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ABSTRACT OF THE DISSERTATION
SYNTHESIS AND ELECTRON EMISSION PROPERTIES OF ALIGNED CARBON
NANOTUBE ARRAYS
by
Suman Neupane
Florida International University, 2014
Miami, Florida
Professor Wenzhi Li, Major Professor

Carbon nanotubes (CNTs) have become one of the most interesting allotropes of
carbon due to their intriguing mechanical, electrical, thermal and optical properties. The
synthesis and electron emission properties of CNT arrays have been investigated in this
work. Vertically aligned CNTs of different densities were synthesized on copper
substrate with catalyst dots patterned by nanosphere lithography. The CNTs synthesized
with catalyst dots patterned by spheres of 500 nm diameter exhibited the best electron
emission properties with the lowest turn-on/threshold electric fields and the highest field
enhancement factor. Furthermore, CNTs were treated with NH; plasma for various
durations and the optimum enhancement was obtained for a plasma treatment of 1.0 min.
CNT point emitters were also synthesized on a flat-tip or a sharp-tip to understand the
effect of emitter geometry on the electron emission. The experimental results show that
electron emission can be enhanced by decreasing the screening effect of the electric field
by neighboring CNTs.

In another part of the dissertation, vertically aligned CNTs were synthesized on

stainless steel (SS) substrates with and without chemical etching or catalyst deposition.
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The density and length of CNTs were determined by synthesis time. For a prolonged
growth time, the catalyst activity terminated and the plasma started etching CNTs
destructively. CNTs with uniform diameter and length were synthesized on SS substrates
subjected to chemical etching for a period of 40 minutes before the growth. The direct
contact of CNTs with stainless steel allowed for the better field emission performance of
CNTs synthesized on pristine SS as compared to the CNTs synthesized on Ni/Cr coated
SS.

Finally, fabrication of large arrays of free-standing vertically aligned CNT/SnO,
core-shell structures was explored by using a simple wet-chemical route. The structure of
the SnO, nanoparticles was studied by X-ray diffraction and electron microscopy.
Transmission electron microscopy reveals that a uniform layer of SnO, is conformally
coated on every tapered CNT. The strong adhesion of CNTs with SS guaranteed the
formation of the core-shell structures of CNTs with SnO, or other metal oxides, which

are expected to have applications in chemical sensors and lithium ion batteries.
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CHAPTER 1.0

Introduction

The aim of this study is to develop carbon nanotube (CNT) electron emitters with
superior field enhancement for possible applications in electron field emission. The
approach is to develop CNT emitters that overcome the shortcomings and disadvantages
of existing emitters. In this dissertation, the performance of CNT emitters is extensively
investigated to develop a better understanding of the process of field emission.
Considerable effort has been directed toward the study of CNTs synthesized on
conducting substrates like copper or stainless steel. In addition, CNTs/SnO; core-shell

structures, which have applications as energy storage materials, have been fabricated.

1.1 Overview

Carbon nanotubes have attracted significant research interest after the landmark
report on the discovery of CNTs by lijima in 1991 [1]. Carbon nanotubes exhibit superior
chemical stability, remarkable electrical and thermal conductivities and robust structural
integrity [2, 3]. Carbon nanotube emitters also demonstrate promising field emission
properties with high current densities and low extraction fields as a consequence of their
large aspect ratio [4]. In addition, CNT electrodes offer a large surface area for
electrolytes and ions to interact, and hence, perform as efficient electrode materials with
quick response time. Figure 1.1(a) shows the trend of the number of publications related

to CNTs over the period 1990-2010 [5]. The steady increase in publications has been



possible as a result of contributions from many scientists who are doing research in this

fast-growing research field.
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Figure 1.1: Research trends and applications of CNTs. (a) Number of publications related to CNT growth
over last two decades [5]. (b) A 4.5 inch CNT field emission display with red, green and blue phosphor

columns [6].

Electron field emission is the quantum mechanical tunneling of electrons through
a triangular potential barrier at the surface of a conductor caused by applying a very high
electric field. Arrays of CNT emitters have been used as electron sources in various
applications including flat panel displays, cold cathodes, vacuum electronics, and x-ray
sources [7-9]. The devices that use electron field emission offer a wide view, high
brightness displays with excellent color and contrast resolution. Samsung developed a
prototype 4.5 inch CNT-based display in 1999 (Fig. 1.1(b)) [6], and has since developed
a 38 inch color display. Carbon nanotube arrays have also demonstrated the potential for
application as efficient electrode material during electrochemical tests [10]. Cyclic
voltammetry measurements have demonstrated the superior conductivity and great charge

transfer ability of CNT arrays employed as working electrodes. In addition, CNTs have



attracted significant interest as host material for lithium (Li) insertion because of their
unique structural, electrical, and mechanical properties. Consequently, there are several
reports that have explored the possibility of using CNTs in Li-ion battery for charge

storage [11, 12].

The main shortcomings of the presently available CNT emitters is the lack of
vertical alignment and their requirement of post growth treatment to transfer the samples
onto a conducting substrate [13]. In situ fabrication of CNT emitters on conducting
substrates prevents the introduction of impurities and defects on CNTs incurred during
the transfer of CNTs. However, a dense growth of CNTs results in the screening of the
electric field at the tip of a CNT by the neighboring CNTs and a diminished field
enhancement at the CNT tip [14]. Hence, it is more desirable to synthesize CNTs of
specific density at a predetermined location. Currently available methods to pattern the
catalysts by e-beam lithography and photolithography are relatively expensive and time-
consuming. Although chemically treated or plasma etched stainless steel (SS) substrates
can be employed to synthesize CNTs [15], the degree of alignment and density of the

CNTs synthesized on SS substrate is not satisfactory.

The core-shell structures of CNT/SnO, show promising charge/discharge
capacity. Most of the reported results for forming CNTs/SnO, core-shell structures are
dedicated to using wet chemical methods on randomly-oriented multi-walled CNTs [11,
12]. However, vertically aligned CNTs are more promising materials for applications in
Li-ion battery and other electrochemical applications because of the availability of higher

accessible surface area. The size of SnO, nanoparticles coated on CNTs plays a vital role



for the stability of electrodes during lithiation and delithiation cycles. It is reported that
uniformly distributed SnO, nanoparticles tend to minimize the pulverization failure of

SnO; coated CNT electrode, thereby, improving the cyclability and performance [12].

One of the possible solutions to fabricate CNT emitters of pre-determined density
is achieved by patterning catalyst islands using nanosphere lithography (NSL).
Nanosphere lithography is a versatile approach to create catalyst patterns of different
densities over a wide range of metallic, semiconducting, or insulating surfaces.
Nanospheres, with different diameters, can be used in NSL to change the size of the
catalyst dots. Carbon nanotubes synthesized on catalyst dots patterned by NSL and
separated by optimum distance experience the minimum screening effects by the
neighboring CNTs and demonstrate the improved emission characteristics with a lower

turn-on electric field and a higher field enhancement factor.

The field emission performance of CNTs can also be improved by plasma
treatment of CNTs. Plasma treatment enhances the electric field emission from CNTs by
changing the geometry of their tips, by decreasing the work-function of the CNTs, by
changing the morphology and alignment of the CNTs, and by introducing the structural
defects. The field emission properties can also be improved by changing the emitter
geometry. The degree of alignment and graphitization of CNTs synthesized on SS can be
improved by using direct current (DC) plasma enhanced chemical vapor deposition

(PECVD) method.

In order to increase the stability of a Li-ion battery, CNTs can be uniformly

coated with SnO, nanoparticles. The theoretical charge storage capacity of SnO, (781



mAhg™) is over twice as much as graphite anodes (372 mAhg™). The greater charge
storage capacity of SnO, nanoparticles can be incorporated with the strength of CNTs to
create electrodes with improved performance compared to conventionally used carbon
electrodes. Such core-shell structures are also expected to withstand large volume

changes during charging and discharging processes.

1.2 Objectives and scope of the research

The goal of this research was to synthesize arrays of vertically aligned CNTs and
to fabricate CNT emitters capable of delivering a stable emission current for an extended
period of time. The first part of the research focused on the controlled synthesis of CNT
arrays over a wide range of conducting substrates. A novel lithography technique, using
polystyrene nanospheres, was employed to create masks over which catalyst patterns
were developed to fabricate CNT emitters with various densities [16]. The tests on the
performance of the as-synthesized CNT emitters involved a detailed analysis of the
various parameters pertaining to electron emission, enhancement of the local electric field
at the CNT tips, and stability. In another approach, as-synthesized CNTs were treated
with NH; plasma and the performance of CNT emitters was studied. Plasma treatment
has proven to be an efficient method for enhancing the field emission performance of
CNTs by changing the CNT morphology, alignment, work-function, and structural
defects [17]. To study the effect of emitter geometry, CNT emitters have been fabricated
directly on Cu wires with sharp or flat tips. The nanostructures and field emission
properties of CNT emitters on two kinds of surfaces were investigated. In another section

of the dissertation, a detailed study of the synthesis of CNTs fabricated on SS has been



performed. The analysis of the topological features of the substrate after chemical
etching for different durations helped to achieve an understanding of the evolution of the
surface and its subsequent effect on the growth of the CNTs. The electrical properties of
the as-synthesized CNTs have been investigated. To study the effect of the adhesion layer
between the CNTs and the SS substrate on the field emission performance, CNT arrays
were synthesized on pristine SS and Ni/Cr catalyzed SS and tested for emitters. Finally,

CNT/SnO; core-shell structures were fabricated aiming at applications in energy storage.

1.3 Outline of the dissertation

This dissertation is organized into seven chapters. Chapter 2 is dedicated to the
background literature review on CNT structures, methods of synthesis, and their
properties. Special attention has been focused on the mechanical, thermal, electrical, and
electrochemical properties of CNTs relevant to the scope of the dissertation. The
applications of the CNTs have been discussed with an emphasis on electron field
emission and energy storage. Chapter 3 describes the experimental procedures involved
to create patterns of catalyst dots by nanosphere lithography and the subsequent synthesis
of CNTs using PECVD. Various characterization tools employed to evaluate the
performance of CNT arrays are also discussed in chapter 3. The results of the
enhancement of electron field emission by varying the density of CNTs, changing the
geometry of the CNT emitters, and applying NH; plasma treatment are discussed in
chapter 4. Chapter 5 is dedicated to electron field emission property of vertically aligned
carbon nanotubes on stainless steel substrates. Efforts to fabricate CNT/SnQO, core-shell

structure are reported in chapter 6. Finally, chapter 7 summarizes the research results



with recommendations for future research. The flow chart of the dissertation research is

shown in Fig. 1.2.

SYNTHESIS AND ELECTRON EMISSION PROPERTIES OF ALIGNED
CARBON NANOTUBE ARRAYS

CNTs on Cu CNTs on SS

Electron Field . '
Emission EIectrqq Field CNT/SnO,
SR core-shell

'

y v

Variation | Treatment Emitters

Figure 1.2: Flow chart of the dissertation research.
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CHAPTER 2.0

Progress and trends in carbon nanotube research

The present chapter includes a comprehensive summary of peer-reviewed

research in the field of carbon nanotubes.

2.1 Structure of carbon nanotubes

Carbon nanotubes (CNTs) can be visualized as sheets of graphene rolled into a
tubular structure. A graphene layer is a 2D-sheet of carbon atoms arranged in a
hexagonal array such that each carbon atom has three nearest neighbor atoms, Fig. 2.1(a).
A single-walled CNT (SWNT) consists of a single layer of graphene rolled into a
cylindrical structure while a multi-walled CNT (MWNT) consists of multiple layers of
graphite rolled into a cylindrical structure, Fig. 2.1(b). The properties of SWNTs are
determined by the diameter and length of the tubes, atomic arrangement available during
the rolling, and the presence of defects. The way a graphene layer is wrapped is

represented by a pair of indices (n, m) called the chiral vector C, =na,+ma, [1]. The

integers m and n denote the number of unit vectors along two directions in the
honeycomb crystal lattice of graphite, Fig. 2.1(a). If m = 0, the SWNTs are called zigzag
nanotubes; if n = m, they are called armchair nanotubes; and the remaining are called
chiral nanotubes. The difference in the graphene structure creates different band gaps that
determine the electrical properties of SWNTs. The electrical conductivity of a SWNT can
be easily determined by the (n, m) indices of the graphene sheet. A (n, m) nanotube is

metallic if the difference n —m is an integer multiple of three, otherwise, the nanotube is



semi-conducting. Furthermore, the diameter of a SWNT can be expressed in terms of

a
chiral indices (n, m) as d =—w/in2 +nm+m’ i, where a = 0.246 nm. While SWNTs can
T

be either metallic or semiconducting, on the basis of tube chirality, MWNTs are

conductive, in most cases, as a result of the proximity of parallel graphene sheets.

Figure 2.1: Schematics of a graphene layer and CNTSs. (a) Infinite graphene sheet with unit vectors a; and
a,. The red arrows show the directions for rolling of graphene sheets to form a zig-zag or arm-chair CNT.

(b) Schematic representation of a SWNT and a MWNT [2].
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2.2 Synthesis methods

Carbon nanotubes can be synthesized using various methods. A detailed
description of some commonly used synthesis procedures is provided in the following

section.

2.2.1 Arc-discharge method

Iijima reported the discovery of MWNTs synthesized by using an arc-discharge
method [3]. A high direct current (DC), typically about 200 A in magnitude, is applied
between two graphitic electrodes separated by a distance of about 1 mm inside a chamber
filled with Ar gas at 100 torr. The schematic of an arc-discharge apparatus is shown in
Fig 2.2(a). The MWNTs had diameters of 4-30 nm and length of about 1 um. The
potential difference of 20 V was maintained between the electrodes. Two years later,
lijima et al. and Bethune et al., simultaneously, reported the synthesis of SWNTs [4, 5].
Ilijima et al. added an iron catalyst to the graphitic electrode in the arc-discharge chamber
filled with a gas mixture consisting of CHy at 10 torr and Ar at 40 torr. The SWNTs had
diameters in the range of 0.7- 1.6 nm and a length about 700 nm. Figure 2.2(b) shows the
electron micrographs of CNTs having 5, 2, and 7 walls with diameters of 6.7, 5.5, and 6.5
nm, respectively. The TEM image of a SWNT having a diameter of 1.37 nm and
produced by arc-discharge is shown in Fig. 2.2(c). Large scale synthesis of MWNTs was
achieved by Ebessen via applying a electrical potential difference of 18 V between the
electrodes in helium gas at a pressure of 500 torr [6]. Journet et al. synthesized SWNTs,

on a large scale, using a mixture of metallic catalysts and graphite powder placed in a
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graphite anode. The arc-discharge was created by a current of 100 A; a voltage drop of

30 V between two electrodes was maintained in a helium environment at 495 torr [7].

Figure 2.2: Schematic of the arc-discharge apparatus and transmission electron micrographs of CNTs. (a)
Schematic of arc-discharge method. (b) Electron micrographs of MWNTs having 5, 2, and 7 walls,
respectively [3]. (c) Electron micrograph of a SWNT with a diameter of 1.37 nm produced by arc-

discharge method [4].

2.2.2 Laser ablation method

Laser ablation is a process of removing particles from a solid surface by
irradiating the surface with a high-energy laser beam. Guo et al. pioneered the large scale
synthesis of CNTs by using Nd:YAG laser pulses over a graphite target heated to 1200 °C
inside a 50-cm-long, 2.5-cm-diameter quartz tube, Fig. 2.3(a) [8]. The graphite target was

heated inside the tube with the pressure maintained at 500 torr by flowing Ar gas at a
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linear flow rate of 0.2 — 2 cm/s. Carbon nanotubes were collected on the Cu rod cooled
by circulating water. These MWNTs were 300 nm long and consisted of 4-24 layers of
graphite. The quality of the MWNTs declined as the synthesis temperature was reduced
from 1200 °C to 900 °C until no nanotubes were formed at 200 °C. Addition of transition
metal catalysts to the graphite targets resulted in the production of metallic SWNT with a
yield greater than 70% [9]. These uniform SWNTs self-organized into ropes with bundles
of 5-20 nm in diameters and several micrometers in length and exhibited metallic

transport properties at room temperature, Fig. 2.3(b).

Figure 2.3: CNTs produced from laser ablation. (a) Schematic of the laser vaporization chamber for the
growth of CNTs [8]. (b) TEM image showing ropes of entangled SWNTs together with a small amount of

catalyst particles coated with amorphous carbon [9].
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2.2.3 Electrochemical synthesis

Matveev and co-workers synthesized MWNTs using an electrochemical approach
[10]. To synthesize MWNTs, dry NH3 gas was cooled to -40 °C and mixed with C,H; in a
glass vessel. The electrolysis of cooled C,H, solution, between metal electrodes,
produced carbon on the anode. A DC bias of 150 V was applied between n-type silicon
electrodes for 5-10 h during the electrolysis. The atomic hydrogen generated on the
cathode during electrolysis facilitated the dissociation of C,H; for the growth of CNTs.
The MWNTs were collected at the cathode and consisted of 10-20 graphite layers with an

average diameter of 15 nm and aspect ratio (length/diameter) greater than 1000.

2.2.4 Diffusion flame synthesis

Wal et al. and Yuan ef al. have used a simple laboratory-scale diffusion flames at
temperatures between 1200-1500 °C for the synthesis of CNTs [11, 12]. Methane mixed
with air, was used to produce a stable, visible laminar flame at normal atmospheric
pressure. CNTs were deposited on a stainless steel grid held in the flame and supported
by an alloy of Ni-Cr-Fe wire. These randomly-oriented and bamboo-shaped CNTs were

20-60 nm in diameter.
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2.2.5 Chemical vapor deposition

Furnace Exhaust

—
Substrate

Figure 2.4: Chemical vapor deposition process. (a) Schematic of the set-up for CVD. The substrate is
placed at the center of a quartz tube heated inside a tube furnace. (b) Low magnification SEM images of
CNT array synthesized by CVD. (c¢) High magnification SEM image showing the isolation of CNTs from

each other [13].

Carbon nanotubes were synthesized by Yacaman et al. using chemical vapor
deposition (CVD) [14]. Iron particles impregnated in a graphite substrate were reduced in
a mixture of N, and H; to form catalyst particles. Then, a mixture of C,H, and N, was
introduced at 700 °C for several hours at standard atmospheric pressure. The as-grown
CNTs measured about 50 wm in length and 5-20 nm in diameter. The diameter and length
of the CNTs could be controlled by the concentration of catalysts and the duration of the
synthesis time of the CNTs. In a typical CVD process, the synthesis temperature is lower

than that in arc-discharge and laser-ablation methods. A substrate is placed inside a
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quartz tube heated inside a tube furnace, Fig. 2.4(a). The reaction gases are then
decomposed at a high temperature and a pre-determined pressure to produce CNTs.
Various transition metal catalysts including Co, Ni, and Fe were used to synthesize CNTs
using carbon precursors like CH4, CoH,, CoHy [15-17]. Li et al. used CVD to grow arrays
of vertically aligned CNTs perpendicular to a silica substrate on a large scale [13].
Mesoporous silica containing iron nanoparticles were prepared by a sol-gel process.
Acetylene, diluted by N, was used as the carbon precursor to grow 50 um long CNTs
having diameters of about 30 nm separated by ~ 100 nm spacing, Fig. 2.4(b-c). The high
resolution TEM images revealed the presence of around 40 concentric graphitic shells
with 0.34 nm spacing between two adjacent layers. Vertical alignment of CNTs has also
been possible by confining the growth in nanopores of anodic aluminum oxide (AAQO)
templates [18]. There are also several reports of growth of horizontally aligned CNTs by
CVD. The horizontal alignment has been achieved as a result of the application of an
external electric field, directed gas-flow in the CVD, lattice-directed growth, and other
factors [19-21]. The horizontally aligned CNTs find applications in transistors, sensors,
nanofluidic channels, logic gates efc., while vertically aligned CNTs synthesized by CVD
have been used to develop electron emitters, scanning probe equipment and other types of

devices [22-27].

2.2.6 Plasma enhanced chemical vapor deposition

The PECVD method is used to generate a glow discharge in a reaction chamber
by applying a high potential difference between two electrodes. The electric field that

results in the plasma enables the growth of a CNT along the direction of the applied
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electric field in the PECVD process. Figure 2.5(a) shows a schematic of a typical PECVD
apparatus with two parallel plate electrodes separated by about 1 cm. A substrate is
placed on top of an electrode heated with a graphitic heater. The annealing treatment, in
the presence of gases like NHj3 or Hj, helps in the formation of nanoscopic fine metal
catalyst particles of Fe, Ni, or Co on the substrate at elevated temperatures. The plasma
discharge dissociates a precursor gas, such as C,H,, CHa, C,H4, C;Hg efc., and assists in
the graphitization of carbon atoms to produce vertically aligned CNTs, Fig. 2.5(b). It
should be noted that the actual temperature of the substrate during the PECVD growth
can be higher than the temperature recorded at the beginning of the experiment with the
use of graphitic heater alone in absence of plasma. Vertically aligned CNTs (VACNTSs)
were synthesized on quartz substrate by using PECVD by Ren et al. [28]. The electric
field from the plasma helps to maintain the vertical alignment of CNTs and growth has

been achieved at lower temperatures than used in conventional CVD processes.

The catalyst film thickness and the diameter of catalyst nanoparticles formed from
the catalyst thin film have a strong effect on the diameter, length, growth rate, wall
thickness, and morphology of the as-synthesized CNTs. Several versions of the PECVD
processes, such as, hot filament-PECVD, microwave-PECVD, radio-frequency PECVD,
and inductive-PECVD have been devised to produce VACNTSs at lower temperatures

than the conventional CVD processes.
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Figure 2.5: CNTs synthesized from PECVD. (a) Schematic of the PECVD setup. (b) Vertically aligned

CNTs synthesized on quartz [28].

2.3 Mechanical properties of CNTs

The C-C bonding in the graphitic plane is considered to be the strongest bonding
in nature and this contributes to the tremendous strength of CNTs. In addition, the low
density and fibril shape make CNTs a viable reinforcement material in composites.
Theoretical calculations and experimental measurements have yielded an exceptionally
high Young’s modulus of SWNTs and MWNTs [29]. Treacy et al. determined a Young’s
modulus of 1.8 TPa for individual CNTs by measuring the amplitude of their intrinsic
thermal vibrations inside a transmission electron microscope [30]. Wong et al
determined a value of 1.3 TPa for the Young’s modulus of MWNTSs by employing an
atomic force microscope (AFM) [31]. Hernandez et al. and Gao et al. estimated a
theoretical value in the range of 0.4-0.6 TPa for the Young’s modulus of individual
SWNTs [32, 33]. Experimentally, Yu et al. obtained an average value of 1 TPa and Zhu

et al. obtained an average value of ~100 GPa for strands of SWNTs of diameter 5-20 pum,
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[34, 35]. On the basis of these exceptional mechanical properties, CNTs have the

potential for applications in light-weight, stress-free reinforcement material.

2.4 Thermal properties of CNTs
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Figure 2.6: Specific heat capacity of CNTs. (a) Specific heat of a sample consisting mainly of SWNT ropes

on cooling from 300 — 2 K. (b) Low temperature behavior of specific heat [36].

In a graphene sheet, the phonon contribution dominates the electronic
contribution to the thermal conductivity and specific heat capacity at lower temperatures.
Hence, the thermal transport properties of CNTs are completely characterized by the
response of phonons at different temperatures. The specific heat capacity of SWNTs
exhibits a linear dependence on temperature from 300 K to 2 K, Fig. 2.6(a), while it
exhibits ~T % dependence below 1 K [36-38]. Figure 2.6(b) represents the low
temperature behavior of specific heat: solid dots represent the first run (run 1), and open
triangles represent a heating run after leaving the sample at 4 K overnight showing the

effects of helium adsorption at 4 K and desorption at 20 K. Open circles were recorded
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for the second cooling run (run 2) after warming to 77 K and overlap perfectly with the
first run. The linear k-vector dependence of the frequency of the longitudinal and twist
acoustic phonons results in a linear temperature dependence of the specific heat capacity.
The observed behavior of the specific heat capacity below 1 K can be attributed to the
transverse acoustic phonons with a quadratic dependence of the wave-vector [39]. These
results suggest that inter-wall coupling is rather weak in MWNTs, as compared to
graphite, so that one can treat MWNTs as a few decoupled two-dimensional single wall

tubules [37].
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Figure 2.7: Thermal conductivity of CNTs. (a) SEM image of a suspended CNT device for the measurement

of thermal conductivity. (b) The temperature dependence of the thermal conductivity of MWNT samples
[40].

Kim et al. measured the thermal conductivity of a suspended microdevice
fabricated with CNTs [40]. In the experimental setup, the islands of two silicon nitride
membranes were suspended on silicon nitride beams. A platinum thin-film resistor served
as a heater on each of the islands. A small bundle of CNTs formed a bridge between the

islands to form a thermal contact, Fig. 2.7(a). The thermal conductivity (x) of MWNTs is
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linear above 120 K and becomes almost quadratic (xo<T"*****) at lower temperature,

Fig 2.7(b). The solid line represent thermal conductivity of an individual MWNT of
diameter 14 nm while the broken and dotted lines are for bundles of diameters 80 nm and
200 nm, respectively. The experimental thermal conductivity is more than 3000 W/K-m
at room temperatures, which is two orders of magnitudes greater than the estimation
using millimeter-sized macroscopic samples of CNT films [37]. The temperature
dependence of the thermal conductivity of CNTs exhibits a peak at 320 K because of the

onset of Umklapp phonon scattering, Fig. 2.7(b).

Berber et al. estimated an unusually high value of 6600 W/K-m for an isolated
(10, 10) CNT at room temperature by combining equilibrium and non-equilibrium
molecular dynamics simulations [41]. The high value of thermal conductivity is
associated with the large phonon mean free paths in the CNTs, while substantially lower
values are predicted and observed for the basal plane of bulk graphite. The numerical
data indicate that the thermal conductivity of CNTs is reduced significantly in the
presence of interlayer coupling. The thermal conductivity of a CNT film consisting of

vertically aligned CNTs (VACNTSs) arrays on a glass substrate was found to be higher

(8.3082 W/K'm) than CNT composite films (1.2 W/K-m) [42, 43]. Owing to their
superior thermal conductivity, CNTs are ideal materials for applications in integrated

circuit cooling and heat transferring during the field emission process [44, 45].
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2.5 Electrical properties

Over the past decades, great improvements have been made in understanding the
unique electronic and electrical properties of CNTs. A brief review of the electrical

transport properties of CNTs is presented in the following section.

2.5.1 Electrical conductivity of CNTs

Carbon nanotubes are ideal one-dimensional conductors and exhibit interesting
single electron charging, resonant tunneling through discrete energy levels, and proximity
induced superconductivity. Langer ef al. reported on the electrical resistance of a MWNT
bundle from room temperature down to 0.3 K in magnetic fields of up to 14 T [46]. The
nanotubes exhibited semi-metallic behavior analogous to rolled graphene sheets with a
similar band structure. A magnetic field applied perpendicular to the sample axis lowered
the resistance. Langer et al. further reported on the electrical resistance measurements of
individual CNTs down to a temperature of 20 mK [47]. The conductance exhibits a
logarithmic temperature dependence and saturates at low temperatures. A magnetic field
applied perpendicular to the tube axis increases the conductance and produces aperiodic
fluctuations. Bockrath ef al. measured the electrical properties of bundles of SWNTs
[48]. A gap that formed because of suppressed conductance at low bias was observed in

the

current-voltage curves at low temperatures, Fig 2.8(a). Further, several prominent peaks
are observed in the conductance as a function of a gate voltage which can be explained by

Coulomb blockade transport in quantum wires and dots. Tans et al. measured the
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electrical characteristics of individual SWNTs at different gate voltages [49]. Figure
2.8(b) shows the I-V curves at gate voltage of 88.2 mV for trace A, 104.1 mV for trace B
and 120.0 mV for trace C. The inset shows similar I-V curves with a gate voltage ranging
from 50 mV (bottom) to 136 mV (top). The I-V curves showed a clear gap around zero
bias voltage. For higher voltages, the current increases in steps. The gaps were
suppressed for certain gate voltages and have the maximum value corresponding to zero
bias voltage. The variation of the gap with gate voltage around zero bias voltage implies

Coulomb charging of the tube.

Zhu et al. used a lift-off process to pattern catalysts and then used CVD to
synthesize vertical CNT arrays [50]. Two-probe electrical measurements of the CNT
arrays indicate a resistivity of 0.01 Q-cm compared to 8 x10” Q-cm and 12 x10™* Q-cm
of individual SWNTs, with a capacitance of the nanotube bundle of 2.55 pF as the
voltage was scanned from -1 V to 1 V, suggesting the possible use of these CNTs as

interconnect materials [50].
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Figure 2.8: Electrical properties of CNTs. (a) I-V characteristics at different temperatures for the rope
segment between contacts 2 and 3. The left inset is an AFM image of the device fabricated to measure the
electrical property of a CNT rope. Right inset is schematic energy-level diagram of the two 1D sub-bands
near one of the Dirac points with k along the tube axis [48]. (b) I-V characteristics of the nanotube at

different gate voltages [49].

2.5.2 Field emission

Field emission is the quantum mechanical tunneling of the electrons through a
potential barrier greater than the kinetic energy of electrons. Carbon nanotubes are a good
source of electrons through the process of field emission because of their large aspect-

ratio (length/diameter). The emission current from CNTs can be expressed by Fowler-
Nordheim (F-N) equation: /=aFE jﬁ,exp (=b/E,; ) where the constants a and b are
dependent on the work-function of the material and the local electric field at the emission
tip [51]. The effective electric field (E.p) can be expressed as E.y = SE,, where E,, is the
applied electric field between the CNT emitters and the anode, and S is the field

enhancement factor. Carbon nanotubes are ideal materials for the electron field emission
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because of their large aspect-ratio which enables a higher field enhancement and

consequently the increased emission current.

Cathode o'11/E|ectric Fioélzd (1/F)

Ein V/ium

Figure 2.9: Field emission properties of CNTSs. (a) Schematic of the set-up of a CNT based field emission
measurement. (b) Typical curves showing the current density (J) of the emission current versus the applied
electric field (E) for CNT tips pruned by plasma for different times [52] (c) The linear segment in Fowler-

Nordheim (F-N) plot suggests the quantum tunneling of electrons during the process of field emission.

The experimental setup to measure the field emission property is shown in Fig.
2.9(a). Carbon nanotubes are used as cathodes and a high electric field of the order of ~2

V/um is created between a metal anode and the CNT cathode to measure electron
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emission in a low vacuum of about ~10” torr. De Heer ef al. and others determined the
emission characteristics of films of oriented nanotubes and as-grown CNT arrays
(CNTA) /51, 53-55]. De Heer et al. pioneered a CNT-film based electron gun to measure
the emission current at low applied voltages. The gun was air-stable, easy and

inexpensive to fabricate, and stable for a long times.

The total emission current from a CNT forest depends upon the CNTs radius (1),
height (h) and spacing (d). The local electric field around the CNT tip is weak when the
radius of the CNT is big. Therefore, the average current density decreases with the
increment of a CNT radius. The separation between the CNTs influences the distribution
of the electric field at the tip of a CNT. When the separation between CNTs becomes
large, the screening of electric field is weak and the electric field around the tip of CNTs
becomes strong. However, the number of CNTs in the array becomes small and the total
emission current is reduced. Therefore, a detailed study of effects of spacing, radius and
height of CNTs for the optimum emission current is necessary. Zhang et al. reported the
experimental and theoretical values of emission from CNTAs, which were consistent
with each other [56]. The optimum space (d) between two neighboring CNTs was
reported to be about 75 times the radius of CNTs. From the simulation results, the

emission current saturated when the height of the CNTs was 2.6 times larger than their

separation.

The performance of CNT based emitters can also be improved by other
approaches. Hajra ef al. studied the effect of plasma treatment on the emission current

density of CNTs /52]. The plasma sharpened tips of CNTs resulted in the dramatic
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enhancement of the emission current density by a factor > 10° as compared to pristine
CNT pillars, Fig. 2.9(b). Saturation in the emission current density was proposed because
of the significant change in the tunneling barrier for a nanosized tip in a very high local

electric field.

Saurakhiya et al. used laser-pruning to modify the structure of as-grown CNTs
and studied their field emission current [57]. It was reported that laser modification
enhanced the emission current by introducing structural changes to CNTs. Suh et al.
studied the field-screening effect of highly ordered CNTAs and concluded that field
emission was optimal when the tube height was similar to the intertube distance in
agreement with the predictions by Nilsson et al. [58, 59]. Charlier et al. demonstrated that
boron doped CNTs exhibited better field emission with a lower threshold voltage than as-

prepared CNTs [60].

A typical Fowler-Nordheim (F-N) plot is shown in Fig. 2.9(c). The numerical
value for the field enhancement of CNT emitters is estimated from the slope of the

straight line observed in the F-N plot.
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2.6 Applications of CNTs

The following section will present several interesting applications of materials
derived from CNTs including energy storage, high performance sensors, and field

emission displays.

2.6.1 Hydrogen storage

Carbon nanotubes, like other allotropes of carbon, have applications in batteries,
fuel cells, and electrochemical devices as a consequence of their small dimensions,
smooth surface topology and high electron transfer rate at the carbon electrodes. Because
of their hollow, cylindrical and nanometer-scale diameters, CNTs can store a significant
amount of hydrogen. Dillon and coworkers compared the hydrogen storage capacity of
carbon soot containing only about a 0.1 to 0.2 weight percentage of SWNTs to that of
activated carbon at 133 K [61]. The SWNTs with diameter of 1.2 nm were synthesized in
an electric arc-discharge process. The adsorption of hydrogen on the SWNTSs was probed
with temperature programmed desorption spectroscopy (TPD) in an ultrahigh vacuum
chamber inside a liquid nitrogen cryostat. Hydrogen desorbs from SWNTs and activated
carbons within the same temperature range but with different intensities. The signal from
SWNTs is ~ 10 times greater than the signal from the activated carbon with the
gravimetric storage density in SWNT ranging from ~5% to 10 weight-percent, Fig.

2.10(a).
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Figure 2.10: Hydrogen storage in CNTs. (a) Curve (i) is TPD spectra of an as-produced SWNT sample;
curve (ii) is from an activated carbon sample (magnified 10 times), and curve (iii) is from SWNT sample
after heating in vacuum to 970 K after standard hydrogen exposure [61]. (b) The H, uptake of as-

synthesized (sample 1), acid-treated (sample 2), and heat-treated SWNTs (sample 3) [62].
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Figure 2.11: Hydrogen storage in CNT arrays (a) Comparison of H, adsorption between bundles of
aligned SWNTs and randomly oriented SWNTs [63]. (b) Experimental setup used for measuring

electrolytic reaction measurements on the CNT forests [64].
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Liu et al. studied hydrogen storage of SWNTSs with a mean diameter 1.85 nm, and
purity in the range of 50 to 60 weight-percent at room temperature [62]. Fig. 2.10(b)
shows the uptake of H, for three samples. Sample 1 used as-synthesized SWNTs; sample
2 was soaked in concentrated HCI acid for 48 h to partly eliminate the residual catalysts,
then the sample was rinsed with deionized water and dried at 423 K; sample 3 was heated
in vacuum at 773 K for 2 h after receiving the same treatment as in sample 2. The heat
treatment evaporated the organic compounds and functional groups formed in SWNTs
during the synthesis procedure. A hydrogen storage capacity of 4.2 weight-percent was
achieved at the pressure of 10 MPa. Furthermore, about 78.3% of the adsorbed hydrogen
(3.3 weight-percent) was released under ambient pressure at room temperature. Ye et al.
demonstrated the adsorption of H, exceeding 8 weight-percent on highly purified

crystalline ropes of SWNTs at a temperature of 80 K and pressure of ~100 Pa [65].

Zhu et al. measured the H, absorption of well aligned and randomly ordered
MWNTs produced by catalytic pyrolysis on a quartz substrate at 290 K and a pressure
between 3-10 MPa [63]. Figure 2.11(a) shows that the bundles of aligned MWNTs are
better suited for hydrogen adsorption as compared to randomly ordered MWNTSs under
similar conditions. The higher H, absorption capacity of 3.4 weight-percent of CNTA as
compared to 0.5 weight-percent of the random-MWNTs can be attributed to the strong
interaction between the H, molecules in the interstitial spacing between the CNTs and the

inter-layers of some cap-opened CNTs.

Wang et al. have performed Monte Carlo simulations to calculate the absorption

of hydrogen in tube arrays at 77 K and 298 K [66]. The tube lattice spacing was varied to
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study optimum hydrogen uptake using triangular and square lattices. The strength of the
solid-fluid interaction potential was adjusted to identify a combination of potential and
geometry that meet the Department of Energy (DOE) targets of 6.5 weight-percent for
hydrogen storage or fuel cell vehicles. The DOE target values could not be reached even
by tripling the fluid-wall potential at ambient temperatures. However, it was possible to
achieve the DOE targets at a temperature of 77 K, if the strength of the interaction
potential was increased by about a factor of two and the lattice spacing of the tubes was

optimized.

Misra et al. used electrically conducting surfaces of CNTAs as cathodes for H;
generation and absorption by electrolyzing water [64]. Figure 2.11(b) shows the
experimental setup used for the electrolytic measurements on the CNTAs. An
electrochemical cell was assembled by inserting a metal tip connected to a power supply
with a deionized water bubble on top of the CNTA acting as the cathode. The DC
measurements were performed using a Cascade, M150 probe station, attached to a
Keithley-2635 source inside a vacuum chamber. An application of an external voltage
between the electrodes resulted in collection of hydrogen gas near the surface of the
CNTA from the electrochemical deposition of water. The amount of H, measured (2.2 +
0.35 x10” gm) is less than the amount of hydrogen expected to be generated (2.6 x10™
gm) from flowing current over a period of 1 hour. This observation suggests that the

missing H, must be stored in CNTs.
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2.6.2. CNTs as sensors
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Figure 2.12: Application of CNTs as gas sensors. Current versus gate voltage curves before NO, (circles),

after NO, (triangles) and after NH; (squares) exposure [67].

Carbon nanotubes can be used as chemical or biological sensors by exploiting
their variation in optical, electrical, and electrochemical properties. For example, upon
exposure to gaseous molecules like NH3, NO,, H,O; ef cetera or biological species such
as enzymes, CNTs exhibit a dramatic increase or decrease in resistance. Sensitivity and
recovery time are two key components for the sustainable use of CNTs in detection of
foreign elements. Kong et al. studied the electric response of semiconducting SWNTs
before and after the introduction of NH3 and NO; [67]. The I-Vg curve shifted by -4 V or
+4 V when NH3 or NO, was introduced into the chamber, respectively, as shown in Fig.
2.12. These shifts have been explained as the depletion or enhancement of hole carriers
brought about by the introduction of the respective gases. Qi et al. used arrays of

electrical devices each comprised of multiple SWNT sensors for detecting gas molecules
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[68]. Polymer functionalization was used to impart high sensitivity and selectivity to the
sensors to fabricate n-type nanotube devices capable of detecting NO, at less than 1 ppb
(parts-per-billion) concentrations while being insensitive to NHj3. Arrays of CNTs have
been effectively used to detect glucose, H,O,, DNA, protein, and other materials by
tracking their electrical or optical response before and after the introduction of particular

species [69-71].
2.6.3 CNTs for battery and supercapacitor applications

Carbon nanotubes have applications as electrode materials for highly efficient
batteries as a consequence of their high electrochemical stability, large surface area, and
unique electrical and electronic properties. Single-walled CNTs exhibit higher capacity
for Li intercalation than graphite and disordered carbon. Theoretical calculations
predicted the possibility of almost complete charge transfer between Li and SWNTs with
relatively small deformation in the structure [72]. Both the interstitial sites and inner side
of the tubes are energetically favorable sites for Li intercalation. Theoretical calculations
predict the possibility of one Li atom intercalation for every two carbon atoms. Cyclic
voltammograms confirm that the reversible intercalation of Li" and the presence of Fe,
Pt, or Ru nanoparticles within the tube will double the intercalation capacity [73]. Figure
2.13(a) is a schematic illustration of the mechanism of the operation of a Li-ion battery
including the movement of the ions between electrodes (solid lines) and electron
transport through the complete electrical circuit (dashed lines) during charge (blue) and
discharge (red) states [74, 75]. Figure 2.13(b) shows the cyclic efficiency of graphite as a

function of added weight percent of CNTs. The efficiency of graphitic anodes increased
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continuously until the composition of 10 wt % CNTs which resulted in an efficiency of
almost 100% up to 50 cycles [76]. Wu et al. demonstrated high Li ion storage capacity at
700 mAhg"' by CNTs [77]. Gao et al. improved the storage capacity from 400 mAhg™ for
as-prepared SWNTs to 700 mAhg™' after removing impurities and 1000 mAhg™ by ball-

milling the SWNTs [78].

The super-capacitance property of CNTs has also been extensively studied
because they are able to store and deliver energy rapidly and efficiently for a long life
cycle via a simple charge separation process. Ma et al. were able to construct
electrochemical capacitors based on CNT electrodes with specific capacitances of about
25 Fem™ with H,SO, as the electrolyte [79]. An ef al. reported a maximum specific
capacitance of 180 F/g and a measured power density of 20 kW/ kg at energy densities in
the range of 7 to 6.5 W h/kg by using SWNTs as electrode material in a supercapacitor
[80]. Similar measurements also reported the specific capacity of 102 F/g for the

electrodes using MWNTs [81].
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Figure 2.13: CNTs for Li-ion battery. (a) Schematic of a Li-ion battery [74] (b) The cyclic efficiency of

graphite as a function of added weight percent of CNTs [76].
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2.6.4 CNTs for photovoltaic device
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Figure 2.14: CNTs for solar cells. (a) Schematic of a photovoltaic device. (b) I-V characteristics in the
dark (closed circles) and under illumination at a wavelength of 485 nm and intensity of 37uW/cm’ (open

circles). Inset is the representation of the same data with a logarithmic current axis [82].

Ago et al. fabricated a photovoltaic device, shown in Fig. 2.14(a), using MWNTs
as an electrode to collect holes and obtained an efficiency twice that of a standard device
with an indium-tin oxide (ITO) electrode[82]. Visible light is incident through a
semitransparent Al electrode and then passes through polyphenylene vinylene (PPV) of
thickness 210 nm and MWNT film of thickness 140 nm in the photovoltaic device. The
IV characteristics exhibited a clear diode rectification, Fig 2.14(b). Upon illumination of
the device by light of wavelength 485 nm and intensity 37 pW/cm?, the photocurrent was
observed with an open-circuit voltage of 0.90 V along with short-circuit current of 0.56
HA/cm’. The external quantum efficiency of the MWNT/PPV/AI was typically 1.5 to 2
times greater than the standard ITO device. The higher efficiency could be attributed to

the complex interpenetrating network of PPV chains with the MWNT film and the
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relatively high work function of the MWNT film. Lagemaat et al. have also reported

similar successful replacement of In,O3:Sn by CNTs in an organic solar cell [83].

2.6.5 CNTs for field emission displays and transistors

Carbon nanotubes have been studied for the possible applications in electron field
emission immediately after the understanding of CNT growth, electrical properties, and
mechanical properties were established. Nowadays, research is mainly focused on
exploiting their superior aspect-ratio and low emission voltage to fabricate CNT-based
displays. The field emitting guns of CNTs have promising future in cheap, energy-
efficient, and performance-enhanced displays. A single nanotube emitter has been
fabricated by physical adhesion on a wire structure or by direct growth on AFM tips [84-

86].

Planar emitter can be fabricated by directly growing CNTs on a conducting
substrate, by transferring CNT arrays, networks or films on the substrate, or by spraying a
CNT suspension on a heated substrate [87-89]. There are also reports of patterned growth
of CNTs for the possible application in field emission [90, 91]. All types of CNT emitters
have shown remarkable stability with lower extraction fields and higher field
enhancement factors. The field emission properties displays a wide range of variation
between individual reports by different groups because of the structural difference of the
CNTs in aspect ratio, synthesis and measurement condition, open/closed cap structure,

presence of defects and other factors.
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2.7 Other applications

Carbon nanotubes find applications on scanning probe instruments as a result of
their flexibility. CNTs have demonstrated an improved resolution in comparison to
conventional metal or Si tips when used as AFM or STM tips [85, 92]. CNTs have been
used as electromechanical actuators to mimic the actuating mechanism present in natural
muscles. The large elasticity of CNTs allows them absorb enormous energy during
collision and makes them ideal component in the development of new structural
materials. CNTs have been used to spin fibers with elevated strength for the possible
applications in composite materials and other applications [93-95]. Another possible
application of CNTs is in molecular transport and drug delivery [96]. The hollow
channels in the CNTs provide an ideal model to help understand the transport of organic
molecules inside the nanometer sized hydrophobic pores. Carbon nanotubes have an
atomically smooth surface over a significant length to allow for the frictionless motion of
particles and fluids. Furthermore, CNTs can be used for selective transfer of molecules
by suitable modifications. Carbon nanotubes have also been investigated as template
material to synthesize other nanostructures [97]. In summary, CNTs have demonstrated a
large potential of applications in various fields. CNTs will play an important role in
nanotechnology in the coming decades. An extensive study on the CNTs is critical to

transfer these academic achievements into industrially scalable products.
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CHAPTER 3.0

Experimental procedure and characterization technique

This chapter provides a detailed description on the techniques that are used for the
synthesis of vertically aligned carbon nanotubes (VACNTSs), the measurement of electron

field emission and the fabrication of CNT/SnO; core-shell structures.

3.1 Catalyst preparation by nanosphere lithography

Synthesis of aligned CNTs with predetermined density consists of two steps — (i)
nanosphere lithography (NSL) and subsequent deposition of catalyst on NSL patterned
substrate, and (ii) synthesis by plasma enhanced chemical vapor deposition (PECVD).
Nanosphere lithography is a process to form a monolayer of polystyrene spheres (PS) on
a substrate to create a mask before catalyst deposition [1]. The catalyst film is then
deposited in the interstitial sites of adjoining spheres in a monolayer. Finally, the PS
monolayer is removed by chemical lifting to obtain quasi-triangular catalyst dots. Our
research group has established NSL as an effective tool for the formation of a monolayer

and deposition patterns of catalyst dots with different densities.

In the first step, clean 2 cm % 2 cm Si wafers (donor substrates), were treated in
RCA solution for 80 min. The RCA solution contains H>O,: NH4OH: H;O in a volume
ratio of 1:1:5 heated at 80°C. The solution helps to convert the substrate from
hydrophobic to hydrophilic [2]. Commercially available (Spherotech Inc.) suspensions of
PS (5% weight/volume) with diameters 0.5, 1.0, and 1.8 um were used to create a
monolayer in two steps: spin coating followed by dip coating [3, 4]. The PS suspensions

were mixed with ethanol in a volume ratio of 1:7, 1:3, and 1:2 for spheres of diameter
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0.5, 1.0, and 1.8 wm, respectively. About 15-20 uL of the mixed solution were then
dropped onto the hydrophilic donor substrate, followed by spinning the substrates at a
rate of 700 rpm for 40 s. Next, we transferred the monolayer on the donor substrate into a
beaker containing deionized water. Finally, the floating monolayer was lifted off the
water surface by the recipient substrate. Figure 3.1(a) shows the SEM image of a
monolayer of PS forming hexagonally packed structures over a Si acceptor substrate. The
recipient substrate was a smoothly polished Cu plate coated with 15 nm Cr layer. Prior to
the collection of nanospheres on the recipient substrate, electron-beam (e-beam)
evaporation was used to deposit Cr on the Cu substrate at room temperature in an ultra-
high vacuum chamber. The recipient Cu substrate was 1 cm x 1 cm x 2 mm and treated
in RCA solution for 10 s. The combination of spin-coating and dip-coating facilitated the
formation of a well ordered monolayer of PS on the recipient Cr-coated Cu substrate.
Finally, a thin layer of 6.5 nm Ni was deposited on the PS patterned recipient substrate by
an e-beam evaporation system. The spheres were then removed by sonication in ethanol
to obtain a periodic array of quasi-triangular Ni dots over the recipient substrate, Fig

3.1(b).
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Figure 3.1: Catalyst deposition by NSL. (a) SEM images of polystyrene monolayer. (b) A representative
AFM image of quasi-triangular catalyst dots of Ni obtained on Si substrate after removal of the PS mask

with spheres of diameter 1.8 um.

Figure 3.2 shows the laboratory set-up of the e-beam deposition apparatus. A
beam of electrons, initiated by the increase in the electrical power, resulted in the
evaporation of source metal. The thin film of metal is deposited on substrates typically
placed at a distance of about 30 cm from the base of the chamber that holds the source
metals. The actual thickness of the deposited thin film is recorded by an ultra-sensitive
vibrating quartz crystal and read via an Inficon XTM2/Deposition monitor. The inset on

the top left of Fig 3.2 shows the schematic of the deposition chamber.
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Figure 3.2: Laboratory set up of the e-beam deposition apparatus. The inset shows the schematic of the

deposition chamber.

3.2 Plasma enhanced chemical vapor deposition

Vertically aligned CNTs were synthesized by choosing and optimizing parameters
based on the outcomes of previously published literature [5-7]. Briefly, a substrate was
loaded into a PECVD chamber and pumped down to a pressure of 5x10° torr. For
synthesizing CNTs, we used a mixture of C,H» (30 standard cubic centimeter per minute
(sccm)) as a carbonaceous precursor and NHj3 (100 sccm) as a diluting and etching gas.

The substrate was heated to a required temperature of about 550°C while NH3; was

introduced at a rate of 100 sccm until the pressure in the reaction chamber reached 8 torr.
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The power of the DC plasma was maintained at 70 W during the synthesis time. The
synthesized CNTs were allowed to cool naturally under high vacuum before further
characterization. Table 3.1 presents typical parameters for the synthesis of CNTs on
different substrates. Figure 3.3(a) show the laboratory set-up for the PECVD process

while the schematic is represented in Fig 3.3(b).
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Figure 3.3: (a) Laboratory set up of the PECVD system. (b) Schematic of PECVD system.
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Table 3.1: Typical parameters for the synthesis of CNTs on different substrates.

Substrate Temperature | Plasma Power | Time Catalyst thickness
NSL patterned Cu 520 °C 70 W 10 min | Cr (15 nm)/ Ni (6.5nm)
Cu point emitters 520 °C 80 W 10 min | Cr (15 nm)/ Ni (6.5nm)
Stainless steel 600 °C 70 W 5-20 min | (i) None
(i1) Cr (15 nm)/ Ni (6.5nm)

3.3 Synthesis of CNT/SnO; core-shell structure

The CNTs synthesized on SS were coated with SnO, via a wet-chemical route.
The CNTs were treated in concentrated HNO; for approximately 2 h at room temperature
for functionalization and removal of amorphous carbon atoms on the surface [8]. The
acid treated samples were then immersed in a solution of 80 mL distilled H,O, 2 g of
SnCl,, and 1.4 mL of HCI (38%) for 15 h for SnO; coating. Compressed air was bubbled
through the solution to provide a gentle stirring throughout the acid-treatment and coating

procedures.

3.4 X-ray diffraction analysis

An X-ray diffraction (XRD) analysis was carried out to identify the phases of
SnO, present in CNT/SnO; core-shell structure. The use of X-ray crystallography allows
for determination of the atomic and molecular structure of a crystal in which the
crystalline atoms cause a beam of rays to diffract into many specific directions. The XRD
measurements were carried out using a Siemens D5000 diffractometer equipped with a

Cu anode operated at 40 kV and 40 mA. To obtain an XRD profile, the substrate with as-
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synthesized CNTs or SnO, coated CNTs was placed directly on the sample stage and
targeted with the X-ray beam. The XRD patterns were collected with a step size of 0.01°
and a scan rate of 1 sec/step. The SnO, phases were determined using the JCPDS

standard database.

3.5 Scanning electron microscopy analysis

To image the morphology of the CNTs and polystyrene spheres a JEOL JSM-
6330F field emission electron microscope (FE-SEM) operated at 15 kV was used. In FE-
SEM, the high-energy incident electron beam interacts with the atoms at or near the
surface of a sample. The secondary electrons and back-scattered electrons reflected from
the sample reveal the information about the external morphology, orientation, and
chemical composition of the sample. To prepare samples for FE-SEM measurements, the
samples were directly attached to the sample holder using conducting tape. Samples were
sputter coated with gold in some cases to enhance the conductivity and quality of the

images.

3.6 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful tool to analyze the surface
morphology of different substrates at nanoscale. An AFM consists of a cantilever with a
sharp probe at its end which is used to scan the surface of a specimen. As the tip
approaches the sample surface, the force between the tip and the sample results into a
deflection of the cantilever. The deflection of the cantilever reflects the surface topology

of the sample at nanoscopic precision. Tapping mode atomic force microscopy images of
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the PS monolayer and stainless steel (SS) surface were acquired by a Veeco Multimode
Nanoscope III D. The spring constant of the Si tip was 42 N/m and the resonance
frequency was between 250 and 300 kHz. The software used to analyze the surface

roughness was Nanoscope Control.

3.7 Transmission electron microscopy analysis

The structural analyses of CNTs were further performed by using a transmission
emission microscope (TEM, JEOL-2010F). In a TEM, high-energy electron beam
(200keV) is generated to bombard the sample and the transmitted electrons are used to
produce an image of the target. To prepare samples for TEM analysis, the CNTs samples
are ultrasonically dispersed in ethanol and the solution were drop cast on a carbon-coated
copper TEM grid. High-resolution TEM images (HRTEM) and selected area diffraction
(SAED) patterns were acquired to understand the crystal structure of CNTs and SnO;
particles at the atomic level. ImageJ software was utilized for the accurate determination

of the lattice spacing between adjacent crystal planes.
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3.8 Raman spectroscopic analysis
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Figure 3.4: Raman spectra of CNTs synthesized on Ni/Cr coated stainless steel.

Raman spectroscopy was performed to confirm the degree of graphitization and
presence of defect on as-synthesized CNTs. Raman spectrum shows the characteristic
peaks for the specific type of bond between the carbon atoms in the CNTs. The G-band
in graphite is the result of an optical phonon mode between two dissimilar carbon atoms
in the unit cell. The graphitic G-band exhibits one single Lorenztian peak at 1582 cm’™
related to the tangential mode of vibration of the carbon atoms. But, the G band in
SWNTs is composed of an additional shoulder peak as the consequence of the phonon
wave vector confinement along the circumferential direction and because of the

symmetry breaking effects [9]. The frequency of radial breathing mode enables the
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distinction between metallic and semiconducting SWNTs and the estimation of the
diameter of SWNTs. As described earlier in chapter 2, MWNTs contain several graphene
layers rolled into a cylindrical structure. Hence, the Raman spectra from individual
SWNTs in a MWNT are not so evident because the diameter of the outer tubes differs

significantly as compared to the diameter of the inner tubes comprising a MWNT.

The D-band in CNTs is the result of the presence of defects such as vacancies, in-
plane substitutional hetero-atoms, and grain boundaries in sp” carbon atoms. The
characteristic G-band is located between 1330 and 1360 cm™. The relative intensity of D-
band to G-band (I4/I) gives the degree of defects present in the materials [10]. A big ratio
of 14/l translates into the presence of large number of defects. Raman spectra of CNT
samples were obtained by Ar-ion laser system with 514 nm incident photon operated at a
maximum power of 15 mW. The Raman spectra have a resolution of 4 cm™. Figure 3.4
shows typical Raman spectra of CNTs synthesized on Ni/Cr catalyzed SS. The intensity
of D-band is close to the intensity of G-band confirming the presence of a large number

of defects in this particular sample.
3.9 Field emission measurements

The field emission measurements were carried out using a diode configuration
inside a vacuum chamber at a pressure level of 8x107 torr. A schematic of the setup of
the field emission measurement is shown in Fig. 3.5(a) and the laboratory setup for the
measurement of field emission is shown in Fig. 3.5(b). The general purpose interface bus
(GPIB) connected directly to a computer is used as a communicating interface while

another GPIB acts as the interface between a PC and a power supply. The combination of
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these GPIBs helps to protect the PC in case of leakage current while dealing with a very
high voltage supply. The separation between the anode and cathode was maintained at
400 um. The emission current was measured by a Keithley 4200-SCS and the power was
provided by a DC power supply (Matsusada AU-15P20). A multiple number of samples
with CNTs of various densities were tested to ensure the repeatability and reliability of

the obtained results.
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Figure 3.5: Field emission measurements. (a) A simplified schematic showing the field emission

measurement set-up.(b) Laboratory set-up of field emission chamber.
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CHAPTER 4.0

Study of electron field emission of carbon nanotubes synthesized on copper

One of the objectives of this research is to explore the electron field emission
properties of carbon nanotube emitters to obtain an enhanced field emission. Chapter 4
presents a detailed description of the experimentations and results obtained through

rigorous scientific analyses.

4.1 Introduction

Carbon nanotubes (CNTs) exhibit intriguing mechanical, electrical, optical,
thermal, and electrochemical properties and have been extensively studied since the
landmark paper by lijima in 1991 [1]. Carbon nanotubes are ideal candidates for field
emission applications because of their high electrical and thermal conductivities,
tremendous mechanical strength, and high aspect ratio [2]. Carbon nanotubes have shown
a potential for application in field emission displays, x-ray sources, lamps, microwave
amplifiers, and nanoelectronics [3-7]. Many of these devices require the controlled
growth of vertically aligned CNTs (VACNTSs) directly on conducting substrates. The
CNTs synthesized by arc-discharge and laser ablation methods are highly entangled and
possess a lot of impurities [8]. The plasma enhanced chemical vapor deposition (PECVD)
process has garnered an appropriate attention because of its ability to synthesize
vertically aligned CNT arrays at a predetermined position. It is also desirable to grow
CNTs on metallic substrate like Cu, which results in a lower contact resistance as

compared to conventional CNTs grown on a silicon substrate. The ohmic contact
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between the CNTs and the metallic substrate ensures an easy electron transport while the
rigidity of these nanostructures enables the emitters to withstand high current during the

process of emission.

Although there have been reports of the synthesis of CNTs using Cu as catalysts
[9, 10], it is still challenging to grow well graphitized VACNTs directly over Cu
substrates [11, 12]. Dubosc et al. have synthesized VACNTs on 400 nm of Cu film on
Si1/S10, with Ni as catalyst and TiN as a buffer layer using PECVD [13]. Chattopadhyay
et al. synthesized coiled carbon fibers on hydrogen-fluoride etched Cu substrates by
PECVD [14]. Copper has fully filled 3d-orbitals, which prevents the formation of
covalent bonds with hydrocarbon molecules. Also, the small binding energy of Cu with
carbon subdues the process of graphitization. Furthermore, Cu has low carbon solubility
preventing the saturation of carbon atoms required to form the CNT structures [15, 16].
To overcome these problems, a thin buffer layer of Cr or TiN should be deposited on the
Cu substrate prior to the deposition of Ni catalyst layer to ensure the synthesis and good

adhesion of CNTs with the substrate.

It is possible to enhance the emission properties of CNTs by varying the density
of CNTs. A high-density array of CNTs results in the screening of the electric field by the
neighboring CNTs and hence the reduction in the emission current, whereas the emission
from a low density of CNTs is poor because of the availability of fewer number of
emission sites [17]. Selected area low-density growth of CNTs have been achieved by
patterning the catalyst using nanosphere lithography (NSL), electron beam lithography,

photolithography, focused ion beam lithography, chemical etching, and others [18-23]. A
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monolayer of polystyrene spheres (PS) is used to create a mask using NSL. Then, the
catalyst is deposited by e-beam evaporation and the PS layer is subsequently removed by
wet chemical methods. The VACNTSs synthesized over these patterns are expected to
exhibit better field emission behavior than the CNT thin films as a result of the decreased
screening effect. In the present study, we have employed PS of different diameters to
grow CNTs of different densities on Cu substrates and used these CNTs to understand

how the densities of CNTs govern the field emission properties.

There have been several reports on the theoretical simulation for the effect of
CNT densities on the electron field emission from CNTs. Dionne ef al. have performed a
numerical investigation of the field enhancement factor of individual as well as array of
CNTs [24]. It has been reported that CNT emitters have optimal total emission when the
spacing between neighboring CNTs is on the order of twice their height. In an array
consisting of CNTs with two different heights, there was no significant screening to the
electric field of the taller CNTs by the shorter CNTs when the taller CNTs were twice the
height of shorter CNTs. Wang et al. have solved the Laplace equation for individual
CNTs and for the hexagonal arrays of CNTs to understand the influence of intertube
distance, anode-cathode distance and the structure of the tip on the field emission [25].
Considering the emission current density, the field emission can be optimal when the

intertube distance of CNTs array is close to the CNTs height.

In addition to the improve the electron emission by decreasing the electric field
screening, there have been efforts to enhance the performance of existing CNT emitters

by doping, plasma irradiation, thermal oxidation, laser pruning, metal coating, et cetera
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[26-30]. Plasma treatment has been proven as an effective and efficient method to
enhance the field emission performance of CNTs by changing the CNT morphology [31],
alignment [32], structural defects [33], and work function [34]. Many types of plasma,

such as Hy Ar, CF4, Ny, and O, [31-36], have been investigated.

The performance of the CNT emitters can be improved by varying the
morphology of the emitters. The CNT point emitter exhibits a promising choice for some
applications such as X-ray sources and electron beam sources because of the small spot
size of the electron beam in comparison with the planar field emission electron sources
[37]. CNT point emitters have been fabricated by direct growth or by attaching CNTs on
tungsten (W) wire or by other methods [38, 39]. Even though these CNT point emitters
have demonstrated excellent emission characteristics, they have limited practical
applications because of the rapid degradation of the emission capability during emission
process. The degradation is often associated with the poor adhesion between the CNTs
and the substrate or the shortening of CNTs during the emission process [40]. Few

improvements have been made to resolve these issues.

In chapter 4, the synthesis and electron field emission of CNT emitters on Cu
substrate are discussed. The effect of the density of CNT emitters, the plasma treatment,
and the surface geometry on the electron field emission of the CNT emitters is

investigated.

In the present study, we have synthesized dense arrays of VACNTs on Cu
substrates with a buffer layer of Cr using PECVD process. We have also employed NSL

with PS of different diameters to pattern Ni catalyst dots on which VACNT patterns are
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grown. The dense VACNT array and the patterned VACNT arrays allow us to investigate
how the variation in spacing between CNTs affects their field emission behavior if the
CNTs have a similar height. The growth of patterned CNTs on conducting substrates
allows for the in-situ fabrication of electron emitters capable of delivering stable currents
under an appropriate vacuum. The enhancement of field emission by the post-growth
treatment of the samples by different methods raises an incompatibility issue with the
fabricated devices. Hence, it is more desirable to synthesize CNTs of specific density at a

predetermined location.

The effects of plasma treatment on the microstructure and the field emission
properties of the CNTs were investigated by treating the as-synthesized CNT emitters
with NH; plasma. It has been found that the CNTs changed from the cylindrical shape to
the tapered shape after plasma treatment. The tips of the adjacent CNTs could easily
touch each other to form clusters. The plasma treatment also induces some structural
defects into CNTs and might result in a doping effect. All of these changes greatly

improve the field emission properties of the CNTs.

To study the effect of emitter geometry on the field emission of CNTs, point
emitters were directly grown on Cu wires with a flat tip or a sharp tip using PECVD
method. The nanostructures and the field emission properties of the two kinds of CNT

point emitters were investigated.
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4. 2 Experimental

(a) Synthesis of CNT emitters with different densities:

The catalyst pattern of different densities was prepared by using NSL procedures
as described in section 3.1. In brief, polystyrene spheres of diameter 0.5, 1.0, and 1.8 um
were used to form a monolayer on a Cr coated Cu substrate. Ni catalyst was then
deposited on the NSL patterned Cu and CNTs were finally synthesized by PECVD to

synthesize CNTs in different densities.

(b) Plasma treatment of CNTs:

Carbon nanotubes were synthesized using PECVD process as described earlier in
section 3.2. The plasma treatment was carried out at 510 °C under a pressure of 8 torr
with a plasma power of 80 W using NH; with a gas flow of 100 scem for 0.5, 1.0 and 2.0
min. The samples were labeled as P-0.0min, P-0.5min, P-1.0min, and P-2.0min for CNTs

with plasma treatment for 0, 0.5, 1.0, and 2.0 min, respectively.

(c) Fabrication of CNT point emitters:

Carbon nanotube point emitters were prepared on a Cu wire to understand the
field emission properties. Cu wire with a diameter of 1 mm was cut into segments of
length 5 mm using scissors. A flat tip (F-tip) was made by polishing one end of the Cu
wire using a sand paper while a sharp tip (S-tip) was obtained by etching the Cu wire
chemically in a 35 wt% FeCl; solution for 4 h. The schematic representation of F-tip and
S-tip is shown in Fig. 4.1(a). The F-tip and the S-tip were cleaned in acetone bath by

ultrasonication, and followed by a similar treatment in alcohol bath to remove any
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contaminants. The sharpness of the S-tip was verified by an optical microscope. The
prepared Cu wires were then coated with a Cr layer with a thickness of about 15 nm as a
buffer layer and then followed by a Ni layer with a thickness of 6 nm as a catalyst film
using e-beam evaporation method. VACNTs on the F-tip and S-tip were synthesized
using PECVD method as described earlier in section 3.2. The emitters formed by

growing VACNTs on the ends of the F-tip and S-tip are illustrated in Fig. 4.1(b), and

they will be named as F-tip emitter and S-tip emitter, respectively, in the following text.

(a) i | (b) |

F-tip  S-tip CNTs/F-tip CNTSs/S-tip

Figure 4.1: A schematic of the F-tip and S-tip point emitters. (a) before and (b) after CNT growth.

(d) Field emission measurement:

The field emission measurements were carried out using a diode configuration
inside a vacuum chamber as described earlier in section 3.8. The emission performance

of CNT emitters were compared by taking into account the following three perspectives:

(1) Effect of CNT emitter densities.
(11) Effect of plasma treatment for different durations.

(111) Effect of surface geometry of CNT emitters.
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4.3 Results and Discussions
4.3.1 Effects of the densities of CNT emitters on their emission currents

The results of nanosphere lithography employed to pattern catalyst nanodots with
different densities and subsequent growth of CNT emitters have been discussed in the
following section. The results of the electron emission from CNT emitters with different

densities have been discussed.
(a) Nanosphere Lithography:

Nanosphere lithography is an inexpensive and efficient process to selectively
pattern catalyst islands over which CNTs can be synthesized. A monolayer of polystyrene
spheres of a specified diameter is used to create a mask over which the catalyst is
deposited by e-beam evaporation. The interstices between three adjacent spheres in the
PS monolayer allow a Ni deposit to form the hexagonal pattern of Ni catalyst. Assuming
that the Ni catalyst takes quasi-triangular shape, the size and spacing between the Ni
catalyst particles can be calculated [18]. Figures 4.2(a-c) show schematics of the relative
variation of catalyst size (d,) and separation for the catalyst sites (ds) of closely packed
hexagonal structures formed by spheres of diameter 0.5, 1.0, and 1.8 um, respectively.
The site densities of quasi-triangular Ni catalyst dots can be expressed as (2.3/D?), where
D is the diameter of the sphere. Similarly, the catalyst size is expressed as d, = 0.232 D
and their separation is dg = 0.577 D. The size of catalyst dots and catalyst separation
increases with the increase of the sphere diameter whilst the site density decreases with

the increase of the sphere diameter. The size and separation of the catalyst dots formed
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using the spheres of diameter 1.0 and 1.8 pum increase by 100% and 260% compared to
that of catalyst dots formed using 0.5 pm spheres. On the contrary, the respective site
densities of the catalyst dots formed using 1.0 and 1.8 um spheres decrease by 75% and
92% as compared to the catalyst dots formed using spheres with diameter of 0.5 pym. The
site density, size of a catalyst dot, and the catalyst separation has been presented in Table
4.1 for spheres with different sizes. Figure 4.2(d) shows the SEM image of a typical
honeycomb structure of the PS mask formed by the spheres of diameter 1.0 um. The Ni
particles deposited through three adjacent spheres form hexagonal arrays of quasi-
triangular catalyst sites as seen in Fig. 4.2(e). The observed separation of the catalyst sites

and their size distribution matches well with the theoretical predictions.

Table 4.1: The variation in site density, catalyst size and catalyst separation for spheres of different

diameters.
Sphere size Site density Catalyst size Catalyst separation
(nm) (per cm?) (nm) (um)
0.5 9.2x10° 0.116 0.289
1.0 2.3x10° 0.232 0.577
1.8 0.7x10* 0.418 1.039
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Figure 4.2: Nanosphere lithography. (a-c) The schematic of the relative variation of catalyst size (d,) and
separation for the catalyst sites (dy) formed by spheres of diameter 0.5, 1.0, and 1.8 um, respectively. Inset
in Fig. 4.2(a) depicts the definitions of the catalyst size (d,) and the separation of the catalyst sites (dy). (d)
SEM image of hexagonal pattern formed by a monolayer of spheres with diameter 1.0 um. (e) SEM image

of a well-ordered hexagonal array of quasi-triangular Ni catalyst particles after Ni deposition and removal

of 1.0 um PS spheres.

(b) Surface morphology analysis by scanning electron microscopy:

The mechanism of CNT growth by a PECVD can be understood as follows: The
thermal treatment reduces the thin film or quasi-triangular particles of catalyst into

spherical dots. The energy available from plasma generation and heating procedure
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decomposes the carbon precursors on the outer surface of the catalyst particles. The
carbon atoms diffuse through the catalyst particles and tubular structures are formed with
a catalyst particle either at the base or tip [8]. The plasma also helps to etch amorphous
carbon that may deposit on top of the Ni particles, thus providing a steady supply of

carbon atoms at the surface of the Ni particle [41].

Figures 4.3(a-d) are the top view SEM images which show the distribution of the
CNTs, whereas Figs. 4.3(e-h) offer a 45° tilt-view to show the alignment of individual
CNTs. Compared to the high-density (HD) growth of CNTs on Ni catalyst film (note:
without any catalyst pattern), in Fig 4.3(a), the CNTs synthesized with NSL patterned
catalyst exhibit larger separation amongst each other, Fig. 4.3(b-d). A careful observation
of Fig. 4.3(c-d) reveals the growth of multiple numbers of CNTs from a single catalyst
island. Similar growth behavior has been previously reported by Lee ef al. [42]. When the
size of the catalyst dot increases beyond the critical size, a multiple number of CNTs will
grow from a single catalyst dot. During the annealing of catalyst, the Ni film from a
single dot disintegrates into a number of particles each of which acts as a nucleation site
for CNT growth. Similar reports of multiple growths of CNTs from a single dot have
been attributed to the low growth temperature of around 520 °C [43]. Different methods
have been suggested to achieve the single growth of CNTs from a catalyst dot. For
example, deposition of a thinner layer of Ni catalyst, using spheres of smaller diameters,
using a double layer PS mask for the catalyst deposition, chemical etching etc. have been
suggested as appropriate methods for the fabrication of a single CNT from a catalyst dot.

There have been reports of slight distortion of the CNTs from the original catalyst pattern
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because of the migration of catalyst dot owing to their weak adhesion to the buffer layer
[42]. However, no such noticeable migration of CNTs was observed in our experiments.
The tilted-views in Figs. 4.3(e-h) show the formation of vertically aligned CNTs. These
CNTs have a length between 1-2 um and diameter around 100 nm. The cluster of CNTs
originating from a single catalyst dot has a smaller separation as compared to CNTs from
the adjacent dots. The aspect-ratio of these CNTs synthesized with different densities has
similar values. However, these CNTs are expected to exhibit different field emission
properties as the result of the variable proximity between the adjacent CNTs. Compared
to the high-density CNTs on Ni film (without any catalyst pattern), CNTs grown on
patterned catalyst dots using 0.5 um spheres are expected to show better field
enhancement properties. A further decrease in the density of CNTs grown on patterned
catalyst dots, using larger spheres might result in poor emission properties because of the
presence of lower number of emitting sites. Hence, it is desirable to find the optimal
density or separation of VACNTSs (therefore optimal size of PS) to achieve the best field

emission properties.
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Figure 4.3: Variations of densities of CNTs prepared without and with different size PS. (a-d) are the SEM
top-views of the CNTs; (e-h) are the tilt-views of the CNTs. Figures (a) and (e) are high-density CNTs
grown on Ni film deposited without any NSL pattern. The numbers in the box on other images represent the

diameter of spheres, in micrometers, used during the NSL.

(c) Structural analysis by transmission electron microscopy:

The tubular structure of CNTs was verified by TEM observation. Figure 4.4 (a)
shows the TEM image of the top portion of CNTs synthesized on Ni catalyst film, and
Figs. 4.4(b-d) are the TEM images of CNTs grown from Ni catalyst dots formed with
NSL using spheres of diameter 0.5, 1.0, and 1.8 um, respectively. We found that these
multi-walled CNTs had a similar structure but slightly different lengths and diameter.
The diameter of an individual CNT depends on the size of the catalyst fragment produced
from a catalyst island. Smaller particles result in thinner tubes while bigger catalyst
fragments result in thicker tubes. These CNTs have bamboo-like structures with a

catalyst particle trapped at the tip suggesting a tip growth model. The graphitic planes in
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the tube walls are not always parallel to the tube axis but are often twisted and broken;
which is the characteristic of CNTs synthesized by PECVD process [44]. The inset of
Fig. 4.4(a) shows a magnified view of a typical CNT which contains a Ni catalyst rod
forming a core-shell like structure. The effect of extrusion induced by the compressive
force of the graphene layers during the growth of CNTs results in the formation of these
core-shell structures. The Ni catalyst particle melts during the growth and a section of it
may get trapped half way up the tube. At nanoscale dimensions, the melting point of
metals can be significantly lower than that of their bulk counterparts [45]. Similar
phenomenon of the melting of Ni catalyst at temperatures far below the melting point of
bulk Ni has been reported earlier [46]. The inset in Fig. 4.4(c) shows the HRTEM image
of a section of graphitic layers with the separation of about 0.34 nm which correspond to
the separation of lattice planes (002) of graphite. The inset in Fig 4.4(d) shows the
interface between the graphitic planes of the CNT and the planes of the Ni core in a core-
shell structure. The parallel graphitic planes that make up the CNT are seen on the left
part of the image in light contrast. The catalyst particle also exhibits crystalline structure

with atomic planes separated by 0.18 nm corresponding to the Ni (200) lattice planes.
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Figure 4.4: TEM images of the CNTs. (a) TEM image of high density CNTs grown on Ni film catalyst. (b-
d) TEM images of CNTs synthesized on Ni catalyst dots patterned using spheres of diameter 0.5, 1.0, and
1.8 um, respectively. The inset in (a) shows a rod-like Ni catalyst inside a CNT that is forming a core-shell
structure. The inset in (c) shows the lattice fringes of graphitic planes in a single CNT. The inset in (d)
shows the interface between the CNT and the Ni catalyst trapped inside the CNT.
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(d) Electron field emission of CNT emitters with different densities:

—E\—HD
—o—1.8
-—-1.0

0.5

Current density (Alcmz)

L LA I BRI B B
g8 9 10 11 12 1

Electric field (V/um)

~~HD
—~1.8

——-1.0
0.5 |

GG

A AN

0.5

Figure 4.5: Field emission properties of CNTs with different densities. (a) F-J plot (b) F-N plots.
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The electron field emission properties of CNT emitters with different densities
were measured as described earlier in section 3.8. The field emission properties of the
high density CNTs grown on Ni film and the low density CNTs grown on Ni dots
patterned with the spheres of diameter 0.5, 1.0, and 1.8 um are shown in Fig. 4.5. Figure
4.5(a) shows the current density versus the electric field (F-J) curves of the CNTs with
four different densities. All CNTs demonstrated excellent field emission properties with
high current density and long stability. We define the turn-on electric field (Em-on) as the
electric field required to obtain the emission current density of 1 pA cm™ [47]. Similarly,
the threshold electric field (Ey) is defined as the electric field corresponding to the
emission current density of 1 mA cm™. The numerical values of Eiwm-on and Eg, for the
four types of samples are presented in Table 4.2. The turn-on electric field for high-
density CNTs was 7.96 V um™. The turn-on field decreased to 4.71, 6.41, and 5.19 V
um’' for CNTs grown on catalyst dots patterned by spheres of diameter 0.5, 1.0, and 1.8
um, respectively. Also, the threshold electric fields for CNTs with catalyst patterned by
spheres of diameter 0.5, 1.0, and 1.8 pm are 8.71, 11.48, and 9.89 V um™, respectively. It
is noteworthy that, for high-density CNTs, the emission current density of 1 mA cm™
could not be achieved even after increasing the applied electric field to 13.5 V um™. The
lower values of turn-on field and threshold electric field clearly suggest that the low-
density CNTs synthesized by the catalyst patterned by NSL are more favorable than the
high-density growth for the optimum emission current. In the high density CNT arrays
grown on Ni catalyst film, some of the emitted electrons will be trapped by the adjacent
CNTs and only the CNTs emitted from the tip can contribute to the total current. There is

a smaller probability of capturing emitted electrons in the case of low-density growth
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than in the high-density growth. This will increase the flux of electrons reaching the
anode. Hence, the CNTs synthesized on catalyst patterned by spheres of different
diameters exhibit better field emission properties than CNTs synthesized on Ni film. The
trapping of the electrons and screening of the electric field can be reduced in a low-
density array of CNTs. The CNTs grown on catalyst patterned by NSL using spheres of
0.5 pm diameter had the lowest Ew and Egm-on among the low-density CNTs. The
increase in total current despite the lower density indicates that an individual CNT emits
more electrons when the CNTs are sparsely distributed. The further decrease in the site
density of CNTs by using spheres of 1.0 pum diameter resulted in the reduction in
emission current because of the presence of fewer numbers of CNTs. However, the CNTs
grown from catalyst patterned by NSL using spheres of diameter 1.8 pm showed
improved emission characteristics than those CNTs grown from catalyst patterned by
NSL using spheres of diameter 1.0 um. As evident from the SEM images, the CNTs
grown from catalyst patterned by NSL using spheres of diameter 1.8 pm produces more
CNTs from a single island as compared to CNTs grown from catalyst patterned by NSL
using spheres of diameter 1.0 um. The presence of a more number of CNTs within a
single bundle contributes to the better performance of the emitters. Fuji et al. [48]
performed a computer simulation to compare the resultant electric field from a CNT
bundle and a flat film of CNTs. It was found that electric field of the flat film is constant
all over the emitter surface, whereas the electric field of the bundle is significantly higher
at the edge than at the center. Hence, the electric field is predominantly concentrated
along the circumference of the bundle which results in more emission sites. Thus CNTs

synthesized from catalyst patterned using spheres of diameter 1.8 pm exhibited better
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emission current than the CNTs grown from catalyst patterned using spheres of diameter

1.0 um because of the edge effect.

Table 4.2: Turn-on and threshold electrical fields of CNTs with different densities

High density 0.5 pm 1.0 pm 1.8 pm
1 tameon 7.96 4.71 6.41 5.19
(V pm™)
Ew NA 8.71 11.48 9.89
(V pm’')
Field enhancement 460 1760 855 1680
factor ()

Figure 4.5(b) shows the corresponding Fowler-Nordheim (F-N) plots for the
CNTs with four different densities. The straight lines indicate the quantum mechanical
tunneling characteristic of field electron emission. The field enhancement factor can also
be calculated using the F-N equation: J = (AB’F%/0) exp [-B &*? / PF] where J is the
emission current density, 4 = 1.56x 100 AV eV, B =6.83x% 10° ev>? vm! [49], Bis the
field enhancement factor, ¢ is the work-function, and F is the applied electric field.
Assuming the work function of the CNTs to be 5.0 eV [50], the field enhancement factor
can be calculated from the slope of the F-N plot. It is reported that the work-function of
CNTs reduces to values of 3.0 eV and 2.0 eV at higher applied fields of 10 V um™ and 14
Vum™, respectively [51]. The work-function of CNTs also depends on the presence of
amorphous carbon material on the surface, presence of open-ended tube or closed-ended
tube, presence of catalyst particle on the tubes, defects and others. Here, in this study, we

use ¢ = 5.0 eV to make the comparison of the emission behavior of the various CNT
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arrays easier and simple. Hence, we only consider the region where the work function
does not decrease significantly below 5.0 eV and measure the slope of the straight lines
as shown in Fig. 4.5(b), to make an estimation for the value of . The field enhancement
factors for high density CNTs and NSL patterned CNTs with spheres of diameter 0.5, 1.0,
and 1.8 um were 460, 1760, 855, and 1680, respectively. It is noteworthy that the
experimental fis greater than geometrical /3 (the ratio of length to radius) of the CNTs by
an order of magnitude. These large discrepancies between the [ estimated from the F-N
plots and geometrical /~50 indicate that there are other mechanisms, in addition to
quantum tunneling, for the field emission process [44]. The field emission properties
depend upon the morphology of CNTs, structure of CNTs emitter and the method
employed to measure the emission current. The ohmic contact between the CNTs and the
substrate along with the vertical alignment of CNTs play an important role in the field
emission. During the process of field emission, the electrons should cross the interface
between substrate and barrier layer, pass through CNTs, and finally emit into the vacuum.
The contact resistance is lower for CNTs synthesized on conducting substrates than for
the CNTs synthesized with buffer layer of SiO,, the low contact resistance will assist the
process of field emission. The presence of the buffer layer of Cr in our samples ensures a
robust contact of CNTs with the substrate over an extended period of emission time.
Further, the low contact resistance between CNTs and Cr facilitates the electron transfer

from the substrate to the CNTs during the emission [52].

Figure 4.5(b) illustrates two distinct slopes on the F-N plots. The slope of F-N

plots in the region of high electric field is lower as compared to the slope in the region of
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low electric field. Similar behavior has been attributed to vacuum space charge effects,
changes in local density of states at the emitter’s tip, interaction among adjacent tubes,
solid-state transport, and adsorption and desorption of gaseous species even at high
vacuum as a result of emission-assisted surface reaction process [53]. Although, it has
been demonstrated that Murphy and Good’s theory better explains the emission
phenomenon at high electric fields in the range of 10"'° V/m and temperatures of 1000-
5000 K [54-56], we estimate that F-N equation is still applicable to explain the field
emission in these experiments as such local temperatures on the CNT tip might have not
been achieved. In this notion, we believe that the localized tip-cooling during field

emission is partially responsible to compensate for the Joule heating [57].
(e) Stability test for CNT emitters with different densities:

The stability of emission current is one of the most important parameters used to
estimate the feasibility of CNT emitters for various application purposes. Figure 4.6
shows the field emission stability of emission current from CNTs with different densities
during the stability test. The initial emission current was set at the maximum value for the
particular sample and the applied voltage was kept constant for 10 h. Only a small
degradation in the emission current was observed when the CNTs were subjected to such
a stringent current over a long period of time. The critical current, which is the maximum
current that a single nanotube can deliver from an individual CNT, increases with the
diameter. The CNTs with diameters in the range of 5-20 nm have the critical current in

the range of 2-15 HA while CNTs with diameters of about 30 nm deliver the current in

the range of 40-250 pA [58]. Wei et al. performed in-situ TEM observation on the
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degradation of a CNT emitter and observed that CNTs suffered abrupt breaking at the
point where the temperature reached a maximum value [59]. The CNTs in the present
work have diameters in the range of 80-100 nm and are expected to withstand greater
current preventing thermal degradation. The high thermal conductivity of both the CNTs
and the Cu substrate allows an unobstructed transfer of heat preventing the occurrence of
high temperatures and destruction of the emitters. The conduction of heat will minimize
the degradation of CNT emitters subjected to withstand the high temperature caused by
Joule heating. Pandey et al. have simulated the electrical field for arrays having bundles
of CNTs at different sites [60]. The maximum local electric field at the bundle is two-
order of magnitude lower than those for rectangular arrays of CNTs. The lowered electric
field will result in lower thermal and mechanical stress introduced on CNT bundles. We
attribute the high field emission stability of our samples to the strong adhesion of CNTs
with the Cu substrate, higher critical current and lowered stress. CNTs synthesized with
the catalyst patterned by spheres of diameter of 1.8 um exhibited a sharper decline in
emission current over the test period as compared to other samples. The individual CNTs
on samples with catalyst patterned by spheres of diameter 1.8 pm were liable to produce
currents of higher magnitude, because of a lower density than the CNTs on other

samples, and were prone to quicker degradation.
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Figure 4.6: Field emission stability of CNT arrays with different densities.

4.3.2 Effects of plasma treatment on the emission current of CNT emitters

The evolution of the structure of the CNT emitters after plasma treatment and the
effect of plasma treatment on the emission current of the CNT emitters has been

discussed in the following section.
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(a) SEM observation of the effect of plasma treatment on the structure of the CNT

emitters:

Figure 4.7: SEM images of the CNTs before and after NH; plasma treatment. (a) P-0.0 min, (b) P-0.5 min,
(¢) P-1.0 min, and (d) P-2.0 min. The insets show the corresponding top-view images.

Typical SEM images of the CNTs before and after NH3; plasma treatment are
shown in Fig. 4.7. Before plasma treatment, sample P-0.0min showed structurally robust
vertically aligned CNTs, as shown in Fig. 4.7(a). The as-grown CNTs showed a
cylindrical structure with a large diameter of ~80 nm and length of 1-1.5 um. The length

was not highly uniform and some longer CNTs protruded. After 0.5 min treatment, the
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CNTs became thinner due to the etching effect of the plasma as shown in Fig. 4.7(b). The
plasma treatment also resulted in sharp tips on the CNTs compared with the pristine
CNTs. In addition, the longer CNTs were cut by the plasma, resulting in a uniform length
after the plasma etching. The etching effect became more significant after 1.0 min
treatment. As shown in Fig. 4.7(c), the CNTs showed a tapered structure with a very
sharp tip compared with the pristine CNTs. The tapered structure is favorable for the field
emission. These thinner tips easily touched each other and as a consequence seemed to
form a cluster structure. It is very clearly shown in the inset of Fig. 4.7(c) that the tips of
the CNTs after 1.0 min treatment were bundled together. Each bundle consisted of
several CNTs with joined tips. Therefore the inter-tip distance increased as compared
with the samples P-0.0min and P-0.5min, as shown in the insets of Fig. 4.7(a-b). The
increase in the inter-tip distance will effectively alleviate the screening effect in the CNT
film, resulting in the enhanced field emission properties [61]. However, after 2.0 min
plasma treatment, the morphology of the CNTs was totally different from the previous
samples, as shown in Fig. 4.7(d). The longer duration of plasma treatment caused a very
severe damage to the CNTs. The CNTs were badly destroyed and so was the alignment,
as shown in the inset of Fig. 4.7(d). It was very difficult to find CNTs with good
alignment under SEM observation. Accordingly, the field emission performance should

greatly deteriorate.
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(b) TEM observation of the effect of plasma treatment on the structure of the CNT

emitters:

Figure 4.8: TEM images of the CNTs before and after NH; plasma treatment. (a) P-0.0 min, (b) P-0.5 min,
(c) P-1.0 min, and (d) P-2.0 min. The inset in (a) shows a bamboo-like structure. The inset in (b) shows the

lattice fringes of graphitic planes in a single CNT.

Transmission electron microscopy observations were carried out to examine the
effect of plasma treatment on the microstructures of CNTs, Fig. 4.8. Without the plasma
treatment, the CNTs showed a cylindrical structure with good crystallinity, as shown in
Fig. 4.8(a). All the CNTs had closed tips with a catalyst particle at the tip. The diameters

of the CNTs were around 80 nm. After 0.5 min treatment, the CNTs became thinner
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because of the plasma etching effect with a stem diameter of 50 nm, as shown in Fig.
4.8(b). The etching effect was more significant at the tip, resulting in a sharp tip with a
diameter of ~20 nm. Specifically, the graphene layers at the tip were severely damaged.
As a result, the CNTs showed an open tip with some damage on the wall. The etching
effect became more significant while continuing the plasma treatment and the CNTs
completely changed from the cylindrical structure to a tapered structure with a very sharp
tip. The plasma inevitably induced significant damage and structural defects to the CNTs.
All the results were in good agreement with the results of SEM observation and the

Raman spectroscopic analysis.

(¢) Raman spectroscopic analysis of the effect of plasma treatment on the structure

of CNT emitters:
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Figure 4.9: Raman spectroscopic analysis of CNTs. (a) Raman spectra of the CNTs before and after NH;

plasma treatment for different durations. (b) Corresponding Ip/I; ratios.

To further understand the effect of NH; plasma treatment on the field emission

properties of CNTs, Raman spectroscopy was carried out to analyze the microstructure
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and defect density of the samples. Raman spectra of the CNTs before and after the
plasma treatment are shown in Fig. 4.9(a). The Ip/I ratio, which gives the indication of
the level of disorder degree in the graphite sheets, is shown in Fig. 4.9(b) for CNTs with
different plasma treatment time. It can be seen that the Ip/Ig ratio increased with the
plasma treatment time increasing, indicating that the plasma treatment can result in

significant structural defects to the CNTs.
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(d) Effect of plasma treatment on the electron field emission of CNT emitters:
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Figure 4.10: Field emission characteristics of the CNTs before and after NH; plasma treatment. (a) I-V

curves. The inset shows the corresponding F-N plots. (b) Field enhancement factor (), Eum-on of CNTs

according to NH; plasma treatment time.

Figure 4.10(a) shows the field emission characteristics of the CNT emitters made

by the four kinds of CNTs. The CNTs demonstrated different field emission properties
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according to different plasma treatment durations as shown in Fig. 4.10(a). The E,4-0n for
sample P-0.0min was 11.93 V/um. After the plasma treatment, the turn-on electric field
decreased according to the plasma treatment durations. More specifically, the Ej,.on for
samples P-0.5min and P-1.0min were 10.98 and 8.84 V/um, respectively. However, after
2 min plasma treatment, the sample showed a slightly increased turn-on electric field,
10.81 V/um, compared with the sample after 1 min treatment. The sample P-1.0min
showed the lowest turn-on electric field among the four kinds of CNTs. In addition, the
sample P-1.0min also showed the highest emission current of 0.85 mA among the four
kinds of CNTs. Both the lowest turn-on electric field and the highest emission current
suggest that 1.0 min NH; plasma treatment can greatly improve the field emission

performance of CNTs.

Several papers have reported on the Joule’s heating effect on the CNTs during
electron emission and claimed that the temperature of individual CNT structure can easily
go above 1000 K at an emission current level of 1 uA/tube [24, 57]. It has been reported
that the high temperature might influence the emission regime from a Fowler—Nordheim
type of emission towards a thermo-field emission where tip temperature plays an
important role [56, 57, 62]. We estimated the current per tube in our research.
Considering Fig. 4.7(a) as an example, the CNT density was estimated to be about 14
tubes/umz. This value was obtained upon considering the screening effect between the
CNTs with different heights, namely, the short CNTs will not contribute significantly to
the total field emission current [24]. The maximum emission current density of the P-0.0

min sample was about 0.18 mA/cm?. As a result, the current per tube was around 1.3x10"
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* nA. This value is far below 300 nA, which is the typical threshold for possible emission
degradation of the tubes [63]. We think that high temperatures on the CNT tip might have
not been achieved. Therefore, the F—N equation is still applicable in the present

experiment.

The inset in Fig. 4.10(a) shows the corresponding F-N plots for the four kinds of
CNT emitters. The field enhancement factors for samples P-0.0min, P-0.5min, P-1.0min,
and P-2.0min were 319, 372, 546, and 405, respectively. We note that the field
enhancement factor increased as the plasma treatment time increased and the CNTs with
I min plasma treatment showed the highest value of the field enhancement factor. Figure
4.10(b) presents the graph of field enhancement factors and Ej,..., according to the
plasma treatment time. With the plasma treatment less than 2 min, the field enhancement
factor increased and the turn-on electric field decreased with the plasma treatment
duration, indicating enhanced field emission performance of the CNTs. However, after 2
min plasma treatment, the CNTs demonstrated a decreased field enhancement factor and
an increased turn-on electric field, indicating that the CNTs were damaged severely and
showed a degraded field emission performance. Lee et al. studied the field emission
characteristics of CNTs after Ar plasma treatment and found that the work function
slightly increased from 4.57 eV to 4.87 eV (about 6% increase) after 3 min of plasma
treatment [34]. If we assume that the work function changed about 6% for samples P-0.0
min and P-1.0 min (i.e. the sample P-0.0 min has a work function of 4.7 eV and the
sample P- 1.0 min has a work function of 5 eV), the enhancement factor will be 291 for

sample P-0.0 min and 546 for sample P-1.0 min corresponding to an increase of 88% in
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the enhancement factor. Using the work function of 5.0 eV, the calculated enhancement
factor is 319 for sample P-0.0 min and 546 for sample P-1.0 min, corresponding to an
increase of 71% in the enhancement factor. Comparing the increase of the enhancement
factor (88% and 71%) obtained using different work functions, it is clear that the
assumption of the work function of 5.0 eV in this work gave reasonable values for the
enhancement factors for samples after different plasma treatment. Fig. 4.10(b) shows that
the enhancement factor increased at first and then decreased as the plasma treatment time
increased which was consistent with the results of SEM and TEM observations. Previous
studies investigated the relationship between the field enhancement factor, the aspect
ratio of CNT structures, and the spacing between CNT structures [24, 64]. A more
accurate expression for the field enhancement factor was considered as =
1.2[2.15+h/r]>? with large aspect ratios leading to greater field enhancement factor [64].
Plasma treatment made the CNTs tapered and increased the aspect ratio since the reduced
tip diameter can be regarded as the effective diameter. As a result, the field enhancement
factor increased. In addition, Dionne et al. concluded that larger field enhancement factor
values can be obtained if the spacing between two tubes is greater than the sum of their
heights (Ax > h; + hy), whereas, significant screening effects will reduce the field
enhancement factor if the spacing between the two tubes is equal to or smaller than the
sum of their heights (Ax < h; + hy) [24]. Therefore, the increased intertip distance after
plasma treatment resulted in the lowered screening effect and consequently an increased
field enhancement factor. It is obvious that the 1 min plasma treatment can greatly

improve the field emission performance of the CNTs. The tapered CNT structure, the
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clustered CNT tips, and the increased inter-tip distance extremely strengthened the field

emission properties of the CNTs.

(e) Effect of plasma treatment on the field emission stability of the CNT emitters:
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Figure 4.11: Field emission stability of the CNTs before and after NH; plasma treatment.

We also evaluated the emission current stability of the CNTs before and after NH;
plasma treatment as shown in Fig. 4.11. The initial emission current was around 0.25 mA
and then the applied voltage was kept constant for 10 h or longer. The initial emission
current density was about 0.3 mA/cm?, which is a relatively severe condition to visualize
current degradation vividly within a relatively short time. Among the four kinds of CNTs,
the sample P-1.0 min demonstrated excellent field emission stability over 50 h even

though the emission current still decreased gradually.

The morphology of CNTs can significantly affect their field emission properties.
Generally, the field enhancement factor is mainly related to the aspect ratio of the CNT

[65]. The thick diameter and the short length may result in a high turn-on electric field
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because of the small field enhancement factor. After the NH; plasma treatment, the CNTs
changed from the thick cylindrical structure to the thin tapered structure. As a result, the
field enhancement factor increased from 319 to 546 and the turn-on electric field
decreased from 11.93 V/um to 8.84 V/um. In addition, the tips of the CNTs were opened
by the plasma treatment, and a high density of structural defects was introduced into the
CNTs. Both the open-ended tips and structural defects are regarded as one of the possible
factors for the improvement on field emission properties of CNTs [66, 67]. Moreover, it’s
well known that the screening effect in the CNT film can greatly reduce the field
emission performance of CNTs [61, 68]. From the top view of the 1.0 min plasma treated
sample, the much thinner tips of the CNTs easily touched each other to form clusters and,
as a consequence, the inter-tip distance became a slightly bigger compared with the

untreated sample. Therefore, the screening effect will be effectively alleviated.
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(f) XPS studies on the chemical structure of the CNT emitters:
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Figure 4.12: XPS spectra from N Is core level of the CNTs before and after NH; plasma treatment: (a) P-

0.0 min, and (b) P-0.5 min.
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Figure 4.13: XPS spectra from N s core level of the CNTs after NH; plasma treatment: (a) P-1.0 min, and
(b) P-2.0 min.

It is suggested that NH; plasma treatment not only induces structural defects but
also creates doping effects. The XPS measurements were carried out to analyze the
CNTs. The XPS spectra from N 1s core level of the CNTs before and after NH3 plasma
treatment are shown in Fig. 4.12 and 4.13. The spectra can be fitted with component
peaks labeled N1, N2, N3, N4, N5, and N6 at 402.5, 400.8, 399.7, 398.6, 397.2, and
396.1 eV, respectively. The values of the full width at half maxima of each peak were

about 0.9-1.2 eV, which were in agreement with the previous report [69]. The peaks of
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N2, N3 and N4 corresponded to NO, C=N (sp’ bonding), and C=N (sp’ bonding),
respectively [69]. The high binding energy N1 peak was attributed to interstitial N [32].
The two low binding energy peaks of N5, and N6 were attributed to Cr,N [70], and CrN
[71], respectively. The intensities of these two peaks increased dramatically, especially
after 2 min plasma treatment (not shown here). We can also confirm the chromium
nitrides based on the structure change observed under SEM, showing that CNTs were
badly destroyed so that the substrate was exposed. Considering the growth in this work
followed the tip growth mode, many Ni catalyst nanoparticles were encapsulated in the
CNTs. Therefore, the chromium nitrides formed on the substrate contributed dominantly
to the XPS spectra as increasing the plasma treatment time. From the XPS spectra, we
have confirmed that nitrogen has been doped into the CNTs even for the untreated CNTs,
since we used NHj3 plasma during growth. Fig. 4.14 shows the area fraction of CN
bonding (N3 and N4 peaks) with respect to the full N 1s spectra for different NH3 plasma
treatment durations. The area fraction reflects the number of CN bonding (N3 and N4
peaks) in the full N 1s spectra. Thus, the number of CN bonding increased at first and
then decreased, indicating the doping effect changed along with NHj3 plasma treatment
time. The number of CN bonding peaked at 0.5 min NHj3 plasma treatment. Longer
plasma treatment time resulted in lower area fraction of CN bonding. It has been shown
that nitrogen doping can improve the field emission performance of CNTs [72]. Although
0.5 min NH; plasma treatment showed the highest area fraction of CN bonding, NHj3;
plasma treatment after 1 min demonstrated the best field emission performance. We
suggest that the little difference is mainly attributed to the morphology change. The

morphology change played a dominant role in field emission in this work. On the basis of
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above viewpoints, the NH; plasma treatment could greatly improve the field emission

performance of the CNTs grown on a Cu substrate.
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Figure 4.14: Area fraction of CN bonding according to NH; plasma treatment time.

4.3.3 Effects of CNT emitter geometry on their emission currents

The effects of CNT emitter geometry on the emission currents have been
investigated and presented in detail in the following sections. The structure of the CNT

point emitters has also been analyzed using scanning and transmission electron

microscopy.
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(a) SEM analysis of the point emitters:

Figure 4.15: SEM images of the two kinds of point emitters. (a) The F-tip emitter. (b) The S-tip emitter.

The CNT morphologies of the two kinds of point emitters are shown in Fig. 4.15.
Both of the CNTs were synthesized under identical conditions. However, the two kinds
of point emitters showed quite different morphologies. The CNTs of the F-tip emitter
showed a tapered shape with good vertical alignment, as shown in Fig. 4.15(a). The
length of the CNTs was about 1.5 um. The F-tip emitter consisted of a very high density
aligned CNTs. However, the CNTs of the S-tip emitter demonstrated remarkably
different structure. As shown in Fig. 4.15(b), the CNTs of the S-tip emitter showed a
cylindrical stem and a coarse tip. The CNTs of the S-tip emitter had a short length in the
range of 0.7-1.0 um and showed a fairly low density as compared with that of the F-tip
emitter. The low density of CNTs may result in good field emission as a consequence of

the reduction of the screening effect [24].

Another obvious feature of the CNTs of the S-tip emitter is that they tend to grow

connected to form bundles. The difference of morphologies between the two kinds of
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point emitters can be attributed to the difference of electric field distribution during the
PECVD growth because of the shape difference between the F-tip and the S-tip. The S-
tip results in higher electric field gradient around the tip. As a result, some of the Ni
catalyst particles might be destroyed or etched away by the plasma. This contributes to

the low density of CNTs on the S-tip as compared to the high density on the F-tip.

(b) TEM analysis of the point emitters:

Figure 4.16: TEM images of the two kinds of point emitters. (a) The F-tip emitter. (b) The S-tip emitter.

Figure 4.16(a) shows a low magnification TEM image of the dispersed CNTs
from the F-tip emitter. The CNTs displayed a multi-walled bamboo-liked structure. A
catalyst particle was encapsulated inside the CNT tip, indicating the growth of the CNTs
followed the tip growth model. The CNT had a large diameter of 110—-140 nm at the tip
and around 300 nm at the stem. High resolution TEM image indicated the CNT showed
well-graphitized outer walls whereas the inner walls showed a bamboo-liked structure.
Some amorphous carbon materials were found on the surface of the CNTs and might be

produced during the TEM sample preparation. The inset in Fig. 4.16(a) shows a high
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magnification TEM image of the tip of a CNT, revealing the highly ordered crystalline
structures of both the carbon layers and the encapsulated catalyst particle. TEM
examination indicated that the CNT of the S-tip have a diameter of around 100 nm, as
shown in Fig. 4.16(b). However, it is very difficult to get a clear TEM image for a single
CNT on the S-tip emitter because the CNTs are often connected together. Even though it
is hard to know the crystallinity of the CNTs through TEM images, it is speculated that
the CNTs of the S-tip emitter also had highly graphitized structures because the emitter
demonstrated excellent field emission characteristics and good stability (more discussions

to follow).

99



(c) Electron field emission of the point emitters:
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Figure 4.17: Field emission characteristics of the two kinds of point emitters. (a) I-V curves. (b) The

corresponding F—N plots.

The field emission characteristics of the two kinds of CNT point emitters are
shown in Fig. 4.17. I-V curves of both CNT point emitters demonstrated excellent field
emission properties regardless of the shape of the tip of the Cu wires, Fig. 4.17(a). We

tested both the F-tip and S-tip emitters before CNT growth and could not get any
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emission current from either of them even when the applied voltage was increased to
5000 V. Therefore, we claimed that the excellent field emission performance was
attributed to the CNTs grown on both tips. We defined the turn-on voltage as the applied
voltage to obtain an emission current of 0.1 pA. The F-tip emitter showed a turn-on
voltage of about 2450 V. The S-tip emitter demonstrated a lower turn-on voltage of 2100
V compared with the F-tip emitter, indicating that the S-tip emitter had a better field
emission performance than the F-tip emitter. In addition, the F-tip emitter reached the
highest emission current of 70 pA at an applied voltage of 4200 V. On the contrary, the
S-tip emitter obtained the highest emission current of 65 pA at 3700 V. These emission

magnitudes of current are good enough for practical applications.

The straight lines in the F-N plot shows the electron emission from these CNT
point emitters is a quantum mechanical tunneling process. Assuming the work function of
the CNTs to be 5.0 eV, the estimated field enhancement factors of the F-tip and S-tip

emitters from the F-N plots are 907 and 1264, respectively.
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(d) Electron field emission stability test of the point emitters:
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Figure 4.18: Field emission stability of the two kinds of point emitters.

We applied a certain voltage to the emitter for 40 h and monitored the change of
the emission current to investigate the field emission stability of both emitters to study
the field emission stability of these CNT-based field emitters. We applied 4000 V and
3600 V, where the emission current saturated for the F-tip emitter and the S-tip emitter,
respectively. Fig. 4.18 shows the field emission stability of the F-tip and S-tip emitters.
Both emitters showed very stable emission current during the stability test. The emission
current from the F-tip emitter gradually decreased from an initial current of about 40 pA
to around 30 pA. Similarly, the emission current from the S-tip emitter gradually
decreased from about 13 pA to 10 pA. There was no sudden degradation of emission
current for either of the two kinds of point emitters during the stability test. We attribute
the excellent field emission stability of our CNT point emitters to the good morphologies

and the strong adhesion between CNTs and the Cu wire.
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It is well known that field emission properties are largely dependent on the
morphology of the CNTs. Table 4.3 shows field emission properties of various point
emitters on different support materials [73-80]. Most of these point emitters were grown
on tungsten tip (W tip) and were randomly oriented CNTs. The CNT point emitters
directly grown on Cu wires demonstrated a comparable to or even better field emission
properties than other point emitters. Especially, the point emitters on Cu wires showed a
very stable field emission current during the stability test for 40 h. The observed stability
is a good feature for the practical applications of miniaturized X-ray sources and electron
beam sources. The different field emission properties were attributed to the morphology
difference between the two kinds of CNT point emitters, especially to the density of

CNTs.

As mentioned earlier, for the F-tip emitter, the length of the CNTs is about 1.5 pym
and the CNT had a large diameter of 110-140 nm at the tip. For the S-tip emitter, the
CNT has a short length in the range of 0.7-1.0 um and a diameter of around 100 nm.
Therefore, we consider that the field enhancement factor of the emitter itself in the F-tip
emitter is slightly bigger than or similar to that in the S-tip emitter as evident from § =
1.2[2.15+h/r]>’. However, the density of CNTs in the S-tip emitter was much lower
compared to that in the F-tip emitter. The high density of CNTs can highly degrade the
field emission performance of CNT emitters as a result of the screening effect [17].
Therefore, the S-tip emitter showed a better field emission performance compared with
the F-tip emitter. In this work, we consider that the density of CNTs playing a dominant

role in the field emission because the S-tip emitter demonstrated a better field emission
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performance than the F-tip emitter. This means that the screening effect which reduces
the local electric field is more dominant than the geometry of CNTs in field emission in

this work.
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Table 4.3: Field emission properties of various point emitters.

Support Fabrication CNT orientation Gap Best emission Best stability Ref.
method

W tip PECVD Randomly 250 pm 26 pA @ 1200 V 26 pA @ 1200 [73]

W tip PECVD Randomly 250 pm 51 pA @ 630V Over40 h @ 10 mA [74]

W tip Pyrolysis of Randomly 5 cm 1 mA @ 16.5 KV 200 min @ 500 LA [75]
ferrocene

W wire Biased thermal Randomly 1 mm 4 uA @ 6000 V 15h @ 1.2 A [76]

CVD

W tip PECVD Vertically 1-10 mm 100 pA below 10 kV 100 h @ 80 pA [77]

Pd wire PECVD Vertically 0.5 mm 1.3 mA @ 3400 V Over 500 h @ 1 mA [78]

W tip CNT/Ag paste Randomly 2 mm 465 pA @ 6600 V 40 h @ 100 pA [79]
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4.4 Conclusions

In summary, the enhancement of electron field emission of CNT emitters has
been achieved by using three separate approaches. Vertically aligned CNTs were
synthesized on copper substrates with Ni catalyst nanodots patterned by nanosphere
lithography. The density and location of CNTs were determined by the diameter of
spheres. The as-synthesized CNTs followed a tip-growth mechanism with the Ni catalyst
forming almost a core—shell like structure several nanometers long in many cases. The
low-density CNTs and the low contact resistance between the CNTs and the metal
substrate were favorable for the field emission process. Among the high-density CNTs
grown on Ni catalyst film and low-density CNTs grown on NSL patterned Ni catalyst
dots, low-density CNTs synthesized on catalyst dots patterned from spheres of diameter
0.5 um exhibited the best field emission properties in terms of lower turn-on and
threshold field, higher field enhancement, and longer stability. These results could
facilitate the direct fabrication of more cost-effective and site-selective CNT structures

compatible with novel nanoelectronic devices.

The effects of NH; plasma treatment on the microstructure and field emission
properties of vertically aligned CNTs grown on a Cu substrate were investigated. After
1.0 min treatment, a great improvement on the field emission properties of the CNTs was
obtained. This improvement was caused primarily by the morphology change. The CNTs
changed from the cylindrical shape to the tapered shape after plasma treatment. The
thinner tips of the CNTs could easily touch each other to form clusters; consequently, the

inter-tip distance increased. The tips of the CNTs were opened by the plasma treatment,
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and a high density of structural defects was introduced into the CNTs, both of which
could improve field emission performance. The nitrogen doping induced by NH3 plasma
treatment might also effectively improve the field emission properties. All the results
indicate that NH; plasma treatment could be an effective way to improve the field

emission performance of CNTs.

In another approach, the performance of vertically aligned CNT point emitters
grown on Cu wires with flat or sharp tips were compared. The F-tip emitter showed
tapered CNTs with a longer length, thinner diameter, and a high density whereas the S-tip
emitter showed almost cylindrical CNTs with a shorter length, a thicker diameter, and a
low density. The CNTs on the F-tip displayed a multi-walled bamboo-liked structure
whereas the CNTs on the S-tip showed no clear graphitization because of the difficulty in
separating a single CNT from the bundles. The two types of point emitters have exhibited
excellent field emission performance, such as high emission current at relatively low
voltage and longtime emission stability at high current level. The excellent field emission
properties are attributed to the point emitter structure and the good contact between the
CNTs and the Cu tip. We believe that the CNT point emitters grown on Cu wires are
beneficial to the real application of miniaturized X-ray sources and electron beam

sources.

In conclusion, inter-tip distance appeared to be the most important factor that
dominates the electron emission from CNTs. The close proximity of CNT emitters
resulted in the screening of the electric field by the adjacent emitters and thus the

degraded emission properties in the case of CNT emitters synthesized over a catalyst thin
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film. The separation between CNT emitters could be tailored by the selective growth at

predetermined distances or post-growth treatments to obtain the stable electron sources.
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CHAPTER 5.0

Field emission properties of vertically aligned carbon nanotubes on stainless steel

In this chapter, the synthesis and characterization of vertically aligned carbon
nanotube arrays on stainless steel substrate will be discussed. Then, the field emission
properties of these carbon nanotubes (CNTs) were studied to understand the correlation

between their structure and field emission properties.

5.1 Introduction

Carbon nanotubes have attracted a great research interest since the landmark
report on the discovery of CNTs by Iijima in 1991 [1]. As discussed in earlier sections,
CNTs exhibit superior chemical stability, remarkable electrical and thermal
conductivities, and robust structural integrity. These properties can be exploited for
possible applications in field emission devices, gas sensors, Li-ion battery, and
nanoelectronics [2-4]. However, for a viable application, it is desirable to have a
controlled growth of aligned CNTs at relatively lower temperatures compatible with
currently available device fabrication techniques. Plasma enhanced chemical vapor
deposition (PECVD) process has been adopted as a suitable method to synthesize arrays
of vertically aligned CNTs at lower temperatures than the conventional arc-discharge or
laser ablation methods [5]. In addition, it is also possible to control the length, diameter,
and density of CNTs by adjusting the various parameters during the PECVD synthesis [6,

7.
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Carbon nanotubes are ideal candidates for electron field emission applications
because of their high aspect-ratio. The emission current from CNTs can also be expressed
by Fowler-Nordheim (F-N) equation: / = a E.;” exp (-b/ E.z), where the constants a and b
are dependent on the work-function of the material and the local electric field at the
emission tip [2]. The effective electric field (E,p) can be expressed as E ;= SE,, where E,
is the applied electric field between the CNT emitters and the anode, and £ is the field
enhancement factor. The large aspect-ratio of CNTs enables a higher field enhancement
and consequently the increased emission current. Carbon nanotubes can also act as
efficient electrode material for electrochemical tests because of their superior
conductivity and great charge transfer rate [8]. Carbon nanotubes offer high surface area
which is easily accessible for ions to interact during electrochemical measurements. As a
result, charges can be quickly stored and then released at the CNT electrodes for efficient
performance of devices with a quick response time. However, for a reliable performance
of a fabricated device, the adhesion of the CNTs to the substrate and the density of the

CNTs play a crucial role during the electrical and electrochemical measurements.

Recently, many efforts have been focused on the synthesis of arrays of vertically
aligned CNTs (VACNTSs) directly on conductive metals or their alloys such as copper,
nickel, titanium, stainless steel (SS), inconel, nichrome and others [9-12]. The in-situ
synthesis of CNTs on conductive substrates prevents the introduction of impurities and
defects on CNTs incurred during the device fabrication for various applications. Growth
of CNTs on metallic substrates or their alloys have been performed by first depositing a

thin layer of catalyst on the metal substrate and then initiating a thermal decomposition of
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carbonaceous precursor on the catalyst ‘seed’. In this approach, usually the substrates will
be subjected to chemical or thermal treatment prior to the introduction of a carbon source
for CNT growth [12-19]. Wang et al. used acid-assisted electrochemical polishing and
plasma pre-treatment to obtain VACNTSs on SS [13]. Park et al. treated SS substrate with
HF etching and hydrogen plasma during the sequential combination of PECVD and
thermal chemical vapor deposition (CVD) to obtain randomly oriented spaghetti-like
CNTs [14]. Lin et al. were successful in synthesizing CNTs by PECVD and studying
their field emission properties [18]. Sparse but well-aligned CNTs were synthesized for
the growth period of 5 min, and the growth had to be prolonged for about 30 min to
obtain a dense array of VACNTSs. Synthesis of CNTs with non-uniform substrate
coverage were reported by Masarapu ef al. and Baddour ef al. on SS substrates subjected
to chemical etching to activate nucleation sites prior to the growth [15, 16]. Parthangal et
al. reported the synthesis of randomly oriented and weakly adhered CNTs on SS by CVD
method [12]. There have been further attempts to deposit a catalyst layer to enhance the
quality of as-synthesized CNTs on SS. Abad et al. reported the PECVD synthesis of
sparse and thick bundles of CNTs on bare SS, while the cobalt nanoparticle on SS
catalyzed a dense growth of VACNTs [19]. Kim et al. used a water assisted CVD to grow
CNTs on Al and Fe coated SS [17]. Duy et al. synthesized VACNTs on Ni coated SS
substrates (with a buffer layer of 100 nm TiN) by PECVD and studied their field
emission properties [11]. Most of the reported results rely on chemical, thermal, or
plasma treatment of pristine SS or metal-catalyzed SS to develop active nucleation sites
before the introduction of carbon precursor for the growth of CNTs. The pretreatment of

substrate is regarded as an efficient and essential approach for the formation of
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homogenous granular nanoscale structures which act as catalysts for the uniform growth

of VACNTs.

Synthesis of CNTs on SS was widely reported; however, the vertical alignment
mechanism of the as-synthesized CNTs and a detailed characterization of their electrical
and electrochemical properties of the as-synthesized CNTs are still lacking. In this
chapter, we report the synthesis of arrays of VACNTSs on pristine SS 304 substrate with
or without any chemical treatments. We have also analyzed the topological features of the
substrate after chemical etching for different times to develop an understanding of the
evolution of the surface and the resulting particles. We have also examined the
progression of CNT structures upon increasing the growth time. We further investigated
the field emission performance of CNTs synthesized directly on SS substrates. The
emission performance was compared between CNT arrays synthesized on pristine SS and
Ni/Cr catalyzed SS. The conventional role of the buffer layer of Cr is to facilitate a robust
contact between the CNTs with the substrate while Ni acts as a catalyst for the growth of

CNTs.
5.2 Experimental methods

Vertically aligned CNT arrays were synthesized by PECVD process. The details
of the process have been described earlier in section 3.2. Briefly, a SS substrate (1 cm X
I cm x 0.1 mm) was loaded into a PECVD system which was then pumped to a pressure
of 5x10° torr. The SS substrate was heated to a temperature of 600 °C while NH; was
introduced at a constant flow rate of 100 sccm. Then, C,H, was introduced as the carbon

source at 30 sccm. The power of the DC plasma was maintained at 70 W and the pressure
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was fixed at 8 torr during the CNT growth [7]. On a different approach, pristine SS
substrates were chemically etched in a mixture of concentrated H,SO4: H,O,: H,O
(4:1:15, volume ratio) for different time durations in an ultrasonic bath. The chemically
treated substrates were used to grow CNTs by PECVD using the same conditions as
described above. The morphology of CNTs synthesized on as-treated SS substrates was
investigated. The field emission measurements were performed as described earlier in

sections 3.9.

5.3 Results and discussions

5.3.1 Effect of synthesis time on the formation of CNTs

Figure 5.1: SEM images (30° tilt-view) of CNTs grown on pristine SS substrates at 600 °C for (a) 3 min,
(b) 10 min, and (c) 20 min. The inset in each image shows the corresponding top-view image of the CNTs.

All scale bars are 1 yum.

The synthesis time plays an important role in the length and diameter of CNTs.
Figure 5.1 shows the SEM images of CNTs synthesized on SS without any external

catalyst or chemical etching. The ammonia-plasma etching exposes the intrinsic Fe, Co,
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and Ni present on the SS, all of which can act as catalyst for the growth of CNTs. Hence,
chemical pretreatment to the SS substrates would not be necessary to synthesize CNTs by
PECVD. As evident from the growth after 3 min, the CNTs show a random distribution
in the initial phase of growth. These CNTs acquire an average length of 600 nm after the
3 minute growth and the diameters also differ on an individual basis. In addition to these
CNTs, the substrate contains catalyst particles of irregular sizes as shown by the dark
arrows in the inset. With the onset of plasma treatment, the substrate forms catalyst
fragments of different dimensions; the smaller of which contributes toward the growth of
CNTs while the bigger ones remain. In comparison to the sample after 3 min growth, the
CNTs after 10 minutes growth exhibit an increased density and length, Fig. 5.1(b). After
a prolonged synthesis time, new nucleation sites develop in the area where the density of
CNTs from 3 minutes growth was low, as a result, the density of the CNTs after 10
minutes will increase significantly. After 10 minutes growth, the average length of the
CNTs is 3.4 um with the diameter around 80 nm. It is also observed that the big catalyst
particles have disappeared most probably as a result of the continuous etching of plasma.
The small individual catalyst particles formed from further plasma etching can initiate the
growth of CNTs, contributing to an increased density of CNTs as compared to samples
with 3 min growth. A further increase in the synthesis time to 20 min led to short and
stubby microstructures with an average length of 2.5 um and diameter of 1 um, Fig.
5.1(c). It has been reported that the catalyst particles lose their catalytic activity in
PECVD growth after a certain period, and the growth of CNTs ceased [20]. Beyond this
point, the plasma starts the destructive etching to the CNTs which results in the taller

CNTs to fall apart. After 20 min of growth, the height of the CNTs was uniform and the
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diameter was increased, which could be attributable to the deposition of amorphous
carbon on the exterior of the CNTs. These results indicate that the growth time of CNTs

can be varied to produce CNTs of desired length and density.

5.3.2 Effect of chemical etching on the formation of CNTs
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Figure 5.2: AFM images of stainless steel substrates chemically etched for (a) 0, (b) 10, (c) 20, (d) 40, and
(e) 60 min, respectively. (f) Graph showing the variation of surface roughness with different chemical

etching time. The scan size of all AFM images is 1 pm.

Stainless steel-304 is commercially available with a Cr rich passive oxide film
which prevents against the corrosion [15]. Chemical etching of SS substrates before
growth will remove this layer and expose islands of Fe which act as catalyst islands for

the growth of CNTs. Figs. 5.2(a-e) show the AFM images of the surfaces of the as-
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received pristine SS and SS substrates after chemical etching for 10, 20, 40, and 60 min,
respectively. As expected, the pristine SS surface is rough with grain sizes of non-
uniform dimensions scattered across the surface as shown in Fig. 5.2(a). After etching the
SS for 10 min, the surface morphology changed with the appearance of particles as
shown in Fig. 5.2(b). The number of particles increased further after etching for 20 min,
Fig. 5.2(c). After 40 min, as shown in Fig. 5.2(d), uniformly distributed fine particles
were observed on the surface. A 60 min chemical etching resulted in ridges or lines of big
particles on the substrate surface because the small particles were etched away and only
large particles remained. The root mean square roughness were 5.9, 1.8, 1.6, 1.4, and 3.6
nm for surfaces etched for 0, 10, 20, 40, and 60 min, respectively. The evolution of the
surface roughness for different etching periods has been shown in Fig. 5.2(f). The results
show that a 40-minute chemical etching resulted in fine particles with uniform sizes
which will be favorable for the growth of CNTs with uniform diameter. It should also be
noted that a catalyst particle of few nanometers may be blown away during thermal
annealing and plasma annealing before the introduction of carbon precursor in the

PECVD growth.
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Figure 5.3: SEM images (30° tilt-view) of CNTs grown on SS substrates chemically etched in a mixture of
H,SO,: H,O,: H,O (4:1:15, volume ratio) for (a) 10 min, (b) 20 min, (c) 40 min, and (d) 60 min

respectively. The synthesis was carried at 600 °C for 10 min. The insets show the corresponding top-view

images of the CNTs. All scale bars are 1 pim.

Figures 5.3(a-d) show the morphology of CNTs synthesized on SS substrates
subjected to chemical etching for 10, 20, 40, and 60 min, respectively. The insets show

the corresponding top-view images of the CNTs. The growth was carried out at 600 °C
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for 10 min. The average diameter of CNTs for the case of 10 min etching was 190 nm
and the length was 1.7 um, Fig. 5.3(a). The average length of the CNTs increased to 2.2
um and 3.4 um for CNTs synthesized on SS subjected to the chemical etching for a
period of 20 min and 40 min respectively, while the respective diameter decreased to 160
nm and 95 nm, Fig. 5.3(b) and (c). The decrease in the diameter of the CNTs grown on
SS for an increased etching time can be understood as follows: an increase in the etching
period resulted in small grain sizes of the catalysts which grew CNTs with small
diameter. A further increase in the chemical etching time to 60 min resulted in short and
thick CNTs with a high degree of variation in lengths. The average length of the resulting
CNTs was 1.7 um and the diameter was 140 nm, Fig. 5.3(d). The chemical etching for 60
min resulted in rougher surface and reduced the density of small particles which were
favorable for the nucleation of CNTs. Hence the site density of CNTs decreased as
evident from the top-view images in the inset of Fig. 5.3(d). A careful comparison
between Figs. 5.1(b) and 5.3(c) shows that for the same growth time interval, the
diameter and length of the CNTs were more uniform for the growth on chemically etched
SS than on the pristine SS substrate. An optimum chemical etching to the SS substrate
induced a homogenous distribution of catalyst particles and resulted in the CNTs with

uniform length and diameter.
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5.3.3 TEM analysis

Figure 5.4: TEM images of CNTs synthesized on (a) pristine SS, and (b) Ni/Cr catalyzed SS. The inset on
the left side of (a) shows a rod-like Fe catalyst encapsulated inside a CNT, forming a core-shell structure.
The inset on the right side of (a) shows the interface between the graphitic layers of the CNT and the Fe

trapped inside the CNT. The inset in (b) shows the SAED pattern of the Fe-filled CNTs.

The graphitic structures of the as-synthesized CNTs were verified by TEM
analysis. Figs. 5.4(a-b) show the TEM images of the CNTs synthesized on pristine SS
and Ni/Cr catalyzed SS, respectively. In one of the experiments, CNTs were synthesized
on Ni catalyzed SS with a buffer layer of Cr since a thin layer of Cr ensures the better
adhesion between the substrate and as-synthesized CNTs [6]. Thin films of Cr and Ni
were deposited onto SS substrates by e-beam evaporation at a pressure of 2x10° torr at
room temperature. The thickness of Cr and Ni layers was 15 nm and 6.5 nm, respectively.

The synthesis time was 10 minutes with the temperature maintained at 600 °C for both
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samples. TEM images show that there is a slight variation in the diameter of individual
CNTs as the diameter is dependent on the size of the catalyst particle formed right before
the introduction of C;H,. Big catalyst fragments result in thick tubes while small particles
result in thin tubes. We found that these CNTs show similar growth mechanism with
catalyst particles in the tip. The graphitic planes are not always parallel to the tube axis
but are often twisted and broken to form a bamboo-like growth pattern, which is the
common characteristic of the PECVD process [21]. The inset on the left of Fig. 5.4(a)
shows a typical image of a catalyst rod encapsulated inside a CNT forming a core-shell
structure. The compressive force of the graphene layers during the growth results in the
formation of these core-shell structures [22]. At nanoscale dimensions, the melting point
of metal catalysts can be significantly lower than that of their bulk counterparts. Hence
there is a high probability of melting of the catalyst particles which may get trapped half
way up the tube. The HRTEM image, as shown in the inset on the right side of Fig.
5.4(a), shows the interface between the graphitic planes of CNTs and the planes of the
catalyst core in the core-shell structure. The graphitic planes that make up the CNT are
observed on the right part of the image in light contrast. The catalyst core also exhibits
crystalline structure with atomic planes separated by 0.21 nm corresponding to Fe (111)
planes. In most cases, the (111) lattice planes of Fe make an angle with the tube axis of
CNTs. The concentric rings obtained in the SAED pattern (inset in Fig. 5.4(b)) also

confirm the hollow tube with many layers in the multiwalled CNTs.
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5.3.4 Field emission properties of CNTs
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Figure 5.5: Field emission properties of CNTs grown on pristine SS and Ni/Cr coated SS. (a) SEM images
of CNT emitters on Ni/Cr coated SS (30° tilt-view), the CNTs were synthesized at 600 °C for 10 min. (b)
Stability test, (c¢) F-J plots, and (d) F—N plots.

To understand the performance of CNT emitters, field emission current from
CNTs synthesized on pristine SS was measured. The emission current was also compared
with that of the CNTs synthesized on Ni/Cr coated SS as Cr is known to provide a stable

adhesion of CNTs to the substrate. The synthesis time of CNT emitters was 10 min for
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both samples and the temperature was fixed at 600 °C. From the SEM images, the
average length and diameter of the CNT emitters synthesized on Ni/Cr coated SS are 2.8
um and 100 nm respectively as shown in Fig. 5.5(a). During the emission current
measurement, the applied voltage was increased steadily in the steps of 200 V until the
emission current saturated. The emission current was increased to the maximum value for
each sample and the applied voltage was kept constant for 15 h to test the stability of the
emission current. The emission current was measured several times for each of the CNT
samples exposed to ‘electric annealing’ to confirm the repeatability of the emission
characteristics. The field emission performance of CNTs synthesized on pristine SS and
Ni/Cr coated SS is shown in Figs. 5.5(b-d). Both types of CNT emitters exhibit excellent
field emission properties with high current density and long stability. From the curves of
current density versus applied electric field (F-J plots) in Fig. 5.5(c), we can estimate the
turn-on (Ewm-on) and threshold (Ey,) electric fields [23]. The numerical values for Eqym-on
and Ey, for CNTs on pristine SS were 4.7 V/um and 8.3 V/um respectively. Similarly, the
corresponding electric fields were 5.5 V/um and 10 V/um for the CNTs synthesized on
Ni/Cr coated SS. The lower values of Ey and Egym.on for CNTs grown on pristine SS
suggest that the electrons emission is easier from the CNTs grown on pristine SS
substrate than from the CNTs grown on the Cr buffer layer on the SS substrate. During
the process of field emission, the electron should cross the interface between the substrate
and the buffer layer (Cr), then pass through the CNTs, and finally emit into the vacuum.
Although the presence of a Cr layer would ensure the robust contact between the CNTs
and the substrate, the emitted electrons are subjected to a higher contact resistance,

thereby increasing Eum.on and Eg. CNTs synthesized on pristine SS exhibit better field
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emission properties since they experience lower contact resistance than the CNTs
synthesized on SS with the buffer layer of Cr. Fig. 5.5(d) shows the corresponding F-N
plots for the CNT emitters grown on SS and on Ni/Cr coated SS. The straight line in the
high electric field region shows the quantum mechanical tunneling process [24]. From the
F-N plots, the field enhancement factor () was estimated to be 1140 and 950 for CNTs
grown on pristine SS and Ni/Cr coated SS, respectively, assuming the work function is 5

eV for CNTs.

The stability of emission current is an important aspect to be considered for the
real application of CNTs in the field emission based devices. For stability test, the
emission current of the CNT emitters was held at a maximum value by increasing the
electric field to a certain value which was maintained for a duration of 15 h. We observed
only a small degradation of the emission current from the CNTs subjected to such
stringent conditions over a long period of time. It is observed that the emission current
from CNT emitters on Ni/Cr coated SS remained at a steady level over an extended
period of time during the stability tests. However, the current from CNT emitters on
pristine SS deteriorated at a higher rate when the starting currents were held at the same
level. Although the CNT emitters on pristine SS demonstrated greater field enhancement
than the CNT emitters on Ni/Cr coated SS, the emission current is less stable because of
the absence of buffer layer. The presence of the buffer layer of Cr enhances the adhesion
of CNTs to the substrate and the CNTs would not peel off during the stability test. The
critical current, which is the maximum current that can be delivered through a single

CNT before the breakdown, from an individual CNT increases with the diameter of the
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CNT. The critical current for the CNTs with diameters in the range of 5-20 nm is 2-15
LA while the CNTs of diameter of about 30 nm can withstand a current of 40-250 HA
[25]. The CNTs in the present work has diameter about 100 nm and are expected to
withstand greater current preventing from thermal degradation. Considering the density
CNTs of 2x10° /em?® (estimated from the SEM images) and the emission current density
of 1 mA/cm?, the current per CNT is in the range of pA which is far below the critical
current that a CNT can withstand. The conductive substrate, robust contact between the
CNTs and the substrate, and the high stability will benefit the field emission applications

of VACNTs.
5.4. Conclusions

In summary, vertically aligned CNTs have been synthesized on stainless steel
substrates with or without chemical etching or catalyst deposition. The density and length
of CNTs are determined by the synthesis time. For a prolonged growth time, the catalyst
activity will be terminated and the plasma will start etching CNTs destructively.
Chemical treatment of the substrate before the synthesis has a profound effect on the
diameter and length of the CNTs. CNTs with uniform diameter and length have been
synthesized on SS substrates subjected to chemical etching for a period of 40 minutes
before the growth. In comparison to the CNTs synthesized on Ni/Cr coated SS, the CNTs
synthesized on pristine SS substrates have demonstrated better field emission properties
with lower turn-on and threshold voltages but higher field enhancement. The decrease in

the contact resistance resulted in the improved emission behavior from CNT emitters.
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These CNT emitters could facilitate the direct fabrication of CNT structures compatible

with novel nanoelectronic devices.
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CHAPTER 6.0
Fabrication of CNT/SnO; core-shell structure

This chapter describes the synthesis of arrays of vertically aligned carbon
nanotube (CNT) and the fabrication of CNT/SnO, core-shell structures. Arrays of
vertically aligned CNTs were synthesized on stainless steel substrate by plasma enhanced
chemical vapor deposition (PECVD) and the coating of SnO, nanoparticles on the CNT

array was realized by a wet chemical route.

6.1 Introduction

SnO, is a wide band n-type semiconductor which finds enormous potentials for
the applications in conductive electrodes, transparent coatings, solar cells, and gas
sensors [1-3]. SnO, based materials are suitable candidates for the future generation of
anode materials for Li-ion batteries as a consequence of their high theoretical Li-ion
storage capacity and low potential of Li-ion intercalation [4]. Despite having the
maximum theoretical charge storage capacity (781 mAhg ') over twice as much as the
carbon anodes (372 mAhg '), SnO, based materials have to overcome the high volume
change occurring during the charging and discharging processes [5]. In order to improve
the stability and reversible cyclic performance of the electrodes, SnO, could be
incorporated with CNTs to absorb the large stress developed during the alloying and
dealloying processes [6]. CNTs exhibit excellent mechanical strength and superior
electrical properties and hence show good cyclic stability. The large surface area of the

SnO, provides more reaction sites, and the small size could shorten the diffusion length
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for Li" insertion. Hence, it is reasonable to decorate CNTs with a uniform layer of SnO,

nanoparticles to enhance the performance of Li-ion batteries.

SnO, based films have been deposited by evaporation, chemical vapor deposition,
sputtering, sol-gel deposition, hydrothermal method, screen printing et cetera [7-9].
However, uniformly distributed SnO, nanoparticles can also be synthesized using wet
chemical routes using SnCl, salt solution in water in an acidic medium [10]. There are
several reports of coating CNTs with SnO, using various approaches. For example, Han
et al. deposited SnO, nanoparticles on randomly oriented CNTs using a wet chemical
route [10]. Noerochim et al. coated CNTs with SnO, nanoparticles by using SnCls and
H,0; in a hydrothermal reaction [11]. Du et al. synthesized CNT/SnO, core-shell
structure by a layer by layer technique accompanied by heat-treatment [12]. Most of these

reported results are aimed at coating SnO, on randomly oriented CNTs.

A uniform layer of SnO, has been successfully coated on arrays of vertically
aligned CNTs through a simple wet-chemical route [10]. Free-standing arrays of CNTs
were synthesized on stainless steel (SS) substrate by plasma enhanced chemical vapor
deposition (PECVD) process. The robust contact of the CNTs with the substrate ensured
the fabrication of CNT/SnO, core-shell structure preserving the vertical alignment of
CNTs during the coating process. The in-situ synthesis of CNTs on conductive substrates
and fabrication of CNT/SnO; core-shell structures provides a direct platform for testing
novel anode material for Li-ion battery. These free-standing, vertically aligned

CNT/SnO; core-shell structures are capable of exhibiting better performance as electrode
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materials in Li-ion battery as the electrolytes will have an easy access to a large surface

arca.

6.2 Experimental methods

Stainless steel substrates were chemically etched in a mixture of concentrated
H,SO4: H,O,: HyO (4:1:15, volume ratio) for 40 minutes in an ultrasonic bath and
vertically aligned CNTs (VACNTSs) were synthesized by DC-PECVD as described earlier
in chapter 3. Briefly, the synthesis was carried at 600 °C for 5 min at a pressure of § torr
using a mixture of NH; and C,H; [13]. The as-synthesized VACNTSs were functionalized
by submerging in concentrated HNOs; for 2 h at room temperature, then the
functionalized sample was submerged in a bath of 2 g SnCl,, 80 ml H,O, and 1.4 ml
concentrated HCI for 15 h for the SnO, deposition. Compressed air was bubbled through
the solution to provide a gentle stirring throughout the acid-treatment and coating

procedures to facilitate a uniform SnO, deposition.
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6.3 Results and discussions

Figure 6.1: SEM images of SnO, coated CNTs. (a) Side-view image showing the entire length of the SnO,
coated CNTs and (b) 30° tilt-view image showing the retention of the alignment of the CNTs in the array

after SnO; coating.

In the first step, SS substrates were chemically etched as described earlier in a
mixture of HSO4:H,0,:H,0 (4:1:15, volume ratio) for different durations. The evolution
of the surface for different chemical treatment time has been explained in detail on
section 5.3. In brief, a 40-minute chemical etching resulted in fine particles with uniform
sizes which are favorable for the growth of CNTs with uniform diameter. The CNTs
synthesized on such substrates demonstrated a uniform diameter and length, Fig. 5.3.
After 5 min growth, the average length of the CNTs is 2 um. Fig. 6.1(a). The treatment of
the as-synthesized CNTs using the acid bath introduces hydroxyl or carboxylic acid
groups to the surface of CNTs to create a suitable hydrophilic environment necessary for

the uniform coating of SnO, nanoparticles over the entire length of CNTs [14]. SEM
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examination reveals that a uniform layer of SnO, is conformally coated on every tapered
CNT. Most importantly, the CNT arrays retained their structural integrity after the HNO;
treatment and subsequent SnO; coating procedure in a harsh chemical environment, in
other words, the SnO, coated CNTs are still vertically aligned, well-separated from each
other, and strongly connected to the SS substrate, Figs. 6.1(b) and 6.2. This remarkable
stability indicates the robustness of VACNT arrays grown on SS substrate and shows the
possibility of using the CNT/SnO, core-shell structure as anode materials for Li-ion

batteries.

Figure 6.2: SEM images of SnO, coated CNTs. Top-view image showing a large area of CNTs after SnO,

deposition.
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Transmission electron microscopy investigations of the CNTs revealed the
morphology and distribution of SnO, nano-particles on the surfaces of CNTs. It can be
observed that all CNTs have been fully coated with SnO, particles to form a core-shell
CNT/SnO; structures. The underlying chemical reaction which governs the formation of

SnO; particles from the precursor SnCl, in aqueous solution is as follows [15]:

ZSnCI2 . H20+02 - ZSnO2 +4HCI

Figure 6.3: TEM images of CNT/SnO; core-shell structures. CNTs with uniform SnO; coverage along their

entire length.

Firstly, the tin (Sn*") ions are adsorbed on the surface of CNTs functionalized by
HNOj; acid-treatment due to electrostatic interaction. These ions are then oxidized due to
the presence of residual oxygen in the solution to become SnO, nanocrystals [15]. The

addition of HCI with the reactants prevents the hydrolysis of SnCl, and suppresses the
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formation of SnO particles. The low resolution TEM images show the complete coverage
of SnO, around CNT samples, Fig. 6.3. It is observed that SnO, particles cover the entire
length of CNTs to form a core-shell structure. It was reported that defect sites on the
graphitic edges of CNTs is favorable for the formation of SnO, nanoparticles on the CNT
surface [14]. In our experiment, the CNTs synthesized by PECVD contain a myriad of
topological defects as a result of fast growth rate under the plasma. The high density of
defects on the surface of VACNTSs leads to the formation of a layer of SnO, nanoparticle
on the entire surface of CNTs. Figures 6.4(a-b) also show the TEM images of CNT/SnO,
core-shell structures at higher magnifications. The degree of surface coverage and
uniformity of the SnO, nanoparticles is remarkable in these samples. The high-resolution
TEM (HRTEM) image (Fig. 6.5(a)) shows a section of lattice planes with the interplanar
separation of 0.33 nm and 0.27 nm corresponding to (110) and (101) planes of tetragonal
phases of SnO,. The selected area diffraction (SAED) pattern (Fig. 6.5(b)) depicts the
polycrystalline nature of SnO; layer. Histograms of SnO, nanoparticles on the CNT/SnO,
core-shell structure demonstrate a narrow size distribution of SnO, nanoparticles with an

average size of 4 nm (Fig. 6.5(¢c)).
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Figure 6.4: TEM images of CNT/SnO, core-shell structures. (a) Magnified view of a CNT/SnO,; core-shell
structure, showing clearly the SnO, coating layer on the CNT surface. (b) Magnified view of the base
region of a CNT/SnO, core-shell structure, showing that a layer of SnO, can be formed at the root region
of the CNT. The dashed white line shows the interface between the CNT and the layer of SnO,

nanoparticles.
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Figure 6.5: TEM images of CNT/SnO, core-shell structures (a) HRTEM image of SnO, nanoparticles
showing clear lattice fringes separated by a distance of 0.33 nm and 0.27 nm, which can be assigned to the
interplanar distances corresponding to the (110) and (101) planes, respectively, of the SnO, crystal. (b) A
SAED pattern confirming the polycrystalline nature of SnO, layer. (c) A histogram showing the size

distribution of the SnO, nanoparticles in CNT/SnO; core-shell structures.
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6.4 Conclusions

In summary, we have fabricated large arrays of freely-standing vertically aligned
CNT/SnO, core-shell structures by a simple wet-chemical route. CNTs with large number
of surface graphitic edges provide large number of nucleation sites for a uniform
deposition of SnO, nanoparticles. The strong adhesion of CNTs with the conducting
substrate like stainless steel provides a perfect robust structure for realizing core-shell
structures of CNTs with SnO, or other metal oxides. Such a uniform CNT/SnO, core-
shell structure is expected to show high performance as electrode materials in
rechargeable batteries. Further experiments are ongoing in our laboratory to measure the
charge-discharge capacity of these core-shell structures as anode materials in Li-Ion

batteries.
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CHAPTER 7.0
Conclusions

7.1 Summary

This dissertation presents the results of synthesis and electron field emission
properties of aligned carbon nanotube (CNT) arrays. Plasma enhanced chemical vapor
deposition (PECVD) method was employed to fabricate CNT arrays on copper or
stainless steel substrate. It was demonstrated that CNT arrays can be directly synthesized

on conducting metal surface and used as efficient in-situ electron field emitters.

The as-synthesized high density CNT emitters demonstrated a low field
enhancement and high turn-on and threshold electric fields. Low density of CNTs
synthesized by nanosphere lithography showed increased field enhancement and
decreased turn-on and threshold electric fields. More specifically, CNTs synthesized on
the catalyst dots patterned by using polystyrene spheres of 0.5 um during nanosphere
lithography displayed the best electron emission properties. The low density of CNTs

reduces the screening of the electric field and results in the improved electron emission.

CNTs treated by NHj3 plasma for different durations increased their electron
emission properties due to their morphology change from cylindrical shape to tapered
shape after plasma treatment. Plasma treatment resulted in the increase in the aspect ratio
of CNTs, introduction of defects, increase in the inter-tip distance, nitrogen doping, and
the opened tip. As a result, CNTs subjected to 1.0 min of NH; plasma treatment exhibited

the greatest improvement in their field emission properties. This result indicates that NH;
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plasma treatment could be an effective approach to improve the field emission

performance of CNTs.

The electron emission properties of CNT point emitters grown on copper wires
with flat or sharp tips were also studied. The two types of point emitters have exhibited
excellent field emission performance, such as high emission current at relatively low
voltage and longtime emission stability at high current level. The excellent field emission
properties are attributed to the point emitter structure and the good contact between the
CNTs and the Cu tip. These CNT point emitters grown on Cu wires can find possible

applications in miniaturized X-ray sources and electron beam sources.

Vertically aligned CNTs were synthesized on stainless steel (SS) substrates with
or without chemical etching or catalyst deposition. The density and length of the CNTs
synthesized on SS substrates were determined by the synthesis time. For a prolonged
growth time, the catalyst activity terminated and the plasma started etching the CNTs
destructively. CNTs with uniform diameter and length have been synthesized on SS
substrates subjected to chemical etching for a period of 40 minutes before the growth. In
comparison to the CNTs synthesized on Ni/Cr coated SS, the CNTs synthesized on
pristine SS substrates have demonstrated better field emission properties with lower turn-
on and threshold voltages and higher field enhancement due to the decrease in the contact
resistance. However, the CNTs emitters synthesized on pristine SS substrates exhibited a
sharper decline during the stability tests as compared to the CNT emitters synthesized on
Ni/Cr coated SS. These CNT emitters could facilitate the direct fabrication of CNT

structures compatible with novel nanoelectronic devices. The growth of CNT emitters on
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metal substrates may be applied for development of other types of nanoelectronic

devices.

Finally, large arrays of freely-standing vertically aligned CNT/SnO, core-shell
structures were fabricated by a simple wet-chemical route. CNTs with large number of
surface graphitic edges provided a large number of nucleation sites for a uniform
deposition of SnO, nanoparticles. The average size of SnO, nanoparticles on the
CNT/SnO, core-shell structure was 4 nm. Such uniform CNT/SnO, core-shell structure is

expected to show high performance as electrode materials in rechargeable batteries.

7.2 Future Work

This dissertation has outlined various approaches to fabricate CNT emitters with
improved electron field emission properties. The proposed strategies suggest new
directions for the possible development of CNT emitters in the near future. However,

some of the topics require further investigations for real applications.

In case of CNT emitters with different densities, the proposed nanosphere
lithography technique still needs to be optimized to achieve a better control over the
density and size of catalyst dots. The catalyst dots can be further subjected to thermal
treatment or plasma treatment to reduce their sizes to grow a single CNT from each
catalyst site. The size of the catalyst dot can be reduced by angled deposition and double
layer formation of the polystyrene spheres in nanosphere lithography, chemical etching or
other approaches. More comprehensive studies can be performed by changing the

synthesis time to obtain CNTs with different aspect ratio but with similar densities.
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Computational simulations can be performed to confirm and explain the observed

experimental results.

There are further possibilities of comparing the results of using various gases
during plasma treatment to determine the most effective gas for plasma treatment of
CNTs. Different gases generate plasma with different intensities and their bonding
affinity with graphitic layers also differ. Thus the plasma treatment can be optimized to
develop CNT emitters with higher field enhancement. Point emitters can also be
subjected to plasma treatment to investigate the possibility of further enhancement of
field emission. In addition, point emitters can also be fabricated by attaching CNTs at the
tip by dielectrophoresis or other methods. The field emission properties and stability of
point emitters fabricated by direct synthesis and the emitters formed by mechanical

attachment can be further compared.

Vertically aligned CNT/SnO; core-shell structures have been synthesized and
further experiments can be performed to fabricate Li-ion battery using such core-shell
structures as anode materials. Experiments can also be conducted to open the tips of these
CNTs to deposit SnO; particles both in the interior and exterior of the CNTs to increase

the mass-fraction of SnO».
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