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Study on the improvement of carbon nanotubes gas
lonization sensor s via co-deposited catalyst and pillar array

with different spacer / height ratios

Student: Chun-Yu Huang Advisor: Dr. Huaigung Cheng

Department of Electronics Engineering & Institutéetectronics

National Chiao Tung University

Abstract

Gas ionization sensors-are physical devices thak vy fingerprinting the
ionization characteristics of distinct gases. Caiomal ionization sensors were
limited by the huge and bulky architecture (ex: FIBID), risky high-voltage
operation and high power consumption. In this thesarbon nanotubes (CNTs) with
relatively low work function, extremely sharp napst and structural and chemical
stability under high electrical field were therefarsed to improve these issues of gas
ionization sensors.

In the beginning of this thesis, the effects on bemakdown characteristics of
different surface morphology of CNTs film are pretsel. For the Random oriented
CNTs film, the variations of the breakdown voltaga® especially large at high
voltage region and their error bars in the hightage region are as wide as 100 volts.
These variations are associated with the nonunifgrof the CNTs’ length. On the
other hand, the gas breakdown characteristics ef Wnhiform CNTs film were

relatively stable from the measurement results. él@s for both of the two samples,



the shift-up of their breakdown voltagesofMvere fairly severe after the high-voltage
process in stability tests. One could find that Ve of the Random oriented CNTs

film lifts up from 365V to 605V after 1000 cyclese., 68% increase. And for the

Uniform CNTs film, it lifts up from 395V to 575V &dr 1000 cycles, i.e., 46%

increase. Observed from the SEM images, the ptileofl evaporation of CNTs

resulted from the high local electric field diffece were considered as the main
reason for the shift-up of breakdown voltages.

In order to acquire a better stability in the CNJas ionization sensor, the
improvement of the adhesion and the contact remistaetween CNTs and substrate
under high electric field was obtained using Cad-ideposited catalyst structure. The
Vbr of the CNTs film synthesized from Co-Ti co-depeditatalyst lifts up from 375V
to 435V after 1000 cycles, i.e.; only 16% increagkich is much more reduced than
that of the first two conventional CNTSs film.

In addition, to improve the issue-of-high power sutmption, pillar arrays of
vertical aligned CNTs bundles with different spaberght ratios (R/H) were utilized
to investigate the optimal local electrical field the nanotubes that has the most
efficient field emission, namely, the earliest dasakdown and lowest breakdown
voltage. In this thesis, the lowest breakdown \g@tawere approached by changing H
while maintaining R and the optimal R/H ratio wasumd 2.91. This optimal R/H
ratio would lessen the high operating-voltage ahdstimprove high power
consumption issues of the ionization sensors.

Next, the optimized samples were exploited to evepltheir gas ionization
characteristics under different gases environmerdm the experiment, dissimilar
trends of Paschen’s curve for distinct gases wdairedd due to that different gas
molecules have different mean free path, ionizagaergy and recombination rate.

With a proper selection of the pxd product valuBlTGQyas ionization sensor can not
Vi



only operate under low voltages but also provideugh space to distinguish between
different gases.

Finally, the breakdown voltages of Ar and £@ases in mixture with air as a
function of concentration were investigated. Take R/H = 2.91 optimized patterned
sample for example. It was found that the Wicreases 50V as the concentration of
CQ; in the mixture with air reaches 15 %, and decred®®V as the concentration of

Ar in the mixture with air reaches 11 %.

Vii
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Chapter 1

Introduction

1-1 Overview of Gas sensors

In recent age, interests in industry safety andrenmental pollution have been
growing in our life. The needs of prevention andtoal of air pollution and detection
for toxic gases have gradually increased. Thugarebes and developments on the
gas sensors are carried out rapidly. Accordingtstrand Sullivan, global gas sensor
markets were worth $48.5 million in 2005; theirdfioast for 2012 is $80.6 million.
And based on a new technical market research répGE€ Research)Hg. 1-1), the
global market for gas sensors and gas meteringithvan estimated $3.9 billion in
2010, but is expected to increase to nearly $3lidin 2015, for a 5-year compound
annual growth rate (CAGR) of 5.9%.These data show large, and still expanding,
this market is. A gas sensor is a device whichutstthe appropriate signals (the
change of current, voltage and conductance) faatien and measurement when
specific gas was releasddd. 1-2) In our daily life, most of the gases are col®les
and smell-less. Moreover, the sense of smellinguofian beings was not able to
identify the amount and content of certain gasesdd, people always become
conscious that some toxic and harmful gases rundweito the inhalation of overdose
that causes uncomfortableness. Therefore, an dectmat-reacting and stable gas

sensor plays an important role to improve the gafeour life.

In the analysis of gases, conventional analytiesiiruments have many usage

restrictions while gas sensor was more convenfeshown inTable. 1-1,the data
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precision of analytical instrument is absolute ealyet its data acquisition time is too
long and the size is much larger, which meansdhedost gas sensor attracts much

attention from researchers.

Generally, gas sensor was classified into thevetig kinds:
1) Catalytic combustion gas sensor,
2) Semiconductor-absorbing Gas sensor,
3) Electrochemical Gas sensor,
4) Field-effect transistor Gas sensor,
5) Infrared Gas sensor and
6) Gas ionization sensor.

The first three kinds of gas sensors must be heatbifh temperature before
detecting gas leakage. Besides, they have diffeeactive sensitivities and response
time of distinct gases, which cause mistakes diilitiain sensing specific gases.

The mechanism of Field-effect transistor Gas seissas follows. When target
gas contacts with catalyst metals, chemical readaxurs and the product (take H
for example) will tunnel through the catalyst meésaler to affect charge density in
the channel. Sander J.Tans et al. [1] and R.Mai@l ] have used carbon nanotubes
(CNTSs) as the channel of field-effect transigtéig. 1-3). By applying a voltage to a
gate electrode, the nanotube can be switched froomducting state to an insulating
state. Generally, Source and Drain were fabrichjedoble metals like Pt and Au,
and doped Si was used as the back gate of trandisiog the gate electrode, the
conductance of a SWNT-FET could be modulated byentiwain 5 orders of magnitude.
The sensitivity of this kind of gas sensor is thiieees higher than that of common
gas sensors and the former has a good responseftime to ten seconds. However,
there are still many limitations on Field-effe@rnsistor Gas sensor. For example, it

2



takes high temperature to recover to the initisistance after each gas sensing
measurement. Also, the fabrication process is rooneplicated, and the improved
response time is still too long to detect speddiic gases.

The Infrared gas sensor, however, measures taagesdy determining the
absorption of an emitted infrared light source tigio a certain air sample [3].
Infrared gas analyzers usually have two chambeitsoiie is a reference chamber
while the other is a measurement chamber. Infregatis emitted from some type of
source on one end of the chamber, passing throsghes of chambers that contain
given quantities of the various gases in quesiiarget gases found in the atmosphere
get excited under specific wavelengths found initifrared range. The concept
behind the technology can be understood when cersgithe greenhouse effect. As
sunlight hits the earth surface, the incoming sharte radiation gets turned into long
wave infrared radiation that is reflected back ispace. If the planet has a thick
atmosphere, much of this radiation is absorbedbydgreenhouse gases" in the
atmosphere which acts as an isolative blanket.iffn@ed gas sensor operates on the
similar principle. However, the response time dfared gas sensor is still quite long.
A gas sensor with very short response time wasnegjto detect some poison gases.

Among all of these sensors, Gas ionization sensatsrthe requirement of
response time with a stable discharge current anaseconds to ppm-level gases by
its breakdown effect. It shows good sensitivity aetkctivity, and is unaffected by
extraneous factors such as temperature, humiditygas flow [4]. The fundamental
operation principle of Gas ionization sensor isadlsws. When applying a high
voltage between two parallel electrodes, the etadtfield-induced band bending of
the Vacuum level forces electrons to tunnel throtinghelectrode material onto the
Vacuum level which is the so-called Field emissaffiect. Since there are neutral

molecules in the path of electrons which are mowntie positive electrode by the
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traction of electric field, impact ionization remet would take place when the
electrons receive enough kinetic energy to iortieenholecule from the electrical
field. A positive gas ion and a negative electrauld be generated after an effective
impact ionization process, and the number of edestigets doubled after each time of
effective collision. The whole reaction could beschibed viaeq. 1-1):

e +X, » X, +2e (1-1)
The number of charged particles between two elderavould increase rapidly when
the reaction repeats perpetually. Once it reacloestain amount, the original poor
electrical conducting gases would turn out to cdhseeelectrical breakdown and an
unusual high current could be measured afterwane. tb different molecular
physical properties of different gases, distineaidown voltage could be obtained
when breakdown effect occuthough gas ionization sensor work by fast respons
time and fingerprinting the ionization charactecsof distinct gases, they are,
however, limited by their huge architecture; riskgh-voltage operation and high
power consumption. Hence, the miniaturization oficke size, the reduction of
breakdown voltage, and the improvement of powesugorption are the most

important issues for this kind of gas sensor.

1-2 Overview of Carbon nanotubes Gas sensors

1-2-1 Structure and properties of Carbon nanotubes

Since the discovery of carbon nanotubes (CNTdjjinya in 1991, [5] CNTs have
attracted considerable interests because of tingua physical properties and many
potential applications [6From 1991 until the end of 2007, roughly 30 00@&stfic

reports have been published on this topic [7]. Téxplosion of CNT reports is
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illustrated in Fig. 1-4) with a histogram detailing the number of CNT paéations
per year. This large volume of CNT literature irt#8 over 1200 reports that deal
specifically with the application of CNTs in a semgscapacity. CNTs have numerous
potential applications in nanoelectronics, nanomstale structural materials,
hydrogen storage, field-emission devices, gas sensmd so on. Among these
applications, CNTs seem to be very promising asti@le emitters.

CNTs can be divided into two categories. The fsstalled multi-walled carbon
nanotubes (MWNTs). MWNTSs are close to hollow gréglffibers [8], except that they
have a much higher degree of structural perfeclitiey are made of sheets of carbon
atoms with a cylindrical shape and generally cansisco-axially arranged 2 to 20
cylinders Fig. 1-5 (b)) The interlayer spacing in MWNT ¢@d2) = 0.34 nm) is slightly
larger than that in single crystal graphitedg= 0.335 nm) [9]. This is attributed to a
combination of tubule curvature and van der Waalscd interactions between
successive garphene layers. The second-type afahetube is made up of only a
single layer of carbon atoms. These nanotubesadliedahe single-walled nanotubes
(SWNTs) and possess good uniformity in diameteuahd®® nm(Fig. 1-5 (a)) They
are close to fullerenes in size and have a siraylerlcylinder extending from end to
end [10,11].

Most experimentally observed CNTs are multi-wak#dictures with outer most
shell diameters exceeding 10 nm. Since currentwdiah in a MWNT is known to
be mostly confined to the outermost single-walledatube and since band gap of a
SWCNT varies inversely with its diameter, MWNTs anetallic in nature. SWNTs
can be either metallic or semiconducting dependingthe way the roll-up of the
graphene sheet occurs - an aspect termed as Ghisald if all the roll-up types are
realized with equal probability, 1/3 of the SWNTsdeup being metallic and 2/3

semiconducting. The structure of a SWNT can be eptualized by wrapping a
5



one-atom-thick layer of graphite called graphene anseamless cylinder. The way of
the graphene sheet is wrapped is represented ar afpindices (n,m) called the
chiral vector. The integers n and m denote the munab unit vectors along two
directions in the honeycomb crystal lattice of dwape. If m=0, the nanotubes are
called "zigzag". Ifn=m, the nanotubes are called "armchair". Otherwikey tare
called "chiral". Fig. 1-6) depicts these structures of a SWNT [12,13].

CNTs have been attracting much attention for thewque physical and
chemical properties such as high mechanical stnemgiemical stability, high aspect
ratio, super-thermal conductivity, and electron ssiun properties [14,15]. CNTs
could be one of the strongest and stiffest magekabwn, in terms of tensile strength
and elastic modulus respectively. This strengthiltesrom the covalent $pbonds
formed between the individual carbon atoms. Thehédst) tensile strength an
individual multi-walled carbon nanotube has beestete to be is 63 GPa [16]. Under
excessive tensile strain, the tubes will. undergstd deformation, which means the
deformation is permanent. This deformation beginstains of approximately 5%
and can increase the maximum strain the tube uodsrigefore fracture by releasing
strain energy. For the thermal conductivity of CNT# is predicted that carbon
nanotubes will be able to transmit up to 6000 wptts meter per kelvin at room
temperature; compare this to copper, a metal wallaln for its good thermal
conductivity, which only transmits 385 W/m/K. Thentperature stability of carbon
nanotubes is estimated to be up to 2800 degreesu€eh vacuum and about 750

degrees Celsius in air [17].

1-2-2 The synthesis methods of Carbon nanotubes
Carbon nanotubes (CNTSs) have been extensively tiga¢sd for the synthesis

using arc discharge, laser vaporization, pyrolysidar energy, and plasma-enhanced
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chemical vapor deposition (CVD), for its unique picgl and chemical properties and
for applications to nanoscale devices. However,rnom methods of CNT synthesis
include: (1) arc-discharge [18], (2) laser ablatj@f], (3) thermal CVD [20-22], and
(4) plasma enhanced CVD [23,24].

The laser ablation can synthesize pure carbon nbestin high fabrication
temperature, but large scale display panel canedaliricated in the high fabrication
temperature above the melting point of glass satestrThe arc discharge can
synthesize carbon nanotubes in shorter fabricaimes, but it has some issues, such
as (1) poor purity, (2) hard to control growth otigtions of carbon nanotubes, and (3)
poor emission uniformity.

Compared to laser ablation and arc discharge, USWIQ for carbon nanotube
growth has some features, such as (1) high pudthon nanotubes, (2) selective
growth only for catalyst metal, (3) controlling gth direction, and (4) much suitable

to semiconductor fabrication procedure.

1-2-3 Carbon nanotubes as the Chemical gas sensor

Carbon nanotubes (CNTs) are expected as a newiahatbich has an
outstanding high sensitivity and selectivity aatelely low temperature with a fast
response time. Several kinds of gas sensors us\figs Gave been proposed. They
can be generally classified into two types: theoghtson type gas sensor (chemical
type) [25,26] and the ionization type gas senshygjzal type) [27].

The mechanism of a chemical type gas sensor usWigs@s the gas absorption
material is based on the fact that CNTs show itsis@nductor property, which their
electrical resistance can be modified by the chaagesfer between CNTs and
oxidizing or reducing gas molecules absorbed orCiN& surfaces. Owing to the high

surface area, nanometer size and hollow centréNdfsCit seems to be an ideal
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material for absorption and detection of gases.atlmless, this type of CNTs gas
sensor has some limitations [28] such as the ityahil detect gases with low
absorption energy or low electro-negativity liketingases. It's also difficult to
distinguish between gases and gas mixtures wittirelal resistance. (Gases in
different concentrations could produce the sameustnof net change in conductance
as produced by a single gas.) In addition, nanotoibeluctance is very sensitive to
environmental conditions like temperature, moistamd gas-flow velocity. Besides,
chemisorptions could cause irreversible changaimotube conductivity. All the
limitations mentioned above make us pay more effiorselecting ionization type gas

sensor in order to overcome these disadvantages.

1-2-4 Carbon nanotubes as the Gas ionization sensor

The Gas ionization sensors working by fingerprigtihe ionization
characteristics of distinct gases that can-ignoeentagnitude of gas absorption
energy have been reported recently [29]. The stiyaspf CNTs generate very high
electrical fields at relatively low voltage, ab@averal hundred volts, which is
several-fold lower than the traditional metal eledes [30]. The most crucial part of
the operating mechanism of this type of gas seisgbe Field emission. And the field
emitted electrons from a cold cathode have ofteggd an important role in vacuum
electronics as an alternative to the thermionidteahielectrons from a hot cathode
with advantages such as higher efficiency, leskesaag of emitted electrons, faster
turn-on times and more compactness. As we haveionect above, the Gas
ionization sensor suffers from their risky hightagje operation, high power
consumption and huge architecture. However, wigheitmployment of CNTs as the
electrode, the sharp tips of CNTs can generatehigtyelectric fields at relatively

low voltage that hastens the breakdown processsG@ND have high chemical
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stability, high emission current density and goodssion stability that make it an
ideal material to fabricate the Gas ionization sens

Recently, this physical type CNT gas sensors has peoposed, which indicates
that CNT gas ionization sensors (with proper catibn) show promising potential
for room-temperature gas detection at extremelygevcentage in mixtures with air
and for fast response toward the application obtleakdown electric field resulting

in a stable discharge within 2@ [29,31].

1-3 Theory background

When using CNTs as electrode material of the Gagation sensor, the first
mechanism needed to be realized.is electron figldson. Electrons would receive
enough energy to tunnel through the bended potebéimier caused by the high
electric field around sharp tips of CNTs. After itheanneling, electrons might have
the impact ionization with neutral molecules andaeagate lots of charged particles
between two electrodes. And electrical gas breakdevould take place when
achieving enough amounts of electrons. The totadraipn principles of gas
ionization sensor can be described through thevalewsn of Townsend’s discharge
[32,33] and Paschen’s law [34,35], which illustrdke relationship between Gas
ionization sensor breakdown voltages and the gasspre along with the distance

between anode to cathode.

1-3-1 The Mechanism of electron emission

Generally speaking, it's not straightforward foredactron to escape from the
surface of materials. A potential barrier (so-ahlfeermi level) exists at the surface of
materials which prevents the electrons from escabess certain conditions are

satisfied so that electrons upon the metal coulid iemo the surrounding vacuum or
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gases environment. That is, the binding electromtisable to flee away from the
binding energy band of the atom’s surface unleffgmnt external energy is

provided. The supplied external energy must bedrigfian the work function of
electrode surface material (defined as the workieé¢o remove an electron from the
surface). As electrons receive specific externalgyto cross the potential barrier of
the work function and reach the vacuum, this phesram is called electron escape or
electron emission.

In general, the electron emission mechanism canassified into two types,
thermionic emission and field emission. Their opagamechanisms are to use either
temperature or electrical field to provide the exé¢ energy of electron emission,
respectively. These two mechanisms can be desdojpéte band diagraiffrig. 1-7).

Thermionic emission is the heat-induced flow ofrgeacarriers from a surface
or over a potential-energy barrier. This happermrsibse the thermal energy applied to
the carrier overcomes the potential barrier;-alsonkn as work function of the metal
(Fig. 1-7 (a)) In the beginning, all electrons were bound uriderFermi level (EF)
when the temperature is at Q°However, part of electrons might acquire kinetic
energy from the thermal heating as the temperatgreases gradually. When the
temperature is high enough, electrons might estrapeFermi level to Vacuum level
with high probabilities. This mechanism accomplst®e electron emission without
applying any bias voltages at the cost of the tla¢energy supplied. In most cases,
the thermionic electron is emitted under considigralgh temperature, which is
based on the different work functions of differemdterials. The average temperature
is about 1500 to 200Q

On the other hand, the field emission (FE) (alsovkn as Fowler-Nordheim
tunneling) is an emission mechanism of electrods¢ed by external electric fields,

which implies that heating was not necessary fercdithode materials. Ab initio,
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most of electrons would remain under the Fermillavéow temperatures. The
external electric field would lead to band bendifighe Vacuum level, which induces
gradual narrowing of the effective potential barvedth (Fig. 1-7 (b)) As soon as it
was thin to some extent, the electron tunnelingatfbccurred and the electron might
tunnel to the Vacuum level, namely the well-knovawfer-Nordheim tunneling.
Because this mechanism provides the main escapgysofeemitting electrons to the
vacuum level by electrical field, it is thus callxd field emission.

The throughout thesis will focus on this mechandigralectron emission as our

main research issues.

1-3-2 Electron field emission

In quantum mechanical, electron field emissiontisreeling phenomenon of
electrons extracted from the conductive solid sigfasuch as a metal or a
semiconductor, where the surface electrical figlextremely high.

If a sufficient electrical field is applied on teenitter surface, electrons will be
emitting through the surface potential barrier mécuum, even under a very low
temperature. On the other hand, thermionic emigsitime hot electron emission
under high temperature and low electric fi€llg. 1-8 (a))demonstrates the band
diagram of a metal-vacuum system.

Here W is the energy difference between an electron sitoetside the metal
and an electron at rest inside, whereasshhe energy difference between the Fermi
level and the bottom of the conduction band. Thekwonction @is defined asp=
Wo - W:. If an external bias is applied, vacuum energyelleég reduced and the

potential barrier at the surface becomes thinnshas/n in(Fig. 1-8 (b))

Then, an electron having energy “W” has a finitebability of tunneling through
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the surface barrier. Fowler and Nordheim deriveféimous F-N equatio(eq. 1.2)as
follow [36]:
aE? 3
J =¢2—(y)exp[—b¢ZV(y)/ E], (1-2)
where J is the current density (A/OmE is the applied electric field (V/cmis the
work function (in eV), a = 1.56.0° b = -6.83k%107, y = 3.79x10'x10*E"%/q,

t?(y)~1.1 and v(y) can be approximated as [37]

v(y) = cos(057y), (1-3)
or

v(y) = 095- y2. (1-4)

Typically, the field emission current | is measuis a function of the applied
voltage V. Substituting relationships of J & Bnd E =3V into (eq. 1.2),whereaq is
the emitting area anfd is the local field enhancement factor of the d@ngttsurface,

the following equation can be obtained

3

_ AaBV exp[—bv(y)ﬁ]. (1-5)

I
@’ (y) B

Then taking the log. form d&q. (1-5)and v(y) ~ 1
| . ap’ L 2(Y)
log(—) =log[154x10™° ——] - 297x10" (——>), 1-6
Og(vz) og[ az(y)] ( 2y ) (1-6)

from Eq. (1-6) the slope of a Fowler-Nordheim (F-N) plot is givey

3

S=slopg, = 297x10’ (%) : 1-7)
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The parametep can be evaluated from the slope S of the meadgesddplot if the

work functiongwas known
3
¢5

B =-297x10’ (?) (cm™), (1-8)

The emission area can be subsequently extracted from a rearrangenféed). 1-6)

3
— 7 2
a=( I ) @ 989 ,653x10 qaz) (cn?

expf ex .
V2 1.4x10_6ﬁ2 p\ \/E ) p\ 16\/ )

(1-9)

For example, the electric field at the surface ofpherical emitter of radius r
concentric with a spherical anode (or gate) of uadr+d can be represented

analytically by

_V r+d

E==
r( d

), (1-10)

Though a realistic electric field ‘in the emittep is more complicated than above

equation, we can multiplyeq. 1-10)by a geometric factor3" to approximate the

real condition.

E,, =function of (r,d) =8 ) % (r ; d

), (1-112)

where r is the tip radius of emitter tip, d is #maitter-anode(gate) distance af#l is

a geometric correction factor [38].

1-3-3 Operation principles of electron impact ioniation
For the application of Gas ionization sensor, @ctebn would move along the
electric field to the anode after it was emitteahirthe cathode. However, if the

distance from anode to cathode is much larger thamverage mean free path of an
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electron, the electrical field may induce acceledlalectrons to collide with neutral
molecules or atoms in its path to anode. Norméikgre are three kinds of reactions
for an electron to impact on a neutral moleculeicilare the dissociation reaction

(eq. 1-12) the activation reactiofeq. 1-13)and the ionization reactiqeq. 1-14)

e +X, - 2X+e” (1-12)
e"+X->X"+e” (2-13)
e”+X, > X, 4 2e” (1-14)

The most notable reaction among the above isothieation reaction (eq. 1-14),
which depicts the increment of the number of etewrafter the reaction. An ionized
electron would be produced whenever an effectiVissean occurs. Moreover, an
ionized positive ion would receive kinetic energyrmh the acceleration of electric
field and collide with the cathode, which would guae more ionized electrons. And
the electrical gas breakdown would take place wheramount of ionized electrons
was up to a certain quantity.

What's more, the excited atom of (eq. 1-13) wouldt @hotons and then
return to ground state which could be expressddasl-15),

X* - X+ hv (1-15)
where h is the Plank Constant anig the frequency of radiation light. That's the
reason why spark and glare can be seen when ttiei@lgas breakdown occurs on

the microstructure of electrodes with high voltagpplied(Fig. 1-8)39].

1-3-4 The fundamental mechanism of gas ionizationréakdown

The magnitude of breakdown voltage of gas ionizasiensors is based on
Paschen’s law, which points out that the breakdolaracteristics of a gap between
two electrodes are a function (generally not line&the product of the gas pressure

and the gap length, which is usually denoted asV(ppd ). Nevertheless, before this
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law was deduced, the mechanism of applying higtagelamong anode and cathode
has to be described below.

From (Fig. 1-10]J40], it shows that the processes of gas ionizatiarpositive
nanotip could be separated into three parts, wéwielmolecule ionization via nanotip,
impact ionization effect, and electron recombinatddong withy-process[41]. As one
can see irfFig. 1-10) in process 1, when CNTs were used as positivarelie, the
high voltage among anode and cathode would genarstt®ng local electric field
around nanotips, where neutral molecule was iongzetlan electron was released
simultaneously. The ion would move to the negagideetrode under the electrostatic
force and the electron would be absorbed concuyrentthe positive nanotip. Here
suppose that the ionization rate induced by this imoving to the negative electrode
is small so that it could be ignored. On the swgfatthe negative electrode, the ion
would recombine with an electron and revert to roole. However, the release
energy of recombination and the kinetic-energyhefion would promote the electron
emission from the negative electrode in-the protiésthis process is the so-called
v-process. The electron released from the negalotrede would get enough energy
to make other gas molecule ionized during its mgothe positive electrode. This is
the electron impact ionization effect (processThus, the pre-breakdown current
was generated mainly by the molecule ionizationpasitive nanotips when utilizing
CNTs as the positive electrode. The current coelddntinued and magnified in
processes | and Il to result in high current toseaelectric breakdown. Therefore, the
application of CNTs as positive electrode couldasrde the gas ionization process,
lower the working voltage, and improve the sensitiof the sensor.

When CNTs were used as negative electrode, as simofivig. 1-11) in process
I, electrons would emit via negative nanotips. THey move to the positive

electrode while obtaining kinetic energy from efetl field. As soon as they receive
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enough energy to make a molecule ionized, the itmpatzation occurs and produces
more electrons and ions as desired. This is theegsowhich we mentioned above
(process Il). Similarly, the ions also induce retimation of electron angtprocess
(process lll). These three processes would duglicateasingly and the breakdown
would occur when the number of generated electwasssufficient. Therefore, the
application of CNTs as negative electrode wouldagcle the emission current, lower

the working voltage, and improve the sensitivitytiod sensor.

1-3-5 Townsend discharge and Paschen’s law

As mentioned above, an electron moves beyond theage mean free path
along the electrical field might acquire sufficidmetic energy to ionize a neutral
molecule into a positive ion and a free electrdmsTmeans that the number of free
electrons get doubled if we take the original clatlg electron into account. As this
mechanism proceeds again, these two electrons madfde with two neutral
molecules and become two positive ions-and fowtedas in totality. Therefore, the
number of charged particles increases exponentikéya snow avalanche as it
repeats continually, which is the well-known Avatae breakdown effect.

As depicted in(Fig. 1-12) assume the number of electrons after impact
ionization isNe, then

Ne=20-21.22.23.2%4.25.26.27 | (1-16)

Note that the number of collisions is related terage mean free pakth Suppose that
the distance of electron to the anode is X, thercddebe described as

X Xin2
Ne(x) = 24 = ei = ™ (1-17),

wherea is the Townsend’s first ionization coefficient, i tells the average number

of ionizing collisions are made by an electrontasavels 1cm in the direction of the
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electric field.

And

o= 1:—2 = Ap exp(_TBp) (1-18).

Here A and B are the constants which depend orogasspecies. E is electrical field
strength and p is gaseous pressure. From (eq., bd&)can easily realize the
exponential relationship between Ne and hat is, Ne will grow exponentially as the
value ofa increase. This is the well-known Townsend disceavyich illustrates that
initially a very small amount of free electronscealerated by a sufficiently strong
electric field, give rise to electrical conductittmough a gas by the avalanche
multiplication.

In order to describe the mechanism of gas breakdasgrhave to assume that
y(e* — 1) electrons will be generated whea®® — 1) positive ions impact on the
cathode. They are referred to the Secondary elextr

Now, if the electrical field flux isl's, the unit volume density ia, and v, is
the electron velocity, then

I'e = neve (2-19),
The unit of I'y is[m™2-s71], n, is[m™3], veis [m-s~1], and

Ve = 1, E (1-20),
where p, is the electron mobility, E is the magnitudeeigictrical field between two
electrodes.

Therefore, the current between two electrodess(l) i

I = —lelnep, = —lelle (1-21),
One can easily understand the physical meaningigiwg-ig. 1-13),
The total electron flux on positive electrodie(d) is the combination of".;e®® and

I'.,e%, that is
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[o(d) = [e e+, e (1-22),
and
Feze™ = y[(Te1e™ —Tep) + (Teze™ — Iey)] (1-23),
Put (eqg. 1-22) into (eq. 1-23), we have

_ Yles(e®d-1)

Ler= (D] (1-24).
Substitute (eq. 1-24) back into (eq. 1-22),
o relead
Fe(d)= 12 ey (1-25),
Thus, the current at x=d is
. Ioead
jqa=— 1-26),
47 y(erd-n)] (1-26)

it implies thatiyg will approach infinity and the electrical breakdowccurs when
[1—y(e ~ 1)] = 0.
y(e“d — 1) ~ 1 inthate® » 1 (1-27),

SO

erd =241 (1-28),
which means

ad = In (% +1).

For

o = Ap exp(") (1-18),
we have

In (% + 1) = pdAexp(_TBp).

After rearrangement

In [ln (% + 1)] = In(pdA) — B—Ep.

If Ezg, then
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Bpd

In [ln (% + 1)] = In(pdA) — v

The breakdown voltage is therefore

Bpd
Vir = 1-29),
br ln(pdA)—ln[ln(%+1)] ( )
which can be simplified to
— __Bpd ]
Vor = [In(pd)+C] (1-30),
. _ A
with C=ln [—1n(§+1)]'

This is the Paschen’s law which was first statetildf9, named after Friedrich
Paschen. It depicts the breakdown characteristiaggap are a function (generally
not linear) of the product of the gas pressuretaedyap length, usually written as V=
f( pd ). As we plot (eqg. 1-30) with x axis:beingthreakdown voltages versus the
products of pressure and distance as y axis, aneluain graphs likéFig. 1-14)

which is the so-called Paschen’s curve.

1-4 Motivation

1-4-1 Stability issue
Gas sensors operate on a variety of different fomesdal mechanisms [42], and
they play an important part in monitoring the eomimental changes, controlling
chemical processes, preventing from terrorism, iarttie application of medical and
agricultural behaviors. Gas sensors can be cladsifito two types, a chemical type
operated by gas absorption and a physical typeatgebby ionization [43-44,27].
Since the electrical conductance of CNTs is higbgnsitive to certain gas

molecules, they have been used to fabricate theichésensors with a fast response
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time than conventional materials like metal-oxigmlymer, porous silicon, etc.

[45-48]. The sensing mechanism involves detectiogdactance change of CNTs
induced by charge transfer from gas molecules &ésoon their surfaces. However,
all gas-adsorptive types of sensors have severalalions. For instance, they are
unable to detect gases with low adsorption eneagy also challenging to use
electrical conductance measurement to distinguetivden gases in a mixture, i.e.,
gases with different concentrations can producestrae output signal as that for a
single pure gas. Also, gas sensors of chemical &ypesensitive to environmental
conditions like moisture, temperature, and gas fl@ocity. Besides, chemisorptions
can cause irreversible changes in nanotube comityct6]. Thus, CNT-based gas

ionization sensors are expected to overcome thsadwhntages.

Gas ionization sensors are physical mechanismsatbed by fingerprinting the
ionization characteristics of-distinct gases. Hogreeonventional ionization sensors
are limited by the huge and-bulky architecturesyrieigh-voltage operation and high
power consumption. Many investigations have studiedhe improvement of these
issues. Carbon nanotubes with relatively low wankction, very sharp nanotips, and
structural and chemical stability under high elieetrfield, were known to be the best
field emitters over many conventional field emitfimetals like Mo and W. The usage
of CNTs for the improvement of the characteristigas ionization sensors has been
addressed in recent years [49-5R]odi et al. [4] proposed the fabrication and
successful testing of ionization micro-sens@fsy. 1-15) featuring the electrical
breakdown of a range of gases and gas mixturearbbie nanotube tips. The sharp
tips of nanotubes generate very high electric fieltrelatively low voltages, lowering
breakdown voltages several-fold in comparison widlditional electrodes. Moreover,
S J Kim et al. [50] fabricated a physical type gamsor(Fig. 1-16) based on an

electrical discharge theory known as Paschen’s Tés. gas sensor works by figuring
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changes of the discharge current depending ondheentration of gases which can
be ionized through collisions with electrons enditteorn CNT emitters.

Therefore, the field emission electrons play anartgmt role in the operational
mechanism of gas ionization sensors. As show(frig. 1-11]J40], when CNTs were
used as the negative electrode, the mechanismecatassified into three processes,
electron emission via nanotips, impact ionizatemg recombination of electron along
with y process. Process Il and Process Il were assdoieté the characteristics of
target gas molecules such as the diameter of mek@nd the ionization energy of
gases. However, few studies emphasized on the misohaof Process | which
indicates that the material, surface morphology enydtallinity of the electrode are
the most critical factors in the breakdown chanasties of gas ionization sensors.

In the beginning of this thesis, the effect of eiffint surface morphology of
CNTs film on the gas breakdown characteristics nss@nted. In first, a random
oriented and a uniform CNTs film are fabricatedivictlally by sputtering catalyst on
the substrate and thermal chemical vapor depos{fl@VvD) method to grow the
CNTs. The effect of protrusions on the breakdowarabteristics is investigated.
Then, the synthesis of CNT-based film with co-déjpms catalyst is obtained to

improve the stability issues.

1-4-2 The reduction of breakdown voltage

Moreover, several researchers [53-55] have sugdebiat the field emission
properties of CNT films have a strong dependencéherdensity and morphology of
the CNT deposit. Electrostatic screening effectvpked by the proximity of
neighboring tubes is a crucial factor that mighttuee the field enhancement and thus
the number of emitted electrons. Therefore, anadivarof this thesis is to find out an

optimal morphology of pillar array of aligned CNTrulles to the application of gas
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ionization sensorsTo explore the effect of the pillar arrangementitgsnbreakdown
characteristic of gas ionization sensors, differepaicer height ratio (R/H) as a
function of H is investigated by changing H whilaimtaining R. An optimal R/H
ratio that has a lowest breakdown voltage woulddaghe high operating-voltage and
high power consumption issues of the ionizatiorseen

Finally, the pillar array of aligned CNT bundlestvoptimal R/H ratio is utilized to
explore its gas ionization characteristics undéiedint gas environment. Paschen’s
curve for distinct gases was obtained by experimédot approach a wide and
appropriate breakdown voltage window that provid®ugh space to distinguish

different gases.

1-3 Thesis organization

In chapter 1, the overview of gas sensors, thegotms of carbon nanotubes gas
ionization sensors, the research theory backgramddour motivation are described.

In chapter 2, the experimental procedures werstithtted. We utilize the
Co-Ti/Ti/Al (4nm/1nm/10nm) co-sputtered catalystgde to compare with pure
Cobalt (4nm) sample and Ti/Co (1nm/4nm) samplé@egynthesis of CNTs, the
application of gas breakdown characteristics ardrtiprovement of stability issue.
Then, the reduction of the breakdown voltages ©\A films using patterned method
was discussed, and their gas sensing charactsnstaer different gases environment
were also investigated. These experimental reanlisdiscussions were presented in
chapter 3.

Finally, the summary and future prospects are plevin chapter 4.
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Chapter 2

Experiment

Carbon nanotubes (CNTs) have attracted great sitdte to their unique
electronic properties and nanometer size. Becalubege unique properties, they are
candidates of great potential in many importantiappons like nano-scale electronic
devices, chemical sensors and field emitters. Ealpedor the application of field
emitters, CNTs possess a small diameter and a gecbadvable aspect ratio as well as
high chemical stability and excellent mechanicedrggth, whose potential advantages
to be an ideal material for electrodes are impJ&8i57]. As mentioned above, using
chemical vapor deposition (CVD) method for carbanatubes growth has many
features such as availability-of high purity carm@motubes, selectivity in growing
only for catalyst metals, good controllability-fgrowth direction, and high suitability
to the semiconductor fabrication procedure [58-@Dpractice, however, it is still
difficult to control the length, diameter, and therphologies of the CNTs to be
uniform due to the variation of the size of theatgic nanoparticles. The
non-uniformity in length, diameter, and locatiostdbutions of the CNTs can greatly
affect the uniformity of the intensity in the fietnission and the number of
field-emission electrons [61].

In the first step (chapter 2-2-1), carbon nanotubere synthesized by thermal
chemical vapor deposition (T-CVD) from differenttalgst structures to investigate
their effects on the gas breakdown characteristitsally, we compared the gas
breakdown characteristics between the Random ede@NTs film and the Uniform
CNTs film. One could find that the Uniform CNTsnfilhad a better reliability and

stability in the applications of gas ionization sen However, the shift-up of
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breakdown voltages owing to the pull-off and evapion of CNTs among these two
conventional samples after stability tests forcedaureconsider an alternative method
to improve the adhesion and contact resistancedstWNTs and the substrate.

Therefore, in the second experiment (chapter 2;2a2)partially immersed
structure of the CNTs was achieved by using co-sliégad catalyst which enlarged the
contact area to enhance the adhesion and reduceotitact resistance. With this
proposed CNTs film synthesized from co-depositedalgst structure, the
improvement of the stability could be seen from ¢fas breakdown characteristics.
Besides, one could find from SEM images of the psagl sample before and after the
stability test that the pull-off and evaporationGNITs were successfully reduced.

Moreover, with the purpose of improving the powensumption of the gas
ionization sensor, the third experiment (chapt@-2} was thus designed. The pattern
technology was utilized to modify the local elecati field. And the gas breakdown
characteristics of the pillar array of verticalgaled CNT bundles with different spacer
height ratio (R/H) as a function of H was explol®dchanging H whilst maintaining
R. Eventually, an optimal R/H ratio around 2.91tthas a lowest breakdown voltage
was approached. One could use the co-depositelystasiructure which proposed in
the Experiment B to improve the stability of gagdkdown characteristics and use
the optimal R/H ratio of pillar array of aligned TNbundles proposed in this
experiment to lessen the high operating-voltage fagtd power consumption of the
gas ionization sensors. The optimal film sample aatterned sample would be
preceded to the gas ionization measurement inrdiffegases environment in the next
experiment.

In our last experiment (chapter 2-2-4), optimizéldh fsample and patterned
sample was exploited to measure their breakdowractexistics under different gases

environment. Then distinct Paschen’s curve can $ed uo choose a propexd
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product region to fabricate the gas ionization eenBinally, we investigated their
changes of the breakdown voltages of Ar and, @&ses in mixture with air as a

function of concentration.

2-1 Experimental Procedures

2-1-1 Sample fabrication and CNTs synthesis

In the beginning, the process procedure of the eotenal two samples was
depicted in(Fig. 2-1) P-type silicon wafers (100) with low resistante 10Q/cnr)
were utilized as the substrates in our experimBndistinguish these two samples
with different surface morphology for the sake oheenience, they were referred to
as sample (A) and sample (B), respectively. S@@&nsure the cleanness of the
silicon substrate and to prevent the effect ofip@tontamination at the beginning of
our experiment, the two conventional samples weth barried out with the RCA
clean procesfFig. 2-1 (a))

After the RCA clean process, a 4-nm-thick Cobajletavas deposited on both
sample (A) and sample (B) by magnetron sputteriog {ech Microvac 450CB) at
the pressure of 7.6xFQorr at room temperature. This Cobalt layer wawdehsform
into the catalyst nanoparticles which are the ghosite of CNTs afterwards.
Moreover, sample (B) would deposit an extra 1-nioktfii capping layer to generate
the different surface morphology from sample (Agathe CNTs growth. After the
metal deposition, both the conventional sampleeweaded into the chamber of
thermal-CVD. The atmospheric pressure thermal Cy$2esn we used here was
consisted of a 2-in.-diameter horizontal quartztun electric heating system, a

reaction gas supply and several related mass ftowrallers as shown ir=g. 2-2).
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Samples loaded into the quartz tube would passigifirgome high temperature
process in different gases environment to grow CNTe parameters of thermal
CVD to grow the CNTs were illustrated (Rig. 2-3)and(Table 2-X). At the start,
samples would be heated to the predetermined texperof 60 in a nitrogen

flow rate of 1000 standard cubic centimeter perutar(sccm) for an oxygen-free
ambience. Prior to the CNTs growth, hydrogen gdb wiflow rate of 300 sccm was
fed into the reaction tube for 10 min to reducedatlyst metal to the metallic phase,
meanwhile transform into nanopatrticles. It is wartiting that the size and uniformity
of the nanopatrticles are related to the temperatiecflow rate of reducing gas and
the characteristics of catalyst metal. After thetgatment step, the chamber would
be heated again under nitrogen flow rate of 10@8nsto 700C. Then, CNTs were
grown at this temperature with-hydrogen, nitroged aethylene at a flow rate of 300
sccm, 500 sccm and 100 scem for designated gromth After that, samples were
furnace-cooled to room temperature in-nitrogen ffate of 5000 sccm to fully
exhaust the reaction and byproduct gases.

What's more, after the investigation of the gasakd®wn characteristics of
sample (A) and sample (B), a CNTs-based film sysiitesl from the co-deposited
catalyst structure was proposed to improve thebgaskdown stability, and this
sample was referred to as sample (C). Its scheratichart for the fabrication was
depicted in(Fig. 2-4) At first, a 10-nm-thick aluminum supporting layeas
deposited on the substrate. Then a 1-nm-thickititannterlayer and a 4-nm-thick
Co-Ti co-deposited layer were deposited sequentifilie effect of Al supporting
layer and Ti interlayer to the grown CNTs woulddigcussed in chapter 3. All of
these metal layer were deposited also by magnepuotiering (lon Tech Microvac
450CB) at the pressure of 7.6%rr at room temperature. Because the sputtering

system consisted of three sputtering sourceshtiee tomponents of multi-metal
26



layers could be sequentially prepared without hregaihe vacuum environment.
After the catalyst structure was prepared, san(p)ervould be loaded into the furnace
and go through the same thermal CVD processesé#kele (A) and sample (B) to
grow the CNTSs. After that, its gas breakdown chi@r@stics and surface morphology
before and after the stability test would be coragdawith the conventional two
samples as well.

Moreover, in order to ameliorate the issue of hightage operation, the pattern
technology was used to redistribute the local dleadtfiled. To compare the
difference, we fabricate two types of samples justthe method utilized above. One
is the CNTSs film sample synthesized from the coedéped catalyst structure
mentioned above. The other is pillar arrays ofigalaligned CNTs bundles
synthesized also from the co-deposited catalyststre. With the purpose of the
convenience in their comparison, we referred tmmés to film sample and the latter
to pattern sample. Their detailed fabrication psses were depicted {Rig. 2-4) and
(Fig. 2-5), firstly, a lithography processes was used tongefircle pattern@-ig. 2-6)
for CNTs pillar arrays with 5Qm in diameter, and the spacing of the center ofieac
circle was 8Qum , that is, the pillar-to-pillar spacing was 3®. After the lithography
processes, Co-Ti (40 A)/Ti(10 A) /Al (100 A) as algst structure were deposited on
the silicon substrate by magnetron sputtering,taedift-off technique using acetone
was utilized to transfer the circle patterns ot substrate. Finally, both of the film
sample and the patterned sample were loaded iatohtamber of thermal CVD to
undergo the same proces$egy. 2-3)to grow the CNTs. However, in this time, the
parameter of CNTs growth time was adjusted to cbiite height of CNTs.
Therefore, pillar array of vertical aligned CNTsdiles with different R/H ratio were

obtained in our experiment.
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2-1-2 Material analysis and Breakdown characteristis measurement

The micrographs of samples were taken by Scannéagren microscope (SEM)
to see the surface morphologi@sg. 2-7) Besides, the high resolution transmission
electron microscope (HRTEM; JEOL JEM-2000E)ig. 2-8) and Raman spectra
(Fig. 2-9)were also applied to analyze the structure andaltiysty of the CNTs.

To obtain the gas breakdown characteristics, alsdmples with different
catalyst structures were loaded into a vacuum cleamebmeasure the discharge
current. The gas ionization measurement setups depieted in(Fig. 2-10) In the
chamber, an Indium Tin Oxide (ITO) was utilizedtlas anode electrode and CNTs as
the cathode electrode with a distance (d) of 1604h7. Besides, the vacuum degree
of the whole chamber was controlled by a turbo pamg a rotary pump. In the
application of gas ionization sensor measurembeatchamber would be firstly
evacuated to high vacuum (46orr) and then it switched to the rotary pump to
control the vacuum degree. Then, the target gadedaimto the chamber and the
measurement was conducted under different gasysesss

At the first step, we mainly discussed the gaskidean characteristics between
different surface morphology and catalyst structliteerefore, the measurements
were conducted only in the nitrogen environment teddiscussion would focus on
their gas breakdown characteristics under diffegaistpressure.

Moreover, a high-voltage source measurement urithkey 237, was applied on
the anode and a high-current source measuremenkeithley 238, was applied to
the cathode (sample substrate). The samples weasumesl from 0V to several
hundreds of volts until the gas breakdown occuretiahigh discharge current

appeared (the discharge current is limited at 1@onA&quipment protection).
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2-1-3 Stability test

In the stability test, the samples were measured@060 cycle times where one
cycle was defined as applying voltages from OV @\ with 10V as a unit, and the
discharge current was limited at 10mA when gasKatean occurs for the sake of
preventing damages to equipments. All the experiaietata were record and
analysis by computers. After the stability tedt®, micrographs of samples were taken

by SEM to see their surface morphologies.

2-1-4 Gas sensing measurement

The same setups liK€ig. 2-10)were used in the gas sensing measurement.
However, different gases like carbon dioxide, oxygar and argon were fed into the
chamber in replace of nitrogen we used in above tlagir Paschen’s curve would be
depicted, correspondingly. Finally, the changereBkdown voltages was measured

in different concentration of mixed gas environmehair and target gas.

2-2 Experimental Design

2-2-1 The comparison between the Uniform CNTs filnand the Random
Oriented CNTSs film

In the this experiment, in order to discuss tHeatfof surface morphology and
protrusion of CNTs to their gas breakdown charésties, two CNTs film with
different surface morphology were demonstrated ctvis referred to as the Random
oriented CNTs film and the Uniform CNTs film. Fdret purpose of preventing the
addition of variable factors in our experiment, thierence of crystallinity of the two

demonstrated samples must be reduced. Traditioméhods such as post plasma
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treatment [62], post laser treatment [63], postl akatment [64] had been prohibited
to avoid the CNTs from structural damages. In epla thin Ti capping layer was
utilized to generate the rough surface morpholdgh® CNTs film.

After the comparison of the gas breakdown charaties of Random oriented
CNTs film and the Uniform CNTs film, the stabilitgsts were carried out to both of

them.

2-2-2 Effects of the utilization of co-depositionatalyst structure

After examining the results in the last experimantp-deposited catalyst
structure was proposed to improve the poor stglofithe two conventional samples.
The enhancement of the adhesion and the redudtithe @ontact resistance between
CNTs and substrate could be realized with the CiNifissynthesized from Co-Ti
co-deposited catalyst structure. As a result, tbeenoptimal gas breakdown
characteristics of this catalyst structure woulcekploited into the application of our

gas ionization sensor.

2-2-3 Finding optimum spacer / height ratio of thepillar array of vertical
aligned CNTs bundles

In the last experiment, a CNTs-based film synthasirom the co-deposited
catalyst method had been used to stabilize thebgeekdown characteristics of gas
ionization sensors. However, the issue of riskynhigltage operation and high power
consumption was still not improved. In this expeinty the gas breakdown
characteristics of pillar array of aligned CNTs Olas under different spacer height
ratio (R/H ratio)(Fig. 2-11) were discussed, and the comparison between time fil
sample and the patterned sample with different Rtid were summarized, one could

obtain the optimization of the gas breakdown vataghich was useful to improve
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the high-voltage issue of the gas ionization sensbmnally, we would discuss the
factors that originate these differences of the fasakdown characteristics of

samples.

2-2-3 Gas sensing measurement under different gasasvironment

After finding the optimal film sample and patternsimple in above, their gas
sensing characteristics would be quantified heiseworth noting that all the gas
breakdown characteristics we measured above wéhe initrogen environment.
Therefore, different gases like carbon dioxide,gety, air and argon were fed into the
chamber to obtain their gas sensing properties.séhe measurement setups and
processes were utilized and their gas breakdowractaistics would be recorded to
access their own Paschen’s curve, correspondivgtii. these Paschen’s curve, one
can choose the proper areato fabricate the gasatoon sensor with low power
consumption and wide breakdown window.-Finally, ¢thebon dioxide and argon
were fed into the chamber which is full of air, ghdir changes of gas breakdown

voltage versus the concentration of target ga# iwere illustrated.
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Chapter 3

Results and Discussions

3-1 The comparison of breakdown characteristics bateen the

Uniform CNTs film and the Random Oriented CNTs film

3-1-1 The Gas breakdown characteristics of the Ramun oriented CNTs film and

the uniform CNTSs film

The SEM micrographs of the CNTs of sample (A) warewn in(Fig. 3-1) and
(Fig. 3-2) From the tilted images (about 45°) taken by soapnelectron microscope
(SEM) for the Uniform CNTs film grown by thermal ©V one could find that the
vertical aligned CNTs film was grown on sample {&jough the thermal CVD. This
is the vapor-liquid-solid (VLS) mechanism [65-6 Hldacrowing effect [68-70] which
many researchers have investigated on. At firsthydrocarbon molecules
decomposed and then carbon incorporation into aacigitation out of the metal
particle. Graphite structured CNT would format ofithe metal catalyst nanoparticles.
Then the confinement of growth direction due tayhboring CNTs forces the CNTs
to grow upward and their vertical alignment. Theref after the process of thermal
CVD, a uniform CNTs film was successfully grown gample (A). On the other hand,
the surface morphology of CNTs grown from the samoeess of thermal CVD on
sample (B) was quite different from sample (A).g&®n from the tiled angle (fig.
3-3), the surface morphology was ups and downs witbmformity. And from the

magnified(Fig. 3-4)one could found that the degree of CNTs’ bendirgdjtangling
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was severe and the length of the CNTs was faiffgr@dint. The cross-section view of
sample (B) was shown f{ifrig. 3-5), which indicates the nonuniformity of the height
of the Random oriented CNTs film. The main reaswrtlie rough surface
morphology of the sample (B) was from the additidnaapping layer on the Co
catalyst layer. Because the melting point of Thigher than Co, it would put a ceiling
on the catalyst when forming the nanoparticlehegretreatment process. For the
sizes of nanoparticles are quite dissimilar, thektiess of capping Ti are different
everywhere. When growing the CNTSs, these cappingight limit the growth
direction and the length of the CNTs, part of thaight lift up the Ti capping layer
and part of them might penetrate it, which caugenitnuniformity of the surface
morphology on sample (B). Since the different appeces of the CNTs of sample (A)
and sample (B), they should have theoreticallyedéht gas breakdown characteristics
in the application of gas ionization sensors. Wi purpose of the convenient in
comparison, we referred sample (A) as the - UnifolTE€film and sample (B) as the
Random oriented CNTSs film. However, for a fare liaseof comparison, Raman
spectra were used to investigate the crystalloitthe two CNT films(Fig. 3-6)and
(Fig. 3-7)are the Raman spectra analysis of the Uniform CiNifisand the Random
oriented CNTs film, respectively. The effects thulifies of CNTs could be analysis
by the Raman spectroscopy [71-72]. The D peakdgative of defects in CNTs, i.e.,
carbonaceous impurities with*iponding and broken §ponds in sidewalls. It serves
as a measure of structural disorder in CNTs, ugaalthe closed ends and nanosized
particulate carbon on top or near the walls. Thae@k results from the graphitic
nature of CNT, i.e., crystallinity: pristine arramgent of atoms. It originates from
intravibration between carbon atoms and the ing@langential stretching of
carbon—carbon bonds in the graphene sheets. Theréie intensity ratios of the D

peak and the G peak were widely used as an indpurdf and perfectness of the
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grown CNTSs. In our experiment, thg/lp ratio indicates the graphite crystallinity of
the two samples is quite similar. Traditionallyg thonuniform surface morphology
was fabricated by post-treatments such as plasser, lacid...etc. However, these
post-treatment might produce structural damagé&3a\dfs, which reduce the
crystallinity and the electron emission efficierafythe CNTSs. In our experiment,
these structural damages were avoided by only gdathin Ti capping layer, and
their gas breakdown characteristics were compandédrnfare baseline.

Besides, as shown in the micrograph3m@nsmission electron microscopy
(TEM), one could find that both of the Uniform CNfilen (Fig. 3-8) and the Random
oriented CNTs film(Fig. 3-9)were multiwalled structure, their diameters wen@iad
15 to 20 nm, and the crystallinity of the two saegplvere almost equivalent, which
guarantee the same result acquire from the Raneutrap

Next, the Random oriented CNTs film and the Unifd@idTs film would be put
into our measurement setuf3g. 2-10)to examine their gas breakdown
characteristics. Firstly, the chamber was evacutéigh vacuum (18 torr) and
switch to the rotary pump to control the vacuumrdegThen the target gas was fed
into the chamber. In this chapter, we mainly disdir® gas breakdown characteristics
between different surface morphology. Therefore,tteasurements were conducted
only in the nitrogen environment and the discussvonld focus on their gas
breakdown characteristics under different gas pres$raphs was plotted with x
axis being the breakdown voltages versus the ptedii@ressure and distance as y
axis, and the curves of alteration of breakdowniag®s with gas pressures was
depicted (constant distance about @id0wvas used here).

The measurement results of the Random oriented @MTsvere shows ir{Fig.
3-10)and(Fig. 3-11) One can find that the breakdown voltage is reddyi high at

low gas pressures and decreases to a minimum aslthee pressure rising up.
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However, the breakdown voltage would increaseafiggrom the minimum value if
the pressure keeps rising up. The trend of ourraxgatal result was follow the
expectation of Paschen’s curff&able 3-1) which indicates the correspondence with
the theoretical prediction. Besides, it's worthingtthat the variations of the
breakdown voltages are especially large at higtagel region. The error bars in the
high voltage region are as high as 100 volts. Thas@ations are associated to the
nonuniformity of the CNTs’ length. For those long&XTs, the difference of local
electrical field distribution is larger, which leatb higher electron emission efficiency.
Therefore, their breakdown voltages are lower tihamh of shorter CNTs. Moreover,
the difference of local electrical field distriboti might cause the pull-off and
evaporation of the CNTs, which could result in timstable discharge current like
(Fig. 3-10-(a)) This issue would be discussed lately.

On the other hand, the measurement results of tifeich CNTSs film were
shows in(Fig. 3-12)and(Fig. 3-13) and the same trend of Paschen’s curve was
found. However, it has a relatively stable gas kdean characteristics and smaller
error bars than that of the Random oriented CNifis fit was related to the

uniformity of the CNTs’ length of the Uniform CNT#ém.

3-1-2 The stability test of the Random oriented CNF film and the uniform CNTs
film

In order to compare their reliability of the tworw@ntional samples, the stability
tests of gas breakdown characteristics under ratr@gnvironment with the Random
oriented CNTs film and the Uniform CNTs film wererdonstrated. 1000 cycle times
of high voltage were applied on both of the sampgiese one cycle was defined as an
voltages was applied between cathode and anode(¥btn1000V, and the discharge

current is limited at 20mA when gas breakdown ogcéfter the stability tests, the
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shift of breakdown voltages 9 could be seen frorfFig. 3-14) One could found
that the \6r of Random oriented CNTSs film [ift up from 365V &@5V after 1000
cycles, 68% in increase. And for uniform CNTs filimljft up from 395V to 575V
after 1000 cycles, 46% in increase. The SEM imagae used to examine the reason
of this lift up of the breakdown voltages. As showrfFig. 3-15) both of the two
samples were intact before the stability tests.ddneless, after 500 cycle times of
the stability test, it appears that the CNTs onReRaedom oriented CNTSs film were
stretch upward and lot of CNTs were pulled off bg tocal electrical field in the high
voltages test, and many particles could be seémeivackside of the SEM imageig.
3-15-(c))The pull-off of CNTs was not so obviously in thEN image of the

Uniform CNTs film (Fig. 3-15-(d)) and they were pulled off with an island of CNTs
bundles as a unit. After 1000 cycles times of $itgliests, the CNTs could be barely
seen on the substrate of the Random oriented ChkiTswhich were replaced by
many particlegFig. 3-15-(e))And the pull off of CNTs for the Uniform CNTs il
was more severe than that of the samples aftec¥€lés timegFig. 3-15-(f)). The
effects of these pull-off and evaporation of CNTexevrelated the high local electric
field difference. The Random oriented CNTSs film laaziore nonuniform local
electric field distribution, so the pull off of C¥Wwould be more severe than the
Uniform CNTs film.It was also found that the CNTs broken or pulledfraim the
substrate would exhibit an abrupt drop in the dasgh current. For the later one, a
gradual degradation of the discharge current demsts found which might result
from the Joule heat generated from high currensitfehis is because the contact
resistance between CNTs and substrate might beemrse for those CNTs in the
range of removal and not removal. The Joule heate@sy to be accumulated under
these CNTs. As it at high temperature, the oxygemained in the vacuum chamber

tends to attack the defective regions in the CIR@slitionally, the interface structure
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between the CNTs and the substrates is also gétirsg at high temperature that
makes the CNTs more easily to be pulled off fromghbstrate. It causes a gradual
degradation of the number of field emission sii&.

In order to acquire a better stability in our CNjEs ionization sensor, the
improvement of the adhesion and the contact resisthetween CNTs and substrate

under high electric field is urgent needed.

3-2 The stability improvement of the gas breakdowrcharacteristics

using CNTs film with co-deposition catalyst structue

3-2-1 Enhancing the adhesion and contact resistanbetween CNTs and
substrate using co-deposited catalyst structure

To improve the gas breakdown characteristics oR&wedom oriented CNTSs film
and the Uniform CNTSs film, a hew catalyst structwas proposed, which is depicted
in (Fig. 2-4). Here we have to explain the roles of the Ti iiatggr and the Al
supporting layer. Firstly, the Ti interlayer wouldnsform into liquid phase and the
Co-Ti co-deposited layer would transform into naawtigles as well in the
pretreatment step under high temperature, and thea@lyst nanoparticles might be
grabbed like the roots in the soil. However, wewdtigcale down the size of
nanoparticles as small as possible for enough teosSCNTs. As shown ilfFig.
3-16), the various surface energy of different metalsenexhibited. One can find that
the surface energy of cobalt is familiar with tb&titanium. If the two elements with
nearly same surface energy as Co and Ti were tlse@articles of each element will
dispread uniformly to the similar sized nano-pdesafter hydrogen pretreatment.
Depending on the past researches in our group, @ve @xperimentally success

demonstrating the Ti is the best buffer-compondmmwe utilized Co or Fe as the
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catalyst element, the result was demonstrated ssumaption, so we just used Ti as
buffer-component in this study [74fig. 3-17) The empirical experimental results
could be seen in the SEM imageqeig. 3-18) with regard to the conventional two
samples, the CNTs-based film synthesized from thdaposited catalyst structure
demonstrates the CNTs seemed to partially immetsethe catalyst structure like the
tree rooted into the soil. This rooted structures wapected to improve the adhesion
and contact resistance of our CNTs. On the othed har the Al supporting layer, we
knew that Al plays a role of providing an additibnarvature for surface of catalyst
and quite increasing roughness mean square (RMiS)rassform into alumina. The
advantage of increasing RMS is raising the demdigatalyst particle on the same top
view area, agFig. 3-19) and then we could obtain better density of CMBEswell as
some drawbacks of CNT growth at low temperaturepam density of CNTs and
weak adhesion between CNTs-and substrate. We éstrtat increasing CNTs
density will not only improve the dense of emisssites, but also solve problem of
weak adhesion by increasing Van Der Waal force eebdCNTSs. In the Transmission
Electron Microscopy (TEM) images @Fig. 3-20) one could found that the diameters
of CNTs of the samples with catalyst co-depositi@are smaller and the density was
higher. This catalyst structure was used in ourig@igation sensor measurement and

was expected to improve the adhesion and contsistaace.

3-2-2 The improvement of stability and gas breakdow characteristics using
CNTs-based film synthesized from the co-depositeatalyst structure

The gas breakdown measurement results were iltadtia(Fig. 3-21) where
the breakdown characteristics became more stadl¢ha@mmulti-step breakdown or
variations of breakdown voltages were no more alwslp As well as the error bars of

the high voltage region were also reduceHig. 3-22) These were related to the
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improvement of adhesion and contact resistanctheigatalyst co-deposition.
Besides, for the stability tests of the proposeda(Fig. 3-23) we found that the

Vor of the CNTs film synthesized from Co-Ti co-depeditatalyst lift up from 375V

to 435V after 1000 cycles, 16% in increase, whgcfurther improved than the first
two conventional CNTs film. From the SEM imagesdrefand after the stability test
(Fig. 3-24) the pull off and evaporation of CNTs were fairtyproved. This is related
to the improvement of the adhesion and contacstasie by the Co-Ti co-deposition
and Al supporting layer used between the CNTs &hd the substrate in the proposed

sample.

3-3 Reduction of the breakdown voltages using piltaarray of

vertical aligned CNTs bundles with optimal spacer kight ratio

3-3-1 Finding the optimal R/H ratio of pillar-array s of vertical aligned CNTs
bundles that has lowest gas breakdown voltages

From the theory background in chapter 1, one cdmd that increasing the
number of field emission electrons is constructiveeduce the breakdown voltages
of the gas ionization sensors. Many investigatioage explored that it is important to
control the length and the inter-tube distance NIT€ to reduce the screening effect
in adjacent CNTs [75] shown iffrig. 3-25) When an external electrical field applied
on the emitters, a local electrical field basedtsrshape and other body factor would
be generated around the tip of the emitters. Tiserate of screening effect occurred
when only one emitter was used, and the electroneting effect was more easily to
be produced by the local electrical field. Howewarder the consideration of several
million of emitters which with closely nearnessgtlocal electrical field would

interfere with each other and make it harder totesiectrons, which cause the
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reduction of current density.

It has been reported that field emission can affelst enhanced for aligned
CNTs as field emitters when the ratio of the irttdye distance to the height of each
CNT is about 2 [76-79]. That is to say, CNT filmslow density yield low currents
essentially because the emitter density and theé &éehancement factor are low. For
high density films, screening effects reduce thedfienhancement and thus the
emitted current. For films of medium density, thesean ideal compromise between
the emitter density and the intertube distance,ciwhs sufficiently large to avoid
screening effects [7qFig. 3-26)

In order to investigate the change of breakdowmagals under different surface
electrical field, we have to invent dissimilar mbgbogy of CNTSs film. Therefore,
pillar arrays of vertical aligned CNTs bundles wilifferent spacer height ratio (R/H)
were utilized(Fig. 3-27) The method we used was to obtain it by changinghitie
maintaining R. and different growth time-was uglizto control the height of CNTs
bundlegTable 3-3).

Firstly, for a low R/H ratio comparison, we useddagrowth time to acquire
enough high CNTs. As shown (Rig. 3-28) it was the cross-sectional view of CNTs
film synthesized from Co-Ti co-deposited catalysaicture for 50.8um in CNTs
height. In contrast, 48,8m high pillar-like CNTs synthesized from the Co-Ti
co-deposited catalyst structure was showtFig. 3-29) Both of them were
conducted to the gas breakdown measurement uridegem environment, and the
results were demonstrated(fig. 3-30) One could find that there is no much
difference of breakdown voltages between the fingle and the pattern sample at
this R/H ratio, which means the employment of th#gyn method, was in vain in the
improvement of reducing breakdown voltag@ssides, the breakdown voltages only

fluctuate slightly at high voltage regime in oumnees, so the error bars were ignored
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in the graphs.

Next step, the height of CNTs was shortened foptimpose of increasing the
R/H ratio. As shown iffFig. 3-31) it was the cross-sectional view of CNTSs film
synthesized from Co-Ti co-deposited catalyst stngcfor 11.3um in height. On the
other hand, 12.5m high pillar-like CNTs synthesized from the Coeb-deposited
catalyst structure with R/H ratio of 2.40 was obé&al to compare with (Fig. 3-32)
Both of them were conducted to the gas breakdowasarement under nitrogen
environment, and the results were demonstratéBign 3-33) At this R/H ratio, the
breakdown voltages of the patterned sample bedmwter than that of film sample,
which means the pattern method starts to bringargstttution into the breakdown
voltages.

Then, the height of CNTs was more shortened fdndridr/H ratio. As shown in
(Fig. 3-34) CNTs film synthesized from Co-Ti co-depositedatyt structure for
13.1um in height was obtained. In contrast,, 103 high pillar-like CNTs
synthesized from the Co-Ti co-deposited catalysicétire with R/H ratio of 2.91 was
achieved to compare with(iEig. 3-35) Both of them were conducted to the gas
breakdown measurement under nitrogen environmadtiree results were
demonstrated i(Fig. 3-36) One could find that the breakdown voltages ofgraed
sample are greatly lower than film sample at thid Ratio, which means the pattern
method has significantly effect on promoting thassion of electrons by utilizing the
local electrical field.

After that, for higher R/H ratio, the height of CdlWas further shortened. As
shown in(Fig. 3-37) it was the cross-sectional view of CNTSs film dygized from
Co-Ti co-deposited catalyst structure for 585 in height. On the other hand, the
5.95um high pillar-like CNTs synthesized from the Coebi-deposited catalyst

structure was obtained to compare wit{Fig. 3-38) Both of them were conducted to
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the gas breakdown measurement under nitrogen emvent, and the results were
demonstrated ifFig. 3-39) One could find that, at this R/H ratio, the bréakn
voltages of patterned sample is lower than film gl@nbut not so much as that of R/H
= 2.91. We also have another patterned sample2xBum (R/H=11.45) in height of
the CNTs. However, its breakdown voltages were wtinan the one with R/H = 2.91.
Therefore, an optimal gas breakdown charactengtit lowest breakdown voltages
was approached via modified local electrical figistribution with the pattern method,
and the optimized R/H ratio was around 2.91.

The comparison of the breakdown voltages charatiesiof the film samples
with different height was integrated (Rig. 3-40) The lowest breakdown voltages
were obtained at the height of CNTs around 1iba3to 13.1um. The breakdown
voltage would increase when the height of the CiNas too long or too short. On the
other hand, the comparison‘of the breakdown vaofiaparacteristics of the pattern
samples with different R/H ratio was integratedfig. 3-41) It's obviously that the
lowest breakdown voltages were approached as tHedRib was around 2.91. If the
R/H ratio increases to 5.04 and 11.4, the breakdamitages will raise up gradually.
Here are several issues needed to be discussstlly,Rihy there exists a lowest
breakdown voltage in the Paschen’s curve? Secontigt’'s the mechanism leads to a
generally lower breakdown voltages of patternedmasthan film samples? Thirdly,

why the lowest breakdown voltage was approachegnar®/H = 2.917?

3-3-2 Discussions of the gas breakdown charactelist of patterned sample

In first issue, for the existence of a lowest bkakn voltage in the Paschen’s
curve, the explanation could be given in two wdy®. a constant gas pressure, the
breakdown voltages decrease at left side of theechecause the distance between

anode to cathode raises and the numbers of thetiefeollision for electrons
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increase as well. However, at right side of thevepas the distance become too long,
the electrical field under the same applied voltagedecrease and electrons cannot
receive enough kinetic energy to generate effectngact ionization, which causes

the increase of breakdown voltages. On the othed,Hfar a constant anode-
to-cathode distance, the breakdown voltages dexiadsft side of the curve because
more neutral molecules participate in the ionizati@action as the gas pressure raises
up, and the electron mean free path declines. Hervav right side of the curve, as

the number of neutral molecules become too muehiathized electrons might be
scattered more easily before they arriving to theda. Therefore, the breakdown
voltages increase.

Secondly, to find a mechanism that leads the gélmvar breakdown voltages
of patterned samples than film samples, a possigéanation was given ifFig.

3-42) (Fig. 3-42-(a))shows the local electrical field distribution bktfilm sample
and the patterned sample for a constant-anodethoda distance and the same gas
pressure. In this situation, if the modified loe#dctrical field allows every pillar on
the patterned sample to have emission site ondyadiof the corner, then one could
find that the emission site of the patterned sangpiaore than that of the film sample
(Fig. 3-42-(b)) The higher initial current was consequent onatthéitional emission
sites of the patterned sample, which permit the@rof gas breakdown at relatively
low applied voltages.

In the last issue, the existence of an optimal Riib could be elucidated by
(Fig. 3-43) When one only take the screening effect into antahe effect would
become severe as the pillar-to-pillar distancengistiThat is to say, the field
enhancement might decline as the R/H ratio decse&xethe other hand, when one
only considered the aspect ratio effect origindteth body factors of the pillar-like

CNTs, the difference of the local electrical fieldtribution might become no more
43



obviously as the height o the CNTSs pillar was stwet. Specifically, the field
enhancement might decline as the R/H ratio inced®king these two effects into
consideration, the graph of field enhancement \eeRjiH ratio could be illustrated
like (Fig. 3-43-(c)) which indicated there exist a specific R/H rdkiat has the
maximum value of the field enhancement, and atRfi$ ratio comes the most
efficient field-emission ability to possess the &st/breakdown voltage.

In summary, there exists a lowest breakdown voltagkee Paschen’s curve for
both of the film sample and the patterned sampleur experiment, it reaches
minimum at 11.3um to 13.1um in CNTS’ height for the film sample. However, the
patterned sample has lower breakdown voltagesttieafilm sample when the former
was under optimized local electrical distributiand the optimal R/H ratio was
experimental approached around 2.91. In the folgvaxperiment, these optimized
CNTs sample would be led to the gas sensing measmteunder different gases

environment.

3-4 The gas breakdown characteristics of the optimed CNTSs film

gas ionization sensors under different gases envitment

3-4-1 The Paschen’s curve of different gases and iipplication to gas ionization
Sensors

Breakdown voltages optimized film sample and patdrsample were obtained
in the experiments above. Here they were measuttbdive same setups (fig.
2-10)to acquire the breakdown characteristics in dgffiéigases environment. The
experimental method and the anode-to-cathode dstarere standardized as

measuring that of nitrogen. These results were sho\Fig. 3-44) which describe
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that argon displays the lowest breakdown voltagajon dioxide displays the
highest ones, and the breakdown voltages of &etween nitrogen and oxygen as
expected. Besides, it’s intuitional recognized tiifferent gases have their own
distinct Paschen’s curve. For different gases alle different diameters, that is,
different mean free paths for their molecules dedteons. For instance, Noble gases
like helium and argon are monoatomic and tend t@ lsmaller diameters. This gives
their molecules a greater mean free path lengthzémion potentials differ between
molecules as well as the speed that they recaptectrons after they have been
knocked out of orbit. All these three effects chatifte number of collisions needed to
cause an exponential growth in free electrons. @ fiee electrons are necessary to
cause a gas breakdown in the experiment. Theredasecould find distinct
breakdown characteristics for different gases.

Moreover, on could find that after each gas pasaith their lowest point in
their Paschen’s curve, the breakdown voltage weuntdr a linear regime and
continue rising gradually. This is what we havedicted in chapter 1, and generally
the gas ionization sensor was fabricated by utigjzhis regime.

However, choose a proper pxd area is extremely fitapbin fabricating the gas
ionization sensor. For example, to the film sanplté 11.3um in CNTS’ height
whose discharge current versus breakdown voltagesdor Ar, N, Air, O, and CQ
were illustrated ir{fFig. 3-45) If the sensor was operated at the pxd producieval
around 8x1J torr cm, then a low-voltage-operating Ar was avagawhile at the cost
of the residual gases was operated at high voltageé$iave narrow breakdown
voltage windows between each other. Through thelagion from previous
experiment, one acknowledged that high voltageaimer was easy to cause damages
on the sample and variation in the breakdown charatics. And in the critical

situation, there might be misdetection for gaseh wmall difference in their
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breakdown voltage. On the other hand, if the sewsaroperated at the pxd product
value around 8xI®torr cm(Fig. 3-45-(b)) then the advantages like low voltage
operation and wide windows between gases was lobikvaed, and one could reduce
the power consumption and lessen the probabilitpistietection.

To the patterned sample with R/H = 2.91, the singlaracteristics was found in
(Fig. 3-46) Though, it was demonstrated above that the opéidhpatterned sample
has relatively low breakdown voltages than thaheffilm sample, and therefore

more superiority in the issue of power consumption.

3-4-2 Breakdown characteristics of carbon dioxide red argon in a mixture with
air

The experimental results of measuring the breakdesitages of Ar and CO
gases in mixture with air as a function of concafimn were showFig. 3-47) It's
obviously that for both of the film sample-and reterned sample, their breakdown
voltage increases with increasing £€éncentration in the mixture, and decreases
with increasing Ar concentration. In term of thienfisample, the breakdown voltage
decreases 130V as the concentration of Ar in theeaches 15 %, and decreases
190V as it reaches 34 %. The breakdown voltageasss 60V as the concentration
of CO; in the air reaches 15 %, and increases 100Vraadhes 43 %. On the other
hand, to the patterned sample, the breakdown wliagreases 100V as the
concentration of Ar in the air reaches 11 %, antt@®ses 180V as it reaches 34 %,
As the concentration of GOn the air reaches 15 %, the breakdown voltage
increases 50V, as it reaches 42 %, the breakdoWageoincreases 120V. When the
concentration of Ar and CQOs more than 50%, the breakdown voltage is neagy
same as that of pure Ar or @GO his is because air has a higher breakdown wltag

than Ar and lower breakdown voltage than C&d the presence of air molecules
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tends to impede the breakdown of Ar and assistah@0,. Below 10%
concentration, the breakdown of Ar ceases and ithakldown voltage rises sharply to
the value for pure air. Similar results were albtamed for detection of COn a
mixture with air, but the breakdown voltage dectiséowly to the value for pure air.
Besides, as mentioned above, the patterned saraplidé superiority in power

consumption than that of the film sample when trenker was under optimized local
electrical field distribution, that is, optimal RAdLtio.

Consequently, with the utilization of the pattegoitnology and proper operation
at pxd product value around 8x3@®rr cm, the CNT gas ionization sensor can reduce

both of the power dissipation and the error analisitween different gases.

47



Chapter 4

Summary and Future prospects

4-1 Summary and conclusions

At the beginning of this thesis, the gas breakdewaracteristics of the Random
oriented CNTs film and the Uniform CNTSs film werenspared. It was found that the
breakdown characteristics of the Random oriented<CINm was less stable, whose
soft breakdown and variation of breakdown voltagese more obvious. Moreover,
after the stability tests, the breakdown voltagethe Random oriented CNTs sample
shift upward 68%, and it shifts upward 46% for tbeiform CNTs film. Besides,
CNTs pull-off could be evidently seen from both thie SEM images. And the
evaporation of CNTs of the Random oriented CNTa filere more severe.

However, with the proposed CNTs film synthesizeahfrco-deposited catalyst
sample, the improvement of the stability of CNTienfiwas apparent as could be
observed from the gas breakdown characteristicstb@dSEM images before and
after 1000 cycle times of stability tests. Withosty adhesion between the CNTs and
the substrate, the CNTs films synthesized from epedited catalyst structure could
sustain large electrostatic force induced by thelieg electrical field and thus
suppress the abrupt decrease in the dischargentuMm®reover, the reduction of
contact resistance also eased the Joule heat ¢gwhdram high current density
passing through the high resistive regions. Thé hegnperature due to the Joule heat
could make the remained oxygen molecules react défhctive regions in the CNTSs,

causing the evaporation of the CNTs, or degradeginterfacial structure between
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the CNTs and the substrate. Therefore, the abrpedse and gradual degradation of
the discharge current were both suppressed by mefngilizing the catalyst
co-deposited structure.

Another aim of this thesis is to shrink the scragneffect provoked by the
proximity of neighboring tubes. Hence, to find @ut optimal morphology of pillar
array of vertical aligned CNT bundles for the apation of gas ionization sensors,
different spacer/height ratio (R/H) as a functidnHois investigated by changing H
while maintaining R. After comparing the film sareplwith the patterned samples for
many different heights, briefly speaking, theresexia lowest breakdown voltage in
the Paschen’s curve for both the film sample anel phatterned sample. In our
experiment, the breakdown voltage reaches its mimnat 11.3um to 13.1um in
CNTs’ height of the film sample. However, the pateal sample has lower breakdown
voltages than the film sample when the former wadeu appropriate local electrical
field, and the optimal R/H ratio was experimentalyproached around 2.91. This
optimal R/H ratio that has a lowest breakdown \g#tavould lessen the high
operating-voltage and thus improve high power corion issues of the ionization
sensors.

Next, both of the optimized film sample and patéetrsample were utilized to
explore its gas ionization characteristics unddfedint gases environment. For
different gas molecules having different mean fpeth, ionization energy and
recombination rate, different trends of Paschenisve for distinct gases were
obtained in this experiments. Besides, with thgpprahoice of the pxd product value,
CNT gas ionization sensor could not only operatedeu low voltages but also
provides enough space to distinguish different gase

Finally, the breakdown voltages of Ar and £@ases in mixture with air as a

function of concentration were also investigate® dbvious that for both of the
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optimal film sample and the patterned sample, theakdown voltage increases with
increasing CQ concentration in the mixture, and decreases wittreasing Ar
concentration. For instance, for the optimal patédrsample, the breakdown voltage
decreases 100V as the concentration of Ar in theeaches 11 % and increases 50V
as the concentration of G@n the air reaches 15 %. These tests indicatettieaCNT
gas ionization sensor (with proper calibration) wd@romise for room-temperature
detection of gases at the percentage level in magtwith air.

In conclusion, we demonstrate a gas sensor usifgprananotubes as the field
ionization cathode. The sensor has the meritswfdaost, low breakdown voltage and
wide breakdown voltage window because the shagdifgthe nanotubes can generate
very high electric fields at relatively low voltageSensors with carbon nanotubes as
the cathode material also show good sensitivity seiectivity; in our experiment, the
detection limitation of the field ionization bas€iNT gas sensors is about percentage
level. More outstandingly, the stability-was sigeaitly improved by co-deposited
catalyst structure. Therefore, the simple, low-cesihsors described here could be
deployed for a variety of applications, such asirammental monitoring and sensing

in chemical process.

4-2 Future prospects

Operating under atmospheric pressure (760 toa)nslestone to marketwise the
gas sensor. For our CNT gas ionization sensor, lwhiorks with remarkable
characteristics, it is still challenging to realizlee operation under atmospheric
pressure. For example, as we have mentioned iexperiment of sensing different
gases, if the sensor was operated at the pxd predlue around 8xIbtorr cm [Fig.
3-r-b], then the advantages such as low voltageatipa and wide windows between

gases were both achieved, and one could reducpathier consumption and lower
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down the probability of misdetection. However, undhis pxd product value,
operation under 760 torr means one have onlyrf).¥or the anode-to-cathode
distance. What's more, CNTs tend to be straightesiedg the direction of the
electrical field as one applies high voltages. €fme, the straightened CNTs might
have chance to short with the anode electrode ttiracsuch a narrow gap. In order
to realize the prospect of practical operation,extend the linear region in the right
side of the Paschen’s curve to locate a suitabkk greduct value to fabricate the
atmospheric operating CNT gas ionization sensorsBewn in(Fig. 4-1) if one
locates at pxd product value aroundt@rt cm, the corresponding anode-to-cathode
distance under 760 torr is w®. If one chooses pxd product value arourdriicm,
the equivalent anode-to-cathode distance undert@®ds 13.2am. It's evident that
the later ought to reduce the short phenomenonesafudly. However, it needs
several tens of volts higher in operation voltag@sch implies a trade off event.

On the other hand, to attain the precise requdsspacing under atmospheric
pressure, one can also use ZnO -nanowires whosehlearg better controlled.
Although the breakdown voltages of ZnO nanowiree appreciably higher in
comparison to that of CNT electrodes, their stabiland anti-oxidation are

significantly better than CNTs as electrodes.
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Tables

Data precision excellent (absolute value excellent (fair enough)

Data acquisition time long short (real time)

Size large compact

Cost high low

Application Environmental monitoring Precise control, monitoring
stationary site stationary site or mobile site

Table 1-1 Comparison between analytical instrumeistand gas sensors.

heating 9 0 0 1000
Pre- 10 300 0 0
treatment

Heating 4 0 0 1000
Growth 10 300 100 500
cooling 120 0 0 5000

Table 2-1 The parameters of thermal CVD to grow tk Uniform CNTs film and

the Random oriented CNTSs film.
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Chamber pressure | Breakdown voltage
0.023 torr 725V
0.052 torr 505V
0.079 torr 485V
0.1 torr 465V
0.2 torr 405V
0.51 torr 415V
0.8 torr 365V
1.0 torr 375V
2.1 torr 435V
5.1 torr 445V

Table 3-1 Gas breakdown voltages of the Random oriented CNTgm

Chamber pressure | Breakdown voltage
0.024 torr 605V
0.049 torr 445V
0.078 torr 425V
0.1 torr 425V
0.21 torr 415V
0.51 torr 385V
0.82 torr 375V
1.0 torr 385V
2.0 torr 425V
4.9 torr 465V

Table 3-2  Gas breakdown voltages of the Uniform CNTSs film
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H> CoHa

(sccm)  (sccm)

heating 9 0 0 1000

Pre- 10 300 0 0

treatment

Heating 4 0 0 1000

Growth It 300 100 500
depends

cooling 120 0 0 5000

Table 3-3 The parameters of thermal CVD to grow piar arrays of vertical

aligned CNTs bundles with different spacer heightatio (R/H).
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detection and measurement when specific gas wasaased.
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MWNT or SWNT
N

Au (source) J Au (drain

Si (back gate)

Figure 1-3 Schematic cross section of the FET dees. A single nanotube of
either multi-wall or single-wall type bridges the @gp between two gold electrodes.

The silicon substrate is used as back gate [2].
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Figure 1-4 Histogram detailing the number of CNT pblications per year

between 1991 and 2007 (data obtained from ISI Weld &nowledge) [7].
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(b)
Figure 1- 5 High-resolution transmission electronmicroscopy images of (a)
SWNTs, and (b) MWNTs. Every layer in the image (frnge) corresponds to the

edges of each cylinder in the nanotube assembly [9]

{ar .y armchair

(a)
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(b)

Figure 1- 6 Molecular models of SWNTs with (a) chal vector (b) the

categories of the configuration [12][13].
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Figure 1-7 Energy band diagrams of vacuum-metal handary (a) electron

tunneling via thermionic emission and (b) electrortunneling via field emission.
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Figure 1-8 Energy diagrams of vacuum-metal boundar. (a) without external

electric field; and (b) with an external electric feld.
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Corona dise
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Figure 1-9 (a)Localized discharge spot can be seen at the gap lwiapplying
low voltage, (b) plane-to-plane silicon electrodes with narrow gap.(c)

micro-discharge in the gap of a comb actuator [39].
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Figure 1-10 The breakdown discharge process of gasnization sensor with

CNTs as positive electrode [40].
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Figure 1-11 The breakdown discharge process of gamization sensor with
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Figure 1-12 Schematic initially very small amounof free electrons, accelerated
by a sufficiently strong electric field, give riseo electrical conduction through a

gas by avalanche multiplication
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Figure 1-13 The Amplified mechanism of the electmoflux in Townsend'’s
discharge [80].
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Figure 1-14 The Paschen’s curve for air, two flaparallel copper electrodes,
separated by 1 inch, for pressure between 3xTQorr and 760 torr. As the
pressure is reduced below a torr (as shown in thaabram below) the curve of
breakdown voltage versus pressure reaches a minimyrand then, as pressure is

further reduced, rises steeply again.
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Figure 1-15 The carbon nanotubes gas ionizationsgor proposed by Modi et al

[4].
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Figure 1-16 The carbon nanotubes gas ionizationsgor proposed by S J Kim

et al [50].
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Chapter 2

(a)

Sampley m sample (B)
s -

. . - g
C 0 X R 0 0 0

A A A A A A A A AL A

Sisubstrate (c) Si substrate

/ =
) Ny Gy .y

(d)

Si substrate

Si substrate

Figure 2-1 The schematic flowchart for the fabricéion of the Uniform CNTs
film and Random oriented CNTs film: (a) RCA clean pocess to remove
contamination particles on the silicon substrate.)Deposition of a 4-nm-thick
Co catalyst layer for sample (A) and 4-nm-thick Cccatalyst layer along with
1-nm-thick Ti capping layer for sample (B). (c)Loadng the samples into thermal
CVD to be pretreated in hydrogen environment and faning Co nanopatrticles,
and (d) synthesizing CNTs in the thermal CVD. It'sworth noting that the
nonuniformity of Ti capping layer on the Co cataly$ of sample (B) would limit

the growth direction of CNTs and forming the randomoriented CNTs film.
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(b)
Figure 2-2 (a) Schematic picture and (b) photograp of thermal CVD. The

process gases used here is hydrogen, nitrogen arbyéene.
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Flow

Tempe. H, ; Rate (sccm)
‘- . A
A C,H, 5000
N,
700°C
600°C |
1000
: _ 500
Al : 300
100
oy

pretreatment

Figure 2-3 The process parameters to synthesize Tl At the start,
samples would be heated to the predetermined tempeture of 600C in a
nitrogen flow rate of 1000 standard cubic centimeteper minute (sccm) for
an oxygen-free ambience. Prior to the CNTs growthhydrogen gas with a
flow rate of 300 sccm was fed into the reaction tubfor 10 min to reduce the
catalyst metal to the metallic phase, meanwhile trssforming into
nanoparticles. After the pretreatment step, the chaber would be heated
again under nitrogen flow rate of 1000sccm to 700. Then, CNTs were
grown at this temperature with hydrogen, nitrogen aad ethylene, at a flow
rate of 300 sccm, 500 sccm and 100 sccm for desitgtagrowth time. After
that, samples were furnace-cooled to room temperate in nitrogen flow

rate of 5000 sccm to fully exhaust the reaction anidyproduct gases.
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Co-Ti

Ti

Al

Si substrate

(a) (b)

90000
Al203

Si substrate Si substrate

(d) (c)

Figure 2-4 The schematic flowchart for the fabricéion of CNTs-based film
synthesized from the co-deposited catalyst. (a) Aitst, RCA clean process is used
to remove contamination particles on the silicon dustrate, and then (b) a
10-nm-thick aluminum supporting layer, a 1-nm-thick Titanium interlayer and a
4-nm-thick Co-Ti co-deposition layer were deposite@dequentially. (c) Loading

the samples into thermal CVD to be pretreated in hgrogen environment and

forming nanoparticles, and (d) synthesizing CNTs irthe thermal CVD.

68



I co-Ti/ Ti=4nm/1nm

B A =10nm

(a)

(d)

exposure
H B N NN
Si substrate
(b)
(c) (f)

Figure 2-5 The schematic flowchart for the fabrictéion of pillar array of
vertical aligned CNTs bundles using co-deposited talyst structure. (a) Firstly,
the RCA clean process is used to remove contaminaii particles on the silicon
substrate. (b) Secondly, the substrate was coatedtlwphotoresist and then the
exposure was executed under the mask, and immedibtéc) the development of
the patterns was followed. (d)Co-Ti (40 A)/Ti(10 AYAl (100 A) as catalyst
structure were deposited by magnetron sputtering ath the lift-off process was
used to define our circle patterns. (e) Loading theamples into chamber to be
pretreated in hydrogen environment and forming thenanopatrticles, and (f)

synthesizing CNTs in the thermal CVD processes.
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Figure 2-6 Mask design shows the array of §0n in inter-pillar distance and

50um in circle diameter defined in 1cm x 1 ¢cm area.

Figure 2-7 The micrographs of samples were takenytscanning electron

microscope (SEM, Hitachi S-4700l).
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Figure 2-8 The high resolution transmission electm microscope (HRTEM;

JEOL JEM-2000EX) was used to examine the structuref CNTSs.
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Figure 2-9 High resolution confocal Raman microsqme (HOROBA, Lab RAM

HR) was also applied to analyze the crystallinity fothe CNTSs.
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Figure 2-10 The gas ionization sensor measuremesg¢tups. The samples were
put on a glass substrate with a spacer to controhe distance between CNTs
nanotips to the anode, and the anode was a glassatad with a indium-tin-oxide

(ITO) film and green phosphor (P22). The samples we loaded into a vacuum

chamber with anode applied to the high-voltage soge measurement unit,
Keithley 237, and the cathode applied to the highwrent source measurement
unit, Keithley 238, to measure the discharge currerand the breakdown voltages

of the samples.
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15.0kV 15.5mm x500 SE({U) 100um

R : Inter—pillardistance

H : The heightofa CNT pillar.

Figure 2-11  Definition of the R/H ratio, where R § the inter-pillar distance

(spacer) and H is the height.of a CNT pillar.
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Chapter 3

10.0kV 15.0mm x2.00k SE(U)

Figure 3-1 The pictures shown here was the tilteinages (about 45°) taken by
scanning electron microscope (SEM) for the UnifornCNTSs film grown by

thermal CVD.

15.0kV 14.8mm x2.00k SE(U)

Figure 3-2 The pictures shown here was the crosedional image taken by
SEM for the Uniform CNTSs film grown by thermal CVD. The height of the

vertical aligned CNTs is about 11.Am.
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[ e I e
10.0kV 15.5mm x2.00k SE(U) 20.0um

Figure 3-3 The pictures shown here was the tilteinages (about 45°) taken by

SEM for the Random oriented CNTs film grown by themal CVD.

15.0kV 14.6mm x10.0k SE(U)

Figure 3-4 The pictures shown here was the magniil (10000 times) tilted
images (about 45°) taken by SEM for the Random origed CNTSs film grown by
thermal CVD. It could be seen obviously that the CNis tangled together and the

growth direction is rarely vertical.
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15.0kV 15.1mm x10.0k SE(U) 5.00um

Figure 3-5 The pictures shown here was the cro-sectional image taken by
SEM for the Random oriented CNTs filn- grown by thermal CVD. The height of

the CNTs isquite nonuniform.

—=— position1(1.753)

1000 -

—e— position2(1.725)
900
800
700 +
; 600 ~ ID/IG = 1.753, 10725
& 500+
2 4004
o
5 300
C 2004
100 -
04
-100 - T v T T T T T T 1
1200 1300 1400 1500 1600 1700

Raman shift (cm™)

Figure 3-6 The Raman spectra analysis of the Uniform CNTs filmand the
ID/1G ratio which indicates the graphitecrystallinity of the samplesare 1.753

and 1.725.
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Figure 3-7 The Raman spectra analysis of thRandom orientedCNTSs film and
the ID/I G ratio which indicates the graphitecrystallinity of the samplesare 1.789

and 1.755.

(@ (b)

Figure 3-8 (a)lhe micrographs of CNTs taken bytransmission electron

microscopy (TEM) obtained from the Uniform CNTs film and (b) their

multiwalled structure can be found with higher resdution.
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(a)
Figure 3-9 (a)The micrographs of CNTs taken by TEMobtained from the

(b)

Random oriented CNTs film and (b) their multiwalled structure can also be

found with higher resolution.
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Figure 3-10 The gas breakdown characteristics ohe Radom oriented CNTs

film under different gas pressures in the nitrogerenvironment. The pressures are

(a) 0.0023 torr, (b) 0.0052 torr, (c) 0.079 torr,d) 0.1 torr, (e) 0.2 torr, (f) 0.51 torr,

(9) 0.8 torr, (h) 1.0 torr, (i) 2.1 torr and (j) 5.1 torr. They are integrated into (k).
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Figure 3-10 (cont.).
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Figure 3-10 (cont.).
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| —=— Random oriented CNT film|
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Figure 3-11 Breakdown voltages vs. pxd charactetiss of the Random
oriented CNTs film under nitrogen environment (Pasben’s curve). It's
apparently that the variations of the breakdown volages are especially large at
high voltage region and these variations are refeed to the nonuniformity of the
CNTs’ length. For those longer CNT, the differencef electrical field is larger,
which leads to higher electron emission efficiency.herefore, their breakdown

voltages are lower.
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Figure 3-12 The gas breakdown characteristics ohe Uniform CNTs film
under different gas pressures in the nitrogen envonment. The pressures are (a)
0.0024torr, (b) 0.0049torr, (c) 0.078torr, (d) 0.1orr, (e) 0.21torr, (f) 0.51 torr, (g)

0.82torr, (h) 1.0 torr, (i) 2.0torr and (j) 4.9torr. They are integrated into (k).
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Figure 3-12 (cont.).
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Figure 3-12 (cont.).
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Figure 3-13 Breakdown voltages vs. pxd charactetiss of the Uniform CNTs
film under nitrogen environment (Paschen’s curve)lt’s apparently that the
variations of the breakdown voltages are smaller thn the Random oriented
CNTs film. It was referred to-the uniformity of the CNTs’ length of the Uniform

CNTs film.
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Figure 3-14 The stability test of gas breakdown characteristicander nitrogen

environment with the Random oriented CNTSs film andthe Uniform CNTs film.

The Vbr of the Random oriented CNTs film lifts up from 365V to 605V after 100C

cycles, 68% in increase. And fothe Uniform CNTSs film, it lifts up from 395V to

575V after 1000 cycles, 46% in increa.
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10.0kV 15.5mm x2.00k SE(U) 10.0kV 15.0mm x1.00k SE(U)

@ | (b)

('5";_ y

15.0kV 14.9mm x1.00k SE(U)

© (d)

15.0kV 15.4mm x2.00k SE(U)

(€) (f)

Figure 3-15 The SEM images before and after staliy tests: (a), (c) and (d) are
the images of the Random oriented CNTs film beforstability test, after 500
cycles stability tests and after 1000 cycles staityl tests. And (b), (d) and (f) are
the images of the Uniform CNTs film before stabiliy test, after 500 cycles

stability tests and after 1000 cycles stability tés.
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Figure 3-16 The various surface energy of differammetals, where one can find

that the surface energy of cobalt is familiar withthat of titanium.
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Figure 3-17 The diagram of different surface eneng metals reacting with

Cobalt as they coalescence into nanoparticles.
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1
15.0kV 14.6mm x100k SE{U) 500nm

Figure 3-18 The images of SEM displayed the rootd the CNTs for both (a) the

conventional samples without co-deposited catalyand (b) the proposed samples
with co-deposited catalyst. The proposed samples e cleaved across the
patterned area and a CNT immersed partially into tre co-deposited metal layer

on the cleaved edge was marked by a circle in (c).
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15.0kV 14.7mm x100k SE(U)

Figure 3-18 (cont.).
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No obvious formation | Nanoparticles with small sizes Co
| of nanoparticles :
AlOx

Co

Si Si

Without Al supporting layer With Al supporting layer

(a) (b)

Figure 3-19 The catalyst after pretreatment in redicing gas environment: (a)
without Al supporting layer and (b) with Al supporting layer, where

nanoparticles with small sizes could be achieved thiAl supporting layer.
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(b)

Figure 3-20 The Transmission Electron MicroscopyTEM) images of (a) using

ColTi/Al catalyst structure and (b) using Co-Ti/Al co-deposited catalyst structure.
It's obvious that the diameter of CNTs becomes smiar by using co-deposited

catalyst structure.
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Figure 3-21 The gas breakdown characteristics ohe CNTs-based film
synthesized from the co-deposited catalyst structerunder different gas
pressures in the nitrogen environment. The pressuseare (a) 0.0021 torr, (b)
0.0049 torr, (c) 0.082 torr, (d) 0.1 torr, (e) 0.18orr, (f) 0.41 torr, (g) 0.8 torr, (h)

1.0 torr, (i) 2.1 torr and (j) 5.3 torr. The aboveis integrated into (k).
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Figure 3-22 Breakdown voltages versus pxd charactstics of the CNTs-based
film synthesized from the co-deposited catalyst sficture under nitrogen
environment (Paschen’s curve). The variations of # breakdown voltages were
improved obviously, which was related to the improement of adhesion and

contact resistance via the catalyst co-deposition.
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Figure 3-23 The stability test of gas breakdown @racteristics under nitrogen
environment with the Random oriented CNTs film, theUniform CNTs film and
the CNTs film with co-sputter catalyst.One can find that the Vbr of the CNTs
film synthesized from Co-Ti co-deposited catalysttricture lifts up from 375V to
435V after 1000 cycles, 16% in increase, which iarther improved than the first

two CNTs film.
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15.0kV 15.4mm x1.00k SE(U)

=ie

-IIIIII$II.II

15.0kV 14, 1Tmm x1.00k SE(U) 50.0um

(b)

Figure 3-24 The SEM images before and after stality tests: (a), (b) and (c) are
the images of the CNTs film synthesized from Co-Téo-deposited catalyst
structure before stability test, after 500 cyclestability tests and after 1000 cycles
stability tests, respectively. The pull-off and evporation of CNTs were not as
serious as the conventional two samples, which aassociated to the

improvement of adhesion and contact resistance viae catalyst co-deposition.
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Figure 3-24 (cont.).
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Figure 3-25 Simulation of the equipotential lines bthe electrical field for

tubes of different distances between each other [B1
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Figure 3-26  (a) Simulation of the equipotentialihes of the electrical field for
tubes of 1um height and 2 nm radius, for distances of 4, 1, @0.5pm between
tubes; along with (b) the corresponding changes diie field enhancement factor

B and emitter density, and (c) current density as &nction of the distance [53].
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15.0kV 15.5mm x500 SE(U) 100um

R : Inter-pillar

H : The heightofa CNT pillar.

Figure 3-27 Definition of the R/H ratio, where R $ the inter-pillar distance

(spacer) and H is the height of a CNT pillar.

R P P A e A e A N e e
O . g . 3 i :

15.0kV 15.3mm x1.00k SE(U)

Figure 3-28 The cross-sectional view of CNTs filrmynthesized from Co-Ti

co-deposited catalyst structure for 50.&m in height.
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15.0kV 15.5mm x600 SE(U)

R/H=0.61

15.0kV 15.9mm x1.00k SE(U)

(b)

Figure 3-29 Thepictures shown here vere the tilted image (a) &bout 45and
the crosssectional image (b'taken by the SEM for the48.8um high pillar -like
CNTs synthesized from the C-Ti co-deposited catalyst structure grown by

thermal CVD. Here the R/H ratio is 0.61
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Figure 3-30 Breakdown voltages vs. pxd charactetiss of (a) the film sample
(50.8um) and (b) the pattern sample (48.%«m, R/H =0.61) under nitrogen
environment (Paschen’s curve). One could find in jdhat there is no much
difference of breakdown voltages between the filmasnple and the pattern

sample at this R/H ratio.
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Figure 3-30 (cont.).

104



I Y 1Y I Y
15.0kV 15.1mm x2.00k SE(U) 20.0um

Figure 3-31 The cross-sectional view of CNTSs filrmynthesized from Co-Ti

co-deposited catalyst structure for 11.&m in height.

15.0kV 15.1mm x5600 SE(U)

Figure 3-32 The pictures shown here were the tilteimage (a) (about 45°)and
the cross-sectional image (b) taken by the SEM fahe 12.5um high pillar-like
CNTs synthesized from the Co-Ti co-deposited catady structure grown by

thermal CVD. Here the R/H ratio is 2.40.
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R/H=2.40
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Figure 3-32 (cont.).
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Figure 3-33 Breakdown voltages vs. pxd characteristics ((a) the film sample
(11.3pm) and (b) the pattern sample (12.\um, R/H =2.40) under nitrogen
environment (Paschers curve).One could found in (c) that be breakdown
voltages of thepatterned sample begin to lower tha that of film sample at this

R/H ratio.
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Figure 3-33 (cont.).
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15.0kV 15.4mm x2.00k SE(U)

Figure 3-34 The cross-sectional view of CNTs filrmynthesized from Co-Ti

co-deposited catalyst structure for 13.Jum in height.

15.0kV 14.4mm x1.00k SE(U)

Figure 3-35 The pictures shown here were the tilteimage (a) (about 45°)and
the cross-sectional image (b) taken by the SEMfohe 10.3umhigh pillar-like
CNTs synthesized from the Co-Ti co-deposited catady structure grown by

thermal CVD. Here the R/H ratio is 2.91.
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Figure 3-35 (cont.).
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Figure 3-36 Breakdown voltages vs. pxd characteristics ((a) the film sample
(13.1pm) and (b) the pattern sample (10.um, R/H =2.91) under nitrogen
environment (Paschers curve).One could found in (c) that be breakdown

voltages of patterned sample are greatly lower thaflm sample at this R/H ratio.
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Figure 3-36 (cont.).
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15.0kV 15.8mm x5.00k SE(U)

Figure 3-37 The cross-sectional view of CNTs filrmynthesized from Co-Ti

co-deposited catalyst structure for 5.9wm in height.

15.0kV 15.7mm x1.00k SE(U)

Figure 3-38 The pictures shown here were the tilteimage (a) (about 45°)and
the cross-sectional image (b) taken by the SEMfohe 5.9umhigh pillar-like
CNTs synthesized from the Co-Ti co-deposited catady structure grown by

thermal CVD. Here the R/H ratio is 5.04.

111



R/H=5.04
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Figure 3-38 (cont.).
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Figure 3-39 Breakdown voltages vs. pxd characteristics ((a) the film sample
(5.95um) and (b) the pattern sample 5.9'\um, R/H =5.04) under nitrogen
environment (Paschers curve).One could found in (c) that be breakdown
voltages of patterned sample is lower thanlm sample but not so much as R/H :

2.91 at this R/H ratio.
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Figure 3-39 (cont.).
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Figure 3-40 The comparisan of the breakdown voltags characteristics of the
film samples with different height. The lowest bre&down voltages were obtained
at the height of CNTs around 11.3im to 13.1um. The breakdown voltage would

increase when the height of the CNTs was too long o short.
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Figure 3-41 The comparisan of the breakdown voltags characteristics of the
pattern samples with different R/H ratio. It's obviously that the lowest
breakdown voltages were approached as the R/H rativas around 2.91. If the
R/H ratio increases to 5.04 and 11.4, the breakdowroltages will raise up

gradually.
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cathode cathode

Si substrate " ) Si substrate
catode . catode

(b)
Figure 3-42  (a)The local electrical field distrilution and (b) the emission

corner of the film sample and the patterned sampléor a constant

anode-to-cathode distance and the same gas pressure
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Figure 3-43 Corresponding changes of the field emlncementp as a function of
the R/H ratio when considering (a) the screening &dct, (b) the aspect ratio effect

and (c) both of the two effects.
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Figure 3-43 (cont.).
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Figure 3-44 The breakdown characteristics of diffeent gases for (a)the film
sample with 11.3um in CNTs’ height and (b)the patterned sample witlR/H =
2.91.Different gas molecules have different mean free pla, ionization energy
and recombination rate, which causes their differenbreakdown characteristics

in Paschen’s curve.
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Figure 3-44 (cont.).
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(a)
Figure 3-45 Discharge current versus breakdown vtdge curves for Ar, N, Air,
O, and CO; of the film sample with 11.3um in CNTs’ height at pxd product
value around (a)8x10'torr cm and (b) 8x10%orr cm, showing distinct

breakdown voltages; carbon dioxide displays the higest and argon the lowest.
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Figure 3-45 (cont.).
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(a)
Figure 3-46 Discharge current versus breakdown vtdge curves for Ar, N, Alr,
O, and CO; of the patterned sample with R/H = 2.91 at pxd prduct value
around (a)8x10*torr cm and (b) 8x10°%orr cm, showing distinct breakdown
voltages; carbon dioxide displays the highest andgon the lowest. It's
noticeably that the breakdown voltage windows of (bwere wider and at

relatively low voltages.
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Figure 3-46
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Figure 3-47 Breakdown voltages of Ar and C(, gases in mixture with air as ¢

function of concentration for (a) film sample with 11.3pm in CNTSs’ height and (b)

patterned sample with R/H = 2.91.Breakdown voltagecreases with increasing

CO, concentration in the mixture, and decreases with icreasingAr

concentration.
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Figure 3-47 (cont.).
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Chapter 4
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Figure 4-1 Extension of the linear region in theight side of the Paschen’s

curve
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