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Abstract

Subatmospheric pressure is defined as the pressure from several milliTorr to
several hundred Torr. The plasmas operated in subatmospheric pressure have the
advantages of easier construction and stable operation. The efficiency of the emitter
electrons is critical in the performance of the plasma devices. After accelerated in the
electric field between the cathode and the anode, the seed electrons play a significant role
in the ionization processes. In this dissertation, two specific types of plasma devices are
operated at subatmospheric pressure. The first is a in-house built microplasma device
with different cathode geometry. The second is a pseudospark switch based on plasma
ignition.

Microplasma devices have caught many research interests with the advantages of
smaller size, lower power and gas consumption and operation from subatmospheric to
atmospheric pressure compared to the traditional plasma devices. In this work, the
hollow cathode geometry is adopted in the microplasma devices' design. Different
cathode materials, including carbon nanotubes (CNTSs) as emitters, are used in the
devices. CNTs are known for their excellent field emission characteristics, which makes
them a good candidate as the source of seed electrons in the design.

The second device is a pseudospark plasma switch. Pseudospark switches have
been applied in pulse power application as the fast closing switches, with hold-off voltage

as high as 10 kV. The cathode geometry is hollow, so hollow cathode discharge is



formed to increase the charge carrier density. Pseudospark switches need a trigger
element where the seed electrons are employed to initiate ionization. In our work, CNTs
are used as trigger that supplies the seed electrons.

CNTs used as the electron emitter material are fabricated by chemical vapor
deposition (CVD) method. The CNTSs are synthesized under different growth conditions,
including sputtering time, sputtering pressure, type of catalysts, growth time, and growth
temperature. The plasma devices are assembled and tested under subatmospheric
pressure in-house in the vacuum chamber. The test experiments are carried out in
different background gas, and different operating pressures. VVoltage-current
characteristics are recorded to study the properties of the plasma. The mathematical

simulation are discussed later to study the properties of the plasma in detail.



Acknowledgments

Firstly I would like to express sincere gratitude to my advisor Dr. Hulya Kirkici
for the continuous support for my study and research. Her enthusiasm and motivation is
always my drive force to search the unknown scientific world. She helped me throughout
the research and guided me accomplishing this dissertation. | couldn't have imagined
having a better advisor and mentor for me on the seeking path of my PhD degree.

Besides | would like to sincerely thank Dr. Michael Baginski, Dr. Thomas
Baginski, and Dr. Wilamoski for the help with review of my dissertation. Thanks for the
insightful comments and suggestions. Thank Dr. Blumental from Department of
Chemistry for his support and help in the simulation process of plasma and being outsider
reader of this dissertation. Thank all the support from the lab mate, Haitao Zhao,
Zhenhong Li, Roger Tsai, Ramesh Bokka, Fang Li, Ming Zhang, Baha Yakupoglu, Rujun
Bai, Xiangchao Zhu and Michael Jung.

Thank Dr. Wentworth for the opportunity of working in the radio lab and all the
fun 1 had there with the senior students. Thank Ms. Linda Barresi, Mr. Calvin Cutshaw
and Mr. Joe Haggerty for mending all the mechanical trouble | have been processed

during research. Thank my family and friends for all the support and love.



Table of Contents

ADSTFACT ... bbb I
ACKNOWIEAGMENTS. ...ttt ii
LASE OF TADIES ...t %
LISE OF FIQUIES ...ttt bbbt bbbt Vi
Chapter 1 INTrOQUCTION .....c.viiiieieie bbbt 1
Chapter 2 Background INfOMAtION ...........ccuiiiiiiiiiinieieseseee e 4
2.1 P1asma ENQINEEIING ....ocoiiiiiiiieieeiesie e 4

2. L1 PIASMA ot 4

2.1.2 Plasma PrOPEITIES .....cooerieieieieiesiesie sttt 5

2.1.3 Plasma eNQINEEIING ......ceiirriieieiesiesie st 8

2.2 Subatmospheric PIASMA .........cccviiiieieieie e 9

2.2.1 GIOW QISCRAIQE .....oveiiiiiiiieieiee e 9

2.2.2 Hollow cathode diSCharge ... 13

2.2.3 MICIOPIASIMA ...t 15

2.2.4 Pseudospark SWITCN .........ccooveieiiiiiiiisieeee e 19

2.3 Limitations of Subatmospheric PIasmas ...........ccccovvieiinnieniniiiceen, 22

2.3. 1 Lifetime lIMITS ..ocooiiiiiiiceeee e 22

2.3.2 Electron density lMIS .......ccoooveiiiiiiiiiiece e, 23

2.3.3 Power consumption HMIES ........cooceiiiiiininineee e 24



Chapter 3 Carbon NaNOTUDES ..........ooiiiiiiiiee e 26

L INrOAUCTION ... 26

3.2 PropertieS OF CNTS ....ouiiiiiiiieeeee e 30

3.2.1 Electrical Properties ..........cooeeeereieienese e 30

3.2.2 Chemical Properties ..........ccoeiereieieiesese e 31

3.2.3 Mechanical Properties ... 32

3.3 CNTs Fabrication and Optimization ...........cccceevveiieienenineneneses e 33

3.3.1 Silicon wafer preparation .........cccocooeieiininienieiee e 34

3.3.2 CAtAlYSt PVD ..o 36

3.3.3 CVD MELNOM ..o e 37

3.3.4 Examination Methods ...........ccoeiriiineiininee e 39

3.3.5 Results and diSCUSSION ..........ccovevrierieieinieneee e 40

Chapter 4 Microplasma Device: Design, Construction and Testing ..........cccceeeevvverivenenne. 45
4.1 Chamber Construction and Diagnostic System Set-Up ........ccccccvvvvevvenenne. 45

4.2 Breakdown Voltage Test and DiSCUSSION .........cccevvveieerieiieeieeie e 47

Chapter 5 Pseudospark SWItCh ............cccooiiiiiii i 54
Chapter 6 Plasma Modeling using CNTs as Seed Electron Emitters ..........cccccoevevvenane. 58
6.1 Plasma Processing MOdeling .........ccccovviiiiieii i 58

6.2 FIUID MO ... e 60

6.3 ReSUItS and DISCUSSION .....cueiieiiieiieiiiesieite st 68

Chapter 7 SUMMAIY .....ooiieiieecee ettt e e e sbe et e e beesneesreeanes 79
RETEIBNCES ...ttt 81



List of Tables

Table 2.1 Important parameters to define the collision processes of the particles in the
0] F TS - S STSSSRS 8

Table 3.1 Turn-on field and saturation current density of typical electron emitter

MALEITAIS ...ttt enes 27
Table 3.2 List of pattern size in the selective mask ..........ccccooeiiiiiiiiie s 41
Table 6.1 Different models and simulation methods for plasma.............ccoconiniiiinienen, 59
Table 6.2 10-mTorr argon plasma chemistry used in this Work ...........ccccccovvvevviinivennnne 61

Table 6.3 Three cases for 10-mTorr argon plasma discharge development with listing
[OL2 U L T ] £SO PRPURPPTPRO 69



List of Figures

Figure 2.1 Typical Paschen curve for breakdown voltage versus the pressure-gap

PIOQUCT ..ttt bbbttt 11
Figure 2.2 Schematic movements of the pendulur electrons in the cathode cavity .......... 15
Figure 2.3 General construction of pseudospark SWItCh ...........ccccooeiiiiiiiiiniiccee, 20

Figure 2.4 Range of gas pressures and operating voltages for various types of gas

switches (inter-electrodes distance=3mm) ...........cccccevveiiiieiieieere e 21
Figure 3.1 Schematic diagram of carbon nanotubes ............cccccevveieiieiecie s, 28
Figure 3.2 SEM pictures of aligned CNTs and random CNTS ......cccccevveieiievrcciesieneen, 29
Figure 3.3 Schematic diagram of CNTSs fabrication processing ........c.cccoeevvvvevvevieseennnn, 36
Figure 3.4 Schematic 0f CVD FEACION ........cccouiiieiieeiee e 39
Figure 3.5 Patterned silicon wafer with PR on top and the corresponding mask ............. 41

Figure 3.6 After PVD process before stripping off PR four different size of pattern

under microscope using the same magnifying POWEr ..........c.ccocevvvrvnviieeieenn. 42
Figure 3.7 SEM pictures of patterned CNTS sample ..., 43
Figure 3.8 Field emission curves of four different patterned CNTS ........ccccocvviniviiininnnn, 44
Figure 4.1 Microplasma devices’ cross section with the critical dimensions ................... 46
Figure 4.2 Microplasma devices’ teSting CIFCUIL ..........ccccvevivieiieiiic e 46
Figure 4.3 Different constructions of the cathode in microplasma devices ...................... 47

Figure 4.4 Breakdown voltage comparisons between hollow cathode with 1-hole and
hollow cathode With 5-0le ..........ccoiiiii e 48

Figure 4.5 Breakdown voltage comparisons between hollow cathode and plane cathode

Vi



with background gas of argon and helium ..., 48

Figure 4.6 Voltage-current of the breakdown process under argon in 200 Torr pressure
and under helium in 400 TOIT PrESSUIE ......coveiveiieeieseesieeieseesieeeesreesaeseesneas 51

Figure 4.7 Voltage-current characteristics of the breakdown process with CNTSs as the
cathode under argon in 200 Torr pressure and under helium in 400 Torr

PIESSUIE ..ttt sttt et b e n e nne e s n e nnee s 53
Figure 5.1 Sketch and critical dimensions of the constructed pseudospark switch .......... 55
Figure 5.2 Assembled pseudospark switch chamber ..., 55
Figure 5.3 Applied negative pulse VOItage ... 56
Figure 6.1 Schematic diagram of the computational domain with meshes ...................... 68

Figure 6.2 Plot of voltage distribution history along the symmetry axis from the surface
of trigger to the surface of pseudo-anode for three cases ..........c.cccoevevveiiennenn 71

Figure 6.3 Plot of electrical field z-component history along the symmetry axis from the
surface of trigger to the surface of pseudo-anode for three cases ................... 72

Figure 6.4 Plot of electron density history along the symmetry axis from the surface of
trigger to the surface of pseudo-anode for three cases .........c.ccvvvevvvievveeene 73

Figure 6.5 Three points in the construction of chamber to investigate the electron density
development DY tIMe ..o 75

Figure 6.6 Plot of electron density development by time for three cases ............ccccecveee. 76
Figure 6.7 Plot of electron temperature history along the symmetry axis from the surface

of trigger to the surface of pseudo-anode for three cases .........ccccccoevevveviennenn 77

Vi



Chapter 1

Introduction

Plasma-related industrial processes are becoming popular in practical applications
while modern industry is consuming more and more energy nowadays. Plasma is
widely used in lighting, fabrication processes, and display area. Therefore, the plasma
engineering plays a significant role in increasing the efficiency and effectiveness of
major energy-consuming processes applied in industry [1]. Plasma physics and
engineering is the interdisciplinary field with the diverse changes in the plasma
characteristic parameters. While plasma is in the broad everyday application, the
processes inside plasma are complex and complicated. Basic knowledge and the study

of plasma properties are still limited in most cases.

One of the major challenges in the plasma applications is that plasma is
unpredictable and can easily lead to instabilities and be extinguished. In order to
improve these properties of plasma devices, the microplasma is brought out and has
attracted more and more research interests recently [2]. The microplasma is referred to
as one kind of glow discharge with limited dimensions of 1 mm or less. It is one
approach to generate and maintain the stable glow discharge at high operating pressure.

Most microplasma are operated from subatmospheric to atmospheric pressures with large



number of charged species in a limited space. Therefore, even with the low or moderate
ionization degree, the electron density in a microplasma could still reach as high as 10%°
cm2[3]. Both the properties and processes in a microplasma are pretty distinct from the
traditional glow discharge due to the growth in the surface-to-volume ratio. It has
several advantages over the traditional glow discharge, including its small size, high
power efficiency, high energetic electron density, low gas consumption, and no
requirement of an expensive and bulky vacuum system. Microplasmas usually operate
in abnormal-glow mode. This is one of the major challenges of microplasma. Because
of this they constantly face the susceptibility of transitioning from the glow discharge to
arc. By integrating hollow cathode geometry into the design of the microplasma devices,
the microplasma is characterized by both the stable working condition and the high
energetic species generated critically in application. As the source of the seed electrons
at the initiation stage of breakdown, carbon nanotubes (CNTSs) are applied as part of
cathode, which are well known for their excellent field emission ability and stable
performance with long-hour operation [4].

The other plasma devices introduced in this work is the pseudospark switch
design and construction. Pseudospark switch is a three-electrode device similar to the
thyratron but operates in low pressure gaseous environment, instead of vacuum. It has a
hollow cathode, hollow anode and a trigger. Hollow geometry of anode and cathode is
to increase the density of charged species and to confine the plasma. In the modern

pulsed power field, the new challenges are presenting as the requirement of high current
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density and lower jitter time in switch applications. The pseudospark switch is brought
up to satisfy such kind of requirements compared to the conventional switches. So far,
the pseudospark switch has been designed with the hold-off voltage up to several tens of
kV and peak current 10 kA [5]. The triggering mechanism adopted here is field
emission triggering with the CNTSs as the seed electron source.

The primary objective of this research work is to design and construct two types
of plasma devices operating in subatmospheric pressure and apply CNTSs as cold cathode
material. The design of each device uses easy-to-construct and compact package
concept.  The performance of each device is represented by voltage-current
characteristics. From this, electron density and electron temperature data are extracted
and simulated under different operating conditions. The results are presenting to display

the optimization working conditions.



Chapter 2

Background Information

2.1 Plasma Engineering

2.1.1 Plasma

Plasma is commonly defined as the fourth fundamental state of matter besides
solid, liquid and gas, in which plasma is most energetic state of matter. It is
characterized by a mixture of electrons, ions, and neutral particles in which the number of
electrons approximately equals to that of ions (ne=ni), whose behavior can be observed in
the solid [6], liquid [7] or gas phases. In the following part we refer "plasma” as the gas
plasma, which is the focus of our research with no specific instructions. The natural
plasmas around us include ionosphere layer surrounding our earth, the aurora, and the
lightning bolt in a thunderstorm. The man-produced plasma is widely used in lighting
devices with fluorescent lamps and in the sparks in the cylinders of automobile engines in
our daily life. Most popular industrial applications of the plasma include plasma
spraying, plasma etching in microelectronics, plasma metal cutting and welding, and
others.

Different plasmas have variable characteristics in many aspects, including the

production methods, the pressure, charged-particle density and temperature. Basically



speaking, plasma can be produced by two kinds of methods, assembling the existing
constituent particles and ionizing the neutral gas, between which gas ionization is more
common method in the applications. The external sources, the presence of external
electric and/or magnetic fields, apply to the neutral gas to make sure the particles gain
enough energy producing the charged ions and electrons.  The initiation of ionization of
the neutral gas in the discharge process relies on the energy of free electrons, the number
of this kind of electrons and the emission ability of the cathode surface. It has been used
widely to produce the plasma with the aid of X-rays, laser beams and high pulse power [8,
9].
2.1.2 Plasma properties

Plasma is denoted as electrical conductor due to the presence of the free charge
carriers.  The high chemical activity of plasma is also based on the high concentration of
active species, mainly electrons existing in the volumetric plasma. Based on the great
number of charged energetic particles involved, plasma is considered as an ensemble of
complex processes. One region of laboratory plasma interest to us is the positive
column of the glow discharge, in which there are equal number of positive ions and
electrons. Another region is the negative glow, characterized by high density of ions
and highly energetic electrons. Plasma in this dissertation is referred as cold-plasma,
where overall charge neutrality exists.

The plasma parameters can span many orders of magnitudes. In most gases, the

temperature is one of the critical parameters, which is defined by the average kinetic
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energy of the particles. Since the plasma is a collection of molecules, atoms, electrons
and ions, there are a series of typical temperatures to represent the properties of the
plasma. Unless there are sufficient collisions process occurring in the plasma to
equilibrate these temperatures, electron temperature (Te) is usually much higher than the
heavy particles' temperature (ion temperature T; in most cases). Because the mass of an
electron is much less than that of a heavy particle, it is going to accumulate energy from
electrical field much faster. It is found that the energy difference between electrons and
the heavy particles is proportional to the square of the ratio of the energy an electron
receiving from the electric field (E) to the pressure (p). Only under small values of E/p,
Ti is approaching the level of Te, which is denoted as thermal plasma or equilibrium
plasma, otherwise non-thermal plasma or non-equilibrium plasma. These two different
kinds of plasmas have different application areas. Generally speaking thermal plasmas
are more powerful, while non-thermal ones are more selective. And thermal plasmas
are hard to sustain and manipulate while non-thermal plasmas are more sustainable.
Plasma studied in this work are all of the non-thermal kind.

The most common plasma collision processes include ionization of atoms and
molecules by electron impact, electron attachment to atoms or molecules, and
ion-molecule reactions. Besides these, electron-ion recombination, ion-ion
recombination, excitation and dissociation of neutral species by electron impact,
relaxation of excited species, electron detachment and destruction of negative ions,

photon-release processes also happen in the plasma volume. That explains the case that
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the processes in plasma are quite complex, combining dozens of chemical reactions of
atoms, electrons, and ions and effecting collisions processes all occurring in a very short
period of time, creating an operating environment difficult to characterize. There are
four basic collision parameters to characterize the processes occurring in the plasma,
which are listed in Table 2.1 with the most common representative parameters. The
cross section o of a process is referred as the area around a particle A, in which if the
center of another particle B lies in, a collision between particle A and particle B must be
in order to occur. Mean free path A is defined as the average distance travelled by a
particle between successive collision processes. The mean free path of a particle A with

respect to the collision process with B is related to the cross section of A as follows:

a=-L 2.1)
Ngo

where n, stands for number density of particle B. The number of collision processes
that take place in unit time is called reaction rate y. It can be expressed as:

Y =Ngov (2.2)
where v, stands for the velocity of particle A. For a two-body collision process A+B,
the reaction rate in unit volume can be calculated by multiplying the interaction
frequency between particle A and particle B by the number density of particle A, as
naNs(ov,), where the factor (ov,) is referred as reaction rate coefficient k. The
reaction rate coefficient k is an integral factor as a function of particle’s temperature,

determined by the particle’s energy distribution functions.



Table 2.1 Important parameters to define the collision processes of the particles in the
plasma

Collision Parameter Representative Symbol

Collision Cross Section

o (cm? or A2)
Mean Free Path
A (um)
Interaction Frequency/ Reaction Rate v (s)
Reaction Rate Coefficient
k (m3s?)

In general, all collision processes can be divided into two categories, elastic
collision and inelastic collision. In elastic collisions, there is no net conversion of
kinetic energy into other forms. Hence, the total kinetic energy of the system stays
constant, only resulting in the Kinetic energy scattering. On the other hand, inelastic
collisions are more critical for plasma formation. The elementary processes like
ionization of atoms and molecules by electron impact are inelastic collisions with the
kinetic energy transferred to the internal energy of the particles.

2.1.3 Plasma engineering

Plasma engineering plays a key role in a large variety of industry applications,
from microelectronics fabrication and materials processing through environmental
utilization and recently cosmetics. It is desirable with the high-energy efficiency,
productivity rate and selectivity in the produced plasma. The energetic particles in the
plasma are the most important characteristic in plasma application. First, the particles in
the plasma usually have higher temperatures and energy density compared to the products

of ordinary chemical reactions. The higher energy can be applied to initiate chemical
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reactions, which are very difficult to start when it used ordinary chemical mechanisms.
Second, the energetic particles can generate a wide spectrum of species from electrons,
ions, radicals, highly reactive neutral species such as reactive atoms, and reactive
molecular fragments, photons, and excited atoms. Despite their extensive usage,
understanding of plasma processes in specific system remains limited in many cases.
The key point in the application is to find the proper region and optimized plasma
parameters among all these varieties in the plasma system to fit the specific usage with
peak efficiency. With growing plasma-processing dimensions, the spatial uniformity
and the close control in the characteristics of energetic particles are desired in the massive
industrial production. The research interests are proposed and focused on the optimized
shaped electrodes, multiple generators and different background gas feeding to scale from

laboratory reaction to large-area industrial application.

2.2 Subatmospheric Plasmas

2.2.1 Glow discharge

A glow discharge is initiated by the application of a sufficiently high voltage
applied between the cathode and the anode. The neutral gas breaks down when the
applied electric field reaches to a sufficient amplitude to generate electron-ion pairs by
electron impact collisions. The voltage between electrodes at which the breakdown
happens is defined as the breakdown voltage Vy. The applied voltage ranging from

several hundred of volts to thousands of volts based on the type of gas, pressure,



electrode material, the distance between electrodes, and the initial density of free
electrons. The presence of an initiating number of free electrons is required to start the
ionization process. As Paschen's law states, the breakdown voltage of gas between
parallel plates is a function of the product of pressure and gap distance. The equation is

shown as:

v—_ Apd
In(pd) +B

(2.1

where V stands for the breakdown voltage in volt, p for the pressure, d for the gap
distance between cathode and anode in meter, A and B are constants and depends on the
type of the background gas. The typical Paschen curve based on Paschen's law is shown
in Figure 2.1. The curve always has a point of minimum voltage to initiate the
breakdown, marked as Vmin in Figure 2.1 for certain value of pd. Based on the location
of Vmin the Paschen curve is divided into left and right side. On the left side of the curve,
the breakdown voltage decreases while pd is increasing, which is caused by the rise in the
collision frequency between electrons and neutral particles. On the right side of the
curve, while collision frequency is too high for electrons to accumulate minimum energy

required by ionization process, the ionization cross section is reduced as pd is increasing.

As a result of this, the breakdown voltage increases.
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Figure 2.1 Typical Paschen curve for breakdown voltage versus the pressure-gap product

Glow discharge is the base form of fluorescent lighting. Basically speaking,
when the pressure is around several Torr, or the operating circuit has a ballast resistor to
prohibit a large current flow, the glow discharge is developed. From macro perspective,
it is a kind of weakly ionized plasma with low current and high voltage. Normal glow
discharge is defined as the plasma produced after breakdown where as current increases
the sustaining voltage remains constant. This means that the current density in the
boundary region is constant. The cross-sectional area of the discharge increases and is
proportional to the current. As long as the discharge area is less than the area of the
cathode, this V-l characteristic remains the same. Once the discharge covers the
electrodes completely, any increases in discharge current would lead to an increase in the

discharge voltage, with the current density increasing. This type of increasing V-I
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characteristic shows a positive resistive property, denoted as "abnormal glow discharge™
mode. This mode is applied mostly in the atomic spectroscopy measurement because of
large amounts of excited species and particles. With the increasing current, the
discharge would lead to a transition to the arc discharge with instability. Another
situation similar to the current raising is increasing the pressure. Under the same current
condition, the current density is proportional to the square of the pressure [10]. There is
a current density threshold to develop this glow-to-arc transition as the pressure increases.
The value of this current density threshold is determined by the operating characteristics,
including the gas type and electrode material. For example, if the pressure is on the
order of an atmosphere with the low external circuit resistance a thermal arc discharge
may come with large currents around 1 A after abnormal glow discharge mode.

Most of the plasma produced by the glow discharge is nonequilibrium plasma,
which means electrons have higher kinetic energy than the ions and neutral particles.
The population of the various excited species is determined by the electron energy
distribution function. Generally speaking, the relative distribution of the various plasma
particles can be manipulated by simply changing the electron energy distribution. This
nonequilibrium plasma has been applied in many applications based on the high electron
energy distribution function [11].

In order to maintain a stable glow discharge, the control needs to be applied to
make sure the current density is below the transition threshold. The most common and

easiest way is to adapt current-limiting resistor in the discharge circuit. Glow discharge
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devices are gaseous conductors with inert gases (mostly argon and helium) operated from
subatmospheric to atmospheric pressure. They are basis of fluorescent lighting in
everyday life, with mercury vapor and neon as the discharge gas vapors. In power
electronics industry, the pseudospark switch as cold-cathode thyratron and ignitron are
developed utilizing glow discharge as the switching and rectification medium.
Furthermore, the glow discharge devices have the compatibility with solid elemental
analysis and depth-resolved analyses using excited atoms and ions. By the interaction
of external light sources, glow discharge devices could be used in atomic fluorescence,
optogalvanic effect, and resonance ionization spectroscopy.

2.2.2 Hollow cathode discharge

Hollow cathode discharge is referred as the gas discharges generated by a
hollow-structural cathode and an arbitrarily shaped anode. The concept of hollow
cathode discharge was firstly brought up by A. D. White in 1959 [12]. The most
common cathode structure in the hollow cathode discharge has a cylindrical hole in the
center and is separated from the ring-shaped anode or the metal-needle anode with a
dielectric spacer [13]. It has the advantages of the high electron density and
low-pressure working range. It is known that the non-plane cathode geometry affects
the discharge distribution dramatically. In a broad sense hollow cathode discharge is
referred as all glow discharges generated by non-planar cathodes [14]. It has a wide
range of applications, including hollow-cathode lamp, hollow-cathode laser, and

hollow-cathode plasma switch.
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In addition to the well-known scaling parameter of pd in the Paschen's law to
determine the breakdown voltage in a glow discharge, the hollow cathode discharge has
another unique scaling parameter referred as pD, in which D stands for the dimension of
the cathode aperture.  In most of cases when the cathode has a cylindrical hole, D stands
for the diameter of the center hole. According to Allis-White similarity law, the
pressure p varies inversely with the diameter of the hole D [15]. The range of pD
determines the voltage-current (V-I) characteristic in the hollow cathode discharge. In
order to operate the hollow cathode discharge with stability, pD needs to be in the range
between 0.1 Torr » cm and 10 Torr = cm under the constant sustaining voltage Vs [16].
The lower boundary of pD is determined by the condition that the diameter D must be
greater than the mean free path for ionization, while the higher boundary depends on the
condition that the distance between opposite cathodes must not exceed the lengths of the
two cathode fall regions. Hence, for atmospheric pressure operation the diameter of the
cathode hole should be in the order of 100 pm [11].

Due to the hollow geometry, the dimension of the cathode aperture D controls the
width of the dark space. When reducing D to a sufficiently small level, it leads to the
merger between cathode negative glow and anode glow as well as rise in both light
emission and cathode current density. It is commonly referred as hollow cathode effect
[17], which has been proved caused by pendulur electrons [18]. The free electrons
emitted from the trigger unit are accelerated and propagates in the cathode cavity. Once

the breakdown occurs further electrons are generated. These electrons are in the field
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free region of the cathode cavity and reflected back and forth between the boundaries of
the cathode cavity. This results in the increase of ionization and formation of high
energy density and number density of charged species (Figure 2.2). The hollow cathode
discharge is also a kind of a nonequilibrium plasmas, in which the ions and neutrals have
a much lower temperature compared to the electrons. The simulation results of
direct-current microhollow cathode discharge with 200 m opening show that the peak
electron temperature reaches tens of eV while the peak gas temperature stays around
several hundreds of Kelvin [19]. Therefore, the high-mobility electrons move faster in
the reverse direction of electrical field and leave the low-mobility ions behind, forming a
virtual anode in the cathode cavity. The existence of the virtual anode in the cavity

further increases the electron emission rate.

Cathode

Figure 2.2 Schematic movements of the pendulur electrons in the cathode cavity

2.2.3 Microplasma

Microplasma is defined as plasma, which is spatially confined to 1 mm or less.
It is one approach to generate and maintain the stability of the glow discharge at
subatmospheric or atmospheric pressure [2]. The physical and chemical properties

differ from large-scale plasmas due to the increase of the surface-to-volume ratio. To
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make sure the proper multiplication rate of free electrons in the limited distance between
cathode and anode, higher operating pressures are mostly adopted to assure high-density
particles. Hence, even with the moderate ionization degree, the electron density existing
in microplasma can reach as high as 10*® cm= [20]. Nowadays, microplasma can be
found in many applications, mainly taking advantages of the low power consumption, the
small size, the non-thermal characteristics, and the simple operation ranging from
subatmospheric to atmospheric pressures. In addition to the high electron density in
microplasma discharge, the electrons have the non-Maxwell electron energy. There are
many microplasma devices with different geometric configurations, including pin
electrodes, parallel-plate electrodes, hollow cathodes, and inverted-pyramidal electrodes
[21-24]. In a previous work, it has been utilized in display systems by studying the
electrostatic breakdown in vacuum-packaged microelectromechanical system (MEMS)
with the volume confined by magnets [25]. Microplasma devices have also been
employed as the detector according to the spectral information. For example the water
sample can be placed as a cathode in order to identify the impurities in water [26]. The
parallel-plate electrodes with multiple 1.5 mm-diameter holes are studied to decompose
the pollutants of NOx in exhaust gas [27]. The silicon deposition at elevated pressure
and room temperature are reported using plasma-enhanced chemical vapor deposition
method with DC microplasma [28]. It is reported that the surface of polyethylene
naphthalene film can be treated by the microplasma produced by the Marx generator to

modify the surface wettability, with the advantages of environmental-friendly
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characteristic and low cost [29]. High-pressure discharge in xenon was found to be a
strong source of excimer radiation, utilizing 100 pm-diameter opening hollow cathode
discharge with DC voltage 220V [30]. Generally, the power of a microplasma is limited
that the individual microplasma discharge has limited applications. Hence, most
industrial applications require microplasma arrays or microplasma integrated structures to
boost the processing power. In order for a stable operation of multi-microplasma
discharge in parallel, a positive differential resistance characteristic is desired to avoid the
employment of the extra ballast resistors in the operating circuits.

As Paschen's law indicates, the minimum breakdown voltage occurs when the
product of pressure and the gap distance is around the level of 0.1-5 Torr » cm for most
common gases [31]. When the pressure increases, the inter-electrode distance needs to
be decreased to maintain the same breakdown voltage. Consequently, when the
inter-electrode distance lies in the order of micrometers, the operating pressure of a glow
discharge can be as high as or higher than the atmospheric pressure under constant
breakdown voltage. After the breakdown happens, multiple collision processes between
variety particles would produce more charged species with a proper voltage Vs applied,
which is known as sustaining voltage, lower than the breakdown voltage Vy, usually.

Under the atmospheric pressure, the nonequilibrium plasma is susceptible to
glow-to-arc transition since the product of pd increases, which leads to instability because
of the high current density. One method to eliminate this kind of instability is to confine

the plasma to dimensions of 1 mm or less to make sure the product of pd falls in the area
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of normal glow discharge without changing the breakdown voltage in general. Besides,
the large surface-to-volume ratio in the microplasma boosts the energy losses of the
charged and radical particles in the boundary, which would prevent the run-away
transition to an arcing mode. This makes the gas temperatures in the microplasma,
typically hundreds of Kelvin above room temperature, are much larger than most
low-pressure glow discharges [32].

The most common studies of microplasma are divided into two categories namely
experimental techniques and numerical techniques. These are consistent with the
acknowledge methods of the normal plasma however with much more complexity due to
the limited volume in the microplasma.

Microplasma with hollow cathode geometry is referred as the gas discharges
between a hollow cathode and an arbitrary shape anode with the dimensions around 100
um range. It works similarly to the conventional hollow cathode discharge to produce
high-density electrons. As pD lays in the range of 0.1 Torr = cm and 10 Torr = cm, as
mentioned before in the hollow cathode discharge, the microplasma with hollow cathode
construction develops in stages, from pre-discharge at low currents to hollow cathode
discharge at high currents. It has been reported that the large concentration of electrons
with high energy favors excimer formation at wavelengths of 128 and 172 nm in xenon
and argon respectively [33].

2.2.4 Pseudospark switch
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A pulsed power system has the main characteristic of very high peak-to-average
power ratio of the electric pulse(s). The basic working principle of a pulsed power
system is to accumulate energy for a relatively long period of time (usually seconds or
minutes) and then to release or discharge it to a load over a much shorter period of time
(usually microseconds or nanoseconds). In general, a pulsed power system consists of
an energy storage stage, a pulse forming stage, a switch and a load [34]. The properties
of the switches are critical to the pulsed power system, affecting the rise time, pulse
shape and the amplitude of the output pulse.

The pseudospark switch, also known as cold-cathode thyratron, is designed like
thyratron to control high voltage and high current discharges and operates at low pressure.
The development in pulsed power system has exceeded the capabilities of the common
commercial switches such as thyratron or spark gaps recently. To meet the new
requirements, the pseudospark switch has been brought up by Christiansen and
Schultheiss in 1978 as low-pressure, high-voltage plasma devices [35]. Compared to
other switches, the pseudospark switch is capable of high speed switching, high lifetime,
and high current rise of about 102 A/sec. Due to the symmetric design of the electrodes,
pseudospark switch has the ability to handle 100% reverse current without failure. It
has been widely used in pulsed power systems, linear accelerators, material processing
devices to produce intense pulsed electron beams, soft x-ray source, and high power
excimer laser [36-40]. Besides, the pseudospark switch has the advantage of

easy-construction and is free of electrode erosion. The hold-off voltage of a single gas
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pseudospark switch depends significantly on the surface flashover and the field emission
of the cold cathode. In general, the hold-off voltage in the switch design can be
increased by adopting multi-gap switch configuration or filling gases of hydrogen, helium
and other inert gases. An upgraded double-gap pseudospark switch has been designed
and tested with the hold-off voltage as high as 40 kV and peaks current 5 kA [41].
Pseudospark switches make use of hollow cathode geometry, taking advantage of the
hollow cathode effect. The general construction of a pseudospark switch is shown as
Figure 2.3. The switch consists of a hollow cathode and a hollow anode, which has one
or several holes (2 holes in the picture) in the interface to produce the spark in the
operation. It is verified that the inter-electrode distance needs to be designed as
comparable as the hollow diameter for the purpose of high-current discharge [36]. In
the cathode cavity, the trigger unit is placed to initiate breakdown between the cathode
and the anode. Most of the trigger methods include the electron injection, the plasma

injection, optical triggering and the surface discharge.

Hollow Cathode Hollow Anode

10
Trigger Unit

~ J |\

oy

Figure 2.3 General construction of pseudospark switch

| Inter-electrode distance
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Figure 2.4 Range of gas pressures and operating voltages for various types of gas
switches (inter-electrodes distance=3 mm) [34]

A pseudospark is a high voltage discharge with the product of the inter-electrodes
distance and the operating pressure located on the left side of the Paschen's curve (Figure
2.4). Generally, the pseudospark discharge process is summarized into four phases,
including predischarge, hollow cathode discharge, super glow discharge and decay of the
discharge plasma [42]. At low currents, predischarge phase is observed with glow
discharge with the cathode fall occurring outside the hollow cathode structure. As the
current increases and the glow discharge transition into the abnormal discharge with a
positive differential resistance, the positive space charge region relocates closer to the
hollow cathode structure until entering the cavity. A virtual anode is formed in the

cavity and results in redistribution of the electric field, as the hollow cathode effect arises.
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In this transition from the axial pre-discharge to a radial discharge, a negative differential
resistance is observed in the current-voltage characteristic, which is normally referred as
hollow cathode discharge. The continuous transition develops into high-current-density
discharge phase, referred as "super glow discharge”, and characterized by a positive
differential resistance. It is often accompanied by the production of intense electron
beam from the central hole in anode. The electron beam power densities have been
reported as high as 10° W/cm? with corresponding current density as 7><10* A/cm? and
applied voltage as 20 kV [43]. When the time interval of the pulse power exceeds
certain time limit, the recombination and diffusion movements of the residual charged
particles in the hollow construction would become dominate, resulting in the decay of
discharge plasma. The minimum time limit, referred as recovery time for a pseudospark
device, has been investigated as the function of hollow cathode length and radius of gas

volume [41].

2.3 Limitations of Subatmospheric Plasmas

2.3.1 Lifetime limits

The basic idea about the plasma application is to transfer the energy into
producing energetic particles and get processing with a different medium in practice.
Although the energetic particles existing in the plasma are one of the advantages in the
plasma applications, they still cause problems such as the electrodes erosion at high

currents condition. It is the same case as the main drawback in thermal plasma
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applications. High energetic particles in thermal plasma normally cause overheating
problems of reaction media and result in the short lifetime of the plasma devices. It has
been shown that the face of the cooper cathode can be evaporated due to the high power
density of the electron beam (10°-10%2 W/cm?®), leading to rapid electrode degradation
[44]. Changing the electrode material to higher-temperature material is the most
common way to reduce the electrode erosion and increase the lifetime of the plasma
devices. Besides, the optimization of applied magnetic field design is performed to
increase the lifetime [45]. Changing geometry design of plasma devices could be
another approach to solve the lifetime limitation. The Jet Propulsion Laboratory (JPL)
scientists and engineers developed a sophisticated hollow cathode design, which was able
to work continuously for 30,352 h with high discharge current 4~15 A [46].

Besides, another approach is to develop methods for precise control of the flux
and energy of the reactive species through transferring stable energy over long periods.
This is specifically required when applying plasma source on delicate materials such as
living biological organisms in cosmetics [47]. The key of this method is to develop
real-time diagnostic technology and eventually autonomously controlled plasma
equipment with active feedback.

2.3.2 Electron density limits

In pseudospark switch application, one of the major problems is current

quenching [48]. It happens because of the depletion of charge carriers in the high

current conduction phase, caused by the interaction of plasma and cathode surface [46].
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A popular method is to reduce the current quenching to an allowable level by increasing
the gas pressure, which introduces the additional particles in turn. Besides, it could be
suppressed by optimizing the electrode geometry, by the addition of heavier gases and by
applying long pulse trigger voltage.

The ability of the trigger unit to deliver a sufficient number of electrons into the
cathode cavity is critical for a reliable triggering and limited delay time in pseudospark
switch. The higher electron injecting number in the same time frame it supplies, the
lower delay time the pseudospark switch can achieve. As a trigger unit in pseudospark
switch, it is necessary to provide at least 10° electrons to ignite the discharge [49].

2.3.3 Power consumption limits

Generally speaking, the plasma reactor always desires high operating power to
maintain the operation. As power consumption concerns, most plasma devices are still
on the transition from research laboratory to industrial-scale applications. For example,
plasma CO- dissociation attracts researchers' interest to reverse climate changes while the
bottleneck is the limited energy transfer efficiency [50].

Power efficiency has been a paramount concern in industrial applications.  Study
on subatmospheric plasma devices has brought a series of methods to boost the power
efficiency, including experimental and simulation approach. For example, a
two-dimensional fluid model is brought up to investigate the power efficiency as a

function of applied electric field in the plasma display panel cell with continuous electron
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beam source. The power efficiency can be enhanced by reducing the electric field

inside the cell to boost the number density of the excimer species [51].
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Chapter 3

Carbon Nanotubes

3.1 Introduction

In order to improve the performance of the microplasma and pseudospark device,
a proper cold cathode emitter material is needed to supply seed electrons to initiate the
plasma. Ideally, the cold cathode is desired to have a high field emission capability.
As Table 3.1 shown, different materials have been studied and the results of the turn-on
field and the saturation current density are reported in several papers [52-55]. The
turn-on field varied from 0.43 V/pm to 6 V/pm, while the saturation current density from
0.4 mA/cm? to 1 mA/cm?. It is conducted that CNTs have the lowest turn-on field and
satisfied saturation current density compared to Cu.S nanowire, polycrystalline diamond
and ZnO nanowire. These two characteristics make CNTs a good candidate for cold

cathode emitter material.
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Table 3.1 Turn-on field and saturation current density of typical electron emitter

materials
Material CNTs [52] Cu,S Diamond [54] | ZnO nanowires
nanowires [53] [55]
Turn-on 0.43 V/um 0.9 V/um 0.9 V/um 0.9 V/um
electricfield
Saturation 7.67 mA/cm? 0.4 mA/cm? 10 mA/ecm? 1 mA/cm?
current density

Carbon nanotubes (CNTSs), first produced by arc discharge [55], are the most
promising nano-scale material for its excellent electrical, thermal, and mechanical
properties. CNTSs have high aspect ratios in the form of tubes with the diameter in the
order of several nanometers and the length in the order of several micrometers. They
are known for the characteristics of great electrical conductivity, high mechanical
strength, and high resistance to chemical and physical attacks. Besides they are also
known for their excellent field emission characteristics due to their high aspect ratio,
which makes them a candidate of the cold cathode material in high-power applications
[56]. It has been reported that with the applied voltage 200 volts, the field emission
current density could reach as high as 0.1 mA/cm? [57]. The high conductivity is
confirmed with resistivity of 0.1 Q €m in the highly-dense aligned CNTs arrays [58].
These remarkable electrical properties of CNTs make them a potential material in the
microelectronics application and other areas such as high performance field-effect
transistors, single-electron transistors, atomic force microscope tips, field emitters, and

chemical/biochemical sensors [59]. Digital circuits based on transistors fabricated from
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CNTs have been reported by M. M. Shulaker group to potentially further reduce the size
of electronic devices made by Si with improved energy efficiency [60].

Most of CNTs are classified into two categories of Single-Wall Carbon
Nanotubes (SWCNTSs) and Multiwall Carbon Nanotubes (MWCNTs). SWCNTSs can be
considered as the formation of a graphene sheet rolled up as shown in Figure 3.1(a).
MWCNTSs are a group of concentric SWCNTSs with different diameters of tubes as shown
in Figure 3.1 (b). From the view of the orientation point in the nanotubes, CNTs can
also be classified into vertically aligned CNTs and randomly aligned CNTs as shown in
Figure 3.2. The orientation points in aligned CNTs are all in one direction. Compared to
random CNTs, the tube density is much higher in aligned CNTs. By altering the
catalyst species, both kinds of CNTs can be easily produced by chemical vapor

deposition method in this work.

Figure 3.1 Schematic diagram of (a) a single-wall carbon nanotube (SWNT), (b) a
multi-wall carbon nanotube (MWNT), (c) a double wall carbon nanotube (DWNT) and (d)
a peapod nanotube consisting of a SWNT filled with Fullerenes (e.g., C60) [61]
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Figure 3.2 SEM pictures of (a) aligned CNTs, (b) random CNTs [62]

The CNTs can be obtained using high-pressure arcs [63], laser ablation [64],
chemical vapor deposition (CVD) [65], and plasma torch [66]. The properties of the
CNTs are determined by the structures of nanotubes, including the diameters and lengths.
The growth conditions are studied broadly to control the growth rate, the diameter, the
length and the areal density of the nanotubes in CNTSs. In the plasma enhanced CVD
(PECVD) method, it has been reported that the properties of the produced CNTSs are a
function of the catalyst layer thickness, electric field strength, deposition temperature,
feeding gas flow rate, and pressure [67].

In this research, electron sources are critical to determine the performance of
microplasma device and pseudospark switch. The cold electron emitter material as
CNTs is applied as an improvement over the conventional thermal electron emitter
material. As thermal electron emitter material, one of the dominant disadvantages is

that the emitted current density is limited by the thermionic emission properties of
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material itself. Another concern is thermal instability and thermal expansion in the
material. The cold electron emitters are attracting more and more interests for showing
great potential to overcome these disadvantages in a series of applications.

Field emission implies extracting seed electrons from a solid surface by tunneling
through the surface potential barrier. The current density of the field emitter is a
function of the local electric field and the work function at the emitting surface. CNTSs
have the ability to sustain the large current densities for a considerable time range without
obvious deterioration [4]. The development of CNTSs research shows that nanotubes can
be planted directly onto the desired substrates with satisfied conductivity over a large
area. The first stage of the project is to optimize the properties of synthesized CNTs to

achieve the goal of applying them as electron emitter source in the devices.

3.2 Properties of CNTs

CNTs have a series of properties including excellent thermal conductivity and
varying electronic properties based on their aspect ratio. For example, by introducing
CNTs into synthesizing novel polymer compounds, the material can shield the
electromagnetic interference [68]. The properties of CNTs are classified into electrical
property, chemical property and mechanical property as discussed below.

3.2.1 Electrical properties
It has been shown that electronic properties of CNTs are strongly modulated by

small structural variations [69]. Based on the diameter and the helicity of atoms in the
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nanotube shell of CNTs, they can be either metallic or semiconductor. Applying
four-point probe method, it has shown that the resistivity of MWCNTSs ranges from
5.1x10° to 1.2x10* Qecm, while SWCNTSs ranges from 3.4x107 to 1.0x10° Qscm [70,
71]. The resistivity of MWCNTSs is larger because of less conductivity between the
multi-layers only located in MWCNTSs. It has been observed that both metallic and
non-metallic behaviors are presented in SWCNTSs by varying temperature [72]. Besides,
chemical treatments have been found to affect the conductivities of CNT fibers
significantly. Oxidizing the CNT fibers in air or HNO3z would increase the conductivity
and change the conduction behavior [73]. These all indicate that the resistivity of CNTs
varies by orders of magnitude and have a far wide range of electronic conductivity.

The metallic CNTs are used in interconnection of Very-Large-Scale Integration
(VLSI) circuits because of low resistivity and mechanical stability [74]. The SWCNTSs
array is reported with current density as high as 10° A/cm? without any heat sink.
Compared to Au-nanowires, CNTs have higher current carrying capacity and larger
thermal conductivity, which demonstrates the potentials of CNTs to provide a solution
for demanding requirements of high current densities and endurance in VLSI industry.
With the low turn-on voltage in field emission test, they are ideal candidate as the
material of flat-panel displays. CNTSs supercapacitors are studied because of better
electrical and mechanical stability compared to other capacitor materials [75]. The high
surface-to-diameter ratio gives CNTSs the ability to store energy along the tubes.

3.2.2 Chemical properties
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CNTs' cylindrical nanostructure makes it ideal candidate in many chemical and
biological applications based on their high surface-to-diameter ratio. They are highly
graphitized carbonaceous materials with low chemical reactivity. The oxidation of
CNTs needs reaction temperature higher than 750 <C, which could increase chemical
reactivity and modify the chemical properties of CNTs [76]. When it comes to
composite material fabrication, the oxidation of CNTs is most employed to enhance the
purity and modify the chemical inertness achieved by oxygen plasma treatment, wet
chemical reactions and photon oxidation. Besides, it is found out that CNTs with
defects in construction or mixed with alkali metals are more vulnerable to chemical
reactions [77]. After the oxygen-interfacial-adhesion treatment, CNT-based composites
could perform the excellent electrical and mechanical properties of CNTs. Many
studies have been carried out applying CNTSs in electrochemical biosensors, based on
their high surface-to-diameter ratio and excellent conductivities. Absorption properties
of CNTs make them qualify as membranes to filter toxic chemicals, dissolved salts and
biological contaminant from water [78]. Application of CNTs as polyvalent tools in
cancer treatment is promising as the targeted drug delivery [79]. The construction of
CNTs allows them penetrate cells and deliver drug to cancer or knock off the unwanted
genes. They have high drug loading capacities because of high aspect ratio.

3.2.3 Mechanical properties
CNTs are considered as the strongest and stiffest material discovered so far both

as in tensile strength and elastic modulus respectively. SWCNTSs have been tested with
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tensile strength of 100-150 GPa as in the Young's modulus. They are verified with very
high stiffness to an axial load, depending on helical formation and temperature [80].
According to the tensile-loading experiment, the outermost layer of individual MWCNTSs
performs tensile strength of 270-950 GPa in axial direction as in the Young's modulus
[81].

Based on their excellent tensile strength and light density CNTs have been studied
to create artificial muscles. CNT aerogel has been constructed and used to convert
electricity into chemical energy as soft muscle does. It has ability to retain the shape

after thousands of times' compression and be operated under extreme conditions [82].

3.3 CNTs Fabrication and Optimization

There are a series of methods to synthesize CNTs. The most popular methods
nowadays include arc discharge [63], laser ablation [64], chemical vapor deposition
(CVD) [65] and plasma torch [66]. Among these methods, plasma enhanced chemical
vapor deposition (PECVD), which falls into the CVD category, is the most commonly
used one because of simple equipment required and excellent uniformity when it comes
to the deposition over large area. Generally speaking, the growth of CNTs is the
process of decomposing hydrocarbon gas mixture and regrouping the carbon atoms into
the tubes shape. There are two main proposed growth mechanism, tip-growth and
base-growth, based on the metal particle position in the synthesized CNTs [83]. In

tip-growth, the metal catalyst particles would lift off from the substrate and remain at the
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top of the CNTSs; while in base-growth, the catalyst remain anchored to the substrate. In
both cases, CNTs’ growth only happens at the site of the metal catalyst particles.

In this work, CNTs are synthesized using CVD method with metal catalysts
sputtering first.  Silicon wafer are prepared at the very first stage of the fabrication as
the substrate. The physical vapor sputtering (PVD) is applied to coat the metal catalyst
on the silicon substrate. Then the CNTSs are synthesized in a CVD furnace with the gas
mixture of acetylene (C2H>) and argon (Ar). Scanning electron microscopy (SEM) and
field emission test are employed in the work to characterize the properties of the CNTs.
The synthesis conditions, including catalyst types and thickness, gas flow rate and
furnace temperature, are investigated to optimize the outcomes of CNTs. Both
randomly and vertically oriented CNTs are tested and presented. The substrate of Si is
pre-treated by applying basic photolithography technique to confine the distribution of
the metal catalyst particles to produce selectively growth of CNTs.

3.3.1 Silicon wafer preparation

The plain Si <100> n-type wafers are cleaned according to the standard Radio
Corporation of America (RCA) cleaning procedure. The process is carried out in
Alabama Micro/Nano Science and Technology Center (AMNSTC). The cleaning
process is designed to remove organic contaminants, thin oxide layer and ionic
contamination for preparation of high-temperature processes. Then, a 20-min
dehydration bake step is performed in vacuum chamber to remove moistures, which may

compromise the adhesion between silicon and the sputtering catalyst.

34



In order to grow CNTSs selectively from specific sites on substrate, Si wafer is
pre-treated by basic photolithography technology to have patterned catalyst arrays
showed as Figure 3.3. 5-min hexamethyldishilazane (HMDS) treatment is applied as
the first step to improve the adhesion between Si wafer and photoresist (PR). The
negative tone lift-off PR of AZ®-nLoF 2035 and the AZ®300 MIF positive photoresist
developer are adopted based on the mask's pattern. The developing process of the
substrate in detail is listed as following:

Step 1.  Coated with PR at a speed of 2000 RPM for 20 seconds;

Step 2.  Soft-baked on a hot plate at 110 <C for 90 seconds;

Step 3. Exposed to a radiation (193 nm UV light) source for 20 seconds;
Step 4. Post-Exposure baked on a hot plate at 110 <C for 90 seconds;
Step 5. Developed with AZ®300 MIF for ~ 2 minutes.

After the pre-treatment of photolithography, the substrate is transferred into
Physical Vapor Deposition (PVD) chamber for a thin-film deposition of metal catalyst.
The detail is introduced in the following section. After the deposition of the catalyst,
the substrate is dipped into acetone for a couple of minutes to remove unnecessary PR
along with iron catalyst on top. That is the patterned substrate successfully prepared for

selectively growth of CNTSs.
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Figure 3.3 Schematic diagram of CNTSs fabrication processing (a) silicon wafer cleaned
and baked; (b) patterned photoresist removed by aligned mask for deposition of iron
catalyst; (c) iron catalyst sputtered; (d) photoresist removed along with the iron catalyst
on the top; (e) CNTs selectively grown on the substrate in CVD furnace [84]

3.3.2 Catalyst PVD

Physical vapor deposition (PVD), also known as sputtering deposition, is a
method for depositing thin metal layers on semiconductor wafers by vaporization of the
target material in industry. The PVD processes are classified as DC sputtering, radio
frequency (RF) sputtering, magnetron sputtering, and reactive sputtering. PVD can
process different compounds, including metals, alloys, and dielectrics while applying
different power supply. The sputtering target provides the PVD system a stable,

long-lifetime vaporization source. The sputtering yield is controllable by adjusting the
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feed gas flow, the power supply and the coupling angle between the source and the
substrate. The working condition needs carefully observation since most PVD systems
are operated under high vacuum and high temperature. The cooling system is necessary
for the long-lifetime target utility.

After the wafer preparation process, the wafer is loaded into a DC/RF PVD
chamber with 2-inch magnetron sputtering system. The plasma gun is located 15 cm
straightly under the mounted wafer. The plasma source in the chamber is glow
discharge without filament, produced based on the principle of microwave plasma
discharge. A 2-inch-diameter iron target is employed as the source of the catalyst
particles. It is located on the top of the plasma gun. With the ion bombardment
activities produced by the plasma, catalyst particles would gain enough energy to break
off the bound and get free to attach the wafer ahead. The chamber is pumped down by
both the mechanical and turbo pump to the level of 10 Torr and then argon is fed as the
breakdown gas. 7-milliTorr-pressure is maintained during the whole PVD process.

Annealing is done after the catalyst sputtered, which transfers the thin film
catalyst layer into nano-scale seeding sites or islands due to different thermal expansion
coefficients for the substrate and the catalyst. The size of the islands are determined by
the thickness of the sputtered catalyst.

3.3.3 CVD method
Chemical Vapor Deposition (CVD) is a widely adopted method to synthesize

CNTs and has the advantages of easy-to-construct, low-cost and controllable growing
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conditions over other methods. The process happening in the CVD is considered as the
carbonaceous gas, such as methane, and the feeding gas are thermally decomposed on the
surface of the catalyst particles. While the carbon compound attaches to the catalyst, the
rest of the by-products is carried away by the gas flow. In the tip-growth mechanism,
the dissolved carbon would diffuse through the catalyst particles from the surface to the
substrate and form the nanotubes on the bottom of the catalyst layer. In the base-growth
mechanism, the carbon species with the rapid diffusion coefficient would go through the
catalyst from the bottom, resulting in the catalyst particles remaining at the bottom of the
nanotubes.

The CVD chamber consist of a quartz tube (Figure 3.4). A resistive heater is
applied to heat the chamber and chamber temperature is monitored closely. Mixture of
Acetylene (C2H2) and Argon (Ar) with flow rate of 20 sccm and 75 sccm respectively is
feed into the chamber. Flow and pressure in the chamber are controlled by the flow
meter and a set of valves. The reaction pressure of 70 Torr is maintained. The growth
temperature is kept at 700 C and the growth time is varied from 10~240 min with

different outcome CNTSs.
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Figure 3.4 Schematic of CVD reactor [85]

3.3.4 Examination methods

To evaluate the electronic and mechanical properties of CNTs, different
examination methods are wused, including tensile-loading experiment, Raman
spectroscopy, X-ray Photoemission Spectroscopy (XPS) and Scanning Electron
Microscopy (SEM). SEM is employed in this work to produce the image of synthesized
CNTs.

Electron field emission is the concept of electrons emission by applying a strong
electric field on a solid material. This experiment is usually carried out in vacuum.
The emission current consisting of the extracted electrons tunneling through the surface
potential barrier by the effect of the strong electrical field is used to characterize the
electrical ability of the solid material. In this research, the number density of the seed
electrons introduced by CNTSs is one of the critical parameters to boost the efficiency of

the microplasma devices and pseudospark switch. Therefore, in order to optimize the
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design, higher electron field emission is considered necessary. Once the synthesis of
CNTs is completed, the sample is transferred into vacuum chamber to finish the electron
field emission test to represent the electron emitter ability.

3.3.5 Results and discussion

According to the research, the growth conditions of the CNTs determine the
density, diameter and length of the nanotubes. The reaction temperature of the CVD
chamber, the flow ratio of CoH> concentration and the sputtering time (thickness of the
catalyst) are studied in the earlier work [62].

In order for the convenient integration of CNTs sample with circuit, patterned
CNTs are introduced with the process shown as Figure 3.3. The pattern shape is
designed as square with different gap size, listed in Table 3.2 with detailed dimensions.
The selective mask is shown in Figure 3.5 (higher-left), with each pattern type in one
quarter.  After the photolithography process the wafer is shown in Figure 3.5
(lower-right) and ready to transfer into PVD chamber for the catalyst sputtering. The
PR is acting as the barrier to prevent catalyst attached to SiO. under-layer. The
processed wafer under microscope using the same magnifying power is shown in Figure

3.6, labeled by the corresponding pattern marker listed in Table 3.2.
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Table 3.2 List of pattern size in the selective mask (one form of pattern for each quarter)

25umx 25 pm 25 pum
25umx 25 pm S0 pm
25pmx 25 pm 100 pm

0 0 m =

S50 pm x 50 pm 25 pum

Figure 3.5 Patterned silicon wafer with PR on top and the corresponding mask
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Figure 3.6 After PVD process before stripping off PR four different size of pattern
under microscope using the same magnifying power

The optimized growth condition is set as the reaction temperature of the CVD
chamber at 700 C, flow rate of CoH2:Ar at 20 sccm:75 sccm, and 20 min growth time
after 5-min sputtering of Fe catalyst based on the earlier work [62]. To synthesize
vertical aligned CNTs, 5-min sputtering of C after the layout of Fe catalyst is necessary.
According to the SEM picture of the synthesis CNTs sample with different pattern size, it
is verified that the pattern size is not affecting the construction of random CNTSs.
However even with 5-min C catalyst deposition, pattered wafer fails to grow vertical

CNTs in the selective area. It all falls back to random CNTSs category with no obvious
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difference between the batches with and without C catalyst deposition. For the purpose
of showing an example, SEM pictures of CNTs sample in the 0.5 inch x 0.5 inch pattern

square are shown in Figure 3.7.

Figure 3.7 SEM pictures of patterned CNTs sample (a) x300 resolution to show
the pattern layout on the wafer (b) x5000 resolution (c) cut-edge of CNTs sample in the
patterned square

The field emission test is performed by another master student's work with the
data curve shown in Figure 3.8 [84]. The turn-on voltage is smaller in pattern D with
bigger pattern area and same saturation current density for all four cases. For the
following device assembling, pattern D with 50 pm x50 pm square is selected in pursuit

of lower turn-on voltage and maximum current emission capability.
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Chapter 4

Microplasma Device: Design, Construction and Testing

4.1 Chamber Construction and Diagnostic System Set-up

In this work four different types of microplasma devices were designed,
constructed and tested. In all devices, the most common geometry is that they all
contain cathode with drilled holes, cooper plate anode and a Teflon™ plate as the
separation.  Each device was tested in air, helium and argon as the background gas in a
vacuum chamber. The cross section view of one device is shown in Figure 4.1 with the
critical dimensions. The hole diameter of the hollow cathode geometry is 0.15 cm, and
the aluminum plate as cathode has the thickness of 0.15 cm. The testing circuit of the
microplasma devices is shown in Figure 4.2. A 4.5-MQ ballast resistor is connected in
series with the device to limit the current density, preventing free electrons from
damaging the CNTs samples on the back of the cathode. A high voltage DC power
supply from Glassman High Voltage, inc is used to provide the DC voltage from 0 V to 1
kV in the experiments. The diagnostic system consists of high-speed camera, ammeter,
high voltage probe, oscilloscope, and pressure gauge. The P5100 passive high voltage
probes with 1000X attenuation factor is used to measure the plasma voltage. The M485
auto-ranging picoammeter from Keithley is inserted in the circuit to record the current
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flow. Four different constructions of the cathode with specific features are show in

Figure 4.3.
Thicklness of Inter-electrode
aluminum plate  istance d=0.16cm
L=0.15cm
| o
Dimension of Diameter of
open window in | hollow geometry
Teflon plate in cathode
W=0.3 cm o D=0.15cm

L

Figure 4.1 Microplasma devices' cross section with the critical dimensions

HV probe

0

Ballast|  vacuum chamber é Oscilloscope
resistor

[o]

Pl e — ()

Microplasma 1
f device CA Data acquisition

To diagnostics To diagnostics

High voltage
supply <4 >=——=Current Probe

Figure 4.2 Microplasma devices' testing circuit
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Figure 4.3 Different constructions of the cathode in microplasma devices (a)
Hollow cathode with 5-hole, the distance between the adjacent hole is 0.5 cm ; (b)
Hollow cathode with 1-hole; (c) Plane cathode with 1-hole; (d) CNTs integrated cathode
geometry (all other dimensions are the same as shown in Figure 4.1)

4.2 Breakdown Voltage Test and Discussion

The breakdown voltages as a function of pressure are shown in Figure 4.4 for the
different hollow cathode configuration (a) and (b) in air for the test purpose. The
inter-electrode distance between the anode and the cathode remains the same in both
cases shown as in Figure 4.1. For the cathode with 5 holes the breakdown voltage for
the pressure range of 50 Torr~600 Torr is a straight line, which indicates that it is located
on the right side of Paschen's curve. For the cathode with 1 hole, the breakdown voltage
has both sides of Paschen's curve. Compared to the 1-hole cathode construction, the

operating current is always higher for the 5-hole cathode one under the same applied
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voltage, which is caused by the larger discharge area. In the case of the microplasma
produced by the 5-hole hollow cathode, not all the 5 holes are ignited at the same time by
the applied voltage. The bright plasma formation is observed to shift from one hole to
another without any specific change in the operating conditions. The voltage and
current of the microplasma devices are also unstable with relatively large fluctuations.
As the applied voltage increases, the frequency of the plasma moving in different
locations is observed to increase too. Therefore, the 1-hole geometry is selected as the
primary electrode configuration based on the stable operating conditions and lower
operating current characteristics to protect the CNTs sample introduced later in the

experiment.
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o
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Figure 4.4 Breakdown voltage comparisons between hollow cathode with 1-hole
and hollow cathode with 5-hole
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The third geometry (c) is the plane cathode, where an aluminum plate is
sandwiched between two Teflon™ plates with one hole on each and operated as the
plasma device in argon and helium. The comparison of the breakdown voltages for the
hollow cathode with 1-hole and the plane cathode are shown in Figure 4.5. Both
constructions follow similar characteristics in both gases. It is observed that the hollow
cathode discharge has lower breakdown voltage compared to the plane cathode with a
difference between 50 V and 250 V. This has been shown as the hollow cathode effect
in the discharge process. Besides, the difference is more obvious in argon than that in
helium. It indicates in helium, the ratio of electron mobility to atom mobility is smaller
than that in argon. The virtual anode effect is not easily formed in hollow cathode
geometry in helium. Argon is friendlier when working with hollow cathode discharge.
The pressure when the breakdown voltage reached the minimum value for argon gas is
around 200 Torr, while for helium it is around 400 Torr for both plane and
hollow-cathode geometries. This indicates Paschen's law applies hollow cathode
construction same as plane cathode one. Therefore, the voltage-current curves of these
two cathodes are recorded in argon at 200 Torr pressure and in helium at 400 Torr
(Figure 4.6), whose condition results in the minimum breakdown voltage to produce the
plasma. Based on the record of the high-speed camera, argon plasma seems relatively

more stable than helium one based on the higher mass of molecular and ion.
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o

Next the fabricated CNTs on Si wafer substrate is included in the design to study
the electron emitter material's effect. The CNTs sample is synthesized under the

sputtering condition of 5-min Fe and 20-min CVD growth with C2H>: Argon 25 sccm:75
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sccm at 700°C. Unpatterned CNTs sample is adopted here since there is no concern for
the integration of circuit at the first stage of development. The substrate containing the
CNTs is placed on top of the aluminum plate and sandwiched between two Teflon™
plates, with CNTs exposing to the electrical field through the hole on the Teflon™ plate,
shown as Figure 4.3 (d). The aluminum plate served as both the conducting surface to
connect the CNTs with the power source and a heat sink for the CNTs. The
voltage-current curves of the breakdown process are shown in Figure 4.7. The pictures
taken by the high-speed camera are marked in the curves to show the pattern of the
microplasma, corresponding to the voltage and current. The breakdown voltage in
argon at 200 Torr is 380V, while that in helium at 400 Torr is 520 V. The breakdown
voltage in argon is about 40 V smaller than that in hollow cathode without CNTSs, while
that in helium is the same as without. The discharge patterns didn't have any noticeable
difference compared to that without CNTs based on the record by the camera. Hence, it
is concluded that with the aid of CNTSs the ignition voltage of the plasma can be reduced
at least 10% in argon. However, not the same effect is observed in helium. In this

case the current variation from 0.1 mA to 0.6 mA in both argon and helium is observed.
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Chapter 5
Pseudospark Switch

The pseudospark switch in this project consists of a U-shaped brass anode, a
U-shaped copper cathode, both with a drilled hole in the center, and a CNT-coated trigger
electrode attached to an aluminum plate. The switch design is shown in Figure 5.1 with
the critical dimensions included. The anode is specially designed with the matching
threads to the corresponding ceramic holder, therefore the distance between anode and
cathode is adjustable and anode is stable in the set condition. The switch is enclosed in
a double-ended MDC flange with a glass tube in the center so the plasma formation can
be observed (Figure 5.2). Both a mechanical pump and a turbo pump are used to create
the vacuum of 1x10° Torr as base pressure. A gas inlet is connected to the chamber
through fine adjustment valve so the background gas, such as argon and helium, can be
fed into the chamber. The operating pressure from a few mTorr to several Torr is
achieved in the chamber. The trigger electrode has the easily demountable holder for
different CNTs sample testing. An in-house constructed negative pulse generator is
connected between the cathode and the trigger electrode, providing a negative pulse as
high as 1 kV. Different level of negative pulse is produced by adjusting the charging

current before producing the negative pulse, while different pulse width by changing the
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resistance in the discharging circuit. According to the tests, the pulse width of a single
pulse is around 0.5 to 1 ms with the pulse voltage from 200 V to 1 kV (Figure 5.3). The
HV350REG power supply is connected between anode and cathode, providing the
high-regulated voltage from 0 V to 35 kV through an internal 22 MQ current limiting
resistor. The hollow cathode is connected to the ground while the chamber is isolated

from all the electrodes components to keep the potential floating.

Unit: mm
Cathode

Trigger

Anode

Hold-off voltage

Figure 5.1 Sketch and critical dimensions of the constructed pseudospark switch

>4

Connectto HV
' supply .
- ‘:‘w / A~

.-
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negative pulse §
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Figure 5.2 Assembled pseudospark switch chamber
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To characterize the performance of designed pseudospark switch, hold-off voltage,
trigger delay time and jitter time are planned to be recorded based on different patterned
CNTs' size. A high voltage attenuation probe Tektronix P6015 is used to record
hold-off voltage, and B&K Precision PR2000 is used to record negative pulse voltage.
A Rogowski current transformer is inserted in the circuit to measure the discharge current
from anode to cathode. All the signals are captured through an oscilloscope for further
analysis. The computer is connected to oscilloscope through a USB cable to collect the
experimental data.

It is known that before the hold-off voltage testing process, the conditioning

process needs to be performed in order to condition the high voltage electrode surfaces
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[37]. This process reduces the impurities on the machined surfaces and helps to reduce
the desorbed gases so the contamination in the chamber is reduced. The conditioning is
performed by igniting the discharge at low current, which is normally referred as "plasma
conditioning".

In order to present the influence of CNTSs as electron emitter, we planned to firstly
test constructed switch without the presence of CNTSs triggering. Several initial tests
have been conducted but no consistent data were captured. After examination, the high
voltage DC power supply was found not functioning properly. It would short out and
need to be reset each time. This behavior was the reason of inconsistency. The
experimental studies were stopped at this point.

Our plans have been to test the switch with CNTs as the trigger electrode. For
this we planned to use four different patterned CNTs samples, listed in Table 3.2 [84],
and to analyze the effects of different pattern-size CNTs on hold-off voltage, trigger

delay time and jitter time of the switch.
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Chapter 6

Plasma Modeling using CNTs as Seed Electron Emitters

6.1 Plasma Processing Modeling

Applying CNTs as electron emitter material has recently become an active
research field recently. In order to further understanding the mechanism and reactions
in trigger processes and optimize the sources for applications, kinetic simulations are
proposed to estimate the problem and meet the challenges. As a result of the
tremendous improvements of the computer performance, development of computational
plasma models has been done for nearly all types of plasmas, from low-pressure
discharges for material surface treatment to atmospheric-pressure discharges for
aeronautical flow control. Modeling has become increasingly important along with
experimental diagnostics to characterize plasma in detail. Especially in microplasma,
where the micro-level size geometry would confine the plasma, a detailed quantitative
experimental diagnostics studies along with modeling is necessary. Therefore, many
formulations have been brought out to model plasma processing discharges.

Normally three steps are crucial to perform a successful numerical analysis of any

physical system [2]. The first step is to define the characteristic variables that best
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describe the physical problem. Secondly, the governing equations are selected to
connect the variables based on different simulative models. Finally appropriate
numerical method is brought up to solve the equation set, as well as the proper initial
values and boundary conditions. Table 6.1 lists popular models and corresponding
theoretic assumptions for plasma simulation. The fluid model is built based on
assumption that energetic particles have gone through enough collision reactions to be
characterized with a Maxwell-Boltzmann distribution. The kinetic model analyze the
particle velocity distribution at every position by solving Maxwell-Boltzmann equation,
but consumes more computational resources than fluid model. It is mostly used for
plasma with low density of energetic particles [86]. To combine the advantages of both
fluid model and kinetic model, hybrid model with Particle-In-Cell Monte-Carlo (PIC-MC)

method is brought up to analyze plasma particles in different area [87].

Table 6.1 Different models and simulation methods for plasma

e s

Fluid Model Concentrated energy mode
Kinetic Model Space-limited mode
Hybrid Model Mass-limited mode

To build a practical plasma model, a database of transport coefficients must be
accessible with the accuracy. Assembling and maintaining the database and the proper
reaction mechanisms are crucial to plasma modeling. The characteristics of a viable

plasma model include easily defined geometries, material properties, and customized
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reaction chemistries. Besides, a correct surface kinetics modeling is necessary to make
progress in modeling. Most rate coefficients are calculated either by experimental

results of reaction cross-section area or by solving electron distribution function equation.

6.2 Fluid Model

Fluid model considers energetic particles in plasma as smoothed variables with
mass and energy. It usually applies Navier-Stoke equations coupled with Poisson’s
equation to solve electrons and ions partial differential equations. In this work the fluid
model is adopted for modeling under subatmospheric pressure (10 mTorr) with the
assumption that electron velocity/energy distribution function is close to
Maxwell-Boltzmann distribution through high-frequency collisions.  In this full
continuum fluid model, the electrons' mean free paths are much smaller than the gradient
length scales of the discharge properties. Therefore, it is reasonable to assume the
discharge properties remain constant during the collision reaction. Since the simulation
time is limited to several nanoseconds due to the available computational sources, the
resonant excited species are ignored in this simulation; only long-lived electrons and ions
are considered. The assumption includes that the contribution of the energy from the
radiation of excited states is minor. The basic process of numerical techniques to
simulate plasma is to cooperate the Poisson's equation of the electric field, the continuity
equations of electrons, and the Navier-Stokes equations for the charged particles'

dynamics. The shortcoming of this model is lack of ability to describe particles'
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movement in the presence of high electric field strength, such as cathode fall region in
atmospheric-pressure plasma, where energetic particles are far from equilibrium with the

electric field.

Table 6.2 10-mTorr argon plasma chemistry used in this work

Reactions Reaction type Energy loss Reaction
[eV] coefficient [m3/s]
1. Artel=>Arte?! Elasticcollision 0 kq
2. Arte l=>Ar*+el Excitation 11.56 k, [88]
3. Ar+el=>Art1+2e! lonization 15.6 ks [89]
Electron generationrate R, ks N, on, [1/(m?3s)]
Energy lost rate S, (11.56%k,+15.6%k; )N on. [J/(m3s)]

The reaction coefficients are collected through National Institute for Fusion
Science (NIFS) database (shown in Table 6.2 in detail). They are computed from
cross-section data for each reaction with the assumption that electron energy level has a

Maxwell-Boltzmann distribution under subatmospheric pressure.

k= \/ran j oo (£)f(e)de (6.1)

&

where ¢ stands for electron energy (J), f(g)= /ﬂlee_”e is electron energy
e

distribution function as Maxwell-Boltzmann distribution, o(g)is the corresponding
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reaction cross-section (mz), which is normally function of electron energy. Finally, the

reaction coefficients are expressed in Arrhenius form as:

k=AT" exp[-TEJ (6.2)

e

where A, B,and C are constants for corresponding reactions.
(1) Poisson's equation of the electric field
The electric potential is derived from Maxwell’s equations and Poisson’s

equation.

—

Maxwell's extension of Ampere's law ~ V x H=cE+ g% (6.3)

where o is conductivity of the material %m) ¢ is dielectric constant, or electrical

—

permittivity (%) Let H=2=Y"A \Wwhere « is magnetic permeability (%) A
Hooou

—_—

stands vector potential (V %n) Substitute into equation (6.3)

—

VXVXK=ﬂ6E+ﬂg% (64)
Substitute E =~V 22
ot
A oA 0 oA
VxVxA=uol - Vo——-— |+ ue—| -veo-=-- 6.5
oo Bl o) e

Based on VXVXﬂzv(V-Z)—VZK

-\ oA o oA
V(V-A)—VZA:,uo{—V(o—E]huga[—Vgo—E] (6.6)
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According to Lorenz gauge condition, equation (6.6) is sought out by the

following order.

- 0

v(v- A): uo(—Vo)+ ,uga(—V(p) (6.7)
- oA  8*A
ViA=uo—+ ue 6.8
HO Tt HE— (6.8)
Continue deriving equation (6.7).

- o
\% V-A+,u0'§0+,ugg =0 (6.9)
V-Z\:—,uorp—,uegt—(o (6.10)

Based on Gauss's law, V-E=£ , where p=gq(n —n,) stands for charge
&

density (%3)

vﬂ—wo—%} ya (6.11)

ot £
vips NA__P (6.12)

£

Substitute equation (6.10) into equation (6.12)
op O p__p (6.13)

Vip—po———us—:-
p—H ot H ot
where o =n,qu,, related to electron density and electron mobility.

(2) Continuity equations of electron

The electron density in plasma is determined by the electron continuity equation.
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agte +v- [ unE-Dvn,)=R, (6.14)

where g, is the electron mobility (m7 ) D, is the electron diffusion coefficient

V-s ¢

(mz)dR'thIt tion rate through ionizati t'( )
4 , and R, is the electron generation rate through ionization reaction %3.5 as
in Table 6.2. Normally the electron number flux is defined as the combination of drift

and diffusion, ﬁ:—yeneE—DeVne. Based on Einstein relation, electron diffusion

coefficient and electron mobility have the relationship as follows:

D, = HcKgT, (6.15)
q

Electron mobility is set to constant as 3 m%.s based on the density of

background gas [68], which is determined by the ideal-gas law.

N,= L (6.16)
kgT
(3) Navier-Stokes equations for the gas dynamics

Navier-Stokes equation is derived from Newton's second law with conservation of

momentum in mass and energy. The general form of Navier-Strokes in fluid motion is
N o - .
Yo, E+V-V-V =-Vp+V.-T+f (6.17)

where v is the flow velocity, pis the fluid density, p is the pressure, T is the
component of the total stress tensor, and f is body forces per unit volume acting on the
fluid. This is applied to determine electron temperature. In order to coordinate the
form of electron energy equation with electron continuity equation, several variables are

introduced to simplify the equation.
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Define electron energy density as n, ("I" stands for level of energy) (%ns )

1 3
n =3 myVv?.n, = > kgT.N,

vn, = g kgV(T.N, )= g ke (T,VN, +1,VT,)

For electron energy flux in monatomic species as argon,

— b — b
QI :EkBTere _EkB DeneVTe

(6.18)

(6.19)

(6.20)

where the first term is the electron energy flux from the electron flux, and the second

term stands for the heat flux from gradient of electron temperature with the thermal

B™e e

o 5
conductivity in electron flux as A, :Ek D,n,. To connect the electron energy flux

with the electron energy density, define g, is the electron energy mobility (m% S),

D,, is the electron energy diffusion coefficient (m%)

5
My = é/'le
5
Del = g De

— 5
QlZE

N _g kBTe/ueneE - _g kB De (Tevne + neVTe ) =—HgN E - De|vn|

kBTei—ngD n VTe :ngTB(_ueneE_ Devne)_ngD

e e

Q =—#yn E-D,Vn,
The corresponding electron energy equation is
%+V-6{+qﬁ-ﬁ =S,
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where ql?eE stands for Joule heating of electron in electrical field, S, is energy lost
rate in inelastic collisions between electrons and neutrals (ionization and excitation)
(Vmg, .S) asin Table 6.2.

To solve the above equations set, the initial values of the variables and proper
boundary conditions need to be defined. There is no direct supportive experimental data
to verify electrons in subatmospheric plasma having a Maxwell distribution. It has been
observed a deviation from a Maxwell electron energy distribution in lower pressure
microplasma with a high-energy tail [90]. At higher pressure, the distribution is known
to be less deviated due to shorted Debye length [91]. Therefore it is still justified
assumption to simulate subatmospheric-pressure plasma behavior under a Maxwell
electron energy distribution. To express the effect of CNTs as emitter material, the
plasma vanishing process is chosen for the sake of simplicity of model. The initial

electron density is set as 10%° }{ns with Maxwell distribution. The initial electron

temperature is set as 1 eV . The Debye length of this model is

2o = [T _ 0. 235mm.
n.e

Because of the sheath effect, the density of electrons is usually considered as a
small constant at the boundaries with consistent electron energy. The secondary
electron emission effect is omitted here since the free electron influx from CNTSs is the
priority to consider. Therefore, the boundary condition for electron density is limited as

follows:
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I,-n= %ve’thne (6.25)

[

where n represents the normal direction of the boundary, pointing towards the wall,

8KkgT, .
Ve = ®¢  represents the mean speed of electron movements in Maxwell
‘ zm

e

distribution. In order to save the time and sources of simulation, at boundary between

electrodes and argon gas T, is set as 300 K in the model. The ions' movement is
considered as heavy particles' flux, limited by the mobility conditions. Therefore, the

boundary condition for ion density is limited as follows:

—_— -

L -n=unE-n (6.26)

At the trigger cathode, where CNTs sample sits in, the influx of free electrons is

added to exhibit the effects of CNTs as electron emitter in the experimental setup. The

influx is expressed as:

— - |

q- SCNTS

(6.27)

where | stands for the emission current from CNTs sample under certain amount of
trigger voltage [84], Scy; Stands for the effective area of CNTs sample (m2 )

The applied voltage defines electrical field’s boundary condition. Dirichlet
boundary condition is a fixed boundary condition. It is adopted for electrical potential
distribution to specify the values of applied voltage along the boundary of trigger,
cathode and anode. The finite element analysis is adopted here to calculate the equation

set to solve electrical field distribution, electron density and electron temperature. The
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experimental geometry is in axisymmetric cylindrical form. A non-uniform grid is built
in order to make sure plenty of resolution is present near boundaries to signify the high
gradient in plasma sheath (Figure 6.1). The 2mm-diameter pseudo-anode is built at the
opposite side of cathode to simulate the effect of actual U-shaped anode in the

experimental set-up.

Pseudo-anode “A”
(Positive hole-off voltage)

Inter-AK distance
Cathode (Ground) “K”

Inter-TK distance

Axial distance (mm)

Trigger (Negative pulse) “T” 2 Radius (mm) 2

Figure 6.1 Schematic diagram of the computational domain with meshes

6.3 Results and Discussion

In order to investigate the optimized operating conditions in the pseudospark
switch, different distances between trigger and cathode electrode and the distance
between anode and cathode electrode (shown as "Inter-TK distance” and "Inter-AK

distance” respectively in Figure 6.1) are executed in simulation. Simulation is
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performed under 10mTorr pressure, 100V negative pulse voltage triggering and 500 V
positive hold-off voltage for three different cases (shown in Table 6.3). The CNTSs influx
is estimated by the field emission test of CNTs sample applied in the experiments based

on triggering voltage's level.

Table 6.3 Three cases for 10-mTorr argon plasma discharge development with
listing parameters.

Inter-TK Inter-AK Pressure Trigger Positive
distance distance negative hold-off
(mm) (mm) pulse voltage
voltage
Case | 15 3 10 mTorr 100V 500V
Case 2 15 5
Case 3 17 3

Figure 6.2 shows along symmetric z-axis (r=0) voltage distribution at time t=0,
0.0001 ns, 0.001 ns, and 0.01 ns respectively in three cases successively, while Figure 6.3
shows electrical field distribution z-component. Generally speaking, the discharge could
be considered as two continuous glow discharges respectively from trigger to cathode and
from cathode to anode. The voltage profile shows a consistent drop of ~100 V at the
trigger side and ~500 V drop at the cathode side, which are corresponding to cathode
dark space in glow discharge. The negative glow region is identified as almost flat
potential distribution, where electron density is matched by ion density with an equal

order of magnitude by excitation mainly. By comparison between Case 1 and Case 3,
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the inter-TK distance doesn’t affect the voltage distribution profile with the same cathode
sheath in both trigger and cathode sides, which is approximately three times the Debye
length of the plasma. The larger inter-AK distance in Case 2 gives the rise of potential
distribution above 500 V with lower electrical field z-component. In glow discharge,
the electrical field strength must be sufficient to produce energetic electrons for
ionization process to replace those electrons that diffuse to the walls. With same anode
applied voltage in Case 1 and Case 2, the electrical field strength is lower in Case 2
because of bigger inter-AK distance. As the anode is approached, adjustment such as
random electron current may be forced to be larger to suit anode current. Since ion
density in this model is considered as constant in the volumetric plasma because of much
lower mobility than electrons, a positive ion sheath may be formed caused by drawing
extra electron current from the plasma to anode. That may cause the raised voltage in
the vicinity of anode electrode. The results indicate that the formation of increasing
voltage near anode is depending on the details of specific discharge. The more realistic
model should include ion density variable in the simulation to observe the voltage
distribution by Poisson's equation. In Figure 6.3, the electrical field strength shows the
peak at the anode surface for all three cases. The Faraday dark space appears as
electrons become relatively slow and unable to react and begin to feel the existence of
positive anode potential. It is identified with the slight decrease in the electrical field
strength at 1 mm distance from the trigger surface and at 1 mm distance from the anode

surface no matter what inter-TK and inter-AK distances are.
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Case 1: Voltage distribution development by time
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Figure 6.2 Plot of voltage distribution history along the symmetry axis from the surface
of trigger to the surface of pseudo-anode for three cases
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Case 1: Electron field z-component development by time
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Figure 6.3 Plot of electrical field z-component history along the symmetry axis from the
surface of trigger to the surface of pseudo-anode for three cases
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Case 1: Electron density development by time
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Figure 6.4 Plot of electron density history along the symmetry axis from the surface of
trigger to the surface of pseudo-anode for three cases
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Figure 6.4 shows electron density development in the same consistent order as
voltage distribution and electrical field z-component. Three points are picked in the
construction of the chamber (Figure 6.5) to investigate the electron density development
by time (Figure 6.6). As Figure 6.4 indicated, the profile shows peak electron density at
anode surface at any case, instead of around cathode glow area next to cathode surface in
normal glow discharge. It is caused by the influx added in the trigger side in this work
to simulate the role of CNTs in the experiment. In fluid model, the plasma volume is
considered as fluid with the continuous flow by Navier-Stroke equation. Because of the
extra electron source added in the trigger side, the accumulation of electrons is built up at
the other side of the plasma volume, behaving like the fluid in a pipe. With limited
reaction coefficient adopted in this simulation work, the volumetric production of
electrons is conquered by the extra source added on the trigger surface, which
coincidences the purpose of this simulation to characterize the effects of CNTs as
electron emitter in the plasma production. The profile of electron density basically fits
to the tendency of electron field z-component distribution in any case. This is because
of the energy gained by electron is mainly from applied voltage. As Figure 6.6 Case 1
and Case 3 shown, even with longer propagation path for electrons flow from trigger to
cathode, there is no divergence in electron number density’s development by selected
position. In all three cases, the electron number density stays constant level in the
vicinity of cathode surface due to effect of grounded cathode. In the vicinity of anode

surface, electron number density keeps growing tendency in Case 1 and Case 3, while
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that starts dropping after 0.0015 ns in Case 2. To achieve the purpose of switch-on and
lower jitter-time in the switch design, higher electron number density at the anode side is
demanded by confining the distance between anode and cathode. As Case 1 and Case 3
indicated, the inter-TK distance doesn't affect electron number density distribution. As
the inter-AK distance grows, the absorption of electron density in the vicinity of anode is
more obvious in Case 2 compared to that in Case 1. Figure 6.7 shows the electron
temperature development in the same consistent order as electron density. The same
distribution profile fits Case 1 and Case 3. As the inter-AK distance grows in Case 2,
the pseudo-anode performs the function of heat-sink with lower electron temperature on
the anode side.

Pseudo-anode “A”
(Positive hole-off voltage)

Anode surface

Cathode (Ground) “K”

Cathode surface T

Axial distance (mm)

Trigger surface

Trigger (Negative pulse) “T” > Radius (mm) 20

Figure 6.5 Three points in the construction of chamber to investigate the electron density
development by time
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Case 1: Electron density at different location along symmetric axis
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Figure 6.6 Plot of electron density development by time for three cases
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Case 1: Electron temperature development by time
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Figure 6.7 Plot of electron temperature history along the symmetry axis from the surface
of trigger to the surface of pseudo-anode for three cases
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In spite of the simple fluid theory adopted in this model, simulated numerical
results shows consistence with tube glow discharge pattern. The simulation shows a
stable glow discharge sustained by the influx added on the trigger electrode. Electron
number density reaches peak concentration at the anode side to assist the switch process
in the 1 ps time and with high electron number density. The results indicate that it is
beneficial for the operation of the switch with limited inter-distance between hollow
cathode and anode. The position of trigger electrode inside the hollow cathode
construction doesn't affect neither the profile of electron number density nor the electrical
field distribution.

Because of limited computational resources and time frame, the work is focused
on the plasma dying out process, with starting point of electron number density equal to
10 1/m3.  The future work should be developed to investigate the initiation of the
plasma with the aid of CNTs placed at the trigger electrode. Besides, more accurate
assumption should be introduced into the simulation, such as adding one more variable of
ion density in the model. As pressure goes up to more than subatmospheric level,
kinetic model and hybrid model should be introduced to investigate the behavior of the

energetic particles with varying mobility and diffusivity in the one-free-path distance.
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Chapter 7

Summary

Subatmospheric pressure plasma has caught more and more research interests due
to the advantages of easier construction and stable operation. Two different
subatmospheric plasmas devices, microplasma with hollow cathode structure and
pseudospark switch, are designed and studied in this research. To optimize the
performance of plasma devices, it is necessary to raise the number of emitter electrons to
ignite the discharge process. CNTs as a cold electron emitter material are applied in
both microplasma devices and pseudospark switch to achieve optimized working

conditions.

Four cathode constructions are built and tested in the study of microplasma
devices, which include a hollow cathode with 5 holes, a hollow cathode with 1 hole, a
plane cathode, and CNTs-integrated cathode constructions. Based on the results, all
four cathode-geometries succeeded in producing microplasma in both argon and helium.
The cathode with CNTSs is verified to have lower breakdown voltage than others in argon.
Compared to the hollow cathode geometry, the breakdown voltage of the plane cathode is

relatively higher at constant pressure.  Also we observed differences in the operating
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characteristics of the same cathode in helium or argon as the background gas. The
minimum breakdown voltage of the hollow cathode in argon is found to be lower than
that in helium. This is a promising preliminary finding showing that CNTs can be
applied as electron emitter for microplasma devices.

Pseudospark switch is designed and constructed with CNTs as trigger source,
hollow cathode and hollow anode for application in the pulsed power system. Square
patterned CNTs samples are applied on the surface of trigger electrode as cold electron
emitter source. A two dimensional fluid model is built and solved based on the finite
element analysis method. The characteristics of the free electrons emitted from CNTs
samples are investigated in the cathode cavity by simulation. The Maxwell-Boltzmann
electron energy distribution function is adopted to express the initial condition of free
electrons in the chamber. The decay process of the plasma in the cavity is simulated
and presented under applied electrical field and the free electrons influx from CNTs
sample. The results indicate that the two consistent discharge patterns are occurring
from trigger to cathode and from cathode to anode respectively as glow discharge in a
tube. Based on the distribution of electron number density, the cathode dark space and
negative glow region are identified in the vicinity of both trigger electrode and cathode.
Under the same operating conditions, the inter-distance between trigger and cathode
doesn't affect the distribution of electron number density and electric field, while to
confine the distance between cathode and anode is beneficial to stabilize the plasma in

the switch.
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