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Abstract

With an increasing demand for better medical diagnostic systems, improving the efficiency
and effectiveness of medical diagnostics has never been more crucial. Field electron emission (FE)
based X-ray source which is a more responsive and controllable alternative to traditional
thermionic-emission-based X-ray sources has stimulated much research interest. Among the
materials for FE, carbon nanotube (CNT) is one of the most promising candidates due to
exceptional properties such as a high aspect ratio and good electrical and thermal conductivities.
CNT-based FE has been studied for many years, however, a significant challenge in the use of
CNT has been the difficulty in achieving a uniform emission current over extended periods of
time. Notably, rapid degradation of CNT emitters under high current load is one of the major
concerns. Two main failure mechanisms proposed in the literature are melting and catastrophic
explosion of CNTs due to the generation of Joule heat and the excessive Coulomb energy. Thus,
to improve the reliability of CNT emitters in high-current applications, CNT’s failure mechanisms

need to be investigated and methods to improve CNT-based FE need to be developed.

The most destructive failure mechanism in FE is Coulomb explosion. To study this
phenomenon, the underlying causes were investigated through experimental and theoretical
analyses. Then, the explosion process was modeled and simulated from the perspective of
computational chemistry based on the experimental results. In addition, to slow down melting of
CNTs and stabilize emission current during FE, two methods were studied including chemical
treatments and coating a metallic protective layer on CNTs. For the chemical treatment method,
dimethyl sulfoxide (DMSO) and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

(PEDOT: PSS) solutions were used after CNT synthesis. Both treatments force CNTs to be
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bundled into clusters and reduce the threshold electric field and significantly improve the lifetime
of CNT emitters. On the other hand, the effects of three different metal shells (Au, W, and Ti) on
the FE performance are investigated through long-term FE testing and characterization to gain
insight into the underlying causes. Therefore, the findings in this thesis play an important role in
the development of efficient, stable, and robust field emitters. As such, CNT-based FE technology

can be reliably adopted in multiple fields.
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Chapter 1 Introduction

1.1 Motivation

The close attention to human health has led to a huge demand for advanced medical
equipment, especially for diagnostic systems like computed tomography (CT) machines for
medical imaging. Since the use of X-rays in medical imaging technology, more diseases, especially
tumors, can be detected early in their malignant development and treated accordingly, allowing
more patients to be treated quickly and effectively. Thus, the goal is to develop faster, and more

accurate medical imaging devices with better control.

The conventional way to generate X-ray is based on thermionic emission. Although it is a
reliable method, it requires operation at high temperatures. This limitation makes both the
controllability and the response time of thermionic emission extremely restricted. Such
disadvantages restrain the development of this technology for many medical applications that
requires high speed and large area imaging. Therefore, field emission (FE), an alternative cold
electron emission technology that can alleviate the limitation of thermionic emission, is attracting

attention as an advanced technology that enables fast and accurate diagnosis.

Since FE was first introduced by R. W. Wood [1], with the advantages of fast response
speed, low emission temperature, and high efficiency, it plays an important role in various
applications, such as field emission display, X-ray guns, point electron source [2—4]. FE describes
an electron extraction phenomenon by which electrons tunnel from the surface of materials into
vacuum by applying a strong electrostatic field. The FE current density is mainly determined by

the work function of the emission material and the strength of the electric field [5]. Many types of



FE devices including metal-based FE devices, semiconductor-based FE devices and carbon
nanotube (CNT) based FE devices were studied and developed so far. In the early FE research,
metal-based and semiconductor-based FE devices dominated most of the experiments, since metal
and Si can be easily obtained, and most of them have good thermal and electric conductivity and
are relatively easy to machine and process. However, the limitations of metal- and semiconductor-
based FE devices, such as short lifetime (easy to melt with high temperature), unstable emission

current, and low emission current, cannot satisfy most applications in modern medical fields.

CNT, a nano-scaled material, is widely studied as a field emitter since its FE performance
was first reported in 1995 [6]. Most researchers considered that CNT is the most suitable field
emitter for FE [7-10]. An excellent field emitter needs to meet many criteria, such as good
electrical conductivity, high thermal conductivity, low work function, and sharp emission tips.
CNTs exactly fulfill all the criteria [6,11-13]. When compared to metal- and semiconductor-based
field emitters, CNT not only has good mechanical and electrical properties, but it also has good
chemical stability, a naturally sharp tip, and a high aspect ratio. With these excellent
characteristics, the CNT field emitter has shown great promise by providing stable emission
current and long emission duration. However, this technology is still under development. Many
types of CNT-based field emission devices were designed by different groups and were used for
different applications [8,14-18]. Among these designs, freestanding vertically aligned CNT
(VACNT) emitter array is reported to has the lowest turn-on electric field (lower than 1 V/pm),
most stable FE performance, and longest lifetime [19,20]. This type of CNT cathodes usually has
a patterned CNT array by using microfabrication technology. The devices will be fabricated into
a neatly arranged catalyst dot array, and CNTs would be selectively grown at the location of those

dots array by plasma-enhanced chemical vapor deposition (PECVD) method to form the CNT



array. However, CNT field emission is still not sufficient for many practical applications,
especially those requiring high emission currents exceeding hundreds of milliamperes. The main
issue for the imperfect FE performance at high emission current can be attributed to two factors:
(i) low lifetime; and (ii) poor emission current stability. Rapid degradation of CNTs due to the
large amount of Joule heat generated under a high current load leads to a short working lifetime
[21-23]. In addition, the stability of the emission current is poor due to the non-uniformity of the
CNT cathode [24]. Hence, finding methods to extend the lifetime and increase the uniformity of

CNT emitters have become the most critical issues to be solved.

The first motivation behind the work of this thesis is to resolve the challenge of CNT’s
quick degradation during FE process at high emission level, which includes understanding the
CNT failure mechanism, in-depth analysis and finding solutions on how to avoid CNT failure. In
our group’s previous studies, Coulomb explosion is observed during the FE process, especially at
high current density around the level of milliamperes per square centimeter. However, the detailed
phenomena and causes of the occurrence of the Coulomb explosion have yet to be investigated.
Thus, a deeper understanding and detailed analysis are needed to eradicate the occurrence of this
devastating phenomenon. The second motivation is to develop CNT-based field emitters with
better FE performance. So far, it has been over 25 years since the first report of CNT FE; however,
there are only few available commercial products of CNT-based field emitters on the market. Ways
to improve the FE performance includes fabricating a more uniform CNT cathode or controlling
the emission current at the gate electrode. Although many studies achieved success in various
degree in improving the FE lifetime of CNTs and stabilizing the emission current, many of the

improvements require very complex fabrication processes, and the costs are also high. Hence,



developing simple and cost-effective methods to improve the FE performance including enhancing

the FE lifetime and the stabilized emission current is highly desired.

1.2 Objectives

The overall goal of this study is to improve the FE performance of CNT emitters and allow
CNT-based FE to be an alternative to conventional thermal emission that can be truly applied to
many applications with its unique advantages. In order to achieve this goal, this thesis has three

objectives.

1. Investigates the failure mechanisms of CNT FE, and gains insight into the main causes
of its short lifetime and unstable emission current through experimental and analytical
analyses and develop potential solutions to address the issues.

2. Based on the investigation of CNT’s failure mechanisms, develop methods to eliminate
CNT’s emission failure, and slow down the degradation speed of CNTSs.

3. Design new CNT cathodes to avoid the causes of a short lifetime and unstable field
emission, and fundamentally slow down its degradation speed so as to improve its

lifetime and stability of emission current.

1.3 Thesis Approach and Overview

This thesis details work performed to increase FE performance of CNT-based field
emitters, including studying the failure mechanisms of CNT-based FE, finding reliable methods

to increase the lifetime of CNT emitters during FE especially under high current density emission



(the level of 1 mA/cm?), reducing the turn-on electric field and stabilizing the emission current

density, and fabricating high-performance field emitters.

Chapter 2 begins by providing a literature review of electron emission theory and
familiarize readers with the fundamental knowledge of FE. The differences between FE and
thermionic emission are discussed. Then, CNTSs, as one of the most suitable candidates for field
emission are introduced. The basic physical and chemical properties and the classifications are
summarized. The main challenges reported in the literature are also reviewed and followed by a
discussion of the recent methods to improve performance, which will help readers to better

understand the state-of-the-art development in the field.

The investigations of the failure mechanisms are presented in Chapters 3 and 4. In Chapter
3, one of the most crucial failure phenomena is studied from an experimental point of view. This
experiment is based on using a high-speed camera to capture the Coulomb explosion phenomena
which occur instantaneously and collect the current and voltage data as the explosions occur.
Chapter 4 focuses on analyzing the Coulomb explosions using an analytical model. This model
was formulated from the data collected during the experiments. By analyzing this model from the
perspective of the change and distributions of Coulomb potential energy and other energies in the
system, the detailed causes and the process of the Coulomb explosion are simulated, and potential

solutions are proposed according to the simulation results.

Different methods to improve the CNT FE performance are provided in Chapters 5 and 6.
In Chapter 5, two chemical treatment methods to improve the FE performance of VACNT using
DMSO solution and PEDOT: PSS solution are presented respectively, and their different FE
performances are characterized and compared. Both treatments force CNTs to be bundled into

clusters, but the resulting structures are very different. After treatment, both methods reduced the



threshold electric field, and the FE efficiency and lifetime are also significantly improved. In
addition, the uniformity of both treated CNT emitters is improved which enables more CNTSs to
contribute to the overall current emission. Chapter 6 presents a method to improve the FE lifetime
of freestanding VACNTS by uniformly coating the surface of VACNTSs with a thin metallic layer
that has low work function, high melting point, or high electrical conductivity. The effects of three
different metal shells on the FE performance are investigated. The FE performances of these
VACNTSs are evaluated by testing the turn-on electric field and long-term FE performance.
Furthermore, characteristic methods are used before and after FE testing to observe the uniformity
of metal shells, and the protection conditions of the VACNT from being melted by the Joule heat

during FE. Finally, a conclusion and future work are presented in Chapter 7.



Chapter 2 Background

2.1 Electron Emission

When a small piece of metal is left at room temperature, the free electrons in the metal will
undergo random motion due to thermal energy. However, the electrons can only move inside the
metal because of the attraction of the positively charged nuclei which is also known as the surface
potential barrier. This barrier cannot be overcome without external energy intervention. By
applying energy to this metal, the electrons will gain sufficient energy exceeding the work function
of the metal to break through the barrier and leave the metal surface. This phenomenon is called
electron emission [25]. Electron emission is the ejection of an electron from the surface of a matter.
It has been known for over a century, and it has extremely wide utility in various fields. Many
modern industrial, scientific, and medical devices require a good electron source for operations,
including scanning electron microscopy (SEM), transmission electron microscopy (TEM),
electron displays, and X-ray source. There are three main electron emission methods: (i)
thermionic emission; (ii) Schottky emission; and (iii) FE. The mechanistic differences of three
types of electron emission methods from the potential energy point of view are shown in Figure

2.1[26].
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Figure 2.1 Schematic diagram of (a) electrons near the metal surface, (b) thermionic emission,

(c) Schottky emission, and (d) FE. [26]



2.1.1 Thermionic Emission

Thermionic emission, a well-known electron emission method, is currently considered to
be the most practical electron emission technology. The process of thermionic emission is regarded
as a thermal-electric process by which electrons are extracted from the metal surface by heating
the metal. At room temperature, as mentioned above, free electrons tend to be in the lowest energy
state and do not have enough energy to escape from the metal surface. As the temperature of the
metal increases, the kinetic energy of free electrons is increased. When the energy gained by the
electrons in metal exceeds the work function of the material, the electrons will surmount the
constraint of the surface potential barrier; thereby, escaping from the metal surface (Figure 2.1b)
[26]. For thermionic emission, the emission current mainly depends on the temperature level and
the escaping efficiency of the electrons from the potential barrier to vacuum. The emission current

follows the Richardson—-Dushman equation (2.1) [27].

_¢_
J = AgA,T?e KeT (2.1)

where J is the emission current density, Ais the correction factor for the material which is typical
of order 0.5, T is the temperature of the metal, ¢ is the work function of the metal, Ky is the

Boltzmann constant, 4, is a universal constant gained by equation (2.2).

47TmKBze
0= T

=1.20173 x 104 -m~2- K52 (2.2)
where m is the mass of the electron, e is the charge of the electron, and h is Planck’s constant.

Typically, in a thermionic-emission-based electron generator, a VV-shape tungsten (W) filament is

used as the cathode, by applying a voltage between the filament, the temperature will be raised to



emit electrons into the vacuum [26]. Thus, thermionic emission has been considered the simplest
electron emission method, and it is also a mature and reliable technology, which is widely applied
to various fields. However, the restriction of thermionic emission such as emission current
fluctuation and slow responding speed limit its applications. The reason of these limitations is
mainly due to the poor controllability of the thermal circuit. To achieve a more efficient, more
controllable, and fast-responding electron generation method to keep up with the great demand of
current scientific requirements, researchers are committed to developing a new electron emission

technology such as FE [28].

2.1.2 Field Emission

FE is an alternative mechanism to thermionic emission for electron generation. It is an
electron extraction phenomenon in which electrons tunnel from the surface of the material into the
vacuum by applying a strong electrostatic field [29]. With the advantages of fast response, cold
emission temperature, and high efficiency, FE is considered the most promising alternative to
thermionic emission [30-33]. The phenomenon of FE was first discovered by R. W. Wood on a
piece of platinum in 1897 [34], and the original theory of this phenomenon is derived from
Schottky in 1923 [35]. The FE theory describes that strong external electrostatic field will distort
the potential barrier. This potential barrier of emitting materials is not only determined by the work
function of the materials but is also dependent on the local electric field at the emitting surface
(Figure 2.1d). The stronger the electrostatic field, the more distortion is experienced by the
potential barrier; thus, resulting in a higher possibility of tunnelling electrons [36]. As the
electrostatic field increases to a certain level, which is known as the turn-on electric field, the

electrons with the energy around the Fermi level will have a substantial probability to escape from
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the metal surface and enter the vacuum condition. This phenomenon is also called the quantum

tunneling effect [29].

Quantum tunneling theory was developed by Ralph H. Fowler and Lothar Wolfgang
Nordheim in 1928 [29]. By 1930, the quantum tunneling theory was significantly improved with
the derivation of the Fowler-Nordheim (F-N) equation (and F-N plot) which is the criterion to
identify FE and also used to assess the FE performance [37]. In F-N theory, to simplify the model,
the system is considered a one-dimensional (1D) structure along the direction of the external
electric field. The emission current is mainly determined by the work function of the material and

the strength of the electric field [7], which can be calculated by the F-N equation.

3/2

PE

J = a(BE)?exp (- ) (2.3)

where J is the current density, E is the applied electric field, b is a constant that is originally equal
to 2.1 x 108 in early FN papers. This constant was currently corrected to 6.8 x 107 in recent
publications [38]. B here is the enhancement factor of the electric field, which is the ratio between
local and applied electric fields. A large local electric field is essential for FE, thus, besides
applying high voltage, a geometrically sharp tip or protrusion has a significant effect on

intensifying the local electric field. a is the correct factor that follows the equation (2.4).

#1/2

— -6
a= 62107

(2.4)

where u is the electron distribution parameter in Fermi-Dirac statistics. Through the F-N equation,

it is found that the emission current has an exponential relationship with the local electric field and
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work function. Thus, a meaningful influence of the emission current would occur by a small
variation of the shape or the physical or chemical properties of materials. The F-N equation can be

changed into another expression which is shown in the following equation (2.5).

7 +3/2
SPATLLECL 25

PE

This equation shows that the In (#) has an inverse linear relationship with 1/E which is also

known as the F-N plot. Originally, F-N theory and F-N plot were usually applied to analyze the
FE performance of metal blocks or crystal blocks. However, recently there are many other
materials, such as carbon fiber materials, and metal oxides were also used to perform FE and

applicable to F-N theory and F-N plot [26].

When compared to thermionic emission, FE has many advantages. For example, many-
electron emission applications require current emission response to be instantaneous and
controllable. To adjust the emission current of thermionic emission, the temperature of the metal
is required to be carefully controlled, which limits its response speed [28]. However, FE can easily
meet these criteria, the voltage input and emission current output providing a fast-responding
current. Furthermore, by setting up a closed-loop control, the emission current can be made more
uniform by fast adjustment of the input voltage bias. On the other hand, since FE generally utilize
tiny emission tips, the emission area is much smaller than the thermionic emission, which can
realize smaller emission pixels and higher resolution. In addition, by separately controlling each
pixel via digital circuits, the multi-pixeled electron beam emission system can be achieved, which
has great potential to provide significant improvement for modern imaging technology such as

SEM and large-area X-ray [18,39]. For example, the current X-ray diagnosis system used in

12



medical imaging commonly applies a large area of the X-ray beam generated from a thermionic-
emission-based X-ray source to target the organs of patients. The target organs are usually much
smaller than the exposed area which increases unintended peripheral irradiation to surrounding
healthy tissues. By introducing multi-pixel electron beam technology, controlling the emission
status of each pixel to form the shape-varied electron beam, different shapes of the X-ray beam
can be achieved. A user-defined X-ray profile, that greatly reduces the absorbed emission dose by
only irradiating targeted organs or tissues, will have great implication for clinical medical imaging.
Moreover, the multi-pixel X-ray beam has a high potential for replacing the traditional CT system,
which scans by mechanically rotating the X-ray tube [30]. A phased array systems can be
implemented, which would achieve a three-dimensional (3D) image by calculating the X-ray
images from different angles, resulting in faster and more efficient diagnoses [40]. Thus, with these

advantages, FE has attracted a great deal of interest from researchers.

However, although FE theory has been extensively studied for almost a century, the
application of FE remains far and few, the reason is that state-of-the-art field emitters still do not
provide the required stable emission current and long emission lifetime [26,41-44]. Because a high
electric field is required to apply to field emitters, the strong electrostatic field generates high
current density which would also produce a huge amount of Joule heat resulting in the raise of the
temperature on emitters. On the other hand, a sharp-tip structure is usually applied to field emitters
for increasing the field enhancement factor which is a more vulnerable structure under high
temperatures and frequent chemical reaction conditions [38]. Under this condition, researchers aim
to find a type of emitter with an easy machining property to form a sharp tip, good electric and
thermal conductivity, high melting point, and high chemical stability. The reason for requiring

field emitters to have good electrical and thermal conductivity is to enable a high emission current.
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With these properties, the heat in the emitters would be quickly conducted and dissipated, reducing
the damage on the emitters caused by Joule heat. On the other hand, during the FE process, because
of the ion bombardment and Joule heat, many chemical reactions will occur frequently, thus, high

melting point and chemical stability are also required to constrain field emitters [45,46].

2.1.3 Schottky Emission

Schottky effect, or Schottky emission, refers to electron emission that occurs under the
influence of both electric field and temperature, which is a phenomenon in condensed matter
physics named after Walter H. Schottky. When subjected to an electric field, the potential barrier
becomes narrower, and the emitting electrons in metals gain higher energy levels due to increased
temperature, assisting the quantum tunneling (Figure 2.1c). The current density of Schottky
emission can be several orders of magnitude larger than the simple sum of thermal ionization and
FE [47]. The model for Schottky emission can be described by a modified Richardson-Dushman
equation (2.1) with the addition of a correction for the effect of the electric field strength on the

material work function.

_9-4¢
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where g, is the vacuum permittivity. This equation is relatively accurate for electric field strengths
below 100 V- um™?1. As the electric field becomes larger, the FN equation would become more

precise to describe the model. Therefore, Schottky emission can be divided into thermally assisted
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FE and field-assisted thermionic emission, depending on the difference in operating electric field

and temperature [26].

2.2 Metal & Semiconductor based Field Emitters

In early studies, silicon (Si), W, and molybdenum (Mo) emitters were commonly used for
performing FE, since these metals possess high melting points and stable chemical properties that
can withstand high temperatures and frequent chemical reactions during the FE process [48-52].
Through micromachining, these metal- & semiconductor-based field emitters would have tiny-tip
structures, which allows them became suitable for performing FE in the vacuum. In later
experiments, coating a layer of thin metal film (which is reported as a single-layer atom of metal
thorium or sodium) on the surface of the metal emitter was frequently adopted, because the W and
Mo emitters usually have a higher work function (about 4.5 eV). When coating a metal film with
a lower work function (about 2.36 eV), it will reduce the work function of the emitters and increase
the emission current [53-55]. These experiments gained improvement in the emission current of
metal-based field emitters. However, the coated film was easily be destructed by ion bombardment
during the FE process in a relatively short time. Therefore, the metal-emitter-based experiment
still did not achieve a satisfying FE performance with stable and high emission current for a long
operating time [56]. Since nanofiber, especially CNT, typically has a high aspect ratio, and
originally own extremely sharp tips, was found in 1991, the research interest of metal field emitters

was quickly turned to CNT field emitters [26].
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2.2.1 Spindt-type Field Emitters

The first FE device was developed by K. R. Shoulders at Stanford Research Institute in
1961. Since then, researchers have been exploring different types of metal emitters for FE, and
many have achieved significant results [57]. Some typical designs of field emitters and their
fabrication methods are still widely used until now. In 1968, Spindt designed a type of thin-film
FE device, which uses thin-film deposition and etching methods combined with electron-beam
lithography (EBL) methods to fabricate a type of sharp, individual, vertically aligned and gated
Mo field emitter cathode, which was called Spindt-type emitter [58,59]. The structure and the SEM
image of the Spindt-type emitter are shown in Figure 2.2. For the Spindt-type emitter, EBL was
applied to pattern the “hole” for alignment of each individual emitter. The Mo emitter arrays were
deposited into the “hole” by sputtering, with sharp tips formed at the top. The tips are formed by
a combination of angled evaporation of a sacrificial layer followed by vertical evaporation of the
emitter material. Another Mo thin layer was also deposited which served as a gate layer controlling

the emission current during the FE process.

Gate Electrode

a)The SEM image of a single b)The schematic of Spindt-
Spindt-type field emitter type field emitter

Figure 2.2 a) The SEM image of the Spindt-type field emitter [60]. b) the schematic structure of

the Spindt-type field emitter [58,59].
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Since the Spindt-type emitters have extremely sharp tips, the threshold voltage for FE is
low. It is shown that this type of emitter can create a high electric field by applying a relatively
low voltage on the gate around 200 V. A stable emission current of 20 pA/tip was achieved from
a 100-emitters array for over 4000 h FE with a gating frequency of 60 Hz [61]. In 1991, the Spindt-
type emitters were further improved, and the emission current and lifetime were raised further. For
this type of improved Spindt-type emitter, it was reported that an emission current of 50 PA/tip
was continuously tested for 8 years at a gate frequency of 60 Hz [60,62,63]. Compared to the
thermionic emitter and some other common metal-based field emitter, there are great advantages
for the Spindt-type emitter, which includes relatively high and more stable emission current.
However, complex fabrication processes, high cost, and limited lifetime with applied direct current
(DC) bias led to the end of the development of Spindt-type emitter. Thus, the interest in Spindt-
type emitter only lasted until 2000, and there was only a little further research on this type of

emitter.

2.2.2 Silicon-based Field Emitters

During the development of the Spindt-type emitter, there is another promising field emitter
was found, which is the Si-based emitter. It is considered a potential alternative to the Spindt-type
Mo-based emitter. In 1972, Tomas et al. fabricated a microdevice based on a Si field emitter with
no integrated gate electrode, which was the first example of the Si-based emitter [64]. Later, in
1976, Smith et al. filed a patent for the fabrication of an integrated gate on the Si-based emitter
[65]. Then, in 1986, Gray et al. patented a vacuum field-effect transistor, using gated micron-sized
Si field emitters [66]. The use of Si emitters in cold cathode FE experiments continues to be of

great interest to researchers, which is continued until recently. For the Si-based emitter, it has
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unique fabrication methods and great FE performance. Unlike the Spindt-type emitter, where the
deposited emitter passes through the porous gate layer into the "hole,” the gate layer for a typical
Si-based field emitter is deposited after the emitter tips are fabricated using anisotropic reactive
ion etching (RIE) method [67]. The detailed fabrication process is shown in Figure 2.3. The process
involved depositing a layer of patterned nitrides on a Si substrate to serve as a mask for subsequent
Si etching, resulting in the formation of Si tips via wet etching or RIE, and the tips were sharpened
by the oxidization method. An isolated SiO» layer was deposited as a spacer and isolation layer,
followed by the deposition of a metal layer for the gate electrode. Finally, the nitride mask, Si
posts, and oxidized layer were removed by etching method. Compared to Spindt-type emitters,

although the fabricated method is different, the resulted structure is similar.

a) b)
Circular nitride layer

/ Silicon posts
/

Substrate

Substrate
The patterned nitride layer deposition The tips are formed by wet etching
c) d)
Gate electrode . .
Silicon tips
I
S102 T T T
I [ I /
Substrate Substrate

The gate electrode deposition Remove the cap and silicon posts by etching

Figure 2.3 The fabrication process of a traditional Si-based field emitter [67].
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Many studies reported on the FE performance of Si-based field emitters in the 1980s and
1990s. In 1989, D. Temple et al. using the isotropic RIE method to fabricate sharp tips, which
generate an emission current of 1.1 mA, resulting in a higher emission current than the normal
anisotropic RIE method (1.05 mA) at the same stop voltage of 96 V [46]. They also achieved a
maximum emission current of 5 mA from an array of 18291 Si-based field emitter (in an area of
2.6 x 1072 cm?) at a gate voltage of 75 V [67]. Until now silicon-based field emitters are still
being studied by several groups. In 2016, Guerrera et al. presented a study on silicon field emitter
arrays in which they observed current densities exceeding 100 A/cm2 at gate voltages
approximately 75 V. These results are the highest current densities reported for a semiconductor-

based field emitter.

2.3 CNTs based Field Emitter

Until the early 21% century, the interest in research on Si-based emitters began to decline
[68,69]. As a result, FE research shifted towards using CNTs as emitters. Researchers discovered
that CNT emitters possess a high aspect ratio and excellent physical properties. The primary
advantage of CNT emitters over metal and semiconductor emitters (i.e., Spindt-type and Si-based
emitters) is that their high aspect ratio remains intact after undergoing chemical reactions, heat
damage, and ion bombardment during continuous FE process. In contrast, Spindt-type emitter and
Si-based emitter tips would be burned or damaged into a flattened surface during the FE process,
which will decrease the enhancement factor and leads to FE failure [26]. These findings suggest

that CNT emitters have promising potential for performing FE.
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CNT was discovered using a high-resolution TEM by Sumio lijima, a physicist at NEC
laboratory in Tsukuba, Japan. It was synthesized from the carbon fiber produced by arc discharge
in early 1991 [70]. Following the first CNT-based FE experiment in 1995, this naturally occurring
1D material was recognized as a highly promising candidate for FE applications [71]. The structure
of CNTSs can be considered closed cylindrical polyhedral containing numerous graphite planes and
also composed of tubular carbon molecules with each carbon atom being SP2 hybridized [72]. The
honeycomb-shaped molecular structure formed by the carbon bonds provides CNTs with unique
properties such as the sharpest tip found in nature, high electrical and thermal conductivity, high
strength, and stable chemical properties [73,74]. As a result of these advantages, the FE threshold
of CNT is relatively lower, typically in the order of 1-2 V/um and the emission current from CNT

field emitters is more stable than metal emitter [75,76].

Commonly, there are two types of CNTSs: single-wall CNTs (SWNTs) and multiple-wall
CNTs (MWNTSs). For SWNTSs, the geometric structure can be regarded as curled single layer of
graphene, which determines the excellent electronic and mechanical properties. The excellent
properties of SWNTs make them highly promising candidates for many applications, such as high
mobility transistors [77], infrared emitters [78], sensors, and catalyst carriers [79]. For MWNTS,
their structures can be considered as consisting of multilayer SWNTSs, which also offer good
physical and chemical properties. However, their multi-layer structure leads to many defects
between each graphene layer. In contrast, the single-layer structure of SWNTSs results in fewer
defects and more stable emission current during the FE process. However, due to the weak

stiffness, the SWNTSs cannot be independently and vertically grown on the substrate.

Several methods have been developed to synthesize SWNTs and MWNTSs by the end of

20" century, including arc discharge, laser ablation, and chemical vapor deposition (CVD)
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methods [80-82]. These methods all involve an external energy source applied on a carbon-rich
surface, and thus, produce carbon atoms for synthesizing CNTs [83]. Among these methods, the
CVD method is considered the most favorable method for synthesizing CNT due to its lower
operating temperature and easy control of CNTs’ length, thickness, and pattern. In contrast, arc

discharge and laser ablation have limitations in achieving patterning on specific substrates [7,83].

In the 21% century, researchers focus more on using CNT emitters for FE than metal
emitters. New fabrication technologies of CNT-based field emitters were developed, including
PECVD, screen-printing, and electrophoretic deposition technology [84,85]. These techniques
have been widely employed for the growth of both single and multiple-wall CNTs, with screen-
printing and electrophoretic deposition methods being particularly suitable for MWNTSs [86,87].
In order to achieve better FE performance, the design of the CNT-based cathode was varied. The
types of design depend on the type, the spatial distribution, and the orientation of CNTs. Under
this condition, the design of the CNT-based emitter is divided into three categories, which are CNT
point emitter, CNT film emitter, and patterned CNT emitter array, each with distinct fabrication

methods and FE performance [26].

2.3.1 CNT Point Emitter

Despite CNT point emitter is the least common one among all types of CNT emitters for
FE, it is a valuable tool used for studying and understanding the FE principle. Usually, the
fabrication method for a CNT point emitter is to mount a single CNT on a sharp metal tip (W, gold
(Au), or Si), as shown in Figure 2.4. Various methods can be used to mount a CNT point emitter,

such as the dielectrophoretic method [88], and direct growth by the PECVD method [89], or
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manually attaching CNTs on metal tips [90]. The maximum emission current density of a single
MWNT emitter has been reported to exceed 107 A/cm? [91]. However, in most applications, the
CNT point emitter is not only vulnerable under ion bombardment during the FE process, but also

cannot provide stable FE current density.

W
needle

CNT

Counter
electrode

Figure 2.4 (a) the structure of the CNT point emitter device using the electrophoresis method. (b)

The SEM image of CNT point emitter [10].

2.3.2 CNT Film Emitter

CNT film emitters are the most widely used types due to their relatively simple fabrication
methods. The screen-printing method [87], electrophoresis method [92], and CVVD method are the
most common method for CNT film emitter [80] . Figure 2.5 shows the structure of CNT film
emitter grown by the CVVD methods. The potential application for CNT film emitter is vast because
of their large emission area which meet the requirement of applications such as FE display, FE

microscopy, and X-ray generation [9,91,93,94]. According to Calderon et al., the CNT film
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emitters fabricated by the electrophoresis method have excellent FE performance, which provides
a stable emission current at 3 mA under the applied gate voltage of 1800 V [24]. However,
although the emission current of CNT film emitters is large and stable, the non-uniformity of
emission current across the emission area limits their applicability in applications requiring
uniform emission such as display technology. Also, the non-uniformity of CNTs’ length results in
only a small part of CNTs contributing to the overall emission current, leading to rapid
degradation. Therefore, improving the uniformity of the emission current remains a critical

challenge for CNT film emitters in high-current density and high-voltage FE applications.

50 pm

—_———-

Figure 2.5 SEM image of high-density CNT film emitter grown by the CVD process [95].

2.3.3 Patterned CNT Emitter Array

To achieve both a large emission area and more uniform electron emission, the CNTs were
patterned into array. Typically, the pattern is usually created through the selective growth of CNTs

on a catalyst-patterned substrate using the CVD method [14,41,60], or by using laser ablation to
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obtain a desired patterned CNT array [96]. Patterned CNT emitters have many advantages in
applications which each pixel needs to be controlled separately, such as FE display and FE-based
stationary CT, etc. For patterned CNT emitter, MWNT is better qualified, since MWNT is strong
enough to vertically stand on the substrate [97]. In the early experiment, Ren et al. fabricated the
patterned independent CNTSs, with nickel dots as the catalyst, on a silicon substrate through
PECVD methods [98]. In 2001, Sohn et al. used 800 °C thermal CVD to synthesis a well-aligned
CNT array on Fe catalyst particles which deposited by pulsed laser on porous silicon and silicon
substrate [99]. An emission current density of 80 A/cm? was achieved at an applied electric field

of 3 V/jum, which was the best result obtained at that time for FE with CNTSs.

2.3.4 Vertically Aligned CNT Field Emitter

CNTs can be classified not only by their distribution (e.g., point, film, patterned array) but
also by their orientation, including VACNT and non-aligned types. Usually, VACNTS are grown
via the PECVD method. Due to the high electric field during growth, the CNTs are directionally
grown, resulting in a CNT array with consistent orientation. It is also reported that VACNTS can
be grown by the thermal CVD method using Fe catalysts with strictly controlled specifications
[17]. Because the increasing length of CNTs during the CVD process, the van der Waals forces
between their outer walls interact with neighboring nanotubes to form a rigid bundle. This rigidity
allows the nanotubes to continue growing along their original direction, without branching away.
VACNTSs have been shown to exhibit better FE performance compared to non-aligned CNTSs
[100], because VACNTS expose more emission tips that lead to a higher electric field enhancement
factor resulting in a better FE performance [101]. Therefore, among all types of CNT-based field

emitters, the VACNTS field emitters offer superior uniformity [102-104].
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Figure 2.6 a) Top view SEM image of the as-grown honeycomb structure CNT mesh, while b)
shows the image at 45 <tilt. ¢) Cross-sectional SEM image of the VACNT array showing uniform,
high-density, and vertically aligned CNTs. d) TEM image of multiwall CNTs with a diameter
range of 5-15 nm. e) SEM image of CNT forest, the inset shows the zoom-in image. f) Simulation
results of the electric field distribution along “edges” of the honeycomb-shaped VACNT array

[102].

By patterning the catalyst before PECVD growth, VACNTS can be fabricated into films
with different shapes or freestanding arrays [8]. Compared to the nonpatterned type, a patterned
VACNT emitter array has many advantages, such as a more stable emission current and an
addressable electron emission source (each pixel can be addressed from a single or a group of
CNTs). Thus, there is an interest to study these types of CNT-based FE cathode. In 2010, Li et al.
investigate FE performance from a patterned VACNT array. In this study, VACNTs were

patterned by photolithography into a honeycomb-like mesh (Figure 2.6) [102]. Al (10 nm) and Fe
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(1 nm) layers were deposited on the glass substrate as the catalysts. VACNTSs were synthesized by
thermal CVD method at 450 °C and 14 mbar with a flow rate of 200 SCCM of acetylene (C2Hy).
The lengths of the VACNTSs were approximately 10 pm after 60 s grown time. With this structure,
the FE performance was significantly enhanced (Figure 2.7). The turn-on electric field was

measured around 2 V/ m, and the emission current was reported to be stable during a long-term

FE testing.
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Figure 2.7 a) Dependency of the FE current density on the applied electric field J-E. Top-right
inset shows the corresponding FN plot, left-top inset shows the emission image at a current density
of 1 mA/cm2. b) Stability tests of CNT mesh and CNT forest. The initial current density is 50

mA/cm2 [102].

2.4 Failure Mechanism of CNT-based FE

2.4.1 Joule Heat Generation during FE

Many studies show that VACNT field emitters are able to provide stable but low emission

current with a long-time duration [102—-104]. However, few commercial applications use CNT for
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FE, and most of the applications that exploit CNT-based FE are still in the research stage. The
underlying reasons that prevent CNT-based FE from replacing conventional thermionic emission
can be attributed to the low lifetime of CNT emitters during high current emission [21-23]. It has
been reported that a large amount of Joule heat is generated and accumulated during the current
emission process [105]. The Joule heat increases the temperature at the CNT emission tips and

melts the CNTs, which leads to a FE failure [106,107].
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Figure 2.8 (A-G) The real-time TEM images showing the evolution of a CNT during FE and the
failure process. (H) The corresponding temperature distribution along the CNT’s axis. Note that

all the images were taken without the presence of bias voltage [108].

In 2007, Wei et al. studied the failure mechanism of CNTs during the FE process in detail
[108]. In this study, the whole process of CNTs’ melting was clearly observed and recorded under
TEM (Figure 2.8). With the gradual increase of the applied bias voltage, the increase of the

emission current density raises the temperature, causing the heat to be collected at a certain point
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of the CNT and leaving a cleft. Then, the cleft further expanded with an increase of the emission
current and the assistance of electrostatic force, which eventually caused CNTs to degrade.
Therefore, these results prove that the causes of CNTs’ melting are attributed to the generation and

the accumulation of Joule heat as well as the assistance of the electrostatic force.

2.4.2 FE-induced Coulomb Explosions

There is another phenomenon, Coulomb explosion, that induces the failure of CNT emitter
during FE was recently reported [109]. The Coulomb explosion is a devastating and fatal
phenomenon for FE that is caused by the solid bond of the CNTs being broken by the Coulomb
repulsion of particles during FE process [110]. Similar to the Coulomb explosion induced by the
electron beam exposure or chemical reaction, the mechanism of FE induced Coulomb explosion
can be explained by the CNTs’ ionization during the current emission process, and the rising of
the charge increases the Coulomb repulsion energy to exceed the limit of bond energy between the
carbon ions, which eventually inducing an explosion [109,111,112]. Also, the Coulomb explosion
usually results a strong arcing between cathode and anode, which would destroy to the whole
device. Compared with CNTs’ melting, FE-induced Coulomb explosion would result a more

detrimental damage.

It is reported by Li et al. that during the high current FE process, when the cathode is heated
by Joule heating, the FE would be converted into a Schottky emission. With the assistance of
Schottky effect, the emission current density would increase [109]. When the temperature reaches
to the melting point of the substrate, light emission is observed, and due to the excessive electric

charges overcoming the van der Waals forces between the carbon bonds of CNTSs, an explosion
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would occur. Then, the CNTs are torn apart into charged fragments. Furthermore, the fragments
are accelerated by the high electrostatic field and crashed into the anode, and an electrical discharge
is generated. By applying a camera that is assembled with a microscope lens and an indium tin
oxide (ITO) anode covered with a layer of PMMA, the explosion was directly observed and traced.
In Figure 2.9 (c), the light emission phenomena were observed recorded by camera and
microscope, and the emitting electrons and the exploded CNT fragments can expose or leave a
crater on PMMA thin film. The results show that the Coulomb explosion would seriously reduces
the stability and lifetime of CNT-based FE. Therefore, to achieve a stable and reliable CNT-based

FE, Coulomb explosion is required to be eliminated.
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Figure 2.9 (a)(b) The comparison between normal FE and coulomb explosion. (c) The explosion

mark was recorded on PMMA thin film [109].

2.5 Improvement in CNT-based FE Performance

To improve the performance of CNT field emitters, researchers have taken multifaceted

approaches. Specifically, they have explored three distinct perspectives, each aimed at enhancing
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the efficiency, reliability, and robustness of CNT-based field emitters. The approaches are (i)
control the FE current density by adjusting the applied voltage, so that avoiding the overcurrent
phenomenon on CNT emitters, (ii) modifying the physical and chemical properties of CNT to
increase the FE lifetime or lower the work function of CNTSs, and (iii) altering the FE electric field
distribution by adjusting the CNTSs’ structure to increase the uniformity of emission current, thus,

increasing the lifetime or reducing the screening effect to lower the turn-on electric field.

2.5.1 Gated VACNT for Improving FE Lifetime

To mitigate the degradation of VACNTSs, numerous studies have investigated the
implementation of an external control system to regulate the emission current density emitted by
CNTs. By utilizing an output current detection, the impending melting of the CNT due to Joule
heating can be predicted and provide feedback to halt the input voltage before the melting event
occurs, allowing the CNT to cool down and prolong its lifetime. To realize this, a triode-gated
structure is necessary. To this end, Sun et al. developed a type of coaxial gated VACNT array in
2013. This development greatly improved the lifetime of the CNT emitter during FE [113]. The
fabrication process of this type of CNT-based emitter starts with patterning and depositing the
chromium (Cr) into a circular pad array on a pre-deposited resistive layer, which serves as a buffer
layer. The Ni catalyst dot is then patterned onto the buffer pads using EBL, followed by CNT
synthesis via PECVD method. After the growth process, CNTs will independently and vertically
grow on the pads along with the deposited catalyst dots. Then, SiOa, that worked as the spacer for
the coaxial cylindrical gate, was established by the atomic layer deposition (ALD) method and
followed by the gate electrode deposition on the top of the oxide layer. The thickness of the ALD

layer determines the gap between the gate electrode and the CNT field emitter. A support layer is

30



applied for subsequent chemical mechanical polishing (CMP), and the insulating layer is removed
via RIE to expose the CNT emitter. The whole structure observed under SEM is shown in Figure
2.10. With this designed structure, a maximum 200 pA emission current was measured at a gate

voltage of 400V.

Coaxial Gate

CNT Emitter
Insulator Layer
Connection Pad
Resistive Layer
Bottom Electrode
Substrate

Figure 2.10 (a) SEM images of coaxial gated field emission cathode. (b) The cross-section view

of the structure of ballasted coaxial gated field emitter [113].

Compared with VACNT field emitters without the gate electrode, the gated VACNT array
has been found to exhibit greater stability and a longer lifetime. However, the sophisticated and
challenging fabrication process of the coaxial gates makes mass production difficult. Also, the
CNTs could be easily damaged during the ALD process, leading to a low success rate.

Additionally, the insulation layer prevents the gate electrode higher than the tip of CNT, causing
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that some of the electrons would be attracted and dispersed by sidewall electrode, resulting in a

larger focal point. Therefore, the quest for a more stable and longer-lasting FE source remains

ongoing.

2.5.2 Treated CNT-based Field Emitter for Improving FE Performance

Without the gate electrode or resistive components to control or limit the emission current
density, bare CNTs/VACNTS field emitters are not applicable to many high-current applications.
As a result, researchers are still actively exploring methods to further enhance the FE performance
of CNT field emitters, particularly by directly improving the FE properties of CNTs through
chemical treatments. In some recent studies, it was reported that after some specific treatments,
the turn-on electric field, lifetime, and the emission stability of CNT emitters were significantly
improved, such as adding polymer to form CNT-polymer composites [114], using microwave or

plasma treatment [115,116],
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Figure 2.11 (Color online) Field emission J-E curves for various weight fractions of MWCNT-PS

composites [114].
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It is reported by Sameera et al. that the MWNT-polystyrene composites exhibit great
improvement in FE performance [114]. The improvements in turn-on electric field with different
weight fractions of the MWNT-polystyrene composites was compared and recorded (Figure 2.11).
Meanwhile, another group (Stratakis et al.) reported an improvement in the FE performance of
SWNT-poly(3-octylthiophene)  composites [117]. The SWNTs-poly(3-octylthiophene)
composites were formed by dispersing and sonication in solution, diluting in water, and drying.
The turn-on electric field of different weight fractions was compared, and 0.75 weight fraction
owned the lowest turn-on electric field. Moreover, the study performed lifetime testing, and

reported 50 hours of stable emission at a high current density (Figure 2.12).
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Figure 2.12 The emission current stability over time, at a constant voltage bias of 600 V, for a 40
wt% SWCNT mat deposited on an SWCNT-P30OT composite substrate with 75 wt% nanotube

loading (solid circles) and for the same mat deposited on n+Si (solid squares) [117].
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For other treatment methods without using composites, Kakade et al. treated CNTs with
acid (oleum and 70% HNO3z) and with the assistance of a microwave [115]. This type of treated
CNT presented remarkable improvements in FE current stability and emission uniformity. In
addition, Chen et al. treated VACNT grown on Cu substrate with NH3 DC plasma for different
duration time and studied their different formed microstructure and FE properties [118]. After
plasma treatment, the tip of the VACNT becomes sharper and the FE characteristics of VACNTSs
have been greatly improved. The SEM image of a treated sharper tip is shown in Figure 2.13.
Among them, VACNTSs treated with plasma for 1 min have the best performance, the field
enhancement factor increases from 319 to 546, the turn-on electric field decreases from 11.93 to
8.84 V/um, and the maximum emission current reaches 0.85 mA. On the other hand, it is also
reported that longer time NHs plasma treatments (5 - 10 min) can change the morphology of
VACNT by bundling the tips of CNTs together [119], which also lowers the turn-on electric field,

increases the lifetime, and stabilizes the emission current.

Figure 2.13 SEM images of the MWCNTSs before and after NH3 plasma treatment: (a) P-0.0 min,
(b) P-0.5 min, (c) P-1.0 min, and (d) P-2.0 min. The insets show the corresponding top-view images

[118].
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2.5.3 Decorating, Coating & Doping Methods for Improving FE Performance.

Besides the above treatment methods, decorating, coating, and doping materials on CNTs
are the other mainstream methods for improving the FE performance of CNT emitters. The
improvements of FE performance are mainly attributed to the amplified density of states near the
Fermi energy level and the reduction of work function of the emitting CNTs [120]. Sridhar et al.
achieves ultra-low turn-on electric field by decorating CNTs with Al and Cu nanoparticles via
electrophoretic deposition methods (Figure 2.14). The measured electric field was around 0.13
V/pm [121]. In addition, the FE properties of VACNT arrays having a surface decorated with a
Tantalum (Ta) layer were investigated by Wang et al. in 2013 [122]. VACNTSs with Ta decorated
exhibit better FE performance than undecorated type. A low turn-on electric field of 0.64 V/pm at
10 mA/cm?, a threshold field of 1.06 V/pm at 1 mA/cm?, and a maximum current density of 7.61
mA/cm? at 1.6 V/pm were measured. The work function of CNTs with Ta decoration measured
by UV photoelectron spectroscopy decreases from 4.74 eV to 4.15 eV with increasing the

thickness Ta layer.

Al particle

Figure 2.14 (a) & (b) SEM image of CNTs grown on Si with Al decoration in different

magnification [121].
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Meanwhile, Sreekanth et al. decorated indium on MWNT for improving the FE
performance. The In-decorated CNT emitters present a 250% enhancement in FE current density,
lower turn-on and threshold fields, and better temporal stability compared to the unmodified film
Figure 2.15 [120]. Furthermore, Uh et al. coated titanium (Ti) on VACNTSs to improve the FE
current density and lower the turn-on electric field of CNT emitters[123]. These improvements
were not only attributed to the low work function of the Ti but also lowing the resistance contact
between CNTSs and substrates. On the other hand, the FE properties of boron (B) and nitrogen (N2)
doped CNTs are studied by Sharma’s group. The emission current density was significantly
improved by this method, the current density (J) was 4 A/cm? at 368 V/pm for boron-doped CNTs
and at 320 V/pm for nitrogen-doped CNTs grown on W tips, compared with the value of 1.5 A/cm?

at 290 V/pm for undoped CNTSs [124].
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Figure 2.15 (a) J-E plot for pristine CNT, In (50 nm)/CNT, and In (100 nm)/CNT films, indicates
(~250%) enhanced current density for In coated CNT films. (b) F-N plot for pristine CNT, In(50
nm)/CNT, and In (100 nm)/CNT, shows slight variation in the field enhancement factor on In

decoration in high field region [120].
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2.5.4 Advancement of CNT-based FE Properties Based on Synthesizing

Methods

Recently, Tripathi et al. used one-pot synthesized aligned CNTs endowed with related Fe
nanoparticles to form a carbon hollow cylinder (CHC) for FE process [125]. The resulting structure
exhibited exceptional FE performance, such as the ultra-low turn-on field (0.35 V/pm at 10
pA/cm?), low threshold field (0.41 V/pm at 100 pA /cm?), and high FE current density (7.71
mA/cm? at 0.78 V/pm) (Figure 2.16). The field enhancement factor was also increased, and highly
stable current emission was maintained at 100 A for 14 hours. On the other hand, Thapa et al.
synthesizes VACNT pillar-based field-emitter arrays on stainless steel, which also has high FE
performance. Low turn-on electric field (1.57 V/mm), high field enhancement factor (3=4977),

and high emission current density (~33 mA/cm? at a field of 4 V/mm) were measured [126].
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Figure 2.16 a) low magnification and corresponding high magnification b) SEM micrographs, c)
and d) TEM micrographs; of CHC, respectively (Fe NPs are shown by blue arrows). €) FE
characteristics current density (J) as a function of applied electric field (E), f) F-N plot {In (J/E?)
versus 1/E}, g) Field emission current stability (i—t) plot and corresponding field emission image

(inset); of CHC [125].
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2.6 Chapter Summary

In this chapter, a comprehensive review of the background knowledge was presented
pertaining to electron emissions. It begins from the theory and mechanism of various types of
electron emission to the development of field emitters based on metals, semiconductors, and, more
recently, CNTs. Compared to thermionic emission, FE offers several advantages, including fast
response speed, lower operating temperature, and better emission efficiency. These advantages
have inspired many researchers to use FE to achieve better electron emission thus replacing
thermionic emission. Since CNTs was discovered, many researchers have been engaged in FE
research to investigate their potential as field emitters. Besides the SWNT and MWNT, CNT field
emitters can also be classified into point emitter, film emitter and patterned emitter array, as well
as VACNTSs and nonaligned CNTs according to the emission area and the orientation of CNTSs.
Each type of CNT emitter has distinct advantages for different applications, for example, CNT
film emitters are simpler to fabricate than individual CNT arrays but has higher turn-on electric
field and worse uniformity, whereas VACNTS have better FE performance than non-aligned CNTs

but more sophisticated synthesizing methods.

During the FE process, CNT emitters are susceptible to degradation. Because of the
generation of Joule heat and the excessive Coulomb repulsive energy, CNTs are melted or
exploded under large load of emission current density. Therefore, it is crucial to develop methods
that allow CNT emitters to reliably perform FE at high emission current. So far, many approaches
have been explored to improve the FE properties of CNTSs, including the addition of a gate
electrode for current control, chemical and plasma treatments, as well as decorating, coating,
doping, and unique synthesizing methods. These approaches have achieved many successes in

lowering the turn-on electric field, increasing lifetime, and stabilizing long-term emission current
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density. Although various methods have been proposed to mitigate the degradation rate of CNTSs,
these techniques are often associated with inherent defects and limitations that limit their practical
applications, particularly in enhancing the long-term stability and durability of CNTs under high
current density emissions. Despite significant progress in the development of new strategies to
address these limitations, achieving a sustainable and reliable performance of CNTs remains a
major challenge in the field of nanoelectronics and materials science. Therefore, a method that

completely prevents CNT failure is still necessary to be discovered.
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Chapter 3 Phenomenological Analysis of Freestanding CNT

Coulomb Explosion Induced by Field Emission

3.1 Chapter Introduction

In order to reduce the risk of the Coulomb explosion during CNT FE, it is important to first
understand its mechanism. At present, there has limited investigation been conducted on the
phenomena of the Coulomb explosion induced by CNT FE. Li et al. observed some signs of the
explosion based on a microscope camera [109]. However, the observation and recording of the
whole explosion process are deficient to have a complete cognition of this phenomenon (the cause
and mechanism). Hence, a more complete and detailed observation of this phenomenon is
necessary to analyze its underlying mechanism, and more comprehensive studies on its cause of

occurrence are required.

In this chapter, a significantly improved experimental methods is implemented to further
investigate the cause of this phenomenon. In-situ observation of the CNT Coulomb explosion
process is performed using a slow-motion high-speed microscope camera. PMMA thin film is
coated on the FE anode used to sensitize the exposure of FE electrons and trace the atomic impact
from the Coulomb explosion. The mechanism of the CNT Coulomb explosion during the FE

process is studied further through the recorded explosion phenomenon.
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3.2 Materials and Methods

3.2.1 Cathode Design and Fabrication

To clearly observe the explosion, individual freestanding CNTSs are chosen to be grown on
the cathode. There are two important design parameters of the freestanding CNT array, which
include the number of CNTs and the distance between adjacent CNTs. These two parameters need
to be carefully considered since the distance controls the field screening during FE which would
cause the change in the field enhancement factor, and the viewport size of the camera (depending
on the resolution of the camera and the magnification of the micro-lens) limits the size of the CNT
array. Considering the Coulomb explosion is instantaneous, the frame rate is set to 3800 per second
with a resolution of 350 > 350 pixels. 4 x4 freestanding CNT array with a distance of 50 pm
between adjacent CNTs and a length of 10 pm is chosen to be used in the experiment. With this

experimental design, the Coulomb explosion effect on each CNT can be clearly observed.

SizN,4 spacer
Si substrate

Freestanding CNT array
¥

Figure 3.1 a) Schematic diagram of the cathode structure. b) SEM image of 4 x4 CNT array.
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The fabrication of the CNT array starts from the deposition of a Si;N, insulation layer,
followed by an etching process to form a 50 pm distance-fixed spacer structure. Then, circular Cr
buffer pad arrays with a diameter of 6 pm are patterned and deposited on the Si substrate. The
thickness of these contact pads is 200 nm, and the interval is 50 pm. These pads play two roles: 1)
perform as the protection structure to prevent particles from diffusing into the substrate during FE;
2) regarded as the marker that localizes the position of CNT arrays in the camera lens. Secondly,
100 nm circular Ni dot arrays are patterned, aligned and deposited on the center of the Cr pad. The
thickness of the Ni dots is 80 nm, which aims to grow CNTs with a length of around 10 pm,
resulting in the structure shown in Figure 3.1. The CNTSs are then synthesized by a PECVD (Black
Magic, Aixtron, Germany) for 20 min. Acetylene (C,H,, 50sccm) and ammonia (NH;, 200sccm)
are used for the growth of CNTs. The SEM image of the fabricated 4>4 CNT array is shown in
Figure 3.1 b. In order to fabricate different lengths of CNTs for comparison, different plasma
power (60W and 75W), and different growing temperatures (800 °C and 850 °C) are applied to
different cathodes during the PECVD process (Error! Reference source not found.). In the e
xperiment, two different types of cathodes with different quality and uniformity are tested for the
comparison study to investigate the possible causes of FE-induced Coulombic explosion. For the
first type, a CNT array that applies 75 W plasma power and 850 -C growing temperature during
PECVD is used as the cathode. The higher plasma power and higher temperature would provide a
more rapid and intense chemical reaction, resulting in a more unstable and uneven growth
environment, which leads to the nonuniformity of the CNT array and may also cause defects in
CNTs. The purpose of using a longer, more non-uniform, and imperfect CNT array is to test if

these factors would induce the Coulomb explosion easier. On the other hand, the second type of
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cathode applies 60 W plasma and 800 -C to grow CNTs, which are shorter and more uniform under

SEM.
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3.2.2 Experimental Method

Figure 3.2 depicts a basic experimental setup for conducting the explosion test. In this
setup, a slow-motion high-speed camera (Kron Technologies Inc., Chronos 1.4) is installed on the
trinocular port of the microscope with a 20x lens. The lens is directly aligned with the vacuum
chamber, thus, the FE device inside the vacuum chamber can be observed and recorded in detail
with the desired magnification through the transparent observation window. Besides the fabricated
CNT cathode, the FE device also consists of an ITO coated glass anode. As shown in Figure 3.2 a
and b, the transparent ITO-coated glass allows the camera to directly observe the phenomenon that
occurred on the CNT cathode during the Coulomb explosion. In addition, another transparent
PMMA thin film (200 nm) is coated on the ITO glass anode that worked as the electron-beam
resist to sensitize the electron emission during the FE. The integrated spacer fixes the distance
between anode and cathode. The whole FE experiment is conducted in a vacuum environment of
8 x 10~° Torr. During the FE process, a DMM-6500 (Keithley) amperemeter is series connected
to the CNT cathode to continuously measure the FE current, and a positive bias voltage is applied
on the ITO glass anode from 0 V to 2000 V. In addition, the high-speed camera focuses on the
surface of PMMA thin film to capture the influence of Coulomb explosion on PMMA layer by the
exposure of electron and the impact of the explosion. SEM is used for characterizing each CNTs

before and after the Coulomb explosion.
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Figure 3.2 a) Structural diagram of the experimental device includes the vacuum chamber and the
high-speed camera connected with a microscope lens. b) the intergraded cathode and anode

structure.

3.3 Results and Discussion

3.3.1 Coulomb explosion phenomenon

The whole process of the Coulomb explosion is directly recorded by a high-speed camera
and the recorded videos are played back slowly to observe the details of the moment when the
explosion occurred. The videos show free-standing CNTs exploding independently at an

instantaneous on 4 <4 CNT arrays.
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Figure 3.3 a) The 4 x4 CNT array is directly observed through a high-speed camera connected
with a microscope lens. a flashlight caused by the Coulomb explosion is captured by the high-
speed camera. The instantaneous value of current was measured over 100 pA. b) The dark mass
leaves on the PMMA layer. c) The exposure trace on the PMMA layer. d) The exposure trace
becomes darker and larger. €) A flashlight appears on the exposure trace. f) Scattered dark mass

leaves on the PMMA layer.

For the first approach shown in Figure 3.3, the entire coulomb explosion process ona CNT
array is captured by the camera during an experiment using the first type of cathode. In the process,

when the bias voltage is gradually increased from 0 to 1450 V, a purple-spotted ultra-short light
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flash occurred from a single CNT, subsequently, a dark masses form on the PMMA film
corresponding to the location where the CNT explodes (Figure 3.4). After several minutes, the
second CNT explodes (Figure 3.5). Different from the first explosions, the second explosion
begins with a formation of a large black spot, which represents the exposure of PMMA by FE
electrons from the corresponding CNT. Subsequently, as the spot becomes darker and larger, the
purple light flash occurs also in an extremely short time, then, an explosive pattern of scattered

dots forms on the PMMA film. This explosion of the second CNT in this experiment causes serious

discharge, resulting in a violent fluctuation of emission current.

Figure 3.4 Continuous screenshots of the first Coulomb explosion in the first approach occurs on

a single CNT within 1 ms.
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Figure 3.5 Continuous screenshots of the second Coulomb explosion in the first approach occurs

on a single CNT within 1 ms.

Figure 3.6 a) b) c) d) The snapshot of three flashes continuously occurs on the same cathode. e)

f) g) h) The enlargement process of exposure trace on PMMA without Coulomb explosion.
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t=0.2 ms

e)

Figure 3.7 Screenshots of the three continuous Coulomb explosions in the second approach occurs

on a single CNT within 2 ms.

In order to verify the repeatability of the explosion, the same experiment is conducted again
(Figure 3.7). In this trial, three explosions also continuously occur along with the sparking light
flash within 0.5 microseconds. After the light flashes in an instance, with the same condition as
the last experiment, an integrated black pattern appears on PMMA at the location of the flashlight.
Figure 3.6 a to d shows three flashes of light during the explosions and the black pattern after the
explosions. Compare with the first experiment, the only difference is the explosion occurs at a

lower applying voltage of 750V in a much longer time.

In addition, turn-on electric field tests were conducted to demonstrate the FE behaviour
(Figure 3.8). For the first experiment, the turn-on electric field was around 10 V/ pm, and the

emission current raised to 5 A as the applied electric field increased to 17 V/ pm. The small FE
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current in this experiment is due to the very small number of emitted CNTSs, that only 16 CNTs
emitting electrons at the same time. For the second experiment, the turn-on electric field was
almost the same compared to the first trial, which demonstrates that the performance between these

two FE tests were similar.
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Figure 3.8 FE IV curve of a) the first approach, b) the second approach.

The third experiment is conducted using the second type of cathode for comparison. During
the experiment, no signs of an explosion are observed. However, there is a clear electron exposure
trace found on the PMMA layer during the FE. As shown in Figure 3.6 e to h, with the same bias
voltage applied at 800 V and keep for around 10 min, the exposure trace becomes larger and darker.
In the end, the middle of the dark spot becomes transparent which indicates that the PMMA layer
has been ablated by electrons and some parts of the PMMA have been burned out. During the

whole process, only one exposure trace is found that occurs directly above the longest CNT.
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After the experiments, SEM is used to view the explosion effects on CNTs and the
surroundings. Figure 3.9 and Figure 3.10 shows the explosion effect on CNT emitters in

experiment 1 and 2. After the explosion, the entire pad was destroyed, leaving an irregular crater.
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The size of the crater depends on the scale of the explosion, and the largest crater is caused by the
third explosion in the second approach with a diameter of 20-30 um (Figure 3.9 b). Oppositely,
the second explosion in the second approach that has the smallest dark dot leads to the smallest

crater on the substrate (Figure 3.9 d).

Consider the Coulomb explosion would cause a very quick change of the emission current.
The amperemeter is set to a fast and continuous current data acquisition mode. For the first
approach, Figure 3.9 e and f show the change of the emission current during the Coulomb
explosion for the first experiment. Two high peaks can be found in the collected current data,
which are exactly the time the explosions occur. During the experiment, there are two explosions
are captured at two different time points, in which the first explosions occur at the same time at
t=0.8 s in Figure 3.9 e, and the second explosion occurs at around t=1.8 s in Figure 3.9 f. For the
second approach, Figure 3.10 shows that the explosions also cause a sudden current rise and leave
a large crater on the Si substrate. Also, the occurrence of a black pattern on the surface of PMMA
was observed to coincide with a sudden increase in the emission current, providing evidence to
support the notion that the formation of the black pattern is directly linked to Coulomb explosion.
Thus, these results indicate the Coulomb explosions are usually accompanied by the sudden rise
of emission current or arcing during the FE process, and that would cause the emission current to
be unstable. It should be noted here that the peak value recorded by the amperemeter, which is
over 1 mA, greatly exceeds the measurement range due to the current overload caused by the
explosion, hence it is removed from the current plot to show the other details in the emission
current. In addition, the arcing or the sudden rise of the emission current would cause the vacuum

condition become worse (the pressure would increase from 8 x 102 to around 1 x 107 Torr).
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Table 1: Summary of the duration time and current peak of each Coulomb explosion in three

experiments.

Duration Current peak (A)

Explosion 1 <0.6ms 100
Experiment 1

Explosion 2 <0.6ms 100

Explosion 1 <0.4ms 120

) Explosion 2 <0.3ms 160
Experiment 2

Explosion 3 <0.6ms 115

Experiment 3 No explosions N/A N/A

occurred

3.4 Chapter Summary

During the FE process, a Coulomb explosion is the most common and detrimental cause
of FE failure and the short lifetime of CNT emitters. To avoid the occurrence of the Coulomb
explosion, this study focuses on the causes and phenomena of the explosion from the perspectives
of experiments. In the experiment, the high-speed camera is applied to capture the instantaneous
change of Coulomb explosion on the cathode and PMMA coated anode. The Coulomb explosion
phenomena can be concluded into three phases. 1) The atoms at the emitter’s tip have been ionized

at the moment current starts to be emitted. 2) Atomic bonds be broken as a result of a large amount
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of Coulomb potential energy converted into kinetic energy. 3) The CNT structure collapse due to
the accumulated Coulomb potential energy converting into light flash and explosion shock. In
addition, the emission current rises sharply at the time of the Coulomb explosion, from an average

of 40 A to over 1 mA instantaneously.
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Chapter 4 Computational = Simulation of FE-induced

Coulomb Explosion on CNT Field Emitters

4.1 Chapter Introduction

To further investigate the deep cause of the Coulombe explosion induced by FE, modeling
and simulation are conducted in this chapter. To achieve this, we conduct modeling and simulation
based on the equations of computational chemistry to analyze the process of Coulomb explosion
in CNT-based FE. Specifically, a computation of the potential energy, interaction force between
the carbon atoms, and the distribution of the energy during the Coulomb explosion process was

calculated to gain insights into its underlying mechanisms.

A comprehensive analysis of the Coulomb explosion process in CNT-based FE was presented,
based on the results of the experiments and simulations. The analysis reveals that Coulomb
explosion occurs when the emission current exceeds a critical threshold, leading to a sudden,
explosive release of energy that causes the CNTSs to break apart. Moreover, the formation of defects
and the accumulation of charge in the CNTs can exacerbate the Coulomb explosion process.
Furthermore, according to the analysis of the Coulomb explosion, several potential solutions to

avoid its occurrence were proposed.

4.2 Modeling and Simulation

The Coulomb explosion is defined as a cold explosion caused by the excessive Coulomb
energy accumulated in molecules. The Coulomb repulsive force compels atoms away from each

other and stretches the bonds until they break [127]. As the bonds break, the Coulomb energy
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would further repel atoms leading to the atoms irregularly spreading around and traveling away
causing the imbalance of the whole structure. Subsequently, the structure would explode and
collapse because of the unbalanced force [109]. Normally, a Coulomb explosion occurs when a
highly charged cluster containing many ions move toward a neutral surface. As the cluster
approaches closer, the ions in the cluster would have a great attraction to the electrons on the
surface. As the electrons are captured by the cluster, the atoms on the surface are ionized and
positively charged. These charges will lead to a formation of large Coulomb energy and results in
an explosion. However, the Coulomb explosion caused by FE is different from the traditional
Coulomb explosion described in the above case. During the FE, electrons are emitted from the
surface of the material into the vacuum by applying a strong electrostatic field. The relationship
between electric field and emission current can be described by Fowler and Nordheim equation

that shows as follow (combined equation (2.3) & (2.4)). [128]

3
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J=62x107°

where J is the emission current density, E is the applied electric field, ¢ is the work function
parameter, and £ is the enhancement factor of the electric field, which is the ratio between local
and applied electric fields. Thus, according to equation (4.1), the emission current is affected by
three main parameters which are ¢ , £, and E. As the electron emits into the vacuum from the
surface, the atoms on the surface are ionized and positively charged. However, to achieve an
emission current, usually a high bias voltage is applied. The high bias voltage not only increases
the emission current but also increases the drifting velocity of the electrons as described in equation

(4.2).
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(4.2)

where u is the electron mobility of the CNT and E is the external electric field. The higher drifting
velocity would lead to a faster electron flow that allows electrons to replenish the holes on the
surface in a shorter time. Generally, Coulomb energy is difficult to accumulate between atoms on
the surface to induce the Coulomb explosion, unless huge Coulomb energy increases dramatically
when the electrons have no time to replenish, which illustrates the case that a small drifting velocity
with a large emission current density. The field emission of CNT, especially the long CNT, is
likely to have this problem. The long CNTs have a great aspect ratio that provides a huge

enhancement factor that described in equation (4.3) [129],

2h/R,

) In (%) —a (4.3)

where h and R, are the height and radius of the emitters, « is the factor related to the shape of the
emitter. With a large enhancement factor, larger emission current can be generated by a lower
applied voltage bias and lower drifting velocity. It leads to a sudden accumulation of large
Coulomb potential energy on the emission tips of CNTs, this Coulomb potential energy provides
the carbon bonds with an extremely large potential energy to stretch the bonds and exceed their
maximum bond length, breaking the bonds before free electrons flow to the surface and neutralize
those ionized atoms. Therefore, in order to verify whether the FE process can break the bonds
between carbon atoms and lead to a Coulomb explosion due to a dramatic increase in Coulomb
potential energy in an instant (a moment faster than the drifting speed of the electron), a simulation

is created to calculate the time in which the bonds of carbon atoms are stretched to break when a
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certain number of carbon atoms are ionized, and the changes in potential energy during the whole

process of the chemical bonds being stretched.

@ Carbonion
@ Neutral carbon atom

Figure 4.1 The structural diagram of the model consists of 190 carbon ions and 183 neutral carbon

atoms.

The simulations begin by building a model of a freestanding multiwall CNT (MWNT)

structure. By using equation (4.4), the number of charges at a certain moment can be calculated.

Here, the total charge is estimated to be 3 x 10717 C by bringing in the information from
experimental measurements that include the measured emission current, the electron mobility of

the CNT, the applied voltage, and the length and the diameter of grown CNT. Also, due to the o-

59



n orbital hybridization in CNT, only one electron is provided by each carbon atom has the free
electron in the m orbital. Thus, it is assumed that there are 190 carbon atoms be ionized
simultaneously when a Coulomb explosion occurs based on the experimentally determined total
charge. These 190 atoms are assumed to be the outermost carbon atoms at the tip of CNTSs since
only the outermost layer of carbon atoms can directly emit electrons into the vacuum and the
electric field intensity at the tip of the CNT is the largest, leading to most of the electrons are

emitted from the tip.

To simplify the model, the 190 carbon ions are considered to stay in the same plane. On
the other hand, in order to form a stable structure, 190 carbon ions are arranged into five annular
structures consistent with the sectional shape of CNT. Considering the effect of neutral carbon
atoms (the carbon atoms are not ionized in the boundary), especially the short-range atom
interactions on the ions at the outer ring of these 190 carbon ions, an additional 183 neutral carbon
atoms are also added to the model. They are arranged into two rings similar to the MWNT
structure, wrapped in the outer layer of those carbon ions. To ensure a typical distance of 3.4 A
between each CNT layer and the initial bond length to be approximately 1.42 A [130,131], 8 and
68 ions are placed at the innermost and outermost ionized layers respectively. The structure of the
model is shown in Figure 4.1, which consists of 190 carbon ions (red ball) plus 183 neutral atoms
(black ball). Noted that the modeled structure is the atomic structure of the middle segment of

CNT, not the actual atomic arrangement structure at the tip of CNT.

The whole structure is optimized by Avogadro Molecular Editor using the UFF force field.
It is assumed that no Joule heat generated during the FE process, thus, the temperature is fixed to
300 K throughout the whole process. Furthermore, assuming that the whole structure is in a

vacuum for FE, thus, the pressure is fixed at 0 Torr. At time t=0, all the atoms in the system are
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set to be stationary, and each of the 190 inner carbon atoms releases an electron and obtains a
positive elementary charge (1.602 x 1071°C). To set the appropriate time interval, the drifting
velocity is calculated to be 910 pm/s by using the electron mobility of multi-wall CNT (75 to
30000 cm?/V s) and the external electric field from the experiment (30 V/pm) [132,133]. Hence,
the time for electrons to move in the n-bonds of the CNT should be on the order of 0.001 fs to 1

fs. Therefore, the time step in the simulation is chosen to be 0.001 fs.

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is used to
calculate the total potential energy of the interactions between atoms due to the stretching of the
bonds. The total potential energy in this model is approximately equal to the sum of the Coulomb
energy and bond potential energy (the van der Waals energy is neglected because it is relatively
small). The Coulomb repulsive energy between atoms can be calculated according to the Coulomb

law,

1 qq;
ey T

Ecoutomp =

(4.5)

where &, is the Vacuum permittivity, and q is the particle charges. In addition, before the bond
broken, the potential energy is dominated by the bond energy that caused by the stretching of the

bonds which follows the equation below,

Epona = K(r —10)? (4.6)

where 7, is the equilibrium bond distance which is the initial bond length of 1.42 A and K is the
bond force constant which is around 680 kcal/ (mol-f\z) [134]. Finally, the bonds would be

stretched to be broken when the bond length exceeds its limitation which is 1.803 A for the carbon-
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carbon bond [135]. In the simulation, the positions, velocities, and force in each direction of all
ions are obtained via numerical solution through the equations above at each time step. Moreover,
Coulomb energy, and bond potential energy of the whole system are also calculated for each time

step.

4.2.1 Simulation Results

Figure 4.2 shows the changes in Coulomb energy (red), total potential energy (black),
kinetic energy (green), bond potential energy (blue) and average bond length (pink) in 100 steps
(0.1 fs). At the beginning of the simulation (t=0), the 190 carbon atoms in the outermost layer of
CNT emit an electron at the same time which leads to an increase of the FE current as observed in
the experiment. There is a huge Coulomb repulsive energy generated between these positively
charged carbon ions. Among those ionized atoms, the dramatically increased Coulomb repulsive
energy causes the atoms repel from each other and stretching the carbon bonds. The stretched
carbon bond subsequently increases the bonds’ potential energy until the bonds are pulled to break.
After the carbon bonds are broken, the Coulomb repulsive force continually provides repulsive

energy to force each atom to disperse rapidly.
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Figure 4.2 The plot of a) Coulomb energy and total potential energy, b) Kinetic Energy, c¢) bond

potential energy caused by bond stretching in each step, and d) average bond length in 100 steps.

Figure 4.2 a, the total potential energy, which consists of Coulomb repulsive energy and
bond potential energy almost equals to the Coulomb energy at the beginning, and it gradually
becomes smaller than the Coulomb energy until the bonds are pulled to be broken. When t=0, the
whole structure is in the equilibrium state, so the bond potential energy is zero. Since the bond
energy is negatively enlarged as the bonds become lengthened, as a result the potential energy
continuously decreases until it provides sufficient energy to shrink the bonds. However, before the
contraction of bonds start, the bonds are broken, as their lengths exceed the maximum value which
is 1.803 A at 0.08 fs (Figure 4.2 d), and the maximum bond energy is calculated to be around
3.6x 10* kcal/mol (considering different bond force constant for different type of CNTSs this value
would be changed). In addition, the bond breakage is verified by calculating whether the potential

energy of the carbon bond is greater than the threshold energy required for breaking the bond,
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which is 32600 kcal/mol in total. Thus, as shown in Figure 4.2 c, after around 0.075 fs, the bond
potential energy exceeds this threshold value. Thus, this results again prove that the bonds are
stretched to be broken at 0.08 fs. When the bonds break, the Coulomb energy and potential energy
suddenly increases because of the loss of bond energy inhibition. So that the Coulomb energy
originally used to overcome the bond contraction generated by the bond potential energy returns,
and this part of the increased energy will contribute to the work of atoms repelling. Also, the
increased potential energy would convert to Kinetic energy and light causing the whole area to

disintegrate quickly and generate a flash of light in an instance.

To further prove this hypothesis, an additional computational analysis was conducted in
which the charges of ten carbon ions are randomly selected from those 190 ions. The charge of
those selected ions are eliminated, while preserving their original positions within the CNT
structure. This procedure was used to further assess the extent to which the Coulomb repulsion
between charged carbon atoms plays a role in the occurrence of the Coulomb explosion. The results
are shown in Figure 4.3. In this simulation, because of the smaller number of atoms are ionized,
the bond beween carbon atoms resisted longer times, where the bond was pull to be broken until
step 89. Also, the initial value of total potential energy as well as the Coulomb energy was much
smaller than that of the 1% simulation which is the result of removing the charges of the selected
carbon atoms. As charges were partially removed, the number of charged atoms within the CNT
decreased, leading to an increase in the average interatomic distance. And this results also applied
to the bond potential energy. On the other hand, although there is obvious difference between these
two calculations, the trend of the energy change during the testing was unchanged. This result

provides empirical support for the hypothesis that Coulomb explosion is a possible failure mode
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under high current density, regardless of the specific number or position of ionized atoms within

the CNT structure.
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Figure 4.3 The plot of a) Coulomb energy and total potential energy, b) bond potential energy of

180-ions’ model in 100 steps (10 random atoms are deionized).

The energy distribution includes potential energy and kinetic energy on each atom and ions
in the sample at t=0.05, 0.08 and 0.1 fs are calculated and shown in Figure 4.4. In the beginning,
most of the potential energy is accumulated at the center of the ionized region, The highest
potential energy in the system at t=0 is approximately around 1200 kcal/mol at the most inner ring
of ions, and it becomes smaller to around 800 kcal/mole at t=0.05 fs (Figure 4.4 a), which indicates
the process of the bond energy negatively increases. At t=0.08 fs, as discussed above, the bonds
are broken which causes the potential energy to quickly expand to the atoms on the outer rings
(Figure 4.4 b). Finally, at t= 0.1 fs, the potential energy increases again with a more uniform
distribution due to the rise of the Coulomb energy, and the release of the increased potential energy
caused by the broken bonds at 0.08 fs. For the kinetic energy, from t=0.05 to t=0.08 fs, the kinetic

energy decreases because the tightened carbon bonds inhibit the movement of atoms. However,
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since the bond energy of the carbon atom is much less than the Coulomb energy of the ions, the
bond energy is not sufficient to cause the bonds to contract, hence, the whole ring of the neutral

atom will be pushed outward by the inner-layer ions instead of attracting them back. At t=0.1fs,

the kinetic energy is released form the ions in inner rings to the outer rings.
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Figure 4.4 The potential energy and kinetic energy on each ion and atom at a) t=0.05 fs, b) t=0.08
fsand c) t=0.1fs
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4.3 Analysis of CNT Coulomb Explosion

By analyzing the recorded videos, SEM images, and emission current, the entire process
of Coulomb explosion induced by CNT FE can be described in three steps. The first step is
achieving charges. In this step, with the rising of the emission current, the field electron emission
begins, and electrons flow through the entire vertical CNT along the electric field, which leads to
the charging and ionization of the carbon atoms on the tips of CNTSs. It usually first happens on
the longest CNT, that the longest CNTs require more time to drain the accumulated charges to the
ground (electrons require more time to reach the ionized atoms on the tips), also the longest CNT
first performs FE because of the space charge limit, and then evaporates and shortens, allowing
the second long CNT start field emission. In the second step, after the charging of the carbon
atoms, the Coulomb repulsion of the atom in that CNT rapidly rise. The Coulomb repulsion energy
converts to the kinetic energy of atoms, causing the atoms to move far away from each other and
stretching the bonds. Finally, when the bonds are pulled to be broken, the Coulomb repulsive
energy would further compel the atoms to be scattered, which makes the atomic structure of the
whole CNT unbalanced, resulting in the collapse of the whole structure. When the disintegration
occurs on the CNTSs, the flashlight occurs. In addition, with the impact of the CNT disintegration
and the acceleration of Coulomb repulsion force and the strong electrostatic force, the charged
carbon ions sputter alone the strong electrostatic field on the anode forms the black patterns on
PMMA film, and the impact of the explosion also forms the craters on the substrate. Different

from our previous experiment conducted by Li et al., there is no obvious light emission occurs
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before the Coulomb explosion because there is only little Joule heat generated during the FE
process when a protective pad which also worked as the buffer layer made of Cr with good heat
conduction is deposited under each CNT. Instead of the light emission, a flashlight is captured that
flashes at the same time as the explosion in a very short time. This phenomenon can be verified
from the above simulation results. From the simulation, it is known that at the moment of
explosion, a large amount of potential energy is accumulated in the whole system. These energies
are released at the moment of explosion, resulting in a large amount of light energy, kinetic energy,
and heat energy. The kinetic energy and the external electric field force a large number of atoms
to bombard the surrounding Si substrate and Cr pads at a very fast speed during diffusion, forming

a huge crater.

Thus, the causes of the whole Coulomb explosion and the causes of these phenomena have
all been studied. The way to avoid the occurrence of the Coulomb explosion is also important to
be discussed. In the experiments, by using two different setups of cathodes, there have two very
different results. Since a more uniform CNT array will get a more uniform field emission current,
and because the current is small, the ionized carbon atoms are reduced, and not enough Coulomb
potential energy can be accumulated in a short time, so the probability of Coulomb explosion will
be greatly reduced. Also, the Coulomb explosion may be caused by the defect of CNT. In the
synthesizing process of CNT in PECVD, there will be defects due to the ion irradiation damage or
uneven electric field [136—-139]. Because Ni is used as the catalyst for growing CNT, these defects
mainly consist of Ni particles, especially at the tip of CNTs [140]. These Ni would also be ionized
during FE, and Ni ions will form a Ni-C bond with the carbon ions during the FE process, resulting
in the lengthening of atoms' distance (~1.65 A foe Ni-C bond), and so decreasing the Coulomb

energy [141]. Therefore, when carbon ions are ionized, carbon ions near Ni atoms will receive
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greater Coulomb force. Moreover, because the bond energy of c-c (3.61 eV) is greater than that of
Ni-Ni (2.1 eV), the ionized Ni ion will be more likely to break the bonds under stretching force,
resulting in more possible for occurring Coulomb explosion. Thus, growing more uniform and
high-quality CNT with fewer defects could reduce the possibility of the occurrence of the Coulomb
explosion. However, due to the demand of a large number of CNT for FE in applications that
require high emission current, it is difficult to fabricate a uniform large array. Thus, the way to

fabricate a very uniform and large number of CNT arrays still needs to be studied.

In addition, according to equations (1) (4) and (5), the higher applying voltage causes
higher drifting velocity which would promote electrons replenishing holes faster, however, the
higher applying voltage can also generate a larger current. Therefore, adding a resistance layer to
a short circuit can reduce the current and make the Coulomb energy not easy to accumulate. There
have been reported that extending the lifetime of CNT by depositing a ballast layer. However, this
method will sacrifice the emission current. Here a possible solution without sacrificing current is
proposed. Learn the current change trend before the Coulomb explosion through the machine
learning method, predict whether the Coulomb explosion will occur with probability, reduce the
emission current when the Coulomb explosion is about to occur, then, gradually increase the
emission current after the longest CNT currently being field emission is burned short in the process

of emission current.

4.4 Chapter Summary

The experimental data are substituted into the modeling and simulation to calculate and

analyze the changing trend of the energy at each time point in the process of the Coulomb
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explosion. The simulation results indicate that as 190 carbon atoms are ionized at the same time,
the coulomb energy in the system can reach 1.7 x 10> kcal/mol in an instant, which causes the
bonds to be broken in 0.08 fs leading to the Coulomb explosion. Therefore, an in-depth
investigation of Coulomb explosion in CNTSs has revealed that the primary cause of this failure
phenomenon is the broken of CNT bonds. As a result, efforts have been directed towards
developing strategies to protect CNTs from such failures under high field emission currents, or to
enhance their fundamental properties to improve their resistance to degradation. Based on the
analysis, several methods to avoid the Coulomb explosion are also proposed. Fabricating more
uniform CNT cathode and higher quality CNTs, adding a resistive layer to limit emission current,
or reducing the voltage before the explosion by the prediction through artificial intelligence (Al)
machine learning can effectively reduce the probability of an explosion. By utilizing predictive
modeling, it becomes possible to adjust the emission current with appropriate timing, hence,
allowing sufficient cooling time before increasing the current once again. This effectively mitigate
the detrimental effects of high current densities on the stability and longevity of CNTs. On the
other hand, although the Coulomb explosion has a fatal impact on FE, it may have its usable value
for other applications, such as surface treatment, etching, and ablation, or other applications that

require ion or particle bombardment.
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Chapter 5 Improvement of Field Emission Performances by

DMSO and PEDOT: PSS Treated Freestanding CNT Clusters

5.1 Chapter Introduction

After the study of Chapter 4, the investigation of Coulomb explosion has highlighted the
critical importance of protecting individual CNTs from excessive current density in order to
improve their FE lifetime. Accordingly, developing effective strategies to mitigate the risk of CNT
damage under high current conditions has become a key research focus in this thesis, with the aim
of enhancing the longevity and stability of CNT-based devices and systems. As also mentioned in
Chapter 2, it has been reported that only a small percentage of CNTSs is contributing to the overall
current emitted from an array of CNTs. Under this condition, most of the CNTs are dormant. As
such, a large amount of current passes through those small numbers of CNTs, allowing Joule heat
to accumulate and ultimately destroy the CNTs [106,107]. Therefore, in order to improve the
lifetime of CNT emitters and the stability of FE, many studies have been focused on how to slow
down or eliminate the degradation of CNTs. Most of the research is aimed at achieving uniform
current distribution by using different methods to fabricate more uniform CNT films or arrays to
avoid heat concentration on a few CNTs [142,143]. On the other hand, there are also other ways
to reduce degradation, including limiting the maximum current through the CNT to a safe range
[144], or cooling down the CNT so that the accumulated heat does not rise rapidly [145]. However,
these methods are less effective when CNT emitters are used in applications that require
continuous high-emission current. Hence, because of the low lifetime of CNT field emitters,
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researchers gradually turned to find other carbon materials with better field emission properties,
such as diamonds, or nanowalls [146-150]. These carbon-based field emitters have been measured
to have lower turn-on voltages and more stable emission currents and longer lifetimes, especially
after certain chemical treatments. However, these types of emitters usually have relatively more
complex and costly fabrication processes. Therefore, researchers are still devoted to investigating
methods for further improvements in the FE performance of CNT field emitters, which include
reducing the turn-on electric field and improving the FE stability and lifetime of CNT emitters.

In some recent studies, it was reported that after some specific treatments, such as adding
polymer to form CNT-polymer composites [114], using microwave-assisted acid treatment [115],
doping [151], or synthesizing process [125], the turn-on electric field and the emission stability of
CNT emitters are improved. Also, it was found that after vertically aligned CNT or other nanotubes
or fibers were immersed in a solution or a droplet and dried, the tubes would be tilted and be self-
assembled into a cluster ranging from a few microns to tens of microns, that is similar in shape to
pyramid-like structures [152-158]. It is considered that this binding effect is the result of attractive
capillary forces that are generated during the evaporative drying process [159]. During the
evaporation process, the droplets pass through the tiny gaps between the nanotubes and bring them
closer to each other. After the droplets evaporated, the VVan der Waals forces take place and keep
the entire bundle from unraveling and sticking tightly together [160,161]. By this means of binding
the CNTSs together, the properties of the emitters are greatly altered. In addition, due to the different
solutions used for treating the structures, the resultant CNT clusters are different in shape and can
be divided into two categories: (i) island-like structure (larger bundled area but less sharp tip); and
(i1) pyramid-like structure (sharper tip but smaller bundled area) [152]. However, there are only a

few studies on the FE performance of CNTs with such cluster structures formed after the treatment
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of solution, and almost no studies comparing the FE performance of CNT clusters with different

structures formed by different treatments [162].

In this chapter, two treatment methods are developed to improve the length-randomness of
grown vertically aligned CNT forests and enhance the FE properties of CNTs. By treating the CNT
forest with dimethyl sulfoxide (DMSO) and poly (3,4-ethylene dioxythiophene) polystyrene
sulfonate (PEDOT: PSS) solutions, the CNT would be bundled into clusters. CNTs after two
different treatments form different cluster structures. Three types of CNT emitters: (i) untreated;
(i) DMSO treated; and (iii) PEDOT: PSS treated CNT emitters, are characterized in terms of turn-
on electric field and long-term FE respectively to demonstrate and compare their FE performance.
On the other hand, theoretical analyses are presented to illustrate the reasons for the occurrence of
these different FE properties by analyzing their FE current curves, FE uniformity, and the

observation of the post-FE structure.

5.2 Experimental methods

The details of the design and the structure of the CNT cathodes are described in Figure 5.1.
The freestanding vertically aligned CNTs were synthesized by the plasma-enhanced chemical
vapor deposition (PECVD) method on Si substrate with a pre-deposited Ni catalyst layer and Cr
buffer layer. In addition, an integrated insulation spacer is deposited on the Si substrate to control
the distance between the cathode and anode. The DMSO solution and PEDOT: PSS solution are
prepared to treat the CNTSs, and a comparison of the FE performance of the different self-assembled

CNTs is presented.
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Figure 5.1 Process flow of CNT cluster fabrication: a) Ni catalyst deposition on a spacer-
integrated Si substrate, b) CNT synthesizing via PECVD method, ¢) chemical treatment by DMSO/
PEDOT: PSS, d) formed CNT clusters after drying process.

5.2.1 Fabrication process

The fabrication of the CNT array starts from the deposition of a Si; N, insulation layer on
a p-type Si substrate, followed by an etching process to form a 50 pm deep distance-fixed spacer
structure. The resistance of the Si substrate is around 1 MQ. The Cr buffer layer and the Ni catalyst
layer are then patterned into a circle with a diameter of 1 mm and thicknesses of 10 nm and 40 nm,
respectively, using a photolithography method. The CNTs are then synthesized by a PECVD

system (Black Magic, Aixtron, Germany) for 20 min. Acetylene (C,H,, 50sccm) and ammonia
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(NH3, 200sccm) are used for the growth of CNTSs. After growing the CNTs, 100 uL. of DMSO and
PEDOT: PSS solutions were separately dropped in the area of CNTs. For DMSO treatment the
CNTs were immersed in the droplet and naturally dried. For PEDOT: PSS treatment, the CNTs
were immersed in the solution for 15 min, then, the residual PEDOT: PSS solution was removed

with DI water and dried at room temperature.

5.2.2 Measurement & Characterization Methods

For FE testing, a patterned ITO coated glass anode is added directly on top of the integrated
spacer. The ITO pattern allows only the area on the glass anode where directly above the CNT
region that grows on the cathode to be conductive and keeps the other regions insulated. A 200nm
polymethyl methacrylate (PMMA) film is spin-coated on the ITO glass to test the FE uniformity
of CNT emitters without and with two different treatments (Figure 5.2). A negative bias voltage
of 0-500V and a positive bias voltage of 0-1000V was applied to the cathode and anode separately
to reduce the risk of high voltage breakdown of the vacuum chamber. The applied bias and the
emission currents were monitored using a Keithley DMM-6500 multimeter to evaluate the turn-
on voltage, the I-V characteristic, and stability during the FE process. In addition, a 5 MQ resistor
is connected in series between the anode and the positive power source to protect the equipment
(the add-on resistance would lower the emission current during the testing [163]). The FE tests
were performed in a vacuum chamber at 10~° Torr. In addition, the turn-on/threshold voltage is
measured by slowly increasing the bias voltage from OV until an emission current is generated. On

the other hand, long-term FE testing is carried out to test the lifetime and stability of the CNT
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cathode with and without solution treatment. The test starts with a 50uA initial emission current

and is left running continuously for 80h.
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Figure 5.2 Experimental setup & cathode-anode connection diagram.

The morphology of the vertically aligned CNT films was characterized by scanning
electron microscopy (SEM) (JEOL JSM-7200F) separately before and after the FE process. Raman
spectroscopy with 785 nm of visible laser excitation and X-ray photoelectron spectroscopy (XPS;
VJ ESCALAB 250) were used to characterize the chemical composition and chemical bond after

the treatment of DMSO and PEDOT: PSS.
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5.3 Results and discussion

5.3.1 Morphology Comparison of CNT Bundles Before and After Treatments

Figure 5.3 shows the SEM image with a 15<tilted angle from the top view. The structure
of CNT film before and after solution treatment is observed. For the CNT cathode before the
treatment, after the PECVD process, the Ni-coated area grows a full layer of vertically aligned
CNTs, with a length of about 9 um to 12 pm. The tip diameter is around 5 nm and the base diameter
is around 200 nm. For PEDOT: PSS treated CNT cathode (Figure 5.3 ¢ & f), after the treatment,
the CNTs are gathered together into pyramid-like clusters with a slight bend. The clusters form a
quite uniform size, the average diameter of these conical pyramid-like clusters is around 3um in
size. On the other hand, after being treated with DMSO, the CNTSs tilted and clustered together to
form many conical island-like bundles (Figure 5.3 b & €). These islands form in random sizes,
with the smallest ones being cones of about 1 micron in diameter and the largest ones reaching
about 8 microns in diameter. In comparison, the micro-pattern formed by the PEDOT: PSS

treatment will form sharper tips.

For both treatments, the main reason for this phenomenon is that the strong capillary forces
force the liquid to force the CNTSs close to each other after flowing through the narrow gaps
between them, causing the CNTs to not only bind together but also bend. After the liquid is
evaporated, the molecular forces between each of them keep the CNTs in close proximity without
being separated. For PEDOT: PSS treatment, the mechanism for the bundling effect is different
from DMSO treatment and Yan et al. proposed a possible theory [152]. After soaking CNT in
PEDOT: PSS solution, a layer of solution will be coated around the periphery of CNT, resulting

in CNT getting negative charges. With these negative charges, the Coulomb repulsion force pushes
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CNTs closer and makes the micro-pattern different from the result of treatment with DMSO
solution, forming sharper tips with a more uniform size of clusters. In addition, the CNTSs in the
center of each bundle remain perpendicular to the substrate, and so the formed clusters inherit both
the tip diameter and the length of the longest CNT in the entire CNT cluster. The size of this tip is
critical for FE, as it determines the FE enhancement factor of the entire CNT bundle as well as the

turn-on/threshold voltage.

e <

- k\( 10un"

Figure 5.3 SEM image of a) untreated, b) DMSO treated, and c) PEDOT: PSS treated CNT
cathode; Expanded image of d) untreated, €) DMSO treated, f) PEDOT: PSS treated CNT cathode.
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Figure 5.4 The C 1s XPS spectra of CNT emitters. a) without treatment, b) with DMSO treatment,
c) with PEDOT: PSS treatment.
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Figure 5.5 XPS spectra of untreated CNT emitter (black), DMSO treated CNT emitter (red), and
PEDOT: PSS treated CNT (blue)

After the treatment, although the structure of the CNT emitter changed, the chemical
composition and bonds remain unchanged based on the results of XPS (Figure 5.4 & Figure 5.5)
and Raman spectroscopy (Figure 5.6). According to the XPS results, the major C1s peak for all
three types of CNTs is around 284.7 eV. The peak values of C-O and C-N are around 288.3 and
286.6 eV for untreated one, and approximately 288.8 and 287.5 eV for DMSO and PEDOT: PSS
treated samples, respectively. Both treatments resulted in a positive shift of C-O and C-N, which
is mainly because residual DMSO and PEDOT: PSS solutions with higher oxidation states

resulting in the higher binding energy of C-C, C-O, and C-N were detected when XPS was
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performed [164,165]. Furthermore, according to Figure 5.5, the increase in the peak intensity of
C1s after both treatments is also caused by residual DMSO and PEDOT.PSS, which are both
carbon-based. In addition, the peak intensity of C1s is lower because DMSO is more volatile than
PEDOT: PSS, resulting in less residue on CNTs. Conversely, the peak intensity of the detected

N1s is lower due to the CNTSs being covered by residual solutions.
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Figure 5.6 Visible Raman spectra of untreated CNT emitter (black), DMSO treated CNT emitter
(red), and PEDOT: PSS treated CNT (blue)
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5.3.2 Turn-on Electric Field Characterization

The current density versus applied electric field as the field emission characteristics of
vertically aligned CNT before and after DMSO and PEDOT: PSS treatment is shown in Figure
5.7, where the turn-on fields for these different types of vertically aligned CNT cathodes are
directly compared. During the FE testing, the applied field was controlled by the increase and
decrease of applying bias. The distance between the cathode and anode is fixed to be 50 pm. In
addition, in order to examine the turn-on electric field, the bias voltage was steadily and gradually
increased from OV to 1000V in 60 seconds, and the electric field required to reach the emission
current of 20 uA €m for the first time is recorded as turn-on field. Therefore, as shown in Figure
5.7, for the bare CNT cathode without treatment, the turn-on field is around 12 V/pm, and the
current density increases to 7500 pA €m as the applied field reaches 15 V/pm. After the treatment
with DMSO and PEDOT: PSS solution, the turn-on fields become smaller compared to the cathode
without treatment. For the DMSO-treated CNT emitters, the turn-on field is reduced by 30% with
respect to the untreated cathode, where the turn-on field becomes around 8 V/pm, and the current
density reaches 12500 pA €m=as the applied bias increases to 15 V/pm. For the emitters after
PEDOT: PSS treatment, the turn-on field is greatly reduced to 4 V/jm. In addition, the current
density rises much faster with increasing applied electric field than the untreated and DMSO-
treated ones, in which the emission current density rapidly increases to around 25000 pA €m at

the applied bias of 15 V/pm.
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Figure 5.7 a) Field emission current density (J) versus applied field (E) characteristics of untreated
CNTs, DMSO treated CNTs, and PEDOT: PSS treated CNTs. b) F-N plot corresponding to a), and
typical liner fit to each set of data are shown by solid lines. (This turn-on electrical field includes

the voltage assigned to the add-on serially connected resistor and the resistance of the Si substrate)

Theoretically, the difference in FE turn-on field between the treated and untreated CNT
emitters is mainly caused by the change of the enhancement factor B of the CNT field emitters
(equation (4.1)). The larger g will cause the turn-on field to become smaller and the FE efficiency
will also be greatly improved (equation (4.3)). For the same length, the smaller the emitting radius,
the stronger the resulting electric field strength. In addition, considering the screening effect, in
the case of a uniform array of vertically aligned nanotubes, the electric potential formed near the
tip of each nanotube is shielded by the neighboring CNTs [166], and the overall turn-on field
becomes smaller because the CNT becomes sparser after being treated with the solution. Thus, for
DMSO-treated CNT emitters, although the diameter of the island-like cluster tip R, becomes
larger after DMSO treatment, the shielding effect becomes smaller because of the larger cluster-
to-cluster spacing, leading to a smaller turn-on field and better FE efficiency than the untreated

one. On the other hand, compared to the DMSO-treated CNT emitters, after being treated with
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PEDOT: PSS solution the CNT clusters are sharper and more uniform, leading to the lowest turn-

on field and most efficient FE performance among these three types of emitters.

5.3.3 Long-term Stability & Lifetime Testing

To further compare the FE performance of the three types of CNT emitters, long-term
testing is conducted to evaluate the stability and lifetime of each type with the same sample size
and distance between the electrodes. The variation of the current during the test is shown in Figure
5.8. At the beginning of the test, the applied bias was gradually increased until the emission current
reaches 50 A for each emitter and was kept constant for the test. This set current allows the CNT
emitters to have a large enough starting current at which the CNTs are expected to start to be
burned slowly due to Joule heating, but not high enough to cause arcing that would terminate the
FE process due to the high instantaneous current on a single CNT. For untreated CNT emitters,
after about 5 hours of continuous current emitting, there was a significant drop in current from 50
JA to 45 A and followed by a slower continuous drop for the next 40 hours to around 70% of the
initial emission current (35 pA). The current is much more stable after 45h because the melting of
CNTs is slowed down due to less heat accumulation at this current level. Although there is
occasionally a small rebound in current, it drops again in a few hours and becomes lower than
before the rebound. For the emitters after DMSO treatment, the long-term FE performance varies
greatly. The current was overall stable with a slight upward trend and started to increase to about
54 A after about 15 hours. After a period of stable emission current (from 15 hours to 25 hours),
the current decrease back to the value before the increase and keep on cycling with such a tendency

during the whole testing. On the other hand, CNT emitters treated with PEDOT: PSS also exhibit
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different long-term FE performances. Compared to the other two CNT emitters, the FE lifetime
and long-term stability of the PEDOT: PSS-treated emitter is the best. The current starts to increase
about 20 minutes after the start of emission, decreases only slightly after 5 hours, and stabilizes
after 10 hours. There is almost no decrease throughout the whole 80 hours of long-term emission,

and the emission current is more stable than the other two types of emitters.
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Figure 5.8 Long-term lifetime and stability testing current (1) versus time (t) of untreated CNTSs,
DMSO treated CNTs, and PEDOT: PSS treated CNTSs.

The results of the long-term FE testing indicate that the treatment of CNT emitter by
DMSO and PEDOT: PSS solutions result in a significant improvement in the lifetime of the CNT
emitter, and different solution treatment has a different influence on the performance. To

investigate the cause of such a large difference in the lifetime of CNT emitters that are treated by
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different methods, these different emitters are observed under SEM after 80 hours of the FE
process to be compared with the before-testing morphology (Figure 5.9). For the untreated CNT
emitters, the continuous drop in emission current is due to the continuous burning of the CNT
emitter throughout the FE process. The structure change after 80 hours of FE is shown in Figure
5.9 a & d that most of the CNTSs fell down due to burnt roots. For the emitters treated by DMSO
solution, because the formation of the island-like structures is equivalent to connecting a range of
CNTs in parallel, the newly synthesize emitters would have smaller resistance, which reduces the
generation of Joule heat and avoids the burning of CNTSs. In addition, compared to the structure of
untreated one, CNT emitters treated with DMSO have only a few damaged areas that scattered due
to the burning of the upper aggregation point by Joule heating, but most of the area remains the
same as before the emission, with the entire cluster upright on the substrate (Figure 5.9 b and e).
Moreover, the cause of the field emission current fluctuating continuously in the case of long-term
field emission can be explained as follow: i) the longest CNT clusters would first start to emit the
current, and at the beginning of the emission, due to the generation of Joule heat, the thermionic
emission will assist the emission that leads to the Schottky emission, resulting in the rise of current;
ii) the residual degassed elements chemically react with the CNT, that the reactions are assisted by
the generation of Joule heat [167,168]. After a period of FE, the CNT in the cluster would start to
be evaporated by the Joule heat at the locations with the largest defects, which causes the decrease
of emission current. As soon as these longer clusters are burned, those shorter CNT clusters will
start FE, so that the current rises again. For emitters after PEDOT: PSS treatment, like the DMSO-
treated one, the cluster structure has a lower resistance than individual freestanding CNTSs, hence,
a longer lifetime is observed. Moreover, the structure after 80 hours of FE is also similar to that of

the DMSO-treated emitter which only small areas are burned during FE, and most of the clusters
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remain. In addition, as shown in Figure 5.9 c¢ and f, after long-term testing, the sharp tips of the
clusters are burned, leaving blunt tips that are reconsolidated from melted CNTs. Although the tips
of the clusters seem to be cut off, there still exists the longest CNTs in each cluster, allowing the
FE to continue without any significant current degradation. Hence, although the turn-on electric
field is not significantly improved and is still much higher than many reported ultralow turn-on
field emitters, these two treatments methods greatly extend the lifetime of CNT emitters, which is
longer than the lifetime of those field emitters with lower turn-on electric filed. emitters
[114,115,125,146-150,169,170]. Therefore, this simple and cost-saving treatment gives CNT
emitters an advantage over other types of CNT emitters as well as other carbon material-based

ones.

Figure 5.9 SEM image of CNT structure after 80 hours of FE for a) untreated, b) DMSO treated,
and ¢) PEDOT: PSS treated CNT cathode; Expanded image of d) untreated, €) DMSO treated, f)
PEDOT: PSS treated CNT cathode.
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5.3.4 Uniformity Testing

As a positive electron-beam lithography resist, PMMA film is sensitive to electron
exposure. The exposed area can be developed by (methyl isobutyl ketone (MIBK): isopropyl
alcohol (IPA) solution) to reveal the electron exposure pattern [107]. During the FE process, the
electrons emitted from CNT emitters would expose the PMMA and leave a trace after the PMMA
film is developed. From these exposed traces, it can be inferred which areas of the CNT array were
emitting electrons and the number of active CNTs over a period of time. This test was performed
after increasing the emission current from 0 to 55pA and keeping the voltage constant for 5
minutes. For untreated CNT emitter, only a few areas are exposed by electrons which means only
a small portion of CNTs was active during the 5-minute FE process (Figure 5.10 a). This result
further explains the short emission lifetime of untreated CNTs due to the large amount of current
that traveled through the few emitting CNTs which resulted in degrading the CNTs. After
treatment with DMSO (Figure 5.10 b), it is shown that the areas with electron exposure on PMMA
film were significantly increased. The larger exposed area represents that more CNTs were
emitting simultaneously during testing, which allows DMSO-treated CNT to have a longer
lifetime. The current from each emitter is reduced as the total current is contributed by more
emitters, thus, slowing down the degradation process which, in turn, increases the emitter's
lifetime. Lastly, it was determined that PEDOT: PSS treated CNT emitters further improve the
emission uniformity with an even larger exposed area on the PMMA film. which led to a lower
current from each CNT cluster. As the result, the emission current is distributed more evenly
among the emitters and so the PEDOT: PSS treated CNT emitters have the longest lifetime and

most stable emission current among these three types.
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Figure 5.10 Exposure trace on PMMA layer for a) untreated, b) DMSO treated and c) PEDOT:
PSS treated CNT emitters.

5.4 Chapter Summary

In this chapter, the FE performance of untreated, DMSO, and PEDOT: PSS treated CNT
emitters are investigated and compared. With the treatments, vertically aligned CNT are bundled
into many clusters and improve the FE performance. The FE performance for different types of
treated or untreated CNT field emitters is summarised in Table 2. According to the SEM
observation, the CNT emitters treated by PEDOT: PSS has sharper tips of cluster and better
uniformity in terms of cluster size than that of the DMSO treatment. There are three main
improvements in FE performance after the treatments: (i) both treatments reduce the emission turn-
on electric fields and increase the FE efficiency by lowering the screening effect; (ii) the treatments
increase the number of CNTs that are simultaneously contributing to the overall current and
thereby improving the emission uniformity, and reducing current emission required per CNTSs; (iii)
both treatments significantly improve the long-term FE performance of CNT emitters as the results

of the improved emission uniformity and the reduction of Joule heat generation. These two
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treatment methods solve the fatal problem of the short FE lifetime of CNT to a certain extent by

slowing down the degradation speed of CNT during the FE process.

Table 2 Summary of FE performance of untreated, DMSO treated, and PEDOT: PSS treated

CNT field emitters.

Turn-on electric

Current degradation Current stability ~ Uniformity

field (V/pm) during 80 hours
Untreated 12 12 poor poor
DMSO treated 8 No degradation poor better
PEDOT: PSS Current increased by 10
treated 4 LA good best
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Chapter 6 Advancement of Field Emission Lifetime of

Freestanding VACNTSs by Coating Metallic Protective Layer

6.1 Chapter Introduction

Before the emergence of the CNT field emitters, researchers experimented with applying a
metallic layer on vertically aligned Si field emitter array to improve FE properties [171]. This kind
of Si emitters with a metallic shell around the surface shows better FE uniformity and stability
than bare Si emitters. In addition, after CNT-based field emitters were investigated, many studies
used metal-particle-doped CNTSs or directly depositing metal layers on CNT films to improve FE
properties [120,121,123,172,173]. However, there remains a lack of detailed study on coating
metal shells on low-density freestanding VACNT arrays for improving the FE performance,
especially in terms of increasing their lifetime. Therefore, finding a feasible, and stable method to

improve the FE performance of low-density freestanding VACNTS is required.

In this study, a method that uniformly coats a metallic layer on freestanding VACNT array is
proposed to improve FE performance. VACNT array coated with different types of metal shells
with various thicknesses are designed and fabricated to investigate the improvement of FE
performance by comparing the results of uncoated CNTs with each type of coated CNTs. Three
metals, Ti, W, and Au are selected as metallic shells. The VACNTSs coated with these metals were
characterized in terms of their turn-on electric field, long-term lifetime and stability. The
investigation on the role of metal coatings and their thickness on FE properties were

comprehensively performed and the structural changes of VACNT were observed.
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6.2 Materials & Methods

6.2.1 Material Selection

Generally, the four most critical features for a good field emitter are i) the size of the emission
tips; ii) the electrical conductivity; iii) the melting point and thermal conductivity, and iv) the work
function. Since VACNTS already possess an extremely good aspect ratio, the improvement can be
made by adjusting the electrical conductivity, melting point, thermal conductivity, or the work
function of emitters by coating a metallic layer. Increasing the electrical conductivity and work
function could directly increase the emission current. Raising the melting point of emitters would
reduce the risk of emitting tip degradation. Similarly, increasing the thermal conductivity so that
heat can be conducted to the substrate more effectively which will, in turn, eliminate the heat
accumulated at the emitter tips and reduce the change of emitter meltdown. Thus, W with the
highest melting point and lower work function than CNT is selected as a potential candidate for a
metal shell that can enhance the FE performance. In addition, Au and Ti were selected for
comparison purposes. Au has good electrical and thermal conductivity but a higher work function,
while Ti has a lower work function but poorer electrical and thermal conductivity. In addition,
considering the smaller surface energy of Au, 2 nm of Ti was deposited between CNTs and the Au

shells to obtain better adhesion between the two materials.

6.2.2 Fabrication Methods

The cathode consists of a 7 mm <7 mm Si substrate on which a VACNT array is grown at the

center. The freestanding array was synthesized by plasma-enhanced chemical vapor deposition
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(PECVD) method on p-type <100> Si substrate. Ni and Cr are deposited as catalyst and buffer
layer. The array is composed of 2,000 uniformly distributed VACNTSs within a circle of 1 mm
diameter. The distance between each VACNT was 20 pm. The detailed fabrication process is
summarized into four steps (Figure 6.1). First, a circular array of Cr buffer pads is deposited on
the Si substrate with a thickness of 150 nm. Subsequently, Ni catalyst dots aligned with Cr pads
were patterned by electron-beam lithography and deposited by an electron-beam evaporator on the
Cr buffer layer (the diameter of Ni dots is 100 nm, and the thicknesses are 80 nm). Then, VACNTSs
were synthesized by a PECVD system (Black Magic, Aixtron, Germany). Acetylene and ammonia
were used for the growth of VACNTS. After these process, freestanding VACNT array with an
average length of 10 pm were fabricated. In order to have good bonding strength between metal
coatings and VACNTS, the processing parameters are controlled to limit the carbon accumulation
during PECVD process, resulting in low surface roughness of CNTs. The growth time, heating
power and plasma power were set to be 20 min, 550 W and 70 W respectively, After the growth
of VACNTSs, a metallic layer was deposited on the outer surface of VACNTS via a sputtering
method (AJA ATC Orion Series) with different thicknesses for comparison. To ensure the
uniformity of the deposited metals, deposition rate was precisely controlled for different metals

(6.0 nm/min for Ti, 47 nm/min for Au, and 11.6 nm/min for W).
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Figure 6.1 Process flow of metal coated VACNT fabrication: a) Cr buffer pad patterning and
deposition, b) Ni catalyst dots patterning and deposition, ¢c) CNT synthesizing via PECVD method,

d) metal shell coating via sputter.

6.2.3 Measurement & Characterization Methods

A patterned ITO coated glass is applied as the anode. By using a 50 m polytetrafluoroethylene
(PTFE) film as a spacer between CNT cathode and ITO anode, the distance between the two
electrodes was firmly fixed during FE. In order to reduce the risk of electric arcing between
electrodes, the ITO pattern only allows the region directly above the VACNT area to be conductive
while keeping other areas insulated (Figure 6.2). The CNT cathode was connected to a negative
power supply (DC, 0-5000 V) and the ITO coated anode was grounded. In addition, two Keithley
DMM-65000 multimeters were used to collect the emission current and applied voltage data at a
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high frequency to record the fast and random fluctuation of the emission current during FE process.
Furthermore, to protect the equipment, a resistance of 5 MQ was connected in series between the
cathode and the negative power supply (the add-on resistance has limited effect on the turn-on
electrical field during the testing [163]). The entire FE testing was performed in a vacuum chamber
at 10° Torr. The degassing process was performed by running the testing continuously for 20 min
with an applied bias that was just below the turn-on voltage before the actual FE tests. To test the
turn-on electric field, the bias voltage applied on the cathode was gradually increased from 0 until
the emission current reached 50 PA. In this test, the current density is calculated by dividing the
measured current by the area of the anode. Since the anode is a circle with a diameter of 1 mm, the
test terminated current (50 pA) was 6.3mA/cm2. In addition, the lifetime and stability testing were
carried out through long-term FE testing that started at the initial emission current density of 6.5

mA €m and stopped until the emission current dropped below 4 mA €m or over 48 hours.
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Figure 6.2 Experimental setup & circuit connection diagram. Negative bias is added on CNT
coated and the ITO-coated glass anode is connected to the ground. A 50 pm PTFE spacer is added

between the cathode and anode.
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The morphology of the VACNT arrays was characterized by scanning electron microscopy
(SEM) (JEOL JSM-7200F) before and after the FE process. In addition, electron energy loss
spectroscopy (EELS) was used to detect the content of the coated metals and their distribution on
the CNTs. High-resolution transmission electron microscopy (TEM) (Talos 200X) was used to

observe the thickness and uniformity of different metal coats on VACNTS.

6.3 Results and discussion

6.3.1 Morphology of Metal-coated CNT

Figure 6.3 shows the SEM image of different types of metal-coated VACNT and bare VACNT
with a 15<tilted angle from the top view. The VACNTSs were vertically grown at the center of the
Cr pads where Ni dots were deposited after the PECVD process (Figure 6.3a). The average tip
diameter is around 50 nm, and the average base diameter is around 350 nm. The formation of the
tapered structure is mainly due to the plasma etching effect that reduced the size of Ni catalyst
during the PECVD process [174]. For VACNT without a coated metal shell (Figure 6.3b), some
distortions were found on VACNTS, and there was no other material with significant contrast was
observed on the surface of CNTs. For Ti-coated CNTs as well as Au- and W-coated CNTSs, distinct
"scale-like" coverages of the CNT surfaces can be observed, uniformly covering the entire profile

of the CNTs and with higher contrast between the shells and the substrate than for bare CNTSs.
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Figure 6.3 SEM image of a) freestanding VACNT array, b) bare VACNT, c) titanium coated, d)
gold coated, and e) tungsten coated individual VACNT.

For metal-coated VACNT, the cause of the "scale-like" coverages is mainly due to the uneven
thickness along the length of the CNT. The CNT can be seen as a cone structure with some bent
sections. Since the metal material is sputtered from a source at the top of the CNT tips with some
angles to the surface of the CNT, the lower surface of the bent portion on the surface cannot be
covered by the sputtered material, so the scale-like laminar metal cover is formed. Also, because

the density of the metal coating is greater than that of carbon, it has a higher contrast with respect
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to the substrate. In addition, since the density of W and Au are larger than Ti, the contrast is more

pronounced, and the scale-like coverings can be more clearly observed.

Figure 6.4 shows the TEM image and EELS results that focused on a single 5 nm W-coated
VACNT tip. Uniform thickness of W coatings was found at the tip portion of the VACNT (Figure
6.4c), with only a slightly larger thickness on the top of the tip than on the side (5 nm on the side
and 7 nm on the tip). In addition, according to the EELS results, the Ni catalyst dot is topped by

the CNT grown along the electric field to the very tip during the PECVD process (Figure 6.4b).

a) Nickel b) Tungsten

Figure 6.4 a) TEM image of the single VACNT tip. b) EELS analysis of Ni element on the
VACNT tip. ¢) EELS analysis of tungsten element on the surface of the VACNT.
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6.3.2 Turn-on Electric Field Characterization

The current density versus the applied electric field during the FE turn-on testing is shown in
Figure 6.5. The plots directly compare the turn-on electric field of VACNTSs coated with three
different metal shells and same thickness. The corresponding electric field is recorded as the turn-
on electric field when the emission current first reaches 100 A €m™. The applied bias voltage
was slowly increased until the current density reached 6.5 mA €m2to prevent the VACNT being
exploded. For the bare VACNT without coatings, the turn-on electric field is around 6 V/pm, and
the emission current density increases to 6.5 mA €m2as the applied electric field increases to 14
V/pm. The turn-on electric field of Ti-coated emitter is lowered to be around 4.5 V/pm, and this
type of VACNT requires 12 V/pm to reach the current density of 6.5 mA €m. For W and Au
coated VACNT, the obtained turn-on electric fields are larger than that of the bare CNT which are
around 7 V/pm and 8 V/pm respectively, to reach the desired current density, the electric field
needs to be 15 VV/um for W coated sample, and 17 V/pm for Au coated emitter.
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Figure 6.5 a) Field emission current density (J) versus applied field (E) characteristics of bare
VACNTSs and three types of metal coated VACNTS. b) F-N plot corresponding to a).
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Theoretically, the difference in FE turn-on field between different types of emitters is mainly due

to the various enhancement factor 8 and the work function of the material which based on the

Fowler-Nordheim equation. The screening effect is ignored here because the distance between
each CNTs is enough larger. In the case of metal-coated VACNT field emitters, the enhancement
factor would become smaller as the tip diameter is increased by coating thicker metal shells [55].
Therefore, in order to obtain a better turn-on field voltage, all three metals are only deposited on
the CNT surface with a thickness of 5 nm. Because the work function of the Ti bulk (~4.3 eV) is
much smaller than the CNT (~4.8 eV), and thinner film generally leads to a lower work function
(A @~0.1 eV) [175], thus, a slight decrease in turn-on electric field was observed for Ti coated
VACNT, which was also reported in other study [123]. Moreover, Au has the highest work
function among the three selected metals (~5.3 eV for the bulk), which leads to the largest turn-on
electric field. In addition, although W has a similar work function with CNT, due to decrease of
the enhancement factor after coating, W-coated sample was tested to have higher turn-on electric
field than bare VACNT. These results of work function and field enhancement factor difference
are also proved by the difference in slops of Millikan-Lauritsen shown in Figure 6.5¢ (Here using
Distance between cathode and anode dividing by the applied voltage on the gap replace to 1/E to
show precise results on the difference of work function and enhancement factor). In addition, the
variation of the slope of Ti coated sample may be because of the degassing as the emission current
increases, resulting in the fluctuation of the emission current at low electric field region. Therefore,
the metal coatings on the CNT surface have some effect on the turn-on electric field of the FE.
However, the work function of these metal-coated VACNT do not differ much from each other,

so that the variation of the turn-on electric field is not significant.
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6.3.3 Lifetime & Stability Testing

The lifetime is another critical FE characteristic for field emitters. Very often, it may be
considered to be more important than the turn-on electric field. Therefore, to further study the FE
performance of metal-coated CNT emitters, long-term FE testing was conducted to evaluate the
effect of three types of metal coatings and different coating thickness on lifetime as well as the
long-term stability. Overall, as shown in Figure 6.6, regardless of the type of coating and coating
thickness, with a constant electric field, the current density decreases as the CNT degrades, which
affect the total lifetime of the cathode. Since these three types of metal shells have different
properties, which is expected to result in different degradation speed. Here, because of the large
difference in lifetimes, the results are divided into two groups to show better details. The samples
with relatively small improvements in a lifetime are plotted in Figure 6.6a, and the coated
VACNTSs with significant improvements in FE lifetime are plotted together (Figure 6.6b). For the
uncoated VACNT (orange line), the quick degradation speed led to a short lifetime which only
lasted around 1 hour before the current density decreased from 6.5 to 4 mA €m2. For the VACNT
that was coated with 5 nm and 10 nm Ti, the total lifetime of FE increased to 3 hours and 8 hours
respectively. In addition, except for one surge of current density at approximately 5.8 hours, which
was caused by an electric discharge between the cathode and the anode, the overall long-term
stability of the VACNT coated with 10 nm Ti is better than that of the uncoated one, and the one

coated with 5 nm Ti.
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Figure 6.6 Long-term lifetime and stability testing of bare VACNT, 5 nm & 10 nm titanium

coated, gold coated, and tungsten coated low-density VACNT array.

On the other hand, the lifetime was greatly improved for the VACNT coated with 5 nm W and
5 nm Au. Between these two types, the one with 5 nm W had a rapid increase in current density at
the beginning of the test, which increased from 6.5 mA €m2to around 8.6 mA €m-2within an hour.
Then, the current density slightly dropped to around 8.2 mA €m and remained almost stable.
After 35 hours, the current density tended to decrease slowly until the test was completed in 48
hours. For the type coated with 5 nm Au, compared to the one with 5 nm Ti, the current density
only increased slightly at the beginning from 6.5 to 7 mA €m and stabilized afterwards until the
end of test. However, with thicker coatings of W and Au, the lifetime and stability were not further
improved and become worse than 5 nm coated samples, which shows an opposite trend from Ti
coating. For the VACNT with 10 nm W, similar to the 5nm W sample, the current density has a
substantial rise to 8 mA €m2at the beginning of the testing. But after that, the current density kept

decaying at a faster rate from 8 to 4 mA e€m2within 20 hours, which shows many sudden rises in
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current density, that is similar to the one that occurred in the test of the 10 nm Ti sample as the
result of electric discharge phenomenon. The VACNT coated with 10 nm Au showed a shorter
lifetime and poor current density stability. The current density increased from 6.5 mA €m>to 10
mA €m 2 within half an hour at the beginning of the test, and then it decreased continuously until
2 mA em?with large fluctuations throughout. Overall, the 5 nm Au- and 5 nm W-coated emitter
have better improvements in stability and lifetime. Although the total lifetime of metal-coated
VACNT was shorter in the tests compared to other available reports (such as Shimoi et al. reported
an over 1300 h of stable FE at 35 mA €m) [16], these test results proved that the metal coating
method is a promising option for improving the lifetime of CNT-based FE. With this method, other

emitters with good FE performance can be further enhanced.

100nm

Figure 6.7 SEM image of VACNT structure after long-term FE testing. a) Bare VACNT array, b)
expansion view of a crater on Cr pad, ¢) 10 nm tungsten coated VACNT array, d) 10 nm gold
coated VACNT array, e) 5 nm titanium coated single VACNT, and f) 5nm tungsten coated single

VACNT.
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The results of the long-term testing of different types of VACNTSs emitters coated with and
without metal shells indicate that both coating thickness and type of coating contribute to the
improvement of the FE lifetime to different degrees. To investigate the cause of these differences,
SEM was used to observe the change in the structure of VACNTS after the long-term FE testing
(Figure 6.7). For the VACNTSs without a coated metal shell after the lifetime test, most of the
VACNTSs remained in their original position, but the length of the CNT became shorter, that is
mainly caused by the generation of Joule heat evaporates the emitting tips of VACNTS or burns
the CNTs and causes defects. Therefore, the continuous depletion of CNTs' length led to a
continuous decrease in current density at the same applied electric field. Furthermore, there were
many craters found on the Cr pads (Figure 6.7b). The possible cause of these craters may attribute
to peeling off phenomenon or the thermal runaway of VACNTSs occur during the FE process
resulting in the strong arcing between cathode and anode, which was demonstrated by several
spikes in current density during the tests [24]. Also, Coulomb explosion is another possible
explanation for the formation of the craters because of the accumulation of the excessive Coulomb

repulsive energy at high emission current density [176].

For the VACNTS coated with 5 nm and 10 nm Ti, the improvement of the lifetime is because
of the better uniformity in current density, and the thicker Ti shell resulting in better uniformity
[123]. In addition, as shown in Figure 6.7e, the Ti shell at the top of the VACNT was melted, but
the CNT inside was not damaged. Furthermore, it is shown that the shell at the bottom of the
VACNT formed an irregular pile-up, which might be due to the melted Ti from the tip of the
VACNT recondensed at the bottom. The phenomenon of the Ti shell protecting the VACNT can

be attributed to faster heat dissipation from the tip of emitter to the substrate, as the contact area
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between the emitter and substrate are expanded by coatings, thus, avoiding the burnout of CNTSs,
and improves the lifetime of coated VACNTSs. On the other hand, for 5 nm Au and W coated
samples, the improvement of the lifetime is also because of the improvement of uniformity [123].
The rise in current density at the beginning of the test is due to the generation of Joule heat, which
makes the thermionic emission help the FE to increase the efficiency of the current emission.
Because of the high melting point of W and the good thermal conductivity of Au, the Joule heat
does not melt these metal coats quickly, which causes the current rise at the beginning, and as the
metal coating slowly melts, the current density will fall back after several hours. In addition, like
the Ti-coated one, the CNTs are protected by the outer metal shell, and the shell would act like a
sacrificial layer during the FE process to protect CNT being directly damaged by the generation

of Joule heat (Figure 6.7f).

The TEM image and the EELS results (Figure 6.8) further proves the role of metal coatings in
improvement of FE lifetime. The results exhibit that the W coating at the tip of the CNT was
partially sacrificed while the CNT remained almost intact. Furthermore, for the 5 nm Au and W
coated VACNTS, the contact resistance between emitters and the substrate is greatly reduced and
so lowers the Joule heat generated during FE, thus show significant improvement in the lifetime.
As the coating thickness increased to 10 nm, the surface roughness generally increases, which
leads to more fluctuations in emission current and less stability. Also, since W or Au have larger
material density, as a thicker layer covers the surface of the CNT, the degassing elements would
be trapped inside the metal shells and cannot be exhausted smoothly during the degassing process,
causing the elements such as hydrogen and oxygen to expand during the FE heating process, hence,

destroying the CNT (Figure 6.7c&d).
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Tungsten
c)

Figure 6.8 a) TEM image of 5 nm tungsten-coated VACNT after long-term testing. b) EELS

analysis of tungsten on VACNTS after long-term testing.

6.4 Chapter Summary

In this chapter, a metal coating method to improve the FE performance of VACNT was
proposed. The FE performance of VACNTSs coated with three types of metals and two different
thickness are investigated and directly compared. Through the sputtering method, the metals can
be uniformly deposited on the surface of VACNT, forming a thin even layer of metallic shells.
According to the testing results, coating metals on the surface of VACNT has only a small
influence on the turn-on electric field and it is mainly attributed to the small change in work
function. Among all the tested samples, the 5nm Ti coating had a small reduction in the turn-on
electric field, while VACNTSs coated with Au and W have a slightly higher turn-on electric field.

Furthermore, for long-term testing, 5 nm W- and Au-coated VACNT show significant
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improvement in lifetime and stability of the emission current density. In addition, the 10 nm Ti,
Au, and W coatings resulted in some improvements, but the 5 nm Ti coating only shows little
improvement in lifetime and stability. A summary of the FE performances improvement of each
coated-CNT is shown in Table 3. Therefore, it is proved that the FE performance of VACNTSs can
be adjusted by coating a metal layer, and the thin-film W and Au-coated VACNTSs are expected to

be one of the potential candidates for FE at high current density.

Table 3 Summary of FE performance of different metal-coated and noncoated CNT field

emitters.
Work . Turn-on e
Metal-coated Function Thzckn)ess electric field g:l;:ﬁ?t Ia'jgﬂ:z)e
(eV) (V/pm) Y
Uncoated 4.6 5 6 poor 1
5 5 poor 3
Titanium-coated 4.3
10 N/A poor 8
S 6 good > 48
Gold-coated 5.2
10 N/A poor 10
5 7 good > 48
Tungsten-coated 4.5
10 N/A good 20

107



Chapter 7 Summary

7.1 Conclusion

The conclusion in this chapter is intended to provide a broader summary in the context of

the overall goal: achieving reliable and long-term FE as a fast, precise, and controllable electron

beam emission system to replace traditional thermionic emission. To achieve this goal, major

challenges, such as melting and coulomb explosion of CNT emitters, need to be addressed. The

findings and the methods presented in this thesis can be summarized below.

Coulomb explosion is a highly destructive failure phenomenon that can occur
during FE process. This phenomenon usually occurs in less than 0.5 ms with a
sudden release of energy, and it is usually accompanied by a flash of light, cause a
strong electric arcing between the cathode and anode and leaving a large crater on
the cathode. The Coulomb explosion is mainly induced by excessive Coulomb
energy accumulated on the tips of CNTs because of the ionization of carbon atoms
during FE. A simulation is conducted based on experimental results to verify the
mechanism of the FE-induced Coulomb explosion. The Coulomb energy, bond
energy, and kinetic energy in a CNT model at each time point are calculated.
Through this study, the causes of FE-induced Coulomb explosions are thoroughly
understood, and the potential solutions to avoid Coulomb explosions are given,
which are critical to optimizing the design of the longer lifetime CNT cathode.

CNTs’ melting issue due to the generation of Joule heat is another major destructive

phenomenon during the FE process. Chemical treatments using DMSO and
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PEDOT: PSS solutions are two promising methods to slow down the CNT’s
degradation caused by the CNT’s melting problem. After treatment, both methods
reduced the turn-on electric field due to the reduction in screening effects, whereas
the PEDOT: PSS treatment greatly reduced the threshold field to far lower than that
of the DMSO treatment. In addition, the FE efficiency and lifetime of treated CNT
emitters are significantly improved. For both treated emitters, there is only little
degradation of emission current after 80 hours of continuous FE at around 50pA.
In addition, the uniformity of both treated CNT emitters is enhanced which enables
more CNTSs to contribute to the overall current emission. This, in turn, lowers the
current emitted by individual CNTs and thereby increases the lifetime of the
emitters.

Another method presented in this thesis to protect CNTs from being melted is the
metal coating method. By sputtering a thin metallic layer on the surface of
VACNTS, the lifetime is extended, and long-term current emission becomes more
stable. To compare different types of metal coatings, Ti, Au, and W are selected
because of their desired properties including lower work function, good electrical
and thermal conductivity, and high melting points. Where, the 5 nm tungsten and
Au coatings have the longest FE lifetime and best current density stability, which
shows negligible degradation during continuous 48-hour FE testing at a current
density over 7.6 mA ¢m™. In addition, the 10 nm Ti, Au, and W coatings also
provide great improvements in lifetime and emission current stability. Furthermore,
it was observed that the metal shells are uniformly distributed on the surface of

VACNTSs, and they can effectively protect the VACNT from being melted by the
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Joule heat during FE. Therefore, metal-coated VACNTSs have proven potential for

high-current-density FE applications.

Thus, this thesis which presents the investigations of CNTs’ failure mechanism during FE,
and different methods to improve FE performance, especially by lowering the turn-on electric field
and increasing the emitter lifetime, plays an important role in the development of efficient, stable,
and robust field emitters. As such, CNT-based FE technology can be reliably adopted in multiple

fields.

7.2 Future Work

The three main objectives presented in this thesis could lead to further research and assist
the commercialization of CNT field emitters in industrial applications. The future work of this
thesis can be divided into three directions: i) avoiding Coulomb explosions that occur during FE
to increase the lifetime of CNT-based FE, ii) applying the treatment methods on the CNT array to
form addressable electron beam emission source, and further decrease the screening effect, and iii)
applying the chemical treatment and coating methods on other types of field emitters to enhance

their FE performance.

In Chapters 4 and 5, the detailed phenomenon and cause of the Coulomb explosions are
investigated. However, the methods to avoid the occurrence of the Coulomb explosion, especially
under high emission current were not yet reported or verified. Possible solutions to avoid Coulomb
explosion occurring on CNT under high emission current of FE are proposed, such as fabricating

more uniform CNT cathodes and higher quality CNTSs, adding resistive layers to limit emission
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currents, or avoiding reaching the explosion voltage by predicting the pre-explosive voltage using
Al machine learning. However, the actual possibilities and difficulties of implementation have not
been tested. Therefore, finding methods to eliminate the Coulomb explosion that happened during
FE is still required to be investigated. Furthermore, the simulation of FE-induced Coulomb
explosion can also be further studied. The simulation in Chapter 4 is only for proving the explosion
phenomenon observed during the FE experiments. For the simulations such as using FE-induced
Coulomb explosion to assist surface treatment or other related applications, the model needs to be
scaled up and the bonding between atoms and atoms needs to be considered more precisely to

achieve a more accurate simulation.

For the chemical treatment methods presented in Chapter 5, VACNT forest was used as
the FE cathode, however, the CNT array emitter is a more competitive field emitter than the CNT
forest due to the formation of an addressable electron emission source. Thus, further investigations
can be conducted on applying these treatment methods to CNT arrays, more work is needed to
fabricate better FE cathodes, such as determining the size of the clusters formed by the two
treatments and the change in cluster size caused by changing the treatment time or the angle of the
solution drops on the CNT, thus ensuring that there is only one cluster per pixel in the array and
reducing the screening effect. On the other hand, the chemical treatment and metal coating methods
presented in Chapters 5 and 6 can be applied not only to the VACNTS field emitters used in the
experiments described in this thesis but also to other types of CNT field emitters or other field
emitters with different advantages in terms of FE properties to further improve their FE

performance.
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