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ABSTRACT

Carbon nanotube (CNT) based cold cathodes are considered to be the most promising material
for fabrication of next generation high-performance flat panel displays and vacuum
microelectronic devices. Various improvisations in the synthesizing techniques in order to
improve the field emission properties of the CNTs like use of buffer layer, effect of thickness of
the buffer layer used, control of the density of the CNTs produced by chemical vapor deposition
(CVD) technique, growing CNTs on Inconel super alloy to increase the current density,
decoration of the grown CNTs with aluminium (Al) and copper (Cu) to reduce the turn on and
threshold field of emission and a simple, novel method for infiltrating iron (Fe) nanoparticle into
the CNT forest with the help of a magnet have been presented. A detailed report on increase in
the current density from 10 mA/cm® to 30 mA/cm” with the help of titanium (Ti) buffer layer
have been presented. Moreover, improved adhesion of CNTs with the substrate due to the
incorporation of Ti buffer layer have also been studied. Secondly, the effect of varying the
thickness of the Ti buffer layer on the field emission properties of CNTs are discussed. This
was followed by the investigation of a simple density control technique during the CNT
synthesis with the help of Ti capping layer. This method not only improved the density of the
CNTs grown by CVD but also increased the adhesion of the CNTs with the substrate and
reduced the screening effect to a larger extent. The result of increasing the current density to
around 100 mA/cm” by growing CNTs on Inconel super alloy is discussed in detail. Further, the
limitations of the CNTs grown on silicon (Si) like early arcing, rapid failure of the device is

also discussed. This is followed by the development

(xi)



of new technique of decorating the CNTs with Al and Cu for enhanced field emission
characteristics. The technique is shown to yield ultra low turn on and threshold voltages of 0.13
V/um and 0.14 V/um respectively for the Al decorated CNTs grown on Al coated Si. The
excellent field emission properties of the metal decorated CNTs is shown to be due to the edge
effect, reduced screening effect, lower contact resistance. A thorough investigation of the
development of one step process of infiltrating Fe;O4 nanoparticles into the CNT forest by a
novel and simple technique with the help of a magnet has been reported. The results presented
here may be adopted for CNT based cold cathodes suitable for high power microwave vacuum

devices and also for long-life low-power applications.
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Chapter 1 Introduction to CNTs and Field Emission

CHAPTER 1

Introduction to CNT's and Field Emission

1.1 Introduction to Carbon Nanotubes

Because of their unique combination of properties, carbon nanotubes are expected to
play a significant role in many applications. As a result, researches all over the globe have
developed immense interest in its remarkable physical, chemical and electronic properties.
Over the years, research has occurred in investigating different methods of carbon nanotube
growth, examining properties of nanotubes and also exploring new potential applications for
CNTs. It is certain that these allotropes of carbon have generated immense interest in the

scientific community.

Many articles credit the discovery of carbon nanotubes to Ijima for his seminal article
published in Nature in 1991 [1]. However, it is important to note that one can trace the
discovery of carbon nanotubes to 1952 when two Soviet scientists, Radushkevich and
Luk“yanovich who were investigating thermal decomposition of carbon at 600 °C stated the
formation of carbon particles in ‘elongated wormlike structures [2], thus marking the discovery
of CNTs. Few articles credit the Russian scientists this discovery since high resolutions images

were not obtained back then. Further, the 1952 article can be thought of as the only published
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example that pre-dates [jima’s discovery. Other research work has been conducted that refer to

tubular carbon structures [3-5].

Figure 1.1 Simple structure of a multi walled CNT

Perhaps the most important point in the history of CNTs is the discovery of carbon
allotrope — fullerenes in the year 1985 by Smalley, Curt and Kroto [6]. It was very interesting
for the researchers to note from the laser vaporization of a graphite target, a family of carbon
clusters especially in Cgo. This cluster resembled a football in shape and was further named
after American architect, R. Buckminster Fuller as fullerenes. For their discovery, Smalley, Curl
and Kroto were awarded the Nobel Prize in Chemistry in 1996 [6]. This discovery changed the
perspective of many scientists on carbon and generated immense interest in the potential

applications of this newly found allotrope.
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In terms of structure, fullerenes are closely related to the nanotubes discovered by Ijima
[1]. While earlier reports of CNTs were published in highly specialized journal with limited
access to only certain parts of the scientific community, Ijima’s article was published in the
highly reputed Nature with an 2012 Impact factor of 38.597 and was read by people in a wide
range of scientific disciplines. Thus, the timely publication of the article is a well known journal
gave carbon nanotubes, the required limelight. It is of no surprise that the topic still remains as a

frequently researched and published topic, well after 20 years from its publicity.

1.2 Structure of Carbon Nanotubes

In order to understand the structure of CNTs, it is important to first examine the structure
of two related forms of carbon — graphene and buckminsterfullerene.
Graphene is a planar sheet composed of trivalent, sp>-bonded carbon atoms that form a perfect
two - dimensional hexagonal array. The sp’-bonded nature of the carbon atoms allows
delocalization of m-electrons throughout the sheet, thereby providing the structure the property

of aromaticity. When these graphene sheets are stacked, it constitutes graphite.

On the other hand, the structure of fullerenes is quite different. Ce is the most stable of
this family of fullerenes and can be imagined as the result of folding an imperfect graphene
sheet to form a truncated icosahedron. It is interesting to realize that the introduction of defects
in graphene greatly disturbs its structure. For example, if heptagonal rings were included in the
structure of graphene, the layer would fold itself into a saddle shape while the inclusion of
pentagonal rings would cause the graphene sheet to completely fold around itself to form a cage,

as for the fullerenes. What makes the structure of Cgg fullerene exceptional is the fact that its
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structure consists of hexagonal rings and 12 pentagonal rings and is the smallest fullerene
wherein no two pentagons share an edge. More importantly, this structure has been proved to be

exceptionally stable over time.

Fundamentally, carbon nanotube structures can be grouped into two broad categories:
single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs).
Before dwelling into the different forms of CNT structure, it is best to understand the structure
of an ideal CNT. Generally, an idealized carbon nanotube is shaped like a cylinder with a
convex hemispherical cap at both ends. In simple terms, one can imagine constructing this shape
by cutting a molecule of Cg in half, then forming a cylinder by rolling up a single graphene
sheet and implanting it between the two hemispherical caps. The resulting closed tube is a

single-walled nanotube.

Multi-walled nanotubes are a variation of this structure where several tubes are found
within one another, in a Russian doll-like arrangement. The number of walls can greatly vary
from few walls to hundreds of them. At the same time, the diameters of MWCNTs also have a
wide range — in some cases 100 nm. Generally, MWCNTs posses metallic character and are

produced in catalytic process.

Carbon nanotubes can also be classified as zigzag, chiral or armchair. If the plane of
graphene is rolled-up perpendicular to the tube axis, then the line revolving the tube has an
armchair-like shape. Under an angle of 30" the configuration of the structure formed is zigzag

while the tubes with an angle in between are called chiral. Any single-wall nanotube
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configuration can be generated by superimposing the hexagon at the original point O to a
hexagon indicated by (a, b) defined by a chiral vector:

R=ar+by

where x aitd ¥ are the primitive vectors whose length are both equal to v3de_. with d,
indicating C-C bond length. It is possible to calculate the diameter of the tube using the
following equation:

'-.."Ed;_ -

yo© +ab + b

iT

Theoretically, it is important to note that for MWCNTs, the individual constituent
layers can adopt any one of these different helicities and there are numbers of variations

possible over the whole structure.

1.3 Synthesis of Carbon Nanotubes

There are different procedures for the growth of carbon nanotubes. However, in its most
basic sense, the growth of CNTs involves vaporizing a carbon source in the presence of a
suitable catalyst for growth. In many cases, this happens to be a transition metal. Chemical

vapor deposition (CVD) method of growth is discussed in detail below.

CVD is perhaps the most versatile, commonly used and published method of growth.
The process involves placing a catalytic material in the tubular section followed by passing
hydrocarbon vapor for around 15-60 min. The catalytic material inside the tube is at a very high

temperature, perhaps around 600-1200° C, since to decompose the hydrocarbon it has to be at a
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very high temperature. Thus, the CNTs are grown in the reactor, which is collected upon the
completion of the experiment. If liquid source of hydrocarbon is used, i.e. forms of benzene,
alcohol etc. the inert gas is purged through the liquid after the liquid has been heated to high
temperatures, which in turn carries the hydrocarbon vapor into the reaction zone. Also, if solid
source of hydrocarbon is used, it is directly kept in low temperature zone of the reactor tube. It
is important to note that, just like there can be many forms of carbon source that is used in CVD
growth process, many different forms of catalyst can also be used. Solid, liquid or gas catalyst
can be used and it can be fed from outside of the reactor tube or be kept inside the reactor tube.
Pyrolysis of the catalyst vapor at a suitable temperature liberates metal nanoparticles in-situ
(such a process is known as floating catalyst method). Alternatively, catalyst-coated substrates
can be placed in the hot zone of the furnace to catalyze the CNT growth. Figure 1.2 provides an

image of the CNTs grown using Chemical vapor deposition method.

1500, OKY, Omm, 203A o o ) T 10um o

Figure 1.2 SEM Images of CNTs grown using CVD technique
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Though one of the most commonly used growth techniques, there are many
parameters that need to be controlled in the case of growth using the CVD technique. Some of
the parameters include, choice of hydrocarbon, choice of catalyst, temperature, pressure, gas-
flow rate, deposition time, reactor geometry. Since there exists a large number of parameters for
growth in CVD, the method offers the advantage of tuning the final product i.e. the CNTs
according to very specific needs and design. At the same time it also means that various
parameters need to be adjusted when employing this growth technique. The main disadvantage
to the CVD method is that the carbon products tend to be less highly graphitised. The increased
incidence of defects means the CNTs exhibit inferior properties, particularly decreased

mechanical strengths.

1.4 Characterization of Carbon Nanotubes

There is a need to characterize the growth of CNTs upon completion of the growth

process. This is crucial in order to determine the effect of various parameters used in growth.

The main methods involved in characterizing the CNTs include direct imaging through
microscopy. Optical microscopy, closely related to electron microscopy, involves a beam of
light that is focused onto the sample and then a lens or a combination of lens is used for
scattering and refracting the light to form an image. Optical microscopy is performed with a
compound microscope that involves a condenser lens to focus incident beam, an objective lens
to refocus the scattered beam into an image and finally a third lens for enlarging the image that

can be captured. The typical resolutions achieved are around 0.2pum or 1500x magnification. On
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the other hand, with electron microscopy, rather than focusing a beam of light onto a sample, a

beam of high-energy electrons is used.

With electron microscope, typically used lens are replaced with electromagnets, which
alter the magnetic field and aid in obtaining a precise image. In the case of electron microscope,
the resultant image cannot be viewed by naked eye since it is composed by a beam of electrons.
Thus, the beam is projected onto a suitable detector such as a scintillator detector, phosphor

screen, photographic film, or charge-coupled device.

1.4.1 Transmission electron microscopy

Transmission electron microscopy, more commonly known as TEM, is a commonly
used form of imaging for carbon nanotubes. In TEM, a beam of high energy electrons (generally
hundreds of keV) is directed through a thin sample film and a cross sectional image of the
transmitted electrons is produced on the other side. The image formed consists of a combination
of dark and light regions representing the heavy nuclei scatter and light nuclei scatter. This is
because, the heavy nuclei scatter the beam more intensely that the light nuclei region. One of
main advantages offered by TEM is the fact that in transmission electron microscopy, the beam
passes through the sample to generate a cross-sectional view, thus providing information on
internal structure. This is very useful since the objective in many cases is not only to obtain a 1-
D image but also to gain knowledge about the internal structure. Further, because of using the
high voltage beam, the image resolution can be very high at large magnifications, e.g. about 0.2

nm at magnifications of about 2,000,000x. Some of the high end TEM equipment can even use a
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large, million-volt transmission electron microscope to resolve separations less than 0.05 nm

and achieve magnifications of up to 50,000,000x, enough to discern individual atoms.

1.4.2 X-Ray microscopy

Using the data and images obtained, one can also use this information for X-ray
spectroscopy, also known as EDS or EDAX, to determine the elemental composition of the
specimen. This is because an electron from a higher energy orbit can drop to a lower energy
orbit to fill a vacant spot. When this happens, the released energy is of the form of an X-ray.
The emitted X-rays have specific discrete energies equal to the drop in energy of the electron
and the distribution of these energies is characteristic of particular atoms. As a result, the
elemental composition of the specimen is obtained. Figure 1.3 provides example of TEM
images of CNTs while Figure 1.4 provides a sample of EDAX of CNTs grown on Silicon with

Aluminum and Copper metal decoration.

Figure 1.3 TEM images of CNTs grown on Silicon
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Figure 1.4 EDAX of CNTs grown on Silicon with Aluminum and Copper metal decoration

1.4.3 Scanning electron microscopy

Another form of microscopy commonly used for the characterization of CNTs is
Scanning electron microscope, more commonly known as SEM. In this form of microscopy, a
beam of electron is scanned across the sample area. The electrons present in the incident beam
collide with the electrons in the sample and as a result, transfer of energy occurs between the
two sets of electron also known as inelastic scattering. Thus, the secondary electrons are ejected
from their orbit and these ejected electrons can then strike a scintillator detector placed near the
specimen where it is converted into a digital, grey-scale image, as in secondary electron imaging
(SEI). Normally, these secondary electrons originate from near the surface and the detection of
these electrons is dependent on the topography of the specimen. SEM is perhaps one of the best
ways to study the topology of a sample given its ability to scan over a large surface. Figure 1.5

provides a sample of an SEM image of CNTs at 1500X magnification.
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Figure 1.5 SEM image of CNTs at different magnifications

1.4.4 Raman spectroscopy

Micro-Raman spectroscopy is usually performed to investigate the vibrational
properties of the synthesized structures, which allows us to draw further conclusions about their
crystallography or morphology. All spectra from CNTs show at least the two significant peaks
at 1580 cm ' and at 1347 cm ', which become broader at higher temperatures and overlap.
Crystalline graphite due to the presence of sp2 hybridized carbon domains leads to a sharp
vibration mode at 1580 cm ' [14] which is and is named as the first-order G band. The peak at
approximately 1350 cm ™' describes the disordered structure and is known commonly as the D
(disordered) band [15]. It is noteworthy to mention that due to the selection rules, in a perfect
graphite crystal the first- order vibrational mode of the D band is almost forbidden. Bending of
the lattice fringes or decreasing the particle size may activate this ban. Sometimes, we do get
the second-order D peak (2.D) for nanotubes grown at lower temperatures and it appears at
approximately 2700 cm . However, by increasing the deposition temperature this peak may

disappear. The signal strength becomes weaker for the structures deposited at higher
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temperatures and therefore the noise level at those elevated temperatures becomes more and
more visible in the spectra. It is known (e.g. [16,17]) that structural imperfections and smaller
particles will broaden the first-order peaks from graphite. As a result, one can estimate the order
of crystallinity in the material from the corresponding half-width (FWHM). If there is more
amorphous content, then, that leads typically to a half-width (FWHM) of approximately 200
cm ' [17]. In the case of nanotubes deposited at 650°C, sharp peaks (FWHM ~90 cm ') reveal
the purity of CNTs and shows that they have a much higher degree of crystalline perfection.
CNTs grown through catalyst deposition can be characterized as nano-crystalline structure but
disordered graphite-like system where the level of disorder increases with the preparation
temperature. Interestingly, the relative height of the peak at about 1050 cm ' increases with

temperature.

1.5 Specific properties of Carbon Nanotubes

As mentioned previously, CNTs possess a wide range of properties and one of the
reasons why researchers are interested in them is because of their unique electrical, thermal and
mechanical properties. In the following sections, different properties of CNTs are examined in

detail.

There has been immense interest in the conductive nature of CNTs. Depending on how
much the nanotube has been twisted, conductivity can highly vary and so does the metallic
nature of the CNTs. Nanotubes can be either metallic or semi-conducting. Because of the

highly sensitive electronic properties of carbon nanotubes, they make good semiconductor and
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are often used in the preparation of metal-semiconductor, semiconductor—semiconductor and
metal-metal junctions. It has been demonstrated that the introduction of pentagon—heptagon pair
of defects into the hexagonal network of a carbon nanotube can change the chirality of the tube
and change its electronic properties. Also, frequently chemical doping occurs in order to form
an on-tube junction. Further, these nanotube junctions can be successfully used as a building
element in many nanoscale devices. There is generally no change in current across different
parts of metallic single-walled nanotubes. The behavior of the ropes of semi-conducting single
walled nanotubes is different, in that the transport current changes abruptly at various positions

on the CNTs.

The strength and elasticity of CNTs is exceptionally great. As discussed previously,
carbon atoms in the graphite layer are connected through a strong chemical covalent bond to
three neighboring atoms. Because of these strong bonds, the basal plane elastic modulus of
graphite is one of the largest of any known material. Using atomic force microscopy, the
unanchored ends of a freestanding nanotube can be pushed out of their equilibrium position, and
the force required to push the nanotube can be measured. The current Young’s modulus value of
single walled nanotubes is about 1 TPa, but this value has been widely disputed, and a value as
high as 1.8 TPa has been reported.

Another very important property of CNT is its’ high thermal conductivity and in fact is
even thought as one of the best heat-conducting material ever known. In some cases,
superconductivity below 20K has been observed by single walled nanotubes. While the carbon-
carbon bond is very strong and allows for little in-plane expansion, large inter-plane expansion

of single walled nanotubes occurs and results in high flexibility against non-axial strains. Also,
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the large surface area and high absorbency of CNTs make them ideal candidates for use in air,

gas, and water filtration.

Carbon Nanotubes have a very high aspect ratio. This means that lower loading of CNTs
is needed compared to other conductive additives to achieve the same electrical conductivity.
Because of the lower loading, toughness is preserved at low temperatures and other factors
affecting performance is also preserved. CNTs possess an aspect ratio of about 1000:1 and
impart electrical conductivity at much lower temperatures when compared to carbon black,

chopped carbon fiber, or stainless steel fiber.

Apart from these properties, carbon nanotubes also posses excellent field emission
properties. The focus of this work is to study the field emission properties of carbon nanotubes.
Before proceeding to the details of this work, it is important to understand the basics terms

associated with field emission. This is provided in the following sections of this chapter.

1.6 About electron emission

Electron emission is defined as liberation of free electron from a surface of a substance

caused by the external energy transferred to the electrons as shown in Figure 1.6.
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Figure 1.6 Electron Emission

Electron emission tends to occur on metal, because metal is a substance with much free
electron in between its molecule. In order to emit from the metal surface these free electrons
require additional external energy. The amount of outside energy required by electron to emit
from the metal surface is known as work function. The work function is usually defined in
electron volt unit (eV). The additional external energy required by the electron to emit from the

metal surface could come from sources such as heat energy, kinetic energy or light energy.

1.6.1 Thermionic Emission

In this method the additional energy comes to the electron in the from of heat energy.
The energy is transferred into kinetic energy. As the kinetic energy of electron increase its
movement become uncertain and then finally there will be electrons that leave out from the

metal surface.
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The substance where the electrons emit from, is known as emitter or cathode. In case of
vacuum tube it is called as cathode. And the substance that receives electron is known as the

plate or the anode.

Material used for cathode must have the following properties:
(a) Low work function - Hence, electron emission can occur using only small amount of
energy.

(b) High melting point - As the thermionic emission occurs at high temperature, the substance
used as cathode must have high melting point.
(c) High mechanical strength - To withstand the bombardment of positive ions. No matter how
careful the evacuation is in a vacuum tube, there are still gas molecules always present which
may be in the form of ion by impact with electron. Under the influence of electric field these
positive ions will strike the cathode and if a high voltage is being used, the cathode is subject to

considerable bombardment and can be damaged.

1.6.2 Field Emission

In this type of emission additional energy comes in the form of electric field. When a
conductor is put in a place very close to high voltage conductor, the electric field from
the conductor will exert attractive force on the free electron in metal. If the positive field is big
enough the free electron will succeed in overcoming restraining of the metal surface and it will

emit from the metal surface. Very intense electric field is required to produce field emission.
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Usually a voltage of the order of a million volts per centimetre distance between the emitting

surface and the positive conductor is necessary to cause field emission.
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Figure 1.7 Field emission
Field emission can be obtained at temperature much lower than required for thermionic
emission and therefore it is also sometimes called as cold cathode emission or auto electronic
emission.
Here electrons tunnel through the surface potential barrier of a metal- vacuum interface

and float in the vacuum region during the presence of an extremely high electric field.

0 N

Figure 1.8 Thermionic and Field emission

Different from thermionic emission, electron field emission occurs without emitter

heating (cold cathode). As a result, a field emission electron source has several prominent
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advantages: less power consumption, fast turn on times, low thermionic noise, high current
density (typically 100A/cm” for field emission, 0.5A/cm” for thermionic emission), high
coherence, low energy spread, miniature volume. Vacuum tubes based on thermionic emission
require several minutes to warm up before they can be used; by contrast, the function of field

emission devices is effectively instantaneous, allowing switching times of many megahertz.

This quantum mechanical tunneling of electrons is an important mechanism for thin
surface potential barriers, just like those in heavily doped semiconductor — metal junctions. This
phenomenon is highly dependent on both the properties of the material and the shape of the
particular cathode, so that higher aspect ratios produce higher field emission currents. However,
if the cathode surface has a point or a protrusion, electrons may be extracted at a considerable
lower applied gap field. This is because the lines of force converge at a sharp point and the
physical geometry of the tip provides a field enhancement. Fowler-Northeim Equation governs

the current density produced by a given electric field.

d

radius r

Figure 1.9 Illustration of field electron emission from a tip
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1.7 Field emission micro tips

Micro fabrication is commonly used to produce sharp micro tips. Since the current
generated from a single microtip is quite small, arrays of emitters are produced for application
in large area electronics. In order to enhance the lifetime of micro fabricated emitters, it is
prudent to operate them at low current level. Micro fabricated emitters may be broadly divided

into four types including Molybdenum, Silicon, Diamond and Carbon Nanotubes.

1.7.1 Cold cathode materials

An ideal material for the field emitter should have a high mechanical strength and
melting point, excellent electrical conductivity and thermal conductivity, a low work function
and stable chemical productivity. Field emitter should also be able to deliver a high current

density at a low electric field.

Metal tips were used to study the field emission in the early days. The metal tips are
prepared by electrochemical etching. This leads to an intensification of the electric field. Among
various metals, such as tungsten, molybdenum is utilized for field emitters because of their high
melting temperatures and mechanical robustness to high mechanical stress. An emitter coated
with a thin film of low work function such as Cs can render lower operating voltage but the

chemically reactive Cs becomes easily oxidized reducing the current density.
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1.8 Emitter material

1.8.1 Metal tip

In early days, metal tips were used to study Field emission (prepared by electrochemical
etching. Amongst various metals, refractory metals such as Tungsten and Molybdenum are

utilized for field emitters. The advantages of such metal tips were:

* High Melting temperature
* Mechanical robustness to high electrical stress
But these tips suffered from the following disadvantages:
* High Work function
* Low Field Enhancement factor of about 10 requires an ultrahigh vacuum environment.
* Suffer from emission degradation due to sputter erosion and chemical contamination.

Hence require high vacuum environment operation

1.8.2 Why CNT emitters ??

A good field emitter should possess the following characteristics:
* Low turn-on voltage
It gives low power dissipation
Easy integration with low operating voltage
* High current density

It implies high brightness
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*  Uniformity

It’s important for mass production

Best known in this category is carbon nanotubes. They meet a host of requirements of
FE applications, unavailable in the traditional emitter materials. The tip of carbon nanotubes
typically has radius of curvature in the nanometer scale (tube radius) and the lengths can be >
lum, consequently the aspect ratio is very high. This attribute of CNTs allows a very high field
enhancement at the tip apex. The geometrical field enhancement factor (f3) of currently available
CNTs can be >1000. Moreover such natural nanotip arrays may be grown using far simpler
deposition techniques, compared to say diamond films. These make them very attractive for

producing cold cathodes

Advantages of CNT as emitter:

High aspect ratio, produce high current densities at low voltages.
* Stable electron emission and sufficient luminance.

* Good chemical stability and great mechanical property.

* Low work function.

* High Melting point.

* High Thermal and Electrical conductivity.

* Chemical inertness to be immune to the residual gases.

¢ Cheap cost and suitable mass scale fabrication.
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1.9 CNT Based field emission configurations

Work on CNT based Field Emission devices have been configured in two modes till date

(1). FE Diode
(2). FE Triode

But, in this research, all of the experiments were conducted in diode mode.

The Diode configuration is depicted in Fig.1.10. Initially the wafer is prepared by
standard cleaning steps followed by CNT growth The CNT’s grown on the substrate act as the
Cathode while Stainless steel/Glass is taken as Anode. The two electrodes are separated using

Alumina spacers as per experimental requirement as shown in the Fig.1.10.

- Anode

| ‘ ‘ ‘ ‘ ‘ ‘ | I Alumina spacer

CN¥T

.

——Si

Figure 1.10 Diode configuration

The apparatus is enclosed in a vacuum of 107 Torr and voltage is applied due to which
electric field is generated. A high Electric field (V/d) achieved by Field amplification effect i.e.

electric field lines concentrated around a sharp object
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Due to high Beta (H/r) ratio >1000, CNT exhibit very high field amplification
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Figure 1.11 Voltage applied to Diode configuration

As the cathode is at a negative potential while anode at a positive potential, the latter
exerts a strong attractive force and electrons are forced to emit from cathode (CNT’s) towards
the anode. Thus in Diode configuration the anode is responsible for electron extraction and

acceleration.

1.10 Terminology related to CNT field emission

1.10.1 Electron work function

The electron work function is an energy threshold where electrons start to be emitted
into vacuum from a metal conduction band, that is, the difference of energy between vacuum

and the fermi levels. The work function varies with different metals, and ranges from 2 to 6 eV.
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1.10.2 Field enhancement factor

The local field enhancement factor {3, also called the geometrical enhancement factor,
reflects the enhancement of an electric field at the emitter surface by an electrode configuration.
It is represented as:

'EI:L'Ili'El = ﬁdEﬁlﬂ-\i‘i"D

Where E;.-a1: Local field intensity

L
E..qcra: Macroscopic field intensity
d : distance between the cathode and anode.

As shown in Figure 1.24, high electric field is achieved at lower voltages in case of sharp tips as

compared to flat surfaces due to high field enhancement factor.
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Figure 1.12 Effective Field at Flat and Sharp tips

The field enhancement factor {3 is obtained by either the slope of FN curve or the aspect ratio of

the emitter.
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B ~h/r
Where h: height of the carbon nanotube tip.

r: radius of the carbon nanotube tip.

1.10.3 Screening effect

Screening of the applied electric field on the apex of a CNT by the neighboring CNTs
comes into effect when inter-CNT spacing decreases from twice the CNT height. Screening
effect restrains the field penetration. It was found that the films that have medium density have
strong emission and better uniformity. If the density was too low or too high, the emission was
not strong and not inhomogeneous. The former may not have enough emitters, and the latter
may be due to the screening effect. Screening effect can be reduced if the site density of carbon

nanotubes can be controlled.

i

M

Figure 1.13 Screening of the applied electric field on the apex of a CNT by the
neighboring CNTs
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1.11 Focus of this work

The focus of this work is to synthesize CNTs for improved field emission properties.
Because of their high aspect ratio, CNTs are often used as field emitters. In its simplest sense,
field emission is the emission of electrons from the surface of the conductor, in this case, CNTs,
under the influence of current or electromagnetic field. This often takes place in vacuum and
sometime the conductor can even be in liquid or gaseous form. A general diagram of the field

emission set up is provided in Figure 1.22.

After providing an overview of what field emission is, we move on to discussing the
effects of Titanium (Ti) buffer layer on field emission results in Chapter 2. In chapter 3, we
explore the effect of the thickness of buffer layer. Since the density of CNTs is an important
factor affecting the screening effect during field emission, Chapter 4 deals with this in detail.
Chapter 5 provides detailed information on the field emission results of CNTs grown on
superalloy Inconel. Chapter 6 focuses on a simple and scalable process that results in metal
decorated CNTs with ultra-low turn on voltage. During the course of this research, an unique
one step process has been developed for the infiltration of iron particles into CNT forest. This is

discussed in detail in Chapter 7.

26



Chapter 1 Introduction to CNTs and Field Emission

1.12 References

1.

2.

lijima, S., Nature 1991, 354, 56-8

Radushkevich, L. V.; Luk'yanovich, V. M., Zh. Fiz. Khim. 1952, 26, 88-95.

. Baker, R. T. K.; Barber, M. A.; Waite, R. J.; Harris, P. S.; Feates, F. S., J. Catal.

1972, 26, 51-62.

Oberlin, A.; Endo, M.; Koyama, T., J. Cryst. Growth 1976, 32, 335-349.

. Boehm, H. P., Carbon 1973, 11, 583-586.

Kroto, H. W.; Heath, J. R.; Obrien, S. C.; Curl, R. F.; Smalley, R. E., Nature
1985, 318, 162-163.

Wiles, P. G.; Abrahamson, J., Carbon 1978, 16, 341-349.

lijima, S.; Ichihashi, T., Nature 1993, 363, 603-5.

Bethune, D. S.; Kiang, C. H.; de Vries, M. S.; Gorman, G.; Savoy, R.; Vazquez,

J.; Beyers, R., Nature 1993, 363, 605-7.

10. Ebbesen, T. W.; Ajayan, P. M., Nature 1992, 358, 220-222.

11. Yakobson, B. I.; Brabec, C. J.; Bernholc, J., Phys. Rev. Lett. 1996, 76, 2511-2514.

12.Lu, J. P., Phys. Rev. Lett. 1997, 79, 1297-1300.

13.Hernandez, E.; Goze, C.; Bernier, P.; Rubio, A., Phys. Rev. Lett. 1998, 80, 4502-

4505.

27



Chapter 1 Introduction to CNTs and Field Emission

14.F. Tuinstra, J. L. Koenig, Raman spectrum of graphite, J. Chem. Phys. 53 (1970)
1126.

15.R. O. Dillon, J. A. Woollam, V. Katkanant, Use of Raman-scattering to
investigate disorder and crystallite formation in as-deposited and annealed
carbon-films, Phys. Rev. B 29 (1984) 3482.

16.D. S. Knight, W. B. White, Characterization of diamond films by Raman spec-
troscopy, J. Mater. Res. 4 (1989) 385.

17.D. Beeman, J. Silverman, R. Lynds, M. R. Anderson, Modeling studies of

amorphous-carbon, Phys. Rev. B 30 (1984) 870.

28



Chapter 11 Titanium Buffer Layer for Improved Field Emission

CHAPTER I

Titanium buffer layer for improved field emission

2.1 Introduction

Carbon nanotubes (CNTs) have recently emerged as an attractive cold cathode material
due to their excellent field emission properties since their discovery by lijima in 1991 [1].
CNTs, because of its unique physical and chemical properties such as low turn-on field, high
current density, and long-term stability, have been considered as a potential material for various
applications, such as electronic devices [2], flat panel displays [3], scanning probes [4], etc. Flat
panel displays fabricated using CNTs as electron emitters have been recognized as one of the
most promising display technologies of the future [5]. After the results published about Fowler—
Nordheim tunneling in 1928 [6,7], many materials and device structures have been developed to
realize efficient field emitters [8] since then. Due to the high aspect ratio, low work function,
high mechanical strength and high thermal conductivity, CNTs are considered to be a wonderful
electron emitting sources in field emission displays. However, some critical issues such as
screening effect, adhesion of CNTs with the substrate, reliability, high contact resistance and
stability have to be addressed while using CNTs as electron emitters in field emission
applications. In other words, the adhesion of CNTs with the substrate has to be increased and
the contact resistance between the CNTs and the substrate has to be lowered for improved
device performance.

To synthesize CNTs more effectively, as mentioned in the previous chapter, various

techniques like the arc discharge method, laser ablation, chemical vapor deposition (CVD) and

29



Chapter 11 Titanium Buffer Layer for Improved Field Emission

plasma enhanced chemical vapor deposition (PECVD) have been developed so far [9,10].
However, catalytic CVD is the most preferred method because it combines the advantages of
easy setup and operation with the possibility of patterning the substrate as well. However, unlike
conventional catalytic CVD in which the hot-wire is the catalyst, usually transition metal
catalyst, such as Ni, Fe, Co and their alloys, is necessary to grow carbon nanostructures with a
graphite structure. As explained in the earlier chapter, the CNT or the CNF-growth in a CVD
process involves the dissociation of hydrocarbon molecules catalyzed by the transition metal,
which is then followed by the dissolution and saturation of carbon atoms in the metal
nanoparticles. Finally, the precipitation of carbon from the saturated metal particle leads to the
formation of tubular carbon solids in a graphite structure [11,12]. Since most of the CNT growth
involves the use of transition metal catalyst, it is worth emphasizing that the preparation and
pre-conditioning of transition metal catalysts can have a significant role on the growth of carbon

nanostructures since it is a catalyst- assisted process.

2.2 Overview of previous works

Many parameters can affect the quality of the CNTs, including buffer layer, substrate,
type of carbon feedstock gas, catalyst composition, partial pressure of feedstock gas, effect of
inert gas, annealing temperature, etc [13-25]. According to the work of Lu et al. [22], higher
partial pressure is required for the nucleation of larger diameter nanoparticle which in turn
results in larger diameter nanotubes. It has been further proved in this work that by lowering the

temperature in addition to lowering the rate of flow of carbon feedstock, small diameter single
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wall CNTs could selectively be grown from a large distribution of catalyst nanoparticle. In the
CVD technique when using a Si substrate, the formation of metal silicides as a result of the
preheating, will poison the synthesis process. For that reason prior to the catalyst deposition
different buffer layers are usually deposited on top of the substrates [26,27]. In order to actually
modify the characteristics of the grown CNTs, the incorporation of an intermediate layer plays a
significant role. Various materials, such as Al, Al,Os, Ti, TiO,, TiN, MgO, SiO2 W and Cr can
be used as barrier layers [28-34]. The role of these buffer layers are: (i) improve the adhesion of
CNTs to the substrate; (ii) can prevent the diffusion of catalyst atoms into the substrates and (iii)
influence the characteristics of the resulting CNTs. A considerable amount of work related to
the use of buffer layer during the growth of CNTs has been carried out. It has been reported that
the supporting layer can tune the shapes and curvatures of the catalyst particles [35]. Kyung et
al., in their work, used Cr, W, and Ti as buffer layer during CNT growth and obtained a
maximum current density of 0.78 mA/cm? at 7 V/um [36]. Chuang et al., in their work reported
that the carbon atoms for CNT growth were supplied from Ni catalyst particles at an early stage
and from Ti interlayer at a later stage in the growth process [37]. Huang et al. obtained well-
aligned CNT growth with the use of Ti buffer layer [38]. 1 mA/cm® current density was
obtained at the field of 3.5 V/um by Sato et al. [39]. In all these works, the current density
obtained was not that good though there was improvement of adhesion of CNT with the

substrate.

As field emission electron sources, for better field emission performance and stable
electron emission, CNTs must have excellent electrical conductivity to the electrode and good

adhesion with the substrate. Wang et al. attributed the instability in emission current to the
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structural damage during emission [40]. Bonard et al. ascribed the failure of a CNT to the
resistive heating at the point of contact with the substrate [41]. More investigations had shown
that emitting CNT would encompass a self-heating process resulting in subliming and melting
of a CNT and eventually caused a failure in field emission [42,43]. Xu et al., addressed the
issue of self-heating of CNTs due to the physical mechanism responsible for the breakdown
[44]. The instability of electron emission because of thermal injury of bad contact to substrate is
an urgent issue to be addressed.

This chapter focuses on the efforts made to increase the CNT tip density and improve the
adhesion of CNTs with the substrate so as to make the CNT based cold cathodes suitable for
high power microwave vacuum devices application, which require high current densities. To
address the adhesion issue, substrate heating because of high contact resistance and shielding
effect, we deposited titanium buffer layer on silicon substrate since it has been very recently
reported that the field emission properties of CNT film have been improved by depositing CNTs
onto the titanium (Ti)-coated Si substrate [45]. In our work, the CNTs were grown using CVD
technique [46]. Scanning Electron Microscopy (SEM) was employed to study the effect of
titanium buffer layer towards the adhesion. The adhesion between CNTs and substrate was
greatly improved because of the strong binding between titanium and the substrate. This
prevented the CNTs from pulling off from the substrate by the strong electro-static force at high
electric field. Emission current density of 30 mA/cm” at a field of 4 V/mm was achieved. This

suggests great promise for achieving higher current densities at practical electric fields.
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2.3 Experimental Procedure

N-type silicon {100} wafers with a low resistivity of 4-6 Qcm were used as substrates.
A 10pm x 10um square openings with 10um interspace was formed on the silicon wafers by
photolithography process. After the formation of an array, 30-nm-thick Ti was deposited by
sputtering as a buffer layer and a thin layer of iron (Fe) was deposited subsequently as a
catalyst. Photoresist was removed by a lift-off process. Then, the sample was loaded into the
thermal-CVD furnace to grow carbon nanotubes. H,, NH; and C,H, were used as carrier and
source gases. Growth temperature was kept around 850°C and typical growth time was 10 min.

SEM characterization was done using model JEOL JSM 840.

In the field-emission measurements, silicon substrate with CNTs was used as cathode
and stainless steel plate as anode. The entire sample assembly was kept inside a vacuum
chamber evacuated to vacuum better than 1 x 10 Torr. The cathode and anode were kept
600pm apart, using micrometer screw gauge arrangement and a suitable DC voltage was applied

across the cathode and anode using a high voltage power supply.

2.4 Results

2.4.1 SEM morphology

Figure 2.1 (a) and (b) are the SEM images of the CNTs grown without and with the Ti

buffer layer (30 nm in thickness) under the Fe catalyst layer respectively. From the morphology
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observed, it can be seen that individual CNT bundles grew almost vertically via a self-
supporting mechanism, due to the extremely high density of the CNTs. The buffer layer did
affect the CNT growth density. It can be seen that the density of CNTs grown with Ti buffer is
less when compared with the CNTs grown without Ti buffer. Probably, when grown without Ti
buffer, number of catalyst particle sites available for CNT growth will be more when compared
with the sample grown with Ti buffer. This is because small portion of Fe particles will be
reacting with Ti for improving the adhesion and so the number of Fe particles available for the

growth of CNTs will be comparatively reduced resulting in the reduction of CNT tube density.

2.4.2 Bonding of the transition metals with carbon

It is well known that in bulk materials, various metals exhibit different interactions with
carbon. Normally, the ability of the bonding of the transition metals with carbon atoms increases
as the number of unfilled d-orbital increases. Since the metals such as Au, Al and Pd have no d-
vacancies, they have negligible affinity for carbon. Metals with limited d-vacancies such as Fe,
Ni, and Co exhibit finite solubility for carbon in certain temperature ranges. On the other hand,
3d and 4d metals with many d- vacancies such as Ti and Nb can form strong chemical bonds
with carbon and thus form highly stable carbide compounds. Dai et al., [47] systematically
investigated the interaction between various transition metals and CNTs, which shed some light
on electrical coupling between nanotubes and metal. Electrons pass the metal-CNT junction by
means of quantum tunneling, which in turn increases the contact resistance. However, at the

growth temperature of CNTs which is normally around 700 °C, Ti forms covalent bond carbide
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TiC with CNTs. The conductive titanium carbide interlayer will thin or remove the interface

barrier.

SEM image shown in Figure 2.1 (a) clearly shows that the adhesion of CNTs with the
substrate is not good when grown without the Ti buffer. On the other hand, the use of titanium

buffer has improved the adhesion as seen in Figure 2.1 (b).

950x, 15KV, 39mm, 170B — 2 p —

Figure 2.1 (a) SEM images of CNTs grown without Ti buffer.
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Figure 2.1 (b) SEM images of CNTs grown with Ti buffer.

2.4.3 Improvement in current density

From the J-E curve (Figure 2.2), we observe that there is an increase in the current
density in the sample with the titanium buffer layer. Field-emission measurement data of the
CNT array shows that the sample grown with the Ti buffer layer gave a better field emission
result. The field emission current density increased from 10 mA/ cm® to 30 mA/cm” at an
electric field of 4 V/um. This observed increase in the emission current density in case of the
sample with Ti buffer layer could be attributed to much less dense growth of CNTs of smaller
diameter. Both these factors are expected to improve the geometrical field enhancement factor
by way of increased aspect ratio and reduced shielding effect of one emitter (CNT) over other.
The increased geometrical field enhancement factor ultimately results in lowering of the
threshold field and improved field emission current. This increase in current density and field

emission stability can also be attributed to the increase in the number of available emitters due
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to their strong adhesion with the substrate to support high field in addition to their difference in

enhancement factor due to the change in the morphology of the CNT growth.

2.4.4 Mechanism of Ti buffer layer in improving the adhesion

For the sample without a thin Ti buffer layer, part of carbon nanotubes could be pulled
off from the substrate due to poor adhesion during field emission experiment. This shows a
mechanical destruction during electrical breakdown. The paper of Okai et al., suggests that a
strong static electric force may be the main reason of the electrical breakdown in field emission

measurements [48].
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Figure 2.2 J-E curves of CNTs with and without Ti buffer layer
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Figure 2.3 F-N curve of CNTs grown with Ti buffer layer

2.4.5 Two different regimes in F-N curve

A rapid increase in the current is observed when the electric field is higher than 3 V/pm.
When plotted in a Fowler—Nordheim representation (Figure 2.3), two different regimes of
emission are observed. The cathodes can reach currents of a few mA before showing
degradation. When degradation of the cathode does occur, the field emission properties are not
completely lost, but rather the voltage required to achieve a given current is merely increased.
This suggests that either the emitting sites are not completely destroyed or they are replaced by
other nanotubes in the film. The requirement for initial break-in of new cathodes and the
hysteresis often observed in field emission data suggest a CNT reorganization within the film

when an electric field is applied, giving the film a configuration more favorable for field
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emission. This reorganization is also interpreted as a cause of the robust behavior or strong

adhesion of the cathodes.

As the electric field between the anode and the cathode is increased, the dipole resulting
from the concentration of electrons in the tips of carbon nanotubes will enhance the static
electric force and pull the carbon nanotubes off from the substrate leading to an abrupt drop of
emission current. This phenomenon is attributed to poor adhesion between carbon nanotubes
and the substrate. With a thin Ti buffer layer, there is no obvious electrical breakdown as the
electric field is increased. This may be due to the better adhesion between catalytic nanoparticles

and carbon nanotubes which could have resulted from the thin Ti buffer layer.

2.4.6 Formation of TiC barrier layer

As for CNT films on Ti, because of the formation of conductive TiC, on the CNT-Ti
junction, the interface barrier layer was removed (as exhibited in Figure 2.4) making the
electrons to pass through this junction without any obstacle. So, during the whole field emission,
electrons needed to overcome CNT-vacuum barrier only, as shown in Figure 2.5. Therefore, a

very small voltage would result in considerable good electron emission.

Figure 2.4 Formation of conductive TiC barrier layer
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Figure 2.5 Band structure of cathode for CNT films on Ti. (Interface barrier layer was
removed due to TiC formation)

This could have been due to the following reasons: (i) the roots of CNTs bond strongly
with the Ti layer underneath; (ii) the adhesion of the CNTs to the substrate is dramatically
promoted because titanium has an excellent adhesion property to Si and (iii) the titanium
carbide could have formed which not only can reduce the effective work function, but also can
protect the emitters from the attack of ionized molecules and thereby improving the field
emission stability. Since in our lab it is not possible to perform scratch tape test to check

adhesion, indirect way of exposure to higher field is adopted.

2.4.7 Stable emission

During FE measurements at high electric fields, vacuum remained moreover stable

suggesting reduced substrate heating due to reduction in contact resistance. The emission
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current stability has also been examined and a typical time trace of the emission current density
at a fixed field of 4 V/um is shown in Figure 2.6. It was found that there was stable emission
for more than 50 minutes due to Ti buffer layer. Efforts are being made to optimize the
thickness of Ti buffer layer to get an emission current density of about 1 A/cm? at practical field.
It was also observed that initially the emission current was a bit unstable which got stabilized by

conditioning the sample.
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Figure 2.6 Time trace of current density at the fixed field of 4 V/um
The stability of the emission current was also found to depend upon the vacuum
conditions during the measurement. In our earlier experiment [49], when the field was just
raised above 5 V/um, a fluctuation in vacuum reading was observed possibly due to substrate
heating. It could happen if some sort of change in state had occurred either due to local
evaporation [50], burning or melting of CNTs or Si [51] or both. The debris of CNTs was found
all over the substrate. This kind of destructive phenomenon can also be due to Joule heating.

Bonard et al. [52] have reported that at high emission current density, a high contact resistance
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caused by the bad interface between the CNTs and the substrate will result in Joule heating and
lead to local evaporation of CNTs. The sample with the titanium buffer layer might have
reduced the contact resistance between CNTs and the substrate. This may in turn suppress the

Joule heating.

2.5 Conclusion

Using titanium buffer layer during CNT growth, the density of carbon nanotubes was
efficiently modified to promote the electrical characteristics of field emission. The field emission
current density increased from 10 mA/cm® to 30 mA/cm” at electric field of 4 V/um with the
help of the buffer layer. Also better adhesion of CNTs with the substrate was achieved which in
turn suppressed the mechanical destruction and prevented the emitters from the electrical
breakdown. Thus, stable emission of electron was realized for a longer duration without vacuum
degradation. With some refinement in the growth parameters, we can certainly increase the

current density of the emitter to a considerable extent.
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CHAPTER III

Effect of buffer layer thickness on the field emission of
CNTs

3.1 Introduction

In the previous chapter, it was proved that there was improvement in the field emission
properties of the CNTs with the use of buffer layer. We explained the efforts made to improve
the adhesion of CNTs with the substrate so as to make the CNT based cold cathodes suitable for
high power microwave vacuum devices application. This chapter focusses on the effect of the
buffer layer thickness on the field emission properties of the CNTs. To address the adhesion
issue and substrate heating because of high contact resistance, we deposited titanium buffer
layer of different thicknesses below a thin layer of iron catalyst layer on a patterned silicon
substrate. The CNTs were grown using chemical vapor deposition (CVD) technique [14].
Scanning Electron Microscopy (SEM), Transmission electron microscopy (TEM) and EDS
analysis was employed to study the effect of titanium buffer layer towards the adhesion. Field
emission experiments were performed for the sample with 10nm and 20nm thick Ti buffer layer
and the emission current density of the sample with 20nm thick titanium found to be 200 times
more than those with 10nm thick titanium buffer layer. This is because the adhesion between
CNTs and substrate was greatly improved because of the strong binding between titanium and
the substrate. We expected that this will prevent the CNTs from pulling off from the substrate

by the strong electro-static force at high electric field. The field emission measurements
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showed that the CNT array with the 20nm of Ti buffer layer gave a reasonably good FE

characteristics because of the reduction in the shielding effect between the CNTs.

3.2 Experimental procedure

N-type silicon <100> wafers with a low resistivity of 4-6Qcm wafer was used as
substrate. 10pumx10pm square openings with 10um interspace were formed on the silicon wafer
by photolithography process. After the formation of an array, 10nm and 20-nm-thick Ti was
deposited by sputtering as a buffer layer and a thin layer of iron (Fe) was deposited
subsequently as a catalyst in the same sputtering system followed by lift-off. Then, the sample
was loaded into the CVD furnace to grow carbon nanotubes. H, NH, and C,H, were used as
carrier and source gases. Growth temperature was kept around 850°C and typical growth time
was 10 minutes. The morphology of CNTs on substrate were observed and investigated by

transmission electron microscopy (TEM) , high-resolution transmission electron microscopy

(Technai G-20-stwin, 200 KV) and scanning electron microscopy (JEOL JSM 840).

In the field emission measurements, silicon substrate with CNTs was used as cathode
and stainless steel plate as anode. The entire sample assembly was kept inside a vacuum
chamber evacuated to vacuum better than 1x107 torr. The cathode and anode were kept 500um
apart, using micrometer screw gauge arrangement and a suitable DC voltage was applied across

the cathode and anode using a high voltage power supply.
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3.3 Results and Discussion

3.3.1 Morphology of CNTs

Figure 3.1 (a and b) are the SEM images of the CNTs grown with about 10nm and 20nm
thick Ti buffer layer under the Fe catalyst layer. Figure 3.1 (¢) is the SEM image of the sample
grown without Ti buffer layer. From the morphology observed, it can be seen that the sample
with 10nm thick titanium buffer layer may not be suitable for field emission applications. When
grown with 20nm thick titanium buffer layer, individual CNT bundles grew almost vertically
due to the extremely high density of the CNTs. It is also evident from the SEM images that the

CNTs nucleate and grow well when grown with optimum thickness of titanium as a buffer layer.

3.3.2 Formation of Ti capping layer

As shown in Fig. 1(b), Fe was observed at the tips of CNTs grown on Fe/Ti film, as a
buffer layer. Probably, small portion of Fe which was not alloyed with Ti film (and was easily
separated from it), was found to be lifted up to the top of the CNTs. As suggested by Young et
al [15], acetylene molecules are catalytically adsorbed on the metal domains. As carbon atoms
are further supplied, a carbon-metal eutectic alloy can be formed, decreasing the melting
temperature of the alloy. Formation of carbon-metal eutectic alloy enhances the diffusion of
carbon in the metal alloy, initiating carbon aggregations which act as a nucleation seed for
nanotube growth. The carbon diffusion is limited by the domain size within the metal particles
and thus the diameter of nanotubes should be smaller than the domain size. As the nanotube

grows further, part of the metal domain is pushed upward, forming a metal cap.
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3.3.3 TEM and HRTEM results

The HRTEM and TEM image of the sample with 30nm thick titanium buffer layer in
Figure 3.2 (a) and (b) respectively shows that the CNTs are 20-50 nm in diameter and up to
several microns in length. As shown in Figure 3.2 (b), Fe nanoparticles were observed at the tip
of the CNT. Further the HRTEM image, it is clear that the CNT are multi-walled, centrally
hollow tube. An EDS analysis in Figure 3.2 (c¢) shows the component of the particle in the
carbon nanotube. The EDS spectrum exhibits well resolved signals from the characteristic K-
shell ionization edges of carbon at 0.28 keV confirming the CNT. The peaks of copper are from
the copper grid, which is used to hold the carbon nanotubes in TEM system. From the TEM
images and the EDS analysis, Ti seems not to be involved into the catalytic nanoparticle and

there is no obvious destructive effect on the crystallinity of the multiwall structure.
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Figure 3.1 (a) CNTs grown with 10nm thick Ti

1500x, 10kV, 29mm, 2388 10 um —

Figure 3.1 (c ) CNTs grown without Ti

52



Effect of Buffer Layer Thickness on the Field Emission of CNTs

Chapter IIT

Figure 3. 2(a) HRTEM and (b)TEM images of the CNT
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Figure 3. 2 (¢ ) EDS spectrum of the grown CNT
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3.3.4 Field emission characteristics

The field emission characteristics of the prepared CNT emitter arrays were measured in
the diode structure. A typical plot of emission current density versus electric field (J-E curve)
of the samples with 20nm, 10nm thick Ti and without Ti are shown in Figure 3.3 (a - b). The
turn on field E, defined as the electric field to produce a current density of 10uA/cm? of the
sample with 20nm thick Ti, compared with the sample of 10nm thick Ti, reduced from 3.7V/pm
to 2.9V/um and the field emission current density at 5V/um increased from 25.5puA/cm’ to
5.09mA/cm’. Hence the emission current density of the sample with 20nm thick titanium has

increased around 200 times than those with 10nm thick titanium buffer layer.
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Figure 3.3 (a) Current vs. voltage characteristics and the corresponding Fowler—-Nordheim plot

[Of the sample with 20nm thick Ti buffer layer]
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Figure 3.3 (b) Current vs. voltage characteristics and the corresponding Fowler—-Nordheim plot
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Figure 3.3 (¢) Current vs. voltage characteristics and the corresponding Fowler—-Nordheim plot

[Of the sample without Ti buffer layer]

The E, and the emission current density of our samples were comparable to the
corresponding values in literatures [16-18]. As explained in the previous chapter, we believe
that TiC could have formed by the reaction between Ti and C. Investigations are being carried
out about this and we’ll report the same in our future publication. Ti must have been

decomposed and subsequently carbonated during CNT growth. It has been proved that the
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titanium carbide has very low work function of about 3.5 eV [19]. So, the effective work
function of CNTs emitters could be reduced due to the formation of the titanium carbide on the
surface of CNTs. That is, the electron tunneling barrier for the titanium carbide-modified CNTs
was reduced effectively, which might help the electron emission at considerably low turn-on

electric field.

3.3.5 F-N characteristics and enhancement factor

The linear behavior of the FN curves (Figure 3.3) indicated that the measured current
was generated by field emitted electrons. Taking the work function of CNTs the same as that of
graphite, i.e., 5 eV [20], the field enhancement factor f of the sample with 20nm thick titanium
buffer of 8871 was calculated by using the slope of the straight region. The rather high f value,
which is still comparable to those in literatures [21-23], should have some contribution from the

enhanced conductivity between the CNTs and titanium buffer layer.

3.3.6 Study of emission current degradation

In our earlier study [24], when the field was just raised above 5V/um, a fluctuation in
vacuum reading was observed. To address this issue, we performed another experiment without
Ti buffer layer for field emission studies where we could not even go up to 5V/um as shown in
Figure 3.3 (c). Similar to our previous report, in this experiment too, when the current density
was about ImA/cm?, arcing started which in turn resulted in fluctuation in the vacuum. It could
have happened if some sort of change in state had occurred either due to evaporation, burning or

melting of the CNT’s or silicon or both. In order to study the emission current degradation
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phenomena, which is a slow degradation of current when a constant electric field is applied for a
long time, a high voltage of 5V/um was applied between the anode and cathode for more than
an hour. In this experiment, we increased the field from 4 V/um to 5 V/um. The emission
current density was found to be stable in the case of the sample with 20nm thick Ti buffer but

dropped to almost zero in a very short time in the sample with 10nm
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Figure 3.4 Time trace of the current density at a fixed applied voltage of 5V/ um

thick Ti buffer (Figure 3.4). This can be attributed mainly due to the formation of titanium
carbide. As titanium carbide has extremely high melting point and good chemical inertness, the
titanium carbide formed on the root of CNTs not only can reduce the effective work function,
but also can protect the emitters from peeling off from the substrate giving rise to stable
emission. Thus, the experiment clearly indicated that the use of titanium buffer layer of

optimum thickness has certainly improved the adhesion of CNT with the substrate giving rise to
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a stable emission for prolonged duration. This increased CNT-substrate adhesion could avoid
CNTs efficaciously to be overheated by joule heating and prevent the early current saturation of

the CNT emitter [25].

3.4 Conclusion

Vertically aligned CNT emitter arrays was synthesized using titanium buffer layer.
Reasonably good current density at reduced turn on field was achieved and there was excellent
improvement in the adhesion of CNT with the substrate giving rise to stable emission for more
than an hour. With some refinement in the growth parameters, we can certainly increase the
current density of the emitter to a considerable extent. If instead of diode, triode configuration
is used for the field emission experiment, the emitter tips shall be able to extract electrons at
much lower gate voltage. Taking into account the fine field emission property and the simple
procedure for the synthesis, CNT based emitters with titanium buffer layer of optimum

thickness should be a promising electron source for potential applications.
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CHAPTER IV

Density control of CNTs for better field emission

4.1 Introduction

For CNTs to be used in field emission application, uniform, and large emission current
over the CNT film is required at low threshold electric field. It has been reported that the
density of CNTs play a crucial role in determining the field emission properties. The growth
process described in the Chapter 3 and 4 yielded high density of CNTs.  Several reports in the
literature show emission current density ranging from 50 mA/cm” to 4 A/cm® with single-walled
nanotubes and multi walled CNTs on a patterned Fe film grown on Si substrate [1-6]. The
excellent field emission characteristics of CNTs can be attributed to their high aspect ratios of
the length to the diameter resulting in the enhancement of electric field at the CNT tip. [7-12].
Emission current depends on several parameters such as catalyst metal, adhesion layer,
structure, and density of CNTs [13,14]. In high density CNT films, the screening effect reduces
the field enhancement to a larger extent which in turn affects the emitted current [15,16].
According to the work of Nilson et al., [15], the emission current can be maximized when the
intertube distance is around twice the height of the CNTs.

However, most growth methods used today afford a high density of CNTs on the
substrate. The disadvantage of such high-density growth is the high turn-on field because of the

large screening effect. There are several reports on controlling the growth density of CNTs by
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plasma treatment, wet etching, thin-film capping layer, etc. [17-19]. But, most of the methods

will increase the complexity in their synthesizing technique.

4.2 Methods used for reducing the density of CNTs

Groning et al. [20] has reported by the simulation of an electric field that the best density
of carbon nanotubes with 1um is approximately 3 x 10’ cm™ to suppress the screening effect
and obtain an optimized emission current density.  Unfortunately, the density of carbon
nanotubes synthesized through CVD technique is much higher than
10’cm . Several methods, such as electron beam lithography [21], ultraviolet photolithography,
[22] pulse current electro-chemical deposition [23], SiOx capping [24], plasma post-treatment
[25], catalytic particle size control [26] etc., have been reported to reduce the density of CNTs
grown by CVD technique to suppress the screening effects. Although some of these methods
can effectively control the density of carbon nanotubes, destruction of crystallinity results in

many cases and also high cost is involved in the above mentioned complex processes.

4.2.1 Electrical breakdown and emission current degradation

During field emission, electrical breakdown which is nothing but an abrupt drop of
emission current when the electric field between anode and cathode is increased [27] and
emission current degradation which is a slow degradation of emission current when a constant
electric field is applied between anode and cathode for a long period [28,29] are two important
aspects to be considered for reliability. The work of Okai et al.[27] proved that the electrical

breakdown may result from a mechanical destruction of carbon nanotubes caused by a strong
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static electric force. From Bonard and Klinke’s work [29], the high contact resistance results
due to weak interface between the CNTs and the substrate. It has also been reported in their
work that when there is a passage of high emission current density through the CNTs, Joule
heating results which may in turn cause the local evaporation of CNTs. We must increase the
adhesion and reduce the contact resistance between the carbon nanotubes and the substrate to
suppress these two phenomena.

In this chapter, we discuss a simple method to control the density of CNTs, which will
not only reduce the turn-on field but can also improve the adhesion of CNTs to the substrate,
and reduce the contact resistance between substrate and CNTs. In our experiment, a barrier
layer of Ti is first sputtered on the substrate to improve the adhesion of CNTs. On top of the
barrier layer, a layer of Fe (which catalyses the growth of CNTs) is sputtered. Over this,
sputtering of a thin capping layer of Ti of varying thickness is carried out in order to suppress
the screening effect. By varying the thicknesses of the capping layer, the density of carbon

nanotubes can be controlled effectively without serious damages to their crystallinity.

4.2.2 Experiment

N-type silicon {100} wafers with a low resistivity of 4-6 Qcm were used as substrates.
A 10pm x 10um square openings with 10um interspace was formed on the silicon wafers by
photolithography process. After the formation of an array, 30-nm-thick Ti was deposited by
sputtering as a buffer layer and a layer of iron (Fe) (5nm) was deposited subsequently as a
catalyst. Photoresist was removed by a lift-off process. After this, the sample was pretreated in

the thermal-CVD furnace in atmospheric pressure at 700°C with H, (500 sccm) for 5 min in
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order to form catalytic iron nanoparticles. After the formation of catalytic nanoparticles, a thin
titanium capping layer with different thicknesses 10, 20 and 40 A was deposited over the
catalyst nanoparticle in a sputtering system. Then, the samples were loaded into the thermal-
CVD furnace to grow carbon nanotubes. H,, NH; and C,H, were used as carrier and source
gases. Growth temperature was kept around 800°C and typical growth time was 10 min. SEM

characterization was done using model JEOL JSM 840.

In the field emission measurements, silicon substrate with CNTs was used as cathode
and stainless steel plate as anode. The entire sample assembly was kept inside a vacuum
chamber evacuated to vacuum better than 1x107° torr. The cathode and anode were kept 500um
apart, using micrometer screw gauge arrangement and a suitable DC voltage was applied across

the cathode and anode using a high voltage power supply.
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Figure 4.1 Schematic procedure of the experiment
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4.3 Results and discussion

4.3.1 Catalyst nanoparticle after Ti capping of different thickness

The schematic procedure of the experiment is given in Figure 4.1. The SEM images of
hydrogen-pretreated iron catalytic nanoparticles without any Ti capping and with three different
thicknesses of the thin Ti capping layer (10 A, 20 A and 40 A) are shown in Figure 4.2.
Figures 4.2 (a-d) clearly reveal that part of catalytic nanoparticles remained and the other
particles become unobvious when the thickness of thin Ti capping layer is increased from 0 to
40 A. This could be due to the fact that the catalytic nanoparticles with very small size are

buried under the increased Ti capping layer.

@) (b)

(©) (d)

Fig 4.2. SEM images of catalyst surface on substrate (a) without Ti capping and (b) with Ti
capping of 10 A, (c) With Ti capping of 20 A and (d) with Ti capping of 40 A
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4.3.2 Morphology of the CNTs grown after Ti capping

After the deposition of the thin Ti capping layer, the samples were loaded into the
thermal-CVD to grow carbon nanotubes. Figure 4.3 shows the morphologies of subsequently-
grown CNTs. From the SEM images [Figures 4.3 (a-d)], it can easily be observed that the
density of carbon nanotubes decreases with the increase in the thickness of the thin Ti capping
layer. This shows that the thin Ti capping layer on pretreated catalytic nanoparticles can restrain
the growth of CNTs and the density of CNTs can be controlled by changing the thickness of the

thin Ti capping layer.

6000x, OkV, Omm, 200BC — 3pm —i

6000x, OkV, Omm, 200C-C ) — 3pm — ?500X, 0kV, Omm, 200DC = 10pm —

Figure 4.3 Clockwise starting to left - SEM images (top view) of CNTs grown without
Ti capping, with Ti capping of 10 A, with Ti capping of 20 A and with Ti capping of 40
A
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As a speculation, the thin Ti capping layer could have blocked the carbon radicals from
diffusing into the catalytic nanoparticles and hence the growth of CNTs is suppressed and there
by altering the density. It is very clear from the side view given in Figure 4.4 that the density of

the CNTs with 20 A thick Ti capping is much less than those grown without Ti capping.

Figure 4.4 SEM images (side view) of CNTs grown (a) without Ti capping and (b) with Ti
capping of 20A.

4.3.3 J-E curve and F-N curve

Figure 4.5 (a) shows the curves of emission current density versus electric field (J-E
curve, which shows that the emission current density is relative to the thickness of the thin Ti
capping layer. The corresponding Fowler-Nordheim plot (F-N plot) displayed in Figure 4.5 (b)
shows that the measured emission current is a Fowler-Nordheim tunneling phenomenon.
Although field emission did occur in the samples with thin Ti capping layer of 40 A, it was
almost negligible compared with samples to thin Ti capping layers below 40 A.

From the J-E curve in Figure 4.5 (a), it is very clear that the threshold field for the

sample with 20 A thick Ti capping is less than the sample with 10 A thick Ti capping. This
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could have been possible due to the reduction in the screening effect when there is an increase in

the thickness of Ti capping layer as shown in Figure 4.5.

J-E Curve F-N Curve
0.03 1 0 -
—8— 10 A thick Ti
_ ; —8— 10 A thick Ti
;go.ozs capping 5 1 capping
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20.015 - 215 capping
o E—»
(- c
A 0.01 A =20 -
c
£0.005 -
59 -25 1
)
0 - T T 1 _30 T T T T T 1
0 2 4 6 8 0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
Electric Field (Volts/micron) N

Figure 4.5 (a) Current vs. voltage characteristics and (b) the corresponding F-N plot
[Of the sample with 10nm and 20nm thick Ti buffer layer]

4.3.4 Absence of arcing

In our earlier experiment, when the field was just raised above 5V/um, a fluctuation in
vacuum reading was observed. As predicted by Verma et al.,[30], it could have happened if
some sort of change in state had occurred either due to burning, evaporation, or melting of the
CNT’s or silicon or both. SEM analysis clearly showed the debris all around the substrate. The
reasons for such a kind of behavior was attributed to vacuum arcing. The arcing is due to the

formation of a conduction path between closely spaced electrodes and also depends upon the
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vacuum to an extent. On the other hand, no arcing was observed while using Ti capping and Ti

buffer layer even when the field was 6 V/ pm.

4.4 Conclusion

By depositing a thin Ti capping layer on the hydrogen-pretreated catalytic nanoparticles,
the density of carbon nanotubes can be effectively modified to promote the field emission
characteristics of CNTs. From the experimental results, 20 A thick Ti capping is found to be
the optimum thickness as it reduces the threshold field from 3.8 volts/micron to 2.6
volts/micron. We were able to get stable emission for a longer duration without any arcing.
These improvements in the field emission properties of CNTs is due to the reduction in the
screening effect between the CNTs which is in turn due the density control by Ti capping of

optimum thickness.
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CHAPTER V

Enhanced field emission properties from CNT arrays
synthesized on Inconel super alloy

5.1 Introduction

Since the reports made by Heer et al. [1] and Rinzer et al., [2] on the field emission from
films and individual MWCNTs, respectively, large number of experimental studies on the field
emission of MWCNTs grown using various techniques on different substrates have been
pursued [3-15]. As mentioned in the previous chapters, reliability and reproducibility are the
biggest aspects needing improvement when using CNTs in field emission devices; electrical
breakdown and current degradation are the two major limiting aspects of the reliability of CNT
based field emitters. Chapter 4 and 5 also explained about the electrical breakdown which is
nothing but a sudden discharge caused by an avalanche of charged particles above a certain
threshold field. The process is associated by the evaporation of electrode materials and/or
surface adsorbed impurities as a consequence of electron bombardment of the anode, resistive
heating of the sharp cathode or simple desorption of surface impurities so that a low pressure
vapor forms in the proximity of the electrodes [16]. Above the threshold field, the vapor
undergoes ionization and sparking, similar to that in ordinary low pressure gases [17]. On the

other hand, the emission current degradation is a slow process that occurs below the threshold
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field. Heating by the emission current and subsequent evaporation of the electrode materials

results in a gradual loss, structural collapse and deterioration of the cathode.

5. 2 Importance of robust electrical contact

Apart from thermal and electrical stability of the electrode materials, high quality robust
electrical contacts (that are interfacing the emitter back side) are also vital for multiple reasons.
Firstly, the contact must be uniform along the entire interface to allow optimal, uniform current
densities throughout the joint area. This is especially important for carbon nanotube forests, to
ensure each nanotube is in direct electrical contact with the substrate with similar contact
resistance all around at the interface eliminating the formation of hot spots. Secondly, good
ohmic contacts at the CNT-substrate interface introduce only minor series resistances in the
emitter circuit thus resulting in higher emission currents or lower interfacial losses (when
current regulated). Thirdly, mechanical strength, or good adhesion, between the
nanotube/catalyst and the substrate interface is also an important criterion in order to minimize

problems related to delamination of the emitter material from the back side contact [18-21].

5.3 Common technical approaches

The above list of requirements suggests two kinds of technical approaches that may offer
feasible and reasonably simple solutions to meet the stringent thermal, mechanical and electrical
boundary conditions. One solution is a solder transfer of CNT films to electrically conductive
surfaces, which has been proven to be a robust and versatile method to obtain joints with

excellent structural, thermal and electrical integrity [22-27]. The other, more feasible approach

75



Chapter V Enhanced field emission properties from CNT arrays synthesized on Inconel super alloy

is the direct growth of CNTs on conductive surfaces. Growing CNTs on metal substrates or on
alloys containing one of the common catalyst metals can result in CNT films of high footprint
density, which is electrically advantageous [28-30].  For intstance, Talapatra et. al. [31],
estimated an average total contact resistance of aligned CNTs on Inconel to be about 500 Q,
while measurements carried out on similar structures by Halonen et al.[32] showed the contact
resistance is as low as ~10 Q (for a pattern footprint area of ~0.4 cm?). Although relatively low
turn-on fields are observed for such devices, the maximum emission current densities reported
were typically not higher than 10 mA/cm® [32-36]. For CNTs to be used in field emission
devices, it is not only essential to develop techniques to grow CNTs on conducting substrates

but also to get good current density besides reducing the turn on and threshold voltages.

In this chapter, we report the growth of CNTs on Inconel and Si substrates in water
assisted CVD and compared their field emission behavior. CNTs grown on Inconel exhibited
excellent field emission properties: The maximum current densities from the produced emitters
were around 100 mA/cm®.  Although CNTs on Si substrates also yielded high initial current
densities (> 100 mA/cm?), early arcing and rapid failure of the devices indicate their limited use
in high current density applications. The results presented here may be adopted for CNT based
cold cathodes suitable for high power microwave vacuum devices and also for long-life low-

power applications.
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5.4 Experimental section

Vertically aligned MWCNTs were synthesized using a water assisted CVD process on Si
and Inconel substrates coated previously with 10nm Al buffer and 1.5nm Fe catalyst layers
using e-beam evaporation. For CNT growth, the substrate is inserted into a quartz tube inside a
furnace and initially purged with argon, then heated up to 775°C under Ar/H; (, 15% Hy/balance
argon) Once the growth temperature is reached, Ar/H; is bubbled through water and the carbon
source, ethylene, is flown into the reactor. The CNTs are grown for 30 minutes and finally the

furnace is cooled under Ar.

5.5 Characterization

Scanning electron microscopy (SEM, FEI Quanta 400 ESEM FEG), transmission
electron microscopy (JEOL 2100 F TEM) and Raman spectroscopy were used for sample
characterization. For the field-emission measurements, the silicon (Si) and Inconel substrates
with CNTs were used as the cathode and ITO coated glass plate as the anode. The cathode and
anode mounting stands are machine ground to ensure that they are perfectly parallel. The whole
sample assembly was kept inside a vacuum chamber evacuated to at least 2:10° Torr and the
distance between the cathode and the anode was maintained at 200 um through a spring loaded
micrometer gauge. The CNT sample is mounted on the cathode stand and I-V measurements are

done using a Keithley 2410 instrument.
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5.6 Results and discussion

5.6.1 Difference in morphology of CNTs grown on Si and Inconel

Figure 5.1 (a & b) display SEM images of the CNTs grown on Si and Inconel,
respectively. From the morphology observed, it can be seen that the CNTs are vertically aligned
via a self-supporting mechanism. According to scanning and transmission electron microscopy
analyses, the CNTs grown on Inconel are somewhat more tangled and have smaller diameters
compared to those grown on Si. Since the same amount of iron is deposited on both substrates,
the catalyst interaction with the surface is the only plausible explanation for the differences. One
main reason is the different surface roughness of the two substrates. The smooth polished single
crystal of Si, in contrast with the rolled foil of the polycrystalline metal alloy of Inconel, ensures
that the nanotubes grow parallel with each other. On the other hand, the different chemical
qualities and thus surface energy of the two substrates influence the wetting properties of the
catalyst metals which affect the catalyst island morphology, size and surface density when
heating the samples to the growth temperature resulting in differences in the nanotube diameter
distributions for the two substrates. Furthermore, the Inconel substrate itself can also act as an

additional catalyst resulting in thinner and denser CNTs.

It can be seen that the CNTs on Si are longer when compared with those grown on
Inconel most probably due to the partial tangling of the nanotubes and more efficient diffusion

of the Al/Fe catalyst into the polycrystalline metal than the single crystal Si surface.
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Figure 5.1 SEM images of CNT films grown on (a) Si and (b) Inconel substrates
showing that the CNTs on Si are longer when compared with those on Inconel.

5.6.2 Raman spectroscopy analysis

Raman analysis in Figure 5.2 shows the usually observed 3 main distinct bands, the D-
band (disorder) around 1350 cm™, the G-band (graphitic peak) around 1580 cm™ and the G’-
band (long range order) around 2700 cm™ for the CNTs on both types of substrates. There is a
minor shift in the D band and G band positions for the CNTs grown on the two substrates due to
their different diameter distribution and the number of walls (Figure 2e and 2f). The D peak
arises due to the formation of sp> and dangling sp” bonds on the CNT side walls as well as from
the deposition of amorphous carbon; the G peak arises from graphitic sp® carbon in the
nanotubes; the G’ peak is the indicator of long range order present within the CNTs. For these
CNTs, we obtained the intensity ratio Ip/Is of 0.78 and 0.91 for Inconel and Si, respectively and

the values are very close to the values reported earlier for CNTs synthesized on Inconel [37].
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Figure 5.2 Raman spectra of films synthesized on the two different
substrates

5.6.3 Contact resistance measurement

Electric impedance spectroscopy measurements performed for CNTs grown on both Si
and Inconel substrates suggest the structures are sufficiently conductive for emitter applications
(Figure 5.3). It can be seen from the Nyquist plots that the contact resistance between the CNT
and Si is ~320 Q/cm® while for the CNT-Inconel contact it is ~90 Q/cm”. The semi-circles in the
impedance spectra indicate the presence of a capacitive component most likely caused by the

nanotube films of large specific surface area.
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Figure 5.3 Nyquist plots of the films (on the substrates) measured by electrical impedance
spectroscopy using electrochemical lithium half-cell of MWCNTs grown on silicon and
Inconel as anodes.

5.6.4 TEM Analysis

From the TEM analysis (Figure 5.4 (a) - (e)), it is clear that the number of walls and also
the average diameter of CNTs grown on Si are higher than those synthesized on Inconel. TEM
analysis also reveals the presence of more amorphous carbon on the surface of the CNTs in the

case of Si as compared to those grown on Inconel substrates.

81



Chapter V Enhanced field emission properties from CNT arrays synthesized on Inconel super alloy

$
3.5 5. 8

Perecntage o fCHTs
3 8

5
i

Perecatage o fCNTs
$

o
o
3

Ferecntige ofCNT
2 8 &5 8
2 & 8§ 8

>
Ferecntige ofCHT

o

4 L] $ " 12 “ n fevend (e ”° 12 “ w

Figure 5.4(i) (a), (b) & Figure 5.4(ii) (a), (b) &
(c) TEM of CNTs (c) TEM of CNTs
grown on Si grown on Inconel

Panels (d) and (e) display the nanotube diameter and wall number distribution plots,
respectively

5.6.5 Field emission characteristics

Initially, the CNTs grown on both substrates demonstrated excellent field emission
properties. From the J-E curves displayed in Figure 5.5, we observe that the initial current
density of the CNT array grown on Si is higher than that for the corresponding sample obtained
on Inconel (131 mA/cm? vs. 99 mA/cm?). Initially, the turn on field (which is the field required
to give a current density of 10 pA/cm?) for the sample grown on Si (2.2 V/um) is less than that

for the nanotubes grown on Inconel (3.4 V/um). However, the turn on field for the latter
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samples decreased considerably from 3.4 to ~1.5 V/um after arcing. The threshold field, the
field required to reach a current density of 10 mA/cm?, also shows similar tendencies. For the
CNT films grown on Si, it gradually increases, meanwhile a significant decrease of the
corresponding threshold value is observed for the samples synthesized on the metal alloy

substrate (from ~5.0 to 2.8 V/um).
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Figure 5.5 Plots of emission current density as a function of applied electric field in
repeated experiments for CNTs grown on (a) Si and (b) Inconel

The increase in the turn on and threshold fields as well as the early device failure for the
films grown on Si might be because of the structural damage of the emitters [38] as also

indicated by the voids and fused CNTs visible in SEM images (Figure 5.6).

5.6.6 Current degradation on CNTs grown on Si

The causes of current degradation on the Si substrate can be associated with a number of
different mechanisms: (1) Poor adhesion of CNTs to the substrate and consequent peeling, (2)
high and/or inhomogeneous contact resistance between the CNTs and the substrate resulting in

large local current densities and excessive joule heating and (3) at high electric fields, resistive
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heating and related stress due to thermal expansion coefficient mismatch at the CNT-substrate

junction causing mechanical failure.

Figure 5.6 SEM images of the samples after field emission. CNT films (a) on Si,
top view, (b) on Inconel, top view, (c) on Si side view and (d) on Inconel, top
Microscopic voids in the films on Si ‘s);f;vw the structural instability in contrast
with the continuous surface of the films grown on Inconel.

According to Okai et.al. [18], the strong repulsive electrostatic forces may also be a
reason for the electrical breakdown during field emission. As reported in our earlier work
[39,40], when the electric field between the anode and the cathode is increased, the dipole
resulting from the concentration of electrons in the tips of carbon nanotubes will enhance the
static electric force and pull the carbon nanotubes off from the substrate leading to an abrupt
drop of emission current. As noticed by Wang et al [38], the electrostatic force created by the

flow of emission current acting in the tip of nanotube can induce a split or even burning of the

emitters. On the other hand, there was no obvious electrical breakdown in the case of the sample
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grown on Inconel while the emission threshold fields were improving with use. The superior
field emission properties and reliability of the nanotube films grown on Inconel as compared to
those on Si are inevitable and can be explained by the good electrical and thermal interface
between the nanotubes and the metallic substrate. The excellent electrical contact ensures
uniform current distribution in the entire cross-section of the emitter thus eliminating the
formation of hot spots and also avoiding the evolution of excess Joule heat in local microscopic
volumes at the nanotube-substrate interface as well as at the tips of the nanotubes. The improved
overall field emission performance of the Inconel-supported films may be due to localized
cleaning caused by mild arcing at the tips of the nanotubes. In addition, a uniform fusing of the
CNT-catalyst-Inconel interface caused by the current might have also taken place by which the

electrical and mechanical properties of the interfacial contact are improved.

5.6.7 Fowler-Nordheim plot

Another important aspect is the field enhancement factor (5) that describes how much
the emitter tips amplify the macroscopic electric field around the sharp and highly curved
apices. As predicted by Mc. Clain et. al. [41], as the diameter of the CNTs decreases (in our
case the CNTs grown on Inconel), the emission field decreases with a corresponding increase in
field amplification. The field enhancement factor, which describes the ability of the emitters to
amplify the macroscopic field and in turn determines the total emission current, is dependent on
the diameter of the CNTs. It increases with the decrease in the diameter of the CNTs. From the
linearized form of the Fowler-Nordheim plot (i.e. by plotting In(J/U?) versus 1/U (Figure 5.7),
where J is the current density and U is the voltage drop on the emitter, it is clear that the

emission current is from the field emitted electrons. The slope of the linear curve is m =
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(Bd¢*?)/B, where B is a constant with the value of 6.83 - 10° VeV~>m™, ¢ is the work function
of the emitter material (~5 eV for CNTs), and d is the distance between the cathode and the

anode (200 pm in our case).
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Figure 5.7 Fowler-Nordheim curves of the samples grown
on (a) Si and (b) Inconel substrate

The enhancement factors for both types of emitter structures are very similar having
values of ~2500. In the case of the Si-supported CNT films, this value remained unchanged as
long as the emitters were functional. Interestingly, for the nanotube films synthesized on
Inconel, this initial field amplification value was abruptly increased to ~7300 when repeating the
measurement on the same device and then it kept the increased value in the subsequent tests.
Such a substantial increase in the field amplification is a consequence of surface cleaning by the
mild arcing in the course of the first emission experiment but also sharpening of the nanotube
tips might have taken place as suggested by Talapatra and co-workers [31]. Although the initial

values for f are rather close to the ones reported for nanotube films in the literature (i.e.
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typically between 500-3000) [1,5,31,42,43], the improved enhancement factors are

considerably higher than those.

5.7 Conclusions

In conclusion, vertically aligned CNTs on Inconel substrates grown via water assisted
chemical vapor deposition have shown excellent field emission properties clearly outperforming
similar films synthesized on Si substrates. The field emitter devices synthesized on the metallic
substrate have low turn-on fields (~1.5 V/um), enable high current operation (~100 mA/cm?)
and show very high local field amplification with factors up to ~7300. These properties, along
with their increased reliability, make the demonstrated structures as a potential candidate for

future flat panel displays based on CNT electron emitters.
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CHAPTER VI

Field emission with ultra low turn on voltage from
metal decorated CNTs

6.1 Introduction

Due to the high aspect ratio, high mechanical strength and high thermal conductivity,
CNTs are considered to be an ideal electron emitting sources in field emission displays [1-8].
Aligned and well-separated CNT cathode morphology is important for many potential
applications, where a high electric-field is needed such as in field emission devices. As
mentioned in the previous chapters, the growth in these cases is usually achieved by means of
chemical vapor deposition (CVD). It is important to mention, however, the highly dense growth
of CNTs by thermal CVD method may compromise the field emission properties, due to a field-
screening effect caused by the proximity of neighboring tubes. Also some critical issues such as
adhesion of CNTs with the substrate, reliability, and stability have to be addressed while using

CNTs as electron emitters in field emission applications.

6.2 Methods used for improving field emission

To improve the field emission performance from CNT emitters, different methods such
as doping of CNTs with nitrogen, [9,10] surface coatings with low work function materials such

as LaB¢ or Ha for low turn on field [11,12] and decorations with ZnO and Ru [13—15] have been
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investigated. Previous studies have also shown that tuning the structure of the CNTs such as the
radius [16], geometry [17,18], structural change by oxygen plasma treatment [19] and
improving their density [20] could improve the field emission property. Also by decorating the
CNT walls with organic functional groups [21-23] or by inorganic semiconductor [24-31] the
field emission properties of CNTs could be enhanced. Chi ef al. [32] reported a threshold field
of 0.9 V/ um at 1 mA/cm?® which correlated to a turn on voltage of 0.6 V/um at 10 pA/cm? by
growing CNTs on a mesh electrode. Also, Zuo et al. [33] demonstrated low turn on field of 0.63
V/um at 10 pA/cm® by decorating the surface of the CNT with titanium nanoparticles. Pandey et
al. [34] arrived at a threshold field of 0.8 V/um in strontium titanate coated CNTs. On the other
hand, Liu et al. [15] decorated CNTs with Ru nanoparticle and the turn on field reduced from
2.5 to 1.3 V/um after Ru decoration. In the recent report of Zannin et al. [35] hybrid diamond-
like carbon and CNT composite structures showed threshold field of 2 V/um. In this chapter, we
want to elaborate the process by which we could reduce the turn on and the threshold field
which are very important properties for the CNTs to be used in the fabrication of next

generation high-performance flat panel displays and vacuum microelectronic devices.

Electrophoretic deposition (EPD) technique is a common method used for decorating the
CNTs with the desired metal particle to improve the field emission properties of the cold
cathode. Fan et al. [36] used CNT/Ni composite and Chen et al. [37] fabricated CNT/Cu
composite to enhance the field emission properties of the CNTs. But during the fabrication, the
CNTs in the composites would be easily covered by the consequently deposited nanoparticles in
the chemical process resulting in the decrease of effective field emitters in the CNT cathode.

Another important issue of CNTs getting bundled together is also common in this process.
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Once they are bundled, without the use of aggressive treatment like ultra-sonication or chemical

functionalization, it is extremely difficult to achieve a stable dispersion or homogeneous

mixture. These measures are known to damage the walls of the CNTs and degrade their

electrical properties to a larger extent.

6.3 Screening effect and the distance between the CNTs

Moreover, the above mentioned process cannot alter the distance between the CNTs.
Although it is important to lower the turn on and threshold voltage for better field emission
results, reducing the screening effect is crucial for CNTs to be used in field emission
application. It is well known that if the separation between the tubes, “d”, is much less than the
tube height, “A”, in an array, the electrostatic shielding between the CNTs can drastically affect
the field emission performance of the cold cathode. Numerical simulations show that if the
distance between the CNTs is equal to or more than twice the height of the CNTs, then the
screening effect can be considerably reduced which in turn could improve the field emission
property of the cathode [38-40]. Electrostatic shielding becomes a significant hurdle for future
device applications because of the exponential dependence of the emission current on the
electric field in accordance with the Fowler-Nordheim theory.

Work has also been done on thermally evaporated nanoparticles on nanotubes [41-43].
The results in these work indicate that the morphology of the metal particle or the film on the
CNTs is dependent on the intrinsic properties of the metal themselves than on the process
parameters. On the other hand, the work of Muratore et al. [44] reported the effect of particle

growth temperature and time on the decorated metal nanoparticles’ density and morphology.
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However, the sputtered metal nanoparticles were attached to the surface of the CNTs without

penetrating in between the CNTs to change the inter tubular spacing of those.

This chapter focusses on a simple and scalable procedure for decorating the vertically
aligned CNTs forest with metal nanoparticles for improved field emission properties. This
process enabled the CNTs to bundle towards a metal particle forming a pattern due to which the
CNT bundles are separated by almost 3 times the height of the bundle reducing the screening
effect considerably. Further, by the deposition of metal nanoparticles on the surface of the
nanotubes, emitting centers are obtained that ensure highly conductive paths for the electrons
from the nanotubes towards the vacuum helping to by-pass the amorphous carbon impurities,
known as one of the major hurdles in CNT based emitters. Thus, to the best of our knowledge,

such low turn on field of 0.1 V/um achieved in this work has not been reported so far.

6.4 Experimental Set-Up

First the CNTs were grown on Al coated silicon (Si) and Inconel as described elsewhere
[45]. The grown CNTs were kept inside the CVD chamber with aluminum (Al) sheet of
thickness 150 um over them and the temperature of the system was gradually increased to
700°C for 10 minutes and cooled gradually. Since the melting point of Al is 660°C, it got
melted and the CNTs were decorated with Al particles. As the sheet was kept over the array of
CNTs, some of the Al particles penetrate in between the CNTs in the array. This process of
annealing was done in the presence of Argon (Ar) at a low flow rate. The same procedure was

repeated for the deposition of Cu particles using Cu sheet to obtain Cu decorated CNTs.
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Though the melting point of Cu is 1085 C, the Cu got melted around 700°C and the CNTs were
decorated with Cu particles. Since the sheet was kept over the array of CNTs, some of the Cu
particles went in between the CNTs in the array. This process of annealing was done in the

presence of Argon (Ar) at a low flow rate.

6.5 Characterization

The surface morphologies were characterized using scanning electron microscopy
(SEM, FEI Quanta 400 ESEM FEG) and high resolution transmission electron microscopy
(HRTEM JEOL 2100 F TEM). The content of Al and Cu particles is identified using X-ray
diffraction (Rigaku D/Max Ultima II Powder XRD with a Cu Ka source) and Raman
spectroscopy (Renishaw in Via Raman Microscope). The area of the sample used was 1 cm®.
After the deposition with metal particles the sample was transferred to a vacuum chamber with
vacuum better than 2 x 10 Torr, for field emission measurement. The silicon (Si) and Inconel
substrates with CNTs were used as the cathode and indium tin oxide (ITO) coated glass plate as
the anode. The cathode and anode mounting stands were machine ground to ensure that they are
perfectly parallel. The distance between the cathode and the anode (100 um) was adjusted using
micrometer screw gauge arrangement and a suitable DC voltage (up to 400 V) was supplied

using Keithley 2410 high voltage power supply.

The electron impedance spectroscopy (EIS) measurements were performed using a two

electrode setup with the CNT on the substrate as the working electrode and lithium metal as the

counter/reference electrode. In this, 1 M LiPF6 in 1:1 v/v mixture of ethylene carbonate (EC)
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and dimethyl carbonate (DMC) are used as the electrolyte and glass micro-fiber filter membrane
as the separator. The EIS measurements were conducted over 70 kHz to 10 mHz by applying a

constant dc bias with sinusoidal signal of 10 mV.

6.6 Results and Discussion

6.6.1 Morphology Change due to Metal Decoration
(i) Silicon

A schematic of the morphology of CNTs grown on Si and Inconel substrate is shown in
Figure 6.1. Figure 6.2 (a), (b) & (c) shows the scanning electron microscope (SEM) images of
the multi-walled carbon nanotubes (MWCNTSs) grown on Si with Al decoration on them.
Before the metal decoration, the CNTs were vertically aligned via self-supporting mechanism as
described in our previous work, [45] due to extremely high density of CNTs. Interestingly, after
metal evaporation, the morphology of the CNTs changed completely. Groups of CNTs became
linked together by their tips while attaching to the Al particles forming microscopic patterns in

the nanotube forest. Accordingly, the CNTs are no longer individual strands for field emission;

instead they are individual bundles.
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Figure 6.1 The schematic procedure for the fabrication of metal decorated CNTs
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Figure 6.2 (a), (b) & (c) SEM image of CNTs grown on Si with Al decoration in different
magnification. Figure 6.2(d) &(e) SEM image of the CNTs grown on Inconel with Al decoration on
them in different magnification.
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Choi. et al. [20] also observed similar morphology by H, plasma treatment. The
surface morphology of vertically aligned MWCNTs changed from flat surface to sharp conical
stacks of CNTs due to the post plasma treatment. They claimed that there was improvement in

the field emission properties of the CNTs due to the formation of such stacks.

(ii) Inconel

Figure 6.2 (d) & (e) corresponds to the SEM images of Al decorated CNTs grown on
Inconel. SEM images clearly show that the CNTs on Inconel are also no longer a uniform film
after the metal deposition, however the surface texture of the forests are not the same as for the
other CNTs grown on the other substrate material. The nanotubes in this case formed bundles
which has in turn is expected to reduce the screening effect. Although the mechanisms
responsible for the differing surface textures after evaporating the metals on the different films
are not clear, a number of different reasons associated with the wetting behavior of the CNT
forests with the molten metal (and/or with the condensing metal from the vapor phase) might

explain our observations.
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6.6.2 Dii Figure 6.3 (a) Histogram of distance distribution between the CNT bundles
Figure 6.3 (b) Histogram of vertical distance (height) of the CNT bundles
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Figure 6.3 (a) and (b) show the distribution histogram of the number of CNTs with their
height and the number of CNT bundles with the inter-bundle distance respectively. From the
histogram, it is very clear that most of the CNT bundles are of around 2 pm in their height with
inter bundle distances varying mostly between 3 and 5 pm. It was found that the inter bundle
distance varies mostly between 3 um and 5 pm. Some of the bundles are even separated by 6
um. The height of majority of the bundles is around 2 um. It is to be noted that bundled CNTs
have the advantage of realizing the ideal ratio of inter tube distance to the height for achieving
maximum field emission by reducing charge screening effects in adjacent CNTs in the forest
[46]. According to Suh et al. [47] the field emission would be optimum when the tube height is
similar to the inter-tube distance, while the results of Ren et al. [48] suggest 3-fold inter-tube
distance in reference to CNT height to achieve maximum emitter efficiency. In our case, since
most of the CNT bundles are separated by almost 3 times the height of the bundle and the
bundle are emitting as a whole, the screening effect is reduced considerably and the emitter

efficiency has increased substantially.

6.6.3 TEM and HRTEM characterization

Figure 6.4 (a) shows the transmission electron microscope images (TEM) and high
resolution transmission electron microscope images (HRTEM) of CNTs grown on Si substrate
with Al decoration on them. The low magnification image resembles a similar morphology as
seen in SEM. The TEM observation of the CNTs revealed the formation of MWCNTs
consisting of 4-6 graphite layers. It is clear that individual CNTs form bundles with adjacent

nanotubes and share a metal tip.
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The high magnification image at the point of joint in a bundle confirms the presence of
metal particles and several CNTs are found to be tangled together. The high magnification
image also reveals the nanoparticles embedded in the amorphous carbon layer are in reasonably

close contact with the nanotubes, while the other side of the particles is unraveled.

Figure 6.4 (a) TEM and HRTEM micrograph of the CNTs grown on Si substrate
with Al decoration on them. It shows how the CNTs are joined together at the tip
and the high magnification confirms the presence of metal particle.

The increase in wall diameter due to bundle formation is further verified with Raman
measurements. The Al deposition on Inconel shows very similar morphology as shown in
Figure 6.4 (b). Selected area diffraction (SAD) of the particle confirms these particles to be FCC
plane (111) of Al. The large area SAD shows the presence of Al planes.  The high

magnification image shows an increase in diameter with a narrow distribution because of CNTs
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joining together to form a bundle. The size of the metal nanoparticles was found to be 5-10 nm

in diameter.

Figure 6.4 (b) TEM and HRTEM micrograph of the CNTs grown on

Inconel

6.6.4 Raman spectroscopy

Raman spectra of the pristine CVD grown CNTs with and without metal deposition are
shown in Figure 3a. Raman spectroscopy is the inelastic scattering of light usually associated
with absorption or emission of phonons and is rich in information about the structure and
chemical bonding of CNTs. Defects and sp’ hybridized carbon atom give rise to D- band (1340
cm’™') and height of this band is inversely related to the quality of the nanotube (i.e. presence of
disorder in the graphitic material). ~ The G- band (~1580 cm™) is associated with the sp’
hybridized carbon atom in the nanotube wall and is a good measure of the graphitization of the

sample. The G’ or 2D peak (around 2600 cm™) arises due to two phonon second order
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scattering process and indicates long range order in a sample. The ratio of the intensities of the

defect or the disorder induced D-band to the symmetry allowed graphitic band or the G-band

I4/1, characterizes the defect density or degree of disorder in sp” hybridized carbon material [49].

The ratio I,¢/I; can be used for identifying the number of walls in the given MWCNT [50]. It is

also to be noted that increase in the number of layer leads to a significant decrease in the peak

intensity of the 2D peak and this peak becomes hardly distinguishable if the number of layer

exceeds 5 [51].

Intensity (a.u.)

Figure 6.5 (a) Raman spectra showing 3 distinct peaks [dis-order peak D,
graphitic peak G and 2D peak for Si without metal decoration, with Al
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decoration and Cu decoration.

The intensity ratios I4/I; and I»4/I, are given in Table 6.1. From the results, it is clear that

the intensity ratio I4/I, of CNTs grown on Si substrate without any metal decoration and with Al
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decoration was 0.78 and these values are very close to the values reported by Athipalli ef al.
[52]. For the CNTS grown on Si substrate with Cu decoration on them this ratio became 0.51.
The lower the value of this ratio, lesser is the defect, which in turn means lesser amorphous
carbon, and greater is the degree of graphitic crystallinity. Also, the 2D peak for Al decorated
CNTs grown on Inconel was hardly distinguishable and hence the ratio I,4/I, became zero. As
predicted by the work of Ferrari [51], the number of walls must have exceeded five and hence
this peak became hardly distinguishable. This was also consistent with TEM, where it is clear
that the CNTs join together thereby increasing the number of walls. From the above
predictions, it is clear that the CNTs grown on Si with Cu decoration on them have higher
graphitic crystallinity with lesser defect. The occurrence of sharp 2D peak on this sample
indicates a good long range order in those samples.

Table 6.1: Values of I4/I; and I,4/I, ratio for different types of CNTs

Type of CNTs L4/1, L/l

Si Grown 0.78 0.71

Inconel Grown 0.65 0.41

Si grown with Al decoration 0.78 0.80
Inconel grown with Al decoration 0.67 0.00
Si grown with Cu decoration 0.51 0.58
Inconel grown with Cu decoration 0.66 0.77
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6.6.5 X-ray diffraction study

In order to characterize the phase deposited on the CNT forest, the samples are analyzed
by X-ray diffraction. Figure 6.5b shows the representative image of the Al deposition and Cu
deposition on Si. In the diffraction pattern we observe reflections at 26=38° and 44° which can
be assigned to the (111) and (200) planes of FCC phase of Al. The reflection at 20=43°
corresponds to the FCC plane (111) of Cu. These diffraction patterns confirm the presence of
metallic particles of Al and Cu and absence of their crystalline oxides. The broadened
reflections from the metals clearly reveals the small crystallite size of the metallic particles (~5

nm) supporting observations done with TEM.

C Al decorated

Intensity (a.u.)

20 degree (°)

Figure 6.5 (b) XRD pattern on Si with Al decoration and XRD pattern on Si with Cu
decoration. Al, Cu and C peak clearly prove that there is no oxide formation
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6.6.6 Field emission characteristics

6.6.6.1 Turn on and threshold voltage

The field emission characteristics of the CNTs grown on Si with and without any metal
decorations are shown in Figure 6.6. The turn on field E,,, which is the field required to obtain a
current density of 1 pA/cm® and the threshold field Ey, which is the field required to obtain a
current density of 100 pA/cm® (in our case) are summarized in Table 6.2. The data clearly
reveals that Si grown CNTs with Al decoration on them gave the lowest E, and Eg, 0.13 V/pm
and 0.14 V/um respectively. One of the explanation for our low E, and Ey, for Si grown CNTs
with Al decoration on them is due to the lower work function of Al as predicted by Lee ef al.
[53]. Similar field emission characteristics were observed for CNTs grown on Inconel with and
without any metal decorations on them. (Figure 4b) The J-E plot was repeatedly measured and

it showed good reproducibility. No current saturation was observed over Eq,.
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without any metal decorations. Inset in the JE plot shows emission stability
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It is well known that during field emission, the electrons have to cross two barriers [54].
Barrier 1 is the barrier between the substrate and the CNT and the barrier 2 is the barrier
between the CNT and the vacuum. Since the Inconel and Al coated Si substrates on which
CNTs are directly grown have good electrical conductivity, barrier 1 is expected to be reduced
substantially enhancing the overall field emission properties of our structures. The measured
low contact resistance values for the CNT-substrate interfaces are in agreement with our

assumptions as seen in Figure 6.8 (a &b).

Barrier 2 on the other hand has also improved. According to Tanaka et al. [55] the
presence of amorphous carbon can increase the work function and the Ey, to a larger extent.
One of the explanations for the low Ey values for metal decorated CNTs can be due to the
reduced amount of amorphous carbon [45]. Although the mechanism that would reduce the
amorphous carbon content obtained after Cu decoration is not clear, a plausible explanation
might be a partial dissolution of carbon by Cu at the process temperatures applied in the course
of evaporation. Another, probably more important effect that helps electron emission is the
promoted electron passage from the nanotubes towards the vacuum through the metal
nanoparticles, which may reasonably explain why we observe significant reduction of Ey, for
both metals. The metal nanoparticles form highly conductive electrical paths for the electrons
through the amorphous carbon layer (Figure 6.2 (a)) covering the nanotubes thus ensuring

emission centers with clean surface towards the vacuum.
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Figure 6.6 (¢) Time trace of current density at the fixed field of 0.15 V/um for Si grown
CNTs and 0.25 V/um for Inconel grown CNTs, both decorated with Al nanoparticles.

Table 6.2: Values of E(, and E, for different type of substrates with and without

metal decoration.

Type of CNTs E¢ Ew
Si Grown 0.78 2.6

Inconel Grown 1.2 2
Si grown with Al decoration 0.13 0.14
Inconel grown with Al decoration 0.14 0.18
Si grown with Cu decoration 0.19 0.22
Inconel grown with Cu decoration 0.53 0.58
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6.6.6.3 Edge effect

Furthermore, according to Fuji ef al. [56], the electric field of the bundle is significantly
higher at the edge than at the center when compared to the electric field of the flat film which is
constant all over the emitter surface. In our samples, due to the metal decoration, the emitter
surface is no longer a flat film; instead they are transformed into individual bundles since some
of the Al particles went in between the CNTs, thereby increasing the number of edges. The
CNTs at the periphery of the bundle formed due to metal decoration acted as a major emission

sites. Thus, the excellent field emission property of our emitters can also be attributed to the

edge effect.
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Figure 6.7 (a &b) F-N plot for the Al decorated CNTs grown on Si and Inconel
showing two different regimes of emission

In addition to the improved field emission [-V characteristics, better emission
uniformity is observed from the emission pattern of Al decorated CNTs grown on both Si and
Inconel, as shown in the inset of the Figure 6.6 (a &b). This is because of the increase in the
number of available emitters and reduced screening effect. Figure 6.6 (c¢) shows the time trace of

current density at the fixed field of 0.15 V/um for Si grown CNTs and 0.25 V/um for Inconel
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grown CNTs, both decorated with Al nanoparticles. It was found that there was stable emission

for more than an hour due to metal decoration on the CNTs.

6.6.6.4 Deviation of Fowler-Nordheim plot

The Fowler-Nordheim ( F-N ) plot (Figure 6.7), which is between In (I/'V )y and 1V
deviated from the linear behavior in this case. Though F-N model was originally developed for
flat metallic surfaces, it has been extensively used for nanomaterials. As obtained by Choi et al.
[20], in this work too, the F-N curve did not follow entirely the conventional F-N model during
initial field emission range. As predicted by Zettl et al. [57], the nanotube tips may have
localized states which are weekly coupled to the back of the tube. Also the F-N model assumes

a single emitter, which is totally independent of its surroundings. But while using the model for

nanotubes, we ignore the effect of multiple emitting tips of the nanotubes.
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Figure 6.8 (a & b) Nyquist plots of EIS spectra collected from electrochemical lithium half cell
of raw MWCNTs grown without any metal decoration and with Al decoration on CNTs grown
on two different substrates, (a) Si and (b) Inconel
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Figure 6.9 (a & b) (a) and (b) are the SEM images taken after field emission experiment on the
CNTs grown on Si and Inconel respectively with Al decoration on them.
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6.6.7 Contact resistance measurement

Electric impedance spectroscopy measurements performed for CNTs grown on both Si
and Inconel substrates before and after the metal decoration suggests the structures are
sufficiently conductive for emitter applications. It can be seen from the Nyquist plots that the
contact resistance between the CNT and Si was ~331 Q/cm” before the metal decoration and it
got reduced to 194 Q/cm” after the metal decoration. Similarly the contact resistance between
the CNT and Inconel before and after the metal decoration was 93 Q/cm” and 50 Q/cm’
respectively. The semicircles in the impedance spectra indicate the presence of a capacitive

component and that is most likely caused by the nanotube films of large specific surface area.

6.6.8 After field emission

SEM images in Figure 6.9 (a & b) clearly shows that the metal decoration has not altered
the morphology of the CNTs even after the field emission experiment. This proves the fact that
the particles are strongly attached to the CNTs, which in turn increases the adhesion of the

CNTs resulting in the enhancement in the field emission properties of the CNT.

6.7 Conclusions

In conclusion, vertically aligned CNTs grown on Al coated Si and Inconel substrates
were decorated with Al and Cu particles using a simple and scalable process. The synthesized
hybrid structures showed enhanced field emission properties with ultra low turn on and
threshold voltages of 0.13 V/um and 0.14 V/um respectively measured for the Al decorated

CNTs grown on Al coated Si. Contact resistance also got reduced substantially in the metal
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decorated structures which resulted in stable emission for a longer duration without any current
degradation. The excellent field emission properties of the metal decorated CNTs can be
attributed to the edge effect, reduced screening effect, lower contact resistance, which may pave

the road for future devices that require substantially lower bias than the currently existing ones.
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CHAPTER VII

One Step Process for Infiltration of Fe;O,4 into the
CNT Array for Enhanced Field Emission

7.1 Introduction

As described in the previous chapters, carbon nanotubes (CNTs) due to their unique
mechanical, electrical, thermal and optical properties [1-4] has emerged as one of the promising
candidate for many nano-scale electronic devices [5-9]. Recently in order to improve /impart
new optical, electric, electro chemical and magnetic properties of CNTs modification of the
CNTs including both encapsulation of CNTs with metal particles inside [10-13] and attaching
nanoparticles on the outer surface of the CNTs are reported [14-16]. Additionally, due to high
specific surface area and the unique one-dimensional structure and of CNTs, various inorganic
nanoparticles such as metals, metal oxides and semiconducting nanoparticles were attached on
to the CNT’s surface in order to improve the overall characteristics [17-20]. Many efforts have
been devoted to decorate CNTs with diverse organic compound by the covalent attachment,

polymer wrapping and surfactant treatment by non-covalent attachment [21].

7.2 Techniques used to decorate the CNTs with metals

Decoration of the CNTs with different metals such as Al and Cu , as explained in
chapter 7, has certainly improved the field emission properties of the CNTs. Also, modification

of the surface of the CNTs using metal alloys, metal oxides and polymers, can improve the
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overall characteristics of CNTs. Numerous ways have been developed to fabricate CNT-based
nanocomposites, including electron beam evaporation [22], chemical vapor deposition [23,24],
hydrothermal process [25] , the sol-gel technique [26] and the conventional impregnation
method[27]. In the above mentioned methods, we can find the introduction of transition metals,
their oxide and sulphide particles, and inorganic materials like noble metals into the CNT based
composite material. Among them, magnetic CNT composites made up of iron/iron oxide
nanoparticle were suggested to be of great importance because of their potential uses in
magnetic data storage, xerography, biosensors, microwave absorbing materials and in magnetic
force microscopy as nanoprobes [28-32]. Some tedious and complicated technique such as wet
chemistry method and high temperature treatment were used to decorate the CNTs with iron
oxide nanoparticle [33,34]. But, CNT metal composite synthesis methods reported so far has
some disadvantages associated with the synthesis methods, such as (1) use of complex synthesis
technique/instrumentation, (2) destruction of CNT structure by strong acids which in turn
deteriorate the performance of the CNTs, and (3) a non-uniform distribution of particles on the
CNTs. But to our best knowledge, only very few literatures are there for field emission

application of these type of CNT-iron oxide composite.

In this chapter we want to explain an easy, cost effective and scalable method to prepare
magnetic CNTs. Since we used a magnet for the infiltration of iron nanoparticle into the CNT
array, it doesn’t require any complicated set-up or technique, making this more cost effective.
Furthermore, field emission results prove that these composites can be used as excellent emitter
source in X-ray and other vacuum microwave application as there was tremendous reduction in

turn on and the threshold voltage when compared to earlier reports [35]. It is very clear that
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this easily scalable and cost effective method of infiltrating Fe;O4 nanoparticles doesn’t require
any complicated/sophisticated set-up. Another major advantage of this method is that the
physical structure of the 3D CNT forest remains unaltered. Furthermore, results of the field
emission experiment proves that the tilting or inverting the CNT forest do not disturb the Fe;O3

nanoparticles after infiltration.

7.3 Experiment

7.3.1 Simple technique used to decorate CNTs with Fe;0O,

We grew vertically aligned MWCNTs on Si and Inconel substrate in water assisted CVD
system. CNTs grown on Si were around 1cm in height and those grown on Inconel were around
800 pun in height. Mono dispersed iron oxide (Fe;O4) nanoparticles were synthesized using the
method described by Narayanan et al [36]. The particles were then dried. 2mg of these
particles was spread across the surface of the CNTs using a spatula. Utmost care was taken for
the uniform spreading of the nanoparticles on the CNT surface. The CNTs grown on both the
substrates with the Fe;O4 particles was kept in a petri dish. Then a magnet with the magnetic
field of 0.1T was brought beneath the petty dish and slowly moved across till most of the
nanoparticles got infiltrated inside the CNT array . Through the control of the movement of the
magnet below the CNT forest, the iron nanoparticles were uniformly distributed over the CNT
surface and infiltrated into the centimeter long CNT forest. During this process, since the CNTs

grown on Si
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Figure 7.1 Schematic procedure for the infiltration of Fe;0, particles inside the CNT forest
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were around 1cm, we could clearly observe the movement of the Fe;O4 towards the magnet (i.e)
into the CNT forest. On the other hand, since the CNTs grown on Inconel was only around 800
un in height, we could not exactly observe the process of infiltration through them with naked
eye.

The surface morphologies were characterized using scanning electron microscope (FEI
Quanta 400 ESEM FEG), HRTEM (JEOL 2100 F TEM) and Raman spectroscopy (Kaiser
Fiber-Optic RAMAN). The in-situ confocal microscopy of the process has been performed
using Nikon Eclipse TE2000-U microscope equipped with the Eclipse C1 confocal system in
order to understand the method of infiltration of nanoparticles into the CNT forest. For this, the
iron oxide nanoparticles were mixed with colored dye in water and the process of infiltration is

repeated.

7.3.2 Field Emission Measurement

After the infiltration of metal nano particles; the sample was transferred to a vacuum
chamber with vacuum better than 10 Torr, for field emission measurement. ITO coated with
green phosphorous was used as anode and the area of the sample was 1cm x Icm. The distance
between the cathode and the anode was adjusted using micrometer screw gauge arrangement

and a suitable DC voltage was supplied using Keithley 2410 high voltage power supply.
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7.3.3 Contact Resistance Measurement

The EIS measurements were performed using a two electrode setup with the CNT on the
substrate as the working electrode, Lithium metal as the counter/reference electrode. In this, 1M
LiPF6 in 1:1 v/v mixture of ethylene carbonate (EC) dimethyl carbonate (DMC) was used as the
electrolyte and glass micro-fiber filter membrane was used as the separator. The EIS
measurements were conducted over 70kHz to 10mHz by applying a constant dc bias with

sinusoidal signal of 10 mV.

7.4 Results and Discussion
7.4.1 SEM Morphology after Infiltration

(i) Before Infiltration

Figure 7.1 shows the schematic procedure for the process of infiltration of Fe;O4 nano particles
inside the CNT forest. Figure 7.2 (a & b) shows the SEM image of the CNTs grown on Si
before the iron oxide (Fe;O4) infiltration in two different magnifications. From the morphology

observed, it is very clear that the grown CNTs are vertically aligned.
(ii) Tilted View (to show both top and side of the CNTSs)

In order to show both the top as well as the side of the 3D CNT forest, a 45°tilted image is
shown in Figure 7.2 (b). From this SEM image, we can clearly see the way in which the iron

oxide nanoparticles are distributed uniformly across the top of the CNT array.

(iii) Cross Sectional View (To show the interior of the CNT forest after

infiltration)
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As explained in the experimental section, some of the iron oxide nanoparticles got infiltrated
into the CNT array with the help of a magnet. In order to find out the exact path in which the
nanoparticles are getting infiltrated into the CNT forest, we sliced a portion of the CNT forest to

have the cross sectional view of the array.

Side Surface

Iron oxide

Iron oxide i '
lpm - Top'Surface 20pm

Figure 7.2 (a) SEM image of the CNTs grown on Si before the iron oxide (Fe;4;) infiltration. (b) SEM
image of top and side surface of the CNT forest at different magnification after the infiltration of (Fe;0,)
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The images at three different magnifications show the distribution of submicron size
particle across the top surface. The higher magnification images of the subsurface shows
infiltration of iron oxide of different size into the CNT array up to a certain depth. The

combination of the SEM images in different magnification in tilted angle shows both
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Side Surface

Iron oxide

Figure 7.2 (¢) SEM image of the sectional CNT (after being sliced to find out the amount
of infiltration) at different magnification. The infiltration of Fe;O0particle through the
CNT forest (into the array) is clearly observed. Also there is agglomeration of the particles
as the amount of infiltration increases by the effect of the magnet.
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the top and side view of the CNT forest infiltrated with iron oxide. It is very clear from the
Figure 7.2 (c) that the size of the nanoparticle increases as the amount of nanoparticle into the
CNT forest is increased. This is mainly because of the agglomeration of the infiltrated particle.
Thus the particles collect to form a bigger particle (shown by white arrow in Figure 7.2 (c)).
Figure 7.2(d) shows the TEM observation of the MWCNTs in two different
magnifications with iron particle trapped between them. The CNTs are found to have 4-6
graphitic layers. Higher magnification images shows that the particles are around 10-15 nm in

size. The SAD of the particles confirm that these particles are in the FCC plane of Fe;0,.

Figure 7.2 (d) TEM image showing the Fe;04 between the CNTs
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The quality of CNTs are further characterized using Raman spectroscopy (Figure 7.3) which

clearly reveals the G and D band along with G’ and D’ bands.
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Figure 7.3 Raman spectra showing 3 distinct peaks [dis-order peak D, graphitic peak G
and 2D peak for Si and Inconel after Fe;0y infiltration

7.4.3 Field emission characteristics

Figure 7.4 (a & (b) shows the field emission characteristics of the CNTs grown on Si and
Inconel both with and without iron nanoparticle infiltration. After the iron oxide infiltration, the
turn on field for the sample grown on Si and Inconel was 0.18 V/um and 0.2 V/um respectively
and the threshold field for the samples grown on Si and Inconel was 0.24 V/um and 0.3 V/pm
respectively. This value is very low when compared to the results we obtained in our earlier
experiment without the iron infiltration (E was 0.8 V/um for Si and 1.2 V/pm for Inconel and

En was 2.6 V/um and 2 V/um for Si and Inconel respectively). This can be explained as
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follows: First, the technique of infiltration of Fe nanoparticle, results in considerable reduction
in the screening effect between the adjacent CNTs.  Although the sharp tips and high aspect
ratio are of great advantage for the CNTs to be used as good emitters, the screening effect from
the neighboring CNTs compensates these advantages. So in order to use them in field emission

devices, it is very important to reduce the screening.
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Figure 7.4 (a) & (b) J-E curve taken before and after Fe;Q0;, infiltration on Si and Inconel
substrate respectively.
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7.4.4 Effect of screening effect

In our experiment, the infiltrated Fe nanoparticle has certainly reduced the screening
effect between the adjacent CNTs without any lithography based patterning because of the
trapped iron nanoparticle inside the CNT forest. This is in accordance with the results obtained
by Pandey et. al.[37]. They have suggested that the presence of SrTiO; in between the CNTs
reduced the screening effect due to the high dielectric constant of SrTiO;. Our CNT forest is
now partially filled with Fe;O4 nanoparticle, which has a high dielectric constant (k=14 .2) as

compared to those without any nanoparticle and filled with air (k=1).

7.4.5 Reduction of barrier 1 and 2

Secondly, as explained in the earlier chapters, it is well known that the electrons have to
cross two barriers during the field emission; barrier 1 between the substrate and the CNT and
barrier 2 between the CNT into the vacuum. The iron oxide nanoparticle (Fe;O4) has reduced

these barriers because of its good electrical conductivity.

7.4.6 After Field Emission

Even after the field emission experiment, the iron nanoparticles were found to be inside
the CNT forest, which was verified, by the SEM and the TEM images taken after the field
emission experiment (Figure 7.5). This proves the fact that once the particles are infiltrated into
the CNT forest, they are not disturbed by any physical changes (like tilting or inverting the CNT
forest) even though there is no chemical process involved for the infiltration of these

nanoparticle into the CNT forest.
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L0 T R —

rice u

Figure 7.5 SEM image of the CNTs with Fe;0, particles inside after the field emission

It is observed that the field emission properties of the CNTs with the iron nanoparticle
qualitatively follow the conventional Fowler—Nordhein (F-N) theory. According to the F-N

equation, the emission current density is J is given by

K|

BinT

= AlgEYexp {5
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where J is the field emission current density of the cathodes, A and B are constants, E is the
electric field applied between the cathode and the anode, $ is the field enhancement factor, and
ifr is the work function of the CNTs with iron oxide. The enhancement factor can be calculated
from the slope of the F-N curve using the relation,

K]
_ Bzd
~ slope

Where B =6.83 x 107 eV-3/2 Vem™ and d is the distance between the cathode and the anode.
According to the above equation, it is clear that the current density depends on the work

function and the field enhancement factor.

7.4.7 Enhancement factor increase by one order

Generally, we take the work function of CNTs as that of graphite (5¢V). Since in our
case the emission is from CNT/Fe;0s, as predicted by Zheng et. al. [38] , the work function is
taken as 10.5 eV. Though the work function of CNT/Fe;04 is higher than that of CNTs,
substituting these values in the second equation for beta, gives us very high enhancement factor
[35,39.40] which are listed in Table 7.1. From the table it is very clear that with iron oxide
infiltration the enhancement factor for CNTs grown on Inconel substrate increases by one order
and those on the Si grown CNTs increases by two order of magnitude. This can be attributed to
the good electrical conductivity of Fe;O4 and reduction in the contact resistance between the

CNTs and the substrate.

138



Chapter VII One step process for Infiltration of Fe;0, into the CNT Array for Enhanced Field Emission

—
= |
= ol =] (=]
40 - = = -

£ = = e
= s e © s
3 - - EE DE
il 20 l DE = EEEEEEE

% = Without Metal

:;00 (=) %O

s
0{ -With meta.l i i
40 80 120 160 200
Z' (ohm)

Figure 7.6 Nyquist plot of EIS spectra collected from the electrochemical lithium half cell
of MWCNTs grown on Si before and after Fe;0y infiltration.

7.4.8 Contact resistance measurement

Figure 7.6 shows the EIS plot of the contact resistance between the CNT and the substrate
before and after the infiltration of Fe;O4 and the values are given in Table 7.2. Similar to the
work of Chen et.al. [41] and Lim et. al. [42] the introduction of metal particles to decorate the
CNTs increases the number of vacancies in the d orbital and reduce the contact resistance of
each CNT. Now it is important to understand the method of penetration of these nanoparticles

into the CNT forest.

139



Chapter VII One step process for Infiltration of Fe;0, into the CNT Array for Enhanced Field Emission

Table 7.1
Material E (V/nn) E (V/pn) Enhancement factor ()
Si 0.8 2.6 4041
Inconel 1.2 2 1.5x 10*
Si/ Fe;0, 0.18 0.24 3x 10°
Inconel/ Fe;0, 0.2 0.3 1x10°
Table 7.2
Material Contact resistance (Ohms/cmz) After infiltration
Before infiltration (Ohms/cm?)
Si 258.85 147
Inconel 89.2 52

7.4.9 Confocal Microscopy

Figure 7.7 shows the confocal microscopy study at different time. We caped the iron
oxide with florescent dye and observe in confocal microscope. The thin CNT bundle was kept
near the iron oxide colloidal while the magnet is kept behind the forest. After five min we
observed a splitting of CNT forest and the particles are getting inside the CNT array . Red color

particles with dye were observed in CNT forest.
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Figure 7.7 Confocal microscopy study at different times
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A schematic of the process are shown along with the experimental observation. The
highly dense forest getting filled with nanoparticles without destruction in the shape of the CNT
forest can be explained with help of mechanical properties of CNTs. The force required to bend
the CNT of extreme high elastic modulus decreases with an increase of height. As in our case
the height of CNT forest are about 1cm, the stress required to bend such CNTs is less. In our
case, the CNTs bend and make the particle enter into the array due to high elastic modulus and

they recover back to original shape so that the particles are trapped inside the forest.

7.5 Conclusion

This work demonstrated that Fe;O4 nanoparticles can be infiltrated into the CNT forest
using a magnet without destructing the physical structure of the 3D CNT forest. Drastic
reduction of screening effect due to Fe;O4nanoparticles resulted in ultra low turn on (0.1 V/p)
and threshold voltage (0.2 V/u) of these nanostructures. There was two orders of magnitude
increase in the enhancement factor making them a potential candidate for many micro electronic
device applications. With certain refined parameters, we can focus on better emission current

density from these nanostructures.
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Carbon nanotube (CNT) based cold cathodes are considered to be the most promising material for
fabrication of next generation high-performance flat panel displays and vacuum microelectronic
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1. Introduction

Carbon nanotubes (CNTs) have attracted significant attention
since their discovery by lijima in 1991 [1]. CNTs, because of its
unique physical and chemical properties, have been considered as a
potential material for various applications, such as electronic
devices [2], flat panel displays [3], scanning probes [4], etc. Flat
panel displays fabricated using CNTs as electron emitters have been
recognized as one of the most promising display technologies for the
future [5]. Fowler-Nordheim tunneling was published in 1928 [6,7].
Many materials and device structures have been developed to
realize efficient field emitters [8] since then. Due to the high aspect
ratio, low work function, high mechanical strength and high thermal
conductivity, CNTs are considered to be a wonderful electron
emitting sources in field emission displays. However, some critical
issues such as screening effect, adhesion of CNTs with the substrate,
reliability, high contact resistance and stability have to be addressed
while using CNTs as electron emitters in field emission applications.
The adhesion of CNTs with the substrate has to be increased and
contact resistance between the CNTs and the substrate has to be
lowered for improved device performance.

To synthesize CNTs more effectively, several techniques such as
the arc discharge method, laser ablation, chemical vapor deposi-
tion (CVD) and plasma enhanced chemical vapor deposition
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(PECVD) have been developed so far [9,10]. In the CVD technique
when using a Si substrate, the formation of metal-silicides as a
result of the preheating, will poison the synthesis process. Buffer
layers using Al, Ti or SiO, have been previously used in order to
prevent the formation of metal-silicides [11]. It has been reported
that the supporting layer can tune the shapes and curvatures of the
catalyst particles [12]. Kyung et al., in their work, used Cr, W, and Ti
as buffer layer during CNT growth and obtained a maximum
current density of 0.78 mA/cm? at 7 V/wm [13]. Chuang et al,, in
their work reported that the carbon atoms for CNT growth were
supplied from Ni catalyst particles at an early stage and from Ti
interlayer at a later stage in the growth process [14]. Huang et al.
obtained well-aligned CNT growth with the use of Ti buffer layer
[15]. 1 mA/cm? current density was obtained at the field of 3.5 V/
pm by Sato et al. [16]. In all these works, the current density
obtained was not that good though there was improvement of
adhesion of CNT with the substrate.

In this paper, we report the efforts made to increase the CNT tip
density and improve the adhesion of CNTs with the substrate so as
to make the CNT based cold cathodes suitable for high power
microwave vacuum devices application, which require high
current densities. To address the adhesion issue, substrate heating
because of high contact resistance and shielding effect, we
deposited titanium buffer layer on silicon substrate since it has
been very recently reported that the field emission properties of
electrophoretic deposition (EPD), carbon nanotubes (CNTs) film
have been improved by depositing CNTs onto the titanium (Ti)-
coated Si substrate [17]. The CNTs were grown using CVD
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technique [18]. Scanning Electron Microscopy (SEM) was
employed to study the effect of titanium buffer layer towards
the adhesion. The adhesion between CNTs and substrate was
greatly improved because of the strong binding between titanium
and the substrate. We presume that this will prevent the CNTs
from pulling off from the substrate by the strong electro-static
force at high electric field. We were able to achieve emission
current density of 30 mA/cm? at a field of 4 V/pm. This suggests
great promise for achieving higher current densities at practical
electric fields.

2. Experimental procedure

N-type silicon (1 0 0) wafers with a low resistivity of 4-6 {lcm
were used as substrates. A 10 um x 10 pm square openings with
10 wm interspace was formed on the silicon wafers by photoli-
thography process. After the formation of an array, 30-nm-thick Ti
was deposited by sputtering as a buffer layer and a thin layer of
iron (Fe) was deposited subsequently as a catalyst. Photoresist was
removed by a lift-off process. Then, the sample was loaded into the
thermal-CVD furnace to grow carbon nanotubes. H, NH5 and C;H,
were used as carrier and source gases. Growth temperature was
kept around 850 °C and typical growth time was 10 min. SEM
characterization was done using model JEOL JSM 840.

In the field-emission measurements, silicon substrate with
CNTs was used as cathode and stainless steel plate as anode. The
entire sample assembly was kept inside a vacuum chamber
evacuated to vacuum better than 1 x 1076 Torr. The cathode and
anode were kept 600 wm apart, using micrometer screw gauge
arrangement and a suitable DC voltage was applied across the
cathode and anode using a high voltage power supply.

3. Results and discussion

Fig. 1(a) and (b) are the SEM images of the CNTs grown without
and with the Ti buffer layer (30 nm in thickness) under the Fe
catalyst layer respectively. From the morphology observed, it can
be seen that individual CNT bundles grew almost vertically via a
self-supporting mechanism, due to the extremely high density of
the CNTs. The buffer layer has affected the CNT growth density. It
can be seen that the density of CNTs grown with Ti buffer is less
when compared with the CNTs grown without Ti buffer. Probably,
when grown without Ti buffer, number of catalyst particle sites
available for CNT growth will be more when compared with the
sample grown with Ti buffer. This is because small portion of Fe
particles will be reacting with Ti for improving the adhesion and so
the number of Fe particles available for the growth of CNTs will be
comparatively reduced resulting in the reduction of CNT tube
density. SEM image shown in Fig. 1(a) clearly shows that the
adhesion of CNTs with the substrate is not good when grown
without the Ti buffer. On the other hand, the use of titanium buffer
has improved the adhesion as seen in Fig. 1(b).

From the J-E curve (Fig. 2), we observe that there is an increase
in the current density in the sample with the titanium buffer layer.
Field-emission measurement data of the CNT array shows that the
sample grown with the Ti buffer layer gave a better field emission
result. The field emission current density increased from 10 mA/
cm? to 30 mA/cm? at an electric field of 4 V/wm. This observed
increase in the emission current density in case of the sample with
Ti buffer layer could be attributed to much less dense growth of
CNTs of smaller diameter. Both these factors are expected to
improve the geometrical field enhancement factor by way of
increased aspect ratio and reduced shielding effect of one emitter
(CNT) over other. The increased geometrical field enhancement
factor ultimately results in lowering of the threshold field and
improved field emission current. This increase in current density
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Fig. 1. (a) SEM images of CNTs grown without Ti buffer. (b) SEM images of CNTs
grown with Ti buffer.

and field emission stability can also be attributed to the increase in
the number of available emitters due to their strong adhesion with
the substrate to support high field in addition to their difference in
enhancement factor due to the change in the morphology of the
CNT growth. The mechanism of Ti buffer layer in improving the
adhesion can be explained as under:

For the sample without a thin Ti buffer layer, part of carbon
nanotubes could be pulled off from the substrate due to poor
adhesion during field emission experiment. This shows a mechani-
cal destruction during the electrical breakdown. The paper of Okai
etal. [19] suggests that a strong static electric force may be the main
reason of the electrical breakdown in field-emission measurements.
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Fig. 2. J-E curves of CNTs with and without Ti buffer layer.
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As the electric field between the anode and the cathode is increased,
the dipole resulting from the concentration of electrons in the tips of
carbon nanotubes will enhance the static electric force and pull the
carbon nanotubes off from the substrate leading to an abrupt drop of
emission current. This phenomenon is attributed to a poor adhesion
between carbon nanotubes and the substrate. With a thin Ti buffer
layer, there is no obvious electrical breakdown as the electric field is
increased. This may be due to the better adhesion between catalytic
nanoparticles and carbon nanotubes which could have resulted from
the thin Ti buffer layer.

This could have been due to the following reasons; (i) the roots
of carbon nanotubes bond strongly with the Ti layer underneath;
(ii) the adhesion of the carbon nanotubes to the substrate is
dramatically promoted because titanium has an excellent adhe-
sion property to silicon and (iii) the titanium carbide could have
formed which not only can reduce the effective work function, but
also can protect the emitters from the attack of ionized molecules
and thereby improving the field emission stability. Since in our lab
it is not possible to perform scotch tape test to check adhesion,
indirect way of exposure to higher field is adopted.

A rapid increase in the current is observed when the electric
field is higher than 3 V/pwm. When plotted in a Fowler-Nordheim
representation (Fig. 3), two different regimes of emission are
observed. The cathodes can reach currents of a few mA before
showing degradation. When degradation of the cathode does
occur, the field emission properties are not completely lost, but
rather the voltage required to achieve a given current is merely
increased. This suggests that either the emitting sites are not
completely destroyed or they are replaced by other nanotubes in
the film. The requirement for initial break-in of new cathodes and
the hysteresis often observed in field emission data suggest a CNT
reorganization within the film when an electric field is applied,
giving the film a configuration more favorable for field emission.
This reorganization is also interpreted as a cause of the robust
behavior or strong adhesion of the cathodes.

In our earlier experiment [20], when the field was just raised
above 5V/um, a fluctuation in vacuum reading was observed
possibly due to substrate heating. It could happen if some sort of
change in state had occurred either due to local evaporation [21],
burning or melting of the CNTs or silicon [22] or both. The debris of
CNTs was found all over the substrate. The destructive phenome-
non in our earlier experiment can also be due to Joule heating.
Bonard et al. [23] have reported that at high emission current
density, a high contact resistance caused by the bad interface
between the CNTs and the substrate will result in Joule heating and
lead to local evaporation of CNTs. The sample with the titanium
buffer layer might have reduced the contact resistance between
CNTs and the substrate. This may in turn suppress the Joule
heating. During FE measurements at high electric fields, vacuum
remained moreover stable suggesting reduced substrate heating
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Fig. 3. F-N curve of CNTs grown with Ti buffer layer.

304 Current Density Vs Time

25

Current Density
(mA/cm?2)
>

——With Ti buffer
——Without Ti buffer

2000 3000 4000
Time (sec)

0 1000
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due to reduction in contact resistance. The emission current
stability has also been examined and a typical time trace of the
emission current density at a fixed field of 4 V/pwm is shown in
Fig. 4. It was found that there was stable emission for more than
50 min due to Ti buffer layer.

Efforts are being made to optimize the thickness of Ti buffer
layer to get an emission current density of about 1A/cm? at
practical field. It was also observed that initially the emission
current was a bit unstable which gets stabilized by conditioning
the sample. The stability of the emission current was also found to
depend upon the vacuum conditions during the measurement.

4. Conclusion

Using titanium buffer layer during CNT growth, the density of
carbon nanotubes can be efficiently modified to promote the
electrical characteristics of field emission. The field emission
current density increased from 10 mA/cm? to 30 mA/cm? at
electric field of 4 V/ium with the help of the buffer layer. Also
better adhesion of CNTs with the substrate was achieved which in
turn suppressed the mechanical destruction and prevented the
emitters from the electrical breakdown. So, stable emission of
electron was realized for a longer duration without vacuum
degradation. With some refinement in the growth parameters, we
can certainly increase the current density of the emitter to a
considerable extent.
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ABSTRACT: One of the most promising materials for fabricating cold cathodes for next generation high-performance flat panel
devices is carbon nanotubes (CNTs). For this purpose, CNTs grown on metallic substrates are used to minimize contact
resistance. In this report, we compare properties and field emission performance of CNTs grown via water assisted chemical
vapor deposition using Inconel vs silicon (Si) substrates. Carbon nanotube forests grown on Inconel substrates are superior to
the ones grown on silicon; low turn-on fields (~1.5 V/um), high current operation (~100 mA/cm?) and very high local field
amplification factors (up to ~7300) were demonstrated, and these parameters are most beneficial for use in vacuum

microelectronic applications.

KEYWORDS: carbon nanotube, water assisted CVD, adhesion, field emission, ohmic contact

B INTRODUCTION

Since the reports made by Heer et al.' and Rinzer et al,,” on the
field emission from films and individual multiwalled carbon
nanotubes (MWCNTs), respectively, various experimental
studies on the field emission of MWCNTS grown using various
techniques on different substrates have been pursued.’™'®
Reliability and reproducibility are the biggest aspects needing
improvement when using CNTs in field emission devices;
electrical breakdown and current degradation are the two major
limiting factors of the reliability of CNT based field emitters.
The electrical breakdown is a sudden discharge caused by an
avalanche of charged particles above a certain threshold field.
The process is associated by the evaporation of electrode
materials and/or surface adsorbed impurities as a consequence
of electron bombardment of the anode, resistive heating of the
sharp cathode or simple desorption of surface impurities so that

v ACS Pub“cations © 2014 American Chemical Society
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a low pressure vapor forms in the proximity of the electrodes.'®
Above the threshold field, the vapor undergoes ionization and
sparking, similar to that in ordinary low pressure gases, takes
place.'” On the other hand, the emission current degradation is
a slow process that occurs below the threshold field. Heating by
the emission current and subsequent evaporation of the
electrode materials results in a gradual loss, structural collapse
and deterioration of the cathode. Apart from thermal and
electrical stability of the electrode materials, high quality robust
electrical contacts that are interfacing the emitter back side are
also vital for multiple reasons. First, the contact must be
uniform along the entire interface to allow optimal, uniform

Received: November 8, 2013
Accepted: January 3, 2014
Published: January 13, 2014

dx.doi.org/10.1021/am405026y | ACS Appl. Mater. Interfaces 2014, 6, 1986—1991



ACS Applied Materials & Interfaces

Research Article

Raman Inens g (1.

W e
Raman gam e

Raman intensity (a.u.)

1000 2000
Raman shift (cm'1 )

& =]

6004 N o

a o

A o
A
3004 oo nnu"
CNTs on Si
04
300 600 900
zZ'(Q)

Figure 1. SEM images of CNT films grown on (a) Si and (b) Inconel substrates showing that the CNTs on Si are longer when compared with those
on Inconel. (c) Raman spectra of films synthesized on the two substrates (the inset shows the shifted peak position of the G band) and (d) Nyquist
plots of the films (on the substrates) measured by electrical impedance spectroscopy using electrochemical lithium half-cell of MWCNTSs grown on

silicon and Inconel as anodes.

current densities throughout the joint area. This is especially
important for carbon nanotube forests, to ensure each
nanotube is in direct electrical contact with the substrate with
similar contact resistance all around at the interface eliminating
the formation of hot spots. Second, good ohmic contacts at the
CNT—substrate interface introduce only minor series resis-
tances in the emitter circuit thus resulting in higher emission
currents (when voltage regulated) or lower interfacial losses
(when current regulated). Third, mechanical strength, or good
adhesion, between the nanotube/catalyst and the substrate
interface is also an important criterion to minimize problems
related to delamination of the emitter material from the back
side contact.'$™>!

The above list of requirements suggests two kinds of
technical approaches that may offer feasible and reasonably
simple solutions to meet the stringent thermal, mechanical and
electrical boundary conditions. One solution is a solder transfer
of CNT films to electrically conductive surfaces, which has been
proven to be a robust and versatile method to obtain joints with
excellent structural, thermal and electrical integrity.”>~>’ The
other, more feasible approach is the direct growth of CNTs on
conductive surfaces. As demonstrated previously, growing
CNTs on metal substrates or on alloys containing one of the
common catalyst metals can result in CNT films of high
footprint density, which is electrically advantageous.”* ™ For
instance, Talapatra et al.*' estimated an average total contact
resistance of aligned CNTs on Inconel to be about 500 £,
whereas measurements carried out on similar structures by
Halonen et al.** showed the contact resistance is as low as ~10
Q (for a pattern footprint area of ~0.4 cm?®). Although
relatively low turn-on fields are observed for such devices, the
maximum emission current densities reported were typically
not higher than 10 mA/ em?®3*7% For CNTs to be used in field
emission devices, it is not only essential to develop techniques
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to grow CNTs on conducting substrates but also to get good
current density besides reducing the turn on and threshold
voltages.

In this paper, we report the growth of CNTs on Inconel and
Si substrates in water assisted CVD and compare their field
emission behavior. CNTs grown on Inconel exhibited excellent
field emission properties: the maximum current densities from
the produced emitters were around 100 mA/cm® Although
CNTs on Si substrates also yielded high initial current densities
(>100 mA/cm?), early arcing and rapid failure of the devices
indicate their limited use in high current density applications.
The results presented here may be adopted for CNT based
cold cathodes suitable for high power microwave vacuum
devices and also for long-lifetime low-power applications.

B EXPERIMENTAL SECTION

Vertically aligned MWCNT's were synthesized using a water assisted
CVD process on Si and Inconel 718 substrates coated previously with
10 nm Al buffer and 1.5 nm Fe catalyst layers using e-beam
evaporation (as shown in Figure 1, inset). For CNT growth, the
substrate is inserted into a quartz tube inside a furnace and initially
purged with argon, then heated up to 775 °C under Ar/H, (15% H,/
balance argon). Once the growth temperature, Ar/H, is bubbled
through water and the carbon source, ethylene, is flown into the
reactor. The CNTs are grown for 30 min and, finally, the furnace is
cooled under Ar.

Scanning electron microscopy (SEM, FEI Quanta 400 ESEM FEG)
and transmission electron microscopy (JEOL 2100 F TEM) were used
for sample characterization. Raman spectroscopy was performed using
a Renishaw inVia Raman Microscope (laser wavelength of S14 nm).
For the field-emission measurements, the silicon (Si) and Inconel
substrates with CN'Ts were used as the cathode and ITO coated glass
plate as the anode. The cathode and anode mounting stands are
machine ground to ensure that they are perfectly parallel. The whole
sample assembly was kept inside a vacuum chamber evacuated to at
least 2 X 107 Torr, and the distance between the cathode and the

dx.doi.org/10.1021/am405026y | ACS Appl. Mater. Interfaces 2014, 6, 1986—1991
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Figure 2. Transmission electron micrographs of CNTs grown (a), (b) on Si and (c), (d) on Inconel substrates. Panels (e) and (f) display the

nanotube diameter and wall number distribution plots, respectively.

anode was maintained at 200 #m through a spring loaded micrometer
gauge. The CNT sample is mounted on the cathode stand and I-V
measurements are done using a Keithley 2410 instrument.

Electrical impedance spectroscopy (EIS) measurements were
performed using a two electrode setup with the CNTs on the
substrate as the working electrode and lithium metal as the counter/
reference electrode. In this, 1 M LiPF¢ in 1:1 v/v mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) is used as the
electrolyte and a glass microfiber filter membrane as the separator. The
EIS measurements were conducted over 70 kHz to 10 mHz by
applying a 10 mV dc bias.

B RESULTS AND DISCUSSION

Figure la,b displays SEM images of the CNTs grown on Si and
Inconel, respectively. The CNTs are vertically aligned via a self-
supporting mechanism; according to scanning and transmission
electron microscopy analyses, the CNTs grown on Inconel are
more tangled and have smaller diameters compared to those
grown on Si (Figure 2). Because the same amount of iron is
deposited on both substrates, the catalyst interaction with the

1988

surface is the only plausible explanation for the differences. One
main reason is the different surface roughness of the two
substrates. The smooth polished single crystal of Si, in contrast
with the rolled foil of the polycrystalline metal alloy of Inconel,
ensures that the nanotubes grow parallel with each other. On
the other hand, the different chemical qualities and thus surface
energy of the two substrates influence the wetting properties of
the catalyst metals which affect the catalyst island morphology,
size and surface density when heating the samples to the
growth temperature resulting in differences in the nanotube
diameter distributions for the two substrates. Furthermore, the
Inconel substrate itself can also act as an additional catalyst
resulting in thinner and denser CNTs. It can be seen that the
CNTs on Si are longer when compared with those grown on
Inconel most likely due to the partial tangling of the nanotubes
and more efficient diffusion of the Al/Fe catalyst into the
polycrystalline metal than the single crystal Si surface.

The Raman spectra collected from both samples are plotted
together after being normalized to the G band intensity

dx.doi.org/10.1021/am405026y | ACS Appl. Mater. Interfaces 2014, 6, 1986—1991
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maximum. Raman analysis in Figure lc shows the typically
observed 3 main distinct bands, the D band (disorder) around
1350 cm™!, the G band (graphitic peak) around 1580 cm™ and
the G’ band (long-range order) around 2700 cm™ for the
CNTs on both types of substrates. There is a minor shift in the
D band and G band positions for the CNTs grown on the two
substrates due to their different diameter distribution and the
number of walls (Figure 2e,f). The D peak arises due to the
formation of sp* and dangling sp> bonds on the CNT side walls
as well as from the deposition of amorphous carbon; the G
peak arises from graphitic sp* carbon in the nanotubes; the G’
peak is the indicator of long-range order present within the
CNTs. For these CNTs, we obtained the intensity ratio Ip/I
of 0.78 and 0.91 for Inconel and Si, respectively, and the values
are very close to the values reported earlier for CNTs
synthesized on Inconel.”’

Electric impedance spectroscopy measurements performed
for CNTs grown on both Si and Inconel substrates suggest the
structures are sufficiently conductive for emitter applications
(Figure 1d). It can be seen from the Nyquist plots that the
contact resistance between the CNT and Si is ~320 Q/cm?
whereas for the CNT-Inconel contact it is ~90 Q/cm” The
semicircles in the impedance spectra indicate the presence of a
capacitive component most likely caused by the nanotube films
of large specific surface area.

From the TEM analysis (Figure 2a—d), it is clear that the
number of walls and also the average diameter of CNTs grown
on Si are higher than those synthesized on Inconel. TEM
analysis also reveals the presence of more amorphous carbon
on the surface of the CNTs in the case of Si as compared to
those grown on Inconel substrates.

Initially, the CNTs grown on both substrates demonstrated
excellent field emission properties. From the J—E curves
displayed in Figure 3, we observe that the initial current density
of the CNT array grown on Si is higher than that for the
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Figure 3. Plots of emission current density as a function of applied
electric field in repeated experiments for CNTs grown on (a) Si and
(b) Inconel.
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corresponding sample obtained on Inconel (131 mA/cm® vs 99
mA/cm?). Initially, the turn-on field (which is the field required
to give a current density of 10 yA/cm?) for the sample grown
on Si (2.2 V/um) is less than that for the nanotubes grown on
Inconel (3.4 V/um). However, the turn-on field for the latter
samples decreased considerably from 3.4 to ~1.5 V/um after
arcing. The threshold field, ie., the field required to reach a
current density of 10 mA/cm?, also shows a similar tendency.
For the CNT films grown on Si, it gradually increases;
meanwhile a significant decrease of the corresponding thresh-
old value is observed for the samples synthesized on the metal
alloy substrate (from ~5.0 to 2.8 V/um). The increase in the
turn on and threshold fields as well as the early device failure
for the films grown on Si might be because of the structural
damage of the emitters®® as also indicated by the voids and
fused CNTs visible in SEM images (Figure 4).

Figure 4. SEM images of the samples after field emission. CNT films
(a) on Si, top view, (b) on Inconel, top view, (c) on Si side view and
(d) on Inconel, top view. Microscopic voids in the used films on Si
show the structural instability in contrast with the continuous surface
of the films grown on Inconel.

The causes of CNT degradation on the Si substrate can be
associated with a number of different mechanisms: (1) Poor
adhesion of CNTs to the substrate and consequent peeling, (2)
high and/or inhomogeneous contact resistance between the
CNTs and the substrate resulting in large local current densities
and excessive joule heating and (3) at high electric fields,
resistive heating and related stress due to thermal expansion
coefficient mismatch at the CNT—substrate junction causing
mechanical failure. According to Okai et al,'® the strong
repulsive electrostatic forces may also be a reason for the
electrical breakdown during field emission. As reported in our
earlier work,>>*° when the electric field between the anode and
the cathode is increased, the dipole resulting from the
concentration of electrons in the tips of carbon nanotubes
will enhance the static electric force and pull the carbon
nanotubes off from the substrate, leading to an abrupt drop of
emission current. As noticed by Wang et al,** the electrostatic
force created by the flow of emission current acting in the tip of
nanotube can induce a split or even burning of the emitters. On
the other hand, there was no obvious electrical breakdown in
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the case of the sample grown on Inconel while the emission
threshold fields were improving with use. The superior field
emission properties and reliability of the nanotube films grown
on Inconel as compared to those on Si are inevitable and can be
explained by the good electrical and thermal interface between
the nanotubes and the metallic substrate. The excellent
electrical contact ensures uniform current distribution in the
entire cross-section of the emitter, thus eliminating the
formation of hot spots and also avoiding the evolution of
excess Joule heat in local microscopic volumes at the
nanotube—substrate interface as well as at the tips of the
nanotubes. The improved overall field emission performance of
the Inconel-supported films may be due to localized cleaning
caused by mild arcing at the tips of the nanotubes. In addition,
a uniform fusing of the CNT—catalyst—Inconel interface
caused by the current might have also taken place by which
the electrical and mechanical properties of the interfacial
contact are improved.

Another important aspect is the field enhancement factor (/)
that describes how much the emitter tips amplify the
macroscopic electric field around the sharp and highly curved
apexes. As predicted by Mc. Clain et al,*' as the diameter of the
CNTs decreases (in our case, the CNTs grown on Inconel),
the emission field decreases with a corresponding increase in
field amplification. The total emission current depends on the
field enhancement factor and, accordingly, on the diameter of
the CNTs, the smaller the diameter the higher the emission
current. From the slope of the linearized Fowler—Nordheim
plot (i.e, by plotting In(J/U?) versus 1/U (Figure S), where J is
the current density and U is the voltage drop on the emitter,
can be determined. The slope is m = (Bd¢*?)/f3, where B is a
constant with the value of 6.83 X 10° V eV~ m™}, ¢ is the
work function of the emitter material (~S eV for CNTs) and d
is the distance between the cathode and the anode (200 ym in
our case).
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Figure S. Fowler—Nordheim curves of the samples grown on (a) Si
and (b) Inconel substrate (from the data in Figure 3). The
corresponding field enhancement factors are determined from the
linear fitting slopes in the high field regime.

1990

The enhancement factors for both types of emitter structures
are very similar having values of ~2500. In the case of the Si-
supported CNT films, this value remained unchanged as long as
the emitters were functional. Interestingly, for the nanotube
films synthesized on Inconel, this initial field amplification value
is abruptly increased to ~7300 when repeating the measure-
ment on the same device and then it kept the increased value in
the subsequent tests. Such a substantial increase in the field
amplification is a consequence of surface cleaning by the mild
arcing in the course of the first emission experiment but also
sharpening of the nanotube tips might have taken place as
suggested by Talapatra and co-workers.>" Although the initial
values for f§ are rather close to the ones reported for nanotube
films in the literature (i.e, typically between S00 and
3000),"%*"*** the improved enhancement factors are
considerably higher than those.

B CONCLUSIONS

In conclusion, vertically aligned CNTs on Inconel substrates
grown via water assisted chemical vapor deposition have shown
excellent field emission properties clearly outperforming similar
films synthesized on Si substrates. The field emitter devices
synthesized on the metallic substrate have low turn-on fields
(~1.5 V/um), enable high current operation (~100 mA/cm?)
and show very high local field amplification with factors up to
~7300. These properties, along with their increased reliability,
make the demonstrated structures as a potential candidate for
future flat panel displays based on CNT-electron emitters.
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ABSTRACT A simple and scalable method of decorating 3D-carbon nanotube (CNT)
forest with metal particles has been developed. The results observed in aluminum (Al)
decorated CNTs and copper (Cu) decorated CNTs on silicon (Si) and Inconel are compared
with undecorated samples. A significant improvement in the field emission characteristics
of the cold cathode was observed with ultralow turn on voltage (Ey, ~ 0.1 V/um) due to
decoration of CNTs with metal nanoparticles. Contact resistance between the CNTs and the
substrate has also been reduced to a large extent, allowing us to get stable emission for
longer duration without any current degradation, thereby providing a possibility of their

use in vacuum microelectronic devices.

KEYWORDS: field emission - metal decoration - screening effect - work function - edge effect
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mechanical strength and high thermal

conductivity, CNTs are considered to
be an ideal electron emitting sources in field
emission displays.'™® Aligned and well-
separated CNT cathode morphology is
important for many potential applications
where a high electric-field is needed, such
as in field emission devices. The growth in
these cases is usually achieved by chemical
vapor deposition (CVD). However, the highly
dense growth of CNTs by thermal CVD meth-
od may compromise the field emission prop-
erties, due to a field-screening effect caused
by the proximity of neighboring tubes. Also
some critical issues such as adhesion of CNTs
with the substrate, reliability, and stability
have to be addressed while using CNTs as
electron emitters in field emission applica-
tions. To improve the field emission perfor-
mance from CNT emitters, different methods
such as doping of CNTs with nitrogen,®'°
surface coatings with low work function
materials such as LaBg or Ha for low turn

B ecause of the high aspect ratio, high
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on field"""? and decorations with ZnO and

Ru'>™"> have been investigated. Previous
studies have also shown that tuning the
structure of the CNTs such as the radius,'®
geometry,'”'® structural change by oxygen
plasma treatment'® and improving their
density?® could improve the field emission
property. Also by decorating the CNT walls
with organic functional groups®'~2* or by
inorganic semiconductor?* 3" the field emis-
sion properties of CNTs could be enhanced.
Chi et al? reported a threshold field of
0.9 V/ um at 1 mA/cm?, which correlated to
a turn on voltage of 0.6 V/um at 10 uA/cm?
by growing CNTs on a mesh electrode. Also,
Zuo et al*® demonstrated low turn on field of
0.63 V/um at 10 uA/cm? by decorating the
surface of the CNT with titanium nanoparti-
cles. Pandey et al** arrived at a threshold
field of 0.8 V/um in strontium titanate coated
CNTs. On the other hand, Liu et al."® deco-
rated CNTs with Ru nanoparticle and the turn
on field reduced from 2.5 to 1.3 V/um after Ru
decoration. In the recent report of Zannin

CRTANTTY
VOL.XXX = NO.Xx = 000-000 = xxxx ACSNANI)

* Address correspondence to
ajayan@rice.edu.

Received for review February 15, 2014
and accepted July 15, 2014.

Published online
10.1021/nn500921s

© XXXX American Chemical Society

WWWw.acsnano.org



etal.>> hybrid diamond-like carbon and CNT composite

structures showed threshold field of 2 V/um. Thus, to
the best of our knowledge, such low turn on field
of 0.1 V/um achieved in this work has not been
reported so far.

Electrophoretic deposition (EPD) technique is a
common method used for decorating the CNTs with
the desired metal particle to improve the field emission
properties of the cold cathode.

Fan et al.>® used CNT/Ni composite and Chen et al.>”
fabricated CNT/Cu composite to enhance the field
emission properties of the CNTs. But during the fabri-
cation, the CNTs in the composites would be easily
covered by the deposited nanoparticles in the
chemical process resulting in the decrease of
effective field emitters in the CNT cathode. Another
important issue of CNTs getting bundled together is
also common in this process. Once they are bundled,
without the use of aggressive treatment like ultrasoni-
cation or chemical functionalization, it is extremely
difficult to achieve a stable dispersion or homoge-
neous mixture. These measures are known to damage
the walls of the CNTs and degrade their electrical
properties to a larger extent. Moreover, this process
cannot alter the distance between the CNTs. Although
it is important to lower the turn on and threshold
voltage for better field emission results, reducing the
screening effect is crucial for CNTs to be used in field
emission application. It is well-known that if the sep-
aration between the tubes, d, is much less than the
tube height, h, in an array, the electrostatic shielding
between the CNTs can drastically affect the field emis-
sion performance of the cold cathode. Numerical
simulations show that if the distance between the
CNTs is equal to or more than twice the height of the
CNTs, then the screening effect can be considerably
reduced which in turn could improve the field emission
property of the cathode.3®*° Electrostatic shielding
becomes a significant hurdle for future device applica-
tions because of the exponential dependence of the
emission current on the electric field in accordance
with the Fowler-Nordheim theory. Work has also been
done on thermally evaporated nanoparticles on nano-
tubes.”’ = The results in these work indicate that
the morphology of the metal particle or the film on
the CNTs is dependent on the intrinsic properties of the
metal themselves than on the process parameters. On
the other hand, the work of Muratore et al.** reported
the effect of particle growth temperature and time on
the decorated metal nanoparticles' density and mor-
phology. However, the sputtered metal nanoparticles
were attached to the surface of the CNTs without
penetrating in between the CNTs to change the inter
tubular spacing of those.

The current paper proposes a simple and scalable
procedure for decorating the vertically aligned CNTs
forest with metal nanoparticles for improved field
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emission properties. This process enabled the CNTs
to bundle toward a metal particle forming a pattern
due to which the CNT bundles are separated by almost
3 times the height of the bundle reducing the screen-
ing effect considerably. Further, by the deposition of
metal nanoparticles on the surface of the nanotubes,
emitting centers are obtained that ensure highly con-
ductive paths for the electrons from the nanotubes
toward the vacuum helping bypass the amorphous
carbon impurities, known as one of the major hurdles
in CNT based emitters.

RESULTS AND DISCUSSION

Figure 1a shows the scanning electron microscope
(SEM) images of the multiwalled carbon nanotubes
(MWCNTs) grown on Si with Al decoration on them.
Before the metal decoration, the CNTs were vertically
aligned via self-supporting mechanism as described
in our previous work,** due to extremely high density
of CNTs. Interestingly, after metal evaporation, the
morphology of the CNTs changed completely. Groups
of CNTs became linked together by their tips while
attaching to the Al particles forming microscopic pat-
terns in the nanotube forest. Accordingly, the CNTs are
no longer individual strands for field emission; instead
they are individual bundles. Choi et al.?° also observed
similar morphology by H, plasma treatment. The sur-
face morphology of vertically aligned MWCNTSs chan-
ged from flat surface to sharp conical stacks of CNTs
due to the post plasma treatment. They claimed that
there was improvement in the field emission proper-
ties of the CNTs due to the formation of such stacks.

Figure S1a,b (Supporting Information) shows the
distribution histogram of the number of CNTs with
their height and the number of CNT bundles with
the interbundle distance, respectively. From the histo-
gram, itis very clear that most of the CNT bundles are of
around 2 um in their height with inter bundle distances
varying mostly between 3 and 5 um. It is to be noted
that bundled CNTs have the advantage of realizing the
ideal ratio of inter tube distance to the height for
achieving maximum field emission by reducing charge
screening effects in adjacent CNTs in the forest.*®
According to Suh et al.*’ the field emission would be
optimum when the tube height is similar to the inter-
tube distance, while the results of Ren et al.*® suggest
3-fold intertube distance in reference to CNT height to
achieve maximum emitter efficiency. In our case, since
most of the CNT bundles are separated by almost 3
times the height of the bundle and the bundle are
emitting as a whole, the screening effect is reduced
considerably and the emitter efficiency has increased
substantially. Figure 1b corresponds to the SEM images
of Al decorated CNTs grown on Inconel. SEM images
clearly show that the CNTs on Inconel are also no longer
a uniform film after the metal deposition, however the
surface texture of the forests are not the same as for the
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Figure 1. (a) SEM image of CNTs grown on Si with Al decoration in different magnification. SEM image shows the way in which
the CNTs got attached to Al particle forming a beautiful pattern. (b) SEM image of the CNTs grown on Inconel with Al
decoration on them in different magnification. (c) The schematic procedure for the fabrication of metal decorated CNTs.

other CNTs grown on the other substrate material. The
nanotubes in this case formed bundles which reduced
the screening effect. A schematic of the morphology of
CNTs grown on Si and Inconel substrate is shown in
Figure 1c. Although the mechanisms responsible for the
differing surface textures after evaporating the metals
on the different films are not clear, a number of different
reasons associated with the wetting behavior of the CNT
forests with the molten metal (and/or with the conden-
sing metal from the vapor phase) might explain our
observations. Figure 2a shows the transmission elec-
tron microscope images (TEM) and high resolution
transmission electron microscope images (HRTEM) of
Al decorated CNTs grown on Si substrate. The low
magnification image resembles a similar morphology

SRIDHAR ET AL.

as seen in SEM. The TEM observation of the CNTs
revealed the formation of MWCNTSs consisting of 4—6
graphite layers. It is clear that individual CNTs form
bundles with adjacent nanotubes and share a metal
tip. Selected area diffraction (SAD) of the particle con-
firms these particles to be FCC plane (111) of Al. The high
magnification image at the point of joint in a bundle
confirms the presence of metal particles and several
CNTs tangled together. The high magnification image
also reveals the nanoparticles embedded in the amor-
phous carbon layer are in reasonably close contact with
the nanotubes, while the other side of the particles is
unraveled. The increase in wall diameter due to bundle
formation is further verified with Raman measurements.
The Al deposition on Inconel shows very similar
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Figure 2. (a) TEM and HRTEM micrograph of the CNTs grown on Si substrate with Al decoration on them. It shows how the
CNTs are joined together at the tip, and the high magnification confirms the presence of metal particle. (b) TEM and HRTEM

micrograph of the CNTs grown on Inconel.

morphology as shown in Figure 2b. The large area SAD
shows the presence of Al planes. The high magnification
image shows an increase in diameter with a narrow
distribution because of CNTs joining together to form a
bundle. The size of the metal nanoparticles was found to
be 5—10 nm in diameter.

Raman spectra of the pristine CVD grown CNTs with
and without metal deposition are shown in Figure 3a.
Raman spectroscopy is the inelastic scattering of
light usually associated with absorption or emission
of phonons and is rich in information about the
structure and chemical bonding of CNTs. Defects and
sp> hybridized carbon atom give rise to D-band
(1340 cm™") and height of this band is inversely related
to the quality of the nanotube (i.e., presence of disorder
in the graphitic material). The G-band (~1580 cm™") is
associated with the sp? hybridized carbon atom in the
nanotube wall and is a good measure of the graphiti-
zation of the sample. The G' or 2D peak (around
2600 cm™") arises due to two phonon second order
scattering process and indicates long-range order in a
sample. The ratio of the intensities of the defect or the
disorder induced D-band to the symmetry allowed
graphitic band or the G-band Iy/l4 characterizes the
defect density or degree of disorder in sp? hybridized
carbon material.*® The ratio La/lg can be used for
identifying the number of walls in the given MWCNT.>°
It is also to be noted that increase in the number of
layer leads to a significant decrease in the peak in-
tensity of the 2D peak and this peak becomes hardly
distinguishable if the number of layer exceeds 5.°"

The intensity ratios ly/ly and l4/ly are given in
Table.1. From the results, it is clear that the intensity
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ratio Iy/ly of CNTs grown on Si substrate without any
metal decoration and with Al decoration was 0.78 and
these values are very close to the values reported by
Athipalli et al.>®> For the CNTs grown on Si substrate
with Cu decoration on them this ratio became 0.51. The
lower the value of this ratio, lesser the defect, which in
turn means lesser amorphous carbon, and greater the
degree of graphitic crystallinity. Also, the 2D peak for Al
decorated CNTs grown on Inconel was hardly distin-
guishable and hence the ratio I,4/ly became zero. As
predicted by the work of Ferrari®' the number of walls
must have exceeded five and hence this peak became
hardly distinguishable. This was also consistent with
TEM, where it is clear that the CNTs join together
thereby increasing the number of walls. From the
above predictions, it is clear that the CNTs grown on
Si with Cu decoration on them have higher graphitic
crystallinity with lesser defect. The occurrence of sharp
2D peak on this sample indicates a good long-range
order in those samples.

In order to characterize the phase deposited on the
CNT forest, the samples are analyzed by X-ray diffrac-
tion. Figure 3b shows the representative image of the
Al deposition and Cu deposition on Si. In the diffraction
pattern we observe reflections at 26 = 38° and 44°
which can be assigned to the (111) and (200) planes of
FCC phase of Al. The reflection at 26 = 43° corresponds
to the FCC plane (111) of Cu. These diffraction patterns
confirm the presence of metallic particles of Al and Cu
and absence of their crystalline oxides. The broadened
reflections from the metals clearly reveals the small
crystallite size of the metallic particles (~5 nm) sup-
porting observations done with TEM.
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Figure 3. (@) Raman spectra showing 3 distinct peaks
[disorder peak D, graphitic peak G and long-range order
peak G’ for Si without metal decoration, with Al decoration
and Cu decoration]. (b) XRD pattern on Si with Al decoration
and XRD pattern on Si with Cu decoration. Al, Cu and C peak
clearly prove that there is no oxide formation.

TABLE 1. Values of I4/I; and 4/, Ratio for Different Types
of CNTs

type of (NTs 1o/l hdlly
Si substrate 0.78 0.71
Inconel substrate 0.65 0.41
Si substrate/Al decoration 0.78 0.80
Inconel substrate/Al decoration 0.67 0.00
Si substrate/Cu decoration 0.51 0.58
Inconel substrate/Cu decoration 0.66 0.77

The field emission characteristics of the CNTs grown
on Si with and without any metal decorations are
shown in Figure 4a. The turn on field E, which is the
field required to obtain a current density of 1 #A/cm?
and the threshold field £y, which is the field required to
obtain a current density of 100 zA/cm? are summarized
in Table 2. The data clearly reveals that Si grown CNTs
with Al decoration on them gave the lowest E, and Ey,,
0.13 and 0.14 V/um, respectively. One explanation for
our low E, and Ey, for Si grown CNTs with Al decoration
on them is due to the lower work function of Al as
predicted by Lee et al.>® Similar field emission char-
acteristics were observed for CNTs grown on Inconel
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Figure 4. (a) Field emission characteristics of the CNTs
grown on Si with and without any metal decorations. It is
very clear that the turn on field E,, and the threshold field E;,
are significantly reduced after the metal decoration. Inset in
the J—E plot shows emission stability. (b) Field emission
characteristics of the CNTs grown on Inconel showing the
same phenomena. Inset in the J—E plot shows emission
stability. (c) Time trace of current density at the fixed field of
0.15 V/um for Si grown CNTs and 0.25 V/um for Inconel
grown CNTs, both decorated with Al nanoparticles.

with and without any metal decorations on them.
(Figure 4b) The J—E plot was repeatedly measured
and it showed good reproducibility. No current satura-
tion was observed over Ey,.

It is well-known that during field emission, the elec-
trons have to cross two barriers.>* Barrier 1 is the barrier
between the substrate and the CNT and barrier 2 is the
barrier between the CNT and the vacuum. Since the
Inconel and Al coated Si substrates on which CNTs are
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TABLE 2. Values of E,, and E, for Different Type of
Substrates with and without Metal Decoration

type of (NTs Eto (V/um) Een (V/um)
Si substrate 0.78 26
Inconel substrate 12 2
Si substrate/Al decoration 0.13 0.14
Inconel substrate/Al decoration 0.14 0.18
Si substrate/Cu decoration 0.19 0.22
Inconel substrate/Cu decoration 0.53 0.58

directly grown have good electrical conductivity, barrier 1
is expected to be reduced substantially enhancing the
overall field emission properties of our structures. The
measured low contact resistance values for the CNT—
substrate interfaces are in agreement with our assump-
tions as seen in Figure S3 (Supporting Information). Barrier
2 on the other hand has also improved. According to
Tanaka et al>® the presence of amorphous carbon can
increase the work function and the E, to a larger extent.
One of the explanations for the low E;, values for metal
decorated CNTs can be due to the reduced amount of
amorphous carbon.** Although the mechanism that
would reduce the amorphous carbon content ob-
tained after Cu decoration is not clear, a plausible
explanation might be a partial dissolution of carbon
by Cu at the process temperatures applied in the course
of evaporation. Another, probably more important,
effect that helps electron emission is the promoted
electron passage from the nanotubes toward the va-
cuum through the metal nanoparticles, which may
reasonably explain why we observe significant reduc-
tion of Ey, for both metals. The metal nanoparticles form
highly conductive electrical paths for the electrons
through the amorphous carbon layer (Figure 2a) cover-
ing the nanotubes thus ensuring emission centers with
clean surface toward the vacuum.

Furthermore, according to Fuji et al.”>” the electric
field of the bundle is significantly higher at the edge
than at the center when compared to the electric field

1.5¢

METHODS

First the CNTs were grown on Al coated silicon (Si) and Inconel
as described elsewhere.”**” The grown CNTs were kept inside the
CVD chamber with aluminum (Al) sheet of thickness 150 um over
them and the temperature of the system was gradually increased
to 700 °C for 10 min and cooled gradually. Since the melting point
of Alis 660 °C, it got melted and the CNTs were decorated with Al
particles. As the sheet was kept over the array of CNTs, some of the
Al particles penetrate in between the CNTs in the array. This
process of annealing was done in the presence of Argon (Ar) at a
low flow rate. The schematic procedure for the fabrication of
metal decorated CNTs is shown in Figure 1c. The same procedure
was repeated for the deposition of Cu particles using Cu sheet to
obtain Cu decorated CNTs.

The surface morphologies were characterized using scanning
electron microscopy (SEM, FEI Quanta 400 ESEM FEG) and high
resolution transmission electron microscopy (HRTEM JEOL

SRIDHAR ET AL.

of the flat film which is constant all over the emitter
surface. In our samples, due to the metal decoration,
the emitter surface is no longer a flat film; instead they
are transformed into individual bundles since some of
the Al particles went in between the CNTs, thereby
increasing the number of edges. The CNTs at the
periphery of the bundle formed due to metal decora-
tion acted as a major emission sites. Thus, the excellent
field emission property of our emitters can also be
attributed to the edge effect.

In addition to the improved field emission /—V
characteristics, better emission uniformity is observed
from the emission pattern of Al decorated CNTs
grown on both Si and Inconel, as shown in the inset of
Figure 4. This is because of the increase in the number
of available emitters and reduced screening effect.
Figure 4c shows the time trace of current density at
the fixed field of 0.15 V/um for Si grown CNTs and
0.25 V/um for Inconel grown CNTs, both decorated
with Al nanoparticles. It was found that there was
stable emission for more than an hour due to metal
decoration on the CNTs.

CONCLUSIONS

In conclusion, vertically aligned CNTs grown on Al
coated Si and Inconel substrates were decorated with
Al and Cu particles using a simple and scalable process.
The synthesized hybrid structures showed enhanced
field emission properties with ultralow turn on and
threshold voltages of 0.13 and 0.14 V/um respectively
measured for the Al decorated CNTs grown on Al
coated Si. Contact resistance also got reduced sub-
stantially in the metal decorated structures which
resulted in stable emission for a longer duration with-
out any current degradation. The excellent field emis-
sion properties of the metal decorated CNTs can be
attributed to the edge effect, reduced screening effect,
lower contact resistance, which may pave the road for
future devices that require substantially lower bias
than the currently existing ones.

v2100 F TEM). The content of Al and Cu particles is identified
using X-ray diffraction (Rigaku D/Max Ultima Il Powder XRD with a
Cu Ka source) and Raman spectroscopy (Renishaw in via Raman
microscope). The area of the sample used was 1 cm?. After the
deposition with metal particles; the sample was transferred to
a vacuum chamber with vacuum better than 2 x 10~ Torr, for
field emission measurement. The silicon (Si) and Inconel sub-
strates with CNTs were used as the cathode and indium tin oxide
(ITO) coated glass plate as the anode. The cathode and anode
mounting stands were machine ground to ensure that they are
perfectly parallel. The distance between the cathode and the
anode (100 um) was adjusted using micrometer screw gauge
arrangement and a suitable DC voltage (up to 400 V) was
supplied using Keithley 2410 high voltage power supply. The
electron impedance spectroscopy (EIS) measurements were
performed using a two electrode setup with the CNT on the
substrate as the working electrode and lithium metal as the
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counter/reference electrode. In this, 1 M LiPF6 in 1:1 v/v mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC) are
used as the electrolyte and glass microfiber filter membrane as
the separator. The EIS measurements were conducted over
70 kHz to 10 mHz by applying a constant dc bias with sinusoidal
signal of 10 mV.
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Chapter VIII Conclusion and Future Work

CHAPTER VIII

Conclusion and future work

8.1 Summary

We began by developing a deeper understanding of the basic terms involved in Field
Emission and Carbon nanotubes in Chapter 1. In chapter 2, we focused on improving the field
emission properties of CNTs with the help of Ti buffer layer. We deposited titanium buffer
layer on silicon substrate to address the adhesion issue, substrate heating because of high contact
resistance and shielding effect. Some critical issues such as screening effect, adhesion of CNTs
with the substrate, reliability, high contact resistance and stability have to be addressed while
using CNTs as electron emitters in field emission applications. The adhesion of CNTs with the
substrate has to be increased and contact resistance between the CNTs and the substrate has to
be lowered for improved device performance. CNT synthesis in a CVD process involves the
dissociation of hydrocarbon molecules catalyzed by the transition metal, which is then followed
by the dissolution and saturation of carbon atoms in the metal nanoparticles. Finally, the
precipitation of carbon from the saturated metal particle leads to the formation of tubular carbon
solids in a graphite structure. Since most of the CNT growth involves the use of transition metal
catalyst, it is worth emphasizing that the preparation and pre-conditioning of transition metal
catalysts can have a significant role on the growth of carbon nanostructures since it is a catalyst-
assisted process. When using a Si substrate, the formation of metal silicides as a result of the

preheating, will poison the synthesis process. For that reason prior to the catalyst deposition
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different buffer layers are usually deposited on top of the substrates. As field emission electron
sources, for better field emission performance and stable electron emission, CNTs must have
excellent electrical conductivity to the electrode and good adhesion with the substrate. Efforts
were made to increase the CNT tip density and improve the adhesion of CNTs with the substrate
so as to make the CNT based cold cathodes suitable for high power microwave vacuum devices
application, which require high current densities. The adhesion between CNTs and substrate
was greatly improved because of the strong binding between titanium and the substrate. This
prevented the CNTs from pulling off from the substrate by the strong electro-static force at high

electric field. Emission current density of 30 mA/cm” at a field of 4 V/um was achieved.

In chapter 3 and 4, efforts were turned towards the effect of the buffer layer thickness
on the field emission properties of the CNTs and density control of the grown CNTs. Field
emission experiment were performed for the sample with 10nm and 20nm thick Ti buffer layer
and the emission current density of the sample with 20nm thick titanium found to be 200 times
more than those with 10nm thick titanium buffer layer because of better adhesion. It is well
known that the density of CNTs plays a crucial role in determining the field emission properties.
Unfortunately, the density of carbon nanotubes synthesized through CVD technique is much
higher than 10" cm™. So in our work, a barrier layer of Ti is first sputtered on the substrate to
improve the adhesion of CNTs. On top of the barrier layer, a layer of Fe (which catalyses the
growth of CNTs) is sputtered. Over this, sputtering of a thin capping layer of Ti of varying
thickness is carried out in order to suppress the screening effect. By varying the thicknesses of
the capping layer, the density of carbon nanotubes was controlled effectively without serious

damages to their crystallinity.
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In chapter 5, research was done to grow CNTs on Inconel super alloy to enhance the
field emission properties. Apart from thermal and electrical stability of the electrode materials,
high quality robust electrical contacts that are interfacing the emitter back side are also vital for
multiple reasons. Firstly, the contact must be uniform along the entire interface to allow optimal,
uniform current densities throughout the joint area. This is especially important for carbon
nanotube forests, to ensure each nanotube is in direct electrical contact with the substrate with
similar contact resistance all around at the interface eliminating the formation of hot spots.
Secondly, good ohmic contacts at the CNT-substrate interface introduce only minor series
resistances in the emitter circuit thus resulting in higher emission currents or lower interfacial
losses (when current regulated). Thirdly, mechanical strength, or good adhesion, between the
nanotube/catalyst and the substrate interface is also an important criterion in order to minimize
problems related to delamination of the emitter material from the back side contact. For this, we
grew CNTs on Inconel and Si substrates in water assisted CVD and compare their field emission
behavior. CNTs grown on Inconel exhibited excellent field emission properties: The maximum

current densities from the produced emitters were around 100 mA/cm’.

In chapter 6, focus turned towards reducing the turn on and threshold voltages as they
are very important properties for the CNTs to be used in the fabrication of next generation high-
performance flat panel displays and vacuum microelectronic devices. For this a simple and
scalable procedure was developed for decorating the vertically aligned CNTs forest with metal
nanoparticles for improved field emission properties. This process enabled the CNTs to bundle
towards a metal particle forming a pattern due to which the CNT bundles are separated by

almost 3 times the height of the bundle reducing the screening effect considerably. Further, by
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the deposition of metal nanoparticles on the surface of the nanotubes, emitting centers are
obtained that ensure highly conductive paths for the electrons from the nanotubes towards the
vacuum helping to by-pass the amorphous carbon impurities, known as one of the major hurdles
in CNT based emitters. Thus, to the best of our knowledge, such low turn on field of 0.1 V/um

achieved in this work has not been reported so far.

In chapter 7, a very novel, easy, cost effective and scalable method to prepare magnetic
CNTs was developed. Decoration of the CNTs with different metals such as Al and Cu has
certainly improved the field emission properties of the CNTs. The process was tedious and high
temperature treatment were used to decorate the CNTs. We used a magnet for the infiltration of
iron nanoparticle into the CNT array. So it doesn’t require any complicated set-up or technique
making this more cost effective. Furthermore, field emission results prove that these composites
can be used as excellent emitter source in X-ray and other vacuum microwave application as
there was tremendous reduction in the turn on and the threshold voltage when compared to
earlier reports. Although this method produce some encouraging results, it is an easily scalable
and cost effective method of infiltrating Fe;Os nanoparticles doesn’t require any
complicated/sophisticated set-up. Another major advantage of this method is that the physical
structure of the 3D CNT forest remains unaltered. Furthermore, results of the field emission
experiment proves that the tilting or inverting the CNT forest do not disturb the Fe;Os

nanoparticles after infiltration.

149



Chapter VIII Conclusion and Future Work

8.2 Future Work

CNTs have many novel properties that make them potential candidate in many
applications including vacuum micro-electronic devices, field emission displays, energy storage
etc. In order to avail the full potential of these structures, it is imperative that the future

experimental work to be focused on the following issues.

8.2.1 TEM study of cross sectional view of CNT's

From the TEM image, we can find out the mode of growth, particularly in tip growth
mode if the catalyst particles are present on tip of the CNTs. Apart from finding the innermost
wall of the MWCNTs to be filled with catalyst material in some cases, knowing the diameter of
the CNTs and number of walls on the MWCNTs can also be found out from TEM results. Since
the sample preparation involves sonication, chances of the catalyst to peel off from the root or
the tip of the CNTs are more. In order to avoid this, we can use the SEIKO DUAL BEAM FIB,
where we need to anchor the cross sectional portion of the CNTs to the copper grid. This will

facilitate the identification of the exact location of the catalyst particle in the sample.

8.2.2 CNT density calculation

We may need to calculate the CNT density in many of the experiment (For example the
experiment described in Chapter 4 while using Ti capping layer). Generally, CNT density will
be calculated using TEM and SEM data. This may not give us the exact value but more often,

an over estimation. To avoid this, we can calculate the density using the weight of the sample
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post growth, average CNT height, CNT mass per unit length which in turn could be calculated

from the number of walls and the CNT diameter measured using TEM.

8.2.3 Flowery pattern obtained in Al decoration on Si substrate

As explained in Chapter 6, we observed a flowery pattern while decorating the CNTs
grown on Si substrate with Al. This could be due to the wetting nature of Al on different

substances. This needs further thorough investigation to make them use in various applications.

8.2.4 Effect of Inconel super alloy

As described in Chapter 5, we found that while using Inconel substrate, it acted as an
additional catalyst along with Fe. We were able to get higher current density due to the higher
enhancement factor. This in turn could have resulted from minor arcing which led to localized
cleaning and there was stable emission. For future investigation, we can try using Inconel as a

barrier material as it contains high surface energy elements like Cr, Ni and Fe.

8.2.5 Duration of water vapor

During our growth experiments in water assisted CVD system, we turn on the supply of
water vapor for 30 seconds after the introduction of carbon source (Ethylene). It is well known
that the catalyst material start nucleating after the reduction or deoxidization. So we use

hydrogen for the reduction of the catalyst. It would be very useful to study the effect of the
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duration of the water vapor and the result of hydrogen on the catalyst material by simulation and

modeling so as to increase their application in various field.

Although detailed study has been done to enhance the field emission properties of CNTs, the

results presented in this thesis can serve as base for future research.
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