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Abstract

Cost reduction and uniformly distribution of carbon nanotubes are the two main topics in
the field emission display application. Thermal chemical vapor deposition (T-CVD) is
regarded as one of the best candidates of the growth methods due to the merits of simplicity
and cost efficiency in the fabrication and large scalability. Besides, we also find titanium (Ti)
layer can improve the uniformity and strengthen the adherence between the CNTs and
substrate for CNTs’ growth. Therefore, co-deposited multilayer catalyst composed of Co and
Ti on Al (Co-Ti/Al) is used in the T-CVD to grow pillar arrays of CNTs.

It has been reported that the field emission can be effectively enhanced for the aligned
CNTs as the field emitters when the ratio of distance between neighboring nanotubes (R) to
the height of each individual CNT (H) is about 2. Although the pillar arrays of CNTs with
different optimum R/H ratios to get best field emission characteristics were investigated by
the different results have been reported. In this thesis, three different inter-pillar

distances(80um ~ 150um and 250um) are designed to find the optimum R/H ratio of pillar



arrays of CNTs by controlling the flow rate of carbon source and growth time precisely. The
optimum R/H ratio is approaching to 2 when the inter-pillar distance is as larger as
possible.CNT pillars probably behaves like an individual field emitter and has less field
screening effect between pillars. The results show that when R/H ratios are 8, 4.7 and 3.2 for
inter-pillar distance of 80um -~ 150um and 250um , respectively, ultra low turn-on
field(1.78V/um, 1.55V/um and 1.53V/um, respectively) is achieved and fluorescent
uniformity can also be improved.

Two-step method is used to grow CNT pillar array until with 80 um in the height
successfully. CNT pillar array synthesized with two-step method revealed a good field
emission performance of an emission current density of 10mA/cm? at the electric field of 0.64
V/um, and field emission characteristics show a very ultra-low turn-on field of 0.1V/um at an
emission current density 10 pA/cm? .As CNT pillar with one-step skill to two-step technique
exhibit the Ig/lp increases from 1.5 to 1.8 which confirms that the CNTs for the two-step one
have a highly crystalline graphite structure as shown in TEM micrograph SEM show that
thinner diameter about 24 nm is observed on the top of CNTs' pillar. In addition to better
crystallizing, the thinner diameter (i.e. high aspect ratio) also facilitate to the field emission
characteristic.

Plasma post-treatment is one of the best ways to improve the field emission
properties and fluorescent uniformity. In this thesis, we propose O, plus Cl, plasma
post-treatment to the pillar array of CNTs and the experimental results reveal that the
improved emission properties can be achieved by optimizing the density of CNTs and the
defects on the nanotubes under proper plasma treatment conditions. The turn-on field is
reduced from 2.6 V/um to 1.4 V/um and the fluorescent uniformity is also improved when the
plasma post-treatment time is 3 min for the O, 30sccm plus Cl, 10sccm.

Finally, field emission triode is fabricated to reduce the operation voltage and improve

emission uniformity by the beam spreading. The optimum parameters of the field emission
iv



trides are obtained according to the simulations, the gate-to-emitter length is 1 um. The
experimental results show that the driving voltage is as low as 17 V. In the future, this
structure is promising for the applications in a planar backlight because of the large-area

uniformity and simple fabrication process with low cost.
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Chapter 1
Introduction

1.1 Overview of Vacuum Microelectronics
In 1991, carbon nanotubes (CNTSs) were discovered by Sumio lijima who observed

hollow carbon nanotubes by TEM. Since the diameter of nanotubes is on the order of a
few nanometers, and the length can be up to several micrometers, they have very
height-to-diameter ratios. Carbon nanotubes are cylindrical carbon molecules with novel

properties that make them potentially used in nano-electronics and optics etc. Due to the

nanometer-sized , hollow center, and large surface area CNTs are ideal field emission

sources and used in vacuum microelectronics.

1.1.1 History of Vacuum Microelectronics
In 1948, vacuum tubes have been gradually replaced by solid state devices, which

tiny volume, low cost, better reliability, and more power efficient transistors were
invented by John Bardeen, Walter Bratain, and William Shockley [1.1].

But nowadays, there has been a growing interest in vacuum microelectronics. Some
reasons for the increasing interest have to do with the superior theoretical electrical
characteristics of the vacuum microelectronic devices over semiconductor devices. The
so called vacuum microelectronic devices using the professional micro fabrication
technology have been successfully fabricated and gave a new life to vacuum electronics
due to great improvements on semiconductor manufacturing technology for the past
decades.

“Vacuum state” devices have many superior advantages with respect to the present
“solid state” devices, including radiation hardness, temperature insensitivity, and fast drift
velocity. For example, there is negligible radiation effect in vacuum devices due to
medium being damaged as the electrons fly in the vacuum [1.2].

Moreover, there is no medium for electrons fly in the vacuum, so there is no lattice
scattering or bulk carrier generation/recombination. Therefore, the wvacuum

microelectronic devices can suffer to 500 ‘C or above as long as the structures of the

vacuum devices do not destroyed and greatly reduced (nearly eliminated) temperature

1



sensitivity problem which usually comes along with semiconductor devices. Additionally,
the saturation drift velocity is limited to less than 3x10” cm/s in all semiconductor due to
scattering mechanism whereas the saturation drift velocity in vacuum is limited
theoretically to 3x10'° cm/s and practically to about 6-9x10° cm/s [1.3].

Table 1-1 shows the comparison between vacuum microelectronic and
semiconductor devices. Vacuum electronics can be broadly separated into two categories:
Thermionic emission or Field emission. The theory of field emission started in 1928,
when R. H. Fowler and L. W. Nordheim published the first theory of electron field
emission (Fowler- Nordheim theory) from metals using quantum mechanics [1.4]. The
difference concerns the way electrons are emitted from the cathode. Thermionic emission
relies on a heated electron emitter, or cathode. The cathode is heated up enough such that
the electrons receive enough Kinetic energy to leave the surface of the cathode. Field
emission, unlike thermionic emission, is possible with a cold cathode. Field emission is a
form of quantum tunneling in which electrons pass through a barrier in the presence of a
high electric field. 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. According to the Fowler-Nordheim theory, an applied
electric field of approximately 10° V/m is needed for electrons to tunnel through the
sufficiently narrow barrier [1.2]. To reach this high field at reasonable applied voltage, it
is customary to machine the field emitters into protruding objects to take advantage of
field enhancement.

It was not until 1968 when C. A. Spindt camp up with a fabrication method to create
very small dimension metal cones that vacuum microelectronic triodes became possible
[1.2]. Fig.1-1 is a schematic diagram of the triode fabricated by Spindt [1.5]. From the
late 1960s to the year 1990, Ivor Brodie, Henry F. Gray, and C. A. Spindt made many
contributions to this field. Also, most of research was focused on the devices similar to
the Spindt cathode during the past three decades.

In 1991, a group of research of the French company LETI CHEN reported a
microtip display at the fourth International Vacuum Microelectronics Conference [1.6].
Their display was the first announcement of a practical vacuum microelectronic device.

From then on, a great amount of researchers all over the world devoted themselves to this



interesting, challenging, and inventive field. Part of the work focused on fabricating very
small radius silicon tip by utilizing modern VLSI technology [1.7-1.8]. Some of them
increased the emission current by coating different metals, such as W, Mo, Ta, Pt etc.,
even diamond on field emission arrays [1.9-1.10]. Different device schemes also have

been proposed to enhance the emission current density, stability, and reliability.

1.1.2 Theory Background

In quantum mechanical, electron field emission is a tunneling phenomenon of
electrons extracted from the conductive solid surface, such as a metal or a semiconductor,

where the surface electric field is extremely high.

If a sufficient electric field is applied on the emitter surface, electrons will be
emitting through the surface potential barrier into vacuum, even under a very low
temperature. On the other hand, thermionic emission is the hot electron emission under
high temperature and low electric field. Fig. 1-2(a) demonstrates the band diagram of a
metal-vacuum system.

Here W, is the energy difference between an electron at rest outside the metal and an
electron at rest inside, whereas Wk is the energy difference between the Fermi level and
the bottom of the conduction band. The work function ¢ is defined as ¢ = Wy- Ws. If an
external bias is applied, vacuum energy level is reduced and the potential barrier at the

surface becomes thinner as shown in Fig. 1-2(b).
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Then, an electron having energy “W” has a finite probability of tunneling through
the surface barrier. Fowler and Nordheim derive the famous F-N equation (1.1) as follow
[1.2]:

aE? 3
J=—"— 2 / E], 1-1
dg(y)exp—[w v(y)/ E] (1-1)

where J is the current density (A/cm?). E is the applied electric field (V/cm), ¢ is the work
function (in eV), a = 1.56x10°, b = -6.831x107, y = 3.79x10*x10*EY%/¢, t*(y)~1.1 and
v(y) can be approximated as [1.10]

v(y) =cos(0.57y), (1-2)
or

v(y) =0.95-y?. (1-3)

Typically, the field emission current | is measured as a function of the applied
voltage V. Substituting relationships of J = I/a. and E = BV into Eq.(1-1), where « is the
emitting area and B is the local field enhancement factor of the emitting surface, the

following equation can be obtained

| = AafV?
#*(y)

Then taking the log. form of Eq. (1-4) and v(y) ~ 1

¢§
—bv(y) 2. 1-4
exp[-bv(y) ,BV] (1-4)

3
| o _af’  #(y)
log(—) = log[1.54x107° —-—]-2.97x10" (*+—=29), (1-5)
v? A (y) N
from Eq. (1-5), the slope of a Fowler-Nordheim (F-N) plot is given by

3
¢2

S =slope,, =2.97x10’ (?) , (1-6)

The parameter  can be evaluated from the slope S of the measured F-N plot if the work

function ¢ was known



3

B =-2.97x10" (¢s_2) (cm™), (1-7)

The emission area o, can be subsequently extracted from a rearrangement of Eq.(1-5)

3

| -9.89 6.53x107 $2
=) ’

2
v 14x10° 2 exp ( 7 )exp( ) cm”). (1-8)

For example, the electric field at the surface of a spherical emitter of radius r concentric

with a spherical anode (or gate) of radius r+d can be represented analytically by

V r+d

E=—(—
r(d

) 1 (1'9)

Though a realistic electric field in the emitter tip is more complicated than above
equation, we can multiply Eq.(1-9) by a geometric factor g to approximate the real

condition.

E,, =function of (r,d) =g ‘%(?) : (1-10)

where r is the tip radius of emitter tip, d is the emitter-anode(gate) distance and S is a

geometric correction factor [1.11].

For a very sharp conical tip emitter, where d >> r, E;, approaches to g (V/r). And
for r>>d, E;, approaches to g (V/d) which is the solution for a parallel-plate capacitor

and for a diode operation in a small anode-to-cathode spacing.
As the gated FEA with very sharp tip radius, Eq. (1-10) can be approximated as:
Eip= 8 "(VIr), (1-12).
Combining E = BV and Eq. (1-11), we can obtain the relationship:
Eiw=pV=p(VIr),and p'= pr, (1-12)

The tip radius r is usually in the range from a few nm to 50 nm, corresponding to the

parameter A" ranging from 10 to 102



Besides, transconductance g,,of a field emission device is defined as the change in

anode current due to the change in gate voltage [1.1].

ol
_ ’ 1-13
On v, Ive ( )

Transconductance of a FED is a figure of merit that gives as an indication of the
amount of current charge that can be accomplished by a given change in grid voltage.
The transconductance can be increased by using multiple tips or by decreasing the

gate-to-cathode spacing for a given anode-to-cathode spacing.

The following approaches may therefore be taken to reduce the operating voltage of

the field emission devices according to the equations above mentioned:

a. Narrow the cone angle for increasing S

b. Reproducibly sharpen the tips to the atomic level for increasing S

o

Choose the tip material which has the lower work function (¢)

d. Reduce the gate-opening diameter for increasing g .

1.2 Applications of Vacuum Microelectronic Devices

Due to the superior properties of vacuum microelectronic devices, potential
applications include high brightness flat-panel display [1.12-1.16], high efficiency
microwave amplifier and generator [1.17-1.19], ultra-fast computer, intense electron/ion
sources [1.20-1.21], scanning electron microscopy, electron beam lithography,
micro-sensor [1.22-1.23], temperature insensitive electronics, and radiation hardness

analog and digital circuits

1.2.1 Vacuum Microelectronic Devices for Electronic Circuits

Either vacuum or solid-state devices can generate power at frequency in the GHz
range. Solid-state devices, such as impact avalanche transit time (IMPATT) diodes, Si



bipolar transistors, and GaAs FETSs [1.24], are typically used in the lower power (up to 10
W) and frequency (up to 10 GHz) range. Vacuum devices still remain the only technology
available for high power and high frequency applications. These devices include
traditional multi-terminal vacuum tubes, like triodes, pentodes, and beam power tubes,
and distributed-interaction devices, such as traveling wave tubes (TWTs), klystrons,
backward-wave oscillators (BWOSs).

The performance of FEAs in conventionally modulated power tubes, like TWT,
is determined primarily by their emission current and current density capability. On the
other hand, application of FEASs in the microwave tubes in which modulation of the beam
is accomplished via modulation of the emission current at source, such as capacitance and
transconductance. Successful operation of a gated FEA in a 10 GHz TWT amplifier with
conventional modulation of electron beam has been demonstrated by NEC Corporation of
Japan [1.25]. The amplifier employed a modified Spindt-type Mo cathode with circular
emission area of 840 um in diameter. The modified cathode structure incorporated a
resistive poly-Si layer as a current limiting element. The emission current from the
cathode was 58.6 mA. The prototype TWT could operate at 10.5 GHz with the output
power of 27.5 W and the gain of 19.5 dB. The bandwidth of the tube was greater than 3
GHz. The prototype was operated for 250 h.

1.2.2 Field Emission Displays

Among wide range applications of the vacuum microelectronics, the first
commercial product could be the field emission flat-panel display. The field emission
fluorescent display is basically a thin cathode ray tube (CRT), which was first proposed
by SRI International and later demonstrated by LETI [1.6].

Various kinds of flat-panel displays, such as liquid crystal display (LCD),
electroluminescent display (EL), vacuum fluorescent display (VFD), plasma display
panel (PDP), and light emitting display (LED), are developed for the better characteristics
of small volume, light weight, and low power consumption. LCDs have become the most
popular flat panel displays, however, LCDs have some drawbacks, such as poor viewing
angle, temperature sensitivity and low brightness. As a result, some opportunities still

exist and waiting for the solutions from other flat panel displays such as FED.



FED features all the pros of the CRTs in image quality and is flat and small volume.
The schematic comparisons are revealed in Fig. 1-3 [1.24]. The operation of CRTs
involves deflection of the beam in such a way that the electron spot scans the screen
line-by-line. In FEDs, multiple electron beams are generated from the field emission
cathode and no scanning of beams is required. The cathode is a part of the panel substrate
consists of an X-Y electrically addressable matrix of field emission arrays (FEAS). Each
FEA is located at the intersection of a row and a column conductor, with the row
conductor serving as the gate electrode and the column conductor as the emitter base. The
locations where the rows and columns intersect define a pixel. The pixel area and number
of tips are determined by the desired resolution and luminance of the display. Typically,
each pixel contains an FEA of 4-5000 tips. The emission current required for a pixel
varies from 0.1 to 10 pA, depending on the factors such as the luminance of the display,
phosphor efficiency and the anode voltage.

Compared to the active matrix LCDs and PDPs, FEDs are energy efficient and could
provide a flat panel technology that features less power consumption. They can also be
cheaper to make, as they have fewer total components. Moreover, FEDs could generate
three times the brightness with wilder viewing angle at the same power level. Full color
FEDs have been developed by various research groups from different aspects such as
Motorola, PixTech, Futaba, Sony/Candescent, Samsung, and Canon-Toshiba are presently
engaged in commercially exploiting FEDs. the products of above mentioned companies
are shown in Fig. 1-4.

1.2.3 Cathode Structure and Materials for Field Emission Displays

Field emission display is one of the most promising emissive type flat-panel displays,
which can overcome the drawbacks of TFT-LCD, such as poor viewing angle,
temperature sensitivity, low contrast and low brightness. This section introduces some

novel cathode structures and synthesizes these novel emitter materials for FED operations

1.2.3.1 Spindt-type Field Emitters
The “Spindt” cathode was first proposed by C. A. Spindt in 1968 [1.25]. The

scanning electron microscope (SEM) image of a spindt type field emission triode has



been shown in Fig. 1-1 agian. It was first invented by Spindt of SRI and improved for the
electron source of high-speed switching devices or microwave devices [1.2]. In 1970s,
Meyer of LETI applied Spindt-typed emitters for a display and introduce a resistive layer
as the feedback resistance to stabilizing the field emission from Spindt-type emitters
[1.26].

The structure of Spindt-type FED includes a substrate, a cathode electrode of an
electron emission unit formed thereon having a substantially conical shape, and a gate
electrode of a lead-out electrode stacked on a substrate around the cathode electrode
having an insulating layer. In the Spindt type FED a voltage is applied between the
cathode electrode and the gate electrode in a vacuum to thereby produce a high electric
field. As a result, electrons are emitted from a tip end of the cathode electrode through the
electron emission mechanism in an electric field. In addition, the Spindt-type FED has a
conical electron emission portion formed on a cathode electrode. It higher electron
drawing efficiency since the electron emission portion is arranged in the vicinity of the
center of the gate electrode where the electric field is most concentrated, and the
directivity of electron emission is regular.

The merits of the Spindt-type field emitters are summarized as following: (1) High
emission current efficiency, more than 98 % anode current to cathode current can be
achieved for the symmetric structure of Spindt tip and the gate hole, the lateral electric
field to the metal tip can be cancelled out. (2) The fabrication is self-aligned, easy process;
uniform field emission arrays can be fabricated easily. Some research groups have
successfully fabricated commercial FED products based on Spindt-type field emitters
such as motorola, Pixtech, Futaba and Sony/Candesent.[1.27], the products of above
mentioned companies are shown in Fig. 1-4.

However, there are some drawbacks of Spindt-type field emitters when fabricating
Spindt-type FED such as (1) High gate driving voltage required; for a Spindt-type field
emission triode with 4 um gate aperture, the driving voltage is typically more than 60 V,
which results in the high cost of the driving circuits. To reduce the gate driving voltage,
frontier lithography technologies such as E beam lithography must be applied to reduce
the gate aperture to the sub-micron level. (2) The emission property degrades for the

chemically instable of the metal tips. (3) Huge, expensive high vacuum deposition system
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required during fabricating large area Spindt-type FED.

1.2.3.2 Silicon Tip Field Emitters

An alternative approach to fabricate tip type field emitters is to fabricate the Si tip
field emitters based on the semiconductor fabricating process. Figure 1-5 depicts the
SEM micrographs of Si tips array, Si tip field emission triodes array formed by chemical
mechanical polishing (CMP) [1.28] and double gate of Si field emitter arrays [1.29].
Symmetric device structure and similar advantages with Spindt-type field emitters can be
obtained. However, high temperature oxidation sharpening process prohibits Si tip from

large area fabrication

1.2.3.3 Surface Conduction Electron Emitters

A surface conduction electron emitter (SCE) display is a flat panel display
technology that uses surface conduction electron emitters for every individual display
pixel. The surface conduction emitter emits electrons that excite a phosphor coating on
the display panel, the same basic concept found in traditional CRT televisions. The key
technology to the electron emitters begins with the creation of an extremely narrow slits
(~ several nanometers) between two electric poles in thin film of PdO (Palladium Oxide).
Electrons are emitted from one side of the slit when approximately 10 V of electricity are
applied. Some of these electrons are scattered at the other side of the silt and accelerated
by the voltage (approximately 10 kV) applied between the glass substrates; causing light
to be emitted when they collide with the phosphor-coated glass plate. The PdO film is
coated by inject printing or screen-printing technology and this is a low cost process. This
means that SEDs use small cathode ray tubes behind every single pixel (instead of one
tube for the whole display) and can combine the slim form factor of LCDs and plasma
displays with the superior viewing angles, contrast, black levels, color definition and
pixel response time of CRTs. The major problem of SED is that the efficiency is still low
and the power consumption will be very high. Fig. 1-6 shows the SEM image of SCE
cathode array, structure and a 36-inch display of SED [1.30][1.31].

The research of SED was began by Canon in 1986, and in 2004, Toshiba and Canon

announced a joint development agreement originally targeting commercial production of
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SEDs. In October 2006, Toshiba's president announced the company plans to begin full
production of 55" SED TVs in 2007. In December 2006, Toshiba President and Chief
Executive Atsutoshi Nishida said Toshiba is on track to mass-produce SED TV sets in
cooperation with Canon by 2008.

1.2.3.4 Carbon and Nano-sized Emitters

So-called carbon nanotubes (CNTSs) is the nano-sized and carbon emitters, is known
to be useful for providing electron emission in field emission devices, such as cold
cathodes that are used in a field emission display. Although Spindt-type emitters are
generally used for FEDs, they still have a problem in that the life span of micro-tips is
shortened due to atmospheric gases or a non-uniform field during a field emission
operation. Moreover, the work function of the conventional metal emitters is too high to
decrease a driving voltage for field emission. To overcome the problem, CNTs which
have a substantially high aspect ratio, excellent durability due to their structure and
excellent electron conductivity have been instead of Spindt-type emitters for field
emission. CNTs are are anticipated to be an ideal electron emission source since they
feature a low work function, the resultant electron emission source can be driven by
applying low voltages, and the method of fabricating the same is not complicated. They
will thereby offer advantages to realize a large size panel display in terms of view angle,
definition, power consumption, and temperature stability.

1.3 Field Emission Properties of Carbon Nanotubes

Since the discovery of carbon nanotubes (CNTSs) by lijima in 1991, [1.32] CNTs
have attracted considerable interests because of their unique physical properties and
many potential applications [1.33]. CNTs have numerous potential applications in
nanoelectronics, nanometer-scale structural materials, hydrogen storage, field-emission
devices, and so on. Among these applications, CNTs seem to be very promising as

electron emitters for field-emission displays (FEDS).

1.3.1 The Synthesis Methods of Carbon Nanotubes

12


http://en.wikipedia.org/wiki/October
http://en.wikipedia.org/wiki/December

Carbon nanotubes (CNTSs) have been extensively investigated for the synthesis using
arc discharge, laser vaporization, pyrolysis, solar energy, and plasma-enhanced chemical
vapor deposition (CVD), for its unique physical and chemical properties and for
applications to nanoscale devices. However, common methods of CNT synthesis include:
(1) arc-discharge [1.34], (2) laser ablation [1.35], (3) thermal CVD [1.36-1.38], and (4)
plasma enhanced CVD [1.39][1.40].

The laser ablation can synthesize pure carbon nanotubes in high fabrication
temperature, but large scale display panel can not be fabricated in the high fabrication
temperature above the melting point of glass substrate. The arc discharge can synthesize
carbon nanotubes in shorter fabrication times, but it has some issues, such as (1) poor
purity, (2) hard to control growth orientations of carbon nanotubes, and (3) poor emission
uniformity.

Compared to laser ablation and arc discharge, using CVD for carbon nanotube
growth has some features, such as (1) high purity carbon nanotubes, (2) selective growth
only for catalyst metal, (3) controlling growth direction, and (4) much suitable to
semiconductor fabrication procedure. However, with the display technology trend, it is
the time for large panel display. We need to synthesize carbon nanotubes using CVVDs on
large panel substrates. For this reason, carbon nanotube growth at low temperatures is
unavoidable, but the purity of carbon nanotubes at low temperatures is poor. So, we still
try some methods to increase growth rates at low temperatures, such as (1) multilayer
catalysts, (2) plasma CVDs, (3) post-treatment, and so on.

1.3.2 Structure and Properties of Carbon Nanotubes

CNTs can be divided into two categories. The first is called multiwalled carbon
nanotubes (MWNTSs). MWNTSs are close to hollow graphite fibers [1.41], except that they
have a much higher degree of structural perfection. They are made of sheets of carbon
atoms with a cylindrical shape and generally consist of co-axially arranged 2 to 20
cylinders " Fig. 1-7(b) ; . The interlayer spacing in MWNT (doz) = 0.34 nm) is slightly
larger than that in single crystal graphite (do2) = 0.335 nm) [1.42]. This is attributed to a
combination of tubule curvature and van der Waals force interactions between successive

garphene layers. The second type of the nanotube is made up of just a single layer of
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carbon atoms. These nanotubes are called the single-walled nanotubes (SWNTs) and
possess good uniformity in diameter about 1.2 nm Fig.[1-7(a)]. They are close to
fullerenes in size and have a single-layer cylinder extending from end to end [1.43][1.44].

Most experimentally observed CNTs are multi-walled structures with outer most
shell diameters exceeding 10 nm. Since current conduction in a MWNT is known to be
mostly confined to the outermost single-walled nanotube and since band gap of a
SWCNT varies inversely with its diameter, MWNTSs are metallic in nature. SWNTSs can
be either metallic or semiconducting depending on the way the roll-up of the graphene
sheet occurs - an aspect termed as Chirality, and if all the roll-up types are realized with
equal probability, 1/3 of the SWNTs end up being metallic and 2/3 semiconducting. The
structure of a SWNT can be conceptualized by wrapping a one-atom-thick layer of
graphite called graphene into a seamless cylinder. The way of the graphene sheet is
wrapped is represented by a pair of indices (n,m) called the chiral vector. The integers n
and m denote the number of unit vectors along two directions in the honeycomb crystal
lattice of graphene. If m=0, the nanotubes are called “zigzag". If n=m, the nanotubes are
called "armchair”. Otherwise, they are called "chiral". Fig. 1-8 depicts these structures of
a SWNT [1.45] [1.46].

CNTs have been attracting much attention for their unique physical and chemical
properties such as high mechanical strength, chemical stability, high aspect ratio,
super-therml conductivity, and electron emission properties [1.47] [1.48]. CNTs could be
one of the strongest and stiffest materials known, in terms of tensile strength and elastic
modulus respectively. This strength results from the covalent sp? bonds formed between
the individual carbon atoms. The highest tensile strength an individual multi-walled
carbon nanotube has been tested to be is 63 GPa [1.49]. Under excessive tensile strain,
the tubes will undergo plastic deformation, which means the deformation is permanent.
This deformation begins at strains of approximately 5% and can increase the maximum
strain the tube undergoes before fracture by releasing strain energy. For the thermal
conductivity of CNTs , it is predicted that carbon nanotubes will be able to transmit up to
6000 watts per meter per kelvin at room temperature; compare this to copper, a metal
well-known for its good thermal conductivity, which only transmits 385 W/m/K. The

temperature stability of carbon nanotubes is estimated to be up to 2800 degrees Celsius in
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vacuum and about 750 degrees Celsius in air [1.50].

1.3.3 Potential Applications of Carbon Nanotubes
Since the discovery of CNTs in 1991, CNTs had attracted much attention for their

unique physical and chemical properties. Their extensively potential applications lead
them to become a super star of nano technology, which cover: (1) Chemical sensor [1.51],
(2) IR detector, (3) Nano-conducting Wire, (4) Vehicles for Hydrogen Storage [1.52], (5)
Field Effect Transistor [1.53], (6) Field Emission Display (FED), (7) Probe of AFM and
etc.

In the wide-ranging applications of CNTs, FED arouses researchers’ interest
particularly. In virtue of the superior field emission characteristics, CNTs are applied to
the emitting source of cold cathode. The advantages of FED are its low response time,
wide view angle, high brightness, high working temperature range and well combination
with mature phosphor technology. However, a major problem needs to be solved in this
field. It is not allowed to effectively analyze CNTs on a flat panel at relatively lower
temperature (<500°C) and this barrier restriction obstructs the development of CNT-FED
so far. The products of CNTs FED is shown in Fig. 1-9.

1.4 Motivation

For technological commercialization of products today, the cost is the most
important issue. The main concern for manufactures is cost down. It is worth noted that
lower cost will provide more advantages for a product. In our research of CNT
field-emission backlight unit (FE-BLU), we ensure that if the cost of field-emission
backlight unit (FE-BLU) continuously decreases, it can even replace the traditional light
bulbs or light-emitting diode (LED) in the future. So the following motivation will focus
on decreasing the cost and increasing the quality of CNT FE-BLU.

Nowadays, the backlight unit of liquid crystal display (LCD) is CCFL, but CCFL
backlight system contains several components for providing planar and uniformity
illumination. The following are designs of LED-BLU:

1. Reflection sheet is used to reflect the light beam of wrong direction from the

15


http://en.wikipedia.org/wiki/Vacuum

lamp.
2. Light guide panel is used to transform spot or linear light source to planar light
source.
3. The prism sheet and diffusion sheet are playing the crucial roles in spreading
the brightness.
Fig. 1-10 shows the complex system of LED backlight unit on LCD below [1.55] [1.56].
The uniformity become better due to the uniformity-assisted layer of backlight system,
but thickness and cost increase obviously. For a LCD, the cost of backlight system on the
total cost is about 14% for 17inch TFT-LCD, and 21% for 32inch TFT-LCD, which are
shown in Fig. 1-11 [1.57]. As this result, we could easily to make a prediction that we
will require more cost on backlight system for a larger size TFT-LCD.

Many relative researches for the synthesis or the field-emission characteristics
improvements of the carbon nanotubes-based field-emission devices have been reported
so far. However, only few of them discussed the problems of reliability and uniformity in
the field-emission devices. For the purpose of applications, the issues of reliability and
uniformity are two of the most critical keys for the commercialization of field-emission
displays and back-light units. Therefore, we focus on the issue of uniformity of the
carbon nanotubes-based field-emission devices. Furthermore, the increase of emission
current density and power efficiency of the carbon nanotubes-based field-emission

devices are also discussed here (in Chapter 2 and Chapter 3).

1.4.1 Uniformity

Uniformity is the most difficult challenge for the applications of field-emission
displays and back-light units, especially for the displays with image size. Due to the
difficulty of controlling the diameter, length, direction, and distribution of the carbon
nanotubes, it is still hard to obtain a uniform emission current from the carbon
nanotubes-based field-emission devices. In Chapter 2 Experiment A, man-made emitters
are defined by lithography to control the morphologies and distribution of the emitters. In
Chapter 2 Experiment C, try to improve uniformity of field-emission displays by plasma
post-treatment.In Chapter 2 Experiment D, triode emitters are defined by lithography to

control the morphologies and gate-control distribution of the emitters precisely.
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1.5 Thesis Organization

The overview of vacuum microelectronics, field emission display and basic
principles of field emission theory was described in chapter 1.

The experimental procedures were revealed in chapter 2. First, we utilize three types
of different inter-pillar distance patterns, such as 80, 150 and 250 um then use them on
silicon substrate to compare their morphology and discussion their uniformity. We
discussed the effect of R/H ratios of CNTs pillars. In the part, we investigated and found
the relations of R/H ratios (inter-pillar spacing (R)/pillar height (H) ratios) to obtain the
optimization and perimeter of the field emission characteristics. We also post-treat CNT
pillar array by plasma bombardment and find the optimal condition of plasma. Finally, try
to enhance emission electron from triode-pillar array by gate voltage.

Results and discussion were summarized in chapter 3. then, we accomplished many
important results including, (1) SEM images, (2) TEM images, (3) AFM images, (4)
Raman analysis, (5) EDS analysis, and (7) Field Emission Measurement.

Finally, the summaries and conclusions are provided in chapter 4.
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Table 1-1

Comparison between vacuum microelectronics and solid-state electronics.

Solid State Vacuum
Items Microelectronics Microelectronics
Current Density 10* - 10° (A/lcm?) similar
Turn-on Voltage 01-0.7V 5-300V

Structure solid/solid interface solid/vacuum interface
Electron Transport in solid in vacuum
Electron Velocity 3x10" (cm/sec) 3x10"° (cm/sec)

Flicker Noise due to interface due to emission
Thermal & Short Noise comparable comparable
Electron Energy <0.3eV afew to 1000 eV
Cut-off Frequency <20 GHz (Si) & <100 - 1000 GHz
100 GHz (GaAs)
Power small — medium medium — large
Radiation Hardness poor excellent
Temperature Effect -30-50°C <500 °C

Fabrication & Materials

well established (Si) &
fairly well (GaAs)

not well established

Figure 1-1 The SEM micrograph of (a) Spindt type triodes array, (b) Spindt type
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field emission triode, (c) Emitting way of spindt type triode. [1.5]
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Figure 1-3 The schematic diagram of (a) conventional CRT and (b) comparison
between CRT and FED. [1.24]. :
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Figure 1-4 The full color FED products: (a) Motorola 5.6” color FED based on
Spindt-type , (b) Pixtech 5.6” color FED based on Spindt-type, (c) Futaba 7” color
FED based on Spindt-type, (d) Sony/Candescent 13.2” color FED based on
Spindt-type, () Samsung 32 under-gate CNT-FED, and (f) Canon-Toshiba 36”
SED-TV.
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(b)
Figure 1-5 (a) Si tip formed by isotropic etching and (b) Si tip field emission triodes
array formed by CMP [1.28] [1.29]
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Figure 1-6 (a) The structure of SED, (b) SEM image of SCE cathode array, and (c) A
36-inch prototype of surface conduction electron emitter display. [1.30]
[1.31]
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(b)

Figure 1-7 High-resolution transmission electron microscopy images of (a) SWNTSs,
and (b) MWNTs. Every layer in the image (fringe) corresponds to the
edges of each cylinder in the nanotube assembly [1.42].
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Figure 1-8 Molecular models of SWNTs with (a) chiral vector (b) the categories of
the configuration [1.45] [1.46].
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©) (d)

Figure 1-9 (a) Schematic structure of the fully sealed 128 lines matrix-addressable
CNT-FED. (b) Cross section SEM image of CNT cathode from
Samsung’s FED.(c) A 4.5-inch FED from Samsung, the emitting image of
fully sealed SWNT-FED at color mode with red, green, and blue
phosphor columns. (d) A prototype of 5” CNT flat panel display by
Samsung. [1.54]
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Fig 1.10 The profile of LED backlight system (a) shows names of every sheet.
[1.55] (b) direction of light beams in backlight system. (c) bottom
lighting type of backlight system. (d) edge lighting type of backlight
system. [1.56]
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Fig 1.11 The cost of the overall (a) 17inch (b) 32inch TFT-LCD [1.57].
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Chapter 2
Experimental Procedures

2.1 Introduction

Carbon nanotubes (CNTs) are one of the field-emission materials because of their
high geometric aspect ratio, small tip radius of curvature, high electrical conductivity,
high mechanical strength, and chemical stability[2.1]. So far, the usefulness of electron
sources using a CNT emitter as a cold cathode has been demonstrated for vacuum
electronic devices such as field-emission displays[2.2][2.3], backlight sources[2.4], and
x-ray tubes[2.5]. For such device applications, CNT emitters are required to possess a
low driving voltage and durability for a long lifetime. In recent years, CNT emitters have
been fabricated by two main methods: chemical vapor deposition (CVD)[2.6] and screen
printing[2.4]. In both methods, it is important to control the length and the inter-tube
distance of CNTSs to reduce the screening effect in adjacent CNTs[2.7] shown in Fig.2.1.
It has been reported that field emission can effectively enhanced for aligned CNTs as
field emitters when the ratio of the inter-tube distance to the height of each CNT is about
2[2.8], but, in our research, the ratio of the inter-tube distance to the height of each CNT
is not approximately 2. However, the reduction of the field screening effect, and the
optimal ratio of the inter-tube distance to the height which are components of an efficient
field emitter, has not been sufficiently investigated.

Reports have stated that field emission is dependent on the direct parameters of
CNTs such as the number of walls, the shape and structure of the tips, and indirect
parameters such as surface treatment and CNT-alignment methods on a substrate. Recent
works on CNT field emission are focused on several post-treatment methods and new
growth method of CNTs to improve the uniformity and density of the electron emission
site. Plasma surface treatment has been used as one of the post-treatment methods to
improve the field emission properties of carbon-based materials. For example, hydrogen,
oxygen, and argon plasma are all found to improve the field emission properties of
carbon-based material films by changing the atomic configurations on the surface.

In our research, we used a method of transforming the CNT pillar arrays into a ring
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edge shaped emitter array by plasma of O, and Cl, gases. The pillar arrays have been
fabricated on a patterned silicon wafer by thermal chemical vapor deposition technique
(T-CVD). The ring edge formed after the plasma treatment by high density plasma
reactive ion etching system (HDP-RIE) shown in Fig.2.2 [2.9], of almost perfect shape,

are found to be excellent field emitters. The improved emission current density is
attributed to enhancement in the field at the tip of the emitter, reduction in screening
effect, and increase in the aspect ratio.

Triode type CNT field emitters have some advantages such as field emission at a

lower electric field, the uniformity and stability of field emission, easy adjustment, and
high-quality screen, compared with diode type CNT emitters in display applications of
CNTs. In order to fabricate the triode type CNT field emitters, it is desirable to
selectively synthesize vertically aligned CNTs on substrates with patterned trench
structure. Vertical alignment of CNTs on the substrate is crucial for the practical
applications of CNTs as field emitters. The trench structure can permit a favorable
condition for a vertically aligned growth of CNT emitters. In our research, we got a
selective growth of CNTs has been carried out by thermal chemical vapor deposition
(T-CVD) on plat substrates, while there were rare research on the vertically aligned
growth of CNTSs in triode type trench structure by chemical vapor deposition (CVD)
method.

The application in industry recently, the schematic of a typical BLU is shown in
Fig.2-3 [2.10] including light source, reflector, light guide, diffuser, and brightness
enhancement film (BEF). The light source can be an incandescent light bulb, light
emitting diodes (LED), cold cathode fluorescent lamp (CCFL), hot cathode fluorescent
lamp (HCFL). All the backlights employ a diffuser and a BEF. The diffuser posited
between the light source and the display panel is used to scatter the light for display
uniformity. The BEF is used to enhance display brightness. The cost structure of
materials for TFT-LCDs is described in Fig. 1-11 [1.57].

If we success to solve the reliability and uniformity problems, CNT-BLU will
replace the traditional backlight system of LCD, it will be ensure to decrease amount of

cost.
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2.2 Experimental Procedures

2.2.1 Forward Arrangement

We have chosen 4 inch n-type silicon (100) wafer as our experimental substrate.
After RCA clean and lithography processes, we defined several kinds of circle patterns
for CNT flied emission arrays which diameter is 50um in experiments (A) (B) (C) and
6um in experiment (D). We designed three different pillar-spacing, which are 80um,
150um and 250um respectively in experiments (A) (B) (C).

In the field emission measurement, n-type silicon (100) wafer was used as its
cathode pad to save consumption from Cr electrode. Catalyst with 40A cobalt-titanium
and 10A titanium co-deposited on 100A aluminum. are sequentially deposited on Si
substrates by magnetron sputtering (lon Tech Microvac 450CB) at the pressure of
7.6x107 torr at room temperature. This sputtering system consisted of three sputtering
source for different material targets and two power source for co-deposition, so our
multilayer catalysts could be sequentially deposited without breaking the vacuum

environment and co-deposited uniformly.

2.2.2 CNTs Synthesis

In our researches, an atmospheric pressure thermal chemical vapor deposition
(T-CVD) system consists of a 2-inch-diameter horizontal quartz tube, an electric heating
system, reaction gas supply, and related mass flow controllers shown in Fig.2.4 is used
for CNTs’ synthesis. In order to prevent the nanoparticles are wrapped up by carbon
graphite quickly. We reduce carbon source (C,H,) from 135sccm to 60sccm. Therefore,
nanoparticles obtain suitable carbon source flowing and vertically aligned CNTs with
long length and high density are obtained.

First, Samples loaded into the quartz tube are heated to the predetermined

temperatures (700°C) in nitrogen at 1000 sccm to avoid catalyst being reacted during

steps of heating. Secondary, hydrogen at 50 sccm is fed into quartz tube about 5 minutes

to reduce the catalyst metal to the metallic phase, and then transforming into
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nano-particles. Third, CNTs are grown at 700°C with the flow rate of hydrogen is 10

sccm, 1000 sccm for nitrogen and 60 sccm for ethylene [2.11]. Finally, samples are
furnace-cooled to room temperature in nitrogen at 3000 sccm. The schematic of growth

process is shown below in Fig 2-5.

2.2.3 Analysis

The morphologies of CNTs” samples are characterized by scanning electron
microscopy (SEM), the morphologies of pre-treatment catalyst are observed by atomic
force microscopy (AFM). The finer internal structures of interface of CNTs and
nano-sized catalytic materials were examined by high-resolution transmission electron
microscopy (HRTEM), JEOL JEM-2000EX and X-ray energy dispersive spectroscopy
(EDS) respectively.

Field emission characteristics of CNTs are measured with a parallel diode-type
configuration in a high-vacuum chamber with the pressure of 5x10° torr. A glass
substrate coated with indium tin oxide (ITO) and P22 phosphor (ZnS: Cu, Al) was used
as the anode plate, and the distance between the cathode and the anode plate was set to be
150 pum. The emitting area was variable, which was determined by pillar-spacing and
pattern-area.

Anode voltages is sweep-type from 0 V to 1000 V which are applied at intervals of
10 V by a source measure unit (Keithley 237) shown in Fig. 2-6 for the verification of
field emission characteristics while the cathode was biased at 0 V.

2.3 Experiment Procedures

2.3.1 Experiment A: Optimum R/H Ratio of Different Inter-Pillar
Spacing
We investigated field emission properties from a pillar arrays of aligned carbon

nanotube (CNT) bundles, which are fabricated on a Si substrate by thermal chemical
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vapor deposition (T-CVD). To explore the influence of the pillar arrays’ arrangement on
its field emission, the ratio of inter-pillar distance (R) to pillar height (H), R/H shown in
Fig.2-7[2.12], was investigated by changing H while maintaining R at 80 um, 150 um
and 250 pm, respectively.

A circle arrays with 50 um in diameter with three different inter-distances (80um,
150um and 250um, respectively) using Co-Ti (40 A)/Ti(10 A) /Al (100 A) as multilayer
catalyst shown in Fig.2.8 are made on a Si substrate (1cmx1cm) by photolithography and
magnetron sputtering. To form catalyst nanoparticles, the catalyst was pre-treated at 700
°C for 5 min in hydrogen at 50sccm. Subsequently, thermal CVD was carried out at a
growth temperature of 700 °C maintained by flowing 60sccm ethylene (C,H,) gas diluted
with nitrogen (N) gas as carrier gas. The total experimental process of profile was shown
schematically in Fig. 2-9.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
are used to characterize the synthesized pillar array of aligned CNT bundles. The field
emission property is measured using a parallel diode type configuration at a pressure of
~10"® torr. The gap between the anode plate and the CNT emitter was set at 150um or
300um.

2.3.2 Experiment B: Two-Step Growing Method for CNTs’ synthesis

In this section, circle patterns with 50um in diameter using Co-Ti(40 A)/Ti(10 A)
/Al (100 A) multilayer catalyst and inter-pillar distance is 80um shown in Fig.2.8-(a). is
made on a Si substrate (1cmx1cm) by photolithography and magnetron sputtering. To
form catalyst nanoparticles, the catalyst pattern was pre-treated at 700 °C for 5 min in
hydrogen at 50sccm. Subsequently, thermal CVD was carried out at a growth temperature
of 700 °C maintained by flowing 60sccm ethylene (C,H,) gas diluted with nitrogen (Ny)
gas as carrier gas and maintain 20mins for first step growth. Than flowed 1000sccm
nitrogen (N2) to perch space, and pretreated again for holding on second step CNTs
growth. The total experimental process of profile was shown schematically shown in
Fig. 2-10.

2.3.3 Experiment C: Plasma Post-treatment for CNTs’ Pillar arrays
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Aligned CNT pillar array samples are synthesized by thermal CVD (T-CVD) on the
patterned silicon wafer. The patterns for circular of 50um diameter are fabricated silicon
substrate.

In this section, sample with pillar height about 30um and inter-pillar distance about
80um is post-treated by High Density Plasma Reactive lon Etching System (HDP-RIE).
The plasma treatment of as grown CNT pillar array was carried out in a plasma of a
mixture of O, and Cl, gases generated by microwave power. The flow rates and treating
time of O, and Cl, were shown in Table 2-1. The operating temperature, pressure, and

process duration in the plasma treatment are room temperature , 10 mtorr,and 2 ~ 3~ 5~

10 min, respectively. The structural and chemical modifications of CNTs arrays before
and after the plasma treatment are examined by a Hitachi model S-47001 scanning
electron microscope (SEM) and Jobin Yvon model HR800 micro-Raman spectrometer,
EDS, and TEM respectively. The field emission characteristics of the sample before and
after plasma treatment were measured in a high vacuum chamber with a parallel

diode-type configuration at a base pressure of ~10°® torr.

2.3.4 Experiment D: Triode Structure for CNT Field Emission
Schematically illustrates the fabrication procedures of triode structure for CNT field
emission. Heavily doped N-type silicon wafers are used as the substrate. A 5000 —A -thick
silicon dioxide is thermally grown on the silicon substrate at 1050°C. A 2000 —A -thick
Poly-Si layer is then deposited on the thermal oxide by pressure chemical vapor
deposition (LPCVD) using a pure SiH,4 gas at 620°C. The Poly-Si layer was further doped
by POCI5 at 950°C for 20 min. An array of 100x100 circle patterns with the diameter of
6um and inter-circle distance of 9um are defined by photolithography and etching by
Die-electric Material RIE 200L shown in Fig 2-12[2.13]. Then, the Poly-silicon layer is
etched laterally by Die-electric Material RIE 200L to create a gap between the
Poly-silicon gate and the CNTs shown in Fig 2-13. A catalytic layer of 50 A
cobalt-titanium in thickness is deposited on the 100 A aluminum layer on the sample by
sputtering. For deposition of the catalytic layer, the base and operating pressure of the
sputter chamber are kept below 2x10° and 7.6x107 torr, respectively. The input RF
power is 60W and the deposition rate was 0.1 A /S for 100 A aluminum layer. Then, the
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input RF power for cobalt-titanium co-sputtering was kept 70W and 100W, respectively
for 40 A catalyst layer. Utilizing the original photoresist as a mask and lift-off technique,
the circle pattern is transferred to the silicon substrate. Finally, CNTs are grown
selectively on the iron layer by thermal chemical vapor deposition (T-CVD) system
shown in Fig 2-12. The growth morphology of CNTs was observed by scanning electron
microscopy (SEM).

Field emission properties of triode structure are measured in a high-vacuum
environment with a base pressure of 1.0x10° torr. A glass plate coated with
indium-tin-oxide (ITO) and phosphor is used as an anode and located 150um above the
sample surface. During the measurement, the device is in a common emitter
configuration with the emitter grounded. The gate is applied with a voltage swept from 0
V to 80 V to obtain the current-voltage characteristics of the CNT triodes. The anode is
applied with the constant voltage 800 V and the cathode maintain grounded,

configuration shown in Fig 2-14.[2.14]
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Fig.2.1 Simulation of the equipotential lines of the electrostatic field for tubes of

different distances between tubes.

Fig.2.2 High Density Plasma Reactive lon Etching System, HDP-RIE.[2.9]
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Fig. 2-4 (a) Schematic picture and (b) photograph of thermal CVD.
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Fig. 2-5 Process of CNTs synthesis (an example of CNTs growing 30min at
700°C.
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Fig.2-7 (a) SEM image of pillars of aligned CNT bundles grown by thermal
CVD. (b) Cross-sectional SEM image of the pillar, showing that it is
aligned perpendicular to the substrate surface and consists of high density
CNTs[2.12]

10000 0000
o000 00O0O0
o000 00O0CO0
o000 0000
‘o000 0 000
o000 00O0CO0
o000 00O0O0
100000000

~
&

39



150um

o
=}
=
3

-

1cm
‘1@ © 6 o o ©o

® ¢ 6 0 o ¢!

<
-

® ¢ 6 o o o
' 6 6 & o ©

icm

(b)

250pm

(X3

1cm
[
[
[
[
[

1cm

(©)

Fig.2.8 Masks design: (a)-(c) show array of three different inter-distance

for 80 pm ~ 150 pm and 250 pm defined in 1 cmx1 cm area,

respectively.

40



© PR development

Silicon substrate

(f)

Spatter catalyst

e

Photoresistance

_ _ (9) Lift off
Mask(pillar-like pattern)

Pretreatment

(h)

Exposure

- . . . . i) CNTs growth
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second step CNTs growth method under C,H, atmosphere.
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Table 2-1 Samplel and sample2 represent the post-treatment process in oxygen

and chlorine plasma. (R.T=room temperature)

Gas flow rate

ICP power BIAS power 0O, Cl, Time Substrate temperature  Pressure
(W) (W) (sccm) (sccm) (min) (°C) (mtorr)
Samplel 600 20 40 0 2 R.T 10
600 20 40 0 10 R.T 10
Sample2 600 20 30 10 2 R.T 10
600 20 30 10 3 R.T 10
600 20 30 10 5 R.T 10
600 20 30 10 10 R.T 10
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Fig 2-13The under etching condition of N-type Poly-silicon by Die-electric Material
RIE 200L[2.13]
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Fig 2-14 The aligned nanotubes in the bunch have variable heights and may
protrude through the gate opening, as shown in the figure, or lie beneath the gate

electrode plane.[2.14]
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Chapter 3:

Results and Discussion

3.1 Analysis of Catalyst

3.1 Analysis of Catalyst

Prior to CNTs’ growing, the choose of catalyst is very important. According to our
group’s researches, there are many advantages of CNT field emission characteristics by
using novel co-deposition of catalyst. The most obvious characteristic is substantial
increment of reliability.

In the Fig 3.1.7, better uniform roughness and nanoparticle diameter are obtained in
cobalt-titanium co-deposition case.[3.1] We have speculated that this phenomenon is
caused by decreasing the diameter of nano-sized particles, therefore, finer particle
provide higher activity and lower melting temperature. The AFM top view is the easiest
method for making a comparison and it will clearly show the particle size and roughness,
as shown in Fig 3.1.7.

We compare catalysts of tri-components with catalysts of bi-components, with or
without aluminum between electrode and other catalyst layers. Subsequently, we can
easily find out the differences. The fluctuation in catalyst surface shows that simple and
repeated nano-sized particle when pretreatment of bi-components catalyst without 100 A
Al buffer film, on the other hand, the fluctuation in catalyst surface is complex and
additional curvature under those nano-sized particles when using the tri-components
catalyst with 100 A Al layer. As this result, we knew that Al plays a role of providing an
additional curvature for surface of catalyst and quite increasing roughness mean square
(RMS). The advantage of increasing RMS is raising the density of catalyst particle on the
same top view area as shown in Fig 3.1.2, and then we can obtain better density of CNTs’
pillar after the growing step.

Furthermore, we focus the advantages of titanium (Ti) element in CNTs’ growth. To

47



verify the effect of the Ti layer, because Co and Ti surface energy are very nearly [3.2], so
that cobalt film turns into nanoparticles with uniform diameter during pre-treatment
process. This phenomenon is shown in Fig 3.1.3. Adhesion is evidently improved is also
found in our experiment. As for CNT films on Ti, in the high temperature due to the
formation of conductive TiC , a barrier on the CNT-Ti junction is removed (as exhibited
in Fig 3.1.5). Electrons can pass through this junction without obstacle. So, during the
whole field emission, electrons need to overcome CNT-vacuum barrier only, as shown in
Fig 3.1.6. Therefore, a very small voltage will result a considerable electron emission. So,
titanium (Ti) layer can improve uniformity and strengthen adherence between CNTs and
substrate for CNTs’ growth [3.3]. The evident is shown in Fig 3.1.4.

3.2 Finding Optimum R/H Ratio of Different Pillar Spacing

3.2.1 Effect of carbon source flow rates on the morphology of CNTs’

growth
It is indispensable to reduce the turn on field and threshold field to achieve practically
applicable field electron emitters that operate at lower power consumption. It has been
reported that field emission can effectively enhanced for aligned CNTs as field emitters
when the ratio of distance between neighboring nanotubes to the height of each
individual CNT is about 2 [3.4]. However, the optimum rule (R/H=2) for CNTs as
electron field emitters has not been realized.

In our researches, different R/H ratios have been designed to study the relation
between R/H ratios and the field emission characteristics, and it is essential to grow
longer aligned CNTs’ pillar with larger inter- pillar distance to meet the R/H ratios we
need. However, growth of longer CNTs beyond 100um is a little bit difficult. Therefore, it
is very important to study the relation between the length of CNTs' pillar and the growth
condition including growth time, flow rate of carbon source, etc.

The length of the aligned CNTs pillar as a function of growth time is shown in Fig
3.2.4(a). It is observed that there is a CNTs' length limit of approximately to 130um. In
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this case of the aligned CNTs' pillars grown on the aluminum substrate, the aligned CNTs
can't be lengthened even if prolongs the growth time beyond 90 min. When we increase

the flow rate of C,H, to 135sccm, its growth rate is about 2y m/min faster than that at

60sccm at 700°C in growth process. But the length of CNTs’ pillar does not match our
prediction. Fig 3.2.4 (b) shows the longest CNTs’ pillar is about 50 m, even if prolongs

the growth time beyond 40min. It is probably due to too much amorphous carbon putting
on catalytic nanoparticles. Too much carbon source to close crystalline graphite sheets of
the wall and encapsulate nanoparticle at the closed tip is another probable reason.
According to this result, we try to reduce the flow rate of C,H4 from 135sccm to 60sccm.
Thus, moderate carbon source flow rate is indispensible to grow longer CNTs' pillar.
Besides, the tendency that CNTs' growth rate is linear with the time until the length limit
is reached is also observed from Fig 3.2.4. Therefore, moderate flow rate of carbon
source as well as growth time is required to precisely control once we want to grow the
specified length of CNTs' pillar. According to our experimental results, we can easily

grow longer length of CNTs' pillar to meet the required R/H ratios we need.

3.2.2 Effect of arrangement of pillar array on its field-emission
characteristic

Three circle patterns with different inter-pillar distance (80py m,150y m and 250y
m ) are designed to get different R/H ratios. In the previous section, we have succeeded to
find the suitable growth condition to grow longer length of CNTs’ pillar to meet the
required R/H ratios we need.

The aligned CNTs pillar is characterized by high-resolution scanning electron
microscopy (SEM). Aligned CNTs pillar that is perpendicular to the substrate surface is
obtained due to J.van der Waals force between CNTs. Fig.3.2.1 ~ Fig.3.2.3 show SEM
images of an aligned CNTs pillar grown on silicon substrate with aluminum buffer layer.
(a) 80um inter-pillar distance case

Fig.3.2.1 (a) shows the aligned CNTs bundle with a diameter of 504 m and a height of
4.5u m. The R/H value of 18.18 is obtained. Fig.3.2.1 (b) shows the aligned CNTs
bundle with a diameter of 50y m and a height of 8y m. The R/H value of 11.2 is
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obtained. Fig.3.2.1 (c) shows the aligned CNTs bundle with a diameter of 50y m and a
height of 10 m. The R/H value of 8 is obtained. Fig.3.2.1 (d) shows the aligned CNTs
bundle with a diameter of 504 m and a height of 10.8y m. The R/H value of 7.8 is
obtained. Fig.3.2.1 (e) shows the aligned CNTs bundle with a diameter of 50y m and a
height of 13.2u m. The R/H value of 6.06 is obtained. Fig.3.2.2 (f) shows the aligned
CNTs bundle with a diameter of 50y m and a height of 22.3y m. The R/H value of 3.6 is
obtained. Fig.3.2.1 (g) shows the aligned CNTs bundle with a diameter of 50y m and a
height of 53u m. The R/H value of 1.5 is obtained.

(b) For 150um inter-pillar distance case
Fig.3.2.2 (a) shows the aligned CNTs bundle with a diameter of 50um and a height of
14pum. The R/H value of 10.7 is obtained. Fig.3.2.2 (b) shows the aligned CNTs bundle
with a diameter of 50um and a height of 20um. The R/H value of 7.5 is obtained.
Fig.3.2.2 (c) shows the aligned CNTs bundle with a diameter of 50um and a height of
26um. The R/H value of 6 is obtained. Fig.3.2.2 (d) shows the aligned CNTs bundle with
a diameter of 32um and a height of 14um. The R/H value of 4.7 is obtained. Fig.3.2.2
(e) shows the aligned CNTs bundle with a diameter of 50um and a height of 47um. The
R/H value of 3.2 is obtained. Fig.3.2.2 (f) shows the aligned CNTs bundle with a
diameter of 50um and a height of 60um. The R/H value of 2.5 is obtained. Fig.3.2.2 (g)
shows the aligned CNTs bundle with a diameter of 50um and a height of 82um. The R/H
value of 1.87 is obtained.
(¢ ) For 250um inter-pillar distance case
Fig.3.2.3 (a) shows the aligned CNTs bundle with a diameter of 50um and a height of
17.9um. The R/H value of 14 is obtained. Fig.3.2.3 (b) shows the aligned CNTs bundle
with a diameter of 50um and a height of 23um. The R/H value of 10 is obtained.
Fig.3.2.3 (c) shows the aligned CNTs bundle with a diameter of SOum and a height of
49um. The R/H value of 5.1 is obtained. Fig.3.2.3 (d) shows the aligned CNTs bundle
with a diameter of 50um and a height of 80um. The R/H value of 3.1 is obtained.
Fig.3.2.3 (e) shows the aligned CNTs bundle with a diameter of 50um and a height of
100um. The R/H value of 2.5 is obtained.

From the SEM images in the above section, patterned CNT pillars with different
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R/H ratios we need have been fabricated successfully using thermal chemical vapor
deposition (CVD) method. Therefore, it is easily to study the effect of R/H ratios on the
field emission characteristics of CNTs’ pillar arrays.

3.2.3 Effect of different CNTs’ pillar arrays with different R/H ratios on

the field-emission characteristic

In our experiment, we get high density, vertical, long length and aligned CNTs
pillar structure with different inter-pillar distance. Then, the relation between R/H ratios
and field-emission characteristics from the CNT pillar array are studied. Fig.3.2.5(a)
shows field emission current density (J) as a function of applied electric field (E) for
CNT pillar arrays with heights of 4.5um, 8um, 10pum, 10.8um, 13.2um, 22.3um and
53um (R/H=18.18, 11.2, 8, 7.8, 6.06, 3.6,and 1.5,respectively). We find that the best
field-emission characteristic is obtained from the pillar array with R/H=8 (H=10um) and
it will be discussed later. Fig3.2.5(c) shows the Fowler—Nordheim (FN) plots
corresponding to Fig3.2.5(a) .The occurrence of field emission is confirmed by the
linearity of the FN plot. Fig 3.2.6(a) shows the turn-on field (Eqwm-on) Obtained from Fig.
3.2.5(a) as a function of R/H. Ewm-on IS defined to be the field required to produce J=10
nA/cm?. The optimal value of R/H giving a value of minimum Eqm.on is approximately 8.
which corresponds to H=10um. When R/H is smaller than 8, the field-emission
characteristic is poor, which is likely to be due to the field screening effect. However,
when the R/H is greater than 8, Ewm-on increases, and the reduction of field enhancement
owing to a small H is conjectured. Fig3.2.6(b) shows R/H versus the field enhancement
factor (B), [3.12] which is estimated from the slope of the FN plots in Fig. B is estimated
experimentally by setting the work function of the CNTSs to be 5 eV. The obtained values
of B for the CNT pillar array with R/H values of 8, 11.2, 6.06 and 1.5 are 61060, 54540,
29075 and33031, respectively. The best field enhancement factor is obtained at R/H~8.

In the case for inter-pillar distance of 150um, the relation between R/H ratios
and field-emission characteristics from the CNT pillar array are studied. Fig3.2.7 shows
emission current density (J) as a function of applied electric field (E) for CNT pillar
arrays with heights of 14um, 20um, 26um, 32um, 47um, 60um and 82um
(R/H=10.7,7.5,6, 4.7,3.2,2.5and1.87,respectively). We also find that the best
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field-emission characteristic is obtained from the pillar array with R/H=4.7 (H=32um),

and it will be discussed later. Fig.3.2.7(c) shows the Fowler—Nordheim (FN) plots

corresponding to Fig3.2.7(a). The occurrence of field emission is confirmed by the
linearity of the FN plot. Fig.3.2.8(a) shows the turn-on field obtained from Fig.3.2.7(b)
as a function of R/H. The optimal value of R/H giving a value of minimum Eyn-on IS
approximately 4.7, which corresponds to H=32um. When R/H is smaller than 4.7, the
field-emission characteristic is poor, which is likely to be due to the field screening effect.
However, when the R/H is greater then 4.7, Ewm-on iNcreases, and the reduction of field
enhancement owing to a small H is conjectured. Fig.3.2.8(b) shows R/H versus the field
enhancement factor (B), [3.12] which is estimated from the slope of the FN plots in Fig
3.2.7(c).The obtained values of  for the CNT pillar array with R/H values of 6, 4.7and
1.87 are 52907, 97345 and 42901, respectively. The best field enhancement factor is
obtained at R/H~4.7.

In the case for inter-distance of 250um, the relation between R/H ratios and
field-emission characteristics from the CNT pillar array are studied. Fig.3.2.9(a) shows
emission current density (J) as a function of applied electric field (E) for CNT pillar
arrays with heights of 18um, 23um, 49um, 80wm and 100um (R/H=14,10,5.1,
3.1,3.2,2.5and1.87,respectively). We also find that the best field-emission characteristic
is obtained from the pillar array with R/H=3.1 (H=80um), as discussed later. Fig.3.2.9(c)

shows the Fowler—Nordheim (FN) plots corresponding to Fig.3.2.9(a) The occurrence of

field emission is confirmed by the linearity of the FN plot. Fig.3.2.10(a) shows the Eqn-on
obtains from Fig.3.2.9(b) as a function of R/H. The optimal value of R/H giving a value
of minimum Eym-on IS approximately 3.1, which corresponds to H=80um. When R/H is
smaller then 3.1, the field-emission characteristic is poor, which is likely to be due to the
field screening effect. However, when the R/H is greater than 3.1, Em-on INCreases, and
the reduction of field enhancement owing to a small H is conjectured. Fig.3.2.10(b)
shows R/H versus the field enhancement factor (), [3.12] which is estimated from the
slope of the FN plots in Fig.3.2.9(c). The obtained values of B for the CNT pillar array
with R/H values of 10, 3.1and 2.5 were 58223, 89427 and 44792, respectively. The best

field enhancement factor is obtained at R/H~3.1.
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Based on these results and measurements, we find not all of CNT pillar arrays
having optimal R/H value of 2.[3.4] The inter-pillar distance is an important key about
what optimal R/H value we can achieve. Once the inter-pillar distance is close, the edges
of the pillars significantly interfere with field enhancement.[3.5] Most of field emission
electrons are contributed from the edges of each pillar. One the contrary, large inter-pillar
distance leads less field screening effect and each pillar can be regarded as a single
emitter. Fig.3.2.11 shows that the optimal R/H values decrease from 8 to 3.1 when the
inter-pillar distances increase from 80um to 250um. [3.10] Therefore, the optimal R/H
value approaches the theoretical calculated value (i.e. 2) at larger R.

Luminescent uniformity is another important topic for backlight application. In
order to improve uniformity in a unit, less field screening effect for the edges of pillar to
pillar is needed. [3.6] Table3-2 shows the relation between luminescent uniformity and
R/H value of different inter-pillar distances at the applied field of 2.5 VV/um. It is evident
that luminescent uniformity has strong relation to the R/H value. The luminescent image
has better uniformity when the R/H value is optimal for three different inter-pillar
distances. The best luminescent uniformity is achieved with R/H value of 3.1 when R is
250um. Therefore, we have demonstrated that CNTs’ pillar arrays has deep potential in

the backlight application.

3.3 Analysis of Two-Step Growing Method

3.3.1 Effect of evolution recipe on the morphology of CNTs’ growth

Growth of longer CNTs seems not to be an easy job and needs to find a precise
control of some parameters such as the choice of catalyst, the growth condition and
growth methods, and so on. In our experiment, we have tried a lot of methods using
thermal chemical vapor deposition (T-CVD) to grow higher and perpendicular pillar
arrays to meet the required R/H value we have designed. A funny and special method
(two-step growth) is found after numerous trials of changing growth parameters for CNTs'
growth and is proved to be an efficient way to improve field emission characteristics. In

this two step growth method, the first growth step which is the same as the previous
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mentioned method and the growth time is 20 min. Then, we try to control nanoparticles at
the tip of CNTs not to be encapsulated completely by amorphous carbon. The cooling
step is replaced by another pre-treatment process. Then, the second growth step is
proceeded to flow carbon source (C,H,) at 60sccm, hydrogen at 10sccm, and nitrogen at
1000sccm into the furnace to grow CNTs for 20 min, respectively. It can keep growing
until running out of activity of catalysts. Then cooling step is the same as first growing
step.

Two-step growth method is an efficient way to grow longer CNTs. We have
successfully used this method to obtain aligned, vertical and longer CNTs pillar arrays
and some useful material analyses used to study their properties of CNTs will described

in the next section.

3.3.2 SEM TEM and Raman spectrum analysis
SEM, TEM and Raman spectrum are used to study the morphology and material

properties. Fig 3.3.1(a) shows CNTs' pillar arrays with the height of about 80y m grown
by one-step growth method. Fig 3.3.1(b)-(c) show that the diameter of CNTs grown by
one-step growth method ranges from 32y m to 42y m. Fig 3.3.2(a) shows aligned,

perpendicular CNTs' pillar arrays with the height of about 80y m grown by two-step

growth method. This confirms longer CNTs growing ability for this two step growth
method. Fig 3.3.2(b) shows top view image of one pillar. Fig 3.3.2(c) shows the tilt
image on the top of pillar. Fig 3.3.2(d) shows CNTs’ pillar with one joint between the
upper part and the bottom part of CNT’ pillar.

Fig 3.3.3 shows the SEM images of CNTs grown by two-step growth method. The
diameter of the upper part of the pillar ranges from 20 to 26um and the diameter of the
bottom part of the pillar is about 32nm. The size of catalyst nanoparticles of the two step
growth method is speculated smaller than that of one step growth method. Thinner
diameter of CNT in the upper part than that of the bottom part means that CNTs’ pillars
grown by this two-step growth method have higher aspect ratio.

The Raman spectra of one step growth and two-step method are plotted in Fig
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3.3.4. The two main features in the Raman spectra are the D and G peaks about 1350 and
1600 cm™, respectively. The G band corresponds to the symmetric E,q vibrational mode
in graphite-like materials, while the D band is activated in the first-order scattering
process of sp® carbons by the presence of substitutional hetero-atoms, vacancies, grain
boundary or other defects and by finite size effects, all of which lower the crystalline
symmetry of the quasi-infinite lattice. Sharper D and G peaks are shown in two-step
growth case of CNTs and the Ig/lp increases from 1.5 to 1.8 which confirms that the
CNTs have a highly crystalline graphite structure. The TEM images show its magnified
CNTs as shown in Fig 3.3.7. It is obvious that few defects in the graphite wall.

Therefore, less field screening effect and enhancement in field emission
characteristics can be achieved due to thinner diameter (i.e. high aspect ratio) and highly
crystalline graphite structure.

3.2.3 Comparing usual recipe and this special recipe in electric

characteristic

Fig 3.3.5-(a) shows the current density versus electric field characteristic (J-E plot)
of the pillar arrays. The Fowler- Nordheim (FN) plots are shown in Fig 3.3.5-(c) and their
linearity verifies the field emission phenomenon. The turn-on field(Ewm-on) and threshold
field (Eq) are defined to be the field required to produce the current densities of 10 pA/
cm? and 10 mA/cm? are 0.1 V/um and 0.64 V/um, respectively. The obtained Ey, is the
lowest value that has been reported to date. The electron field emission is monitored by a
fluorescent screen at an electric field of 0.66 VV/mm, as shown in Fig 3.3.6. The emission
uniformity and high brightness are clearly evident.
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3.4 Field Emission and Uniformity Improvement by Plasma

post-treatment

3.4.1 Effect of plasma post-treatment on CNTs’ pillar morphology
Fig 3.4.1. shows the typical top view SEM images and cross-sectional views of

CNT films before and after pure O2 plasma treatment. The O2 gas flow rate was 40sccm

and the 20W BIAS Power with different etching time: (a) 2 min, (b) 10 min. The density
of the CNTs decreases as plasma treats, which results from the destruction of CNTs
during oxygen plasma treatment. We got the result that no matter what post-treatment

with 40sccm O2 plasma for etching time 2 or 10 min, their morphology was become short,

dispersed and surface was covered with amorphous carbon and oxygen carbonization.
Thus, we tried to decrease oxygen flow to 30sccm and introduced 10sccm chlorine,
respectively. The Cl, mix O, plasma with 20W BIAS Power with different etching time:
(@) 2 min, (b) 3min, (c) 5min and (d) 10min, were shown in Table 2-1. Fig 3.4.3 shows
the SEM mocrographs of the as grown CNT pillar array was not obviously different with
untreated case in macro view. But, in the micro view at the tip of the pillar, the CNTs
merged together to decrease field screening effect, and increase field emission sites. Fig
3.4.4 shows the SEM images for 3min case. The result not only maintained the benefits
of the Fig 3.4.3 (2 min), but also formed the ring edges around the periphery at the tip of
a pillar. [3.8] This structure can provide more many field emission sites in edge areas.
[3.9] Fig 3.3.5 shows the SEM mocrographs of the as grown CNT pillar array as well as

the conical shaped CNT pillars after the plasma treat for 5 min.
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3.4.2 TEM, Raman spectrum and EDS analysis

We had analyzed CNT pillar array after O, mix Cl, plasma post-treatment by Raman
spectrum, EDS and TEM analysis. The Raman spectra of the CNT pillar array before and
after plasma post-treatment in the frequency range of 500-2500 cm™* are shown in Fig 3.4.7 .
The spectra show mainly two Raman bands at 1350 cm™* (D band) and 1580 cm™* (G band).
In the spectra of CNT npillar array, the D band of the sample after 5 min plasma treatment
appears as a small shoulder of the G band at 1610 cm™’. The origin of the D and
post-treatment of D bands have been attributed as the disorder features of graphitic sheets
[3.7]. The D bands become stronger and sharper after plasma treatment. The details of the
Raman analysis is summarized in Table.. The intensity ratio of the G band to the D band (I &/I
p) from 1.47 to 0.82 after plasma treatment.The ratio values given in Table 3-3 are the 1/l p
ratio of the corresponding peaks. We found that | ¢/l p ratio decayed linearly as increasing the
time for plasma post-treatment as shown in Fig 3.4.8.

The EDS spectra analysis show in Table3-4. Fig.3.4.9 (a)-(d) show the EDS spectra of
the tips after 2, 3, 5 and 10 min for plasma treatment, respectively. The nanoparticles observed
at the tip of the aligned CNTs consisted of Co, O, Cl principally..In spite of Ti co-deposited in
the catalyst, there are none of Ti atoms at the CNTs’ tips in Table3-4. It indicated that titanium
(Ti) doesn’t catalyze action. However, the coble atom(%) was decayed from 0.23% to 0.14%.
It means O, mix Cl, plasma is effective to remove nanoparticles from the tips of the aligned
CNTs. Thus, after this post-treatment we got more many emission sites at the CNTSs’ tips.

The TEM images show its magnified CNT as shown in Fig 3.4.12. It is obvious that cut tip
without nanoparticale as post-treatment. Therefore, it contributed more emission sites for field

emission. Thus, we can got more uniformity field emission result by this way.
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3.4.3 Improvement of Uniformity and FE characteristic

Fig 3.4.10 show the results of the field emission measurement made on the as grown
CNT pillar array after plasma treatment. The turn-on fields (Eqwm-on defined at an emission
current density of 10 pA/cm?) for the sample before and after 2, 10 min O, plasma treatment
are 3.45, 3.82 and 3.94 V/um, respectively shown in Fig 3.4.10(a). According for pure
40sccm O, plasma consuming carbon graphite was too fast to remain some amorphous carbon
and some carbon oxide. Those materials reduced field emission current and raise the turn-on
filed on the contrary. In O, mix Cl, plasma post-treatment, we replaced 10sccm O, to 10sccm
Cl, flow. Utilizing O, reacted with carbon to produce CO5 and CO(g,and exposed the coble
nanoparticles at the tip of aligned CNTs. Then, chlorine reacted with coble nanoparticles to
etch and remove it way. This continue chemical reaction produced many emission sites for
this application. for the sample after 2,3,5 and 10 min O, mix Cl, plasma post-treatment are
2.95, 1.32, 2.08 and 5.4 V/um, respectively in Fig 3.4.10 (b). The optimal post-treatment time
is 3min, it was removed amount of nanoparticles at the aligned CNTs’ tips and made more
effective emission sites in the meantime. Keeping on treatment time for 5 min, many defects
were formed to course the current density to electric field curve unstable in high electric field.
Keeping on treatment time for 10 min, too much amorphous carbon and chloride were formed
that was the main reason for poor electric characteristics. Fig 3.4.11 shown the image of
fluorescent screen monitoring the field emission from the pillar array (10mmx10mm) at an
electric field of 3.33V/um.(a) no post-treatment, (b) post-treatment for 3min. Obviously, after
0O, mix Cl, plasma post-treatment image of fluorescent screen monitoring the field emission

were more bright and more uniformity.
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3.5 Field emission Characteristics of CNT Field Emission Triode

3.5.1 Simulations of CNTs’ triode structure

Simulations were performed to investigate the beam spreading of emission electrons
with commercial software (SIMION-3D) using the finite element method. It was found that
an initial energy and divergence angles of e-beams at the moment of emission from CNTs
were 5 eV and -90°~+90°, respectively [3.11].

Our triode structure was design as Fig3.5.1. Central CNTs were used to be cathode
electric emitter, and surrounding N-type poly-Si was used to be gate of this triode structure.
Basically the anode voltage was fixed as 800V, cathode was 0V, and the gate was sweeping
from OV to 80V. Secondly, the spacing between cathode and anode was fixed as 150um, the
phosphor was deposited on anode glass plate with ITO coating.

Instead of the diode structures of field emission were shown in Fig 3.5.2 (a) without
gate voltage bias and the triode structures of our field emission unit shown in Fig3.5.2 (b). We
could obviously observe the enhancement of concentration by triode gated structure and gate
structure can enhance the density of equipotential lines near CNT tips shown in Fig 3.5.3, but
it has the leakage current from cathode to gate shown in Fig 3.5.2(b) .Furthermore, the gap
between the gate and CNTs can be controlled by varying the poly-Si lateral etching time. In
Fig 3.5.5 (¢)~(d) show a SEM micrograph of CNT pillar triode for poly-Si lateral etching time
of 80 s. The growth time of the CNTs was 5min. It can be seen that CNTs area well oriented

and perpendicularly distributed in the center of the gate hole.

3.5.2 Effect of pillar length on the field emission characteristics
The effect of the length of CNT pillar was investigated with the gate-to-emitter gap

kept at 1y m. The length of CNTs can be adjusted by changing the growth time. Fig3.5.4 and

Fig3.5.5 show SEM micrographs of planner-type CNT triodes for the growth times of 1 min,
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2 min and 5 min, respectively. The lengths of the CNTs are0.5u m,1y m and 5y m for the
growth times of 1 min, 2 min and 5 min, respectively. The top of nanotube tips for the growth
times for 2 min and 5 min are higher than the gate top surface and that for the growth time of
1 min is lower than the gate. Uniform growth of CNTs was achieved over the entire array for
all CNT triodes.

The Ja versus Vg characteristics of CNT triodes for different lengths of CNTs are shown
in Fig3.5.6. The turn-on voltages were 17 V and at beginning, respectively. A higher gate
voltage is required when the nanotubes are lower than the gate. This is ascribed to that more
emitted electrons would be captured by the gate. However, when the CNTs are much higher
than the gate, the tips of the nanotubes also need high gate voltage to emit electrons due to the
increasing distance between the gate and emitters. Thus, the proper length of CNTs should be
considered to achieve the low turn-on voltage field emission triodes. The corresponding F-N
plots of the CNT triodes for 1um of nanotubes was shown in Fig 3.5.7. In the Fig 3.5.8
Images of fluorescent screen monitoring the field electron emission from the CNT triode array

(3mm x 3mm) at the gate voltage (a) 20 V, (b) 30 V, respectively.
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[Fig 3.1.7] AFM images of different

Co-Ti/Al
catalysts growing at 700°C. The white
pixel is standing for highest pick and the
dark pixel is standing for the valley.
Co/Ti/Al
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[Fig 3.1.1] Tilt AFM images of Co-Ti/Al catalyst growing nanoparticles during 5min at

700°C.

[Fig 3.1.2] The schematic profiles of thin film catalyst change into nano-sized particle (a)

without Al buffer layer (b) with Al buffer layer.
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[Fig 3.1.5] (a) Band structure of double-barrier model for field emission of CNT films.

Erm and Egcnt is the Fermi level of substrate metal and CNTSs, respectively. Vijunction IS
the voltage dropped on the substrate—CNTSs junction.(b) Band structure of cathode for
CNT films on titanium. The disappearing of interface barrier was due to formation of

conductive TiC interlayer.
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[Fig 3.1.6] Sketch for side-contact of CNT and electrode. (a) Electrons tunnel through
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finite energy barrier created by oxide at CNT—metal interface. (b) Electrons can

transport into CNT smoothly through conductive TiC layer at CNT-Ti interface.
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[Fig 3.2.2(a)~(g)]SEM image of aligned CNT pillar array in inter-distance of 1504 m.
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[Fig 3.2.3 (a)~(e)]SEM images of aligned CNT pillar array in inter-distance of 2504 m.
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[Fig 3.2.4] Length of the aligned CNTs as a function of formation time (a) with 60sccm

flow for C,H4, (b) with 135sccm flow for C,H,.
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CNT pillar array synthesized in pattern of inter-distance 80p m.
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[Fig 3.2.6] Variation of (a) turn-on field (Et) and (b) field-enhancement factor (p)

with the ratio of inter-distance (80pm) to pillar height (H) .
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[Fig 3.2.9] (a)Plot of the FE current density versus the applied electric field (b) current
density in log scale versus the applied electric field (c) the corresponding F-N plots of

CNT pillar array synthesized in pattern of inter-distance 250pum.
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[Fig 3.2.12] Field emission property of different inter-pillar distances with R/H values of

about 5.5
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[Table3-2] Images of fluorescent screen monitoring the field electron emission from

pillar array for three type patterns (10mm x 10mm) at an electric field of 2.5 V/pm.

D=80pm R/H=11.2

Supplied electric

field=2.5 V/p m

D=150p m R/H=10.7

Supplied electric

field=2.5V/iy m

D=250p m

Supplied electric

field=2.5V/iy m
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[Fig 3.3.1] SEM images for directly growing method (a) the height of pillar is about

80pm (b)-1,2 the range of CNTs’ diameter is from 32 to 42pm.
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[Fig 3.3.2] SEM images for two-step growing method (a) the height of pillar is about
80um (b)the bird’s eye view image for a pillar (c) the tilted image at the tip of a pillar (d)

a joint connect first-time to second-time, obviously.
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il
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[Fig 3.3.3] SEM images for two-step growing method the range of upper part’s diameter

is form 20 to 26pm and the range of bottom part’s diameter is above 30pm.
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I./1,

[Fig 3.3.4] The Raman spectra of direct growth CNT pillar and two-step growth CNT
pillar array. The IG/ID ratio indicates the increasing of the graphite in the CNT pillar

array after two-step growth method.
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[Fig 3.3.5] Field emission properties of pillars of aligned CNT bundles: (a) current
density-electric field plot, (b) current density in log scale versus electric field plot and (c)

Fowler-Nordheim plot.
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[Fig 3.3.6] Image of fluorescent screen monitoring the field electron emission from the

pillar array (10mm x 10mm) at an electric field of 0.66 V/pm.

P 50 nm

[Fig 3.3.7] TEM images of a carbon nanotube.
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[Fig 3.4.1] SEM images after post-treatment of pure oxygen in the top view (a) 2min (b)

10min.
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P
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[Fig 3.4.2] SEM images after post-treatment of pure oxygen in the cross-section view.

The inset image is oxide carbon compound.
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[Fig 3.4.3] SEM images after post-treatment of oxygen mix chlorine for 2 min (a) (b) in

the tilt view (c) in the top view (d) oxygen mix chlorine compound around the CNTs.
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[Fig 3.4.4] SEM images after post-treatment of oxygen mix chlorine for 3 min (a) in the

tilt view (b) in the top view.
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[Fig 3.4.5] SEM images after post-treatment of oxygen mix chlorine for 5 min (a) in the

cross-section view (b) at the tip of the pillar.
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[Fig 3.4.6] SEM images after post-treatment of oxygen mix chlorine for 10 min (a) in the

tilt view (b) in the top view.
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[Fig 3.4.7]Raman spectra of pillar sample after O, mix Cl; plasma post-treatment
obtained using 514.5nm excitations. The inset image is an optic microscope image at the

top of a pillar.
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Table 3-3
Summary of Raman spectra for an as grown and CNT pillar array after O, mix Cl,

plasma treatment.

Raman analysis

Treatment time (min) 0 2 3 5

I G/I D 1.47 1.22 1.08 0.82

15-
14
13
1.2

11 \

1.0

IG/ID

0.8 4

0 1 2 3 4 5
Time (min)

[Fig 3.4.8] Plot of the Ig/lp versus the time for O, plus Cl, plasma post-treatment.
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Table 3-4

EDS analysis

Treatment time(min)  Element factor Co Cl O Ti

2 Atom(%o) 0.23 0.1 0.18 0.00
Element Wt (%) 1.13 0.3 0.24 0.00

3 Atom(%o) 0.19 0.12 1.05 0.00
Element Wt (%) 0.74 0.28 1.10 0.00

5 Atom(%o) 0.14 0.20 2.24 0.00
Element Wt (%) 0.42 0.97 2.31 0.00
10 Atom(%o) 12.56 4.13 31.31 0.97
Element Wt (%) 33.68 6.66 22.79 8.98

[Fig 3.4.9] EDS spectra for the nanoparticles at the tip of the CNT.
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[Fig 3.4.10] Field emission current density vs electric field for a vertically aligned CNT
pillar array (a) after O, plasma post-treatment and (b) after O, mix Cl, plasma

post-treatment.
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[Fig 3.4.11] Image of fluorescent screen monitoring the field emission from the pillar
array (10mmx10mm) at an electric field of 3.33V/um.(a) no post-treatment, (b)

post-treatment for 3min.

it S

[Fig 3.4.12] TEM analysis (a)before plasma post-treatment, (b)after plasma

post-treatment.
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[Fig 3.5.1] Central CNTs were used to be cathode electric emitter, and surrounding
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N-type poly-Si was used to be gate of this triode structure by Simulation

[Fig.3.5.2] Cross-section view for the nanotriode 3D model used for computing the
electric field with Simion 3D 7.0. The aligned nanotubes in the bunch have variable
heights and may protrude through the gate opening, as shown in the figure, or lie
beneath the gate electrode plane.(a) electric field emission without gate structure.(b)

electric field emission with 35V gate voltage supplied.
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[Fig.3.5.3] Equipotential lines near CNT tips — detail with the gate supplied 35V.
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[Fig.3.5.4] The corresponding cross-sectional SEM micrographs showing the CNT
lengths of (a) 0.5pum and (b) 1pm. Inset image is triode structure with 9um inter-distance

after CNTs growth.
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[Fig.3.5.5] The SEM images micrographs showing the CNT lengths of Spum (a)(e)tilt
image (b)cross-section view for triode pillar array (c)(d) the gate-to-emitter gap kept at

0.8um (f) few CNTSs shorted gate to cathode

0.0020 4 8 o/o ]
< 9 o/
£ & /
32; 0.0015 é«m y d°’°
= 0.0010 4 g 214 yfl
0.0005 1§ 124 ?
0 20 :1/08 o 60 80 0.0 05 . (1IVI1:1J) 15 2.0
[Fig.3.5.6] The corresponding Ja-Vg [Fig.3.5.7] The corresponding F-N plots
plots of the CNT triodes for 1pm and of the CNT triodes for 1pm of nanatubes.

5pm of nanotubes, respectively.

[Fig.3.5.8] Images of fluorescent screen monitoring
the field electron emission from the CNT triode

array (3mm x 3mm) at the gate voltage (a) 20 V,

(b) 30 V, respectively.
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Chapter 4

Summary and Conclusions

4.1 Summary and Conclusions

In this thesis, the field-emission characteristics of a pillar array of aligned CNT bundles
grown by thermal CVD are investigated. It is indispensable to reduce the turn on field and
threshold field to achieve practically applicable field electron emitters that operate at lower
power consumption. It has been reported that field emission can effectively enhanced for
aligned CNTs as field emitters when the ratio of distance between neighboring nanotubes to
the height of each individual CNT is approached 2. To explore the effect of the pillar
arrangement on its field emission, R/H is investigated as a function of H by changing H while
maintaining R at 80pum ~ 150pum - and 250um, respectively. The experimental results show
that the optimum R/H ratio is approaching to 2 when the inter-pillar distance is larger. Pillar
like CNT probably behaves like individual field emitter and has less field screening effect
within pillar. The results show that when R/H ratios are 8, 4.7 and 3.2 for inter-pillar distance
of 80um ~ 150pum and 250um , respectively, ultra low turn-on field(1.78V/um, 1.55V/um

and 1.53V/um, respectively) is achieved and fluorescent uniformity can also be improved.

Two-step growth method is proposed by adding another growth process just after the
previous growth process. When the first growth process is finished, H, is added to begin
another growth process instead of adding N, to cooling the first growth process. This creative
idea is to not only keep the catalyst nanoparticle not to be encapsulated by amorphous carbon

but also keep the catalyst nanoparticle with activity. Ultra low turn-on field (0.1 V/um) and
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ultra threshold field (0.64 V/um) are the best value that has been reported to date. Besides,
SEM, Raman and TEM are also used to study the material properties of the growth carbon
nanotubes. SEM and TEM micrograph show that thinner diameter about 24nm is observed on
the top of CNTs’ pillar grown by the two-step growth method. As CNT pillar with one-step
skill to two-step technique exhibit the Ig/lp increases from 1.5 to 1.8 which confirms that the
CNTs for the two-step one have a highly crystalline graphite structure for all cases in the
experimental design of CNTs synthetic conditions. The best field emission characteristic is
therefore achieved due to thinner diameter (i.e. high aspect ratio) and highly crystalline

graphite structure.

Next, in order to improve the uniformity and emission performance of electric
characteristics, the field emission behaviors of CNT pillar arrays treated with a plasma of a
mixture of O, and Cl, gases is investigated systematically. The field emission enhancement of
the pillar arrays after plasma post-treatment is attributed to the physical changes in CNT pillar
array by plasma treatment such as enhancement in the geometrical factor due to reduce the
screening effect. Furthermore, it also showed a low Ig/lp ratio in Raman Spectrum analysis,
indicating many defects are produced after plasma post-treatment. A low turn-on field of 1.4
V/um at an emission current density 10 pA/cm? lis achieved when the time of post-treatment

is 3 min by O, mix Cl, plasma.

Finally, utilizing semiconductor fabrication technology and selective-area growth of
CNTs, the CNT triode structures can be easily obtained. The gate-to-emitter gap can be
reduced to 1um by controlling the lateral etching time of the poly-Si gate.Furthermore, the
results of the simulations and luminescent images clearly indicated that this gate structure
with surrounding gate electrodes close to the emitters can cause larger divergence angle of

electrons and the emitted electrons traveling through the spacing between cathode and anode
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plates would give rise to a more uniform lighting region on the anode plate. Then, the field
emission investigation reveals the low gate turn-on voltage of 17 V. These properties offer the

promising future of the CNT field emission triode for vacuum microelectronic applications.
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