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Abstract

With the emergence of ever more demanding X-ray imaging applications, including radio-
therapy, radiography, computed tomography and tomosynthesis, there is a tendency to use field
emission (FE) to take the place of thermionic emission in X-ray generation. Carbon nanotube
(CNT) field emitter array (FEA) is able to provide enhanced current and low energy dispersion
for X-ray generation. The low operating temperature, instantaneous response, and small size of
CNT FEA enable efficient and controllable FE performance for high spatial and temporal resolu-
tion X-ray imaging and instantaneous switching among multiple X-ray sources. Challenges are
still remaining for CNT FEA study and development. The first is the insufficient understanding
of FE uniformity of CNT FEA and CNT emitter failure mechanism, which limits the develop-
ment of stable and reliable CNT FEA. The second is the lack of applications of CNT FEA for
the emergence of novel X-ray imaging applications that require dose adjustments, fluence field

modulation, and shape variation.

In this thesis, recent advances in CNT FE and field emitters are comprehensively reviewed.
Issues related to the principles, characteristics, and applications of CNT based FE are discussed.
The research starts with a fundamental study of understanding the FE uniformity and emitter
failure mechanism of CNT FEA by designing and demonstrating a simple and reliable field
emission microscopy method using PMMA (Poly (methyl methacrylate)) thin film with micro-
scopic camera. This novel approach is able to resolve the challenges of observing FE uniformity
of CNT FEA and CNT field emitter failure behaviour. The unique phenomenon of light emis-
sion and Coulomb explosion of CNT field emitter failure induced by FE is represented and sys-
tematically characterized, which is a combined effect of Joule heating and excessive charging.
Then, individual ballast of vertically aligned CNT FEA using silicon current limiters is designed
and fabricated, which exhibits improved reliability and stability. The CNT FEA is applied to a
low-cost self-contained and self-focusing compact X-ray source integrated with resonant trans-
former. The X-ray source can be powered by low voltage to generate pulsed X-ray and achieve
sub-millimetre resolution. Using finite element analysis and Monte Carlo simulation, CNT FEA
based two dimensional multi-pixel X-ray source is designed and experimentally verified, which

is feasible for X-ray fluence field modulation in next generation X-ray imaging systems.
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Chapter 1

Introduction

1.1 Motivations

The discovery of X-ray and the development of X-ray imaging greatly facilitate advances of med-
ical diagnosis and treatment in many aspects such as non-invasive and painless diagnosis disease,
guiding surgery, and monitor of therapy. The applications of X-ray imaging technology in medi-
cal area includes but not limited to radiography, computational tomography (CT), tomosynthesis,
imaging guidance, and radiotherapy. Despite the benefits of the X-ray imaging technology, there
are still many drawbacks. Existing medical imaging modalities using X-ray suffer from un-
wanted ionizing radiation, moving-induced blurry in CT, and poor temporal resolution causing
long data acquisition time. The unwanted radiation ionization during CT inspection can poten-
tially cause cell damage and risk of cancer. One study estimates that on the order of 2% of future
cancers in the USA may be attributable to radiation from current CT scanning procedures [!].
Nevertheless, balancing the benefits and risks of X-ray imaging, enhancing temporal and spatial
resolution, and achieving rapid X-ray beam adjusting and pulsing continue to be challenges. In
fact, all the issues in the existing X-ray imaging applications are inherently associated with the

electron source used.

In conventional X-ray sources, thermionic emission of electrons from a heated tungsten fila-

ment is used to generate X-rays. Since thermionic emission needs to work at a high temperature,
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it is energy consuming and slow in response. The excessive power dissipation of the thermionic
emission often leads to destructive of the X-ray system. The large electron emission size requires
complex focusing components. The lagging response of feedback controls In other words, it is
the inherent drawbacks of the thermionic emission that cause the issues of the existing X-ray

imaging applications.

With the emergence of ever more demanding medical and inspection techniques, including
stationary tomosynthesis and X-ray fluence field modulation, there is a tendency to use Field
emission (FE) to take the place of thermionic emission in X-ray generation. FE is a process of
extracting electrons from a solid tunnelling through the surface potential barrier into vacuum by
applying an electrostatic field. It provides more enhanced current and lower energy dispersion
than thermionic emission. The electrons can be extracted from the field emitters instantly when
an electrostatic field is applied. When compared with thermionic emission, FE has several in-
trinsic advantages over thermionic emission such as low operating temperature, instantaneous
response, and small size. The electron extraction is more efficient and controllable as well. By
exploiting these advantages, X-ray imaging based on FE have the potential for high spatial and
temporal modulation. Besides, FE enables rapid switching among multi-pixel X-ray sources,
which can replace the mechanical component of the conventional thermionic X-ray source in CT
imaging. As a result, two major challenges of the modern CT imaging, motion-induced blur and

long scanning time, can be resolved.

In addition, the idea behind the traditional X-ray dose management is to use an extra tool to
either shape a filter to selectively attenuate the cone X-ray beam or dynamically vary an aperture
to adjust exposure time. CT imaging system using X-ray fluence field modulation is called
fluence field modulated computational tomography (FFMCT). This approach can benefit many
cases when high image quality near the suspicious lesion is only desired such as locating the tip
of a surgical instrument with respect to an anatomical landmark and a repeat diagnostic CT scan
to explore a suspicious anomaly. However, filters and/or collimator that are fixed in the field of
view throughout the CT scan are greatly limited in their ability to compensate for the complex
heterogeneity of attenuation presented by real patient anatomy across the incident X-ray field.
Besides, filters and collimator are made from high atomic number materials such as tungsten,

which make these tool heavy and inflexible. Therefore, flexible fluence delivery is desired to
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manage complex changes in attenuation across the field of view which can change significantly
for different projection angles.

Carbon nanotube (CNT) was discovered in 1991 and its FE property was first reported in
1995 [2, 3]. Since then, CNT has been regarded as an ideal type of field emitters due to its
outstanding high aspect ratio, high mechanical and chemical stability, high electrical and thermal
conductivity, enhancing electron emission performance [4-6]. When comparing with CNT film
emitters, defined patterned vertically aligned CNT field emitter array (FEA) are expected to have
high FE efficiency and uniform FE current because of their relatively uniform geometry and
less screen effect [7-9]. In the meantime, realizing stable and reliable CNT FEAs for more
demanding applications continues to be a challenge. As a type of nano-material, CNT field
emitters tend to have dissimilar size and morphology in CNT FEAs. It is understood that even
a small variations in the tip radii or emitter heights of the FEA will result in a large variation in
the local electric field enhancement among the tips and a large variation of FE current from each
emitters [10]. Consequently, such unequal FE current contributions from emitters within a CNT
FEA at a given control voltage leads to dominating CNT emitters overcurrent and irreversibly
degraded [11, 12]. Therefore, CNT FE based cathode has not been widely applied for next

generation X-ray imaging due to its non-uniform FE and short life-time.

Unfortunately, FE uniformity and the mechanism of emitter failure of CNT FEAs have not
been well studied due to the difficulty of observing and quantifying FE performance of each
emitter in CNT FEAs. For example, how uniform FE can a CNT FEA achieve; how much a CNT
emitter can contribute to the overall FE performance; when a CNT emitter is active and damaged?
Besides, the behaviour and mechanism of vertically aligned CNT field emitter failure induced by
FE is still insufficiently studied, which is often simply attributed to uprooting or burnout of CNT
emitters [12—14]. Thus, a better understanding of the FE uniformity of CNT s and CNT emitter
failure mechanism is of great significance to optimize CNT FE devices for practical applications.
Furthermore, there has been little to no work on effectively and straightforward individually
ballasted CNT FEA to achieve stable and reliable FE performance. One main reason for the lack
of previous work is the fabrication complexity. These challenges are limiting the development
of potential applications such as, compact X-ray source, multi-beam X-ray sources, and X-ray

fluence field modulation.



The first motivation behind the work of this thesis is to resolve the challenges of characteriz-
ing FE uniformity of CNT FEA, understanding of CNT emitter failure mechanism, and develop-
ing stable and reliable CNT FEA for the emergence of demanding X-ray imaging applications.
Our group has been committed to developing CNT FEA based FE cathode with coaxial cylinder
gate electrode to replace conventional hot filament as electron source. However, such CNT based
FE cathode needs further investigation and optimization before applied to practical applications.
The second motivation is to develop novel X-ray systems by exploiting the advantages of CNT
FE technology such as compact X-ray source and FFMCT. Despite many of its advancements, a
main disadvantage of CT is that it employs ionizing radiation in order to image a patient, which
can potentially damage cell and increase cancer risk. Therefore, improving a better performance
of CT but maintaining reasonable radiation exposure to limit unnecessary dose to patients is a
development tendency of CT. The idea behind the traditional X-ray fluence field modulation is to
use an extra tool to either shape a filter to selectively attenuate a cone X-ray beam or dynamically
vary an aperture to adjust exposure time. Contrary to the fixed filtration patterns in conventional
use, CNT FE based X-ray source has a capability of delivering spatially varying, user-prescribed
X-rays but “as low as reasonably achievable” radiation exposure to limit unnecessary dose and
cancer risk to patients without sacrificing image quality with limited dose. As a result, a heavy
and inflexible filter/collimator can be eliminated. However, investigations on applying CNT FE
for X-ray image dose adjustments, fluence field modulation, and shape variation are rarely re-
ported. Therefore, to develop novel X-ray imaging system taking the advantages of CNT FE is

worth of investigating.

1.2 Objectives

The ultimate goal of this study is to demonstrate a multi-pixel X-ray source based on well de-
signed CNT FEA cathode to achieve flexible X-ray fluence field modulation for future X-ray
imaging. To achieve it, this study will break down into four secondary objectives. The first ob-
jective is to develop a proper method that is able to observe and quantify the FE performance

of each emitter in a CNT FEA. With this method, we are are able to provide a direct observa-



tion of FE uniformity of CNT FEAs and CNT field emitter failure induced by FE in CNT FEA.
The second objective is to explore CNT field emitter failure behaviour induced by FE and un-
derstand its mechanism. Based on the FE uniformity and CNT field emitter failure mechanism
study, the third objective is to design and fabricated individual ballast of vertically aligned CNT
FEAs to improve the reliability and stability for X-ray fluence field modulation applications. The
fourth objective is to integrate the proposed CNT FEA cathode in to X-ray source and explore

the feasibility of X-ray fluence field modulation using CNT FE based technology.

1.3 Contributions

The first contribution of this study is developing a simple and reliable field emission microscopy
(FEM) method using poly(methyl methacrylate) (PMMA) thin film to observe and quantify the
FE performance of each emitter in a CNT FEA. In a CNT FEA, various FE currents from emitters
lead to a different degree of electron exposure on a PMMA thin film. Utilizing these features,
we are able to observe the FE current from each CNT emitter as a different morphology of FEM
patterns on the PMMA thin film. In this way, the overall FE uniformity of the CNT FEA and
FE current contribution from each emitter can be visualized and quantified. Any emitter can be
located corresponding to its own FEM pattern. The relationship between CNT morphology and
corresponding FE performance is built according to the FEM pattern on the PMMA thin film.
The proposed approach is expected to resolve the major challenge of building the relationship
between CNT FE performance and emitter morphology from three aspects: observation and
quantification of FE uniformity of CNT FEAs, locating any CNT emitter from a CNT FEA

corresponding to its FEM pattern, and real-time FE performance study.

The second contribution is representing the entire process of CNT field emitter failure and
providing a deep understanding of its mechanism. CNT emitter failure process is successfully
observed, which exhibits a light emission followed by an explosion. Starting with the direct ob-
servation of the unique behaviour by a microscopic video camera, a systematic characterization
of the CNT emitter failure process using the PMMA thin film based FEM method combined with

various techniques is performed. Finite element analysis and theoretical study are carried out to



explore the effect of Joule heating on the FE and the CNT explosion. The explosion of CNT, a
combined effect of Joule heating and excessive charging, is characterized by the size and shape
of the explosion impacts on the PMMA thin film, sputtered PMMA by charged fragments,and the
melted area in the explosion centres. The detailed study of CNT emitter failure induced by FE
allows an insight of destruction of other nanowires during electrical transport and a systematic

design of FE devices for long-lasting operation in practical applications.

The third contribution is designing and fabricating the individual ballast of vertically aligned
CNT FEAs using silicon current limiters. Each CNT emitter is patterned and synthesized in
series with a well-designed silicon current limiter. Vertically aligned CNT field emitter is indi-
vidually ballasted by using silicon current limiter to achieve uniform and long-lasting operation
without compromising high FE efficiency and current level. However, there has been little work
on individually ballasted CNT FEA using this approach. One main reason for the lack of previ-
ous work is the fabrication complexity. The systematic design and the successful development of
individually ballasted CNT FEAs using silicon current limiter will enable stable and reliable op-
eration of commercially viable CNT FEA as an electron source for applications such as miniature

X-ray source and multi-beam X-ray source.

The fourth contribution is integrating the CNT FEA cathode into X-ray system. One type
of X-ray source is a self-contained and self-focusing compact pulsed X-ray source based on a
resonant transformer. By integrating CNT FEA with a resonant transformer, the X-ray source can
be powered by a 12 V direct current (DC) power supply to have a sub-millimetre scale resolution.
The X-ray source is able to generate pulsed X-ray beam. Self-focusing of the electron beam has
successfully achieved by the magnetic field generated by the resonant transformer. The highly
simplified structure of the X-ray source not only can increase reliability but also can reduce
the cost of the device significantly. The proposed X-ray source enables the development of
novel applications such as X-ray fluence field modulation, and multiple source X-ray systems

for medical and industrial applications.



1.4 Thesis organization

This dissertation is organized in eight chapters.

Chapter 2 presents the background review on electron emission theory, CNT field emitter,

recent advances in CNT FE based X-ray sources, and X-ray fluence field modulation.

Chapter 3 introduces a novel and effective FEM method based on PMMA thin film to study
the FE uniformity and CNT emitter failure of free-standing CNT FEAs.

Chapter 4 represents the entire process of CNT field emitter failure and performs a system-
atic characterization of the CNT emitter failure process using the PMMA thin film based FEM

method combined with various techniques.

Chapter 5 demonstrates a comprehensive design and fabrication of individually ballasted

CNT FEAs using silicon current limiter.

Chapter 6 describes a self-contained and self-focusing compact pulsed X-ray source inte-

grated with a vertically aligned CNT FEA cathode and a resonant transformer.

Chapter 7 provides a comprehensive design and feasibility study of two-dimensional multi-
pixel X-ray source for X-ray fluence field modulation.

Chapter 8 is the summary of the thesis and future work.



Chapter 2

Background

2.1 Electron emission

Electron sources are basic components in many scientific and industrial devices, such as electron
microscopes, microwave amplifiers, displays, cathode ray tubes and X-ray sources. There are
two principal methods for emitting electrons from the surface of a material: thermionic emission
and FE. Thermionic emission is the emission of electrons over a potential energy barrier from a
material induced by heat, while FE is emission of electrons induced by applying an electrostatic
field. These two electron emission processes can be explained on the basis of the FermiDirac
distribution for a free electron gas in the metal and the classical image force barrier at the sur-
face. Figure 2.1 shows the potential energy of electrons near the metal surface and the principles
of different types of electron emission from metal. A general theoretical description of electron
emission was provided by Murphy and Good [!5] and later verified experimentally by Christov
and Vodenicharov [16] for a wide range of surface electric fields and temperatures. The tempera-
ture determines the distribution of electrons and the electric field affects the shape of the surface

barrier.
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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.

2.1.1 Thermionic emission

In a solid, electrons tend to fill the lowest energy state. At room temperature, free electrons
in metals possess inadequate energy to escape from the metal surface (Figure 2.1(a)). As the

temperature of the material increases, the average energy of free electrons increases. When



the electrons acquire more energy than the work function of the metal, they will overcome the
restraining surface barrier and leave the metal surface. The classical example of thermionic
emission is the emission of electrons from a hot cathode into a vacuum (also known as the Edison
effect) in a vacuum tube. For thermionic emission, emission over the barrier predominates and
the temperature dependence of the distribution function is mainly responsible for variations in
the emitted current (Figure 2.1(b)). The theoretical treatment of thermionic emission leads to the
Richardson-Dushman Equation [17].

¢

J = AgAgT?e 67 2.1)

where J is the emission current density; 7" is the temperature of the metal; ¢ is the work

function of the metal; kg is the Boltzmann constant; Ag is a material-specific correction factor

that is typically of order 0.5. Because of the wave-like nature of electrons, some proportion r,, of

the outgoing electrons will be reflected as they reach the emitter surface, so the emission current

density will be reduced and Az will have the value (1-r,,) [18]; and Ag is a universal constant
given by:

Amk>e

Ag=—5— =1.20173 10°A-m 2. K? (2.2)

where m and e are the mass and charge of an electron and £ is Plancks constant. Usually,

a V-shape tungsten filament or a lanthanum hexaboride (LaBg) works as a thermionic emission

cathode.

2.1.2 Schottky emission

In electron emission devices there is an applied voltage on the anode and thus an electric field of
E is created between the anode and the cathode. This electric field accelerates all the electrons
from the cathode, but it also influences the emission surface. Without the field, the surface barrier
seen by an escaping Fermi-level electron has a height ¢ equal to the local work function. The
surface barrier is decreased by the electric field at an amount A¢ and thus the emission current
is increased. This is known as the Schottky effect or field enhanced thermionic emission (Fig-

ure 2.1(c)). It can be modeled by a simple modification of the Richardson-Dushman equation,
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replacing ¢ by (¢ — A@), which results in the equation [19,20]:

_9—Ag
J = AgAoT?e %57 (2.3)

e3E
Ap =4 / 2.4
¢ 4me 24

where & is the vacuum permittivity. This modified equation is often called the Schottky

emission. It is relatively accurate for electric field strengths lower than 100 V- um~'. For
electric field strengths higher than 100 V - um~!, so-called Fowler-Nordheim (F-N) tunnelling
begins to contribute significantly to the emission current. Therefore, the Schottky emission can
be divided into thermal enhanced FE and field enhanced thermionic emission, depending on
the difference of the operating electric field and temperature. Schottky emission cathodes have
many advantages over thermionic emission cathodes. For example, small effective source radius,
high brightness, long lifetime and narrow electron energy distribution. They are widely used as
point sources in electron devices and techniques, such as scanning electron microscopy (SEM),

transmission electron microscopy (TEM), and electron beam lithography (EBL).

2.1.3 Field emission

FE is a process of extraction of electrons from a solid by tunneling through the surface potential
barrier when an electrostatic field is applied. Unlike thermionic emission and Schottky emission,
no heat is required for obtaining electrons in FE. The emission current depends directly on the
local electric field at the emitting surface E, and its work function ¢, as shown in Figure 2.1(d).
In FE, electrons with energy below or close to Fermi level predominates and the emission cur-
rent variation is determined by the field dependence of the barrier shape. The phenomenon of
field electron emission was first discovered by R.W. Wood in 1897 from platinum [21]. Initial
theoretical insight into this phenomenon was explained by W. Schottky in 1923 [22]. This phe-
nomenon was explained by quantum tunneling of electrons through the surface potential barrier
and a theory was developed by R.H. Fowler and L.W. Nordheim in 1928 [23]. In this theory,
the system is simplified as a one dimensional structure along the direction of the external elec-

tric field. The emission tip is modelled as a semi-finite quantum well with the work function
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of ¢, and the applied electric field E, is approximated as a linear potential. By employing the

Wentzel-Kramers-Brillouin approximation, the following F-N equation was obtained:

ul/?

(u+ ' 72) @2

3/2
J=62x10"° (BE)*exp (—6.8 x 107(P—E> (2.5)

B

where J is in amperes per square centimeter of emitting surface; ( is the parameter of the
electron distribution in Fermi-Dirac statistics, which is in volts; E is in volts per centimetre; The
emitter tip is geometrically sharp and the electric field is intensified at the tip end, producing a
much higher local electric field than the applied electric field. Thus, 8 here is the field enhance-
ment factor, which is the ratio between the local and the applied field. For the nanotubes, 3
typically ranges between hundreds and thousands. In the original paper of F-N equation, Equa-
tion 2.5 is given with the numerical mistake of 2.1 x 103 instead of 6.8 x 10”. This correction is
important and favours satisfactory interpolation of the experimental results [24]. The F-N equa-
tion shows that the dependence of the emitted current on the local electric field and the work
function is exponential-like. As a consequence, a small variation of the shape or surrounding of
the emitter (geometric field enhancement) and/or the chemical state of the surface has a strong

impact on the emitted current.

In 1929, R.A. Millikan and C.C. Lauritsen established linear dependence of the logarithm of
current density on 1/E [25]. Reordering the Equation 2.5 results in the well-known F-N plot:

J L¢3 /2
In| | =a—-68x10"—— (2.6)
() z

The above equation gives In(J/E?) versus 1/E plot a straight line. The slope, m, of the F-N
plot should be m = 6.8 x 107 (p3/ 2 /B. Therefore, the field enhancement factor 3 can be extracted
when work function is known [24,26]. Theory of FE considered in details in recent books [22].
By 1930 basic physical understanding of the FE from bulk metals had been achieved with F-N
equation derived. Initially, F-N theory was developed for FE from bulk metals and other bulk
crystalline solids, but they are more frequently used as an approximation to identify and analyse
FE from other materials. Up till now, F-N theory is still the criterion to identify FE and the tool

to analyse FE performance from a material. FE occurs when the electric field strength is at the
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scale of 10° V-m~!. In order to produce such high electric fields, the emitter is usually formed
into a tiny tip, which has an apex radius ranging from several nanometres to sub-micrometers.
The electric field at the emitter tip narrows the potential barrier at the metal-vacuum interface to
several nanometres. Therefore, the free electrons in the metal have a significant probability of

tunnelling from the solid into the vacuum.

In FE, the electrons can be extracted from the field emitters instantly when an electrostatic
field is applied. Compared with thermionic emission, FE has several intrinsic advantages such as
low operating temperature, instantaneous response, and small size, which make electron extrac-

tion more efficient and controllable.

2.2 CNT field emitter cathode for X-ray sources

2.2.1 Development of field emitters

FE theory and field emitters have been researched for almost a century, but its applications still
remains to be developed compared to thermionic emission counterparts. The reason is mainly due
to the lack of the field emitters with stable FE performance and low cost of fabrication. Typical
examples were Spindt-type FEAs [27,28] and silicon FEAs [29], which were primarily developed
for field emission display staring from 1960s and 1970s. Spindt-type FEAs are fabricated using
thin-film deposition and etching techniques together with EBL to build conical molybdenum or
tungsten emitters on a silicon substrate. However Spindt-type emitter made of metal that is more
active to heat, chemical reaction and ion bombardment. Thus, Spindt-type field emitters need
ultra-high vacuum (UHV) conditions (1 x 10~8 Torr or lower) to minimize residual gas effects

on the FE performance degradation [30].

Silicon field emitters is a potential alternative for Spindt-type field emitters due to the avail-
ability of silicon fabrication lines for integrated circuits industry. Silicon-based microfabricated
FEAs were demonstrated in 1972 by Thomas et al. [29]. In 1980s, a series of studies on using
silicon field emitters as cold cathode was carried out. Fabricating silicon FEA became well de-

veloped during that period using etching and oxidation sharpening techniques [31]. Research
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on silicon FEA continues in 1990s [32, 33] and 21st century [34, 35]. Efforts on further im-
proving the stability and uniformity are also reported [36—38]. Figure 2.2 shows a typical sil-
icon FEA with individually ballast structure using silicon pillar current limiters [38]. Silicon
FEAs were primarily developed for FED staring from 1970s. In 2010s, silicon FEAs are also
reported to be as the electron source for X-ray generation such as portable X-ray source and low-
Bremsstrahlung X-ray source [39,40]. One drawback of silicon field emitters is the low melting
point of silicon. Since Joule heating is commonly induced by FE, high FE current level or long

time of FE operation would cause silicon field emitters melting, thus leading to device failure.

Figure 2.2: An SEM image of a typical silicon FEA with individually ballast structure using
silicon pillar current limiters. ((¢) 2012 IEEE)

Many other materials were studied as field emitters such as diamond thin film [41] and
FEA [42], tungsten FEA [43, 44], zinc oxide nanowire emitters [45], and many other nano-
structured semiconductor field emitters [46]. However, they are not well studied as Spindt-type
field emitters or silicon field emitters. Besides, since the its FE property was first reported in
1995 [3], the study of FE and its applications turned to focus on CNT.
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2.2.2 CNT field emitters

Compared with metallic Spindt-type field emitter and other field emitters, CNT has many advan-
tages for FE: the high electrical and thermal conductivity, the chemical stability, the high aspect
ratio, and small in size. Detailed information about CNT properties and CNT synthesis methods
can be found in [47-56]. Increasing interest on CNTs FE applications has been aroused since the
FE property was first reported in 1995. Because of the high aspect ratio, the field enhancement

factor of CNT emitters is very large.

There are two forms of CNT field emitters. One is a pointed electron source consisting of a
single CNT. While the other is a FE cathode with either CNT film or well-patterned CNT FEAs.
The former is suitable for the formation of finely focused electron beam primarily applicable to
fundamental research, high-resolution electron microscopy or lithography [57]. However, since
a single CNT can provide only a few microamps of emission current [58], CNT thin films or
free-standing vertically aligned CNT EFAs are employed to achieve sufficient current for X-ray
generation. Free-standing vertically aligned CNT FEA cathodes are expected to allow higher FE
efficiency and more uniform emission current because of their relatively more uniform geometry
than CNT film cathodes [7, 8,59, 60].

CNT thin film emitters

CNT film emitters can be prepared either by deposition or coating of pre-produced CNTs on a
substrate, including spray coating, screen coating, and electrophoresis deposition (EPD), or by

direct growth using chemical vapour deposition (CVD) technique [61-63].

Spray coating method to prepare CNTs films with various densities can be achieved by spray-
ing CNTs suspension, which is made by CNTs dispersed in a solvent, onto a substrate. Screen
printing method is to crush and mix CNTs with binders and surfactant to prepare pastes or slur-
ries. The CNT concentration can be adjusted by adding conductive fillers or binders. After
printing, CNTs films are heated at high temperature to vaporize the organic binders and to form
electrical and mechanical contact between CNT field emitters and the metal electrode on the

substrate. Yamamoto reported alternating current (AC) electrophoresis method to use coplanar
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aluminium electrodes with an AC voltage of 80 V to evaporate in isopropyl alcohol (IPA) from
a CNT suspension at room temperature [64]. The suspension is prepared by CNT ultrasonically
dispersed in IPA. Choi et al deposited single-walled carbon nanotube (SWNT) by electrophoresis
onto a patterned metal cathode for triode-type FED [65]. S. J. Oh reported a liquid-phase room
temperature EPD method for fabrication of patterned CNT films, using CNTs produced by laser
ablation method dispersed in OmniCoat SU-8 release [66]. CNT film emitter made with coating
or deposition have a good uniformity, but the adhesive of the CNT to the substrate is sometimes
not strong enough. CNTs can easily be peeled off from the substrate and lead to the emitter fail-
ure. Besides, problems of CNT film FE including short lifetime at high current density or high
voltage, poor FE uniformity, and pixel-to-pixel inconsistency still remains to be solved [62].
To improve the adhesion of CNTs and the substrate based on the previous reported fabrication
method in [66], researchers added glass frits as a binders into the EPD ink [62]. Also, they use
an activation process, which is mechanically removal of a top surface layer of the composite film
using an adhesive tape to make the CNTs vertically aligned [62], which is helpful for improving
the field enhancement factors. CNT thin film FE cathode based on the above-mentioned coating

method is already available commercially to be applied to some devices.

Direct growth of CNT thin film or “forest” on a cathode substrate using CVD technique of-
fers the advantage of scalability for production. This method is based on the decomposition of
a hydrocarbon gases over a catalytic metal to produce multi-walled carbon nanotube (MWNT)
forest either randomly or vertically. The random CNT forest has a similar shape and similar field
emission properties with those of the coated CNT film discussed above. Patterned CNT films
can be obtained by controlling the catalyst deposition using standard lithographic techniques
such as photo lithography and EBL. The vertical alignment of CNT forest grown by thermal
CVD relies on a crowding effect and van der Waals interactions between the side wall of neigh-
boring CNTs. Besides, thermal CVD always yields very dense spaghetti-like CNT forests that
are densely aligned together. During the FE process, the electric field on one tube is screened by

the proximity of neighboring tubes [67, 68].

Figure 2.3 shows a typical CNT thin film field emitter cathode [67]. Fabrication of CNT
thin film cathodes by coating of pre-produced CNTs on a substrate is simple and cost saving

but have several drawbacks. Firstly, CNT emitter film prepared by this method can easily be
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peeled off from the substrate in electric field, causing FE failure. Thus, binders are needed to
improve the adhesion of the CNT emitter film. Secondly, since CNT emitters are distributed into
a suspension before curing, not all CNT film emitters are protrude out of the substrate, resulting
in low efficiency of FE. Thirdly, for CNT film cathode using an external metal grid as the gate
electrode, the emitter-gate gap is usually on the order of hundreds of microns, which results in
very high control voltage (several kilovolts) for electron extraction. In addition, since the height
of activated CNT emitters are random, which means the distance from the emitters tips to the
gate electrode are various from tip to tip. The various distance will cause non-uniform FE. The
taller emitters suffers from higher electric field and thus higher emission current than the shorter

ones, which is more likely to be damaged.

Figure 2.3: An SEM image of a typical CNT thin film field emitter cathode. (Reprinted with

permission from IOP publishing via Copyright Clearance Center)

Vertically aligned CNT FEA

In order to achieve high FE current and high FE efficiency for practical applications, vertically
aligned, spaced apart, well-patterned, and geometrically uniform CNT FEAs are desired. Pat-
terned CNT emitters are important for applications that require individual addressable electron
emission sources such as FED, FE based X-ray stationary computational tomosynthesis, and

etc. Compared SWNT and MWNT with that can only be synthesized into very dense nanotube
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forests for FE applications, such CNT FEA has a large number of exposed emitter tips and
the well-controlled geometry to avoid screening effect [10, 68—71]. Plasma-enhanced chemical
vapour deposition (PECVD) is used to selectively grow free-standing vertically aligned CNTs on
pre-patterned catalyst sites using EBL. Such CNT field emitters have features such as the same
dimensions, a constant pitch, and one CNT at each site to give a uniform and reproducible perfor-
mance. Typical vertically aligned CNT FEA is fabricated by PECVD of acetylene and ammonia
at 700 °C at precisely positioned nickel (Ni) catalyst dots [7, 72—74]. In the CNT FEA, each
patterned catalyst site has a single vertically aligned CNT emitter with well-controlled size and
a tubular conical structure. Figure 2.4 shows a typical free-standing vertically aligned CNT FEA
synthesized using PECVD from our group. The CNT emitters consist of stacked curved graphite
layers that form tubular cones with bamboo-type axial [&, 60]. This type of CNT is classified as
a type of MWNT but often referred to as carbon nanofiber to distinguish it from the MWNT that
consist of multiple concentric cylinder graphite layers [8,71,75,76]. Because of their unique
features such as small size and addressable control, CNT FEAs can be made into FE cathode

arrays and potentially applied for multi-beam X-ray sources [77], and parallel EBL [78].

Figure 2.4: An SEM image of a typical free-standing vertically aligned CNT FEA synthesized
using PECVD from our group. The image is taken at an tilted angle of 45°.

For both types of cathodes in X-ray sources, triode structures are widely applied: a gate
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electrode is placed between the cathode and an anode to control FE from the cathode achieving a
high switching rate of electron emission. Usually, a metal grid works as the gate electrode with an
insulation spacer separated from the cathode. Integrating a separated gate electrode is easy and
convenient, but leading to a large cathode-gate gap and thus a very high control voltage for the
FE. For multi-pixel X-ray sources, high control voltage leads to control circuits more complex
and makes it harder to allow fast current adjusting of CNT FE cathode. Therefore, a low control
voltage is desired to improve the sensitivity of multi-pixel X-ray sources. To achieve it, a well-
controlled smaller emitter-gate gap is needed. One advantage of individually vertically aligned
CNT FEA is that gate electrode can be integrated with CNT field emitters using nano-fabrication
technique to have a well-controlled smaller emitter-gate gap. There are two ways to fabricate
such device: growing CNT field emitters in gate holes or placing round holes shape gate electrode
around CNT field emitters. The former is a more general way, which can be summarized as
follow. After sequentially growing cathode metal layer, insulator layer (separating the cathode
and the gate electrode), and gate layer on a silicon substrate. Gate aperture size can be defined
by photo lithography or electron beam lithography. Then the gate metal is etched, followed by
the insulator layer to spare a room for CNT growth. Catalytic metal is then deposited by electron
beam evaporation. Finally, catalyst layer on the gate electrode is removed and CNT field emitters

are grown by CVD method.

For the later method to fabricate triode structure, the gate electrode is fabricated on the
aligned CNT FEAs. Our group previously proposed a CNT FEA with coaxial cylinder gate
cathode, which is able to have well controlled emitter-gate gap within hundreds of nanometers
or a few microns and very low gate voltage. Detailed design and fabrication process are shown
in Figure 2.5. First, a 20 nm conductive titanium nitride (TiN) thin film is deposited (previously
chromium (Cr) is used ) on a two-inch wafer substrate to form a bottom electrode and diffusion
barrier to avoid the diffusion of catalyst into silicon substrate [71, 79]. (Figure 2.5(a)). Sec-
ond, catalyst dot array is patterned and deposited on to the bottom electrode (Figure 2.5(b)-(c)).
The catalyst sites will be the CNT field emitter sites. In order to achieve high yield (>88%) of
single CNT emitters on each site, the lithographic defining dimensions of the catalyst must be
300 nm or smaller. It is reported that catalyst dot dimension of 100 nm giving a 100% yield of

single CNT [7, 80]. Besides, after the annealing, the eventual catalyst particle size and the re-
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sultant CNT diameter seem to correlate to catalyst film thickness. Thinner films in general lead
to smaller particles and tube diameters [70, 81]. In this fabrication process, EBL is employed to
pattern the CNT catalyst dots. PMMA A3 is used as an electron beam resist in EBL process.
Then a catalyst (Ni) thin film is deposited and lifted off to form patterned catalyst sites (Fig-
ure 2.5(d)). Up till this step the sample is ready for CNT synthesis (Figure 2.5(e)). After the
vertically aligned CNT field emitter synthesized by PECVD, an insulator layer is conformally
deposited to separate the CNT emitter and the gate electrode. This conformal dielectric thin film
can be achieved by either PECVD of silicon dioxide (SiO,) and silicon nitride (SiN) or atomic
layer deposition of aluminium oxide (Al,O3) deposition (Figure 2.5(f)) [67,82]. Previously, this
step was done by PECVD SiO; and achieved a thick insulation layer of about 300 um. Next, the
metal gate electrode is conformally deposited to form the coaxial cylinder gate. (Figure 2.5(g)).
The uniform insulator layer thickness guarantees that the cylinder gate electrode is self-centred.
Next, a supporting layer is deposited preparing for chemical mechanical polishing (CMP) to ex-
pose the emitter tip (Figure 2.5(h)-(i)). Then, reactive ion etching (RIE) is used to remove the
dielectric layer between the CNT field emitter tip and the gate electrode (Figure 2.5(j)).

Several modifications has been made in the previous fabrication process. First, a TiN thin film
layer is used to replace the chromium thin film layer in the previous cathode as bottom electrode
and diffusion barrier. Followed the previous fabrication step, we found that after synthesis of
CNT process the patterned catalyst Ni dots disappeared and no CNT field emitter was synthesized
at the catalyst sites. This situation is due to the diffusion of Ni into the chromium layer. TiN is a
hard ceramic material with very good electric conductivity, which is classified as “barrier metal”.
Using TiN can solve the diffusion problem of Ni and Cr. Second, magnetron sputtering is used to
replace electron beam evaporation to fabricate the coaxial cylinder gate electrode. The electron
beam evaporator deposition can achieve good step coverage but not good conformal coverage. As
a result, the side of the gate is much thinner than the top when cover the CNT emitters. Besides,
CNT is likely to be bent by the thicker deposition layer on the top. Sputter has much better
conformal coverage and is able to cover the field emitter more uniformly. Third, PMMA resist
is used as the supporting layer for CMP process. In the original design, PECVD SiO; or SiN; is
deposited as the supporting layer. After the CMP process, the conformal coverage of the Si0;

or SiN, would still cover the metal electrode, making it difficult to bond the gate electrode to the
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Figure 2.5: Fabrication process of the CNT FEA with coaxial cylinder gate cathode: (a) TiN

deposition; (b) catalyst array patterning; (c) catalyst thin film deposition; (d) lift-off of PMMA
resist layer; (e) CNT field emitters synthesized by PECVD; (f) insulation layer deposition; (g)
cylinder gate electrode deposition; (h) supporting layer coating; (i) exposing the CNT field emit-
ters by CMP; (i) insulation layer removal by RIE.

circuit board. Since a CNT field emitter is about 5 um in length, micro-scale thick supporting
layer deposition is costly. PMMA electron beam resist can be easily spin-coated. After being
baked for 20 minutes at 180 °C, the PMMA resist is fully cured and can be used as the supporting
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layer for the CMP process. After the CMP process, the PMMA supporting layer can be easily
removed by acetone to expose the gate electrode. Therefore, using PMMA as supporting layer
is cheaper and more convenient. Figure 2.6 shows the comparison between two CNT FEAs with
coaxial cylinder gate electrode fabricated using PMMA and PECVD SiO; as supporting layer.
It can be seen from figure 2.6 that the gate electrode is fully exposed when suing PMMA as
supporting layer. However, the majority part of the metal is covered by SiO, when using SiO;

as supporting layer.
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Figure 2.6: Comparison between two CNT FEAs with coaxial cylinder gate electrode fabricated
using (a) PMMA and (b) PECVD SiO, as supporting layer.

One of the limitations for vertically aligned CNT FEA is the irreversible damage of dominat-
ing CNT emitters at high FE current leading to unstable and non-uniform FE performance. In
free-standing CNT FEAs, variations in CNT size and morphology result in the variation in the
local electric field enhancement among CNT tips [10, | I]. Consequently, a small variation of the
emitter size would still lead to a large variation of the emission current contribution from each
emitter to the overall emission current, which could cause non-uniform FE and cathode failure.
Larger FE current can cause irreversible damage to the dominating CNT field emitters in an FEA
and thus unstable and non-uniform FE of the overall FE current. However, the non-uniform FE
from CNT FEA and the behaviour and mechanism of vertically aligned CNT field emitter failure
induced by FE is still insufficiently studied due to the difficulty of observing and quantifying FE
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performance of each emitter in CNT FEAs. Thus, a better understanding of the FE uniformity
of CNT FEAs and CNT emitter failure mechanism is of great significance to optimize CNT FE

devices for practical applications. CNT field emitter failure in an FEA is often simply attributed

to uprooting or burnout of CNT emitters [ | 2—14]. Most investigation reported previously are the
failure of SWNTs and MWNTs such as peeling or splitting of the outer shells of MWNTs and re-
moval of cap of SWNTs and MWNTs [ 1 1,58,83-85]. These studies are performed using several

techniques such as FEM based on fluorescent effect, in situ SEM, in situ TEM to study structure
change after certain FE conditions [ 1,58,83,86,87]. In contrast to this structure change induced
by FE, abrupt failure of the emitter is difficult to capture and observe. Thus, further characteri-
zation of the abrupt nanotube destruction and understanding of the mechanism are limited. As

such, CNT FEA-based cathodes have not been widely applied in practical applications.

To address these issues, much effort has been devoted to overcoming the non-uniform FE per-
formance and emitter failure of CNT FEA. The presence of ballast resistors in series with field
emitters to individually ballast FE from each CNT emitters is a potential solution [12]. In our
previous studies, we designed and fabricated ballasted CNT FEA by using large resistor in series
with CNT FEA to achieve uniform FE current of CNT FEAs [12,12]. metal-oxide-semiconductor
field-effect transistor (MOSFET) as a current limiter is another alternative to protect CNT field
emitters from being damaged by large FE current [ 14, 88]. Besides, by exploiting the advantages
of carrier velocity saturation in silicon, well designed silicon current limiter in series with field
emitters can limit FE current from individual emitter at a desired current level. This approach
has been applied to individually ballast silicon FEA but seldom used by CNT FEA due to fab-
rication complexity [35-38]. Therefore, developing stable, reliable CNT FEA with uniform FE

performance and long life-span is a consistent pursuit.

CNT field emitter cathode for X-ray generation

Both CNT thin film field emitter cathode and CNT FEA cathode have been applied as the elec-
tron source for X-ray generation. The applications include X-ray radiography, CT, stationary
tomosynthesis, miniature X-ray source, and non-destructive testing (NDT). Table 2.1 summa-

rizes several existing CNT field emitter cathodes for X-ray generation.
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Table 2.1: A summary of several existing CNT field emitter cathodes for X-ray generation.

Researchers Emitter type Synthesis FE Performance Applications
H. Sugie et al CNTs on a Noinformation 1.5 mA X-ray radiogra-
(2001) [89] cobalt-coated phy

tungsten wire
O. Zhou et al CNT thin film EPD of pre- 4 A-cm 2 Micro-CT,
(2009) [62] produced CNTs stationary

tomosynthesis

P. Sarrazin et al MWNT forest thermal CVD 1A-cm™? Miniature X-ray
(2004) [90] tube
J. H. Ryu et al CNT array with PECVD 1 mA-cm™2 CT
(2013) [91] multiple CNTs

on each site
H. Y. Choi et al MWNT forest thermal CVD 127mA-cm™2  NDT

(2010) [92]

2.3 CNT FE based X-ray source

FE enabled X-ray generation can be traced back to as early as 1956, when Dyke and Dolan used
FE electrons generated from linearly arrayed tungsten pins to strike a copper target to generate
X-ray [

]. Then, in 1975, FE X-ray tube was investigated by Charbonnier [94]. The advantages

of FE X-ray tubes have been demonstrated in clinical studies by Hallenbeck [95]. In the early
days, metal tips were used as field emitters. Unfortunately, the electron emission from these
emitters are affected by chemical interact with residual gaseous molecules, resulting in instability
of emitted currents in non-UHV ambiences. Therefore, few attempt to use field emitters in non-

UHV was of practical significance. FE X-ray tubes using other types of field emitters such as
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silicon emitters, diamond emitters were also studied [39, 40, 96]. CNT field emitters, however,
can overcome many problems associated with metal emitter tips because they are mechanically

and chemically stronger and can withstand higher temperatures.

The idea of applying CNT FE technology to replace thermionic emission counterparts in
X-ray sources emerged around 2000. Several patents described the potential of using nanotube
transmission cathode for X-ray generation, X-ray generation device using a nanotube FE cathode
having an emitted electron current density of at least 4 A-cm™2 , and large area addressable
multi-beam X-ray system using CNT FE source [97-99]. Another early research on CNT as
electron source in an X-ray tube was conducted by Okuyama et al in 2001 [89]. The X-ray tube
was a chamber with a copper target and dense CNTs ( 6 x 10’7 mm ™2 in site density) in it. They
chose a large scale integrated circuit as the first sample to test the FE X-ray tube. The X-ray
image recorded with a CNT emitter was as sharp as to disclose every gold wire (30 mm across)
for electrical conduction. The exposure time was 14 minutes, because of a low electron current
of 1.5 mA. Repeating experiments showed that lifetime of their CNT emitters is 60-80 minutes
in 2 x 10~7 Torr. For soft samples plants, they lower the electron energy to 10 keV closed to soft

X-ray region to obtain an X-ray image of a leaf.

As an early attempt of developing CNT FE enabled X-ray tube, Okuyamas work provided a
comprehensive study on FE X-ray tube configuration, vacuum, CNT emitter lifetime, and both
hard and soft samples. In 2002, Otto Zhous group demonstrated a CN'T-based X-ray tube which
can generate sufficient X-ray flux with a total emission current as high as 30 mA for diagnostic
imaging applications [100]. This device structure is still similar to traditional thermionic emis-
sion X-ray tube. The cathode is a SWNT thin film deposited on a metal substrate. A relatively
low voltage is applied between the gate and the cathode to extract electrons from the cathode.
The field emitted electrons are accelerated by a high voltage applied between the anode and the
gate. In 2004, Sarrazin et al investigated the potential of CNT field emitters for improving the
efficiency and durability of miniature X-ray tubes [90]. MWNT film cathodes were fabricated
using a thermal CVD, with diameters varying from 2 mm to 75 pm, achieving current densities
of over 1 A-cm™2. Research on developing and improving X-ray tube and/or miniature X-ray
tube based on CNT FE flourish up till now. For example, Sun fabricated CNT-based field emis-

sion X-ray cathode with ballast resistor [12]; Jeong et al fabricated a digital miniature X-ray
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tube (6 mm in diameter and 32 mm in length) with a high-density triode CNT field emitter for
special X-ray applications [101]. Miniaturized X-ray devices can be created to insert into the
body by endoscopy to deliver precise X-ray doses directly at a target area without damaging the

surrounding healthy tissues.

As a significant breakthrough in the field of radiology, CT technology enables the recon-
struction of three-dimensional (3D) image of an object by collecting a series of two-dimensional
(2D) images taken around a single axis of rotation. This technology is now widely used for di-
agnostic medical imaging and security inspection. Conventional CT system uses a single-beam
X-ray source based on thermionic emission that moves across the entire angular range to collect
the different projection images. In CT scanning, short time responding or real-time monitoring,
slow response and moving X-ray source would lead to limited image quality and accuracy and
missing of important information of moving organs such as lung and heart when capturing im-
ages. The long response time of the thermionic electron source and motion of the X-ray source,
unable to fully eliminate source-motion blur, would result in longer data acquisition time and
exposure of a patient in X-ray radiation. Therefore, reduction of motion artifacts of CT scanner
requires techniques other than fast scanning [102]. In contrast, because of the intrinsic instanta-
neous respond of CNT FE and fast switching of X-ray sources based on FE, stationary scanning
of CT is achievable using X-ray source arrays instantaneous switching and generating a scanning
X-ray beam electronically without any mechanical motion. Around 2005, research on X-ray tube
based on based on CNT field emitters started to focus on stationary scanning X-ray source. Early
efforts focused on multi-beam X-ray systems [99, ], then moved to CNT FE based micro-
CT [104-106]. Je Hwang Ryu et al from Kyung Hee University also demonstrated a CNT FE
X-ray system for CT [91]. The former group used CNT cathodes fabricated by electrophoretic
deposition of a composite film of pre-formed CNTs (produced by thermal CVD technique) and
inorganic binders on a conducting substrate, followed by heat treatment [107]. The latter group
used pattern CNT FEAs produced by PECVD technique [108]. Further researches develop into
stationary digital tomosynthesis, a method for performing high-resolution limited-angle tomog-
raphy. Figure 2.7 illustrates the working mechanism of conventional thermionic emission based

tomosynthesis system and stationary tomosynthesis system based on CNT FE cathode.

In 2013, Otto Zhous group at the University of North Carolina demonstrated a stationary
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Figure 2.7: The working mechanism of (a) conventional thermionic emission based tomosynthe-

sis system and (b) stationary tomosynthesis system based on CNT FE cathode.

chest tomosynthesis using a CNT FE based X-ray source array and a compact microbeam radia-
tion therapy device using carbon nanotube cathodes to create a linear array of narrow focal line
segments on a tungsten anode and a custom collimator assembly to select a slice of the resulting
wedge-shaped radiation pattern [109]. In 2014, this group developed a stationary digital breast
tomosynthesis (DBT) using CNT FE enabled X-ray tubes to replace the conventional rotatable
X-ray source on an existing DBT system [107]. Figure 2.8 illustrates the prototype of the DBT
system at the North Carolina Cancer Hospital.

Figure 2.9 shows an example of a reconstructed image of a breast lumpectomy specimen

taken by the above-mentioed stationary DBT system [107].

Up till now, research on X-ray generation based on CNT FE continues and develops into
various applications such as radiology, CT scanning, and radiotherapy. Currently, challenges for
CNT FE based X-ray sources, from the engineering perspective, are to reduce the fabrication cost
and achieve uniform, stable, and repeatable FE current. Recent effort in this field is establishing
the facility and infrastructure for large quantity production of CNT X-ray sources at market
acceptable price. In sum, application of CNT FE for X-ray generation and related fields remains

further development but its applications are promising and worthwhile.
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Figure 2.8: The DBT systems using CNT FE based X-ray sources to replace the conventional
X-ray tubes: (a) Hologic Selenia Dimensions DBT system adapted to build the stationary DBT;
(b) The stationary DBT X-ray tube mounted on the Selenia Dimensions gantry at the North Car-
olina Cancer Hospital. (Reprinted with permission from IOP publishing via Copyright Clearance
Center)

2.4 X-ray fluence field modulation

CT is an advanced medical imaging modality, which produces 3D images for clinical applica-
tions, including diagnosis of cancer and guidance of treatment such as image guided radiation
therapy (IGRT). By reconstructing a series of 2D images taken around a single axis of rotation,
CT is able to eliminate the superimposition of images of structures outside the area of interest
distinguish differences between tissues due to the inherent high-contrast resolution, and view 3D
images of different medical task. Despite these advancements, a main disadvantage of CT is that
it employs ionizing radiation in order to image a patient, which can potentially damage cell and
increase cancer risk. The dramatically increased usage of CT over the last two decades world-
wide rises a concern regarding the potential risks of radiation dose due to CT scans. Therefore,
improving a better performance of CT but maintaining reasonable radiation exposure to limit
unnecessary dose to patients is a development tendency of CT. The principle of maintaining ra-

diation exposure“as low as reasonably achievable” is employed in order to limit unnecessary
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Figure 2.9: A reconstructed X-ray image of a breast lumpectomy specimen acquired with the sta-
tionary DBT prototype system. (Reprinted with permission from IOP publishing via Copyright
Clearance Center)

dose and cancer risk to patients. One approach for enhanced dose management is to allow the
spatial pattern of X-ray fluence field delivered to the patient to change dynamically as the X-ray
tube rotates about the patient. The changes in incident fluence could be guided using a patient
model and optimization method in order to deliver user-defined image quality criteria while min-
imizing dose. This type of CT is referred to as FFMCT. Figure 2.10 shows a schematic diagram
of methodology for FFMCT

Define image Chaality Plan Ohptienizateon of Bciden] Fluenoe FFMCT Reconatruglion

Figure 2.10: The schematic diagram of methodology for FEFMCT.
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Appropriate use of CT should consider the patients age, size, and the imaging task such
as tracking an interventional instrument, surveillance imaging of lung nodules, or diagnosing a
suspicious soft tissue lesion in the abdomen. These applications inherently involve balancing the
trade-off between image quality and ionizing radiation delivered to the patient. More efficient
management of X-ray exposure can aid in alleviating the radiation risks to the patient. As the
X-ray beam rotates about the patient, lateral views of the patient inherently attenuate more of the
X-ray beam than posterior-anterior views where the path length through the body is shorter. Thus,
lower intensity of the X-ray beam is need where the patient thickness is smaller and therefore
less attenuating. Application of X-ray fluence field modulation specific to patient anatomy in
imaging use moving slits, dynamically varying apertures, and patient specific filters for varying
the incident fluence field and exposure time. A typical case is that a bowtie filter is placed in front
of the beam to attempt more uniform exposure levels at the detector, by decreasing exposure to
thinner regions of the patient [110, 111]. Figure 2.11 illustrates a bowtie filter placed in front of
an X-ray beam to allow uniform exposure levels at the detector [ 12]. Additional collimation of
the beam, such as a multi-leaf collimator, has also been used for further reduction of dose to the

patient by maintaining higher exposure within a central region of interest [ 113, I 14].

Bowtie
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Figure 2.11: Illustration of a bowtie filter decreasing the exposure to thinner region at both lateral

ends.

These approaches indicate a new trend of CT development, which is to deliver more patient
and task-specific fluence plans with reduction of patient radiation dose. Flexible X-ray fluence
is desired to delivery complex changes in attenuation across the field of view from varying pro-
jection angles. The idea behind the traditional X-ray fluence field modulation is to use an extra
tool to either shape a filter to selectively attenuate a cone X-ray beam or dynamically vary an

aperture to adjust exposure time. However, filters and/or collimator that are fixed in the field of
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view throughout the CT scan are greatly limited in their ability to compensate for the complex
heterogeneity of attenuation presented by real patient anatomy across the incident X-ray field.
Besides, filters and collimator are made from high atomic number materials such as tungsten,
which make these tool heavy and inflexible. Contrary to the fixed filtration patterns in conven-
tional use, if an X-ray source that allows spatially varying, user-prescribed X-rays but “as low as
reasonably achievable” radiation exposure to limit unnecessary dose and cancer risk to patients
without sacrificing image quality with limited dose, a heavy and inflexible filter/collimator can
be eliminated. Such X-rays can benefit many cases when high image quality near the suspicious
lesion is only desired such as locating the tip of a surgical instrument with respect to an anatom-
ical landmark and a repeat diagnostic CT scan to explore a suspicious anomaly. As state above,
advantages of FE from CNTs used as electrons source in X-ray system such as fast response,
addressable FE sources, and small size have been proved by many studied. X-ray image dose
adjustments, fluence field modulation, and shape variation can be achieved by the fast response
and addressable CNT FE source. Therefore, there has been an increasing research interest on
developing a multi-pixel X-ray source based on CNT FEA cathode to achieve flexible X-ray
fluence field modulation by controlling FE performance of the CNT FEA cathode.

2.5 Chapter summary

This chapter presents a comprehensive background review on electron emission theory, CNT
field emitter, CNT FE based X-ray sources, and X-ray fluence field modulation based on CNT
FE technology. The advantages of FE over conventionally applied thermionic emission is obvi-
ous: low working temperature, fast response, and high electron emission efficiency. Increasing
interest on CNTs FE applications has been aroused since the FE property was first reported in
1995. Because of the high aspect ratio, good mechanical and chemical properties, and small
size, CNT is regarded as an ideal type of material for FE. There are two types of CNT FE cath-
odes: CNT thin film cathode and free-standing vertically aligned CNT FEA cathode. Both type
of CNT FE cathodes have been applied for various of applications such as X-ray radiography,

micro-CT, stationary tomosynthesis, miniature X-ray source, and NDT. Free-standing vertically
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aligned CNT FEA cathodes are expected to eliminate screen effect and allow more uniform FE
current because of their relatively more uniform geometry and well-controlled pattern than CNT
film cathodes. With the fast response, addressable FE sources, and small size, X-ray image dose
adjustments, fluence field modulation, and shape variation can be achieved by CNT FE base

X-ray source to replace the heavy and inflexible filter/collimator in conventional FFMCT.

There is still some challenges remaining in developing stable and reliable CNT FEAs for
practical applications. Currently, FE uniformity of CNT FEAs have not been well studied due to
the difficulty of observing and quantifying FE performance of each emitter in CNT FEAs. The
behaviour and mechanism of vertically aligned CNT field emitter failure induced by FE is also
insufficiently studied. Simple and effective approaches to overcome CNT field emitter failure

are needed.

32



Chapter 3

PMMA thin film based FEM

A better understanding of the FE uniformity of CNT FEAs and CNT emitter failure mechanism
is of great significance to optimize CNT FE devices for practical applications. Conventionally,
phosphor screen is used to help observe FE uniformity of CNT FEAs [115-117]. However,
this approach is insensitive to low energy electrons and provides insufficient information of FE
performance of each emitter in CNT FEAs. Besides, fine structure is not visible on a phosphor
screen because of the lack of homogeneity of the screen [ 1 18], which inhibits the observation of
small differences in light intensity. For CNT emitters with higher current, the strong illumination
would override lower current ones on the phosphor screen, which disturbs the observation of
the FE performance of each emitter. Profiling instrument such as cathode emission profiler is
reported to characterize FE distribution over the CNT cathode [1 19,120]. This technique is based
on an anode-hole scanning method to obtain emission profile. However, such an instrument is
costly. Other techniques such as in situ SEM and in situ TEM are reported previously, which can
study structural change of CNT under FE conditions but is unable to show the uniformity and

real-time performance of CNT FEAs [58,83,87].

To address these issues, we propose a simple and reliable FEM method using PMMA thin
film to observe and quantify the FE performance of each emitter in a CNT FEA. PMMA is an
electron sensitive material commonly used as positive EBL resist. As an EBL resist, PMMA thin

film is a positive tone resist under low dose electron exposure. The exposed parts can be removed
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by methyl isobutyl ketone (MIBK): IPA solution) showing user-defined patterns. In our previous
study, we successfully observed the FEM pattern of crystal facets of Zinc oxide (ZnO) using
PMMA thin film, which contains the details of the centre structure and the clear “petal” shape
boundaries. Such fine details of the FEM patterns are not achievable by the conventional FEM
approach using a phosphor screen [121]. Apart from imaging the surface morphology of a single
CNT, it can also be applied for investigating FE characteristics of free-standing CNT FEAs if
properly designed. In a CNT FEA, various FE current from emitters lead to different degree of
electron exposure on PMMA thin film. Utilizing these features, we are able to observe the FE
current from each CNT emitter as different morphology of FEM patterns on the PMMA thin
film. In this way, the overall FE uniformity of the CNT FEA and FE current contribution from
each emitter can be visualized and quantified. Any CNT emitter can be located corresponding
to its own FEM pattern. In contrast to the conventional FEM using a conducting fluorescent
screen anode [ 122], PMMA thin film is highly sensitive to low energy electron beam such as low
turn on voltage FE from free-standing CNT FEA in this case. In addition, the illumination of
fluorescent screen shows the overall FE uniformity of a CNT FEA at a certain moment during
a FE process, which varies as time goes. While the FEM pattern on the PMMA thin film show
the FE performance of integrated dose, which is more accurate. Real-time FE performance from
free-standing CN'T FEAs can be observed and recorded by using a microscopic camera for further

analysis.

3.1 Experiment design

3.1.1 FEM experiment set-ups

The FE experiment is simple but using a piece of Indium tin oxide (ITO) coated glass covered
by a PMMA 950K A3 thin film layer (120 nm) as anode. The FE experiment set-up consists
of an anode, a free-standing CNT FEA as the cathode, and a Kapton polyimide film as spacer
in-between the anode and the cathode. A pico-ammeter is used to apply a voltage bias for FE and
measure the corresponding FE current from the free-standing CNT FEAs. The set-up is sealed

in a vacuum chamber with a base pressure of 2 x 1078 Torr. A video camera with a microscopic
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lens and a light source is fixed outside the vacuum chamber focusing on the PMMA thin film
surface to magnify and record its change during the FE process. Figure 3.1 shows the schematic
of the experiment set-up. After a FE test, the PMMA thin film on the anode surface is developed
in MIBK: IPA developer (MIBK: IPA= 1:3) to reveal the FEM patterns left by the FE exposure
from the CNT FEA. Optical microscopy images of the PMMA thin film after development are

taken to visualize the FE performance from each emitter. Video records of the real-time FE is

processed for further analysis.
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Figure 3.1: The schematic of the FEM experiment set-up.

3.1.2 Free-standing vertically aligned CNT FEAs design and synthesis

The primary goal of this method is to characterize FE uniformity of CNT FEAs that is used
for practical applications. In our prior study, we characterized a CNT FEA, which is designed
as an electron source for X-ray generation. The CNT FEA contains 8260 CNTs in a regular
octagon area with a diagonal of 1 mm and an inter-emitter distance of 10 um using the proposed
method [29]. The overall uniformity of the CNT FEA is successfully visualized. The FE current
dominating emission sites are revealed using acetone wash, since high electron dose left negative
tone pattern of PMMA thin film. However, due to the large number of CNT field emitters and
small inter-emitter distance, it is hard to locate an emitter from so many emitters. Besides, since
the FEM patterns on the PMMA thin film is about 100 to 150 um in diameter, FEM patterns
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of neighbour emitters are overlapped. In order to demonstrate the proposed method, properly
design CNT FEAs should be fabricated in consideration of two aspects: inter-emitter distance
must be large enough to avoid FEM patterns overlap, the number of CNT emitter in an FEA
should be large enough to show the generality but small enough for the ease of later analysis.
Therefore, two different densities of free-standing CNT FEAs are designed and fabricated for
the FE uniformity study: an 11 x 11 free-standing CNT FEA with an inter-emitter distance of
100 um in a square area of 1 mm? and a 20 x 20 free-standing CNT FEA with an inter-emitter
distance of 50 um within a square area of 1 mm?. The inter-emitter distances of the investigated
free-standing CNT FEAs are large enough to guarantee that FE from each CNT emitter in the
free-standing CNT FEAs is independent [68,71].

The free-standing CNT FEAs of the different densities are synthesized by PECVD within an
area of 1 mm? on highly doped silicon substrates. First, a TiN layer (70 nm) is deposited on
the highly doped silicon substrate as diffusion barrier to avoid catalyst (Ni) diffusing into the
silicon substrate during CNT synthesis. Then EBL is used to pattern the Ni dot FEAs of desired
densities with a diameter of 100 nm and a thickness of 30 nm for one CNT field emitter grown on
each site. Next, the substrate is put into PECVD system to be heated to 700 °C and then exposed
to acetylene (C;Hj, 50 sccm) and ammonia (NHsz, 200 sccm) gases in direct current (DC) plasma
at a pressure of 5.5 mbar for 10 minutes to synthesize free-standing CNT FEAs on the patterned
catalyst dots. CNTs synthesized by PECVD using Ni as catalyst is typically tip-growth, where Ni
particles remain on the top of the CNT throughout the synthesis. The electrostatic force creates
a uniform tensile stress on the Ni particles to grow CNTs vertically aligned [28]. Ideally, this
recipe will synthesize CNT emitters that have a base diameter about 100 nm and a height of
about 5 um [7]. However, due to some randomness during the fabrication such as variation of

diffusion barrier quality and catalyst conditions, the size of the synthesized CNT emitters varies.

In both cases, the CNT field emitters and corresponding FEM patterns are numbered, starting
from the very lower left corner of the CNT FEAs. Since the PMMA thin film faces to the CNT
FEA, the number on the FEM pattern starts from the lower right corner. Thus, we can locate
any CNT emitter within the CNT FEA that corresponds to its FEM pattern. SEM study can
be performed on the interested CNT field emitters. Therefore, the relationship between CNT

morphology and corresponding FE performance can be built.
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3.2 FE uniformity characterization

3.2.1 FE uniformity of an 11 x 11 free-standing CNT FEA

Figure 3.2 shows the FE performance of the 11 x 11 free-standing CNT FEA cathode with an
inter-emitter distance of 100 um in a square of 1 mm?, the insert is the F-N plot. An overall FE
current of 4.2 1A is achieved under an applied voltage of 500 V. The anode-cathode gap is 50
um. The FE test is conducted using a sweep voltage from 0 to 500 V with a step voltage of 5 V
and a step interval of 0.5 s for 50 times.
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Figure 3.2: FE performance of the 11 x 11 free-standing CNT FEA and the F-N plot (the insert).

Some of the FEM pattern on the PMMA thin film is visible before being developed. However,
the development process improves the contrast of the FE exposed sites on the PMMA thin film.
Figure 3.3 shows the optical microscope images of FEM patterns left by the FE of each emitter of
the 11 x 11 free-standing CNT FEA on the PMMA thin film after development. The overall FE
uniformity can be visualized. Different FEM pattern sizes reflect different levels of FE current
contribution from different CNT emitters. The larger the FE current from each emitter, the more

exposure to the PMMA film, and thus the larger and stronger the corresponding circular FEM
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mark on the PMMA film. We classify the FE current contribution of each emitter into five levels
based on the morphology of the FEM pattern: negligible (nothing), light (only a dot), medium (a
dot with circumferential “shade”), strong (a dot with a “flower-like” circle and circumferential
“shade”), and very strong (very large circle with “burnt” central). In this way, the overall FE
performance of each emitter of the 11 x 11 free-standing CNT FEA is recorded and the FE
current contribution from each emitter is visualized.

Figure 3.3: The optical microscope image of FEM patterns left by FE of the 11 x 11 free-standing
CNT FEA on the PMMA thin film. Each square unit has a side length of 100 um.

Figure 3.4 shows the number of CNT emitters of each FE current contribution level. In this
case, 77 CNT field emitters participate in the FE, where two emitters make a very strong FE
contribution to the overall FE current from this CNT FEA. Since 44 CNT field emitters did not
participate in the FE under 500 V, higher current density of the CNT FEA can be expected if they
are activated under higher voltage. However, the two CNT emitters that make a very strong FE

contribution is more likely to be damaged under higher voltage.

Figure 3.5 shows the SEM images of typical CNT emitters from site F-5, E-3, F-6, C-1,
and E-8, which make negligible, light, medium, strong, and very strong FE current contribution,
respectively. The image is taken at a tilted angle of 45°. According to the SEM images, the
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Figure 3.4: FE contribution levels and statistics of the 11 x 11 free-standing CNT FEA.

height of these CNT emitters are 1.8 um, 1.9 um, 2.4 yum, 2.3 um, and 3.1 um. The diameter
of the emitter tips are 65-70 nm, 50-55 nm, 40-45 nm, 30-35 nm, and 30-35 nm. As is known to
all, under the same applied voltage, higher and thinner emitters is tend to have higher FE current.
The proposed method is capable of reflecting the different FE current contributions of emitters
in a CNT FEA due to the deviation of the emitter height and tip diameter, as well as some other

factors.

3.2.2 FE uniformity of a 20 x 20 free-standing CNT FEA

Figure 3.6 shows the FE characteristics and the F-N plot of the 20 x 20 free-standing CNT FEA
with an inter-emitter distance of 50 um in a square of 1 mm?. The sweep voltage repeats 24
times in this case. An overall FE current of 13.7 ttA is achieved under an applied voltage of 500

V. The anode-cathode gap is 50 pum.

Figure 3.7 shows the optical microscope image of the FEM patterns of the 20 x 20 free-
standing CNT FEA. Under the same definition, we are able to directly visualize the different

current contribution of each emitter to the overall FE current according to the different FEM
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Figure 3.5: SEM images of typical CNT emitters from site (a) F-5, (b) E-3, (c¢) F-6, (d) C-1, and
(e) E-8, which make negligible, light, medium, strong, and very strong FE current contribution,

respectively. The image is taken at a tilted angle of 45°.

pattern on the PMMA thin film.

Figure 3.8 shows the detailed statistics. Similar to the previous case, seven of the total CNT
field emitters make a “very strong” contribution, while 218 of the CNT field emitter are not
activated under 500 V, which is more than half. Similarly, in the activated CNTs, the percentage
of FE current levels from “very strong” to “negligible” shows a pyramid distribution from top to

bottom.

Figure 3.9 shows the SEM images of CNT emitters from site A-1, B-9, J-1, and E-8, respec-
tively. The image is taken at a tilted angle of 45°. According to the SEM images, the height of
these CNT emitters are 6.7 um, 7.2 um, 7.5 um, and 6.3 um. The diameter of the CNT emitter
tips are 15-20 nm, 30-35 nm, 30-35 nm, and 15-20 nm, respectively. In this case, CNT emitters
with height larger than 7 um show stronger exposures on the PMMA thin film.

Although same catalyst size and thickness is used for the 11 x 11 free-standing CNT FEA and
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Figure 3.6: FE performance of the 20 x 20 free-standing CNT FEA and the F-N plot (the insert).

Figure 3.7: The optical microscope image of the FEM patterns of the 20 x 20 free-standing CNT
FEA on the PMMA thin film. Each square unit has a side length of 50 um.
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Figure 3.8: FE contribution levels and statistics of the 20 x 20 free-standing CNT FEA.

the 20 x 20 free-standing CNT FEA, the CNT emitters in the former FEA is shorter and thicker
than those in the latter FEA, It looks that 30 nm thick Ni dots is not enough for the former
but too much for the later. One possibility causing the difference is the different quality of the
diffusion barrier in-between the silicon substrate and the catalyst dots for CNT emitter synthesis.
The diffusion barrier here used is TiN deposited by reactive sputter. Since TiN forms with an
extended range of composition (TiN, with 0.6 < x < 1.5) and significant vacancy concentration,
the mechanic properties of TiN varies with different x formed during the reactive sputter [123].
A better diffusion barrier quality is able to help form larger contact angle of catalyst droplets
during CNT synthesis. Thus, CNT synthesized on a better diffusion barrier tend to grow taller
and thinner, but multiple CNTs on thicker catalyst. Another possibility is the difference in the
total left Ni amount deposited on samples. The CNT may grow from the re-deposited Ni during
PECVD process. As can be seen from Figure 3.9, there are detectable Ni particles on top of
the CNTs, even on the top of the branches, so CNT emitters in the 20 x 20 CNT FEA grow
taller than those in the 11 x 11 CNT FEA. Detailed reasons that affect CNT morphology need
further exploration. Nevertheless, the proposed method is capable of exhibiting the overall FE

uniformity of CNT FEA and the variation of FE current contribution of CNT emitter, which can
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Figure 3.9: SEM images of CNT emitters from site (a) A-1, (b) B-9, (c) J-1, and (d) E-8, respec-
tively. The image is taken at a tilted angle of 45°.

facilitate the optimization of CNT FEAs.

3.3 FEM study of CNT emitters

Since the anode-cathode gap is only 50 um, the FEM magnification is not comparable as con-
ventional FEM using phosphor screen with a millimetre scale tip-anode distance [124, 125].
However, this shortage can be overcome by enlarge the anode-cathode gap and using a high
magnification microscope. Figure 3.10(a) shows a typical FEM pattern of the CNT at site I-8 of
the 11 x 11 free-standing CNT FEA, a flower-like FEM pattern with six “petals”. The six lightly
exposed areas have clear outlines and surround the centre major exposure area. According to this
FEM pattern, we believe that the six lightly exposed regions indicate electrons emitted from a

hexagon edge of the CNT tip. Figure 3.10(b) show the scanning helium ion microscopy (HIM)
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image of the corresponding CNT field emitter taken at a tilted angle of 45°. Compared with
SEM, HIM has a superior depth of field, which is able to show both CNT tip and base clearly.

Figure 3.10: The FEM pattern and the corresponding CNT at site I-8 of the 11 x 11 free-standing
CNT FEA. (a) Optical microscope image of the FEM pattern showing six lightly exposed regions
have clear outlines and surround the centre major exposure area. (b) The HIM image of the CNT
field emitter at site I-8 taken at an tilted angle of 45°.

From the Figure 3.10(b), the CNT has a height of about 2.1 um and a base diameter of about
150 nm. There is a protruding point at the tip of the CNT emitter with a diameter of about 30
nm, which has the most significant field enhancement geometry. We believe the centre exposed
area in the FEM pattern reflects the major electron emission from the protruding point at the
very end of the tip. From the tip to the trunk of the CNT emitter, there is a clear bend angle at
the tip-trunk junction, at which the diameter is about 80 nm. The bend angle is considered as
another field enhancement geometry on the CNT emitter. We believe the six surrounding lightly
exposed areas reflects the minor electron emission from the bend angle at the tip-trunk junction.
The relationship between the PECVD CNT tip morphology and electron tunnelling needs further
study. Nonetheless, the proposed approach is able to produce real space magnified images of a
CNT tip showing its morphology under a proper FE exposure. Compared with FEM of CNTs
using a phosphor screen, our PMMA thin film based FEM approach has a higher resolution. Fine

outlines of different expose region within the FEM pattern is recognizable.

In the 20 x 20 free-standing CNT FEA, some FEM patterns show more than one exposed
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dots in the centre, which are supposed to be one since one site should have one CNT emitter.
For example, at site O-8, there are two exposed dots found in the centre of the FEM pattern
(Figure 3.11(a)). We are doubting that two CNT emitters are grown at that site according to the
FEM pattern. At site G-11, there are some unexpected imprints appearing next to the central
exposed dot (Figure 3.11(b)). To figure it out, we locate these CNT emitters and check the CNT
morphologies after the FE test using SEM.

Figure 3.11(c) and (d) show the SEM images of the CNT emitters at site O-8 and site G-11
after the FE test, respectively. It can be seen that multiple CNTs are synthesised at each site. At
site O-8, two thin and tall CNTs are in the middle and two thick CNTs are on the side. According
to the FEM pattern at site O-8, the two central dark dots reflect the FE from the middle two thin
CNTs and two light dots on the side reflect the two thick CNTs as shown in the SEM image.
At site G-11, multiple CNTs twine as a CNT bundle. From the FEM pattern, two dark spots on
the top are formed by the upper CNT tips and the two dark spots with some unexpected imprints
at the bottom are formed by the multiple CNT tips on the other side. We also check the other
CNTs in the FEAs with similar FEM patterns and found that at multiple CNTs are grown at
the corresponding sites. Multiple CNTs grown at one emission site usually occurs when there
is formation of multiple catalyst droplets at one site during ammonia plasma pre-etching and
heating up to 600-700 °C. Catalyst droplets formation for CNT growth is dependent on several
parameters including the choice of buffer layer, the substrate, and the type and thickness of the
catalyst used [75]. However, PMMA thin film FEM approach is proven that the relationship
between CNT morphology and corresponding FE performance can be built. This approach will
greatly facilitate the study of CNT FE mechanism and factors that result in FE non-uniformity

and emitter failure.

3.4 CNT field emitter failure characterization

Using PMMA thin film based FEM approach, we are able to observe the FE uniformity and
the FE current contribution from each CNT emitter to the overall FE current of a CNT FEA.

However, the FEM patterns cannot record the time evolution CNT performance during a FE
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Figure 3.11: Optical microscope images of FEM patterns at (a) site O-8 and (b) site G-11; Top
view SEM images of CNT field emitters at (c) site O-8, and (d) site G-11. Central exposed dots
of the FEM patterns clearly reflect the corresponding CNT field emitters’ morphology.

process. Especially, when a CNT emitter is working at a high current level, which can potentially
cause the CNT emitter failure, only FEM patterns on the PMMA thin film cannot indicate at what
time the CNT emitter breaks down and how it looks like at that moment. In the above studies, we
found that there are clear patterns of electron exposure on a PMMA thin film before development.
Besides, PMMA thin film is optical transparent. Benefiting from these features, we are able to
use a video camera and a microscope lens to observe and record real-time FE performance from
free-standing CNT FEAs for further analysis.

To demonstrate CNT emitter failure study using the propose method, FE performance from
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another 11 x 11 free-standing CNT FEA is studied based on the PMMA thin film FEM approach
with a video camera to monitor and record its real-time FE performance. Here, a thinner cathode-
anode spacer (25 um) is used to make the CNT FEA working at a high current level under a
constant voltage of 450 V for 19 minutes. Figure 3.12 shows the FE current of the CNT FEAs
under a constant voltage of 450 V. An average FE current of 32.7 A is achieved, which is almost
ten times of current as achieved by the 11 x 11 free-standing CNT FEA in the previous section.

In this free-standing CNT FEA, dominating CNT field emitters are very likely to be damaged at
such high current level.
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Figure 3.12: The FE current of the 11 x 11 free-standing CNT FEA under a constant voltage of
450 V.

It can be seen from the Figure 3.12 that the overall FE current shows a tendency to increase
though current drops occur sometimes. The current level fluctuates drastically during the mid-
stage of the experiment but recovers and basically maintains around 30 g A in the later stage.
Moderate Joule heating can cause a rise in the overall FE current on the account of temperature
dependence of FE [126, 127]. In this study, we believe the tendency of current increase at the
early stage and the tendency of current recovery after current drops are due to temperature rise
of CNT emitters induced by Joule heating.
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Figure 3.13 show the FEM patterns of the 11 x 11 free-standing CNT FEA on the PMMA
thin film after the FE test. We mirror the image such that the FEM patterns in this figure is the
same view as the video. The number of the pattern starts from the lower left corner to match the
CNT FEA.

Figure 3.13: The optical microscope image of the FEM patterns of the 11 x 11 free-standing
CNT FEA on the PMMA thin film.

In Figure 3.13, apart from the FEM patterns which is defined above, there are many “firework-
like” pattern. Such patterns formed after a light emission of CNT field emitters had been spotted
at the corresponding sites during the real-time FE process. Take site H-8 as an example. Figure
3.14 illustrates real-time FE performance of CNT field emitter at the site H-8 in chronological

sequence, captured from the video record.

During the FE process, we spotted the site H-8 from almost nothing (Figure 3.14(a)) to light
emission (Figure 3.14(b)), and finally to “firework-like” pattern. (Figure 3.14(c)). The “firework-
like” pattern after the light emission is caused by an explosion, based on the direct visual obser-
vation. In the meantime, we found a current drop on the FE current, which is one of the reasons
that lead to fluctuation of the overall FE current and unreliability of FE devices. We suspect a

CNT field emitter “burn-out” happened. To verify our suspect, we located CNT field emitter at
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Figure 3.14: Video screen-shots showing the real-time FE performance at the site H-8 in chrono-
logical sequence: (a) a weak exposed dot, (b) a light emission, (c) an explosion after the light

emission leaving a “firework-like” pattern.

site H-8 using SEM, shown in Figure 15 (a). At site H-8, where a CNT field emitter supposed
to be, there is no CNT emitters but a burnt substrate. On the contrary, at site B-10, FEM pat-
tern indicates a FE current contribution from the corresponding CNT field emitter. There is an
intact CNT field emitter found in SEM after the FE test at site B-10. We believe the CNT field
emitter failure is due to high FE current from the CNT causing Joule heating of the CNT. The
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Table 3.1: FE statistics of the 11 x 11 free-standing CNT FEA at high FE current level.

FE levels
Negligible FE Normal FE Burnt-out
Number 15 78 28
Percentage 12% 65% 23%

high temperature burns the CNT and the emission site. Joule heating is a common phenomenon
in FE [84, 127,128]. The FE current increases the temperature of the CNT emitter significantly
causing light emission. Besides, the heat also contribute a part of electron emission [126]. We
believe the overall FE current of this FEA shows a trend of increase is due to the Joule heating,

shown in Figure 3.12.

Similar results can be found at other sites such as site E-6 and site D-8. At site E-6, a light
emission is found followed by an explosion during the FE and a “firework-like” pattern left on
the PMMA thin film, and a “burnt-out” CNT found in SEM images after the FE test. Whereas,
at site D-8, a current contribution from the CNT emitter is visualized on the PMMA thin film
and an intact CNT emitter is found in SEM after the FE test. In this CNT FEA, as many as 28
CNTs are burnt-out according to the FEM pattern on the PMMA thin film. The CNT emitters
failure can be visualized and recorded by a video camera with a microscopic lens during the FE.
More importantly, light emission followed by explosion of CNTs during a high current level is
spotted by the proposed method, which is impossible to be detected by using a phosphor screen
due to illumination of the anode occurring. Table 3.1 summarizes the number and percentage of
different FE level from each emitter in this 11 x 11 free-standing CNT FEA. In this case, 106
emitters are activated where 28 emitters are burnt-out. The negligible, normal, and burnt-out FE

current contribution show an approximate normal distribution.

In addition, video record shows that CNT emitters in a CNT FEA are neither activated nor

failed at the same time. For example, the CNT emitter at site A-2 emits light and explodes at
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a very early stage, while the CNT emitter at site B-4 is the last one in the video that shows
light emission and explosion. Moreover, from Figure 3.14(a) and (b), there are six CNT emitter
“burnt-out” during the period in chronological order. These phenomenon is due to the deviation
of the current from different CNT emitters causing the variation of the time that heat finally
damages corresponding CNT emitter. This find is able to explain that, in CNT FEAs, different
time of CNT field emitter failure can also cause the fluctuation of the overall FE current and
unreliability of the FE device. Therefore, the proposed method will facilities the improvement

of CNT FE device stability and reliability in practical applications.

In sum, utilizing the high sensitivity and high resolution capability of PMMA thin film to the
electrons, the proposed method is successfully applied to visualize the FE uniformity of free-
standing vertically aligned CNT FEAs, build the relationship between the CNT emitter morphol-
ogy and its FEM pattern, and detect CNT emitter failure in CNT FEAs. The FE performance of
each CNT emitter in a CNT FEA is related to the CNT size, morphology, composition, which
can be revealed by the size and shape of the FEM pattern on the PMMA thin film exposed by
the electron emission. The overall FE uniformity of CNT FEAs with any density can be visually
observed by the distribution of the centre exposed areas of the FEM. Emitter failure due to Joule
heating and explosion of the emitters can be distinguished by the “firework-like” FEM pattern in

comparison with normal FE.

3.5 Chapter summary

The proposed FEM method based on PMMA thin film is novel and effective to study the FE
uniformity and CNT emitter failure of free-standing CNT FEAs. The method is demonstrated
by studying the FE uniformity of 11 x 11 and 20 x 20 free-standing CNT FEA under a low
control voltage. The FE current contributions from each emitter and the overall FE uniformity
are recorded and visualized on the PMMA thin film. The distinguishable size and shape of the
FEM patterns on the PMMA thin film indicate five levels of the FE current contribution from
each emitter. By locating the CNT emitters and the corresponding FEM patterns, the proposed
approach allows us learn the details of the CNT emitter morphology from the FEM pattern. Mul-
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tiple CNT emitters at an emission site can also be reflected by the FEM pattern on the PMMA
thin film. Besides, observation and record of real-time FE performance and CNT emitter fail-
ure process are successfully achieved in an 11 x 11 free-standing CNT FEA using microscopic
camera. The “firework-like” FEM patterns distinguish CNT emitter failure, exhibiting a light
emission followed by an explosion that cannot be observed by conventional phosphor screen.
The results show that CNT emitters in a CNT FEA do not break down at the same time, which
is one of the cause of the fluctuation of the overall FE current and the unreliability of the FE
device. The emission sites of the damaged CNT emitter are melted by Joule heating at high FE
current after a violent light emission. In sum, the proposed FEM method is capable of resolving
the major challenge of building the relationship between FE performance and CNT morphology,
which significantly facilitates the study of FE non-uniformity and emitter failure mechanism by
overcoming the difficulty of observing and evaluating the FE of each emitter in CNT FEAs. This
method can also be applied to study FE characteristics of Spindt-type FEA, silicon FEA, and
other type of FEA to help develop stability and reliability of FE devices in practical applica-

tions.
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Chapter 4

CNT field emitter failure behaviour and

mechanism

One of the limitations for CNT FE is the irreversible damage of dominating CNT emitters at high
FE current leading to unstable and non-uniform FE performance. However, the behaviour and
mechanism of vertically aligned CNT field emitter failure induced by FE is still insufficiently
studied, which is often simply attributed to uprooting or burnout of CNT emitters [ 1 2—14]. Most
investigation reported previously are the failure of SWNTs and MWNTs such as peeling or split-
ting of the outer shells of MWNTSs and removal of cap of SWNTs and MWNTSs [11,58,83-85].
These studies are performed using techniques such as FEM based on fluorescent effect, in situ
SEM, in situ TEM to study structure change after certain FE conditions [1 1,58, 83,86, 87]. In
contrast to this structure change induced by FE, abrupt failure of the emitter is difficult to capture
and observe. Thus, further characterization of the abrupt CNT destruction and understanding of

the mechanism are limited.

These issues can be resolved by the FEM method based on PMMA thin film with a micro-
scopic camera [129]. The high sensitivity to low energy electrons of PMMA thin film is able to
record the FE performance of each CNT emitter from a CNT FEA. The transparency of PMMA
thin film allows direct observation of the process and history of CNT emitter failure induced by

FE. Using this method, we are able to observe CNT emitter failure process, which exhibits a light
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emission followed by an explosion [129]. Explosions found in various types of charged clusters
exploding into smaller fragments are called Coulomb explosion [130-135]. Apart from some
Coulomb explosions induced by chemical reaction [135], X-ray [136], and electron beam irradi-
ation [133], most Coulomb explosions reported are induced by laser pulse excitation [130-132].
However, the mechanism behind this phenomenon of CNT field emitter demands further charac-

terization and understanding.

4.1 CNT field emitter failure experiment

The designed free-standing vertically aligned CNT FEA has 11 x 11 CNT field emitters with an
inter-emitter distance of 100 pm in a square area of 1 mm?. The CNT emitters has an average
height of 5.12 um and a standard deviation of 0.55 um, corresponding to 10.7% of the average.
This data is in good agreement with that reported in the previous study (6.3%) [7].
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Figure 4.1: Distribution in CNT emitter heights and Gaussian distribution fitting. The CNT
emitters have an average height of 5.12 um and a standard deviation of 0.55 um, which is 10.7%

of the average.
In the experiment, a PMMA 950K A3 thin film layer is spin coated on a piece of ITO coated
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glass at a spinning speed of 2000 rpm for 45 s to have a thickness of about 210 nm. The transpar-
ent ITO glass as the anode allows direct observation of light emission and Coulomb explosion by
a video camera with a microscopic lens and a light source. The gap between the anode and the
CNT FEA is 25 um. A pico-ammeter is used to apply a voltage bias for FE and measure the cor-
responding FE current from the CNT FEA. The FE experiment is performed at a base pressure
of 2 x 108 Torr. In the experiment, the video camera focuses on the PMMA thin film surface. FE
current is recorded every 0.5 s by the pico-ammeter. A bias voltage is applied from 300 V and
increased by 50 V to find anything that is recorded by the video camera. Video camera recorded
8 explosions at a voltage of 400 V. Then the voltage is increased to 450 V to observer more
explosions. Optical microscopic imaging is used to characterize the FEM patterns and explosion
impacts on the PMMA thin film. SEM, energy-dispersive X-ray spectroscopy (EDS), and atomic

force microscopy (AFM) are used to characterize the CNT emitters and explosions.

4.2 CNT emitter failure behaviour

4.2.1 Direct observation of the CNT emitter failure behaviour

The direct observation by the microscopic video camera shows that CNT emitter explosion oc-
curs independently in the CNT FEA. Video recording of the light emission and Coulomb ex-
plosion are available from the videos. Similar as Chapter 3, to address any CNT emitter in the
array, we number the CNT emitters. The row is numbered alphabetically from bottom to top
and the column is numbered numerically from left to right. Figure 4.2 shows video recording of
the entire process of the light emission and the Coulomb explosion at site A-2 in chronological
sequence. First, a small FE exposed spot on the PMMA thin film is seen (Figure 4.2(a)). Then, a
bright light emission occurs (Figure 4.2(b)). Finally, an explosion occurs in the next 27 seconds

creating a“firework-like” pattern on the PMMA thin film surface (Figure 4.2(c))

Similar phenomena are observed from other FE sites. The difference is that the light emission
duration and intensity varies from emitter to emitter. Figure 4.3 presents the entire process of

a light emission followed by an explosion from the CNT emitter at site F-5 in chronological
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Figure 4.2: The entire process of the light emission and the Coulomb explosion at the site A-2:

(a) a FE spot generated, (b) a light emission, and then (c) an explosion.

sequence captured from video recording. A light emission from the CNT emitter at site F-5
occurs (Figure 4.3(b)) and then fades away. A dot is left on the PMMA thin film due to FE
exposure (Figure 4.3(c)). After 217 seconds, the light emission re-occurs (Figure 4.3(d)). In the

next 5 seconds, an explosion is observed (Figure 4.3(e)).

Figure 4.4 shows the entire process of the light emission and Coulomb explosion at site G-9.
The light emission from the CNT emitter increases from nothing (Figure 4.4(a)) to a maximum
intensity (Figure 4.4(b) and (c)). Then an explosion of the CNT emitter occurs within the next 2
seconds (Figure 4.4(d)).

4.2.2 Characterization of the CNT emitter failure behaviour

SEM is used to locate the CNT emitters at site A-2 (Figure 4.5(a)), F-5 (Figure 4.5(b)), and G-9
(Figure 4.5(c)). However, in the place of the emitters, melted substrate and explosion debris are
found at the each corresponding site. The melted area in the explosion site has a diameter of 10-
20 pum. The thin TiN layer and silicon substrate are damaged showing a history of substrate melt.
Silicon is exposed according to EDS analysis in the next paragraph. The explosion debris points
outward in the radial direction from the explosion centre. The debris, considering the experiment
set-up and EDS analysis, is believed to be PMMA. The PMMA thin film is blasted away from
the anode surface by the CNT emitter explosion. Figure 4.5(d) shows the magnified SEM image

of the melted area in the explosion site at site A-2. Figure 4.5(e) shows four neighbouring FE
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Figure 4.3: The entire process of a light emission followed by an explosion at the site F-5: (a)
nothing, (b) a bright light emission, (c) a FE exposed dot generated, (d) re-occurrence of the light

emission, and then (e) a CNT emitter explosion.

sites after the experiment: B-6, B-7, C-6, and C-7 from the lower left to the upper right. CNT
emitters at site B-7 and C-7 exploded during the emitter failure test while CNT emitters at site
B-6 and B-7 remain intact. Figure 4.5(f) shows the site A-10, A-11, B-10, and B-11 from the
lower left to the upper right. An explosion crater is found at site A-10 and three CNT emitters are
at the other three sites. According to Figure 4.5(e) and (f), the explosion range on the substrate

is about 100-120 um in diameter, which does not affect its neighbouring emitters.

EDS is used to verify that both Joule heating and explosion occur during the CNT emitter
failure. The substrate is silicon with a thin layer of TiN of 70 nm on top. CNT is synthesized on
TiN layer. Thus Si, Ti, N, and C are the four elements detected. Figure 4.6(a) shows the SEM
image of a typical explosion site I-3. The EDS analysis is conducted on the explosion centre,
explosion debris, and intact TiN surface of the site, corresponding to spectrum 1, 2, and 3 (Figure

4.6(b)), respectively.
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Figure 4.4: The entire process of the light emission and the Coulomb explosion at the site G-9:

(a) nothing, (b) a light emission, (¢) a maximum light emission, (d) an explosion.

The TiN layer deposited by reactive sputter has an extended range of composition (TiN, with
0.6 < x < 1.5) [123]. The atomic percentage ratio of N to Ti of the intact TiN surface is about
1.17, which is calculated from spectrum 3 (Table 4.1). However, compared with the other two
spectra, spectrum 1 has the most atomic percentage of Si but the least atomic percentage of N,
which means that in the explosion centre TiN layer is damaged and silicon substrate exposes.
Spectrum 2 has the most atomic percentage of C. Considering such an amount of explosion
remains on the substrate and PMMA chemical formula that is (CsO,Hg),, we believe these
explosion remains contain not only CNT fragments but also PMMA from the anode surface. The
atomic percentage ratio of Ti and N to Si in spectrum 2 and spectrum 3 are almost the same. This
result indicates that the substrate under the explosion debris is intact. Therefore, EDS results
verify that Joule heating of CNT emitters melts the contact area and exposes the substrate around

the contact area.
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Figure 4.5: SEM images of CNT emitter explosion impact on the substrate at different sites: (a)
site A-2, (b) site F-5, and (c) site G-9 after the experiment. No CNT emitter but a melted area in
the centre and debris is found at each site. (d) Melted substrate at site A-2. (e) Sites B-6, B-7,
C-6, and C-7 from the lower left to the upper right; (f) sites A-10, A-11, B-10, and B-11 from the
lower left to the upper right. Explosion debris and craters are found at site B-7, C-7, and A-10.
While intact CNT emitters are at site B-6, C-6, A-11, B-10, and B-11. The explosion range on
the substrate is about 100-120 um in diameter and the melted area has a diameter of 10-20 pum.
The SEM images are taken at a tilted angle of 45°.

Figure 4.7 shows the optical microscopy images of the explosion impact patterns on the
PMMA thin film from site A-2, F-5, and G-9. It can be seen from Figure 4.7 that CNT explo-
sions damage the PMMA thin film at the corresponding sites. Each damaged area has an annular
pattern, whether continuous or disconnected, with a diameter of 60-70 um. PMMA pieces ev-
erted on the edge of the annular patterns can be clearly identified. Around the damaged centre,
there is a circumferential light area at each site indicating the history of FE exposure. Figure

4.7(a) labels the FE exposure area around the explosion impact. The upper left corner of the ex-
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Figure 4.6: EDS analysis of a typical CNT emitter explosion at site I-3: (a) the explosion centre,
the explosion debris, and the intact TiN surface. The SEM image is taken at a tilted angle of
45°. (b) Comparison among spectrum 1, spectrum 2, and spectrum 3. Spectrum 1 has the highest

peak of Si but lowest peak of N. Spectrum 2 has the highest peak of C but lowest peak of Si.

plosion area on the PMMA thin film at site F-5, which is highlighted in Figure 4.7(b), is further
studied by AFM. Figure 4.7(c) highlights the annular pattern of the explosion impact at site G-9.
Figure 4.7(d) shows the AFM scanned area which is a 30 um square containing a quarter of the
annular pattern, PMMA pieces on the edge of the annular pattern and PMMA outside the annular
pattern. The vertical distance between the intact PMMA thin film surface and the annular pattern
marked by two red triangles is about 240 nm. This distance is consistent with the thickness of
the PMMA thin fim spin coated on the ITO glass. This result indicates that the annular patterns
are impact craters created by the disintegrated CNT emitters. The PMMA pieces are shattered
by the explosion impact. According to the annular craters that have a diameter of 60-70 um, we

believe that the repulsive force disintegrates the tubular cone shell of CNTs.

Another FE test is performed using a 10 x 10 CNT FEA under the same conditions except
for no PMMA thin film on the ITO coated glass. This experiment confirms that it is the CNT
emitters rather than PMMA thin film or other particles that explode. The difference is that there
is no PMMA thin film on the indium tin oxide coated glass and the anode-cathode gap is 50
um. Explosions at five CNT emission sites are directly observed using the microscopic camera

during a scanning voltage FE test from 300 V to 800 V with 5 V step. Among the five exploded
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Table 4.1: EDS analysis of atomic percentage of each element from the three spectra.

Element Line type Atomic Atomic Atomic

percentage from percentage from percentage from

spectrum 1 spectrum 2 spectrum 3
C K series 22.51 53.65 20.12
N K series 7.84 10.09 15.64
0] K series 3.65 3.64 2.88
Si K series 57.32 24.96 48.08
Ti K series 8.67 8.66 13.28

sites, site D-5 is found exploded when the scanning voltage is from 200 V to 700 V of the
previous run. Figure 4.8(a) shows the video screen-shot after five explosions. Take site D-8 as
an example. Figure 4.8(b) and (c) show the video screen-shot of the site D-8 before and after the
explosion occurs, respectively. Figure 4.8(d) shows the optical microscopic image of the anode
surface. Except for some particles, no other debris are found on the anode surface. Melted area
and explosion craters are also found at the site D-8 on the substrate by SEM (Figure 4.8(e)),
indicating a history of high temperature and explosion. Since there is no PMMA thin film on
the anode surface, no explosion debris is found around the melted area and explosion craters.
The clean substrate surface in return proves that the explosion debris in the 11 x 11 CNT FEA
are sputtered PMMA. Besides, the explosion events themselves are not as visually impressive as
those with PMMA thin film on the anode surface. This experiment confirms that it is the CNT
emitters rather than PMMA thin film that explode. The damaged PMMA thin film and explosion

debris around the explosion sites are caused by the CNT explosion.

In this CNT FEA, as many as 28 CNT emitters exploded according to the video recording
and the explosion patterns on the PMMA thin film on the anode surface. Figure 4.9(a) shows

the optical microscope image of the FEM patterns and the explosion patterns. A current drop
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Figure 4.7: Optical microscope images of the explosion patterns on the PMMA thin film: (a) site

A-2, (b) site F-5, and (c) site G-9. Each explosion damaged area has an annular pattern with a
diameter of 60-70 um. PMMA pieces can be clearly identified on the edge of the annular pattern.
Around the damaged centre, there is a circumferential light area at each site indicating the history
of FE exposure. (d) AFM analysis of explosion impact on the PMMA thin film at sit F-5, which

shows that the annular is about 240 nm lower than the intact PMMA thin film surface.

right after the explosions is recorded. By considering the 28 exploded CNT emitters, the current
drops of the first eight CNT emitters is missing due to the previous tentative experiment to find
a proper voltage to cause the emitter failure. The current drops of the other 20 CNT emitters are
illustrated in Figure 4.9(b).

The current drop ranges from a minimum 1.95 g A to a maximum 41.82 uA. The average
current drop of the 20 disintegrated CNT emitters is 11.82 yA. The majority of current drops is
around the average. Since CNT emitters at site B-8 and G-6 explode at almost the same moment,
only one current drop of 7.59 uA is found. The same situation is found for the CNT emitters

at site G-5 and J-5, which have a current drop of 15.60 uA. We believe these current drops
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Figure 4.8: Experimental validation of CNT emitter explosion: (a) video screen-shot after five
explosions, (b) video screen-shot before an explosion at site D-8, and (c) video screen-shot of
the explosion at site D-8. Due to no PMMA on the anode surface, the explosion is not as visually
impressive as that with PMMA thin film on the anode surface. (d) Optical microscopic image of
the anode surface at site D-8. () SEM image of the damaged substrate at the explosion site D-8.
Melted area can be clearly identified. There is no debris found on the substrate surface around

the explosion site.

are the critical currents that cause the light emission and explosion of the corresponding CNT
emitters. Due to the individual difference of CNT emitters in the array, the critical current that
CNT emitters can withstand varies. An average emission current of 11.82 uA that causes CNT
emitter failure agrees well with the maximum emission current of 10-20 y A from individual CNT
that was investigated previously [137]. Figure 4.9(c) and (d) show the overall FE current drop
right after the explosion of CNT emitter at the site F-5 and the site G-9, respectively. The overall
FE current slightly increased before the explosion at the site F-5 occurs and then decreases by

16.76 uA right after the explosion. The explosion at the site G-9 occurs at an early stage of the
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Figure 4.9: (a) The optical microscope image of the FEM patterns and 28 explosion patterns of
the 11 x 11 CNT FEA on the PMMA thin film during the FE failure test. The FEM patterns
left by the CNT emitter explosion are highlighted. The other FEM patterns are left by the FE
electron exposure. (b) FE current drops right after explosions of CNT emitters of 20 sites. (c) An
overall FE current drop of 16.76 U A is recorded right after the CNT emitter explosion at the site
F-5. (d) An overall FE current drop of 9.14 tA is recorded right after the CNT emitter explosion
at the site G-9. The impact of explosions of three other sites on the overall FE emission current

is also shown.

FE test. The overall FE current shows a tendency of increase due to warm-up of the FEA. The
FE current increased drastically before the explosion occurs at the site G-9 and then decreases
by 9.14 uA after the explosion. We believe that the abrupt current increase and drop cause the

CNT emitter at the site G-9 failure. Since the FEA is working at a constant voltage continuously,
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after the explosions the overall FE current tends to increase as the Joule heat accumulates.

4.3 CNT field emitter failure mechanism

4.3.1 Coulomb explosion of CNT emitters induced by FE

Based on the above study, we attribute the disintegration of CNT emitters and the blasting of
PMMA to Coulomb explosion [138]. It is defied classically by Rayleigh instability limit, above
which an excessively charged cluster becomes unstable and explodes into smaller fragments
[139, 140]. In this case, we model the CNT emitter as a cylinder with a height of 5 um and a
diameter of 100 nm. The quantity of charges that a CNT emitter can hold is given by the Rayleigh
limit [139, 140].

Or’> = 6%y yl*r (4.1)

In the Equation 4.1, & = 8.85 x 10712 F-m™! is the vacuum permittivity; y = 40.3 mN-m~!
is the surface tension coefficient of CNT [141]; » = 50 nm is the radius of the CNT; [ =5 um
is the height of the CNT. Thus, the charges to overcome the Rayleigh limit are calculated to be
5.14 x 10~13 C. The charge on a CNT emitters during FE can be calculated from the relationship
between the current and the charge.

I =nAve “4.2)

In the Equation 4.2, I is the current; n is number of charged particles per unit volume; A is the
cross-sectional area of the CNT emitter; v is the drift velocity; e is the charge on each particle.

The drift velocity is a function of electron mobility, i, and electric field, E.

v=uE (4.3)

Since CNT is composed of stacked curved graphene layers, CNT has the similar properties
as graphite [8]. The electron mobility of multi-layer graphene, which is 3000 cm?-V~—!.s71,
is chosen as the electron mobility of CNT [142]. Using Equation 4.3, the total charges on the

CNT is 3.13 x 10~ C. The linear charge density of is 6.25 x 107!© C-m™!, corresponding to

65



4.04e nm~!, which is comparable with that overcomes the van der Waals force among SWNT
bundles [143]. The charge on the CNT emitter is just the same order of magnitude as that of
the Rayleigh limit. However, considering the size of annular crater on the PMMA thin film and
the size of sputtered PMMA on the substrate, Coulomb energy not only overcomes the surface
energy of CNT but also provides kinetic energy for the CNT fragments. Heating and chemical
reaction is able to aid the Coulomb explosion [144, 145]. In this case, only Joule heating helps
break the carbon chains at a lower electric field at the CNT surface. Besides, we also find that
Joule heating alone cannot disintegrate CNT emitters. At site A-1, site J-7, and site B-10, there
is only light emission observed at each site during the test. However, no damage is found in
the SEM images of each CNT emitter at the three sites. Therefore, it is the Coulomb force of
excessive charging with the aid of Joule heating that disintegrates the CNT. Figure 4.10 presents
the SEM images of the CNT emitters at the three sites after the FE test together with the video

recording of light emission at each site.

Figure 4.10: SEM images of CNT emitters at (a) site A-1, (b) site J-7, and (c) site B-10 after
the experiment. Only light emission is observed at each site during the FE test. However no
damage of each CNT emitter is found after the FE test. The insert of each SEM image is the
video recording of the light emission at each corresponding site. The SEM images are taken at a
tilted angle of 45°.

Similar structure damage has been reported that electrical charging cause the outer layer of
repelling from MWNT emitters [1 1, 58]. After the CNT disintegrated, the fragments accelerated
by the bias voltage touch the PMMA thin film surface. In the meantime, since the CNT has a

tubular cone structure, the charged fragments retain an annular pattern of the CNT shell while
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expanding and flying towards the anode. The stacked curved graphite layers that form tubular
cone structure of CNT emitters is verified by TEM images reported previously and by our me-
chanically damage CNTs on the marker with a typical CNT lying beside, which is shown in
Figure 4.11. When the charged fragments reach the PMMA thin film surface, an almost immedi-
ate release of electrons, from charged CNT fragments through the PMMA thin film to the anode,
occurs and results in sputtering PMMA all around and an annular crater with PMMA pieces on
the PMMA thin film surface due to the almost immediate electrons migration from CNT frag-
ments to the PMMA thin film. This step is similar to the Coulomb explosion phenomenon of a
piece of alkali metal drops into water [ 1 35]. Considering the size of annular crater on the PMMA
thin film and the size of a CNT emitter, such an impact is astonishing. The entire process is like

firing a shotgun combined with pellets exploding on the target.

Figure 4.11: Mechanically damaged CNTSs on the marker with a typical CNT lying beside, show-

ing a tubular cone structure of the CNT.

4.3.2 Joule heating of CNT emitters induced by FE

Joule heating is often reported in FE studies as a potential degradation of CNT emitters operating
at large current [11, 84, 128]. Moderate Joule heating can cause a rise in the overall FE current
on the account of temperature dependence of FE [126, 127]. However, too much Joule heating
causing the rise of FE current would cause more heat generated. The phenomenon of FE-induced

light emission is previously observed when CNT emitter temperature is above 1500 K or a FE
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current of 20 uA, which increases in intensity as temperature rises [ 146, 147]. Considering the
melted substrate and the light intensity variation observed at the corresponding CNT emitter
failure sites, the light emission is an incandescence effect due to Joule heating, indicating that
CNT emitters are working at a very high temperature. Therefore, the effect of temperature due to
Joule heating during FE should be taken into account. Thermal equilibrium of Joule heating on
CNT emitter can be obtained by heat dissipation. The maximum temperature of the CNT emitter
due to Joule heating is determined by several parameters such as emission current, resistance,
and size. Finite element analysis method is used to simulate this process. The transient study
of CNT Joule heating induced by FE is performed by COMSOL Multiphysics software. The
PECVD synthesized CNT has a thermal conductivity of around 80 W - m~!. K~![147]. The
specific heat is reported to be 713 J-kg~! - K~! and the mass density is around 1300 kg - m 3.
The resistance of PECVD CNT is reported to be 107%t0 1075 Q-m[138, ]. The model here
studied is a hollow cone structure with a base diameter of 100 nm, tip diameter of 35 nm, cone
wall thickness of 20 nm, and a length of 5 um. Heat loss in the simulation is caused by thermal
radiation. Since the fabrication randomness that would cause the deviation of emitter size, two
different CNT base diameters are compared. Figure 4.12 presents finite element analysis of the
effect of Joule heating on maximum temperature of CNT emitters during FE under different

conditions.

Figure 4.12(a) shows that temperature of a CNT emitter at higher FE current reaches maxi-
mum temperature faster at the same conditions. However, it takes very short time (1 ms) for FE
current to reach thermal equilibrium even at a FE current of 1 yuA. Therefore, Joule heating of
CNT emitters during FE at a certain critical current is almost an instantaneous process. Figure
4.12(b) shows the maximum temperature of a CNT emitter can reach with different FE current
levels. A thicker emitter is able to withstand higher critical FE current compared with a thinner
one. While the CNT emitter height influences the critical FE current negatively compared with
the effect of the CNT diameter. Figure 4.12(c) illustrates the electrical conductivity of CNT emit-
ters on the temperature of CNT at a constant current of 10 tA. A CNT field emitter of higher
electrical conductivity reaches lower temperature. Besides, the results show that a FE current of
5 1A is able to heat a CNT emitter to over 1500 K. Thus, the average current drop of 11.82 uA
can heat a CNT emitter to over 2500 K. Considering the melting point of Si and TiN which is
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1687 K and 3203 K, respectively, a temperature over 2000 K is able to melt the silicon beneath
the contact area, which would lose the support of CNT emitters. In practical situations, defects

in CNT reduce the melting temperature of atoms around the defects [149].
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Figure 4.12: Finite element analysis of the effect of Joule heating on maximum temperature of
CNT emitters during FE. (a) CNT emitter temperature varies with time at different FE current.
(b) Maximum temperature of CNT emitters of different base diameters and height varies with
different FE current levels. (c) Temperature varies with electrical conductivity at 10 A FE

current.

Theoretical analyses of electron emission over a wide range of temperatures and fields have
been studied previously [19, 150]. Such thermal enhanced FE is defined as Schottky emission.
Since this type of electron emission is a combined effect of electric field and heat, mathematical
description of Schottky emission contains both effect of the electric field (£ in volts per cen-
timetre) and the temperature (7 in Kelvin) [150]. For E < 1607133, the electron emission is
classified as “Schottky emission”. For £ < 11007133, the electron emission is classified as “ex-
tended Schottky emission”. In our case, the bias voltage applied on the CNT FEA is 450 V. The
distance between the anode and the cathode is 25 um. Considering the our CNT field emitters
have an average aspect ratio of 100, an enhanced electric field of 1.8 x 10’ V-cm™! is applied
at the CNT emitter tip. Therefore, under such an electric field, extended Schottky emission is
achieved at a temperature of 1447 K. Higher temperature causes the thermal induced electron
emission becoming prominent and converts FE into Schottky emission regime. Therefore, the
increasing electron emission current increases the CNT emitter temperature and generates more

heat. Consequently, the high temperature weakens the CNT carbon bonds. As a result, the
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excessive charging on CNT emitters ultimately disintegrates the CNT emitters.

4.3.3 CNT emitter failure mechanism induced by FE

Based on above study, the entire process of CNT emitter failure behaviour can be represented in
detail. At high FE current, Joule heating heats the CNT emitter to a high temperature. The high
temperature increase the thermal induced electron emission and cause more electron emitted. In
the meantime, light emission occurs and substrate begins to melt. With the aid of high temper-
ature, excessive charging overcomes the van der Waals forces among graphite basal planes and
CNT carbon bonds. Since the CNT has a tubular cone structure (Figure 4.11), the shell is broken
apart by the charging on the CNT into charged fragments at high temperature. The charged frag-
ments retain an annular pattern of the CNT shell while expanding and flying towards the anode.
When the charged fragments reach the PMMA thin film surface, an almost immediate release of
electrons, from charged CNT fragments through the PMMA thin film to the anode, occurs and
results in another Coulomb explosion. The explosion blast away and sputter the PMMA debris

and leaves an annular crater with PMMA pieces on the PMMA thin film surface.

Due to the individual difference of CNT emitters in the array, the critical current that disinte-
grates CNT emitters varies. Finite element study shows that a thicker emitter is able to withstand
higher critical FE current compared with a thinner one. While the CNT emitter height influences
the critical FE current negatively compared with the effect of the CNT diameter. A CNT emitter
of higher electrical conductivity reaches lower temperature. In practical situations, defects in
CNT reduce the melting temperature of atoms around the defects. Therefore, thinner and taller
CNT emitters with lower electrical conductivity and more defects are more likely to explode
during FE. In order to illustrate the mechanism of the Coulomb explosion of CNT induced by
FE and the difference between normal FE and Coulomb explosion, we take four neighbouring
CNT FE sites in the lower right corner of the 11 x 11 CNT FEA as an example. The four neigh-
bouring sites are A-10, A-11, B-10, and B-11. The explosion sites on the substrate of these four
sites is already shown in Figure 4.5(f). Figure 4.13 shows the illustration of the CNT Coulomb
explosion process and a normal FE process from CNT emitters. These four sites contain all the

FE status during the CNT emitter failure test. From the video recording and the FEM patterns
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(Figure 4.13(c)) on the PMMA thin film surface, Coulomb explosion occurs at site A-10, a strong
FE with light emission occurs at site B-10, and weak FE occurs at site A-11 and B-11. Explosion
craters at site A-10 are clearly shown on the PMMA thin film. FE performance of the other three
sites are distinguishable from the FEM patterns on the PMMA thin film.

(@
Electron Normal FE
L beam
CNF emitter
(b)
B Sputterof | wizz .
PMMA debris |, Light
L | i __emission |

Figure 4.13: Illustration of the CNT Coulomb explosion process and a normal FE process from
a CNT emitter: (a) a normal FE process, (b) a Coulomb explosion process of a CNT, (¢c) FEM
patterns at site A-10, site A-11, site B-10, and site B-11 with a video recording of the corre-
sponding sites inserted. The inserted video screen-shot shows an explosion at site A-10 and a
light emission at site B-10, which is also clearly reflected on the PMMA thin film. FEM patterns

also indicate lighter FE performance from the site A-11 and B-11.

4.4 Chapter summary

In the chapter, starting with the direct observation of the unique behaviour by a microscopic
video camera, the process of a light emission and Coulomb explosion induced by FE is rep-
resented. Then the Coulomb explosion of CNT induced by FE is systematically characterized
by the direct observation of the phenomenon using a microscopic camera, optical imaging and
AFM study of the permanently damaged patterns of the PMMA thin film, and SEM imaging and
EDS analysis of the explosion sites. The light emission, an incandescence effect due to Joule

heating, is further investigated by finite element analysis and theoretical calculation. The light
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emission followed by the Coulomb explosion that causes CNT emitter failure is due to a com-
bined effect of Joule heating and massive charging at high FE current. The FE current levels that
disintegrate the CNT emitters range from 1.96 uA to 41.82 uA with an average of 11.82 uA.
Joule heating is able to heat a CNT emitter to over 2500 K within a very short period, melt the
contact area, and weaken the carbon bond and van der Waals force of graphite basal planes in
the CNT. With the aid of Joule heating, extended Schottky emission is achieved at a temperature
of 1447 K and excessive charging disintegrates the CNT emitters into charge fragments. Then
an instantaneous release of electrons from CNT fragments through the PMMA thin film leading
to the annular crater and the sputter of PMMA all around in a range of about 100 mm. The
explosion generates an annular crater on the PMMA thin film of about 60-70 um indicating a
strong Coulomb energy that causes the Rayleigh instability. Besides, finite element study shows
that during FE thinner and taller CNT emitters with lower electrical conductivity and more de-
fects is likely to explode than others. This study successfully explains the mechanisms behind
the absence of CNT emitters after FE, which is often simply attributed to uprooting or burning
out of the emitter. The detailed study of Coulomb explosion of CNT induced by FE allows an
insight of destruction of other nano-wires during electrical transport and a systematic design of
FE devices for long-lasting operation in practical applications. In addition, although Coulomb
explosion destroys CNT emitters, considering such astonishing destruction, potential application

of blasting and bombardment using CNT FE at micro-/nano-scale can be expected.
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Chapter 5

Individually ballasted CNT FEASs using

silicon current limiter

Realizing stable and reliable CNT FEAs for practical applications continues to be a challenge.
As a type of nano-material, CNT field emitters tend to have dissimilar size and morphology. It
is understood that even a small variations in the tip radii or emitter heights of the FEA will result
in the variation in the local electric field enhancement among the tips and consequently a large
variation of FE current from each emitters. Consequently, such unequal FE current contribution
from emitters within a CNT FEA at a given control voltage leads to dominating CNT emitters that
exceed their maximum current and are irreversibly degraded [11, 12, 151]. CNT field emitters’
unequal current contribution to the overall CNT FEAs and Coulomb explosions of CNT under
high FE current have been observed and reported in previous studies [129, 151]. As such, CNT
FEA-based cathodes have not been widely applied in practical applications. These challenges
are limiting the development of potential applications such as multi-beam X-ray sources, and
FFMCT.

To address these issues, much effort has been devoted to overcoming the non-uniformity of
FE current contribution from each emitter due to the geometry variation of FE devices. The pres-
ence of ballast resistors in series with field emitters to individually ballast FE from each CNT

emitters is a potential solution. The resistors create a voltage drop so the voltage across the domi-
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nating CNT field emitters is reduced. Hence, the FE current is restricted to the average level [ 12].
In our previous studies, we designed and fabricated ballasted CNT FEA by using large resistor in
series with CNT field emitters to achieve uniform FE current of the CNT FEA [10, 12]. However,
we find that this approach reduces non-uniform FE current contribution at the expense of lower
overall FE current and generates large power dissipation. The voltage drop is much larger across
the resistor than on the CNT field emitter. As a result, the corresponding electric field to extract
electrons from CNT emitters is greatly lowered. An ideal method is to limit the FE current from
each emitter under a safe current level without losing the FE efficiency. For example, MOSFET
has been used as a current limiter [14, 88]. however, this approach is complex and expensive
to achieve. Besides, MOSFET occupies a large area if used for ballasting individual CNT field
emitter. By exploiting the advantages of carrier velocity saturation in silicon, well designed sil-
icon current limiter in series with field emitters can limit FE current from individual emitter at
a desired current level. In addition, the fabrication process and implementation of this approach
is more straightforward. This approach is able to resolve two main disadvantages of using large
resistors in series with the emitters: (i) large power dissipation, (ii) uniform FE current contribu-
tion at the expense of lowering overall FE current level. Individually ballasted FEA using carrier
velocity saturation of well-doped silicon current limiter has been applied on silicon FEAs and
CNT clusters [35-38]. If vertically aligned CNT field emitter can also be individually ballasted
by this effective approach, CNT FEAs will be able to achieve uniform and long-lasting opera-
tion without compromising high FE efficiency and current level. However, there has been little
work on individually ballasted CNT FEA using this approach. One main reason for the lack of
previous work is the fabrication complexity. For silicon FEA, fabrication of silicon field emitters
individually in series with silicon current limiters can be realized by patterning and etching a sil-
icon substrate directly. In order to achieve CNT field emitters individually in series with silicon
current limiters, the fabrication process should include nano-patterning of CNT FEA, alignment
of CNT field emitter sites with silicon current limiter sites, and synthesis of CNT field emitters
on top of the silicon current limiters. Therefore, innovative design and fabrication of individual
CNT field emitters ballasted by silicon current limiters are required to provide stable and reliable
operation of CNT FEAs.
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5.1 Device design and fabrication

In our previous studies, we used ballast resistors in series with CNT FEA to achieve uniform
overall FE [10, 12]. By employing a ballast resistor in series with each CNT field emitter, the
control voltage is shared by the ballast resistor resistance and transimpedance of FE. The rela-
tionship between FE current, /, and control voltage, V, can be approximated by a modified F-N

equation [12,23-25, ]:

_ 2B(B(V-IR)/G)* Co’?
[ =7? p exp (—m> 5.1

where B and C are constants, ¢ is the work function of CNTs, and E is the electric field
strength. Due to the extreme small radii, r, of CNT tips, the electric field is enhanced at the
CNT tips by the field enhancement factor, 3. R is the resistance of the ballast resistor, G is the

anode-cathode gap, I is the FE current, and V is the control voltage.

When there is no ballast resistor applied, a 20% variation of field enhancement factor leads
to a large variation of emission current of about 1,003% [12]. When ballast resistors are placed
in series with CNT field emitters, the ballast resistors can lower the FE current of those higher
field enhancement factor emitters by sharing the voltage bias. Therefore, the voltage to extract
electrons from the CNT emitters is decreased. As a result, the overall FE current is lowered. A
150 MQ resistor, for example, is able to decrease the FE current level of CNT field emitter with a
large field enhancement factor to lower than 1 g A. However, the large resistance leads to a huge
voltage drop and large power consumption. Consequently, uniform FE current is achieved by
sacrificing FE performance of field emitters with higher current emission. These effects limit the
overall FE current of the CNT FEA to a low current level. Figure 5.1 shows that when a larger
resistor is used, it becomes much more difficult to achieve a higher FE current by increasing the
control voltage since higher voltage applied leads to higher voltage drop on the ballast resistor.
The FE process itself does not benefit from the increased voltage. Theoretically, for a CNT field
emitter with a gate-emitter gap of 500 nm (no ballast resistor), 50 V gate voltage is needed to
achieve an electric field of 100 V- um~! to generate a FE current of 4 uA. However, if there

is a 200 M resistor applied, an electric field of about 2,000 V- um~! is needed to generate a
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FE current of 4 uA. Furthermore, the voltage is required for a resistor of 1 GQ is too large to
be practically achieved. Therefore, the sensitivity of FE is greatly reduced. The uniformity is

achieved by sacrificing the FE current level.

FE current (A)

T

0 50 100 150 200 250 300

Gate voltage (V)

Figure 5.1: FE current in relation with gate voltage of different ballast resistors.

Silicon current limiter exhibits dynamic resistance to limit FE current below the maximum
current that a single CNT emitter can withstand, and hence protects emitter integrity and func-
tionality. To achieve FE current limitation without reducing the FE efficiency and current level,
a silicon current limiter is used. The conductivity of doped silicon is determined by carrier con-
centration n, electron charge e, and carrier mobility u, where mobility is the slope of the drift
velocity (v4) versus electric field. Under low applied voltage, the current is proportional to the
voltage. As the voltage increases, the electric field inside the current limiter reaches a high elec-
tric field (for example 30 kV-cm™!). In the meantime, the drift velocity increases and saturates at
the thermal velocity (107 cm-s™!) to give rise to saturation current. The current can be described

as:

%4
I=nu ZAe = nvgzAe (5.2)

where L and A are the length and cross section area of the doped silicon, respectively. From
Equation 5.2, by defining the geometric size and doping density of the doped silicon, a desired

76



saturation current can be set to limit the FE current from each CNT emitter and thus avoid over
current in CNT emitters.

The saturation currents of silicon current limiter were simulated using COMSOL Multi-
physics 5.1 based on finite element methods. A 10 um length n-type doped silicon with a
cross section area of 1 um? and various doping concentration is designed. Figure 5.2 shows the
current-voltage characteristics. In the simulation, the voltage used ranges from O to 100 V. As
the voltage increases, current through the model saturates. The saturation current and the doping
density have an approximate linear relationship. Desired maximum current can be achieved by
varying the doping level of the n-type silicon current limiter. In addition, according to Equation
5.2, for the same doping density, varying cross section area of the doped silicon resist can also
result in a variation of the saturation current. Therefore, the overall FE current can be limited at

a desired current level.

20.0{——1x10" cm™
18.04 2x10" em™
16.0: 3x10" em?
140:+5x10'4c -
: 3

3

Saturation current (pA)
S
o
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Figure 5.2: The current-voltage curve of a 10 tm length n-type doped silicon with various doping

concentrations and a cross section area of 1 um?.

In the previous study, a CNT field emitter can be permanently damaged by a current ranging
from 1.95 uA to over 40 A [13]. According to the simulation results, current saturation through

a 10 um length n-type doped silicon with a doping concentration of 1 x 10'* cm™3 and a cross
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section area of 1 um? is 1.56 uA, Therefore, we use n-doped silicon current limiters with a

3

doping concentration of 1 x 10'* cm™3, a cross section area of 1 um?, and a length of 10 gm.

Figure 5.3 illustrates the fabrication process of silicon current limiters in series with CNT
emitter. First, a 50 nm TiN layer is deposited on a clean silicon substrate. Then catalyst dot
array (Ni) is patterned using EBL using PMMA 950K A3 as resist (Figure 5.3(a)). Each catalyst
dot has a diameter of 100 nm. After the development, the catalyst dots are deposited by an
electron beam evaporator to have a thickness of 30 nm (Figure 5.3(b)). Then, 6% hydrogen
silsesquioxane (HSQ) resist is spin-coated as the secondary pattern of the cross section area of
the silicon current limiter array (Figure 5.3(c)). HSQ is a type of negative resist serving as the
etching mask in the next steps to build silicon current limiter pillar arrays. The cross section area
of the silicon current limiters is a regular octagonal pad with a radius of 1 um. The patterned
HSQ resist is developed in 25% tetramethylammonium hydroxide (TMAH) solution. Next, RIE
is used to etch the TiN thin film to fabricate connection pad arrays (Figure 5.3(d)). This step is
followed by a deep reactive ion etching (DRIE) process to etch 10 um silicon pillar structure
down the substrate (Figure 5.3(e)). The etching mask, exposed HSQ, is removed by buffered
oxide etch. After the silicon current limiters are built, individually vertically aligned CNT field
emitters are synthesized on top of the silicon current limiters by PECVD (Figure 5.3(f)). The

CNT field emitters are synthesized the same as described in the previous chapters.

Figure 5.4 shows the SEM image of several key fabrication steps of the CNT FEA with silicon
current limiter. The silicon substrate for the fabrication are n-type prime wafers with a thickness
of 480 um. The wafers have a doping concentration of 1 x 10'* cm™>. The measured sheet
resistance is 738 Q-sq~! at room temperature, corresponding to a resistivity of 35.42 Q-cm and
a doping concentration of 1.25 x 10'* cm™3. Figure 5.4(a) illustrates the octagonal pad array of
the HSQ resist on the TiN layer after the secondary EBL pattern and developed by 25% TMAH.
Ni dots can be clearly seen in the center of the octagon pads. Figure 5.4(b) shows the one
octagonal pad of the HSQ resist from the array. The Ni catalyst dot is covered by the HSQ resist.
Figure 5.4(c) shows the octagonal pad after the TiN etching. The diameter of the octagonal pad
is 1 um. Figure 5.4(d) shows the top of the silicon current limiter pillar after the DRIE process
(HSQ removed). The DRIE of silicon current limiters is achieved by Bosch process for 16 cycles.

Each etching cycle etches about 630 nm in depth. Then, CNT field emitters are synthesized on
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Figure 5.3: Fabrication process of silicon current limiters individually in series with CNT field
emitters. (a) Ni catalyst dots pattern using EBL. and PMMA 950K A3 resist. (b) Electron beam
evaporation and lift-off of patterned Ni dots. (c) Secondary pattern of silicon current limiter
using EBL and 6% HSQ resist. (d) RIE of TiN layer. (e) DRIE of silicon current limiter. (f)
PECVD synthesis of CNT field emitters on-top of the silicon current limiters.

top of the silicon pillars by PECVD. Figure 5.4(e) show a CNT FEA with 10 x 10 CNT field
emitters and inter-emitter distance of 100 um. Figure 5.4(f) shows a CNT FEA with 8,260 CNT
field emitters within a regular octagonal area of 1 mm? and an inter-emitter distance of 10 um.
The average height of the CNT field emitter is about 6 tm and the height of the silicon current
limiter is about 10 um. Figure 5.4(g) shows a typical CNT field emitter synthesized on-top of a

silicon current limiter.

5.2 Device characterization and discussions

The FE experiment set-up consists of an anode, a CNT FEA as the cathode, and a 50 um thick
Teflon film as a spacer in-between the anode and the cathode. A pico-ammeter is used to apply
a voltage bias for FE and measure the corresponding FE current from the free-standing CNT

FEAs. The experiment is performed in a vacuum chamber with a base pressure of 2 x 10~8 Torr.
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Figure 5.4: SEM images of several key fabrication steps of the CNT field emitters in series with

silicon current limiters. (a) The octagonal pad array of the HSQ resist on the TiN layer after the
secondary EBL pattern. (b) An octagonal pad of the HSQ resist from the array. (c) The octagonal
pad after the TiN etching. (d) The silicon current limiter pillars after the DRIE (HSQ removed).
CNT field emitters synthesized on top of the silicon current limiters by PECVD: (e) A CNT
FEA containing 10 x 10 CNT field emitters and inter-emitter distance of 100 um; (f) A CNT
FEA with 8,260 CNT field emitters within a regular octagonal area of 1 mm? and inter-emitter

distance of 10 um. The SEM images are taken at a tilted angle of 45°.

Sample 1 studied is the CNT FEA containing 10 x 10 CNT emitters (Figure 5.4(e)). In the
experiment, the voltage sweeps from 500 V to 800 V. A FE current of 8.13 uA is achieved at a
voltage of 800 V, which corresponds to 81.3 nA per emitter. Figure 5.5(a) shows the FE current-
voltage curves of the CNT FEA with individually ballast silicon current limiter. Figure 5.5(b)
shows the corresponding F-N plot, in which normal FE and ballasted FE regions are highlighted.

An ideal FE without ballast should have an F-N plot of a straight line [23—-25]. In Figure
5.5(b), the F-N plot consists of two linear segments. The F-N plots from 500 V to about 600 V
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Figure 5.5: FE performance of the 10 x 10 CNT FEA with individual ballast. (a) Current-voltage
characteristics of the CNT FEA with ballast. A FE current of 8.13 A is achieved at a voltage of
800 V. (b) F-N plot of the FE, in which different FE regions are highlighted.

is a straight line with a negative slope. As the voltage increases above 600 V, the slope of the
F-N plots clearly increases, becoming less negative due to the ballast effect of silicon current
limiters. The F-N plot indicates that from 500 V to about 600 V FE current from most CNT
emitters is below the saturation current of the silicon current limiter. As the voltage increases,
current regulation takes effect and some CNT emitters begin to work at the saturation current

level causing the F-N plot slope increase.

In practical situations, CNT FEAs should have more CNT field emitters to achieve sufficient
current for various applications. Sample 2 is such a CNT FEA (Figure 5.4(f)). It has 8,260 CNT
field emitters in a regular octagonal area of 1 mm? and an emitter-to-emitter distance of 10 pm.
The control voltage sweeps from 500 V to 1,000 V with a step voltage of 5 V. Figure 5.6(a)
shows the FE current-voltage curves of the CNT FEA with individually ballast silicon current
limiters compared with theoretical prediction without ballast. An overall FE current of 1.03 mA
is achieved at a voltage of 1,000 V, which corresponds to 119 nA per emitter. The theoretical
prediction is derived from the F-N equation where 8,260 CNT field emitters are working together

with the same conditions. Figure 5.6(b) shows the corresponding F-N plot, in which normal FE
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and ballasted FE regions are highlighted.
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Figure 5.6: FE performance of the CNT FEA with 8,620 CNT emitters with individual ballast.
(a) Current-voltage characteristics of the CNT FEA with ballast compared with theoretical pre-
diction of FE without ballast. A FE current of 1.03 mA is achieved at a voltage of 1,000 V. (b)
F-N plot of the FE, in which different FE regions are highlighted.

It can be seen from Figure 5.6(a) that the current-voltage curve clearly shows the effect of
ballast resistor. It is well known that an ideal FE current-voltage curve should be an exponential-
like curve as described by F-N equation. From about 850 V onwards, the current curve tends to
become flat instead of increasing exponentially. We believe that as the voltage increases, the FE
current of the dominating CNT field emitters reach the saturation current of the corresponding
silicon current limiters. As more CNT field emitters are limited, the increase of the overall FE
current of the CNT FEA tends to slow down. F-N plot with two linear segments is observed in

Figure 5.6(b). The increased slope of the F-N plot indicates the effect of current regulation.

Ideally, FE current all the CNT field emitters will eventually reach the saturation current of
the silicon current limiters. As a result, the overall FE current-voltage curve of the CNT FEA
should become flatten as the applied voltage keeps increasing. Correspondingly, the slope of
the corresponding F-N plot would become positive. In this scenario, only a clear ballast effect

but no full saturation of the overall FE current is observed. There are two possible reasons.
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One reason is that due to the variation of CNT emitter size and properties within the CNT FEA.
Thus, FE performance from each CNT emitter varies. Even under high voltage condition, there
exist many CNT field emitters that are still operating below the saturation current level of the
silicon current limiters. As the voltage increases, the FE current reaches a plateau but is still
increasing gradually. Such an increase is possibly contributed by the increased current from
those CNT field emitters operating below the saturation current level. The other possible reason
is that Joule heating during the FE operation increases the temperature of the CNT field emitters
and the silicon current limiters. The increase in temperature will cause an increase of carrier
concentration and thermal velocity. As a result, an increase in temperature results in an increase
in saturation current of the silicon current limiter. Simulation results, shown in Figure 5.7, reveals
the relationship of the silicon current limiter saturation current and temperature. It can be seen
from Figure 5.7 that the saturation current remains nearly unchanged below 500 K. However,
when the temperature is higher than 500 K, the saturation current increases significantly. For
CNT FEA that is working for a long duration, Joule heating might cause the temperature of the
silicon current limiters to go over 500 K. Consequently, the saturation current would be higher
than that at room temperature. In this scenario, there could exist CNT field emitters generating

FE current lower than the saturation current at an elevated temperature.

The FE performance of each CNT emitter in the CNT FEA is also recorded and visualized
using the PMMA thin film based FEM method [129]. Since PMMA is an electron sensitive
material, by spin-coating a thin layer (120 nm) of PMMA onto the anode surface, it can visualize
the FE current contribution levels from each CNT field emitter based on the morphology of the
FEM patterns on the PMMA thin film. For the same period of FE, larger exposed area of the
FEM patterns indicates higher FE current from the corresponding FE sites. Besides, it can also
record the history of CNT field emitter failure. The detailed description of the PMMA thin
film based FEM method to visualize FE performance and emitter failure of CNT FEA can be
found in our previous study [129]. Figure 5.8(a) shows the optical microscopic image of the
CNT FEA after the FE test. The CNT FEA has 8,260 CNT field emitters in a regular octagonal
area of 1 mm? and an emitter-to-emitter distance of 10 um. Despite of the presence of some
particles and a fabrication flaw, no CNT field emitter damage can be seen. Figure 5.8(b) shows

the optical microscopic image of the FEM patterns of the CNT FEA within the regular octagon
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Figure 5.7: The relationship of the saturation current of the silicon current limiter and the tem-

perature.

on the PMMA thin film reflecting the FE performance of each CNT emitters. Low FE current

contributions can be seen in Figure 5.8(c).

Figure 5.8(b) shows about 30 FE patterns with large exposed circular area, which even over-
shadow neighbouring FE sites. These FEM patterns indicate large FE current contributions from
corresponding CNT field emitter sites. Medium FE current contributions can also be seen from
those bright exposed dots. Besides, FEM patterns of the low FE current contributions, which are
not overshadowed by other larger FEM patterns, are also distinguishable in Figure 5.8(c). The
PMMA thin film based FEM method reveals that some CNT field emitters are working at a high
FE current level while others have very low FE current. Since there is no indication of CNT field
emitter failure according to the FEM patterns on the PMMA thin film, it can be concluded that
the silicon current limiters effectively protect the CNT field emitters from being damaged and
regulate the FE current of the CNT FEA. This result confirms that current regulation is effective
in limiting those CNTs with high FE current. It should be noted that there are still many CNT

field emitters operating below the saturation current of the silicon current limiters.

The regulation ability of the silicon current limiter allows the CNT FEA to demonstrate good
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Figure 5.8: The optical microscopic images of the CNT FEA after the FE test and its FE perfor-
mance visualized by PMMA thin film based FEM method. (a) The optical microscopic image
of the CNT FEA after the FE test. Despite of some particles and a fabrication flaw, no CNT
field emitter damage can be seen. (b) The optical microscopic image of the FEM patterns of the
CNT FEA within the regular octagon on the PMMA thin film reflecting the FE performance of
each CNT emitters. Larger exposed area of the FEM pattern indicates higher FE current from
the corresponding FE site. (c) The higher magnification optical microscopic image of the FEM

pattern of some low FE current contributions highlighted in (b).

repeatability under lower voltage. A comparison is made between a CNT FEA individually in
series with the proposed silicon current limiter and a CNT FEA without ballast. Both CNT FEAs
have 8,260 CNT field emitters within a regular octagonal area of 1 mm? and an emitter-to-emitter
distance of 10 um. A sweep voltage from 0 to 500 V is applied to both the ballasted CNT FEA
and the CNT FEA without ballast for six rounds. The step voltage is 5 V. The pico-ammeter
records the FE current every step. Figure 5.9(a) and (b) shows the current-voltage curve of the
ballasted CNT FEA and the CNT FEA without ballast, respectively. The inserts of the both
figures are the F-N plot. There is a slight ballast effect can be seen from the F-N plot of the
ballasted CNT FEA.

It can be seen from Figure 5.9 that the repeatability of the FE current-voltage curve of the
ballasted CNT FEA is much improved when compared with that of unballasted CNT FEA. The
inserts of both Figure 9 (a) and (b) are the F-N plots of each current-voltage curve. An abrupt
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Figure 5.9: FE current repeatability. (a) The current-voltage curve of the CNT FEA individually
in series with the silicon current limiters for 6 rounds. (b) The current-voltage curve of the CNT
FEA without ballast for 6 rounds. The both inserts are the F-N plot

rise of the FE current from the third round (the blue curve in Figure 5.9(b)) and an abrupt drop
of the FE current from the fifth round (the green curve in Figure 5.9(b)) can be clearly seen
from the unballasted CNT during the voltage sweep. Based on our previous study on CNT field
emitter failure, an abrupt FE current drop may be attributed to an irreversible damage of a CNT
field emitter that loses its ability to contribute to the overall FE current [151]. On the other hand,
the protective effect of the current limiters eliminates the potentially damaging abrupt current
increase of a CNT field emitter. Besides, the better repeatability of the CNT FEA with the
silicon current limiter can be clearly seen from the F-N plot inserted. The six F-N plots of the
ballasted CNT FEA more densely packed together. Some F-N plots even overlap. The six F-N
plots also show a slight trend to become flat, indicating the current regulation effect. While the
six F-N plots of the CNT FEA without ballast are loosely distributed.

Figure 5.10 shows the long-term stability test of the CNT FEA with and without current
limiter. Figure 5.10(a) shows the FE current varying with time of the ballasted CNT FEA. The
FE current is measured under a voltage of 700 V for 1,800 s. The average FE current during this
period is 1.16 mA with a maximum FE current of 1.42 mA and a minimum of 0.91 mA. The

standard deviation is 0.13 mA, which is 11% of the average. Figure 5.10(b) shows the current-
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time curve of the CNT FEA without ballast. The current is measured under 500 V for 600 s. The
maximum and minimum FE current are 199.1 A and 42.5 uA, respectively. The average FE
current is 95.1 tA. The standard deviation is 40.0 nA, which is 42% of the average. Although
there is a slight decrease of the FE current over time, the stability of the ballasted CNT FEA is
greatly improved.
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Figure 5.10: The long-term stability test of the CNT FEA with and without the silicon current
limiter. (a) The current-time curve of the ballasted CNT FEA under 700 V for 1800 s. (b) The
current-time curve of the CNT FEA without ballast under 500 V for 600 s

5.3 Chapter summary

In this study, a comprehensive design and fabrication of individually ballasted CNT FEAs using
silicon current limiters is demonstrated. Prior to this study, this approach has been applied on
silicon FEAs and CNT clusters employing silicon current limiter but is rarely achieved in indi-
vidually vertical aligned CNT FEAs. We have successfully fabricated each CNT field emitter in
series with a vertical n-type silicon current limiter using two-time nano-scale EBL together with
other nano-scale fabrication processes. The designed n-type silicon current limiter has a doping

concentration of 1 x 10'* cm™3, a length of 10 um and a cross section area of 1 um?. Due to
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the velocity saturation of electrons in silicon, the designed silicon current limiter achieves a sat-
uration current of 1.56 A to avoid each CNT field emitter over-current and failure. A 10 x 10
CNT FEA and a CNT FEA with 8.260 CNT emitters in a regular octagonal area of 1 mm? and
an inter-emitter distance of 10 um and are fabricated and characterized. Both CNT FEAs show
an obvious current limiting effect without losing their sensitivity and efficiency. By exploiting
the protective effect of the saturation current, the proposed CNT FEA exhibits improved repeata-
bility and stability. In addition, the temperature effect due to Joule heating on the saturation
current is studied. The saturation current remains nearly unchanged below 500 K but increases
significantly above 500 K. The systematic design and the successful development of individually
ballasted CNT FEAs using silicon current limiter will enable stable and reliable operation of
commercially viable CNT FEA as an electron source for applications such as miniature X-ray

source and multi-beam X-ray source.
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Chapter 6

Self-contained and self-focusing X-ray
source based on CNT FEA

Due to its low operating temperature and low power consumption, FE cathode is also suitable for
compact and portable X-ray sources, such as security scanning, and on-site NDT applications.
Many compact X-ray sources based on CNT FE has been demonstrated [101, 153]. However,
considering the non-uniform FE of CNT FE, emission current switching, and electron beam
focusing, these X-ray systems rely on complex structure and supporting circuit to operate. Some
CNT FE X-ray systems even adopt the tetrode and pentode structures to control and focus the
electron beam [154, 155]. These systems are complex and costly. The system complexity, in
turn, limits the reliability and the size of the CNT FE based compact X-ray system. Therefore,
in contrast to the conventional thermionic emission X-ray sources with simple diode structure
and focusing cup, compact X-ray sources based on CNT FE have not been widely applied. As a
result, novel applications, which rely on the availability of CNT FE based compact X-ray sources,
such as X-ray fluence field modulation, and multi-sources X-ray systems, have developed very

slowly.

To resolve the above-mentioned problems of the CNT FE based compact X-ray systems, we
have proposed and demonstrated a self-contained and self-focusing compact pulsed X-ray source

based on a vertically aligned CNT FEA cathode and a resonant transformer. Based on our previ-
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ous studies on CNT emitter failure mechanism [129, ], FE performance characterization, and
magnetic focusing mechanism, we have designed a comprehensive multi-physics model to study
the self-focusing electron beam and pulsed mode in the proposed X-ray systems. The model
incorporates electronic circuit of resonant transformer, coupling of electric field and magnetic
field, and heat transfer. The proposed design has several breakthroughs. First, the integrated res-
onant transformer is compatible with CNT FEA that are working under a well-designed pulsed
mode. Therefore, the accurate control of switching FE “ON” and “OFF” enables the CNT emit-
ters and the target for long-lasting operation under high voltage and high current conditions.
Second, high voltage generator is closely integrated with the X-ray components. Since there is
no need for extra high voltage insulation components outside the vacuum chamber, the reliabil-
ity is further improved and the size of the system is further decreased. Third, the electron beam
is self-focused by the magnetic field generated by the transformer. As such, no extra focusing
components and circuit are needed. Fourth, since the voltage-ampere characteristics of the CNT
cathode follows an exponential growth, proper design of the anode-cathode distance guarantees
that FE operates only under high voltage. As a result, low energy electrons emission is elimi-
nated. In this chapter, we report design and demonstration of a simple and compact CNT-based
FE X-ray system that provides improved X-ray quality and efficiency by accurately adjusting the
threshold electric field strength and controlling the width of the high voltage pulse.

6.1 Device design

The system consists of (i) a high-frequency full bridge drive circuit; (ii) a stack of parallel con-
nected pancake coil as the primary coil; (iii) a stack of series connected pancake coil as a sec-
ondary coil; (iv) a coupling circuit using a high voltage diode and capacitor to connect the CNT
FE cathode and the anode to the transformer; (v) a vertically aligned CNT FEA that is connected
to the negative voltage; and (vi) a tungsten rod as the target connected to the positive voltage.
The entire system is highly compacted with no more than 8 cm in length. Only a 12 V DC power
and a trigger signal are needed to operate pulsed X-ray generation. Figure 6.1 shows the system

structure diagram. Figure 6.1(a) shows the schematic of the system operation. Figure 6.1(b)
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shows the cross-section diagram of the proposed compact X-ray source. Figure 6.1(c) shows the

picture of the compact X-ray source.
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Figure 6.1: Diagram of the system structure: (a) system schematic, (b) cross-section diagram of

the proposed compact X-ray source, and (c) the photo of the compact X-ray source.

The control circuit generates a square wave signal with a fundamental frequency equal to the
resonant frequency of the transformer. The trigger signal defines the period of the square wave
thus determines the width of the X-ray pulse. The H-bridge driver amplifies the square-wave and
provides a high-current high-frequency square wave on the primary winding of the transformer.
High-voltage is then generated on the secondary winding of the transformer. The turn ratio of
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the transformer is 1:500. Generally, the voltage gain of a transformer equals the turn ratio. To
increase the voltage gain, we make the transformer work at its peak of the resonant frequency.
Therefore, the voltage gain is the product of the turn ratio and Q factor of the transformer. The
output of the transformer is connected to the X-ray components with a coupling circuit consist
of a capacitor and a diode. A high-voltage diode is reversely parallel connected to the X-ray
components. In the negative half cycle of the square wave, when the electric potential of point
A (V) (shown in Figure 6.1(a)) is lower than the potential of point B (V},), the X-ray component
is reversely biased. The capacitor is charged through the diode. In the positive half cycle, the
voltage applied on the X-ray components equals the transformer output (V,;) plus the potential
difference of the capacitor (V,.). The applied voltage keeps increasing. When the threshold
voltage of the X-ray component is reached, FE starts to operate. Since the FE current increases
exponentially with the increase of the applied voltage, the maximum FE current of the CNT could
be much larger than the maximum output current of the transformer. However, when the CNT
FE current reaches the maximum output current of the transformer, the voltage applied on the X-
ray components (V) will stop increasing. Consequently, over-current of the cathode is avoided.
By adjusting the cathode-anode distance, the threshold field strength and the minimum electron
energy can be determined. On the other hand, the adjustment of the maximum electron energy
is a little trickier. The maximum power of the transformer, the capacitance of the capacitor, and

the FE property of the CNT cathode need to be taken into account.

The CNT FEA cathode consists of vertically aligned CNT field emitters with an inter-emitter
distance of 10 um. The CNT FEA is fabricated using the same process as discussed in the
previous chapters. Figure 6.2(a) and (b) shows SEM images of the CNT FEA and a single CNT

field emitter from the array, respectively.

During an FE process, Joule heating converts FE to extended Schottky emission and lead to a
further increase of the FE current [ 151, 156]. This positive feedback process will cause a thermal
runaway and eventually lead to Coulomb explosion that destroys the CNT field emitters [151].
To avoid the CNT field emitter failure, a rectified high voltage pulse is applied onto the X-ray
components directly to reduce the duty cycle of the FE and promote heat dissipation from CNT
emitters. Using puled mode in CNT FE based X-ray sources is a significant difference from

conventional thermionic based X-ray sources. In a conventional X-ray source, when the filament
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Figure 6.2: The SEM image of the vertically aligned CNT FEA as the cathode. (a) The CNT
FEA. (b) A higher magnification SEM image of a single CNT field emitter.

is heated up, an electron cloud is generated around the filament. Electrons will be attracted
to the anode even when a low voltage applied to the anode. As a result, many low energy
photons and extra heat will be generated if a rectified high-voltage AC power is applied to the
conventional X-ray source, and thereby reducing tube efficiency and lifespan. To overcome
this issue, conventional X-ray generator uses big capacitors to get a constant high voltage. In
this CNT FE based compact X-ray source, electrons are emitted only when the threshold field
strength is reached. Therefore, there are few low energy electrons generated. This rectified high
voltage pulse not only eliminates the low energy X-ray and avoid of CNT emitter failure, but also
simplifies the circuit and significantly reduces the weight and cost of the X-ray system. Besides,
the pulse mode allows rapid thermal dissipation on both the CNT FEA and the anode. Therefore,

longer and more stable operation of the X-ray system can be expected.

The X-ray source is simulated with different methods. The high voltage circuit is simulated
by the Simulation Program with Integrated Circuit Emphasis (SPICE) software. The magnetic
field of the transformer and electric field of the X-ray components is modelled and simulated by
COMSOL Multiphysics based on finite element method.

The high voltage circuit, including the H-bridge, transformer, coupling circuit, and the CNT
FEA cathode, is simulated using a SPICE software. Since the characteristic of the CNT FE is

similar to that of a diode, we use a four-segment piecewise linear model to simulate the CNT FE
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based X-ray system. The voltage-ampere characteristics of the CNT FEA cathode is character-
ized by experiments. A PWL model can fit well with the voltage-ampere (I/V) curve. Figure
6.3(a) shows the simulated current curve and the experimental results. Both the voltage-ampere
curves and the F-N plots have a good agreement with the experiment results. Figure 6.3(b) shows
the simulation result of voltage and current across the X-ray components. In Figure 6.3(b), in
the negative half cycles (V, < V},) of the first several cycles, the high-voltage capacitor is charged
through the diode. The cathode and the anode are reversely biased. there is no FE within the
negative half cycle. In the positive half cycles (V, > V},) of the first several cycles, since the
voltage applied on the X-ray components (V,.) does not reach its threshold voltage, no current
pass through the capacitor and the voltage on the capacitor (V) keeps unchanged. This charging
process takes few microseconds (several cycles before T, in Figure 6.3(b)). Then, a very small
current is emitted from the CNT cathode in the positive half cycles (between T, and 7}, in Figure
6.3(b)). Since the emission current is lower than the output current of the transformer, the V.
keeps increasing. The duration of this process is determined by the capacitance and the inner re-
sistance of the transformer. The FE current does not show a clear increase until the time point 7.
Therefore, the power consumption and radiation dose generated at the low voltage is negligible.
After Tp, the applied voltage reaches the threshold voltage of the CNT cathode. The tube current

(CNT FE current) and the voltage becomes stable with small increase.

Sine electron focal spot size determines the resolution of an X-ray source, electron focusing
should be considered. In this case, the electron trajectories is determined by both the electric
field and the magnetic field. Thus, the X-ray components and the transformer is modelled using
finite element method. First, the electric field and the magnetic fields strength distribution are
simulated. Figure 6.4 shows the simulation of the electric field and magnetic field distribution.
The CNT FEA is synthesized on a silicon substrate with a diameter of 6 mm. A round plate is
used to represent the CNT FEA cathode in the simulation. The anode is modelled as a 2 mm
diameter cylinder. The model consists of a cylindrical ferromagnetic core. The cylindrical anode
warped by the ferromagnetic core is placed at the center of the primary and secondary coils. As
the electron flying time is much shorter than the cycle of the square wave, the magnetic field
and electric field is simulated in steady-state mode. Both circuit and magnetic field models are

coupled to calculate the electric field and magnetic field distribution. The model is enclosed a
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Figure 6.3: (a) Experimental and simulation FE current density versus the applied electric field

of the CNT FEA. (b) the voltage response and corresponding FE current in the first 10 ms.

spherical space with an infinity boundary, such that the effects from the simulation boundary
is minimized. Figure 6.4 shows the simulation results of the electric field and the magnetic
field. In Figure 6.4(a), the color bar represents the voltage gradient. The red area is the X-ray
anode connected to the high voltage, while the blue area is low voltage area of the cathode and
transformer. In Figure 6.4(a), the electric field lines closed to the cathode (below the yellow
arrow in the insert of Figure 6.4(a)) are divergent, which affects the electron beam focusing,
thus reduce the X-ray image resolution. Figure 6.4(b) shows the magnetic field distribution. The
primary winding has higher current than the secondary winding, so it was put close to the cathode
to provide high magnetic field. The magnetic field lines are closed loops that go into the core
from one end and exit from the other end. The magnetic flux density in the core are much higher
than that of the other places in the magnetic field. The magnetic flux density convergence at both

ends of the core.

Next, a charged particle tracking model is integrated to simulate the electron beam trajectory
under the electromagnetic force. Figure 6.5 shows the simulation results. The cylindrical shape
target is placed at the centre of the core, where the magnetic flux has the highest density. The

cathode is placed 10 mm away from the core, where the magnetic flux density is much lower
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Figure 6.4: Simulation results of (a) the electric field distribution and (b) the magnetic field
distribution. The insert of (a) shows the electric field lines close to the cathode are divergent,

which is unable to focus the electron beam to the anode tip.

than that of the core. Then the trajectory of the electrons emitted from the CNT FEA cathode is
computed. This model is solved in transient state to calculate the focal spot size. When electrons
tunnelled through the potential barrier of a CNT field emitter, the full width at half maximum
of the distribution of total kinetic energy is 0.693¢ ~ 3.3 eV [157], where ¢(=5 eV) is the
work function of CNT [158]. This kinetic energy corresponds to an initial electron velocity of
1.08 x 10® m-s~! in all directions. The velocity is the initial speed with random directions in
the electron trajectory model. Figure 6.5(a) and (b) show the electron trajectory without and
with the magnetic field, respectively. In Figure 6.5(a), only the electric field is applied to extract
electron from the cathode and accelerate the electrons to hit the target. The travelling time of
the electron is about 0.5 ns. The beam is divergent follow the electric field line in the first 0.35
ns, because the electron velocity is relatively low. From 0.35 ns onwards, the electrons arrive
into the area where the electric field line starts to concentrate (the insert of Figure 6.4(a)). The
horizontal component of the electric force starts to focus the electrons. However, at this point,
the vertical component of the electron velocity is much larger than the horizontal component.
As a result, the electron beam cannot be focused to the target tip with only electric field. As is

shown in Figure 6.5(b), when a magnetic field is applied, the electron trajectories are helical. The
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centrelines of the helices are the magnetic force line. The gyro-radius is defined by r = mv/¢B,
where m is electron mass; v is electron velocity; ¢ is electron charge; and B is the magnetic field
strength. Since the magnetic flux density is much higher at the target tip, the gyro-radius of the
helices decreases significantly. As a result, the electron beam is well focused at the target tip.
Therefore, our system is able to achieve electron beam self-focusing utilizing the magnetic flux

of the transformer at the core opening.
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Figure 6.5: Simulation results of the electron trajectories without (a) and with (b) magnetic field.

6.2 Device demonstration and discussions

The X-ray source design involves many physical quantities, such as high voltage, electric field
strength, FE current, electron trajectory, and all these quantities are tightly coupled. These cou-
pling makes the performance characterization complex. To characterize the system, we measured
the property of each component separately. Then, we integrate the system and test the overall

performance of the entire system.

First, we figure out the resonance frequency of the high-voltage transformer. The transformer
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is built according to the above-mentioned design. The external diameter of the coils is 1.5 inch
(38.10 mm) and the inner diameter is 0.4 inch (10.16 mm). The primary coil has 5 turns and
the secondary coil has 2,500 turns. A low voltage step is applied on the primary winding of the
transformer. The spectrum of the output form the secondary winding is recorded with an oscil-
loscope. The input step signal is considered an excitation signal with infinity bandwidth. The
highest peaks of the spectrum output signal indicated the resonance frequency of the transformer.
The resonance frequency of the transformer is 72 kHz, and the 3 dB bandwidth is about 7 kHz.
Then, a 12 V 72 kHz high-current square wave is applied on the transformer. The output high
voltage is approximated by measuring the electric arc length in air between two needle elec-
trodes [159]. The electric arc length generated by the resonant transformer is 6 cm. The 6 cm
electric arc in air requires 50 kV to breakdown the air gap, therefore the maximum output voltage
of the transformer is estimated to be 50 kV. This result has a good agreement with the simulation
result shown in Figure 6.3(b). The voltage gain is 5S0kV/12V ~ 4167, thus the corresponding Q

factor of the transformer is 8.3.

Next, to characterize the FE property of the CNT FEA cathode, a pulsed voltage is applied
to find out the maximum current of the CNT FEA cathode. To avoid the delay of the high-
voltage circuit switching, the pulsed FE current is measured under a low voltage with a small
cathode-anode gap. Figure 6.6 shows the FE current under an electric field of 16 V- um™!
and a pulse width of 1.1 ms. An average FE current about 250 mA is achieved from the 8,700
CNT field emitters. It can be seen from the Figure 6.6 that there is a spike at the beginning of
each pulse. We believe it is caused by the parasitic capacitance of the circuit and wires instead
of the FE current. The average FE current from each CNT field emitter is about 30 uA. This
value has a good agreement with the maximum FE current that a single CNT can withstand for
tens of milliseconds [13]. The 250 mA pulsed FE current is much higher than the maximum
output current of the transformer, therefore the transformer can avoid of the CNT burned by

over-current.

The electric field to start FE from the CNT FEA is a function of the anode voltage and the
cathode-anode gap. Since the anode voltage determines the X-ray energy and FE operation at
the same time, a suitable cathode-anode gap needs to be found out to eliminate low energy X-

rays. Simulation results shown in Figure 6.3(b) indicates that when the cathode starts to emit
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Figure 6.6: FE current of the CNT FEA under a 1.1 ms wide 16 V-m~! electric field pulse. The
effective FE current is about 250 mA.

electrons, the capacitor starts to discharge, as a result, the voltage will have a fluctuation range
from 27 kV to 51 kV. We use a constant voltage of 35 kV constant high-voltage (2/3 of the 50
kV maximum transformer output voltage) to determine the cathode-anode gap. According to the
voltage-ampere characteristics of the CNT FEA cathode shown in Figure 6.3(a), the FE starts
to turn on at an electric field of 5 V- um~!. Therefore, the cathode-anode gap is set to 7 mm,

corresponding to a threshold voltage of 35 kV.

Finally, the transformer, the X-ray cathode, and the anode are integrated and put into a vac-
uum chamber at a base pressure of 2 x 1078 Torr. The anode is a 2 mm diameter tungsten rod
wrapped within an insulation film. The cathode is a vertically aligned CNT FEA synthesized on
a silicon substrate. The CNT FEA is placed 7 mm away from the anode tip. All the components
are made with vacuum friendly materials. Ceramic is the ideal materials for the X-ray tube.
However, to simplify the fabrication process, polyimide and polytetrafluoroethylene are used as
insulators. A high current square wave is generated by a micro-controller and an H-bridge cir-

cuit. The square wave lasts for 100 ms. A Geiger-Muller counter is used to measure the X-ray
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radiation intensity. Figure 6.7 shows the X-ray intensity distribution. We measured 35 pulses
and the radiation exposure of each pulse ranges from 40 to 100 mR - hr~!.
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Figure 6.7: (a) The X-ray intensity of each pulse. (b) The intensity distribution and the normal
distribution curve.

Figure 6.8(a) and (b) show the optical image and the X-ray image of an industrial relay,
respectively. Figure 6.8(c) shows the high magnification X-ray image. All the details of the edge
of via holes of the circuit board and the armature of the relay are clearly seen. Since the size

of via holes and armature is a few tenths millimetre, the image resolution is good enough for
sub-millimetre scale imaging.

In this design, the gap between the cathode and the anode determines the beam energy. Fur-
ther studies of the voltage-current characteristics of the CNT FEA cathode under a pulsed high
voltage of different anode-cathode distance is needed to determine the peak energy of the X-ray
beam. This will help us design X-ray sources to meet the requirements of different applications.
The experiments demonstrate the high voltage circuit based on the resonant transformer has the
capability of driving an CNT FE based compact X-ray source. The geometry parameter and the
materials of the windings can be further optimized to improve the transformer performances.
By increasing the wire cross-section diameter, the resistance of the windings is decreased. The

Q factor of the winding and the output voltage of the transformer will also be increased signif-
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Figure 6.8: X-ray image of a relay. (a) The optical image of the relay. (b) The X-ray image of the
relay taken by the proposed compact X-ray source. (c) The high magnification X-ray image of

the relay. The object consists of a copper connector, a copper foil circuit board, and a solenoid.

icantly. As such, the X-ray source can be further decreased in size while increased in X-ray
beam energy. Furthermore, with more components integrated into the vacuum chamber, vacuum

pumping down is a challenge.

6.3 Chapter summary

In the paper, an integrated pulsed X-ray source based on a resonant transformer and a CNT FEA
cathode is designed and demonstrated. By integrating a resonant transformer, the X-ray source
can be powered by a 12 V DC power supply. The X-ray source is able to generate pulsed X-ray
beam. The exposure dose test indicates that the X-ray beam has good repeatability and reliability.
Meanwhile, self-focusing of the electron beam has successfully achieved by the magnetic field
generated by the resonant transformer. Benefiting from the integrated high voltage and electron
beam focusing mechanisms, high resolution X-ray images taken by the proposed X-ray source

show a sub-millimetre scale resolution. The proposed integrated pulsed X-ray source has a highly
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simplified structure which can not only increase reliability but also reduce the cost of the device
significantly. The compact size and low cost makes it suitable for potential applications that need

multiple X-ray sources.
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Chapter 7

X-ray fluence field modulation based on
CNT FEA

The idea behind the traditional X-ray fluence field modulation is to use an extra tool to either
shape a filter to selectively attenuate a cone X-ray beam or dynamically vary an aperture to
adjust exposure time. Contrary to the fixed filtration patterns in conventional use, FE from CNTs
used as electrons source in X-ray system are able to achieve fast “ON” and “OFF” of any X-
ray source and control of X-ray exposure timing. X-ray image dose adjustments, fluence field
modulation, and shape variation can be achieved by the fast response and addressable CNT FEA.
As a result, a heavy and inflexible filter or collimator can be eliminated. Since CNT FEA is
small in size and can be patterned into two dimensional array, a flat panel multi-beam X-ray
source based on CNT FEA is able to allow spatially varying, user-prescribed X-rays but “as
low as reasonably achievable” radiation exposure to limit unnecessary dose and cancer risk to
patients without sacrificing image quality with limited dose. Such X-rays can benefit many cases
when high image quality near the suspicious lesion is only desired such as locating the tip of a
surgical instrument with respect to an anatomical landmark and a repeat diagnostic CT scan to

explore a suspicious anomaly.
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7.1 System architecture and control method

A novel 2D multi-pixel X-ray source is proposed for FFMCT, shown in Figure 7.1. Ideally,
parallel X-ray beams are generated from multiple X-ray pixels (Figure 7.1(a)). Each pixel can be
individually controlled and addressed, making it possible for irregular field shaping and spatial
modulation of the X-ray intensity as needed. The device operates by controlling the gate voltage
of the each pixel of the CNT FEA cathode to allow beam shaping and fluence field modulation.
The X-ray fluence field shape is formed by selectively turning on individually controllable X-
ray pixel beams as opposed to using a cone beam that is mechanically collimated to a given
shape. The X-ray beam intensity can be modulated by setting a corresponding gated voltage
and a proper duty cycle of FE. The FE electron beams are focused with the focusing electrodes
and accelerated to the anode along the high electric field to generate X-ray beams. In our design,
X-rays generated in the reflection mode (anode angle is 0°) will be formed into parallel beams by
properly designed collimation. Without the collimator, each cell can still work as a multi-pixel

cone beam X-ray source, which can be potentially applied for IGRT.

In practical situations, however, even if there is a perfect pencil beam achievable, the gap
between neighbouring pixels will lead to incomplete coverage of region of interest. Besides,
X-ray beams generated are all cone-shaped beams. Albeit there is a well-designed collimator
applied, neighbouring X-ray beam overlapping occurs. A practical flat panel multi-pixel X-ray
source is desired to have the capability to irradiate all the without missing any portion, while
image overlapped of the adjacent pixel does not affect the image quality. To resolve the above-
mentioned challenges, a four-point rotation scanning method is designed. Figure 7.1(b) and (c)
illustrates the diagram of the approach. We define the plane that adjacent beams intersect as a
top plane and the plane that alternation beams intersect as the bottom plane. The space between
the two planes can be fully covered by X-ray beams. Above the top plane, the object is not fully
covered by X-ray beam; while below the bottom, the image overlap will lead to image blurry.
The neighbouring pixels are activated alternatively. The pixels are divided into four groups and
launched one by one. Each X-ray image needs four exposures. A reconstruction algorithm is

needed to build up the image and some sort of depth information will be generated.

To generate X-ray beams from 2D source array, we choose to use reflection anode structure.
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Figure 7.1: Diagram of the 2D multi-pixel X-ray source for FFMCT: (a) illustration of 2D multi-

pixel X-ray source with parallel X-ray beams, (b) the schematic of a cross-sectional view of the

multi-pixel X-ray source, and (c) the diagram of the scanning method.

In this mode, X-ray photons emit in the opposite direction to the incident electron beam. An
alternative mode is to use a transmission anode, where X-ray photons are generated in the same
direction as the incident electron beam. The anode has to be made very thin (tens of microns)
to allow X-ray transmit through the anode material. Although transmission mode can avoid
heel effect and has less cross-talk among multiple X-ray beam, it suffers from inadequate heat
dissipation of the anode due to very thin target, resulting in short cathode life due to back-ion
bombardment caused by the lower vacuum that ensued from the anode melting and out-gassing.
Another problem for transmission mode is the limited anode voltage range. Different anode
voltage will have different electron depth in the target. However, the thickness of the target
is fixed for a specific anode voltage. Larger acceleration voltage will lead to electron beam

penetration. While smaller acceleration voltage lead to shallow electron beam in the target,
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resulting in attenuation of X-ray produced. Both situation will have lower X-ray generation
efficiency. Our reflection mode can solve anode melting problem since thicker anode can resist

higher heat load and avoid heel effect due to symmetrical X-ray emission.

To achieve accurate and efficient control of FE from CNT FEA, a gate electrode is required.
Most existing CNT FE cathodes employ a separated gate electrode to control the FE since it is
simple and convenient. However, separated gated electrodes lead to a large cathode-gate gap and
thus a very high control voltage to extract electrons from CNT FE cathodes. For multi-pixel X-
ray sources, high control voltage makes it harder to allow fast current adjusting of an individual
pixel. Therefore, a low control voltage is desired to improve the sensitivity of multi-pixel X-
ray sources. To achieve it, a well-controlled smaller emitter-gate gap is needed. Our group
previously proposed a CNT FEA with coaxial cylinder gate cathode, which is able to have well
controlled emitter-gate gap within hundreds of nanometres or several microns and very low gate
voltage. The detailed fabrication process of the CNT FEA with coaxial cylinder gate cathode is

presented in the section 2.2.2.

The FE performance of the CNT FEA with coaxial cylinder gate cathode has been well
studied else where [10]. The average FE current is about 550 uA from 2121 CNT field emitters
within an octagon area of 0.2 mm? under a gate voltage of 40 V, corresponding to 0.26 A from
a single emitter. The CNT FEA also exhibits good long term stability. The key feature of such
type of CNT FEA design is that the control voltage for electron emission is greatly decreased.
The sample has an emitter-gate gap of about 300 nm. Compare to the mesh gate of thin film
emitters, which has a gate-emitter gap of over hundreds of microns and gate voltage over one
thousand volts, the integrated gate electrode has much lower control voltage. As a result, the FE
emission sensitivity is greatly improved. Besides, small control voltage is able to simplify and

minimize the control circuit of the device significantly.

7.2 Structure design

A whole process of producing X-rays includes electron emission, focusing and accelerating elec-

tron beams, decelerating high energy electrons by target, and X-rays emission. In the process,
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electron beam focusing determines the resolution of X-ray images; anode heat load determines
the maximum power of an X-ray source; for our multi-pixel X-ray source, pixel configuration
and collimator determines the X-ray profile and intensity distribution. Therefore, a proper design

of the multi-pixel X-ray source is necessary.

7.2.1 Electron beam focusing investigation

Spatial resolution of an X-ray image depends primarily on the focal spot size of the electron
beam on the anode target, the pixel pitch of the detector, and the imaging geometry. By choosing
the optimum geometry magnification and given the pixel pitch of current detector technology,
the spatial resolution is limited by the X-ray focal spot size. Thus, reducing the focal spot size is
essential for achieving high resolution of X-ray imaging. The X-ray focal spot depend entirely on
the focusing of the electron beam impinging on the anode. Either magnetic lenses or electrostatic
lenses are used to focus the electron beam. Magnetic lenses offer lower aberrations and better
focusing properties, which are widely applied in SEM and TEM. However, the magnetic focusing
unit is usually large and requires complex power control unit. In contrast, electrostatic focusing

only requires simple metal electrodes, which is effective and small.

In a conventional X-ray source, a negatively charged focusing cup containing the filament is
used as the focusing electrode. However, the focusing cup approach consumes large space which
will not be suitable for our multi-pixel X-ray source. In most X-ray source using CNT field
emitter cathode, an independent focusing unit is used. For, example, Zhang et al chose a metal
plane diaphragm as a single focusing electrode with an inner diameter of 3 mm, achieving a focal
spot with a diameter of 250 um for a CNT film cathode of 1 mm in diameter [104]. Choi et al
used a double focusing electrode unit with inner diameter of 3 mm over a MWNT film cathode
with a 5 mm in diameter. The focal spot diameter achieved is less than 1 mm [92]. Here we
propose a detailed study on designing a single electrostatic focusing electrode for CNT FE based

X-ray source using numerical simulation.

The model of the CNT FE based X-ray source studied comprises a FE cathode, a focusing
electrode, and an anode housed in a vacuum chamber. Figure 7.2(a) schematically shows the

cross-section view of the model system. Electrons are initially extracted from the CNT FEA
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Table 7.1: Parameters that affect the focal spot size.

V. (kV) Vi (V) Dy (mm) D,y (mm) dy (mm) hy (mm) [. (mm)

40 500 10 3 6 5 1

cathode by the gate electrode (the voltage is V,) and then focused by the focusing voltage (V)
before reaching the high-voltage (V,,) anode for X-rays generation. A single focusing electrode,
which is made of a piece of metal with a channel, was used in the current as focusing electrode.
The X-ray focal spot size is determined by adjusting the focusing electrode voltage and the
various geometrical parameters as illustrated in Figure 7.2(a). D, is the distance between the
anode and the cathode; D, is the distance between the cathode and the focusing electrode; d is
the diameter of the focusing electrode channel; 4 is the thickness of the focusing electrode; /. is

the square-shape cathode side length.

The relation between the X-ray focal spot size and the respective geometrical parameters is
studied by the commercial finite element software COMSOL Multiphysics. Table 7.1 lists the
parameters that potentially affect the electron trajectories. Figure 7.2(b) shows electron trajec-
tory simulated with the same parameters shown in Table 7.1. The electron emission area in the
simulation is the same as the designed CNT FE cathode, which is 1 mm?Z. The electron crossover
position on the cathode-anode axis just impinges on the anode surface generating an X-ray fo-
cal spot of a minimum diameter. Figure 7.2(c) shows the corresponding simulated focal spot of
about 140 um.

In order to pursue an optimum geometry for designing the X-ray source, individual factors
in relation to the focal spot size are studied. The variation of the focusing voltage is to keep the
electron focal spot is right on the anode surface without over or under focusing. Figure 7.3(a)
shows that the focal spot size is proportional to the anode-cathode distance. The scale coefficient
is 19.5 um-mm~' between 10 mm and 20 mm. It indicates that decreasing the distance between
the anode and the cathode is able to reduce the focal spot size. The focal spot size is 140 um
at 10 mm anode-cathode distance and 340 um at 20 mm anode-cathode distance, respectively.

The focusing voltage is decreasing with the increase of the anode-cathode size. Figure 7.3(b)
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Figure 7.2: (a) Cross section view of the simulation model; (b) The simulated electron trajectory;

(c) The simulated focal spot size on the anode, which is 140 um.

shows that the focal spot size decreases as the distance between the cathode and the focusing
electrode increases. The absolute value of focusing voltage increase as well to guarantee the
electron beam is perfectly focused. Figure 7.3(c) indicates that increasing the focusing electrode
thickness is able to decrease the focal spot size. The X-ray focal spot diameter decreases in a
non-linear way relative to the increase of focusing electrode thickness. The effect of increasing
the focusing electrode thickness on focal spot size is similar to that of increasing the distance
between the cathode and the focusing electrode. The similarity is due to the outlet of the focusing
electrode is closer to the anode in both cases. Figure 7.3(d) shows that the focal spot size almost
does not change with the increase of the diameter of the focusing electrode. As the diameter
increases, the symmetrical axis of the electron beam is farther away from the focusing electrode,
higher focusing voltage is needed to maintain the electron beam focused on the anode surface.
Therefore, the focusing voltage has approximately liner relationship with the diameter. Figure
7.3(e) shows the variation of the focal spot size with respect to the CNT FEA cathode size. The
result reveals a very linear relationship between the focal spot size and the CNT FEA cathode
size ranging from 0.2 to 2.0 mm. The focusing voltage is proportional to CNT FEA size as well.
Therefore, decreasing the cathode dimension provides an alternative way of reducing the focal

spot size. The variation of the focal spot size in related to the anode voltage is shown in Figure
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7.3(e). The anode voltage has a slight impact on focal spots size as the focusing voltage increases
linearly. In sum, a focal spot size as small as 140 um can be achieved under the conditions
shown in Table 7.1. The simulation study on electron beam focusing indicates that one focusing
electrode and proper focusing voltage in CNT FE based X-ray tube is able to focus electron beam
in a desired focal spot size. It can be concluded that a small anode-cathode distance, relatively
large distance between the cathode and the focusing electrode, and reduced FE size are able
reduce X-ray tube focal spot size. Smaller focusing aperture size and lower anode voltage result

in lower focusing voltage.
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Figure 7.3: Simulation results of the relationships between the focal spot size and (a) the anode-
cathode distance, (b) the distance between the cathode and the focusing electrode, (c) the focus-
ing electrode thickness, (d) the focusing electrode diameter, (¢) the CNT FEA cathode size, (f)

the anode voltage, respectively.
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7.2.2 Anode heat load analysis

The anode assembly in X-ray sources is important as the source of the X-rays, as the primary
conductor of heat out of the X-ray source, and as an integral part of the high voltage circuit. In
any X-ray source, whether thermionic emission or FE, the X-ray flux and the maximum power are
ultimately limited by the anode heat load. It is known that as electrons hitting a target only less
than 1% of the kinetic energy of electrons is transformed into photon energy as X-rays. The other
99% of the electron kinetic energy becomes the heat loading into the anode. Because the entire
anode assembly has to be sealed within an evacuated tube, heat removal is a serious problem and
further exacerbated by the high working power. Direct cooling by conduction or convection is
difficult. Thermal radiation is greatly limited by small focal spot size of electron beam on the
anode. Therefore, the anode target must be made of high melting point materials such tungsten
(3695 K) or molybdenum (2896 K). Even so, long time exposure or high emission current is still
able to melt the target and damage the anode assembly. In most modern X-ray tubes, the anode
is a flat disc with an annular target close to the edge supported by a long stem supported by
bearings within the tube with silver powder lubrication. The anode is rotated by electromagnetic
induction at a very fast speed (around 3500 rpm). By spinning the anode, the electron beam hits a
circular ring area on the target during the exposure, so the heat is spread over a much larger area.
A recent development is liquid gallium lubricated fluid dynamic bearings which can withstand
very high temperatures without contaminating the tube vacuum to conduct heat from the anode.
The approach is able to increase the anode heat load but not suitable for multi-pixel X-ray source.
It is necessary to investigate anode heat load features of CNT FE and find proper approach to

make the best of anode heat load to increase the maximum X-ray source power.

The high energy electrons are focused within a small area on the target generating a very high
heat flux, which results in a very high local temperature in the focal spot area. The focal spot
size should be as small as possible to improve the image resolution, but the focus should occupy
as large area as possible to limit the temperature rise of heat. Therefore, it is necessary to analyse
heat load on X-ray tube anode assembly and identify the temperature distribution and maximum
power to balance the two contradictory requirements. In the CNT FEA X-ray source, electrons

are generated by the gate electrode from the CNT FEA cathode and accelerated by the anode (40-
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100 kV). In simulation, all the electron kinetic energy is assumed to become heat (100%) and
concentrates on the bombardment area on the target. The simulated target is a tungsten cylinder
with a diameter of 10 mm and a height of 5 mm. The proposed multi-pixel X-ray source has
an anode angle of 0°. While most common X-ray sources have anode angles ranging from 5°
to 20°. The image resolution is determined by the effective focal spot size, which is the focal
spot viewed along the central line of the X-ray beam (Figure 7.4). The real focal spot size has
width “a” and length “b”, but because the width of the focal spot is at perpendicular to electron
beams and the central line of the X-ray, it is not affected by the anode angle. The long axis of the
elliptical real focal area b is 1 /sin 0 times as the short axis of the elliptical real focal area a, also

the diameter of the circular effective focal area, namely b = a/sin 6. In the simulation, f; = a.

b=a'sinf
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Figure 7.4: Illustration of the relationship between the real and the effective focal spot size.

The anode thermal analysis is conducted by finite element method to solve the three dimen-

sional transient heat conduction differential equation:

oT d [ 0 d [ d d [ d

where p is the density of the tungsten; 7" is temperature in Kelvin; ¢ is time in second,
cp and A are the specific heat (J - kg_1 -K™1) and the thermal conductivity (W - m2. K1) of
the tungsten, respectively. Both the specific heat and the thermal conductivity are functions of

temperature. The lists of data of the specific heat and the thermal conductivity of tungsten at
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different temperature can be found in [160, 161]. The thermal diffusivity o (m?-s71) is defined
as o = A/(pcp). This parameter describes the thermal expansion capability of a material in
transient heat conduction. Fitting Equations 7.2 and 7.3 are used in the simulation study to
describe the functions of the specific heat and the thermal conductivity of the tungsten with

temperature, respectively.
cp = 118.21863 4 0.04708T —2.14864 x 10°T? +5.75361 x 10773 (7.2)
A =108.34—1.05x 10747 +2.34 x 10*7~! (7.3)

P, is the electron beam power on the target. P, is the heat loss from the target. Since X-ray
tube anode assembly is sealed in an evacuated chamber, thermal radiation is the only way by
which anode exchanges heat with ambient environment. According to Stefan-Boltzmann Law,
the net radiation heat dissipation rate of the hot anode radiating energy to the cooler surroundings
is expressed as:

_ 4 o4
Py = €0A (T* - Ty) (7.4)

where ¢ (= 5.670310°8 W-m2- K’4) is the Stefan-Boltzmann constant; A is the emitting
surface area; € is the surface emissivity of the tungsten target, which is also a function of temper-
ature [161]. Equation 7.5 is the quadratic polynomial fitting equation of the surface emissivity

use in the simulation.

€ =0.04784 +1.95695 x 10T —2.30694 x 107372 (1.5)

Figure 7.5 shows the specific heat, the thermal conductivity, the thermal diffusivity, and the

the surface emissivity of tungsten in relation with temperature.

The criterion to determine the maximum power is that the maximum anode temperature does
not exceeds 80% of the melting temperature of Tungsten (3000 K) within 10 ms electron beam
bombardment (exposure time required by vivo small-animal imaging [162]). The penetration
depth of electrons in target is on the order of several microns, which is far less than the size of
the target. Thus, the incident power is defined as a boundary heat flux in simulation. To compare

the effect of anode angle on the heat load on the target, anode angles of 0°, 5°, 10°, 15°, 20° are
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Figure 7.5: Thermal properties of tungsten in relation with temperature: (a) the specific heat, (b)

the thermal conductivity, (c) the thermal diffusivity, (d) the surface emissivity.

simulated. Maximum powers limited by focal spot size ranging from 10-1000 tm on the anode
is studied. Figure 7.6 shows the temperature distribution on the anode surface with an anode

angle of 0° and focal spot size of 200 um. The total incident power is 98.45 W.

It is seen from Figure7.6 that at the end of electron bombardment, heat is concentrated on
focal area. Only the periphery of the focal area has a clear temperature rise, while the most of the
anode surface is remaining at room temperature. Figure 7.7(a) shows the temperature distribution
along the symmetrical axis along the x-coordinate , which is the short axis of the elliptical focal

spot area, on the anode surfaces of different anode angles. According to the Figure 7.4, for the
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Figure 7.6: Temperature distribution on an anode surface (0°) at 10 ms. The focal spot size is
200 pum and the total energy is 98.45 W.

same effective focal spot area,a smaller the anode angle has a larger the real focal spot area. In
this group of anode angles, 0° has the smallest real focal spot area, while 5° has the largest real
focal spot area. For the same focal spot size of 100 um, the maximum power of these five anode
angles are 48.30 W, 271.50 W, 159.03 W, 113.30 W, and 89.65 W, respectively, since larger focal
spot area can spread heat flux over a larger area, more periphery area of the real focal area is
involved in conducting the heat. Figure 7.7(b) shows the maximum temperature on the anodes
of different angles changing with time. The electron beam bombardment ends at 10 ms and
followed by natural cooling of the anode. From Figure 7.7(b), the maximum temperature rises
rapidly from room temperature (293 K) to 3000 K as the incident power is on and drops down
at 10 ms when the power is off within a very short period, the same order as temperature rise.
For the maximum power that anode can tolerate, Flynn et al gave an empirical expression of
the maximum power (P) as function of focal spot size (f;), which is used to compare with our
simulation results [163].

P=14f08 (7.6)

N

Figure 7.7(c) shows maximum power varies with different effective focal spot size (10-1000
um) and with different anode angles (0°, 5°, 10°, 15°, and 20°), as well as the plot of the Equation
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Figure 7.7: Simulation results of anode thermal analysis. (a) Temperature distribution on the
symmetrical axis along the x-coordinate on the anode surfaces of different anode angles. (b)
Maximum temperature on the anodes of different angles changing with time. (c) Maximum
power of different effective focal spot size and different anode angles. (d) The effect of different

duty cycle on maximum anode temperature.

7.6. The simulation results of maximum power at 0° fit well with Equation 7.6, indicating that
Equation 7.6 can be potentially used to predict maximum power on X-ray anode at 0°. However,
there is no explanation on Equation 7.6 that if this equation is used for 0° or other anode angles.
In sum, the X-ray anode heat load has two major features: first, the heat load on the anode surface

is very concentrated. A very large temperature gradient occurs within the focal spot area. While
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the temperature of the anode surface out of the focal spot area remains at room temperature.
Therefore, two neighbour pixels of our multi-pixel X-ray source switched on at same time, they
will not affect each other. Also, turning on two neighbour pixels at the same time, the heat will
not over load the anode. Second, the rapid increase and decrease of maximum temperature when
power is on and off. Thus, using pulse mode with proper duty cycle is able to avoid heat load
maintain tube efficiency (Figure 7.7(d)).

7.2.3 Geometrical analysis and Monte Carlo study

In order to obtain desired X-ray beams from the multi-pixel X-ray source and avoid inter-pixel
interaction of X-ray beams, effects of X-ray source structure on X-ray output, angular distribution
of X-ray intensities, and proper collimator design should be studied by geometrical analysis and
Monte Carlo (MC) method.

Figure 7.8 shows the variables used for geometrical analysis. X-ray fluence field size on
the top plane of the imaging region (A) is investigated with the collimator opening gap (9),
the collimator thickness (H), the aperture size (a), the source to the collimator distance (x), the
collimator outlet to top X-ray imaging plane distance (y), and the distance between the top and
the bottom plane of the imaging space (z). The X-ray fluence field on the bottom plane of the

imaging region is 2A.
According to the similar triangle theorems, the geometry of has a following relationships:

a_ _x+H (1.7)
A x+H-+y '

a x+H

—=— 7.8
2A x+H+y+z (7.8)

where A = a+ 8. Considering the circuit arrangement and collimator machining, each CNT
FEA cathode is 5 mm away from its neighbouring counterparts, a collimator has a septal thick-
ness of 3 mm, and thus a collimator aperture width of 2 mm. Correspondingly, the X-ray fluence
field size (A) on the top plane is 5 mm, y = 1.5(x+ H), and z = 2.5(x+ H). Since X-ray is a

high energy photon beam, it has a strong penetration capability though materials. Besides, X-ray
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Figure 7.8: Geometric analysis and simulation model of the multi-pixel X-ray source for fluence

field modulation.

photons interact with collimator materials. It is likely that X-ray beam width is not perfectly as
designed in Figure 7.8. Therefore, MC method is used to find out the optimized collimator thick-
ness (H), the source- to- collimator distance (x), and the distance between the collimator outlet
to the top X-ray imaging plane (y). Ideally, the smallest H that effectively collimates X-ray beam

is desired.

MC techniques have been widely used for clinical and research radiation dosimetry studies
including X-ray dosimetry. MC study tools such as PNELOPE code system, GEANT4 toolkit,
and Electron Gamma Shower (EGS) code system have successfully investigated collimator pa-
rameters on dose distribution and micro-beam parameters [164—166]. EGS code system is the
latest in a line of electromagnetic radiation transport simulations used in high-energy, nuclear,
and medical physics. The program is free to all users and developed by National Research
Council Canada. The included BEAMnrc software component can model electron and photon
beams travelling through consecutive material components, ranging from a simple slab to the
full treatment head of a radiotherapy linear particle accelerator. Calculations in the X-ray device,

including electron beam, anode, and collimator are performed using BEAMnrc. Data process is

118



performed by the companion package BEAMdp.

Figure 7.8 shows the model built in the MC simulation. The collimator has 3 x 3 square
opening array. Each opening has a width of 2 mm and 5 mm centre to centre distance. The col-
limator material is copper for the sake of machining convenience. The simulation process starts
with the electron pixel beam bombarding the target (anode) and followed by X-ray generation.
The cone beam X-ray is projected from the anode surface that is 2 cm away from the top surface
of the collimator right through the centre aperture. The X-ray beam has an energy of 100 keV
and a focal spot size of 200 um on the anode surface. There are two scoring plane in the sim-
ulation model. Plane 1 is set right on the downstream edge of the collimator to characterize the
inter-pixel crosstalk. The distance between the Plane 1 and the X-ray source is x4+ H. For the
multi-pixel X-ray source, inter-pixel crosstalk may be due to X-ray beam going through not only
the designated collimator opening but also the neighbouring openings. The inter-pixel crosstalk
can be mitigated by optimizing the design parameters including the collimator thickness and the
position. Ideally, X-ray “leakage” through the neighbouring aperture should be less than 0.25%.
The various Plane 2 is set on the top plane of the imaging region to characterize the X-ray beam
profile entering the imaging region. The distance between the Plane 2 and the downstream edge
of the collimator is y. Models with various combination of “x, H, and y” are simulated to find
out the optimized position and thickness of the collimator. Table 7.2 shows the six models with

various geometrical parameters.

Figure 7.9 indicates the resulting X-ray beam profiles of the centre X-ray source and the
its “leakage” through the neighbouring collimator openings with different source-to-collimator
distances and collimator thickness. The X-ray fluence field strength along the x-coordinate is

normalized to the maximum fluence that is in the centre point.

It can be seen from the Figure 7.9 that collimator of the Model 6 is the thickest, leading to has
the smallest inter-pixel crosstalk effect on the neighbouring openings. For the same collimator
thickness, collimator that is placed closed to the X-ray source is able to mitigate the X-ray “leak-
age”. For the source-to-collimator distance of 2 mm, 3 mm thick collimator is able to limit the
maximum “leakage” to 0.18% compared with the centre X-ray fluence. While, Model 1, which

has the largest inter-pixel crosstalk, has a maximum “leakage” of 0.46%. Therefore, Model 6
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Table 7.2: MC simulation models with various combination of geometrical parameters.

Model number x (cm) H (cm) y (cm)
Model 1 3 ) 75
Model 2 2.5 ) 6.75
Model 3 2 ) 6
Model 4 2 25 6.75
Model 5 25 25 75
Model 6 2 3 75
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Figure 7.9: Inter-pixel crosstalk effect for various combination of source-to-collimator distances

and collimator thickness characterized on the Plane 1.
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meets the requirement of maximum “leakage” lower than 25%. Further simulation study shows
that for the source-to-collimator distance of 2 mm, thick collimator makes no signification con-
tribution to lowering the “leakage”. Therefore, the collimator thickness of 3 mm is the smallest

thickness that effectively eliminate the inter-pixel crosstalk.

Figure 7.10 shows the X-ray beam profile on the Plane 2. The “leakage” seen on the Plane 1
does not influence the X-ray beam profile on the Plane 2. This result verifies that 3 mm collimator

placed 2 mm away from the X-ray source can effectively eliminate the inter-pixel crosstalk.
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Figure 7.10: X-ray beam profile of the 3 mm collimator placed 2 mm away from the X-ray source

characterized on the Plane 2.

Figure 7.11(a)and (b) shows the 3D view of the X-ray beam profile of the Model 6 on the
Plane 1 and Plane 2, respectively. Inter-pixel crosstalk is mitigated by the designed collimator.
The “leakage” through the neighbouring apertures seen on the Plane 1 does not reflected on the
Plane 2. Figure 7.11(c)and (d) show the x —y view of the X-ray fluence of Model 6 and Model 1
on the Plane 2, respectively. Model 1 has a larger inter-pixel crosstalk effect seen on the Plane 1.
This crosstalk clearly influence the X-ray fluence field. This result verifies that the model 6 can

be applied to setting up X-ray fluence field modulation experiment.
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Figure 7.11: X-ray beam profiles: (a) the 3D view of the X-ray beam profile of the Model 6 on
the Plane 1; (b) the 3D view of the X-ray beam profile of the Model 6 on the Plane 2; (c) the x —y
view of the X-ray fluence of the Model 6 on the Plane 2; (d) the x — y view of the X-ray fluence
of the Model 1 on the Plane 2.

7.3 Experimental study

7.3.1 Dual-pixel X-ray source

For a 2D multi-pixel X-ray source without a collimator, X-ray pixels can still work together as
a multi-pixel cone beam X-ray source, which can be potentially applied for IGRT or stationary
tomosynthesis. To demonstrate this feature and verify the set-ups, a dual-pixel X-ray source

without a collimator is built. Figure 7.12 shows the structure of the set-up. The X-ray source em-
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ploys diode configuration. The anode applies 45 kV voltage to the cathode, which is connected
to the ground. The target is a tungsten plate embedded in to a copper plate with a diameter of 1
inch and a thickness of 1/8 inch. The CNT FEA cathode is the same as described in the Chapter
5 with 8620 CNT field emitters within 1 mm? and emitter-to-emitter distance of 10 yum in the
array. The gap between the two cathodes is 10 mm. The anode-cathode gap is 5 mm. Anode-
object gap is 35 mm. The X-ray film is placed 55 mm away from the anode. The set-up is housed

in a vacuum chamber under a base pressure of 5 x 1010 Torr.

Copper Anode

| Tungsten Target

~5mm

Teflon Spacer 9'17 e-

=L

/] ‘
Cathode R

~30mm

Vacuum Chamber Window v
I /

Object

~20mm

X-ray Film

Figure 7.12: The schematic of the dual-pixel X-ray source.

As is shown in Figure 7.13, the pinhole image and indicates that multiple X-ray cathodes
contributed to the X-ray image independently. The pinhole is a hole of 0.5 mm in diameter on a

1 mm thick lead plate. The X-ray exposure time is 100 s.

The X-ray image of the two objects are exposed for 45 s with a total FE current of 800 uA
combined by the two CNT FEA cathodes combine. It can be seen from Figure 7.14(a) that both
CNT cathodes are working stably. The X-ray dose generated is also very stable (Figure 7.14(b)).

The X-ray imaging objects are a piece of flat washer and a piece of integrated circuit board.

Figure 7.15 shows the photo and the X-ray images of the two objects generated by the dual-pixel
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Figure 7.13: The X-ray image of the pinhole from the dual-pixel X-ray source.
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Figure 7.14: (a) FE current from the two CNT FEA cathode. The two cathodes combine a total
FE current of 800 uA. (b) The X-ray dose generated during the 45 s exposure.

X-ray source. Since there is no electron focusing components, the resolution of the X-ray image
is not as good as the X-ray image resolution in the Chapter 6.
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Figure 7.15: The photo and the X-ray images of a piece of flat washer and a piece of integrated
circuit board.

7.3.2 X-ray fluence field study

Using the same set-up as the dual-pixel X-ray source, we apply the collimator to verify the MC
simulation results. The collimator is made of copper and machined to have 5 X 5 openings.
The four corner openings are round holes for making the CNT FEA cathode, the target, and the
collimator well aligned along the same axis. As is determined by the MC simulation, the other
openings are 2 mm square holes to for shaping the X-ray beam with 5 mm apart. The collimator
is 3 cm thick. Figure 7.16 shows the collimator.

Figure 7.16: The photo of the copper collimator with 5 x 5 openings.
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In the experiment, the anode-to-cathode distance is 2 cm, which is the same as that in the
MC simulation. The CNT FEA cathode is aligned the to centre opening of the collimator. To
verify that the collimator is capable of shaping the X-ray beam without inter-pixel crosstalk, we
place a piece of Gafchromic EBT films on the bottom surface of the collimator. The Gafchromic
EBT film is a type of self-developing X-ray film, which is designed for the measurement of
absorbed doses of ionizing radiation. X-ray radiation darkens the radiation exposure area on the
Gafchromic EBT film. With this film, X-ray fluence field through the collimator openings can
be directly observed and recoded. Figure 7.17 hows the corresponding X-ray radiation delivered

to a piece of Gafchromic EBT film.

Figure 7.17: X-ray fluence field observed on a piece of Gafchromic EBT film.

It can be seen from the Figure 7.17 that the X-ray radiation patterns on the Gafchromic EBT
film match well with MC simulation results shown in the Figure 7.11(a). The X-ray radiation
patterns are 2 mm square and 5 mm apart, which is exactly the same as the openings on the
collimator. The X-ray radiation though the centre opening of the collimator is the strongest,
while the X-ray radiation through the neighbouring openings are very light. However, the X-ray
radiation through the centre left openings is stronger than the other three openings adjacent to
the centre opening. There is no X-ray radiation can been seen from the centre right. We believe
this phenomenon is due to a little off-set of the CNT FEA to the left. The centre top and centre
bottom X-ray radiation pattern are comparable to each other. This results verify that the MC

simulation on designing the collimator can effectively eliminate the inter-pixel crosstalk.
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7.4 Chapter summary

This chapter provides an comprehensive design and investigation on fluence field modulated
X-ray source based on CNT FEA. The simulation study on electron beam focusing indicates
that one focusing electrode and proper focusing voltage in CNT FE based X-ray tube is able to
focus electron beam in a desired focal spot size. It can be concluded that a small anode-cathode
distance, relatively large distance between the cathode and the focusing electrode, reduced FE
size is able reduce X-ray tube focal spot size. Smaller focusing aperture size and lower anode
voltage result in lower focusing voltage. Measurement of focal spot size is needed in practical

situation.

The anode thermal analysis provide an proper solution to increase the maximum X-ray source
power and lifetime of both anode and CNT FEA. Conventional thermionic emission based X-
ray source employs rotation anode to maintain high tube power. However, this approach is not
suitable for FE based multi-pixel X-ray source due to limited size and compact configuration.
The temperature distribution on the anode when X-ray source is operating is quite concentrated.

Using well-designed pulsed FE is able to achieve fast heat dissipation on anode.

MC simulation has played an irreplaceable role in the development of the multi-pixel X-ray
system for X-ray fluence field modulation by providing guidance to the system design and per-
formance evaluation. The MC simulation study on collimator design in this chapter successfully
provides an insight on building system geometrical structure and collimator to achieve X-ray
fulence field modulation and eliminating inter-pixel crosstalk. The experimental study on the X-
ray fluence field verifies that the collimator designed by MC simulation is feasible and effective

to eliminate the inter-pixel crosstalk.
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Chapter 8

Summary and future work

8.1 Summary

The research reported in this thesis provides an systematic study on CNT FEA uniformity and
failure mechanism and its application as the electron source for self-focusing X-ray source inte-
grated with resonant transformer and X-ray fluence field modulation. The entire research starts
with the fundamental study of FE uniformity and CNT field emitter failure mechanism. Based
on the knowledge and understanding of FE uniformity and CNT field emitter failure mecha-
nism, the research moves to design and fabricate stable and reliable CNT FEAs individually
ballasted by silicon current limiters. Then, the research focuses on more practical applications,
building and designing compact self-contained X-ray and multi-pixel X-ray source for X-ray
fluence field modulation based on CNT FEA. In Chapter 3, a novel and effective FEM method
based on PMMA thin film and microscopic camera is proposed and demonstrated to study the
FE uniformity and observe the CNT field emitter failure of free-standing CNT FEA. In Chap-
ter 4, a systematic characterization and understanding of the CNT emitter failure behaviour and
mechanism are performed using the PMMA thin film based FEM method combined with various
techniques. In Chapter 5, individually ballasted CNT FEAs using silicon current limiter is de-
signed and demonstrated. In Chapter 6, CNT FEA cathode is applied to building a self-contained

and self-focusing compact pulsed X-ray source integrated with a resonant transformer. In Chap-
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ter 7, a comprehensive design and feasibility study of two-dimensional multi-pixel X-ray source

for X-ray fluence field modulation is conducted using finite element analysis and MC simulation.

The FEM method based on PMMA thin film with microscopic camera is novel and effective
to study the FE uniformity and CNT emitter failure of CNT FEA. The FE uniformity is visual-
ized and recorded on the PMMA thin film by studying the FE uniformity of 11 x 11 and 20 x 20
free-standing CNT FEA under a low control voltage. The distinguishable size and shape of FEM
patterns on the PMMA thin film indicate five levels of the FE current contribution from each
emitter. By numbering the CNT emitters and the corresponding FEM patterns, the proposed
approach allows to learn the details of the CNT emitter morphology from the FEM pattern. Mul-
tiple CNT emitters at an emission site can also be reflected by the FEM pattern on the PMMA
thin film. The proposed approach is able to resolve the major challenge of building the relation-
ship between CNT FE performance and emitter morphology from three aspects: observation and
quantification of FE uniformity of CNT FEAs, locating any CNT emitter from a CNT FEA corre-
sponding to its FEM pattern, and real-time FE performance study. With the help of microscopic
camera, a unique phenomenon of light emission and Coulomb explosion of CNT field emitter
failure is observed and captured. The CNT emitter failure behaviour is due to a combined effect
of Joule heating and massive charging at high FE current. The FE current levels that disintegrate
the CNT emitters range from 1.96 uA to 41.82 A with an average of 11.82 uA. Joule heating
heats a CNT emitter to over 2500 K within a very short period, melt the contact area, and weaken
the carbon bond and van der Waals force of graphite basal planes in the CNT. With the aid of
Joule heating, excessive charging disintegrates the CNT emitters into charge fragments. Then
an instantaneous release of electrons from CNT fragments through the PMMA thin film leading
to the annular crater and the sputter of PMMA all around in a range of about 100 mm. The
explosion generates an “firework-like” FEM patterns on the PMMA thin film of about 60-70 um

in diameter.

Based on the knowledge and understanding of FE uniformity and CNT field emitter failure
mechanism, it is of great importance to limit the FE current from each CNT field emitter in an
FEA without sacrificing FE efficiency and performance. Individually ballasted FEA using carrier
velocity saturation of well-doped silicon current limiter has been applied on silicon FEAs but is

rarely seen in CNT FEAs. A novel and effective fabrication process of individually ballast CNT
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FEA using silicon current limiters is designed. Each CNT emitter is patterned and synthesized
in series with a well-designed silicon current limiter. The FE performance from CNT FEAs us-
ing silicon current limiter is experimentally investigated and characterized. The proposed CNT
FEAs show an obvious current limiting effect without losing the sensitivity and efficiency. By ex-
ploiting the protective effect of the saturation current, the proposed CNT FEA exhibits improved
repeatability and stability.

The CNT FEA is integrated with a self-contained and self-focusing compact X-ray source
based on a resonant transformer. The proposed X-ray source has four benefits. First, the inte-
grated resonant transformer is compatible with CNT FEA that are working under a well-designed
pulsed mode. In the anode thermal analysis, it is found that the rapid increase and decrease of
maximum temperature when power is on and off. Thus, using pulse mode with proper duty cycle
is able to avoid heat load and maintain tube efficiency. Therefore, the accurate control of switch-
ing FE “ON” and “OFF” protects the CNT FEA and the anode parts from being damaged under
high voltage and high current conditions. Second, high voltage generator is closely integrated
with the X-ray components. Since there is no need for high voltage insulation outside the vacuum
chamber, the reliability is further improved and the size of the system is further decreased. Third,
the electron beam is self-focused by the magnetic field that is generated by the transformer. As
such, no extra focusing components and circuit are needed. Fourth, FE of the CNT FEA operates
only under high voltage. As a result, low energy electrons emission is eliminated. Benefiting
from the integrated high voltage circuit and electron beam focusing features, the X-ray source

has a sub-millimetre scale resolution.

In designing 2D multi-pixel X-ray source for X-ray fluence field modulation, a scanning pat-
tern is demonstrated. The neighbouring pixels are activated alternatively. The pixels are divided
into four groups and launched one by one. Each X-ray image needs four exposures. Finite el-
ement analysis is used to investigate the electron beam focusing and anode heat load. A focal
spot size as small as 140 um can be achieved. It can be concluded that a small anode-cathode
distance, relatively large distance between the cathode and the focusing electrode, reduced FE
size is able reduce X-ray tube focal spot size. Smaller focusing aperture size and lower anode
voltage result in lower focusing voltage. The X-ray anode heat load has two major features: first,

the heat load on the anode surface is very concentrated. A very large temperature gradient occurs
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within the focal spot area. While the temperature of the anode surface out of the focal spot area
remains at room temperature. Therefore, two neighbour pixels of our multi-pixel X-ray source
switched on at same time, they will not affect each other. Also, turning on two neighbour pixels
at the same time, the heat will not over load the anode. Second, the rapid increase and decrease of
maximum temperature when power is on and off. Thus, using pulse mode with proper duty cycle
is able to avoid heat load maintain tube efficiency. Using MC simulation, a copper collimator is
design to regulate multi-pixel X-ray beams to achieve variation of X-ray fluence field shape. For
the source-to-collimator distance of 2 mm, a collimator thickness of 3 mm is the smallest thick-
ness that effectively eliminate inter-pixel crosstalk. The collimator designed by the MC study is

successfully verified by the experimental study on the X-ray fluencce field.

8.2 Future work

Future work of this research can be performed from two aspects: optimizing the individually
ballast CNT FEA using silicon current limiters and building 2D multi-pixel X-ray source for

fluence field modulation.

In the Chapter 5, the designed n-type silicon current limiter has a doping concentration of
1 x 10" cm™3, a length of 10 um and a cross-section area of 1 um?. Due to the velocity satu-
ration of electrons in silicon, the designed silicon current limiter achieves a saturation current of
1.56 uA. For the CNT FEA optimization, various doping concentrations of the silicon current
limiter can be experimentally characterized. Silicon current limiter iwth lower doping concentra-
tion should have a more evident saturation effect than that is studied in the Chapter 5. Different
geometrical sizes such as smaller cross-sectional area are worth of being investigated. Integrated
coaxial gate electrode could be fabricated after the CNT synthesized on top of the silicon current
current limiter. Future work on optimizing the individually ballast CNT FEA using silicon cur-
rent limiters should aim at figuring out the best doping concentration and geometric size of the

silicon current limiter.

For building 2D multi-pixel X-ray source for fluence field modulation, gate electrode needs

to be applied to achieve fast switching pulsed X-ray beams. A 2 x 2 or 3 x 3 multi-pixel X-ray
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source could be built to demonstrate the performance of the fluence field modulation and the fea-
sibility of the designed scanning pattern. Expanding the number of the pixel would bring more
complicated control circuit design and a more clever routing strategy. Consistency and unifor-
mity among CNT FEA cathodes in the multi-pixel X-ray source should be well characterized.
X-ray beam quality characterization using pin-hole test and cross wire phantom needs to be per-
formed. Demonstration of X-ray fluence field modulation should include variation in exposure
time from pixel to pixel and variation of the X-ray fluence field shape. Calibration is demanded

before experimental study and may be compared with the MC simulation in the Chapter 7.
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