by the spin coating method. A Cr-layer (CNT inhibitor layer of 15, 50, 150, or
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300 nm thick) was deposited on the PS sphere patterned substrates using e-beam
evaporation. According to the PS sphere size, the samples were termed as “PS110”,
“PS200”, “PS4507, “PS950”, and “PS1500”. The detailed sample nomenclature and
associated parameters are shown in Table 5.1. Finally, the PS spheres were removed from
the Cr-coated substrates using ultrasonication in an acetone bath for 3 minutes, which

yielded open circular catalytic sites on the masked SS substrate.

Table 5.1. Table showing the sample nomenclature and associated parameters of Nanosphere lithography.

Sample PS solution : IPA (v:v) PS sphere size (nm) Cr-coating thickness

(nm)
PS1500 1:2 1500 300
PS950 1:4 950 300
PS450 1:10 450 150
PS200 1:15 200 50
PS110 1:20 110 15

5.2.2 Synthesis of VACNT-pillar arrays

The dense forest of VACNTS, referred to as “HD” sample in the following text,
composed of individual self-standing VACNT arrays, and the masked VACNT-P-FEAS
were synthesized using dc PECVD, which has been described in section 3.2.1. In brief, the
SS substrates patterned by NSL were placed into the PECVD chamber evacuated to a
pressure of 0.01 Torr and then heated up to 600 °C under 7 Torr of ammonia gas (400
sccm). Besides, HD samples were fabricated by using polished and cleaned SS substrates.
Once the desired growth temperature was reached, DC plasma of power 70 W and

acetylene gas at 25 sccm was introduced. The VACNTS were grown for 10 minutes at 600

130



°C for all specimens compared in this study. Finally, the samples were allowed to cool
down naturally to room temperature and then removed from the chamber. A few samples
were grown at higher temperatures (such as 700 °C) to check the integrity of the Cr-layer

on the SS substrate.
5.2.3 Field emission measurements

The field emission properties of as-synthesized samples were measured using a
diode configuration method under a high vacuum of ~1x10° Torr, as described in section
3.4.1. The field emission properties (F-J cycles) of all samples were tested for at least ten
cycles to confirm the repeatability and reliability of the recorded data. Furthermore, the
electrostatic field distribution of VACNT-P-FEAs was simulated using COMSOL™
MULTIPHYSICS 5.2 software on the basis of finite element methods, as described in

section 3.5.
5.3 Results and discussion
5.3.1 Nanosphere lithography

Direct interaction between hydrocarbon gas and the native surface of the substrate
was crucial for the direct connection of VACNTSs to the substrate. Meanwhile, space-
limited interaction was essential to control the VACNT pillar’s morphology, which was
achieved through NSL. Figure 5.1(a-b) represents the surface topography of the as-received
SS substrate and its corresponding height profile along the line shown in Figure 5.1(a). As-
received SS surface had a rough surface with an average roughness Ra = 55.81 nm and
RMS roughness Rq = 79.92 nm. Figure 5.2 represents the topography of the SS substrate

before and after the NSL using PS spheres of different sizes. As shown in Figure 5.2 (a),
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Figure 5.1. Surface characterization by AFM. (a) Surface topography of the as-received stainless steel (SS)
and (b) the height profile along the line shown in Figure 5.1(a).

the as-received SS substrate was polished with sandpapers to a shiny, mirror finish. After
polishing, the Ra and Rq values were reduced to 4.91 and 6.46 nm, respectively. However,
a few deep and long grooves, as indicated by the triangle symbols, created during the
polishing process were observed with the corresponding height profile provided in the inset
of Figure 5.2(a). The polishing process was beneficial for two main reasons. First, the
commercial type 304 SS is known to have a passive chromium oxide layer on its surface
for corrosion resistance, which has an adverse effect during the synthesis of the CNTs [33].
Second, a smooth surface at the nano-level assists in achieving a uniform distribution of
the nanoparticles, such as PS spheres, without forming clusters during the NSL process

[34].

Figure 5.2(b-f) shows the AFM images of the Cr-coated SS substrates after
removing the PS spheres in diameters of 1,500, 950, 450, 200, and 110 nm, respectively.
The PS spheres removal created exposed regions in the SS surface, which acted as the
potential templated sites for VACNT pillars or individual VACNT. The depth profiles, as

shown in the insets of Figure 5.2(b-f), confirm the cavities of different sizes corresponding
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Figure 5.2. AFM images of the (a) SS substrate after polishing with sandpapers (b-f) Cr-coated SS surface,
partially exposing the native substrate surface after removing the PS spheres of diameters 1500, 950, 450,
200, and 110 nm, respectively. The insets represent the height profile along the line shown in the
corresponding images.
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to the different PS sphere sizes. We noted that the cavity diameter was slightly smaller than
the diameter of the PS spheres themselves. It was also apparent in Figure 5.2 that by
optimizing the PS solution concentration, the number density of the cavities was increased
as the diameter of the PS sphere was decreased, which was fundamental for keeping the

number density of the VACNT field-emitters constant across the samples.

The SEM analysis further revealed that the diameter of the cavities should be
smaller than the actual diameter of the corresponding PS spheres, considering that the
radius of the sphere was bigger than the thickness of the Cr-layer. Figure 5.3 shows the
schematics and SEM images of the Cr-coated SS substrate before and after removing the

PS spheres of a nominal diameter of 200 nm. The cavity diameter (dcavity) Was calculated

(a) (b) Exposed SS

PS sphere
surface (cavity)

Cr-layer

Figure 5.3. SEM analysis of the NSL. (a-b) Schematic diagrams and (c-d) SEM images of the Cr-coated SS
surface before and after the removal of PS spheres.
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as 173.2 nm using the 50 nm thick Cr-layer, as shown in Figure 5.3(a-b). Similarly, the
values were calculated as 1200, 883.2, 424.2, and 75.4 nm for the samples PS1500, PS950,
PS450, and PS110, respectively. The calculated values indicated that the diameter of the
cavities should be smaller than the actual diameter of the corresponding PS spheres. One
such observation is shown in Figure 5.3(c-d), where the diameter of the PS sphere was
measured as 204.9 nm, but the diameter of the cavity created after removing the sphere was

found to be 190.5 nm.
5.3.2 Evaluation of Cr-coating as the CNT inhibitor

Electronic structure plays a deterministic role in the catalytic activity of metals for
the nucleation and growth of CNTs. Typical transition metals (Ni, Co, and Fe) having few
d-vacancies (two to four) in their electronic configuration are known to interact moderately
with carbon atoms via dissolving an optimal amount of carbon atoms which results in
graphitization [35]. On the other hand, Cr metal with five d-vacancies in its electronic
configuration is widely regarded as a poor catalyst or co-catalyst for the synthesis of CNTs
[33, 36-39]. A polished SS substrate was coated partially with a Cr-layer of about 300 nm
thick, as shown in Figure 5.4(a), to validate its non-catalytic behavior in our PECVD
system. The word “FIU” was carved after the Cr coating with a sharp tweezer. It was then
subjected to the optimized growth conditions for VACNTS (growth temperature of 600 °C,
growth time of 10 minutes, flow rates of C2H2 and NHs at 25 and 400 sccm, respectively,
plasma power of 70 W, and pressure of 7 Torr).

The photograph after the synthesis clearly shows two distinct regions with different

color contrast, and the word “FIU” was clearly visible after the VACNTSs growth, as shown
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Figure 5.4. (a-b) A sequence of photographs of partially coated SS substrate with Cr showing the surface
before and after the synthesis of VACNTS at 600 °C. (c-d) SEM images of the boxed areas shown in Figure
5.4(b). The inset in Figure 5.4(d) represents the magnified view of the boxed area shown in Figure 5.4(d). (e)
SEM image of a sample surface after exposing to the CNT growth conditions at 700 °C. The features shown
by black arrows in Figure 5.4(e) are the remnant of the Cr-layer still in contact with the SS substrate. In
contrast, the large fuzzy area indicated by white arrows represents dense forest of VACNTS grown in the
exposed surface of the SS substrate after the Cr-layer breakup.

in Figure 5.4(b). Figure 5.4(c-d) represents the magnified view of the boxed areas shown
in Figure 5.4(b). Uniform and highly dense VACNTSs were grown on the uncoated part of
the SS surface. In contrast, the Cr-coated side was almost empty except a few short
VACNTS observed at some grooved regions on the coated surface, as shown in the inset
of Figure 5.4(d). The SEM images confirmed the successful inhibition of the growth of
CNTs by the Cr-layer. In addition, the Cr-layer was found to remain intact at 600 °C.

However, the Cr-layer was damaged severely at 700 °C exposing some of the SS surface,
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where the dense forest of VACNTSs would grow, as shown by white arrows in Figure 5.4(e).
The result showed that the areas on the SS surface still covered by Cr-layer, as indicated
by the black arrows in Figure 5.4(e), did not allow the growth of VACNTSs. The results
corroborate that the growth temperature should be less than 700 °C for the Cr-layer to

remain intact with the substrate during the PECVD growth of VACNTS.
5.3.3 Synthesis and characterization of VACNT-pillar arrays

In the VACNT synthesis by PECVD, a heat treatment at 600 °C to the NSL-
patterned SS substrate under a reducing environment facilitated the evolution of catalyst
nano-hills on partially exposed SS surfaces [40]. The on-site decomposition, diffusion into
the catalyst nano-hills, graphitization upon precipitation of the carbon atoms, and the
presence of plasma (70 W) in the growth environment governed the synthesis of VACNTS
[11]. Catalytically inactive Cr-layer played a crucial role in the site-limited growth of
VACNT pillars. To determine the non-catalytic behavior of the Cr in our PECVD method,
we performed a detailed experiment, which is described in section 5.3.2. Figure 5.5 shows
the SEM images of VACNTs grown directly on the SS substrates patterned with and
without PS spheres using NSL. Figure 5.5(a) shows a high-density forest (7.91 x 10° per
cm?) of well-aligned VACNTs (HD). Unlike HD, the samples shown in Figure 5.5(b-f)
comprised of VACNT pillars or individual VACNT that has grown only on the exposed
SS surface (cavities) created by patterning with PS spheres of diameter 1500, 950, 450,
200, and 110 nm. The insets in Figure 5.5(b-f) show the magnified view of the VACNT-
pillars whose diameters are dictated by the size of the PS spheres. The number of VACNTS

per pillar was proportional to the size of the PS spheres. An approximately similar density
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Figure 5.5. FESEM images of VACNTSs synthesized on SS substrates. (a) High density (HD) VACNTSs
grown on polished SS surface. (b-f) VACNT pillars grown on SS after patterning the surface by PS spheres
of diameter 1500 nm (PS1500), 950 nm (PS950), 450 nm (PS450), 200 nm (PS200), and 110 nm (PS110),
respectively. The insets in Figure 5.5(b-f) represent the magnified view of the boxed area shown in the
corresponding images.

of the VACNTSs was observed for the pillar samples, such as PS1500, PS950, and PS450.

The exception was the density of the VACNTSs for PS200, which was slightly lower than
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Table 5.2. Experimental data representing number density, counts per cavity, pillar density, length, and

diameter of the VACNTS synthesized with and without NSL.

No. density No. of No. of pillars in Length of ]
sample . VACNTS , Diameter of
p (x10° per _ (28 x 21) pm VACNTs  yACNTSs (nm)
cm?) per cavity area (um)
HD 79.1 - - 1.48 £0.17 57.49 +9.69
PS1500 11.7 362 +21 19 1.49+£0.23 53.42 +7.90
PS950 11.1 197 £15 33 1.43+£0.21 55.90 +9.11
PS450 10.6 36+5 173 1.49 +0.26 51.05+£9.09
PS200 6.2 71 506 1.39+0.23 47.92 £ 6.65
PS110 1.6 1 — 1.33+£0.18 56.55+11.82

the other pillar samples, see Table 5.2. Eventually, we were able to achieve the synthesis
of a single individual self-standing VACNT in each patterned cavity using PS110 samples,
the results of which are shown in Figure 5.5(f). The length and diameter of the as-
synthesized VACNTSs were measured to be in a narrow range of (1.33 — 1.49) um and

(47.92 — 57.49) nm, respectively.

Assuming the shape of the cavity is circular, the maximum number of VACNTSs
that can be accommodated into a cavity at closely packed condition can be estimated by

the following equation:

deavity \
N = <Ca‘_‘”ty> (5.1)
dyacnT

where dcavity and dvacnt represent the diameter of the cavity and VACNTS, respectively.

The maximum possible number of VACNTS that can be grown in the cavity was estimated

as 435, 235, 54, 9, and 1 for the samples PS1500, PS950, PS450, PS200, and PS110,
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respectively. The calculation was performed on the basis of VACNT’s average diameter
of the sample HD. The estimation also relied on the assumption that the diameter of the
HD VACNTS did not differ significantly from the other samples. The measured number of
VACNTS for each specimen, as shown in Table 5.2, was lower than the calculated value
from equation (5.1). The discrepancy occurred because the VACNTSs were not as closely
packed inside the templated cavities. Precise control over the size of catalytic sites (nano
hills) was practically impossible as the activated SS substrate itself was used as the catalyst.
Consequently, the pillars had VACNTSs of different diameters and distributions, which
prompted the templated cavities not tightly packed with VACNTSs as assumed in our
calculation. Nevertheless, the HD-based calculation was a good estimate of the number of

VACNTS per cavity formed using different size nanospheres.

The TEM observation confirmed the tubular structure of the as-synthesized CNTSs.
As shown in Figure 5.6(a), CNTs were found to have particles anchored at their tips,
suggesting the tip growth process [41]. The image also shows that the CNTs have different
diameters, which are attributed to the different sizes of the catalyst nanoparticles [40].
Since a few graphitic layers enclosed the metal catalyst particles, the work function of the
CNT tip can be expected to be close to that of the graphite, but the effect of the Fe particle
on FE properties may still exist. It has been reported that metal catalysts at the tip of CNTs
can be beneficial to the enhancement of the FE performance. On one hand, the metal
particle can operate as an additional FE electron source [42-44]. On the other hand, it can
bolster the robustness of the emitter tip to prevent radial deformations, thereby increasing
the emission stability [45]. A decrease in turn-on and threshold field by 1 V/um has been

reported from CNTs with FeNi nanowires encapsulated at the tips [42]; however, it should
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Figure 5.6. (@) Low magnification TEM image of the as-synthesized CNTs (PS1500) showing catalyst
particles at the tips, (b) low magnification TEM image showing a section of CNT with “bamboo-like”
structure, (¢) HRTEM image of a section of CNT, (d) HRTEM image showing the lattice fringes in the CNT
wall, (e) SAD pattern obtained from the Fe particle at the tip of CNT shown in the lower left inset, the bottom
right inset showing an HRTEM image of the catalyst particle. (f) EDS spectrum from the Fe particle at the
tip of CNT shown in the lower left inset of Figure 5.6(e) (the copper signal was from the TEM holder), and
(9) Raman spectra of the as-synthesized CNTs (PS1500).

be noted that the metal particles in this work were much shorter than in the reported
literature. As shown in Figure 5.6(b), the CNT walls were characterized by twisted and
broken graphitic planes forming a ‘bamboo-like’ structure rather than a hollow cylinder, a
typical characteristic of the CNTSs prepared by PECVD [46]. The multilayers of graphitic
planes separated by 0.34 nm, which correspond to the (002) lattice planes of graphite, were

observed in the high-resolution TEM (HRTEM) images (Figure 5.6(c-d)). It has been
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suggested that the growth environment consisting of energetic ions or radicals of nitrogen
plays a crucial role in the formation of ‘bamboo-like’ CNTs [47]. The report implies that
the intense NHs plasma used in the PECVD experiments was responsible for the ‘bamboo-
like’ structure of the as-synthesized CNTs. The effect of “bamboo-like” VACNT-P-FEAS
on FE properties has been discussed thoroughly in section 5.3.4. The selected area
diffraction (SAD) pattern taken from the particle at the tip of a CNT, as shown in Figure
5.6(e), shows the diffraction spots which can be indexed as (220), (330), and (510) planes
of single crystalline cubic Fe along the [001] zone axis. A distance of 0.37 nm
corresponding to the (220) bcc lattice plane of Fe crystal was observed in an HRTEM
image, as shown in the lower right inset of Figure 5.6(e). The EDS spectrum (Figure 5.6(f))
obtained from the particle displays the C, Fe, and Cu peaks. The C and Cu signals are
associated with the CNTs and TEM sample grid/holder, respectively. The TEM results
imply that the particle at the CNT tip was a bcc Fe single crystal. The tip particle analysis
implies that the Fe atoms rearranged into a single crystal at the SS surface during the
VACNTSs growth. Thus, the VACNTSs were grown directly from the SS substrate, which

supports the fact that the Cr-layer did not catalyze the growth of VACNTSs.

The structural defects on the CNTs synthesized using PS1500 were studied by
Raman spectroscopy, as shown in Figure 5.6(g). Typical Raman characteristic peaks at
about 1342 cm™ (referred to as D band) and at about 1589 cm™ (referred to as G band)
were observed. The D band measured the graphitic lattice disorder. In contrast, the G band
indexed the crystallinity of the material. These two intensities expressed as a ratio (Io/lc)
indicated the degree of structural defects in the crystalline structure [48]. The value of Io/lc

was found to be 1.24, which is considered a high value. The high Io/lc value indicates
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many defects in the synthesized CNTSs crystal structure. The observed high degree of
defects is also a typical characteristic of the CNTs prepared by the PECVD method caused
by an intense plasma bombardment on the CNT walls during the synthesis process [49]. It
has been demonstrated that highly defective amorphous CNTs grown at lower
temperatures, such as 600 or 650 °C, can be beneficial for the field emission, specifically
for reducing the turn-on electric field, because of the substantial field enhancement effect
caused by the inhomogeneous electronic sp?/sp® structures [50]. Therefore, higher field

emission performance was anticipated from our samples.
5.3.4 Field emission properties

The field emission (FE) properties of the as-synthesized samples were measured
using the diode configuration method under a very high vacuum. The consistency of the
FE properties measurements was tested by performing at least ten cycles of emission
current density versus applied field (F-J) measurements of three different samples for each
growth condition. The F-J comparison includes only the cycles from run 6 to 10 because
the first few cycles showed high fluctuation in the emission current. A comparison of F-J
performance between the first and sixth cycle is shown in Figure 5.7(a-b). The F-J
comparison revealed that the FE for the first cycle occurred unexpectedly at a much lower
applied electric field with a high field enhancement in comparison to the sixth cycle. The
main reason for the discrepancy between these two cycles was the nano-protrusions created
as a result of the surface adsorption of residual gas molecules at the tip of the field-emitters,
which decreased the work function of the emitters [51]. The field-emitters with lower work

functions were expected to onset the FE much quicker than their uncontaminated
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counterparts. But the adsorbed residual gas molecules usually cause unstable field
emission. The unstable field emission was eliminated by field evaporating the residual gas
and the protruding long emitters via electrical conditioning with high current during the

first five F-J cycles [52].
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Figure 5.7. F-J comparison between the 1% and 6™ cycle for the sample PS110. (a) Semi-log scale and (b)
linear scale representation. The inset in Figure 5.7(a) represents the Fowler—Nordheim (F-N) plot of F-J
cycles shown in Figure 5.7(a), and the difference in slope clearly indicates the disparity in field enhancement
during these two cycles.

The comparison of FE properties of the samples HD, PS1500, PS950, PS450,
PS200, and PS110 is shown in Figure 5.8 and Table 5.3. A turn-on electric field (Eto) and
a threshold electric field (Et1) were defined as an applied electric field required to generate
an emission current density of 1 pA/cm? and 1 mA/cm?, respectively. Figure 5.8(a-b)
represents the comparison of the F-J plots for different samples in semi-log and linear
scale, respectively. The F-J plots revealed that the FE process of the sample PS450 initiated
at a much lower applied electric field and produced a higher total current density than the
other samples. Precisely, the Eto and Etn values for the PS450 were measured as 1.57 +
0.21 V/pm and 2.94 + 0.21 VV/um, respectively, and a high emission current density (Jiotar)

in the range of 25 and 33 mA/cm? at a field of ~4 V//um was recorded, which is more than
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Figure 5.8. Field emission (FE) properties of the as-synthesized samples HD, PS1500, PS950, PS450, PS200,
and PS110. (a) Comparative study of current density vs. applied electric field (F-J) properties represented in
semi-log scale and (b) linear scale. (c) Corresponding Fowler—Nordheim (F-N) plots. (d) Variation of turn-
on and threshold field, as well as field enhancement factor, of the different samples. (e) Current stability test
at 0.5 mA current. The inset in Figure 5.8(b) represents the schematic of a diode configuration used to
measure the FE properties of the samples.
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Table 5.3. Field emission properties (Turn-on, threshold electric field, field enhancement factor, and
stability) of the as-synthesized high density, VACNT-P-FEAs, and low-density self-standing VACNT
samples.

sample Ero Etn Mean Mean Mean Stability at 0.5 mA

(V/pm) (V/pm) p Eto Etn B I(MA) o(mA) cf (%)

HD
S1 294 6.22 2577
S2 3.08 6.08 2500 3.09 6.53 2599 0.23 0.21 112
S3 3.26 7.29 2621

PS1500
S1 291 6.95 3103
S2 281 543 2266 2.86 6.12 2718 0.50 0.18 16
S3 285 5.98 2784

PS950
S1 2583 345 3747
S2 232 3.22 4366 2.42 3.36 4100 0.48 0.16 10
S3 241 3.36 4186

PS450
S1 159 295 5234
S2 151 3.01 5023  1.57 294 4977 0.49 0.16 12
S3 162 2.85 4674

PS200
S1 3.04 734 3233
S2 314 6.95 2819 3.06 7.00 2980 0.51 0.19 20
S3 299 6.71 2889

PS110
S1 319 7.14 3094
S2 311 7.57 3164  3.13 7.28 3216 0.49 0.24 36
S3 3.09 7.12 3392

fourfold higher than that for the HD. The Eto and Etn values for the different samples are

presented in Table 5.3, and they are also plotted in Figure 5.8(d).

The field enhancement property of the as-synthesized samples was studied by using
Fowler-Nordheim (F-N) equation. The emission current density as a function of field

enhancement factor (B) and applied electric field (F) can be written as [53]:

2 2
] = (AB F2> exp —% (5.2)
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where A (1.56 x 108 A V2 eV) and B (6.83 x 10° eV®2 V m™) are constant quantities. ¢ is
the work function of the electron field-emitter. The field enhancement factors were
calculated by using the slope (S) of the linearized region of the F-N plots, as shown in
Figure 5.8(c), and the equation can be given as:
3
B2

S = —T (53)

It was essential to know the work function of the emitters for understanding the local field
enhancement from the VACNT emitters, and hence the overall FE process. However,
subtle variations in the geometrical structure of the tip of VACNTS at the nanoscale can
modify their work function [54]. The work function also depends on the helicity of CNTs-

semiconducting (¢ = 5.6 eV) and metallic (¢ = 4.6 eV) [55]. The difficulty in keeping track

Table 5.4. Comparison of crucial FE parameters for various pillar-based CNT field-emitters reported in the
literature and this work.

Pillar  Pillar Evo (V/um)

Substrate height diameter at 10 Jrotal (MA/CM?) B Ref.
(um)  (um) uA/cm?
Co-Ti/Ti/AIISi 50 50 1.15 ~30 at 2.5 V/um 4362 [38]
Co-Ti/Ti/Al/SiT 43 20 1.08 ~30 at 2.3 V/um 5134 [38]
Ni/NiT/Ti/Si ~1.80 ~2 25" ~22 at 5.5 V/um 1824 [39]
Fe/Al/Si 15 10 2.8 ~1 at4 V/um 1770 [56]
Fe-Ni-Co/Al/Si 2 ~2.5 2.16 0.55at 3.46 V/um 4969 [57]
Fe/Al/Si 10 30 N/A 22.9 at 11 V/um 3169 [29]
Fe-Cr-Al 10 30 N/A 50 at 7.47 V/um 1671 [29]
SS 1.49 0.4 1.75 ~33at4 V/um 4977  This work

" Densified VACNT pillar emitters.
“Measured at 0.1 mA/cm2,
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of the variations in the structural and electronic properties of different CNTs lying in an
array led us to assume the work function of the VACNT emitters to be 5.0 eV (the
commonly used work function for carbon material) in our measurements [28]. The field
enhancement factors were found to be 2599 + 124, 2718 + 345, 4100 + 260, 4977 + 230,
2980 £ 181, and 3216 * 128 related to the samples HD, PS1500, PS950, PS450, PS200,
and PS110, respectively. The calculated highest beta value of PS450, which is about two
times higher than that for the HD, is consistent with the observed lowest values of Eto and

Ern. Figure 5.8(d) shows the variation of beta values of the different samples.

Most FE devices require electron-emitting sources capable of generating a high
emission current with a high degree of stability over an extended period. The temporal
measurement of the emission current was performed for various samples at an initial
current of 0.5 mA for more than 5 hours under a pressure of about 1x10°° Torr. For each
current versus time plot, the average current (I) and the standard deviation (c) were
calculated. Moreover, the current fluctuation (cf) over the I for each plot was calculated by

using the following equation:

I -1
cf=| i |><100% (5.4)

where | denotes the value of maximum deviated emission current from the average current
value. As shown in Figure 5.8(e), the sample HD exhibited the worst emission current
stability with the cf and average emission current of 112 % and 0.23 + 0.21 mA,
respectively. Unlike the HD, the rest showed improved current stability, as shown in Table
5.3. The samples PS450 and PS950 displayed superior FE stability among other samples

with the cf of 12 % (I = 0.49 + 0.16 mA) and 10 % (I = 0.48 + 0.16 mA), respectively.
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Hence, among the various samples, PS450 displayed the superior FE properties including
the lowest Eto = 1.57 V/um and Etv =2.94 V/um, as well as the highest B = 4977 and Jiotal
= 33 mA/cm? at the field of ~4 V/um along with improved FE stability for more than five
hours. Furthermore, the key FE parameters observed for PS450 were superior or
comparable to the reported values for pillar-based CNT field-emitters [29, 38, 39, 56, 57].
For a detailed comparison, Table 5.4 summarizes key FE parameters for various pillar-
based CNT field emitters reported in the literature and the dissertation. It should be noted
that the CNT pillar emitters reported in the literature were significantly longer than the
VACNT pillar emitters reported in the current study. So, the FE properties of our VACNT-
P-FEA samples can be further enhanced by growing longer VACNTSs with optimized inter-

pillar separation.

The poor FE performance from the dense VACNT forest was mainly caused by the
compact morphology of the VACNT emitters (decreased inter-VACNTS spacing), making
them vulnerable to the field screening effect [17]. Consequently, there was a delay in the
onset of the emission current (i.e., high Eto) and premature saturation of the emission
current (i.e., high Etn). A reduction in threshold field by more than half and increase in
saturation emission current by about 50 folds as a result of the decrease in nanotube density
by an order of magnitude has been reported [17]. A ratio of inter-emitter spacing to emitter
height, R/H = 1 (experimental) or 2 (theoretical), have been suggested in order to minimize
the screening effect for the maximum possible field enhancement from VACNT emitter
arrays [10, 58]. For the dense VACNT forest, the average emission current was very low
along with a drastic decrease in emission current during the first hour of the stability test,

as shown in Figure 5.8(e). Because of the significant screening effects in the dense VACNT
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forest, only those VACNTSs which were longer or resided at the edges of the larger gaps in
the non-uniform distribution area (Figure 5.5(a)) contributed to the FE current [59]. That
means the total emission current was emitted only by a few active VACNTSs under the high
applied field, making them vulnerable to structural failure caused by Joule’s heating or
current-induced dislocations, which occur only above a certain threshold of current density
[60, 61]. Hence, the decrease in emission current can be attributed to the field evaporation
of longer and non-uniform VACNTSs during the FE stability test. However, improved
emission current stability was observed after an hour of stability testing, which is a typical

FE behavior for a dense forest of VACNT emitters.

The lower Eto and Etn, the higher field enhancement factor, and improved emission
stability suggest that the VACNT-P-FEAs are more favorable field-emitters than the dense
arrays of VACNTs (HD) for better FE performance. The better performance from the
VACNT-P-FEAs compared to the HD sample was mainly because of their isolated pillar
morphology, which increased the number of active field-emitters. In other words, the pillar-
type morphology of VACNT-P-FEASs increased the number of VACNTSs lying at the edges
of the pillar structure, which were the true sites for field emission. For a constant number
density of VACNTSs within a pillar-based sample, it was expected to further increase the
number of active field-emitters by decreasing the pillar size, thereby increasing the overall
FE properties. The data in Table 5.3 agrees with this prediction and shows that the FE
performance of the VACNT-P-FEAs was indeed improved with the decrease in pillar size.
It must be pointed out that PS450 exhibited the best FE performance among the samples

instead of PS200 pillars with the least diameter. The result suggested that more
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fundamental aspects, in addition to the pillar size, should be explored to understand the

observed FE properties of the as-synthesized VACNT pillar emitters.

To understand the FE behavior of the VACNT pillar emitters and support our
conclusions, we simulated the electrostatic field for VACNT-P-FEAs. Figure 5.9(a-c)
represents the distribution of the local electric field at the tip of VACNT emitters for the
samples PS950, PS450, and PS200, respectively. Top and 3D views show strong local
electric fields allocated mainly at the edge of the pillar structures, suggesting that only the
VACNTSs at the pillar’s edge emit electrons during the FE process. According to the

simulation result, the number of active emitters in a single VACNT pillar was counted as
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Figure 5.9. Electrostatic field distribution for VACNT-P-FEAs having different pillar diameters, referring
to the sample (a) PS950, (b) PS450, and (c) PS200. The hue on the VACNT-P-FEAS represents the
distribution of the electric field. The reddish regions denote the strong electric field, whereas the dark blue
regions show the zero-electric field. The numbers above the scale bar correspond to the maximum electric
field in the domain.
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49 (~22 %), 19 (~48 %), and 6 (~86 %), corresponding to the samples PS950, PS450, and
PS200, respectively. The result indicates that most VACNTS in a large pillar were inactive

during field emission because of the screening effect of the densely packed VACNTSs
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within the pillar, whereas almost all VACNTSs in a small pillar contributed to the field
emission. Considering a small domain of 28 x 21 um?, referring to the SEM images of
Figure 5.5, the number of VACNT pillars were counted as 33, 173, and 506 for PS950,
PS450, and PS200, respectively (Table 5.2). According to the simulation results, the
number of active emitters within the domain was estimated to be 1617, 3287, and 3036 for
samples PS950, PS450, and PS200, respectively. Nilsson et al. suggested through a
numerical analysis that an optimal ratio of intertube distance to the height of the CNT was
about two (R/H = 2) for minimum field screening in a periodic array of VACNTSs [10].
However, Yun et al. and Suh et al. demonstrated that the maximum field enhancement
occurred when the value was one (R/H = 1) for a periodic array of vertically aligned carbon
nanofibers/nanotubes [58, 62]. Lin et al. reported R/H = 2 for the lowest turn-on field and
highest field enhancement factor from VACNT-pillars in a hexagonal array [27]. From the
above results, it can be concluded that the field screening effect can be minimized, and the
FE performance can be improved by maintaining the R/H > 1. In the current work, the
sample PS450 has an average inter-pillar spacing of 2.02 = 0.72 pum (individual inter-pillar
distance in the range of 0.73 to 3.52 um, measured from the SEM images shown in Figure
5.5), which results in the R/H value of about 1.3. The suitable R/H value, along with the
highest number of active field-emitters of the PS450, explains its superior FE performance

among all the tested samples.

On the other hand, the PS200 contained a higher number of active field-emitters
than PS950, but it displayed a slightly poor FE performance than PS950, as shown in Table
5.3. The weak FE performance was attributed to the field screening effect because the

VACNT pillars in PS200 were too close to each other. The average inter-pillar distance for
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PS200 was measured as 0.91 + 0.24 um (R/H = ~0.7 and individual inter-pillar distance in
the range of 0.45 to 2.16 um). In contrast, the inter-pillar distance for PS950 was more
extensive (4.25 + 1.57 um) (R/H = ~3 and individual inter-pillar distance in the range of
1.21t0 7.23 um). It should also be noted that the samples HD, PS110, and PS200 exhibited
emission with very similar turn-on fields (3.09, 3.13, and 3.06 V/um, respectively).
Although there was reduced field screening for PS110 and PS200 owing to the larger inter-
VACNTSs/pillars spacing and hence high emission per VACNT, the density of field emitters
in the two samples was significantly low compared to that in the HD sample (Table 5.2).
The FE performance of PS200 was expected to be much better than that of PS110 since the
density of VACNTs for PS200 was much higher than that for PS110. However,
experimental results showed that both samples performed FE with similar turn-on and
threshold fields. The discrepancy could be attributed to the morphological difference in
these two samples because PS200 consisted of VACNT pillars where field screening

among VACNTSs within the pillar can be anticipated.

Several reports have shown that the electronic properties of CNTs can be enhanced
by doping with nitrogen (N), which introduces donor states near the Fermi level [63]. As a
result, N-doped CNTs show metallic properties and reduced work function, thereby
showing enhanced emission efficiency [64]. Hence, it is essential to determine the doping
state of our samples, which can help understand the enhanced FE performance. In our
previous report [65], we performed X-ray photoelectron spectroscopy (XPS) experiments
to investigate the possible bonding of N with the graphitic wall of CNTs before and after
NHs plasma treatment by probing the N 1s core levels. We found that CNTs were

characterized by the interstitial N, NO, C=N (sp? bonding), and C=N (sp® bonding) even
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before the NH3 plasma treatment. The result indicated that CNTs were doped with N caused
by the NH3z plasma etching during the CNT growth. It has been suggested that the presence
of highly energetic N atoms, radicals, or ions in the CNT growth environment creates N-
doping effects by directly substituting carbon atoms on the CNT wall [66]. The samples in
the current work were synthesized using the same conditions (such as hydrocarbon gas
(C2Hy), etching gas (NHs), and PECVD) as those in our previous work [61]. Therefore, the

current samples were also doped with nitrogen (N).

The incorporation of N atoms and atomic hydrogen within the graphitic network
(CNT walls) plays a crucial role in the synthesis of multi-compartment CNT filament,
which can be beneficial for improved FE performance. It is widely accepted that sp®
hybridized (pyrrolic-like) nitrogen atoms bound with C atoms of the graphene layer can
lead to the formation of “bamboo-like” CNTs [67, 68]. The formation of the “bamboo-
like” structure may create many open graphitic edges (defects) on the outer wall of CNTs,
and the edges act as additional emission sites, which can significantly enhance the FE
properties [69-71]. Although we did not observe noticeable open graphitic edges in
HRTEM images, the presence of such defects in nanoscale cannot be ruled out. It should
also be noted that plasma bombardment on the outer wall of CNTs may also create many
defects (sharp edges), which is well supported by the Raman spectra of VACNT-P-FEAs.
Besides, atomic hydrogen attachment to the open graphitic edges may significantly lower
the work function, enhancing the FE properties of CNTs [72]. In VACNT emitters, the tip
section is supposed to be mainly responsible for the electron emission. The presence of
such open graphitic edges at and around the tip with reduced work function should enhance

the FE properties of our VACNT-P-FEAs.
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Apart from the above-discussed factors, the higher conductivity of substrate
(typically metallic substrates) plays a vital role in the FE process. The FE process involves
three main stages, (i) electron introduction, (ii) electron transmission, and (iii) emission in
a vacuum. In this process, the metallic substrate (SS in our case) becomes crucial since it
serves as an uninterrupted source of electrons, supports efficient electron transfer to the
VACNT root, and helps for adequate dissipation of heat generated by Joule’s heating,
thereby preserving the VACNT-metal bond and thus, a better life for field emitters [73].
Moreover, the pathway of electron transportation from the substrate to VACNTSs (i.e.,
contact barrier) is another critical issue of scientific interest regarding the FE process. With
the help of a double-barrier model, it has been shown that the width of the interfacial barrier
between emitters and the substrate determines the FE properties [74]. In our work,
VACNT-P-FEASs were directly grown on the SS substrate, and hence they were expected
to have an ohmic connection with the substrate by Fermi level matching resulting in smaller
contact resistance [75]. The ohmic contact can be attributed to the strong wettability of
CNTs with SS (primary content is Fe), and in the context of our research, the contact
resistance is a function of wettability instead of work function difference between CNTs
and substrate [75, 76]. The presence of low contact resistance was well supported by the
fact that our VACNT-P-FEASs have always shown a straight line, instead of an explicit
knee, in the F-N plot (Figure 5.8(c)) [73, 74]. Because of these underlying reasons, the
possibility of the contact voltage drop from our VACNT-P-FEASs during the FE process
can be neglected. Therefore, the metallic nature of our field emitters (VACNT-P-FEAS on
SS) contributed to the efficient electron movement and superior emission during the FE

process.
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5.4 Conclusions

Dense forests, micropillar arrays, and low-density arrays of self-standing VACNTS
were synthesized directly, without using an external catalyst and buffer layer, on the
stainless steel substrates using the PECVD method. A CNT inhibition layer (Cr-layer)
combined with nanosphere lithography (NSL) enabled the growth of VACNT-P-FEAs
with controlled morphologies. Compared to high-density VACNT forests, the VACNT
pillars have significantly improved the electron field emission performance. The VACNT
pillars synthesized on stainless steel after NSL with polystyrene spheres of 450 nm in
diameter showed superior FE performance including low turn-on field (Eto = 1.57 V/um),
low threshold field (Eth = 2.94 V/um), high field enhancement factor (f = 4977), and high
emission current density of ~33 mA/cm? at a field of 4 V/um. The sample PS450 also
showed a stable emission current with a high average current (0.49 mA) and a low current
fluctuation (12%) for an extended period of more than five hours. The FE performance of
our VACANT-P-FEA samples was better or comparable to pillar-based CNT field-
emitters. The superior FE properties can be accredited to the synergistic effect of the high
number of active field-emitters and an alleviated screening effect between the VACNT
pillars as a result of an optimum inter-pillar distance. A simulation was performed to
understand the electron field emission of the VACNT pillars. The simulation results are
consistent with the experimental results. Structurally controlled VACNT-P-FEAS
synthesized directly on a conducting substrate, as shown here for stainless steel, could be
applied for developing next-generation high-performance miniaturized vacuum tube X-ray

devices.
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CHAPTER 6

Cu-filled VACNT arrays on Cu disks: Synthesis, structural characterization, and

their field emission properties

Chapter 6 presents the investigation on the synthesis, characterization, and field
emission properties of copper filled vertically aligned carbon nanotube (CU@VACNT)

arrays on the copper substrate.
6.1 Introduction

Metals in their low-dimensional nanostructures, such as nanowires, nanorods, and
nanoparticles, are fundamental for miniaturizing sophisticated mechanical, optical, and
electronic devices. Since the report of single-crystal metal encapsulated in carbon
nanoparticles in 1993 [1], great attention has been concentrated on synthesizing metal-
carbon hybrid material, especially metal nanowires encapsulated by carbon. Carbon
nanotubes (CNTSs) are well known for their high tensile strength and chemical stability.
The CNTs encapsulated nanowires can survive in harsh environments since the carbon
shells act as protective barriers; therefore, the nanowires can be preserved in their pure
form. The synergistic effect of the core metal nanowires and CNT shells, as well as the
well-defined one-dimensional core-shell structure, can open up novel applications or
improve the performance of existing devices. It has been shown that CNTs filled with
metals have diverse applications in nanodevices such as nanomagnets [2], nanoswitches
[3], nanopipettes [4], nanowelding [5], and nanothermometers [6]. Copper (Cu) is one of
the most commonly used metals in electrical circuits as interconnects because of its high

conductivities of heat and electricity. A weak interaction of Cu with carbon (binding energy
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of 0.1 — 0.144 eV/atom) and its higher thermal and electrical conductivities make CNTs
encapsulated Cu nanowires ideal materials for many of the aforementioned potential
applications. In addition, vertically aligned carbon CNT (VACNT) encapsulated Cu
nanowires may find potential applications in electron field emission devices since a new

functionality can be achieved by combining the properties of Cu nanowires and VACNTS.

Mainly two types of methods, ex-situ and in-situ, for filling Cu into the core of
CNTs have been reported. The ex-situ method involves the Cu (or any foreign materials)
impregnation in the hollow interior of the CNTs after the CNT growth. Ex-situ filling
methods include supercritical fluid chemical deposition (SFCD) and chemical fluid
deposition (CFD) techniques [7, 8], sonication-assisted wet chemical method [9], solution
infusion method [10], and electrochemical co-deposition method [11]. The different CNT
ex-situ filling methods were described in a review paper [12]. The ex-situ methods require
that the filling materials have low surface tension, low viscosity, high diffusivity, and
adequate vapor pressure. Furthermore, an ex-situ method usually comprises multiple steps,
such as CNT opening, guest material filling, and heat treatment, which can easily damage
the CNTs. Another problem associated with ex-situ filling methods is that the filling rate

of the CNTs remains typically low.

In contrast, the in-situ method enables the growth of CNTs and their filling with Cu
simultaneously. To date, several in-situ techniques have been developed in an attempt to
accomplish large scale production of Cu-filled CNTs with a well-defined structure of Cu
core and high filling rate. These techniques include hydrogen arc method [13], microwave

plasma-assisted chemical vapor deposition (MPCVD) [14], surfactant-assisted
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hydrothermal method [15], thermal decomposition method [16, 17], laser vaporization
method [18], and chemical vapor deposition (CVD) [19]. Although a variety of techniques
have shown some success in filling Cu inside CNTSs, there are some critical issues
associated with these techniques, such as the low yield of filled CNTSs, the complex and
lengthy procedures, the necessity of organic/inorganic Cu salts, the lack of preferred
orientation of the Cu nanowire-filled CNTs, and the contamination of unnecessary
byproducts. Herein, we report a facile and controlled synthesis of large scale, vertically
aligned, and mechanically self-supported pure Cu-filled CNT (Cu@VACNT) arrays
directly connected to the Cu substrate. The CU@VACNTSs were grown on bulk Cu disks
without the deposition of an extra metal catalyst layer via a plasma-enhanced chemical
vapor deposition (PECVD) method. To the best of our knowledge, such a result achieved
in the chapter has never been reported so far. A possible growth mechanism of the

Cu@VACNTS has been proposed.

While the field emission properties of pristine and morphology controlled vertically
aligned CNT arrays [20-27], vertically aligned metal nanowire arrays [28-31], and CNTs
coated with metal or metal-oxide nanoparticles [32-36] have been studied, a little is known
about the field emission behavior of the CU@VACNT arrays. Therefore, in chapter 6, we
present a comparative study of the field emission properties of the unfilled and Cu-filled

VACNTS.
6.2 Experimental details

Arrays of CU@VACNT were synthesized by the direct current (DC) PECVD

method. The details of the synthesis technique have been described earlier in section 3.2.1.
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In brief, Cu disks (0.6 mm thick and ~1.5 cm in diameter), polished and cleaned
ultrasonically in acetone and IPA bath, were transferred into the PECVD chamber. The
chamber was evacuated to a base pressure of 0.01 torr. Then, NHs gas was introduced into
the chamber at the flow rate of 600 sccm, and the pressure inside the chamber was
maintained at 7 Torr. The carbon material growth experiments were performed at different
temperatures between 550 °C and 800 °C. A DC plasma of 90 W was applied to the Cu
disks when the targeted growth temperature was reached, and then carbon precursor gas
C2H2 was introduced at the flow rate of 25 sccm. The synthesis experiments were set for
30 min, and the as-synthesized samples could cool down naturally before being
characterized for various purposes. Several substrates were heat-treated at different
temperatures such as 650 °C, 700 °C, or 750 °C for 10 min under the NH3 environment at
the pressure of 7 Torr to understand the surface evolution of the substrates. Here, the heat
treatment conditions were the same as those for the synthesis of CU@VACNTS, but the
carbon precursor was not introduced so that the VACNTSs did not grow. The surface
morphology, crystal structure, degree of defects, and chemical composition of
Cu@VACNTs were investigated by using various tools and techniques described
previously in section 3.3. The field emission measurements were performed as described
earlier in sections 3.4.1, while the electrostatic field distribution was simulated by using

COMSOL™ MULTIPHYSICS 5.2, as described in section 3.5.
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6.3 Results and discussion
6.3.1 Surface morphology of the Cu substrate

The surface evolution of the catalytic substrate before its interaction with carbon
precursor gas at elevated temperatures was fundamental to the successful growth of CNTs
based on the vapor—quasi-liquid-solid (VLS) growth mechanism [37, 38]. The critical
aspect of the surface evolution was the formation of potentially active nucleation sites for
the CNT growth, such as nanoparticles or nano hills, as a result of the surface break up due
to the complex processes related to the surface energy [26, 39, 40]. The availability of these
nanostructures at the substrate’s surface can facilitate the dissociation of the carbon
precursor gas and further dissolution and precipitation of the carbon atoms or clusters to

synthesize CNTSs.

Figure 6.1(a-b) represents the surface morphology of the as-received and polished
Cu substrate, respectively. The insets in Figure 6.1(a-b) are the corresponding AFM images
showing the surface profile along the line shown in the respective images. The as-received
surface characterized with irregular topography was found to have an average roughness
(Ra) of 76.56 nm and RMS roughness (Rq) of 97.70 nm. Apart from a few scratches,
presumably because of polishing, a smooth surface with Ra = 6.93 nm and Rq = 9.03 nm
was achieved after polishing, as shown in Figure 6.1(b), which can help synthesize
VACNT arrays with uniform length. The EDS spectrum, comprised mainly of Cu signals,
shows the elemental composition of the polished surface, as shown in Figure 6.1(c). A trace
amount of Al recorded on the EDS spectrum can be assigned to the SEM sample holder.

Figure 6.1(d-f) depicts the SEM images of the surface topography of the substrates after
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Figure 6.1. Surface morphology of Cu substrates before and after the heat treatment in an NHs environment.
SEM images of the surface of (a) as received and (b) polished substrate. The insets in Figure 6.1(a-b)
represent the AFM images showing the surface profile along the line shown in the corresponding images. (c)
EDS spectrum from the polished substrate. (d-f) SEM images of the substrate after the heat treatment at
temperatures 650 °C, 700 °C, and 750 °C, respectively. White dots are the Cu particles and black spots are
the holes formed on the surface of the Cu substrate. The insets in Figure 6.1(d-f) represents the particle size
distribution of the corresponding samples.
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heat treatment at 650 °C, 700 °C, and 750 °C, respectively, in the NHs environment. Heating
significantly changed the surface morphology of the substrate. The surfaces after the heat
treatment contained an ensemble of nanoparticles (white dots in Figure 6.1(d-f)) along with
many holes (black spots in Figure 6.1(d-f)). The formation of the nanoparticles can be
attributed to the surface breakup induced by the heat under the reducing atmosphere [40].
The effect of heating on the surface modification was intensified as the temperature was
raised, causing a gradual increase in the size of holes and particles, as shown in Figure
6.1(d-f). However, the particles formed at 700 °C and 750 °C have similar sizes.
Specifically, the diameter of the nanoparticles was found to be 171.78 + 84.77 nm, 228.29
+91.48 nm, and 213.88 £ 99.48 nm for samples after the heat treatment at 650 °C, 700 °C,
and 750 °C, respectively. Microparticles with grain sizes of more than 1 pm were not
included in the statistical analysis of the particle size distribution since only the catalyst
particles of nano/submicron sizes are effective in the growth of CNTs. The surface analysis
suggests that temperatures have a profound effect on surface evolution that low-
temperature (650 °C) treatment causes the formation of smaller nanoparticles while high
temperature (700 °C or 750 °C) treatment leads to more significant nanoparticles. The size

of the nanoparticles will determine the diameter of the VACNTS.
6.3.2 Synthesis of Cu-filled VACNT arrays

It has been reported that CNTs cannot be synthesized directly on bulk Cu substrate
without the aid of an additional catalyst because of the limited solubility of C into the Cu
[25, 41]. However, some success in synthesizing multi-walled CNTs directly on Cu

substrate has been reported [42-44]. The Cu substrates used for the CNT synthesis were
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Figure 6.2. SEM images of the VACNTSs synthesized on Cu substrate at the temperatures of (a) 650 °C, (b)
700 °C, and (c) 750 °C for 30 min. The other growth parameters (flow rates of C,H, and NHs at 25 sccm and
600 sccm, respectively, the pressure of 7 torr, and plasma power of 90 W) were maintained constant
throughout the growth process. (d—f) Scratched areas of the samples showing the length of the CNTs.

treated with acid [44] or sulfur [42] to activate their catalytic activities. Otherwise, they
would suffer either a poor CNT yield or no CNT synthesis [43]. Our experiment shows that
separate extra treatment to the Cu substrate is not necessary for the PECVD synthesis of
CNTs. In PECVD synthesis, the highly energetic species in the plasma can help to activate
the Cu nanoparticles on the Cu substrate and keep the nanoparticles active by etching away
the amorphous carbon from the nanoparticle surface. The energetic plasma species also

promote hydrocarbon gas decomposition, which is the carbon source for the CNT growth.

The PECVD experiments were performed at various temperatures in the range of
550 °C to 800 °C to identify the growth temperatures of VACNTSs on the bulk Cu substrates
without extra catalyst layer decoration. The other growth parameters (including growth
time of 30 min, plasma power of 90 W, pressure of 7 Torr, flow rate of 600 sccm of NHs,

and flow rate of 25 sccm of C2H2) were kept constant throughout the experiments. The
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growth parameters were optimized through a series of experiments, and they produced
VACNTSs with high yield and good quality. The VACNTSs grown at 550 °C and 650 °C are
similar in terms of morphology, and hence only the sample fabricated at 650 °C will be
discussed in this work. Besides, the sample synthesized at 800 °C did not produce
VACNTS, preferably a thick layer of amorphous carbon. Figure 6.2(a-c) represents the

typical SEM images (20° tilt-view) of the VACNTSs synthesized directly on the Cu disks at

Table 6.1. Variation in catalyst particle size, diameter, length, and number density of VACNTSs synthesized
at different temperatures.

Sample Cata!yst particle _ VACNTS VACNTSs VACNTS de;nsity
size (nm) diameter (nm) length (um) (per cm?)
S650 171.78 £ 84.77 187 = 46 4,13+1.53 4.21 x 108
S700 228.29 £91.48 246 + 60 491+1.07 3.01 x 10°
S750 213.88 £99.48 234 + 68 476+131 3.12 x 108

650 °C, 700 °C, and 750 °C, respectively. In the subsequent text, these samples will be
referred to as S650, S700, and S750, respectively. Figure 6.2(d-f) shows the scratched area

of corresponding samples showing the entire length of the VACNTS.

The SEM images revealed that the morphologies of the VACNT arrays were
significantly affected by the different growth temperatures. Interestingly, arrays of free-
standing isolated VACNTSs were synthesized at low growth temperatures such as 650 °C
(Figure 6.2(a)), and arrays of bundled VACNTs were synthesized at high growth
temperatures such as 700 °C or 750 °C (Figure 6.2(b-c)). The reason behind the two
different morphologies of VACNT arrays observed in samples S650 and S700 or S750 can

be described as follows. At low growth temperature (S650), individual catalyst particles,
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possibly in the solid-state, catalyzed the growth of individual VACNTS to form an array of
free-standing VACNTSs. However, at sufficiently higher temperatures (S700 or S750),
some nanoparticles adjacent to each other could coalesce to form bigger catalyst particles
because of the Ostwald ripening. Subsequently, these bigger catalyst particles led to the
growth of multiple VACNTSs from a single catalyst site to form bundles [25]. It is also
important to note that the surface of the Cu substrates was covered with a thin layer of
amorphous carbon after the growth process. The carbon layer on the substrate was
suggested by fewer pores on the substrates of the samples S700 and S750 (Figure 6.2(b-c))
comparing to those on the Cu substrates after heat treatment at 700 °C and 750 °C (Figure
6.2(d-f)). The diameter of the VACNTSs was smaller for S650 as compared to that for S700
and S750. However, the length and number density of the VACNTS for all three samples

were observed to be in a narrow range, as presented in Table 6.1.

It should be noted that the VACNTS synthesized at the various temperatures, as
shown in Figure 6.2(a-c), were not from the Cu catalysts on the Cu substrates shown in
Figure 6.1(d-f). Therefore, the densities of the VACNTSs in Figure 6.2(a-c) did not match
the densities of the catalyst nanoparticles in Figure 6.1(d-f). As depicted in Figure 6.1(d-
f), the Cu particles were formed after the heat treatment of the Cu substrates for 10 min
only. In contrast, the VACNTS, as shown in Figure 6.2(a-c), were achieved after the
PECVD synthesis for 30 min. The formation of Cu particles from the surface evolution
was a continuous process, and the 30 min growth time would result in more Cu particles
formed on the substrate than the 10 min heat treatment. The Cu catalyst particles were
responsible for the growth of VACNTS, and the density of the VACNTSs should match the

density of the catalyst particles.
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Figure 6.3. TEM images of the CNTs and EDS spectrum from the filler material of the CNTSs synthesized at
the temperature of (a-d) 650 °C, (e-h) 700 °C, and (i-I) 750 °C. (a, e, i) Low-resolution TEM images showing
the entire length of the CNTs, (b, f, j) high-magnification TEM images showing the material trapped/filled
inside the CNTs, (c, g, k) high-resolution TEM images at the interface between the graphitic layers of CNTs
and the filler material, and (d, h, I) EDS spectrum from the material trapped/filled inside the CNT. The insets
in Figure 6.3(c, g, k) represent the SAD pattern of the material trapped/filled inside the CNT.
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The nanostructure of the as-synthesized materials was investigated by using low
and high-resolution TEM (HRTEM) spectroscopy, as shown in Figure 6.3. Sample S650
showed VACNTSs with catalyst particles anchored at their tips, see Figure 6.3(a-b). It is
noteworthy that the particles at the tips of some VACNTSs were stretched down along the
tube axis, forming short nanorods. A few VACNTs were also found to have discrete
nanorods inside their cores. In other cases, the particles were mainly restricted at the tip of
the tubes, as in typical hollow VACNTSs. The HRTEM observation at the interface between
the tip particle and the VACNT wall, as shown in Figure 6.3(c), shows clear multilayer
lattice planes separated by 0.189 nm corresponding to the (200) lattice plane of face-
centered cubic (fcc) Cu crystal. In addition, layers with an interlayer spacing of ~0.34 nm
corresponding to the graphitic (002) plane of VACNTSs were observed. The selected area
diffraction (SAD) pattern taken from the tip particle, as shown in the inset of Figure 6.3(c),
shows distinct bright spots that can be indexed as (200), (220), and (020) planes of single-
crystalline fcc Cu along the [001] zone axis. As shown in Figure 6.3(d), the EDS spectrum
further confirmed the identity of the tip particle as the pure single-crystalline Cu metal,

where the C signal can be accredited to the VACNT shell.

The TEM examination of the sample S700, as shown in Figure 6.3(e-f), disclosed
that all VACNTs were filled with foreign material from their root to the tip, forming a
complete core-shell structure. The HRTEM image, as shown in Figure 6.3(g), shows two
different lattice planes (111) and (111) corresponding to the fcc Cu crystal, making an
angle of ~70.5° to each other. The bottom left inset in Figure 6.3(g) represents the
schematic of the possible scenario of intersecting two different planes of the {111} family

of the fcc Cu crystal. The top right inset in Figure 6.3(g) shows the SAD pattern, which
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can be indexed as (111), (220), and (111) related to the fcc Cu crystal. As shown in Figure
6.3(h), the presence of Cu in the EDS spectrum further confirmed the core material as the
single crystalline fcc Cu. The C signal was associated with the VACNT shells. The
CU@VACNTSs have a tapered shape, and their Cu cores were encapsulated with a few
layers of graphitic walls. In contrast, many graphitic layers were present near the root of
CUu@VACNTS. Hence, it can be concluded that the VACNT walls near the tip of the Cu
core were formed at the last stage of the growth process [45]. Therefore, the Cu nanowire
tip should be the catalytically active site for the decomposition of carbon precursor and the

dissolution-precipitation of carbon atoms or clusters to form VACNT shells.

Further increase in the growth temperature (for example, 750 °C) led to the
formation of a few partially filled VACNTSs. The Cu nanowires were characterized by the
voids, deformations, and dislocations forming a neck-like structure, as shown in Figure 6(i-
j). However, most of the VACNTs were completely filled with Cu nanowires. The
formation of voids, deformations, and dislocations along the Cu wires can be ascribed to
the high temperatures. High internal energy, resulted from the high temperature, increases
the atomic activity of Cu atoms in the Cu nanowires. The Cu nanowires stretch because the
pre-melting occurred at the nanowire edge and on the surface [46]. The pre-melting
phenomenon significantly decreases the bonding strength of the Cu atoms, leading to
atomic gliding dislocations and grain boundary movement [47]. The structural
transitioning process creates voids, deformations, and imperfections. The Cu@C with
similar defects resulted from heating the nanowires above 800 °C have been reported by
Zhao et al. [48]. Moreover, the HRTEM, SAD pattern, and EDS spectrum (as shown in

Figure 6.3(k-1)) indicated the core inside the VACNTSs to be a single crystal fcc Cu.
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Figure 6.4. (a) Raman spectra of the multi-walled Cu-filled VACNTS synthesized at different temperatures
on the Cu substrates. (b) XRD profile of the Cu-filled VACNTS synthesized at 700 °C (S700).

Figure 6.4(a) shows the Raman spectra of the VACNTSs synthesized at different
temperatures corresponding to the SEM images in Figure 6.2. Two broad peaks at about
1339 cm™* and 1590 cm™* were observed for all the samples. The former peak corresponds
to D-band which is a defect-induced feature originating from out-of-plane vibrations in
breathing mode, while the later peak corresponds to the G-band which arises as a result of
in-plane vibrations (Ezg mode) of the sp?-hybridized carbon network [49]. The integral
intensities of these bands expressed as a ratio, Io/ls, signifies the quality of the carbon
materials. As shown in Figure 6.4(a), the value of Io/lc slightly decreased from 1.67 to 1.65
as the growth temperature increased from 650 °C to 700 °C. Further increase in growth
temperature to 750 °C resulted in the lowest Io/lc value of 1.50 among the three samples.
The result implies that the samples grown at higher temperatures were less defective.
However, the generally high value of Io/ls indicates a high level of defects in VACNTS. It
is postulated that the high level of defects was caused by the intense plasma etching on the

walls of the VACNTSs during the PECVD synthesis [18].
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Figure 6.4(b) represents the XRD pattern of the VACNTSs synthesized at 650 °C
(S650) and Cu@VACNTSs synthesized at 700 °C (S700). The XRD spectrum for the sample
S650 displayed broad diffraction peaks (20) at about 26° and 43° related to (002) and (101)
graphitic planes [49, 50]. Interestingly, there were no distinct Cu related peaks, although
TEM images verified the presence of Cu particles at the tips of VACNTS. The absence of
Cu peak is ascribed to the very low content of the Cu material in the sample. The XRD
profile of the S700 sample revealed the diffraction peaks matching the graphite and pure
Cu metal. The prominent peaks at 43.18° 50.34°, and 74.06° can be indexed as (111), (200),
and (220) planes of the fcc Cu phase (ICDD PDF No. 04-004-8452) with space group
symmetry of Fm-3m [45]. It is important to note that there are no characteristic peaks of
impurities of metal oxides. A broad peak at about 26° can be attributed to the (002) plane
of the graphitic wall of the VACNTS, which is consistent with the previous report [51].
The broadening of the peaks corresponding to graphite could indicate the defective nature
of the VACNTSs. Chuang et al. demonstrated that highly defective amorphous CNTs
significantly enhanced the field emission compared to the crystalline counterparts by
reducing the turn-on field and threshold field [52]. The improved field emission
performance was attributed to the substantial field enhancement effect of the
inhomogeneous electronic sp?/sp? structures and the hydrogen termination on amorphous
carbon structures [52]. Published reports [53, 54] have also confirmed the role of
hydrogenated amorphous carbon films in enhancing the field emission properties.
Therefore, higher field emission performance can be anticipated from our samples (S650
and S700). Raman and XRD results in Figure 6.4 indicated that the S650 and S700 have

almost similar degrees of defects (or similar crystallinity). Hence, similar field emission
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properties would be expected for both samples if they were composed of hollow carbon
shells only. However, completely filled VACNTs with crystalline Cu nanowires can

significantly affect field emission properties, as discussed in section 6.3.4.
6.3.3 Growth mechanism of the Cu-filled VACNTS

The role of Cu as an active catalytic metal for the synthesis of CNTs is still under
debate. The Cu is considered a poor catalyst because of its extremely low carbon solubility,
0.0001 wt. % C at 1100 °C, which prevents the formation of building blocks of CNT’s wall,
i.e., C-C bond [41]. However, reports of the successful growth of CNTs on bulk Cu
substrate without extra catalyst in the temperature range of about 820—1000 °C confirmed
the promising catalytic activity of Cu metal [43, 44]. Moreover, Cu nanoparticles with sizes
of less than 10 nm were excellent catalysts for the growth of single-walled CNTs at the
temperature lower than the melting temperature of bulk Cu (1085 °C) [55, 56]. The reports
of synthesizing single/multi-walled CNTs on the Cu (bulk or nanoparticles) suggest that C
atoms can dissolve into the Cu nanoparticles at temperatures lower than the melting point
of bulk Cu. Although Cu particles formed after the heat treatment at different temperatures
in our samples (Figure 6.1) were bigger than those mentioned above, it is reasonable to
assume that C atoms dissolved into the Cu particles during the VACNT synthesis process
and that Cu particles acted as the catalyst. The state of Cu particles at different temperatures
is very important for understanding the growth mechanism of CU@VACNTSs. It is well
known that the melting point of Cu nanoparticles can be 100-250 °C lower than that of the
bulk Cu [57]. The melting point of bulk Cu is 1085 °C, so the melting point of Cu

nanoparticles can be 835-985 °C. It is believed that the growth temperatures (650-750 °C)
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employed in our experiment were not high enough to melt the Cu nanoparticles. Therefore,
it is speculated that the Cu nanoparticles at our temperature range were in the quasi-liquid
state, which implies that the growth of the CuU@VACNTSs was primarily through the vapor—

quasi-liquid-solid (VLS) mechanism assisted by quasi-liquid capillary adsorption [48, 57].
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Figure 6.5. Schematic of the proposed growth mechanism for the ideal case of completely filled
Cu@VACNTSs.

The growth mechanism of the CuU@VACNTS is schematically described in Figure
6.5. It is important to note that the growth model is for the ideal case of completely filled
VACNTs with Cu, such as in the sample S700. Initially, the precursor gas (C2H2) was
thermally decomposed into C atoms along with energetic radicals (CxHy) and hydrogen gas
(H2) because of the weak catalytic activity of Cu and deposited on the surface of the
substrate as a thin layer. Simultaneously, an ensemble of individual Cu particles was
formed as a result of thermally induced surface breakup under the reduction environment.
The surface disintegration transformed the solid Cu substrate into a highly porous
morphology, as shown in stage Il of Figure 6.5. The pits (porous structures) on the Cu
surface can be seen in Figure 6.2(b-c) but with less frequency as compared to Figure 6.1(d-
f). The result confirmed the presence of a thin layer of C deposition. In the later stage, the

decomposition of the C2H2 into C atoms at the quasi-liquid Cu particle surface led to the
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dissolution and precipitation of C atoms forming graphite layers on the grain boundary
(stage 11, Figure 6.5). Extrusion stress between the graphite layers and Cu particle
transformed the catalyst particle into nanocone [58], with the tip exposed for the further
decomposition of precursor gas and incorporation of C atoms. As a result, the VACNT
grew longer, and simultaneously the semi-molten Cu metal was sucked into the VACNT
caused by the capillary action (stage IV, Figure 6.5) [51]. During the process, the
compressive pressure at the core from VACNT walls (~40 GPa) [59] could help elongate
the Cu nanowire along the axes of the VACNT. The length of CU@VACNT depends upon
the continued availability of the Cu filler and the catalytic ability of the Cu nanowire’s tip.
That means the growth of CU@VACNT concludes as the tip of Cu nanowire prevents

further dissolution and precipitation of C atoms (stage V, Figure 6.5).

A fundamental difference in the growth mechanism of empty VACNTSs grown at
650 °C (S650) and CuU@VACNTS synthesized at higher temperatures (S700 or S750) was
the state of catalyst Cu particle. The catalyst particles supporting the growth of empty
VACNTSs may be in the solid-state, which did not facilitate the capillary filling during the
growth process. The presence of extended Cu nanorod at the tip of some of the VACNTS
(Figure 6.3(a)) could be ascribed to the elongation of the catalyst particle under intense
compressive pressure from graphitic layers, similar to the Ni-filled carbon nanofibers [60].
It was suggested that such a kind of filling could occur when VACNTS consisted of the
solid catalyst particles at their tips [60]. If the temperature is high such as 750 °C, the Cu
filler may not be a continuous nanowire but instead of segments (with voids) caused by the

high internal energy of Cu, as described in section 6.3.2.
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6.3.4 Field emission measurements

The field emission (FE) properties of the hollow (S650) and Cu-filled (S700)
VACNTSs synthesized directly on bulk Cu substrates were measured using a diode
configuration method under a pressure of about 10 Torr. The samples were subjected to
the electrical conditioning during the first five current density versus applied field (J-Ea)
cycles to evaporate the residual adsorbates, which otherwise could onset the FE much
quicker than their uncontaminated counterparts [23]. Hence, J-Ea cycles after the 5™ cycle
were considered for studying the FE properties of the as-synthesized samples. Figure 6.6(a-
b) depicts the comparison of J-Ea properties of unfilled VACNTs and CU@VACNTS
represented on a semi-log and linear scale. A turn-on electric field (Eto) and a threshold
electric field (EtH) were defined as an applied electric field required to produce an emission
current density of 10 pA/cm? and 1 mA/cm?, respectively. The measured FE properties of
the as-synthesized samples are presented in Table 6.2. The J-Ea plots revealed that the
onset of the FE process from the CuU@VACNTS initiated at a much lower applied electric
field and produced a higher total current density than the unfilled VACNTS. Precisely, the
Eto and Etn values for the CU@VACNTS were measured as 1.77 V/um and 2.43 V/um,
respectively. Also, a high current density (Jwtar) in the range of about 19 and 23 mA/cm? at
a field of about 3.3 VV/um was recorded for the CU@VACNTS, which is about fivefold
higher than that for the unfilled counterpart. The Eto observed for CU@VACNTS was
significantly lower than the reported values for pure Cu nanostructures [28, 29, 31, 61, 62],
amorphous carbon decorated Cu-nanowire [63], entangled CNTs [42], and VACNT arrays
synthesized on Cu-substrate [25]. For a detailed comparison, Table 6.2 summarizes the key

parameters of FE for various field emitters reported in the literature and the chapter 6.
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Figure 6.6. Comparative study of the FE properties of unfilled VACNTSs (S650) and VACNTSs filled with
Cu (S700). (a) F-J plots in semi-log scale, (b) F-J plots in linear scale, (c) Fowler—-Nordheim (F-N) plots,

and (d) stability test at different current.

Table 6.2. Field emission properties (Turn-on, threshold electric field, field enhancement factor, and
stability) of the unfilled (5650) and Cu-filled (S700) VACNTSs.

Current stability

Sample  Eto (V/pm Etn (V/ipm
P o (V/um)  (V/um) cfat 0.24 mA cfat 1 mA
S650 3.96 6.10 1425 7% 24 %
S700 1.77 2.43 3061 3% 13%
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Fowler-Nordheim (F-N) theory can be used to approximate the FE properties of
the VACNTSs and their composite materials [22, 64]. The field enhancement factors () for

the unfilled and Cu-filled VACNTSs were calculated by using the F-N equation:

3
AE; B ¢2
J= (—“’Cal> exp [ -2 (6.1)

(I) ) Elocal

where J is the emission current density, A = 1.56 x 10° A V2 eV, B = 6.83 x 10°
eV¥2 Vv m1[22], ¢ (5eV [65]) is the work function of the VACNT electron field emitters,
and E,.,; is the local electric field at the emission site. Equation (6.1) depends only on the
local electric field E, . However, in a typical FE experiment, the emission current density
J is measured as a function of the applied voltage V between the anode and the cathode in
a planar diode configuration. Conveniently, the local electric field at the emission site can

be defined as:

Ejocal = BEa (6.2)

where Ea = V/d is the applied macroscopic field, d is the gap between the anode
and the cathode, and 3 is the proportionality constant [66]. Equation (6.2) shows that E;,;
depends linearly on the Ea; however, it should be noted that this linearity can deviate at
very high current densities owing to the space charge or current saturation [66]. The
equation (6.2) also implies that the enhancement factor 3 is a degree of the increase in the
localized electric field at the emission site with respect to the applied macroscopic field.
After substituting equation (6.2) into equation (6.1), the emission current density can be

expressed as:
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3
J= exp -E—gz (6.3)

Hence, from equations (6.3), it is clear that emission current density J depends
mainly on the field enhancement factor  for a constant applied field Ea. The field
enhancement factors were calculated by using the slope of the F-N plots, as shown in
Figure 6.6(c). The field enhancement factor  for the CU@VACNTSs was more than two
times bigger than that for the unfilled VACNTS, as shown in Table 6.2, which is consistent
with the observed low values of Eto, EtH, and high value of Jiwta for the CU@VACNTS.
Also, the observed value of field enhancement factor (f = 3061) for CU@VACNTS was
higher than most of the reported Cu-nanowires [28, 29, 31, 61], Ni-nanowires [30], Fe-
nanowires [67], randomly and vertically oriented CNTs synthesized on Cu-substrate [25,
42]. The FE stability of the as-synthesized samples was verified at low (0.24 mA) and high
(ImA) initial currents for 5 hours, as shown in Figure 6.6(d). For each current versus time
graph, the current fluctuation (cf) over the average current (I) was calculated by using the

following equation:

[ -1
of=! - |><100% (6.4)

where | represents the value of the maximum deviated emission current from the
average current value. As depicted in Figure 6.6(d), the Cu@VACNTS displayed excellent
FE stability with cf values of 3 % (I = 0.22 + 0.01 mA) at initial test current of 0.24 mA
and 13 % (I = 0.79 + 0.11 mA) at initial test current of 1 mA. The cf values for unfilled

VACNTSs were 7 % (1 =0.21 £ 0.02 mA) and 24 % (1 = 0.62 + 0.18 mA) at the initial test
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currents of 0.24 and 1 mA, respectively. The enhanced FE stability for CU@VACNTS
could be associated with the onset of FE at the lower applied field and high field
enhancement, which facilitated achieving the targeted test currents at a much lower applied
field compared to the unfilled VACNTS. The emitters subjected to the lower field were less
vulnerable to structural degradation because of Joules’ heating, thereby producing stable

emission current for an extended period of time.

Table 6.3. Comparison of key parameters of FE for various field emitters reported in the literature and this
work.

Turn-onfield  Field Emitter
Field emitters  Alignment @ 10 WA/Cm?  ephancement  height References
(V/um) factor (p) (1m)
Cu-nanowire Partially 4.6 443 ~10.5 [31]
Cu-nanowire Vertically 4.3 800 8-18 [29]
Cu-nanowire Partially 12.4 713 ~7 [61]
Cu-nanobat Partially 4.0 at 1 pA/cm? 3900 15 [62]
Cu-nanowire Vertically 7.0 1041 2 [28]
aC/Cu-nanowire  Vertically 8.7 3210 ~5 [63]
Cu@VACNT Vertically 1.8 3061 49 This work

The low values of the turn-on field and threshold field, the high value of field
enhancement factor, and improved emission stability suggest that CU@VACNTS are more
promising field emitters than empty VACNTs for FE applications. The superior FE
performance of CU@VACNTS can be understood based on the following two reasons, (i)
the presence of highly conductive Cu nanowires at the core of VACNT emitters and (ii)
distribution of CuU@VACNTS with bundled morphology on the substrate. Since graphitic

layers encapsulated the Cu nanowires, the work function of the CU@VACNT tips (true
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emission sites) can be expected to be close to that of the graphite. Nonetheless, the effect
of the Cu nanowires on FE properties may still exist. It has been suggested that metal
catalysts at the tip of CNTs can improve the FE properties. Previous reports proposed that
the metal particle can operate as an additional FE electron source [68-70] and reinforces
the robustness of the CNT tip to prevent radial deformations, thereby enhancing the FE
properties [71]. Lv et al. demonstrated a significant improvement in FE properties from
CNTs with FeNi nanowires enclosed at the apices [68]. It should be noted that in the case
of sample S650, the Cu particles were encapsulated only at the tips of VACNTSs. However,
the VACNTSs in sample S700 were entirely filled with pure Cu nanowires, which can
operate as much larger electron sources and bolster the robustness of the entire tube.
Moreover, an efficient electron transmission from the substrate to the tips of emitters is
another critical issue of scientific interest regarding the FE process. We believe that the
filling of VACNTSs by highly conductive Cu nanowires enhances the composite’s overall
electrical and thermal conductivities. The enhanced conductivities can help the efficient
electron movement and adequate dissipation of heat generated by Joule’s heating, thereby

preserving the CU@VACNT emitters and improving electron emission.

To support the conclusion that the filling of VACNTSs by highly conductive Cu
nanowires enhances the FE properties, electrostatic field distribution at the tip of an
unfilled and a CU@VACNT was simulated using COMSOL™ MULTIPHYSICS 5.2, as
shown in Figure 6.7(a-b). The simulation result revealed that the local electric field at the
tip of unfilled VACNT was significantly enhanced from 2.65 V/um to 11.3 V/um caused

by the encapsulation of highly conductive Cu nanowire at the core of the carbon shells.
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The enhanced local electrostatic field of CU@VACNT emitters at their apexes aided the

more accessible electron emission, thereby improving their FE properties.

Since the density of the VACNT arrays was high, the field screening effect between
the adjacent VACNTs should be taken into consideration while studying their FE

performance. The superior FE properties of CU@VACNTS (S700) compared to unfilled
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Figure 6.7. Simulation of electrostatic field distribution for (a) an unfilled VACNT and (b) a CU@VACNT.
The numbers above the scale bar represent the maximum value of the local electric field in the simulation
domain.

VACNTSs (S650) may also be accredited to the low field screening because of the bundled
morphology of the CU@VACNTS, as shown in Figure 6.2(b). Through a numerical analysis
of a periodic array of vertically aligned CNTs, an optimal ratio of intertube distance (R) to
the tube height (H) has been suggested to be about two (R/H = 2) for minimum field
screening between adjacent tubes [72]. The theoretical prediction was confirmed by Lin et
al. using a hexagonal array of CNT pillars with the lowest turn-on field and highest field

enhancement factor [73]. It has also been demonstrated that the maximum field
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enhancement occurred when the R/H value was one (R/H = 1) for a periodic array of
vertically aligned carbon nanofibers [74]. These results imply that it is essential to keep the
R/H > 1 to reduce the field screening between VACNTSs and enhance the FE properties.
Although our samples lacked a general periodicity of VACNTS, there was a much larger
spacing between CuU@VACNT bundles in S700 than the individual VACNTS in S650.
Therefore, the CU@VACNT bundles have a low field screening effect. In our previous
report [33], we have demonstrated that a bundle of VACNTSs emits electrons as a whole
rather than individual VACNTs and the bundling of VACNTSs can alleviate the field
screening effect by increasing the distance between the effective emitters, thereby

enhancing the FE performance.

The FE process involves electron transportation from the substrate through the
interface between the substrate and emitters, along with the emitters, and final emission
into the vacuum. For VACNT emitters, the high electrical conductivity of the substrate
(typically metals) is desirable for an uninterrupted source of electrons to achieve high FE
performance. High thermal conductivity of the substrate is required to dissipate the heat
developed by Joule’s heating during the FE process, protecting the emitters against the
field evaporation by preserving the VACNT-substrate bond. Apart from the electrical and
thermal conductivities of the substrate, the contact resistance between the VACNT and the
substrate also plays an important role in the FE property. High contact resistance can cause
resistive heating, which in turn can result in sublimation or melting of VACNTSs at the
higher electric field, thereby producing subdued FE properties. It has been reported that the
contact resistance can be minimized by synthesizing carbon nanotubes directly on

conductive substrates with work function comparable to that of the emitters [75]. In my
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dissertation work, the CuU@VACNTS were directly grown on Cu disks, which have a work
function of about 4.6-4.9 eV [76, 77] comparable to that of the graphite (5.0 eV). Therefore,
a low contact resistance between VACNTSs and the Cu disk was expected, which was well
supported by the fact that the F-N plot (Figure 6.6(c)) has always exhibited straight lines
for both samples without an obvious knee [78]. Hence, resistive heating problems can be
avoided if the emitters are directly grown on the substrate. The superior FE performance
of the CU@VACNTS is attributed to the synergistic effect of possible ohmic contact
between the substrate and Cu@VACNTSs, a highly conductive substrate, low field
screening because of bundled morphology, and presence of highly conductive Cu

nanowires at the core of VACNT emitters.
6.4 Conclusions

In summary, we developed a simple and effective method to synthesize unfilled
and filled VACNT arrays directly on bulk Cu disks via the PECVD method without using
extra metal catalyst particles. The filler material was identified as a single Cu crystal. After
a thorough examination of the as-synthesized samples through various techniques, the
possible growth mechanism of the Cu@VACNTs has been discussed. The Cu
nanoparticles formed on the Cu disk as a result of the surface reconstruction at high
temperatures in the presence of a reducing environment were responsible for the growth of
VACNTs. The growth temperature was the key to the successful filling of Cu inside
VACNTSs. The field emission experimental results indicate that the filling of Cu through
the entire length of the VACNT can significantly enhance the FE properties of the VACNT

field emitters. The field emission measurements revealed that the turn-on and threshold
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electric field of the CU@VACNT emitters could be lowered by more than half compared
to those of the hollow VACNT emitters. The more than two-fold increase in the field
enhancement factor for CU@VACNTSs showed that the CuU@VACNTS are promising
candidates for field emission applications. Simulations of electrostatic field distribution
revealed the localization of a higher electrostatic field at the tip of CU@VACNTS, which
underlined the importance of highly conductive metal nanowires at the core of VACNTS
to the enhancement of the field emission. Directly synthesized CU@VACNTSs on the

conductive Cu substrate could be applicable in vacuum micro/nano-electronic devices.
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CHAPTER 7

Synthesis, characterization, and measurement of electrochemical lithiation

properties of SnO.-VACNTS composite

Chapter 7 presents a detailed study of the synthesis, structural characterization, and
measurement of electrochemical lithiation properties of a single SnO2-CNT nanowire, the

pristine VACNT array, and the array of SnO2-VACNTSs composite.
7.1 Introduction

Lithium-ion batteries have become an essential part of our everyday life due to their
increasing applications extending from portable electronics to electric vehicles. Lithium-
ion batteries (LIBs) are one of the energy storage and power devices based on
electrochemical energy storage and conversion mechanism. Because of the excellent
properties of LIBs, such as superior energy density, a broader operating temperature range,
a low self-discharge rate, and devoid of memory effect, they are superior among other
battery technologies. However, the ever-increasing demand for LIBs capable of delivering
high energy and power densities with minimal volumetric constraints and safety issues
requires research for novel LIB components with enhanced electrochemical properties.
Carbon nanotubes (CNTs) have demonstrated the potential for application as the anode of
LIBs because of their unique one-dimensional tubular structure, large surface area, short
diffusion length of Li* ions, high electrical and thermal conductivity [1]. The CNTs are
regarded as excellent materials to store lithium ions (~1000 mAh/g) [2] compared to the-
state-of-art graphite anode (372 mAh/qg). Several groups have researched the possibility of

using CNTs as the anode material in LIBs for charge storage [3, 4]. The CNTs have been
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excellent additive materials to improve the electrochemical performance of electrode
materials with much improved energy conversion, storage capacities, and charge

transferability [5].

Several reports have shown the experimental specific capacity of CNT anodes
below 400 mAh/g [3, 6], which is a low value regarding the demands for the high energy
and power densities of LIBs. One of the main reasons causing the low specific capacity of
CNT anode is its conventional bilayer design. A thin layer of CNTSs is glued onto a copper
foil current collector with the help of a binder. The binder limits the potential application
of batteries above 200 °C, whereas the copper foil itself is not involved in the
electrochemical reaction. Reports have shown that the bilayer design of LIB anode can
reduce the usable capacity by ~47% [2], making LI1Bs essential to use free-standing, binder-

free CNTs anode.

High capacity metal and semiconductor materials such as Al (800 mAh/g), Sn (994
mANh/g), Li (3860 mAh/g), Si (4000 mAh/g), and Ge (1600 mAh/g) have been explored to
improve the specific and volumetric capacity of LIB anodes [7]. Despite having such high
Li* storage capacity, colossal volume instability during the lithiation/delithiation leads to
pulverization of the anode material and loss of inter-particle contact resulting in rapid
capacity fading and severe safety issues. Recent research of anode materials has been
motivated mainly by hybrid materials consisting of high capacity nanoparticles (<100 nm)
and CNTSs to address inherent concerns of bulk electrode materials [8-10]. The reduced
particle size may modify the volumetric alteration mechanism, and simultaneously using

CNTs can absorb the considerable stress developed during the lithiation and delithiation
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process. The high electrical conductivity of CNTs can enhance the performance of LIBs
since it offers a quick pathway for charged particles during the battery operation. The CNTs
coated with SnO2 nanoparticles (SnO2-CNTs) as an anode of LIBs is an attractive strategy
since the theoretical charge storage capacity of SnO2 (781 mAh/g) is over twice as much
as graphite anodes. Several groups have investigated SnO2-CNTs composite material to

explore its potential as the anode material of LIBs [10-12].

Most of the reports for fabricating SnO2-CNTs composite as anode materials
mainly focus on using wet chemical methods on randomly oriented CNTs. However, SnO2-
VACNTS can significantly improve the battery performance by offering better electrolyte
accessibility and charge transfer capability due to the regular pore structure and inter-tube
space of the VACNTSs array [13]. Improved contact resistance between VACNTSs and
current collectors achieved through the direct synthesis of VACNTSs on metal substrates
and anisotropic conductivities of VACNTs may enhance the charge transfer and adequate
dissipation of heat caused by resistive heating. A proper inter-tube distance in an array of
VACNTSs can alleviate the stress developed during the lithiation/delithiation process.
Hence, it is essential to fabricate binder-free VACNT templates directly on metal substrates
to accommodate a uniform coating of SnO2 nanoparticles for achieving high-performance

LIB anodes.

In chapter 7, SnO2-CNTs composite has been synthesized on the stainless steel
substrate. During the lithiation process of a single SnO2-CNT nanowire, the structural
evolution was examined using a miniaturized LIB designed and fabricated inside a

transmission electron microscope (TEM). In situ TEM experiment revealed that the volume
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of individual SnO2 nanoparticles during the first charge cycle was significantly increased.
Arrays of free-standing, binder-free VACNTSs have also been synthesized directly on the
3D nickel foil. The as-synthesized VACNTSs were coated with SnO2 nanoparticles to form
core-shell structures. The electrochemical lithiation performance of the pristine VACNTSs
and SnO2-VACNTSs anode has been evaluated in a half cell configuration. The SnO2-
VACNTSs composite anode exhibited a significantly higher specific capacity of ~1891
mANh/g at the current density of 0.1 A/g than the pristine VACNTs of ~520 mAh/g.
Furthermore, the SnO2-VACNTs composite demonstrated a capacity of more than 900
mANh/g even at a high current density of 1 A/g, which is a significant improvement over

the current graphite anode of LIBs.
7.2 Experimental details

The structural evolution of a single SnO2-CNT nanowire during the lithiation
process was examined using a miniaturized LIB designed and fabricated inside a TEM.
The VACNTSs were synthesized on the stainless steel substrate by the plasma-enhanced
chemical vapor deposition (PECVD) method. A detailed explanation of the apparatus and
synthesis procedure is given in section 3.2.1. The core-shell SnO2-CNT composite was
prepared by a wet-chemical method, as described in section 3.2.2. A thorough explanation
of the miniaturized LIB fabrication procedure inside the TEM and the LIB testing limits
are described in section 3.4.2.2. Free-standing, binder-free vertically aligned carbon
nanotubes (VACNTS) were synthesized on 3D nickel (Ni, 99.99% by wt.) foam via
PECVD, as described in section 3.2.1. In brief, as-received Ni foam (1.6 mm thick) was

cut into circular disks of a diameter of about 1 cm. They were loaded into the PECVD
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chamber after cleaning ultrasonically in acetone and isopropyl alcohol bath for 10 min, and
the chamber was pumped down to the pressure of 0.01 Torr. The VACNTs were
synthesized at 600 °C for 7 min by using acetylene (25 sccm) as the carbon precursor gas
in the presence of ammonia gas (400 sccm) while DC plasma of 70 W was applied at the
pressure of 7 Torr. The SnO2-VACNTSs composite was prepared at room temperature by a
simple wet-chemical method described in section 3.2.2. The electrochemical properties of
the as-synthesized samples were measured using CR2032 coin cells in half-cell
configuration with Li foil as both counter and reference electrodes. A detailed procedure

of fabricating coin cells is explained in section 3.4.2.1.
7.3 Results and discussion
7.3.1 Insitu TEM Lithiation study of a single SnO2-CNT nanowire

One of the critical issues of the LIB is the tremendous volume expansion in the
electrodes during the charging and discharging process, leading to serious safety concerns
and rapid capacity fading. Moreover, during the first cycling process, a considerable
capacity loss due to irreversible structural changes in the active material is another
significant concern of the current LIBs [14]. Understanding the underlying mechanism of
the structure and phase evolution of the active material during the lithiation/delithiation
processes is crucial to alleviate such problems. Electron microscopy is an advanced tool
for examining the structural evolution of active materials in the LIB during charging and
discharging. Reliable characterization of the structural evolution of active materials using

an ex situ capability is a challenge because of the active material’s structural stability under
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operational conditions [15]. Several in situ methods, such as scanning electron microscopy

(SEM) [16], scanning probe microscopy (SPM) [17], and X-ray diffraction (XRD) [18],
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Figure 7.1. Study of nanostructure of the SnO,-CNTs composite material synthesized on the stainless steel
substrate. (a) Low-magnification, (b) high-magnification, and (c) high-resolution TEM images of the SnO,-
CNTs. The inset in figure 7.1(c) represents the SAD pattern obtained from the SnO,-CNTSs. (d) EDS spectrum
from the SnO,-CNTs composite. The Cu signal was associated with the TEM grid.

have been used to study the morphology and phase change of the active materials during

the battery operation. However, a typically low spatial resolution of these techniques limits
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their use. In situ TEM imaging is mostly an ideal device for investigating the structural
evolution of the active materials in LIBs during their operation if suitable operation

conditions can be installed [19].

Figure 7.1 shows the TEM characterization of the SnO2-CNTs composite
synthesized on the stainless steel substrate. The CNTs were synthesized at 750 °C for 10
min using C2H:2 (25 sccm) as the carbon precursor gas. The NHs gas (400 sccm) was used
as a carrier gas. The plasma of 70 W at the pressure of 7 Torr was maintained during the
synthesis of CNTs. The diameter of the CNTs was varied in the range of 92 nm to 213 nm,
as shown in Figure 7.1(a). The length of CNTs was found to be ~8 pum long. As shown in
Figure 7.1(b), the high-magnification TEM image revealed that the SnO2 nanoparticles
were coated on CNT’s exterior wall. The high-resolution TEM image, as shown in Figure
7.1(c), shows the individual crystalline SnO2 nanoparticles showing clear lattice fringes
separated by a distance of 0.335 nm, which corresponds to the (110) lattice plane of the
tetragonal SnOz crystal [20]. The size of SnO2 particles was about 5 nm, and a typical SnO2
nanoparticle of size 4.291 nm is shown in Figure 7.1(c). The inset of Figure 7.1(c)
represents the selected area diffraction (SAD) pattern from the SnO2-CNT composite. The
distinct concentric rings can be indexed as (110), (101), (210), and (211) corresponding to
the tetragonal phases of polycrystalline SnO2 nanoparticles. The presence of Sn and O in
the EDS spectrum, as shown in Figure 7.1(d), further confirmed the composite as the

polycrystalline SnO2 nanoparticles.

Figure 7.2 shows a miniaturized LIB fabricated inside the TEM using a SnO2-CNT

nanowire as an anode and lithium (Li) metal as a cathode. During the lithiation, the Li*
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ions transportation was facilitated by a Li20 solid-state electrolyte layer formed on the Li
metal surface. A bias of -2 V was applied to the SnO2-CNT electrode vs. Li*/Li to initiate
the lithiation. Upon initial charge, the SnO2 transformed to Sn and Li2O according to the

following reaction [19].
SnO, +4Li" +4e — Sn + 2Li,O (7.1)

Subsequent lithiation of the SnO2-CNT anode corresponds to the following reversible

phase transformation reactions [19].
Sn+xLi+xe & Li,Sn  (0<x<4.4) (7.2)

C (nanotube) + xLi + xe” & Li,C (7.3)

Li:O $n0.-CNT ~ Conductive

epoxy
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Figure 7.2. TEM image of a miniaturized LIB, showing the SnO,-CNT nanowire in contact with the Li-
cathode. The inset shows the schematic of a design of the miniature LIB using SnO,-CNT nanowire as an
anode.

Figure 7.3 shows a significant change in morphology and phase of the SnO:
nanoparticles during the first charging process. The morphology and the crystallographic

features of the SnO2 nanoparticles are shown in Figure 7.3(a-b). Prior to the initial charge,
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the size of the SnO2 nanoparticles was ~5 nm and the distinct concentric rings on the

selected area diffraction (SAD) pattern revealed the polycrystalline nature of SnO:2

nanoparticles. Figure7.3(c-d) represents the morphology and the crystallographic features

171A 255A I Pristine

205A 338A
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©

Figure 7.3. In situ TEM observation of morphology and phase evolution of a SnO,-CNT nanowire upon
lithiation. (a) TEM image showing a cluster of SnO, nanoparticles before lithiation and (b) corresponding
SAD pattern. (c) TEM image of fully lithiated SnO,-CNT nanowire and (d) corresponding SAD pattern. The
numbers shown by dotted lines in Figure 7.3 (b) and (d) represent the lattice plane distances of SnO;
nanocrystals in reciprocal lattice.

of the SnO2 nanoparticles coated on the CNT after the lithiation for 3.5 minutes. Upon

lithiation, the nanoparticles were significantly increased in size (~10 nm) and crystalline

207



nanoparticles were transformed into a matrix of amorphous (Li2O) and crystalline particles
(LixSn), which can be understood as a lack of clear concentric rings in the SAD pattern
shown in Figure 7.3(d). The result can be attributed to the phase transformation of

tetragonal SnO2 to hexagonal LixSn and amorphous Li20 after lithiation.

Figure 7.4. Time-resolved high-resolution TEM images from video frames of the electrochemical reaction-
induced nanostructure evolution of a SnO, nanoparticle. The insets in Figure 7.4(a-c) represent the high-
resolution TEM images of a SnO, nanoparticle (boxed area) showing the evolution of crystal lattice planes.

The first lithiation process is crucial for the electrode materials in LIBSs since
massive volume expansion occurs during the first cycle, which is reportedly one of the
main reasons for substantially irreversible capacity fading. The electrochemical lithiation
process of an individual SnO2-CNT nanowire was examined using time-resolved high-

resolution TEM images to understand the electrochemical lithiation behavior of the SnO--
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CNT materials in LIBs, and the result is shown in Figure 7.4. A single SnO2 nanoparticle,
as shown in the boxed area of Figure 7.4(a-c), was tracked during the electrochemical
lithiation. An inter-planar distance of 0.335 nm, which corresponds to the (110) plane of
tetragonal SnOz2 crystal, increased to 0.358 nm after 3.63 seconds of initial lithiation, as
shown in Figure 7.4(a). The inter planer distance further increased to 0.378 nm after the
lithiation for 6.12 seconds, shown in Figure 7.4(b). The lattice separation was significantly
increased by ~23 % after 10.07 seconds due to the alloying of Li-ions with Sn metals, as
shown in Figure 7.4(c). After 14.02 seconds of lithiation, the crystalline SnO2 particles
were transformed nearly to the amorphous phase and became difficult to track, as shown
in Figure 7.4(d). It would be interesting to see if lithiated SnO2 nanoparticles regain their
original size and crystallinity upon delithiation, critical for the LIB cycle reversibility.
Hence, further experiments are necessary for the detailed understanding of the

lithiation/delithiation mechanism of the SnO2-VACNTS anode.
7.3.2 Pristine VACNTs and SnO,-VACNT composite as the anode of LIBs

Free-standing, binder-free VACNT templates for accommodating the high capacity
SnOz nanomaterials were synthesized directly on 3D Ni foam by the PECVD method.
Figure 7.5 explains the detailed plan of the VACNT synthesis, coating with SnO, and
fabricating the Li-ion CR2032 coin cell with the SnO2-VACNT composite as an anode
material. The on-site decomposition of hydrocarbon gas into carbon atoms, diffusion into
the catalyst nanoparticles/nano-hills, and precipitation on the catalyst surface to enable the
CNT graphitization are essential steps in the VACNT synthesis process. The presence of

catalytically active growth sites on the substrate is crucial when a catalytic metal substrate
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is preferred over the substrate coated with a thin film of transition metals. Figure 7.6 shows
Ni foam’s surface morphology before and after the heat treatment at 600 °C in an NHs

environment for 6 min. As shown in Figure 7.6(a) and (c), pristine Ni foam had a relatively

PECVD Synthesis Acid treatment SnO2 coating Coin cell fabrication

Sn02-VACly

Ni foam VACNTs HNOs, 20% SnCl2«H20 + O2 CR 2032

Figure 7.5. Schematic showing the detailed plan of VACNTS synthesis on Ni foam, coating with SnO,, and
fabrication of CR2032 Li-ion coin cell.

smooth surface with an average roughness Ra = 53.68 nm. After the heat treatment, the Ni
foam was much rougher with Ra = 105 nm, as shown in Figure 7.6(b, d). Most importantly,
uniform nano-hills were evolved on the Ni foam surface after the heat treatment under the

reducing environment, which were crucial for the nucleation of the VACNTSs.

Figure 7.7(a) shows a typical SEM image of a well-aligned, self-standing, and
uniform array of VACNTSs synthesized on the Ni foam. The inset of Figure 7.7(a) depicts
a high magnification SEM image of the boxed area shown in Figure 7.7(a). The diameter
of VACNTSs was ranged from 150 to 270 nm, whereas the length was measured to be ~5
pm long. Figure 7.7(b) and (c) show a low and a high magnification TEM image of

VACNTSs, which confirmed a tubular “bamboo-like” structure of VACNTSs with a catalyst
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nanoparticle at the tip, a typical characteristic of the VACNTSs synthesized via PECVD at
a low temperature. A high-resolution TEM image depicted the lattice fringes separated by
a distance of 0.34 nm in the VACNT wall, as shown in the inset of Figure 7.7(c). The high-

resolution TEM image, Figure 7.7(d), revealed multilayer lattice planes separated by 0.21

m
00!»' 2 4 6

Figure 7.6. Surface evolution of the Ni foam (single strip) due to the heat treatment at 600 °C under the NH3
environment for 6 min. AFM images of the surface of Ni foam (a) before, (b) after the heat treatment, and
(c-d) their corresponding 3D view.

nm corresponding to the (111) lattice plane of face-centered cubic (fcc) Ni crystal. The
typical electron diffraction pattern of the Ni nanoparticle trapped at the tip of the VACNT
is shown in the upper-right inset of Figure 7.7(d). The distinct diffraction spots can be
assigned to (020), (111), and (111) planes of pure fcc Ni along the [101] zone axis. As
shown in the lower-left inset of Figure 7.7(d), the EDS spectrum confirmed the
nanoparticle as a single crystalline Ni metal, where the C and Cu signals can be ascribed

to the VACNT wall and TEM holder, respectively.
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Figure 7.7. SEM and TEM characterization of the as-synthesized samples. (a, €) SEM images of VACNTSs
and SnO,-VACNTSs grown on the Ni foam. The insets represent the magnified view of the boxed area shown
in the respective images. (b, f) Low and (c, g) high magnification TEM images of a VACNT and a SnO»-
VACNT composite. The inset in Figure 7.7(c) represents a high-resolution TEM image showing the lattice
fringes in the VACNT wall. High-resolution TEM image (d) at the interface between the graphitic layers of
the VACNT and the catalyst particle and (h) of the SnO, nanoparticles. The upper-right and lower-left insets
represent the SAD pattern and EDS spectrum of the catalyst particle trapped at the tip of the VACNT and
SnO; nanoparticles, respectively.
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Figure 7.7(e) shows a uniquely bundled SnO2-VACNTS structure created after the
solution phase SnO2 coating procedure with VACNT tips touching each other. The active
material (SnO2-VACNTS) yield was 1.02 — 1.21 mg/cm? for the VACNTSs synthesis period
of 6 min and SnOz coating duration of 9 hours. A low and high magnification TEM images
shown in Figure 7.7(f) and (g) illustrate the coating of the VACNT by a thin layer (~20
nm) of SnO2 nanoparticles, forming a core-shell structure. As shown in Figure 7.7(h), the
high-resolution TEM image confirmed the crystalline phase of the SnO2 nanoparticle and
demonstrated lattice planes separated by 0.33 nm related to the (110) plane of the tetragonal
SnOz. The upper-right inset of Figure 7.7(h) represents the typical electron diffraction
pattern of the SnO2-VACNT composite. The concentric diffraction rings can be indexed as
(110), (101), and (210) planes related to the polycrystalline phase of tetragonal SnO2. As
shown in the lower-left inset of Figure 7.7(h), the presence of Sn, O, and C in the EDS
spectrum further established the material as the SnO2-VACNT core-shell, where the signals

such as Ni and Cu can be ascribed to the catalyst particle and TEM grid, respectively.

Thermogravimetric analysis (TGA) was performed to determine the SnO: loading
on the SnO2-VACNTSs composite. Figure 7.8 (a) shows the TGA profiles of the pristine
VACNTSs and SnO2-VACNTSs composite sample. Both samples exhibited typical weight
loss due to moisture removal below 400 °C, although the composite showed more
significant weight loss, which can be accredited to the solution-based SnO: coating
procedure. The composite displayed a rapid weight loss starting at ~463 °C, whereas the
pristine VACNTSs sample showed an abrupt weight loss at ~425 °C. The thermal stability
of SnO2 powder with a particle size of ~10 nm has been proven up to 900 °C [21]. The

final residual weights of both samples were expected to have all the carbonaceous species
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burned off by 700 °C, leaving behind the dry mass of SnO2 and any impurities in the
VACNTS [22]. The SnO2 mass loading of the composite was determined to be about 40%

of the total mass of SnO2-VACNTSs from the TGA spectra, which is the final residual mass
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Figure 7.8. (a) TGA, (b) Raman, (c) XRD, and (d) FTIR spectra of the pristine VACNTSs and SnO,-VACNTSs.

percentage remaining at 800 °C after subtracting the final mass remaining by the VACNTSs.
As shown by Raman spectra in Figure 7.8(b), the coating with SnOz2 slightly increased the
defects on the VACNTSs, which is evident from the increase in the intensity ratio of D-band
and G-band (Io/lc) from 1.12 to 1.18 [23]. The higher defects on the SnO2-VACNTS can

be accredited to the treatment of VACNTSs with HNOs acid before being coated with SnOz.
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It is important to note that the acid treatment was crucial to creating oxygen-containing
functional groups on the VACNTSs wall to assist the coating process. The crystallographic
structure of the pristine VACNTs and SnO2-VACNTs composite was characterized by
XRD, as shown in Figure 7.8(c). The XRD spectra show the peaks (20) at ~26.6°, 33.9°,
42.6° and 51.4° which can be indexed as (110), (101), (210), and (211) planes of the
tetragonal phase of SnO2 nanoparticles, and the result is consistent with the previous
literature [24]. The VACNT related peaks at ~26° and 42° further indicated that the test

material was SnO2-VACNTSs composite.

The functional groups present on the HNOs treated and SnO2 coated VACNTS were
examined using FTIR analysis, as shown in Figure 7.8(d). It has been reported that
chemical oxidation with HNOs can generate functional groups at the defect sites of the
VACNTSs wall [25]. The FTIR spectra of both samples revealed the C=C, C=0, C-N, and
N—H stretching vibrations at various wave number positions between 4000 and 550 cm™™.
Peaks at ~3790 cm, 2319 cm?, and 1256 cm™, associated with N-H and C-N band
stretching, can be attributed to adsorbed H20 and NHs [26]. The peaks at 2901 cm™ and
2844 cm may be associated with the —CH and C=H band stretching vibrations,
respectively [27]. The signals at ~1730 cm™ and 1633 cm™ are related to carbonyl (C=0)
stretching vibration of the carboxylic acid group and carbon structure (C=C) of VACNTS,
respectively [25]. The peaks at 1445 cm™, 1359 cm™, 1096 cm™, and 804 cm™ correspond
to the CH2/CHs, C-C, C-O, and —OH band stretching, respectively [28]. The signal
associated with the Sn—O or Sn—OH stretching vibrations at ~3716 cm, 645 cm™, and 579

cmt indicated that the carbon nanomaterial contained SnO2 nanoparticles [27, 29].
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The electrochemical Li-ion storage behavior of pristine VACNTs and SnO:-
VACNTs composite anodes for LIBs was examined using lithium foil as a reference
electrode. The electrochemical reactions that occurred during the cycling process were

studied using cyclic voltammetry (CV) tests. Figure 7.9(a-b) shows CV curves of VACNTSs
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Figure 7.9. Electrochemical properties of the pristine VACNTs and SnO,-VACNTS composite anode
materials evaluated via Li-ion coin cell fabrication. (a-b) CV curves of pristine VACNTs and SnO,-VACNTSs
composite with a scan rate of 0.2 mV/s measured between 0.01 and 3 V. (c-d) Charge/discharge profile of
the pristine VACNTSs and SnO,-VACNTSs composite at the current rate of 0.1 A/g within a voltage range
between 0.01 to 3 V.

and SnO2-VACNTSs composite anodes measured between 0.01 and 3 V (versus Li*/Li) at
a scan rate of 0.2 mV/s for the first five cycles. The electrochemical reactions of pristine
and hybrid anode materials in LIBs can be described by equations (7.1-7.3). For both anode
materials, sharp irreversible reduction peaks (at ~0.96 V for pristine VACNTSs and ~0.81
V for Sn02-VACNTS) during the 1%t CV cycle indicated the formation of solid electrolyte

interphase (SEI) on the anode surfaces from the decomposition of EC and DEC. The
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distinct reduction peak for the composite anode can also be accredited to the initial
irreversible reduction of SnO2 to Sn and Li20 (equation 7.1) [30]. The reversible reduction
peak at ~0.27 V for composite anode can be associated with the alloying of Li with Sn
metal. Besides, reversible oxidation peaks at ~0.39 V for VACNTS can be accredited to the
extraction of Li-ions from VACNTSs (equation 7.3). In contrast, oxidation peaks at ~0.67,
1.32, and 2.01 V for SnO2-VACNTS can be assigned to dealloying of LixSn (equation 7.2)
[31] and oxidation of Sn*2. The CV cycles overlapped after the 1st cycle, indicating the
promising reversibility of electrochemical reactions, which may be crucial for capacity

retention and long cyclability of LIBs.

The electrochemical performance of the as-synthesized electrodes was tested by the
galvanostatic charge/discharge cycling at a constant current of 0.1 A/g with cut-off
potentials at 0.01 V and 3 V versus Li/Li*, as shown in Figure 7.9(c-d). The first charge
and discharge capacities for VACNTs were 535 mAh/g and 1240 mAh/g. Similarly, the
first charge and discharge capacities for SnO2-VACNTs were 2695 mAh/g and 3927
mAh/g. However, discharge capacities for VACNTs and SnO2-VACNTSs in the second
cycle were dropped significantly to 542 mAh/g and 2581 mAh/g, respectively. In the first
discharge curves of both electrodes, a plateau is present at ~1.4 V, which may be assigned
to the irreversible reduction of surface species containing oxygen on VACNTSs [32]. Also,
the plateau that emerged at ~0.95 V can be accredited to the formation of an SEI layer in
pristine VACNTS, whereas it can be due to the formation of the SEI and Li20 in the case
of the composite electrode. Hence, the largely irreversible capacity loss between the first

and second discharge cycles of electrodes was due to the irreversible reactions on the
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surface of VACNTS, the formation of the solid electrolyte interphase, and the formation of

amorphous Li20 during the first cycle [32-34].

The galvanostatic cycle performance of the pristine VACNTSs and SnO2-VACNTSs
composite anodes was examined for 100 cycles of charge and discharge, and the results are
shown in Figure 7.10(a-b). The capacity of both anode materials became stable and
reversible after the initial few charge/discharge cycles. With a current density at 0.1 A/g,

the LIB with VACNTSs anode exhibited an excellent cyclability with coulombic efficiencies
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Figure 7.10. Electrochemical properties of the pristine VACNTSs and SnO,-VACNTSs composite. (a-b) Cycle
stability and (c-d) rate performance of the VACNTSs and SnO,-VACNTSs composite, respectively. (e) Cycling
performance of SnO,-VACNTSs composite at a high current density of 1 A/g with Coulombic efficiency.
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of more than 99% after the first cycle. The capacity remained ~520 mA/g at 0.1 A/g after
100 cycles. In comparison, the SnO2-VACNTS anode displayed considerably high capacity
with an initial discharge capacity of 3927 mAh/g. However, the LIB with the composite
anode suffered a continuous capacity fading, and after 20 cycles, it only preserved a
discharge capacity of ~2085 mAh/g. Despite the initial capacity fading, it showed
promising cyclability after 20 cycles and showed a discharge capacity of ~1891 mAh/g
after 100 cycles. The initial poor cyclability of the LIB with the SnO2-VACNTSs anode may
be attributed to the significant volume change and pulverization of SnO2 nanoparticles,
which led to the anode breakdown [34]. Moreover, both anode materials displayed
excellent high-power rate capability, as shown in Figure 7.10(c-d). At current densities of
0.2,0.5, 1, 2,and 5 A/g, the reversible capacities of the pristine VACNTSs were ~458, 399,
344, 289, and 256 mAh/g, respectively. The anode retained ~95 % of its initial capacity at
0.1 Alg, as shown in Figure 7.10(c). Similarly, the SnO2-VACNTs composite had
reversible capacities of ~1696, 1463, 1294, 1065, and 894 mAh/g at current densities of
0.2, 0.5, 1, 2, and 5 A/g, respectively (Figure 7.10(d)). Besides, the composite anode

retained more than 83% of its initial discharge capacity at 0.1 A/g.

Furthermore, we evaluated the composite anode's cyclability at the high current
density of 1 A/g for 200 cycles, as shown in Figure 7.10(e). Similar to the performance at
the low current density, the composite displayed a continuous capacity fading during the
first few cycles. However, after the first ten cycles, the composite anode exhibited a highly
stable cycling performance with a high specific capacity of more than 900 mAh/g at a high
current density of 1 A/g after 200 cycles with an excellent coulombic efficiency, as shown

in Figure 7.10(e). To examine the impact of the Ni foam on the overall Li storage capacity
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of electrodes, the galvanostatic cycle performance of the heat-treated Ni foam was
conducted for 100 cycles of charge and discharge at the current density of 0.1 A/g within
the potential window of 0.01 to 3 V, as shown in Figure 7.11. The specific capacity of the
Ni foam anode was very low (~20 mAh/g) compared to the pristine VACNTSs and SnO2-
VACNTSs composite anode, which confirmed that the Ni foam had little or no contribution

to the electrochemical performance of the samples.
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Figure 7.11. Cycling performance of the heat-treated Ni foam at a current density of 0.1 A/g. The heat
treatment to the Ni foam was performed under the NH3 environment for 6 min to create similar conditions to
that of synthesizing VACNTS in the Ni foam.

Electrochemical impedance spectroscopy (EIS) measurements were performed on
the pristine VACNTSs and SnO2-VACNTSs composite electrodes using a sine wave of 5 mV
amplitude over a frequency range of 100 kHz-50 mHz to determine the electronic
conductivity and Li-ion transportation within electrodes. The Nyquist complex plane
impedance measurements were carried out before and after running charge/discharge
cycles, as shown in Figure 7.12. Both Nyquist plots of the VACNTSs and SnO2-VACNTSs
comprise a semicircle in the high-to-medium frequency region and a straight line inclined

at ~45° angle to the real axis at the low-frequency region [35, 36]. The intercept at the Z’
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axis at high frequency corresponds to the equivalent series resistance (Rs), which relates to
the total resistance of the electrolyte, separator, and electrical contact. The depressed
semicircle in the medium-frequency range describes the charge-transfer impedance (Rct)
on the electrode/electrolyte interface [35-38]. Moreover, the straight line at the low-
frequency region of the Nyquist plot can be attributed to the Li diffusion process within

the electrode [39]. Figure 7.13 shows an equivalent modified Randle’s circuit to analyze
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Figure 7.12. AC impedance spectra of (a) VACNTSs and (b) SnO,-VACNTS before and after the discharge-
charge cyclic processes.
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Figure 7.13. Equivalent Randle’s circuit model used for fitting the experimental impedance data.

the impedance spectra. In the equivalent model circuit, CPEct and Zw represent the double
layer capacitance at intermediate frequencies and the Warburg impedance associated with

Li-ion diffusion.
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Table 7.1 demonstrates parameters after fitting the impedance data using equivalent
Randle’s circuit for the VACNTSs and the SnO2-VACNTS electrodes before and after 100
cycles of charge and discharge. Before cycling, the composite electrode exhibited lower
series resistance (Rs) and charge-transfer resistance (Rct) than the VACNTS electrode,
indicating fast electron transport and fast faradaic reactions at the electrode surface. The
depressed semicircle size in the mid-frequency range for both electrodes increased after
100 cycles, revealing higher charge transfer resistance after the cycling process. The

increase of resistance may be caused by the formation and thickening of SEI and loss of

Table 7.1. Impedance parameters of VACNTs and SnO,-VACNTs anode materials calculated from
equivalent Randle’s circuit.

Electrode materials Rs () Ret (2)
VACNTSs
Before cycling 11.3 113.6
After cycling 10.8 144.2
SnO2-VACNTS
Before cycling 94 67.8
After cycling 13.8 165.1

active materials [40]. In the SnO2-VACNTSs electrode, the charge-transfer resistance along
with series resistance after cycling increased significantly than the pristine VACNTSs
electrode. The increase of series resistance could be attributed to the formation and
extension of the gap between the SnO: particle and CNT wall as a result of substantial
volume expansion/contraction and pulverization of the SnO2 during lithiation/delithiation.
The continuous pulverization of the SnOz2 particle exposes a new grain surface for the fresh

SEI formation, which leads to the thickening of the SEI on the anode material, increasing
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charge-transfer resistance [40]. The increase in electrode resistances of the composite
electrode is well supported by the continuous capacity fading during the first 20 cycles of

the SnO2-VACNTS, as shown in Figure 7.10(b).
7.4 Conclusions

In summary, arrays of VACNTs and SnO2-VACNTs composite have been
synthesized directly on stainless steel foil and 3D Ni foam using the PECVD and wet-
chemical method. A miniaturized LIB was designed and fabricated inside a TEM to
investigate the in situ expansion of the crystal lattice plane and phase evolution of SnO2
nanoparticles of the SnO2-CNT electrode during the first lithiation process. The in situ
TEM experiment revealed that the lattice fringe distance of an individual SnO2 nanoparticle
was increased by ~23% of its original lattice plane separation upon alloying of Li-ions into
the Sn metal particles during the first charge. Moreover, the electrochemical properties of
free-standing, binder-free VACNTSs and SnO2-VACNTSs anode materials were measured
using Li-ion coin cells in half-cell configuration. The pristine VACNTSs anode exhibited
very stable cycling stability up to 100 cycles with a capacity of ~520 mAh/g at the current
density of 0.1 Ah/g and excellent rate capability at various high current densities. The
Sn02-VACNTSs composite electrode displayed a much higher capacity of ~1891 mAh/g at
the current density of 0.1 Ah/g after 100 cycles. The composite electrode also showed a
high capacity of more than 900 mAh/g at a high current density of 1 A/g after 200 cycles
with excellent coulombic efficiency, showing potential anode material for future high-

energy and high-power LIBs.
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CHAPTER 8
Summary and future work
8.1 Summary of the dissertation research

The dissertation presents the synthesis, characterization, and application of
vertically aligned carbon nanotube (VACNT) arrays. The dissertation work is focused on
the direct synthesis of VACNT arrays on various metal substrates using plasma-enhanced
chemical vapor deposition (PECVD) method and their application in field emission and
lithium-ion batteries (LIBs). First, we demonstrated the synthesis of high-quality VACNT
arrays on the stainless steel foil without extra catalysts and showed the use of pristine and
structurally modified VACNT arrays as cold cathodes for electron field emission. Second,
we fabricated VACNT micro-pillars directly on the stainless steel foil and demonstrated
the precise control of the pillar’s size by nanosphere lithography using polystyrene spheres.
Moreover, we found that the pillar size significantly affects the field emission behavior.
Third, we synthesized VACNTSs filled with copper nanowires inside the VACNT hollow
cores. The study of field emission properties revealed that the highly conductive core
nanowires enhance the field emission properties of VACNT emitters. Finally, we
synthesized VACNT arrays on nickel foam and coated them with SnO2 nanoparticles,

which we tested as high-capacity anode materials in LIBs.

VACNT arrays have been synthesized in the past on conducting substrates after
decorating the substrate surface with a catalyst thin layer or pretreating the substrate with
chemicals. In Chapter 4, we demonstrated that high-quality VACNT arrays could be

fabricated directly on the stainless steel substrate without an external metallic catalyst layer

228



or chemical pretreatment to the substrate using the PECVD method. We found that the
occurrence of surface nano hills resulting from surface evolution due to ramping
temperature in the presence of NHs plays a crucial role in the VACNT nucleation and
growth process. The high-density VACNT emitters displayed poor field emission
properties due to field screening effects. We further demonstrated that the post-treatment
(water treatment and SnO2 nanoparticles coating) to the dense VACNT arrays could result
in the structural change, which could minimize the field screening effect. The VACNTS
coated with SnO2 nanoparticles presented superior field emission stability as a result of the
improved mechanical strength and chemical stability of the VACNT emitters after SnO2

coating.

The VACNT npillar emitters have been widely synthesized for field emission
applications using various techniques. In Chapter 5, we demonstrated that VACNT pillar
emitters could be synthesized directly on the stainless steel disk using nanosphere
lithography. We showed that the pillar size could be controlled precisely by using
polystyrene spheres of various sizes. We found that the field emission properties of
VACNT pillar emitters strongly depend on the pillar size. The VACNT pillars synthesized
after nanosphere lithography with polystyrene spheres of 450 nm in diameter showed
superior field emission performance, including low turn-on field (Eto = 1.57 V/um), low
threshold field (Etv = 2.94 V/um), high field enhancement factor (B = 4977), and high
emission current density of ~33 mA/cm? at a field of 4 VV/um. This sample also showed a
stable emission current with a high average current (0.49 mA) at an initial test current of
0.5 mA and a low current fluctuation (12%) for an extended period of more than 5 hours.

The structurally controlled VACNT pillar emitters synthesized directly on the conducting
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substrate, such as stainless steel, could be applied in developing new-generation high-

performance miniaturized vacuum tube X-ray devices.

It has been shown that the interior hollow core of CNTSs can be filled with foreign
materials using various ex-situ and in situ methods. Chapter 6 demonstrated a simple and
effective technique of synthesizing copper filled VACNT arrays via the PECVD method.
We found that copper nanoparticles formed on the copper disk due to the surface
reconstruction at high temperatures were responsible for the growth of VACNTS, and the
growth temperature was the key to the successful filling of copper inside VACNTs. We
further demonstrated that the filling of copper through the entire length of the VACNT
could significantly enhance the field emission properties of the VACNT field emitters. The
enhanced field emission performance of the copper-filled VACNTS can be ascribed to the

overall increase in electrical and thermal conductivities of the field emitter.

Finally, arrays of VACNTs and SnO2-VACNTs composite were synthesized
directly on stainless steel foil and 3D nickel foam. The in situ TEM observation of an
individual SnO2-CNT nanowire anode in a miniaturized lithium-ion battery revealed that
the crystal lattice plane distance of individual SnO2 nanoparticles was significantly
increased (~23% of its original lattice plane separation) during the first lithiation process.
The electrochemical lithiation properties of pristine VACNT anode materials evaluated via
lithium-ion coin cells exhibited very stable cycling performance up to 100 cycles with the
capacity ~520 mAh/g at the current density of 0.1 Ah/g, and excellent rate capability at
various high current densities. The SnO2-VACNT composite electrode demonstrated a

much higher capacity of ~1891 mAh/g at a current density of 0.1 A/g after 100 cycles. The
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composite electrode also showed a high capacity of more than 900 mAh/g at a high current
density of 1 A/g after 200 cycles, which is a significant improvement over the current

graphite-based lithium-ion batteries.
8.2 Future work

The dissertation summarizes the advances achieved in fabricating VACNTS in
different forms and architectures to enhance field emission and electrochemical properties.
Although notable progress has been made in the respective research areas, some topics

require further studies for application purposes.

Emission current density of ~1 A/cm? is required for applications in vacuum
electronics. The aspect ratio of the field emitter is crucial for enhanced field emission
properties. Therefore, longer field emitters are ideal for field emission applications. In the
case of VACNT pillar emitters with different sizes, the proposed synthesis method using
nanosphere lithography further needs to be optimized to accomplish VACNT pillars with
long lengths (> 10 um) in perfect array structures and having inter pillar distance two times
bigger than their height. For this purpose, the integrity of the CNT inhibition layer (Cr-
layer) is essential during VACNTSs synthesis for a longer growth time (> 10 min) or at
higher growth temperatures (> 600 °C). To improve the integrity of the CNT inhibition
layer, a thin buffer layer of tungsten can be deposited on the substrate before depositing

the CNT inhibition layer.

A general lack of periodicity in the VACNT pillar emitters can be improved by
depositing a monolayer of polystyrene spheres (e.g., 5Sum in diameter) instead of random

dispersion of polystyrene spheres on the substrate. The monolayer of polystyrene spheres
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can be treated with plasma (NHs or O2) for different durations to optimize the polystyrene
sphere size, thereby controlling the VACNT npillar size and inter-pillar distance. The
VACNT pillars can also be subjected to plasma treatment, which increases the aspect ratio
of pillars by sharpening pillar apexes. More comprehensive studies can be conducted by
changing the plasma treatment time to obtain VACNT pillars with different aspect ratio
and their effect on field emission properties. The future work may also involve optimizing
the synthesis procedure of copper-filled VACNTSs to achieve high yield and further
investigation of their field emission and electrical properties. The hybrid materials have
tremendous potential in future electronic applications as interconnects since the carbon

shells preserve the copper nanowire in its pure form.

As-synthesized core-shell structured SnO2-VACNT anode material displayed
promising battery performance. However, tremendous volume variability of crystalline
SnO2 nanoparticles resulted in unstable cyclability during the first few charging and
discharging cycles. Future work may involve optimizing the size of SnO2 nanoparticles to
mitigate the volume expansion during the lithiation process since nanoparticles of the sub-
nanometer scale can effectively modify the volume expansion mechanism. Also, increasing
the mass-fraction of SnO2 nanoparticles by depositing them both in the interior and exterior
of VACNTS to enhance the capacity of SnO2-VACNT anode materials can be an exciting

prospect for future high-performance lithium-ion batteries.
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