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ABSTRACT OF THE DISSERTATION
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by
Raghunandan Seelaboyina
Florida International University, 2007
Miami, Florida
Professor Wonbong Choi, Major Professor

The aim of this research was to demonstrate a high current and stable field emission
(FE) source based on carbon nanotubes (CNTs) and electron multiplier microchannel
plate (MCP) and design efficient field emitters. In recent years various CNT based FE
devices have been demonstrated including field emission displays, x-ray source and many
more. However to use CNTs as source in high powered microwave (HPM) devices higher
and stable current in the range of few milli-amperes to amperes is required. To achieve
such high current we developed a novel technique of introducing a MCP between CNT
cathode and anode. MCP is an array of electron multipliers; it operates by avalanche
multiplication of secondary electrons, which are generated when electrons strike channel
walls of MCP. FE current from CNTs is enhanced due to avalanche multiplication of
secondary electrons and in addition MCP also protects CNTs from irreversible damage
during vacuum arcing.

Conventional MCP is not suitable for this purpose due to the lower secondary

emission properties of their materials. To achieve higher and stable currents we have



designed and fabricated a unique ceramic MCP consisting of high SEY materials. The
MCP was fabricated utilizing optimum design parameters, which include channel
dimensions and material properties obtained from charged particle optics (CPO)
simulation. Child Langmuir law, which gives the optimum current density from an
electron source, was taken into account during the system design and experiments. Each
MCP channel consisted of MgO coated CNTs which was chosen from various material
systems due to its very high SEY. With MCP inserted between CNT cathode and anode
stable and higher emission current was achieved. It was ~25 times higher than without
MCP. A brighter emission image was also evidenced due to enhanced emission current.
The obtained results are a significant technological advance and this research holds
promise for electron source in new generation lightweight, efficient and compact
microwave devices for telecommunications in satellites or space applications. As part of
this work novel emitters consisting of multistage geometry with improved FE properties

were was also developed.
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1. INTRODUCTION

The potential of utilizing carbon nanotubes (CNTs) field emission (FE) property has
been an attractive feature for various devices [1-4]. To further extend this unique property
as an electron source in high current applications such as microwave devices for
communications, high total current (~1-10 mA) and stability are required. This can be
achieved by placing a secondary emission device such as microchannel (MCP) over the
CNT emitters [5]. MCP is an array of microscopic channels that function as electron
multipliers. They are utilized primarily as an amplification element in various image
intensification devices including night vision, X-ray diagnostics systems and also in
astronomy nuclear science and e-beam fusion studies and recently in high efficiency field
emission display. MCP operates by avalanche multiplication of secondary electrons that
are generated when incident electrons strike the channel walls. A voltage applied across
the ends of the MCP channels creates a field accelerating the secondary electrons along
the channel leading to avalanche multiplication [6-9]. They exist in two major
modifications: discontinuous dynode and continuous dynode. In the former one the
different dynodes are biased at higher potential than the previous one and the process of
multiplication is achieved at successive dynodes. Finally the total current is measured at
the anode. The later one consists of a continuous channel to which different bias is
applied to inlet and outlet of the channel [6].

Conventional MCPs cannot be used for the purpose of amplifying field emission
current as they are fabricated from lead silicate-glass which has relatively low secondary
emission (SE). It restricts their amplifying capability which is typically in the range of

few pico-amperes [6]. Thus they are inappropriate for amplifying high currents obtained



from CNT and other field emitters. The gain i.e. ratio of output to input current of a MCP
is a function of channels aspect ratio (length/diameter). To achieve a high gain the aspect
ratio should be more than 40 and such channels are tough to fabricate [11-13]. Higher
gain can also be achieved by applying high voltage; however, there is a practical limit for
voltage that can be applied across a vacuum gap without breaking down [12]. It is
governed by Child-Langmuir law, a relation involving current and applied voltage across
the cathode and the anode. Application of higher voltage may also create ion feedback
that can cause vacuum arcing. The most efficient method to achieve higher gain is to
utilize a material with high secondary emission (SE) such as MgO covered CNTs. Recent
reports have shown extremely high SE from MgO-CNT system which is higher than any
other known materials [14-15]. MgO, which is an insulator, has been shown to have
relatively high secondary emission yield (SEY) (secondary/primary electron current). In
insulators the lack of electron—electron interaction during the transport of the generated
secondaries combined with their low electron affinity results in high SEY, which is
explained by various theoretical considerations [16]. The lack of electron interaction
leads to attenuation lengths ~100nm for secondary electrons in uncharged insulators and
the low affinity permits them to escape easily into vacuum [16]. When CNTs are coated
with MgO, extremely high SEY value as high as ~22000 [14] (dependent on various
parameters) has been recently reported. It is extremely higher than independent SEY of
CNT (~1.2-2) or MgO (4-25) [13].

In recent years Govyadinov et al. [17] and Delendik et al. [18] have demonstrated a
MCP based on anodic alumina (AAO). However, preparation of MCP from AAO and

coating the channels with conductive and emissive layers is a laborious process. Yi et al.



[9] has demonstrated alumina based MCP for high efficiency field emission display with
CuO-SiO, material system. Its primary function was to improve the brightness of field
emission display. Currently there are no available MCPs capable of amplifying input
currents in mA-A range. The motivation of this study was thus to develop a MCP capable
of amplifying the input currents from field emitters in the range of few mA-A.

To the best of our knowledge this is the first study that demonstrates a MCP with
MgO-CNT material system. In this work we demonstrate the fabrication of a new MCP
consisting of MgO coated CNT, show its current amplification when combined with CNT
field emitters and provide a theoretical analysis to further improve the MCP performance.

In addition, this work also consisted of fabrication of efficient field emitter from
carbon nanotubes and tungsten oxide nanowires. The emitters had a unique geometry
which we termed as multistage. It consisted of smaller emitters on a larger one i.e.
tungsten oxide nanowires on a sharp tungsten tip or thin-MWNTs/SWNT on MWNT.
This geometry has shown to improve the field concentration at the emitter apex thus
leading to lower threshold voltage and higher emission current. Apart from superior field
emission properties the oxide emitters had a relatively stable emission current in various
vacuum level i.e. 10°-10" Torr. Emission of conventional metallic emitters is degraded
irreversibly in low vacuum and oxygen environments because of enhanced surface
reactions such as ion back sputtering, physical etching and so on [19-21]. Ion back
sputtering and physical etching especially at the emitter tip surface degrades the local
geometry and can lead to irreversible damage of the emitters. Oxide materials are
chemically inert, robust and have relatively high melting temperature which leads to their

stability in oxygen and low vacuum conditions i.e. 10 to 10™ Torr. So, field emitters



based on oxide materials have been reported as alternative candidates for stable field
emission in low vacuum conditions [22-23].

Among the oxide emitters, tungsten oxide is widely used in various applications such
as high pressure discharge lamps, electron guns and scanning tunneling microscopy tips.
Tungsten oxide has also been demonstrated to be suitable for various other applications
such as electrochromic, optochromic and gasochromic coatings for smart windows,
information display and various sensors [24-25]. Tungsten oxide is an n-type
semiconductor with a work function in the range of 5.59-5.7 eV [26-28] which makes it
attractive for the stated applications. Since the first report on tungsten oxide by Fumio et
al. in 1971 [29], several other researchers have synthesized tungsten oxide nanowires [30-
34]. Some of these synthesis methods include thermal treatment of tungsten films [30],
infrared irradiation heating of tungsten foils [31] and thermal oxidation approach [34].
Recently Zhou et al. has reported the synthesis of tungsten oxide nano-tip arrays by a
two-step, high temperature, catalyst-free, physical vapor deposition [32]. Though field
emission properties of tungsten oxide nanowires have been studied, to the best of our
knowledge there are no reports on multistage field enhancement effect and their emission
performance in various vacuum conditions. The experimental results of the multistage
field enhancement effect of these tungsten oxide emitters were also validated from our
theoretical calculations. The nanotube multistage emitter tower arrays were grown on
porous silicon nano-template which assisted in achieving vertical alignment. These well
spaced emitters were designed to minimize the field screening effect thus improving the
emission current. To the best of our knowledge this was also the first work in nanotube

multistage emitters.



This dissertation work is structured as follows

Chapter 1: Introduction.

Chapter 2: This chapter provides the definitions, theory, and literature review,
related to field emission, CNT field emitters, tungsten oxide (WOy) multistage
field emitters, electron multiplier microchannel plate (MCP), secondary
electron emission (SEE) of insulators and MCP simulation. The information
presented in this chapter will be used in later chapters for interpretation and
analysis of the experimental data.

Chapter 3: Experimental procedure.

Chapter 4: This chapter begins with section 4.1, which outlines the simulation
of a microchannel plate channel with various aspect ratios, tilt and material
parameters. Section 4.2 outlines the characterization secondary electron
emission of various materials used in this work. Section 4.3 outlines the
synthesis and field emission characterization of single stage thin multiwall
carbon nanotube and the multi-stage tungsten oxide and nanotube field
emitters. Finally section 4.5 outlines the fabrication of the novel microchannel
plate with high secondary yield materials and the amplification of field
emission current from nanotube emitters through it.

Chapter 5: Conclusion and recommendations for future work.

Appendix includes various experimental procedures, code and results of MCP
simulation, Lab View block diagrams and technical papers published in peer-
reviewed journals and conference proceedings, during the course of this

dissertation work are presented.



2. BACKGROUND
This chapter provides the definitions, theory, and literature review, related to field
emission, carbon nanotube (CNTs) field emitters, tungsten oxide (WOy) multistage field
emitters, electron multiplier microchannel plate (MCP), secondary electron emission
(SEE) of insulators and MCP simulation. The information presented in this chapter will

be used in later chapters for interpretation and analysis of the experimental data.

2.1 FIELD EMISSION

Field emission (FE) is an electron emission process in which electrons tunnel from a
deformed potential barrier of a condensed phase i.e. metal, insulator or semiconductor
under the application of high electric fields 107-10° V/em, it is due to quantum-
mechanical effects. In order to produce such high field using reasonable potentials the
emitter is usually formed into a tip with the apex radius in the range of few angstroms (A)
to several microns (um). The high electric field narrows the potential barrier at the metal-
vacuum interface sufficiently for the electrons to have a significant probability for

tunneling from the metal into vacuum [35-38].

2.1.1 FOWLER-NORDHEIM (FN) THEORY

This section provides a brief description of FE process and the derivation of Fowler-
Nordheim (FN) equation. Quantitative description of the FE process is given by FN
theory [39] which gives a relation between current density (j) as function of applied
electric field (F). For this the probability of electron to tunnel through the potential

barrier has to be determined which depends on barrier transparency (D) and the total



number of electrons (N) incident on the barrier from within the metal. Following are the
assumptions made for deriving the FN equation

1. Temperature of the metal is 0 °K.

2. Surface is assumed to be smooth and plane, i.e. one dimensional problem is
considered. It is assumed because in most cases the thickness of the potential
barrier in the applied field range of 10’-10% V/cm is several orders less than the
emitter radius. Thus external field can be taken to be uniform along the surface.

3. Free electron approximation inside the metal with Fermi-Dirac statistics.

4. Potential with in the metal is considered constant. Potential barrier close to the
surface in vacuum consists of an image-force potential (— e’ /4x is the Coulomb

attraction towards the surface of an electron outside due to its induced charge in
the metal) and potential due to applied electric field — eFx .

Under the above considerations current density is given by the equation,

j=e j;’o n(Ex )D(Ey, FYEy 2.1)

Where e is the electron charge, n (E,) is the number of electrons per second having the

energies between E, and E,+dE,, incident on the barrier with a area of one square cm

within the metal, E, = p)% /2m is the part of electron kinetic energy carried by the

momentum component p, normal to the surface, m is the free electron rest mass, and F is
the applied electric field. The barrier transparency is calculated using the Wentzel-
Kramers-Brillouin (WKB) approximation which is a semi-classical method. The potential

function for an applied electric field is given by (fig 2.1) [35-38].
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Figure 2. 1 Potential energy U(x) of an electron in eV as a function of its distance x from
the metal surface, -e*/4x is the image force potential, -eFx is the external applied potential,
U(x) is total potential, @ is work function, Up is potential energy of electron in the metal

and F is applied electric field strength [35-38].
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For such potential barrier transparency is given by
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D(Ex,F) = exp{ The 7

Where 9(y) is the Nordheim function or field dependent correction factor
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Using equation (2.3) the field emission current density (j) at 7=0 is given by the classical

FN formula,

2 2/3
j=154x1076 L !683x107¢F g(y)} (2.6)

It is customary to express the field at the tip by F = gV where £ is the field enhancement

factor in em™, the field emission current is given by the classical FN formula,

3/2

i=154x10"0 (fV) [ 683x107 2" g(y) 2.7)
t“(y)p pr

Wherer?(y)=9(y)—(2y/3)(dS(y)/dy)=1, ¢is in eV, F in V/em and j in A/em’. The

FN equation (2.7) can be rewritten as,
. 2 3/2
ln((L}zn 15451070 82 | _6.87x107 2" g(y) (2.8)
2 ¢ BV

Thus by plotting emission current in the form of in (i/V°) vs. 1/V, a straight line should be
obtained. From the plot f can be determined using the slope which is proportional

tog > 9(y) /B (if value of ¢is known) and emission area can be determined from
intercept 7/ ¢ [35-38]. These formulas would be used in the later chapters to analyze the

data obtained from carbon nanotube and tungsten oxide field emitters.



2.2 CARBON NANOTUBE (CNTs) FIELD EMITTERS

This section provides a brief description of CNTs, their uniqueness as field emitters,
fabrication/synthesis methods and their various FE applications. Carbon nanotubes
consists of either one cylindrical graphene sheet, termed single-wall nanotube (SWNT) or
several nested cylinders with an interlayer spacing of 0.34-0.36 nm, termed multi-wall
carbon nanotube (MWNT). SWNTs and MWNTs lengths are usually well over 1um with
diameters ranging from Inm for SWNTs to ~30nm for MWNTs. TEM images of various
CNTs is shown in figure 2.2 [40] Nanotubes are usually closed at both ends by fullerene-
like half spheres that contain both pentagons and hexagons [41]. They have been
envisioned as one of the promising materials for field emitters, because of their high
aspect ratio (~1000) and atomically sharp apex, which enhances local field and lowers
threshold field for electron emission (~0.5-1 V/um) [42]. They also possess high
electrical and thermal conductivity and high chemical and temperature stability all these
unique properties make CNT a robust emitter with high emission stability [41]. FE from
CNTs was first reported for an individual multiwall carbon nanotube (MWNT) by
Rinzler et al [42]. In later years the mechanism of electron emission from CNTs was
confirmed to be FE process [43]. It has been well documented that CNTs have better FE

properties than other sharp metal based emitters (table 1).
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Figure 2. 2 TEM images of various types of carbon nanotubes, MWNT (left), Double

wall CNT (middle), MWNT (right) [40].

Some of the drawbacks with metal based field emitters are high current fluctuations,
high fabrication cost and limited life time owing to field-induced sharpening and ion
sputtering, which leads to destruction of the emitters. CNT is robust and highly
crystalline covalent structure which is less susceptible to surface migration of carbon
atoms because of their strong C—C covalent bonding [44]. A single CNT is capable of
emitting ~1-2uA (SWNT) or ~3-50A (MWNT) before saturating [45]. Saturation has
been attributed either, to the presence of adsorbates at the apex of nanotube which

enhance emission at low fields and are removed at high fields, or to the presence of
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resistance in series with the emitter i.e. nanotube/substrate electrical contact and internal
resistance of CNT. However rapid thermal annealing (RTA) of the CNTs at 800°C has
shown an increase in emission current by more than one order, due to improved
crystallinity of the nanotube walls and improved nanotube/substrate contact [45].

Table 2.1 Properties of various field emitters [46].

. . | ) .o
Threshold electric field required for a 10 mA/cm” emission
current density for different matersals

Cathode material Threshold field (V/um) for a
current density of 10 mA ,,fcm2

Mo tips 30-100

S1 tips 50-100

p-type diamond 160

Defective CVD diamond 30-120

Amorphic diamond 20-40

Cestum-coated diamond 20-30

Graphite powders 10-20

Nano-diamond 3-5 (unstable >30 mA,-’cmll

Assorted carbon nanotubes 1-2 (stable >4000 mA ,‘"cmz )

Effect of bundle length on the field emission properties of SWNTs

Average length (um) =10 >10 40 15 05
Field enhancement factor 2423 2345 1021 623 602
Field for 10 p.A,."cm: (V/jpm) 12 09 20 36 40

Apart from these unique properties, vertically aligned CNTs (Fig.1a) and tower array
structures that are vital for vacuum microelectronic applications have been demonstrated
[47-49]. The vertically oriented high aspect ratio CNT structures will provide high field
enhancement and low threshold voltage for electron emission. CNT based cathode

operation depends on several parameters including; type of CNTs i.e. SWNT or MWNT,
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aspect ratio, orientation, uniformity, distance and density. CNTs have been synthesized
by using various methods those include laser ablation, arc-discharge, microwave, ultra-
sonication and chemical vapor deposition (CVD). CVD is mostly used as it can produce
large quantities of CNTs, which are obtained when a hydrocarbon feedstock gas is heated
to 600-1000°C in the presence of a transition metal catalyst. Vertically aligned CNTs
synthesis has also been demonstrated by application of electric field [50-52], plasma
enhanced CVD (PECVD) and nano template assisted thermal CVD [48].

Ever since the first report on CNT FE there have been several reports on various
devices. Some of the most promising ones are field emission displays (FED) [50],
electron guns for next generation scanning electron microscopes (SEM) and transmission
electron microscopes (TEM) [52], backlight for liquid crystal displays (LCD) [53-54],
miniature X-ray [3,55] and source for high powered microwave (HPM) devices [4].
Although there has been significant advancement in CNT based FE devices, there still
remain some obstacles in realizing the devices. One of those issues achieving a
moderately stable and high emission current. In this work we have utilized an electron
multiplier microchannel plate to enhance the FE current from the emitters. MCP has been
recently used in FED to improve the picture quality [9]; however there are no reports on
using a MCP with CNT field emitters for enhancing the FE current. In the later chapters
the emitter fabrication/synthesis, characterization, emission stability measurements and a
modestly reliable and robust method for emission enhancement with an electron

multiplier microchannel plate (MCP) will be discussed.
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Figure 2. 3 Potential energy diagram for planar and microtip emitter (left), field

enhancement at the emitter tip (right) [20].

2.3 TUNGSTEN OXIDE (WOx) MULTISTAGE FIELD EMITTERS

This section provides a brief description of oxide based multistage emitters and their
advantage. To date field emitters based on various nanomaterials have been considered
for several vacuum microelectronic applications. These emitters utilize local field
enhancement at the apex of each nanoscale protrusion or micro-tip to lower the threshold
voltage for field emission. They have been demonstrated in various applications such as
field emission displays, microwave sources and many more. However their emission
property is degraded irreversibly in low vacuum and oxygen environments because of

enhanced surface reactions such as ion back sputtering, physical etching and so on [19-
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21]. Ton back sputtering and physical etching especially at the emitter tip surface
degrades the local geometry and can lead to irreversible damage of the emitters.

Oxide materials are chemically inert, robust and have relatively high melting
temperature which leads to their stability in oxygen and low vacuum conditions i.e. 10
to 10 Torr. So, field emitters based on oxide materials have been reported as alternative
candidates for stable field emission in low vacuum conditions [22-23]. Among the oxide
emitters, tungsten oxide is widely used in various applications such as high pressure
discharge lamps, electron guns and scanning tunneling microscopy tips. Tungsten oxide
has also been demonstrated to be suitable for various other applications such as
electrochromic, optochromic and gasochromic coatings for smart windows, information
display and various sensors [24-25].

Tungsten oxide is an n-type semiconductor with a work function in the range of 5.59-
5.7 eV [26-28] which makes it attractive for the stated applications. Since the first report
on tungsten oxide by Fumio et al. in 1971 [29], several other researchers have
synthesized tungsten oxide nanowires [30-33]. Some of these synthesis methods include
thermal treatment of tungsten films [30], infrared irradiation heating of tungsten foils [31]
and thermal oxidation approach [32]. Recently Zhou et al. has reported the synthesis of
tungsten oxide nano-tip arrays by a two-step, high temperature, catalyst-free, physical
vapor deposition [34]. Though field emission properties of tungsten oxide nanowires
have been studied, this is the first study on multistage geometry and the emission
performance of such emitters in various vacuum conditions. A multistage emitter is

defined as a nano-protrusion such as nanowire or nanotube on top of sharp tip, as seen in
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figure2.4. The multistage emitter geometry will lead to high field concentration thus high

field enhancement and consequently high field emission.

Nano-protrusions
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Figure 2. 4 Schematic of single-stage and multi-stage emitter geometry.

Multistage effect on field enhancement can be determined from the field
enhancement factor (f), which tells how much the applied electric field is enhanced at the
tip (figure 2.3). The £ value of sharp tungsten tip without any nanowires on top of it can

be calculated considering a hemi-ellipsoid on a plane geometry [56], which is given by
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Figure 2. 5 Schematic of hemi-ellipsoid on a plane geometry of the electrochemically
sharpened tungsten tip (geometrical/mathematical model), where L' is the semi-major
axis length and p is the semi-minor axis length (left) Schematic of experimental
configuration and a simple model of two-stage emitter, where /is the length and r is

radius of the nanowire. L is the length and R is the radius of electrochemically sharpened

tungsten tip (right).
B=3 ritvinev+£)p-¢ (2.9)
c=(v? —1)1/2 (2.10)
v=L/p (2.11)
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Where L is the semi-major axis length and p is the semi-minor axis length (figure 2.5). S
for a multistage field emitter i.e. tungsten oxide nanowires on tungsten tip can be

calculated using equation 2.32

! D\ h D
Brot = PnwPrip —m(lJf?) (D) (”;J (2.12)

Where [ r are the length and radius of the nanowire, while L is the length, R is the radius
of electrochemically sharpened tungsten tip and D is the inter-electrode distance. R =R+1
and h=L+[ are effective radius and length of the emitter i.e. nanowire and
electrochemically sharpened tungsten tip [57]. In the later chapters these formulas would
be used to analyze the experimental data and also the fabrication/synthesis method of the

emitter and its emission characterization in various vacuum conditions will be discussed.

2.4 ELECTRON MULTIPLIER MICROCHANNEL PLATE (MCP)

This section provides a brief description on currently available MCP, novelty of our
ceramic MCP, and its application to enhance FE current from field emitters. A
microchannel plate is an array of miniature electron multipliers (figure 2.6). Typical
channel diameters are in the range of 10-500 microns with an aspect ratio
(length/diameter) of 40-100. Channel axes are normal or biased at an angle [6]. In the
later chapter the affect of aspect ratio and channel tilt/angle on electron multiplication or
total yield would be analyzed using charged particle optics (CPO). MCP was originally
developed as an amplification element for image intensification devices, later on it has
been utilized in several applications which including high efficiency field emission

displays and many pulse counting applications [6]. At present, the main material for

18



manufacturing MCP is lead-silicate glass, which has a limited gain due to the low
secondary emissive yield [8-9]. High gain from microchannel plate can be obtained by
using high secondary electron yield materials such as MgO and SiO,, increasing aspect
ratio, applying high voltage [12]. In this work a novel ceramic MCP has been designed
and fabricated which is capable of achieving high secondary emissive yield. The design
of an individual channel i.e. an electron multiplier is as shown in figure 2.6a inset. In a
MCP, each channel acts as a continuous or discontinuous dynode that supports an
avalanche multiplication of electrons when bias potential is applied across its length
(figure 2.5b). A high secondary emission can be achieved by using MgO, SiO, and other
insulators as secondary emissive layer. Function of the resistive/metallic layer is to
replenish electrons to SEE layer and also to apply a potential so as to accelerate the
generated secondary electrons along the channel. The concept of secondary electron
emission and the theory of secondary electron emission from insulators are provided in

section 2.5. In the later chapters the design and fabrication of MCP will be discussed.

\ ——~Acceleration voltage—

Primary // Secondory

/" electrons \é
emissive layer
Resistive layer Secondary electrons

Microchannel plate
Secondary emissive layer

()
Figure 2. 6 Cross sectional image of MCP and structure of channel cross section (inset)

(a) Nlustration of electron multiplication along the channel (b).
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2.5 SECONDARY ELECTRON EMISSION

This section provides a brief description of secondary electron emission. When
electrically charged beam of particles which can be electrons, protons, or ions with
sufficient kinetic energy hit the surface of a solid, the latter emits various kinds of
electrons and X-rays which are shown in figure 2.7. Secondary electrons (SEs) are those
which have a kinetic energy of 50 eV or less, they are the basis of the most widely used
imaging mode in the scanning electron microscope (SEM). They also play an important
role in other areas which include particle accelerators and high efficiency field emission
displays [6, 8].

The phenomenon of secondary electron emission was first discovered by Austin and
Starke [59], during their study of cathode rays reflection from a metal surface. They
observed that the metal target was emitting more number of electrons than it received.
This was proof that primary electrons (bombarding electrons) liberated additional ones
from the material itself [59]. Later on the phenomenon was thoroughly studied by Lenard
and several other researchers for various metals, semiconductors and insulators. Also a
database consisting of secondary emissive yield profiles for incident electron energies up
to 50 keV, covering 51 elements and 42 compounds, and representing over 80 years of

published data from several researchers has been compiled by Joy et al [58, 60].

20



Incident beam

Backscattered electrons

X-rays Cathodaluminescence

Auger electrons

Elastically

Inelastically
Scattered electrons Scattered electrons

Un-scattered electrons

Figure 2. 7 Electron beam interaction with a solid surface.

Parameter describing the secondary electron emission (SEE) is the yield (6) which is
defined as the ratio of secondary electron (i) to primary electron (i,) current given by
equation 2.9. Variation of ¢ with the incident electron beam energy (figure 2.8) is the
information that is obtained in the study of secondary electron emission using various
methods [61-63]. E; and E; are the incident beam energies, usually known as first and
second crossover energies, where total yield is greater than “1”, usually E, is the range of
1-10 keV. The important parameters from the figure include maximum secondary

emissive yield (J,,,,) with its associated energy (Ex).
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Figure 2. 8 Total yield i.e. backscattered () and secondary (o) as a function of incident

beam energy (E).

‘p ip
(2.13)
Where ig,i p and i; are secondary, primary and specimen current respectively, iy is the
current which is transmitted across the sample. In this work since we have used MgO

which is an insulator with maximum secondary yield ~22 compared to other materials

[61-73], so only the theory for insulators is accentuated.
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2.5.1 INSULATOR ELECTRON EMISSION AND SEMIEMPIRICAL MODELS
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Figure 2. 9 Dependence of the SEE yield (d) on the primary electron beam energy, for

different electron escape depth [66].

This section provides a brief description about various models used in analyzing
secondary electron emission particularly from insulators. An in-detail analysis and
description for secondary electron emission of insulators and metals is also provided in
the dissertation works of Nickles [62] and Thomson [63]. The model used by Nickles,

Thomson and several other researchers explains the production, transport and escape of
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the secondary electrons; which primarily come from the inelastic electron collisions and
the intrinsic lattice losses of incident electrons (bombarding the material). The
penetration depth and number of secondaries produced are dependent on the incident
electron beam energy and other macroscopic factors affecting the emission process are
related to surface preparation and cleaning procedures. Figure 2.9 shows how ¢ [64] is
varied as a function of incident beam energy. After secondary electron generation only a
portion of them are transported toward the material surface as they undergo various
energy loss mechanisms which include phonons, plasmons and other inelastic collisions.
SE transport process has been modeled considering it as a diffusion process, in which the
probability of an electron reaching the surface is considered to decay exponentially with
depth of creation [62]. And the high escape depth of insulators is explained by various
theoretical considerations as, the lack of electron—electron interaction during the transport
of the generated secondaries in the insulating materials from valence to conduction band,
combined to their very low or even negative affinity. This leads to escape depths of
secondary for uncharged insulators in the 20-100 nm range instead of the 10 nm range for
metals. Also the low electron affinity (~0.9 eV for MgO) in insulators permits the
generated secondary electrons to escape easily into vacuum [65-67]. In addition they also
need to overcome the surface potential induced by charging due to incident electron beam
in-order to escape into vacuum.

Various semi-empirical models have been proposed by several researchers to explain
the influence of material properties on the SEE yield curve. These theoretical
considerations were based on constant loss model by Dionne [61], Seiler [67], Salow [68]

Dekker [69] and Kanaya [71] which explain the production from SE from universal yield
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curve (figure 2.8). Energy require to generate a secondary electron (¢) and the probability

(B) for it to reach the surface is given by Alig et al. [70]

£=28Eg (2.14)
B 2.50,& (2.15)
Es
m

Where J,, is the maximum SEE yield, E5m is the beam energy at J,,, and E, is the band

gap in eV. According to Dionne et al. [61] SEE yield (9), d,, penetration depth (d),
primary beam energy at J,, and first crossover energy are given by the following

equations

s=[B]4n o ad 1 (n=1)[ | _~od (2.16)
(2] et -]
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074
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0.39E5
Ej = UL (2.20)
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Where A4 is the primary electron absorption coefficient, a is the SE absorption coefficient

or inverse mean free path, p is the mass density, E, is the energy of primary electron
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beam, 7 is the power law exponent assumed as 1.35 [61] or 1.67 [58]. @ and A values for
various insulators have been provided by Khairi et al. [72]. Since the various parameters
used in above equations are generally not know a more general equation has been

suggested by Joy et al. [58]

-0.67 1.67
o Ep EP
— =128 —— l—exp| —1.614) —— (2.22)

m Es,, Es,,

It is known that the SEE yield of a polycrystalline insulator decreases due to the
reduced mean free path of the SEs through scattering and trapping by defects. The effect
of crystallite size on SEE yield has been modeled by Cazaux et al. according to which
higher yield is observed in materials with larger grain size. This might be due to lesser
energy losses or scattering events of secondary electrons such as inelastic interactions
with atomic vibrations and elastic interaction with acoustic phonons or crystal defects
[73]. SEE is also dependent on the angle of incidence of primary beam which can be
understood as follows. If the primary electrons are falling normally on the surface the
escape depth is d and when they are falling at an angle it becomes dcosf. Several
researchers have proven that this is true [59, page 100]. These formulas would be used in

later chapters to analyze the SEE data obtained from various materials.

2.6 MICROCHANNEL PLATE SIMULATION
This section provides a brief description of the effect of channel geometry and the
important parameters of MCP. A MCP and the mechanism of electron multiplication are

shown in figure 2.6. The gain obtained from the channels of an MCP is a function of
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various parameters which include the geometry of the channel i.e. aspect ratio and tilt,
applied voltage and SEE yield of secondary emission material [11-12]. There have been
several numerical models to analyze these parameters on the gain of MCP. And also there
has been only one study by choi et al. [12] to determine the effect of channel tilt on the
MCP gain. In this work we have utilized CPO a program based on boundary element
method (BEM) which is much faster and more accurate than traditional methods used in
other programs.

Figure 2.10 shows the difference in conduction of electrons in tilted and non-tilted
channel. For non-tilted channels, the electric field has only an axial component. In tilted
channels, there is small normal component of electric field the surface of channel wall.
This weak electric field will have an affect on the electron trajectories and improve the
gain of electron multipliers [12]. From the MCP simulation a practical way to achieve
higher gain by changing the geometry of the channel i.e. the maximum tilt and
comparison of these results with existing models and advantages of CPO would be

presented in later chapters.
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Figure 2. 10 Figure 2.10 (a) Zigzag modes in a non-tilted cylindrical channel for two
primary electrons. The electric field (E) is along the channel axis, (b) a hopping mode in

a tilted channel (15°) for two primary electrons. E; and E, are electric field components in

the tangential and normal direction, respectively [12].
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3. EXPERIMENTAL PROCEDURE

This chapter provides an overview of carbon nanotube and tungsten oxide field
emitter’s synthesis and the description of experimental procedure for analyzing the field
emission and its enhancement with microchannel plate (MCP). This chapter also includes
the description of microchannel plate (MCP) fabrication process, i.e. preparing the
ceramic template, deposition methods for emissive layers i.e. MgO/MgO-CNT and
resistive/metallic layers i.e. CuO, CNT along the channel walls and surface of the MCP.
Finally the experimental procedure for measuring the secondary electron emission for

various materials used in this work will be described.

3.1 CARBON NANOTUBE SYNTHESIS

This section describes the synthesis of carbon nanotube (CNT) and tungsten oxide
(W15049) multistage field emitter synthesis. In this dissertation work two types of carbon
nanotube (CNT) field emitters i.e. randomly aligned thin-MWNT and MWNT array

tower structures were used, which are shown in figure 3.1.

3.1.1 thin-MWNT SYNTHESIS

The thin-MWNTs used in this work were synthesized by thermal chemical vapor
deposition (CVD) on Nb/SiO,/Si substrates from a catalyst solution having Mo doped Fe
particles supported by Al,Os; nanoparticles. Catalyst solution was prepared from iron (III)
nitrate-nonahydrate, bis(acetylacetonato)-dioxomolybdenum(VI) and Al,O3; nanoparticles
in methanol. Uniform suspension of catalyst in methanol with various amounts of Al,O;

(30, 15, and 7.5 mg) was prepared by sonication and resulting solution was spin coated
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onto Nb/SiO,/Si substrate followed by drying at room temperature and baking at 160 °C
for 5 minutes in Ar atmosphere. Later the prepared substrates were placed in the CVD
system (figure 3.2) followed by heating in Ar atmosphere to 700 °C. At this point Ar was
replaced by C,Hs gas which was maintained for 30 minutes. After completion of the
above steps the CVD system was finally cooled in Ar atmosphere for 30 minutes. The
role of Al,Os in the catalyst solution was

(1) To support Mo/Fe during the growth process i.e. catalyst are well distributed on

the corrugated Al,O3

(i1) To control density, which controls the CNTs vertical alignment/orientation

Figure 3 1 SEM images of (a) MWNT array tower structures synthesized on porous

silicon (b) thin-MWNT synthesized on Nb/SiO,/Si substrates.

Vertical alignment of nanotubes, grown by thermal CVD, is achieved by controlling
their density [75]. In this work it was observed from a series of experiments that the
density of thin-MWNTSs (per sq-cm) was controlled by varying Al,Os content in the

catalyst solution. The growth of nanotubes was not uniform when grown without Al,O3 in
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the catalyst solution. Morphology of the synthesized nanotubes was examined by
scanning electron microscopy (SEM, JEOL-7000F) and transmission electron
microscopy (TEM, FEI-Technai UT). Degree of graphitization of the nanotubes was

examined by Raman spectroscopy (spot size: 5 um, wavelength (Ar-Ne): 785 nm).

3.1.2 MWNT ARRAY TOWER STRUCTURE SYNTHESIS

The MWNT array tower structures used in this work were synthesized by thermal
CVD on porous silicon substrates, which were prepared by electrochemical
anodization/etching bulk Si wafers, in hydrofluoric acid (HF) and ethanol (C,HsOH)
solution. Role of ethanol in the etching solution is as a facilitator for the evacuation of
hydrogen bubbles developed during the process. Porous silicon can also be prepared by
several other techniques which include stain/chemical etching, where no potential is
applied; etching is done with HF-HNOj solution, potentiostatic i.e. voltage-controlled or
galvanostatic i.e. current-controlled. Galvanostatic method is mostly preferred as etching
is performed with a constant charge rate which leads to pores uniformity. Porous silicon
used in this work was prepared by anodization of p-type silicon <110> substrates under
galvanostatic conditions in a simple O-ring Teflon cell in the dark, using an electrolyte
which is a 1:1 mixture (by volume) of HF (48 wt%) and ethanol (100%) with a Pt wire as
counter electrode. An aluminum plate on the backside of the sample served as an ohmic
contact. The anodization was carried out at 10 mA/cm? for 5 min and the resulting porous

silicon had a thin nanoporous layer with pore diameters in the range of 15-20nm.
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Figure 3.2 Schematic of porous silicon fabrication experimental setup.

On the porous silicon substrates a thin iron film ~10 nm thick was sputtered through a
shadow mask with circular openings. The shadow masks were prepared by laser drilling
green alumina tape (un-sintered) with required pore size, which was than sintered at
1550°C to remove the binders. After Fe deposition the porous silicon substrates were
annealed at 300°C for ~12 hours in a furnace under normal atmospheric conditions.
Annealing at this temperature is believed to improve the contact of Fe film with pores
and also reduce the stress in the porous film thus avoiding its cracking during CNT
growth. Finally for the growth of MWNT array tower structures, the substrates were
placed in the cylindrical quartz tube of the CVD system followed by heating in Ar
(~1000 sccm) atmosphere to 700 °C. At this point Ar was replaced by ethylene (~1000
sccm) gas which was maintained for 40 min, after which the furnace was cooled to room

temperature for ~2 hours in Ar. Then the as grown MWNTs arrays were etched by
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oxygen plasma to remove carbonaceous content and other adsorbates on top of the CNT
tips. This method also helps in achieving uniform length CNTs. For etching, the CNT
substrates were placed inside the reactive ion chamber which was maintained at 120 Torr,
with 10 sccm of O, gas, power at 100W, and the process was done for 3 min.
Morphology of the CNTs was examined by scanning electron microscopy (SEM, JEOL-
7000F) and transmission electron microscopy (TEM, FEI-Technai UT). Degree of
graphitization of the nanotubes was examined by Raman spectroscopy (spot size: 5 pm,

wavelength (Ar-Ne): 785 nm).

3.1.3 TUNGSTEN OXIDE NANOWIRE MULTISTAGE FIELD EMITTERS
Multistage emitters used in this work consisted of tungsten oxide nanowires grown
on electrochemically sharpened tungsten tips (figure 3.3), which were prepared from
0.006 inch diameter wire (Small Parts Inc ™). Tip sharpening was done by electro
chemical etching using 2 M of NaOH solution by applying 15 V between the tungsten
wire and the platinum electrode [76]. For the tungsten oxide nanowire synthesis, the
sharpened tungsten tips were placed in the quartz tube of thermal CVD system. The
synthesis process comprised of three phases which are heating phase followed by a
growth phase and then cooling to room temperature. In the heating phase, tungsten tips
were heated to 900 °C in 1000 sccm of Ar for 10 min. In the growth phase, the
temperature was held at 900 °C for 20 min in a mixture of CH, and H,, each 500 sccm.
Finally the samples were cooled to room temperature in 1000 sccm of Ar. The various
parameters such as temperature, gas concentration and growth duration were

systematically varied and optimized for the high yield of nanowires. High yield was
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observed at 900 °C with a mixture of CH4 and H,: these gases have been reported to
increase the yield of nanowires [77]. However, the growth duration did not have a
substantial effect on the yield of nanowires. This may perhaps be due to the limited
oxygen supply, which comes from the native oxide layer of tungsten tip. Morphological
and micro structural characterization of the emitter was performed by scanning electron
microscopy (SEM, JEOL-7000F) and Transmission electron microscopy (TEM, FEI-

Technai UT).

| Pidtinum wire(-)
(+)Tungsten wire

Figure 3.3 Etching setup schematic (left) SEM image as etched tungsten wire (middle)

and tungsten oxide multistage i.e. nanowires on sharp tungsten tip (right).
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3.2 FIELD EMISSION MEASUREMENT EXPERIMENTAL PROCEDURE
Anode

MCP

|
|n<

Figure 3.4 Field emission measurements circuit schematic, CNT (top) and WO (bottom),

please refer figure 2.5 in chapter for the meaning of various parameters.

Field emission measurements for CNT with and (without MCP) and tungsten oxide
were performed using a diode structure with indium tin oxide (ITO) coated quartz as
anode and CNTs and tungsten oxide multistage emitters as cathode in respective

experiments. The cathode and anode were separated by a ceramic spacer to avoid
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electrical shorting between them. The inter-electrode i.e. cathode to anode distance (D)

was in WOy and CNT experiments was maintained at ~1150 and ~1050 um respectively.

Figure 3.5 Field emission (FE) measurement system, vacuum chamber (~10’ Torr) and

various measurement meters.

For studying the emission performance of WOy emitters experiments were conducted
at various vacuum conditions ranging from ~1x10°to 3x10™ Torr which was achieved by

a variable leak value of the vacuum chamber. Emission recovery studies were also
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performed at ~1x10° Torr after measurements at ~3x107 Torr. Schematic of
measurement circuits are shown in figure 3.4. The measurement also had a protecting
feature for avoiding any damage to the measurement meters from arcing and other
superfluous events. The circuit protector consisted of a resistor (few MQ) in parallel with
a Zener diode (few Farads). For current measurements Keithley 2010 multimeter (nano
ampere resolution), Keithley 6487 picoammeter and for voltage source Keithley 6487 and
Keithley 248 were used. All the measurements were automated through LabView. Figure
3.5 shows the measurement system and 3.6 image of LabView interface and circuit or
block diagrams are shown in appendix 5. For emission enhancement experiments an
MCP was inserted between the CNT cathode and anode as shown in the measurement
schematic in figure 3.4. The measurements were performed in continuous and
discontinuous dynode structure of MCP. In the former MCP consists of single high aspect
ratio channels in which the top and bottom face of MCP is biased at different potentials.
In the later several MCPs with smaller aspect ratio are stacked one over the other with a

different bias applied to successive stage.

3.3 MICROCHANNEL PLATE FABRICATION

This section describes the fabrication procedure of the microchannel plate (MCP)
used in this dissertation work. The ceramic template with channels was fabricated from
alumina green tape (un-sintered) by micro drilling. A ceramic green body is a mixture of
ceramic powder with appropriate binder and has hardness much lower than sintered form,
which makes it easier to drill holes through it. The micron sized channels (1-50pum) were

drilled by the following methods
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a) CNC/Laser drilling

b) Mechanical punching

[ Yolt-current-1.vi Front Panel

File Edit Cperate Tools Browse ‘Window Help

@[] [ 1zt appiication Fort |~ |2~ ][4a~] ﬁvl

Figure 3.6 LabView interface showing the program used to measured the I-V

characteristics of the field emitters.
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Figure 3.7 (a) Aluminum oxide/Alumina (Al,O3) templates (green tape) with micron

sized (b) Sintering cycle for alumina green body.

Alumina templates with micron-sized channels were stacked, laminated and sintered
to obtain high aspect ratio channels. Lamination and sintering procedure is provided in
appendix 1. Figure 3.7a, b show the alumina templates and the sintering cycle,
respectively. Figure 3.8 shows the cross-sectional view of an MCP and its channel. The
channel walls of an MCP consist of an electron emissive and a resistive/metallic layer.
Emissive layer is responsible for generating secondary electrons upon bombardment by
primary electrons. Resistive/metallic layer functions as a biasing layer to which required
potential can be applied and it also replenishes the electron deficiency produced in the
emissive layer. In this work we had studied two materials as resistive/metallic layer, they
consisted of CuO and multi-walled carbon nanotubes (MWNT). From our simulation and
experimental work we found that MWNT is better than CuO. For emissive layer MgO
was as it has the highest secondary emissive yield of most materials [59-73]. Cu was
coated along the channel walls of the MCP by electroless solution which was purchased

from Transene chemicals. Before plating the alumina templates were etched to improve
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the adhesion of Cu to the ceramic surface [78-80]. The plating and etching procedure is
explained in appendix 2. After Cu deposition the MCP was heat treated in a furnace
under normal atmospheric conditions to 1000°C at the rate of 10°C/minute for the
formation of copper oxide. The heating rate is also dependent on the thickness of coated
Cu layer. Emissive layer i.e. MgO was deposited from sol-gel solution [81-83], sputtering
and MgO suspension [84-87]. Most of the sol-gel solutions were prepared by utilizing
diethyl amine (DEA), magnesium methoxide, magnesium acetate and 1,3 propanediol
however these precursors were noticed to react with copper. So MgO suspensions were
prepared from nano-powder with various dispersants [84-87]. For determining the
secondary emission properties of these solutions they were coated on a flat substrate of
0.5 x 0.5 sq inch metal piece and characterization was performed as described in section

3.4. Deposition was done by electrophoretic deposition as described in references 75-79.

3.3.1 GROWTH OF CARBON NANOTUBES ALONG THE MCP CHANNELS
AND SURFACE

The fabrication of the MCP plate is as follows, first holes of ~250pum diameter were laser
drilled through green i.e. un-sintered alumina (Al,O3) tape, which were then aligned,
stacked and laminated in a flat press. The thickness of the green template was ~500pum
thick. This particular thickness was chosen as it was observed to be the optimum
thickness for sputter depositing iron (Fe) catalyst along the channels. The sintered Al,O3
template was ~500um thick with channel diameters of 240pum due to shrinkage of the
green bodies. Later Fe catalyst was sputter deposited on both faces of the Al,O3 template.

For nanotube synthesis the templates were placed in the cylindrical quartz tube of the
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chemical vapor deposition (CVD) system, followed by heating to 700 °C in Ar (~1000
sccm). After the temperature was stabilized at 700 °C, Ar was replaced with CoHy (~1000
sccm) precursor gas, followed by cooling to room temperature for ~2 hr. Function of
CNTs grown along the channel were as metallic layer to which a potential can be applied
and they also replenish the electron deficiency produced in the emissive layer (MgO).
The field developed across the metallic layer would accelerate the secondary electrons
along the channel. The CNTs on top and bottom face acted as biasing electrodes. Later
MgO i.e. secondary emissive layer was sputter deposited on both faces of the Al,Os
template with CNTs. MgO thickness was varied by varying the deposition times and the
optimum thickness for achieving high SEY was determined. Emissive layer (MgO) is
responsible for generating secondary electrons upon bombardment of primary electrons
from CNT cold cathode underneath the MCP (figure). Vertically aligned CNTs arrays on
porous-silicon (Si) were utilized to determine the FE current enhancement from the MCP.
The CNT synthesis was performed by catalytic CVD method, in brief the growth process
is as follows, for CNT growth on the porous-Si Fe catalyst was sputter deposited through
a shadow mask which had the similar dimensions as the sintered MCP template. It helped
in aligning the CNT emitters with the MCP channels.

Material characterization i.e. structure and morphology of CNTs grown on AlO3,
MgO-CNT coating were performed by scanning electron microscopy (SEM) equipped
with energy-dispersive X-ray (EDX) spectrometer, transmission electron microscopy
(TEM) equipped with EDX spectrometer and a high angle annular dark-field detector
(EDX-HAADF). The fabricated MCP was characterized in discontinuous dynode form

for its multiplication with vertically aligned CNTs arrays synthesized on porous-Si nano-
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template. Electron multiplication was estimated by measuring the field emission current
with and without MCP between the CNT cathode and anode. ITO coated glass screen
printed with phosphor was used to perform the electron emission imaging in both the
cases and the vacuum was maintained at ~5E-7 Torr for all the experiments. Throughout
all the experiments with MCP similar distance was maintained between cathode-MCP
which was equivalent to the one between anode-cathode without MCP. Figure 3.9

illustrates the MCP with MgO-coated carbon nanotubes.

Resistive layer

Microchannel plate
Secondary emissive layer

()

Figure 3.8 Cross-sectional view of microchannel plate and its channel.
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Figure 3.9 Microchannel plate consisting of MgO-coated carbon nanotubes, smaller inset
shows the uniform growth of nanotubes along the channel and larger inset shows the

MgO-Coated nanotubes.

3.4 SECONDARY ELECTRON EMISSION (SEE) CHARACTERIZATION

This section describes the secondary emission measurement for various materials.
The material whose secondary emission yield (J) is to be calculated is normally coated by
various methods such as electrophoresis, sputtering etc on a flat metal surface with an
area of 0.5x0.5 square inch. This plate is then inserted in a cell made out of Teflon as
shown in figure 3.10. The source of primary electrons is a thermionic gun purchased from
Kimball Physics (Boston, USA). Secondary electrons are generated when primaries
bombard the specimen. A negative potential applied to the specimen repel the generated
secondaries and ¢ is calculated from the following equation [1-(specimen current/input

current)]. Input current is measured by a Faraday cup which is shown in the figure, for it
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the beam is focused so as to get maximum flux. The main aim of this experiment is to
measure the variation of J with incident beam energy; important parameters obtained are

Omax and its corresponding beam energy.

sample

.;?}a.daycup
@)

7

electron gun

= L

Figure 3.10 Secondary electron emission measurement cell schematic.
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4. RESULTS AND DISCUSSION

This chapter begins with section 4.1, which outlines the simulation of a microchannel
plate channel with various aspect ratios, tilt and material parameters. Section 4.2 outlines
the characterization secondary electron emission of various materials used in this work.
Section 4.3 outlines the synthesis and field emission characterization of single stage thin
multiwall carbon nanotube and the multi-stage tungsten oxide and nanotube field emitters.
Finally section 4.5 outlines the fabrication of the novel microchannel plate with high
secondary yield materials and the amplification of field emission current from nanotube

emitters through it.

4.1 SIMULATION OF MCP CHANNEL

Microchannel plate channel simulation was done using charged particle optics (CPO-
3D) which is based on boundary element method (BEM). The method is based on the fact
that in a system of conducting electrodes, real charges appear on the surface of the
electrodes when potentials are applied to them. In absence of leakages, these charges will
remain when the leads that have carried the applied voltages are removed. These surface
charges are the sources of all potentials and fields in the system. In BEM the electrodes
are effectively replaced by these charges. If all the surface charges are known them all the
potentials and fields are known [88]. This is ideally suited for space charge and cathode
problems. A code was developed by the authors of the program according to
specifications supplied by us. From the simulation two parameters for achieving
maximum secondary electron yield i.e. the channel aspect ratio and the tilt were

determined based on our material system. Simulation number 81, 82 were utilized to
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simulate a straight and tilted channels. The procedure for setting up the simulation is
provided in the appendix 3.

In the CPO3DS, 81st file one straight channel can be simulated. Channel with
various dimensions i.e. diameter and length can be simulated. In the simulation the two
ends of the channel are shielded with small field-free boxes. A voltage can be applied
between the ends of the channel and certain number of primary electrons with a specific
energy can be injected into the inlet of the channel. When an electron hits the side of the
channel it produces secondaries. The energy, direction and current of the primary ray are
measured when the primary hits a side and these parameters are used to determine the
energy, direction and current of the secondary ray. Each ray represents a set of electrons.
In principle there should usually be more than one secondary electron per primary
electron, but CPO3DS cannot generate more than one secondary electron, so the currents
of the rays carry the information about the number of electrons that are represented by the
ray. Three options are triggered in this simulation: A Maxwellian distribution of the
energies of the secondaries, Lambertian (cosine) distribution of directions, Poisson
distribution of the currents. Details of these options can be found in Help section of the
program. The formula for the mean multiplication factor per collision is taken from A. V.
Raspereza et al [89], the formula is

finean = fmax exp(-am™(1. - cs))*4.%x/(1. + x)**2 (4.1) [89]
Where fi.x 1s maximum secondary electron yield, a,, is material constant,
X = sqrt(cs)*energy/emax (4.2) [89]
cs = cosine of angle of primary to the normal to the surface,

energy = primary energy i.e. the collision energy of the input electrons
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According to Raspereza et al. the values of fiax, €max, am for most commonly used
materials in MCP 1i.e. lead silicate are 4.0,250, 0.5 and for alumina are 4.8, 350,0.5
respectively. They also say that the secondary electrons have a Maxwellian energy
distribution, mean value 2.0 eV, and a Lambertian (cosine) angular distribution. In the
present example, the mean multiplication factor is used for each collision (that is, the
'mean-Poisson' option is used). This represents an approximation to the real process (see
Help) but is the only viable choice here. The 'minimum incident energy' for collisions is
given the value 5eV, so if a primary ray has energy smaller than this the ray is stopped.

This is the main cause of rays not reaching the anode.

4.1.1 SIMULATION OF A STRAIGHT MCP CHANNEL

Figure 4.1 shows the simulation results of channels with same diameter 0.01cm and
different aspect ratio obtained from CPO3Ds file 81. It can be observed from figure 4.2
which is a plot of secondary emission yield (8) vs. the channel aspect ratio that higher the
aspect ratio higher the 6. From the simulation results it can be noticed that higher 6 value
can be achieved with aspect ratio of channel greater than 40. For the simulation
secondary emissive material along the channel was assumed as alumina with an average
emissive energy of 5 eV. For measuring the 6 values 20 primary electrons were injected
into the channel. The primary energy of the electrons was assumed as 100 eV which is
similar to field emitted electrons. Highest 6 value for longer aspect ratio channels may be
due to the increased number of collisions with the secondary emissive surface along the
channel. Thus from the simulation it was summarized that higher the aspect higher is the

o value.
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Figure 4.1 Trajectories of primary and secondary electrons for various aspect ratios MCP

channels10, 20, 30, 40, 50 (left-right).
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Figure 4.2 Secondary emission yields () as a function of channel aspect ratio.

4.1.2 SIMULATION OF A TILTED MCP CHANNEL

Figure 4.3 Trajectories of primary and secondary electrons for a tilted channel (5°).

The effect of the channel tilt was also simulated to determine its effect on & value.

The simulation was performed with 82 file of CPO3D, the code and procedure for which
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are given in the appendix 4. In the simulations channel diameter was 0.1 mm, aspect ratio
was 40 and an applied voltage was 1500 V. The secondary emissive material along the
channel was assumed as alumina with an average emissive energy of 5 eV. Channel
aspect ratio was chosen as 40 based on previous simulation results shown in figure 4.2
and o value was determined by varying the channel tilt. Figure 4.3 shows the trajectories
of primary and secondary electrons for tilted channels with similar dimensions of a
straight channel. It can be observed that the amount of electrons and & value is higher for
tilted channels.

For the straight i.e. no-tilted channel the electric field has only the axial component,
provided that the fringe field is neglected near the input and output aperture of the
channel. Consequently, there is a uniform field in the axial direction. When a primary
electron enters the channel with some incident angle, it strikes a point of the channel wall
and induces the emission of secondary electrons. Emitted secondary electrons generally
hit the opposite side of the wall. Figure 4.1 shows electron trajectories in a straight
channel when secondary electrons are assumed to emit only at the normal direction to the
channel wall. The trajectories are collectively on a zigzag mode. For a short channel the
number of hits of the wall is small and gains are not high. This is due to the fact that the
gain usually depends on the channel length and applied voltage. When a channel is tilted,
the only change is the angle between the channel axis and the electric field. The change
in gain is, however, outstanding. Fig. 4.3 illustrates trajectories of electrons emitted at the
normal direction of a tilted channel wall. The motion of electrons is collectively on a
hopping mode along one side of the channel wall. The mode may be due to an effective

field on the channel wall. The electric field (E) due to applied voltage can be separated
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into the tangential component (E;) and the normal component (E,) with respect to the
channel wall surface. The tangential component accelerates electrons along the channel
while the normal component decelerates emitted electrons along the normal direction to
the channel wall. The combination of the two fields causes electrons to have a hopping
motion and strike the channel wall more frequently than the case of the straight channel.
When the tilt angle is more than 5° and less than 15°, the tilted electron multipliers are
observed to produce high gains of secondary electrons. Because both the frequency of
strikes and the value of collision energies are a best fit for the multiplication of electrons,
the simulation results are shown in figure 4.4. Similar results were observed by Choi et al.
for a cylindrical MCP channel using Monte Carlo simulation [12]. However in their
results maximum & value was observed for channels tilted at 25°.

From our simulation of non-tilted channels we find that many of the rays travel near
the axis of the channel for a substantial fraction of the channel length between collisions,
particularly after their last collision before reaching the anode. From our simulation of
tilted channels we find that the rays tend to collide more frequently with the higher-
voltage side than with the low-voltage side and that there are no rays that travel near the
axis for long distances. The highest multiplication factor occurs at approximately 15
degrees, and is then larger than that at 0° by a factor of approximately 5. At higher tilt
angles the gain decreases sharply. From our simulation of tilted and non-tilted channels
we conclude the optimum channel design parameters i.e. an aspect ratio of 40 and a

channel tilt of 5-10°.
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Figure 4.4 Secondary emission yields () as a function of channel tilt.

4.1.3 SIMULATION OF A MCP CHANNEL WITH VARIOUS MATERIAL
SYSTEMS

In this part of the simulation a single straight/non-tilted channel of MCP with a
constant aspect ratio with various material systems was simulated. This simulation helped
us in choosing the optimal material system among CuO/MgO and CNT/MgO. CuO/MgO
system was chosen as electroless copper solution provided us a means to coat large aspect
ratio channels. MgO the emissive layer was coated over the oxidized copper layer which
is the resistive layer. CNT/MgO system was chosen as it was noticed from available
literature data that it had the highest secondary emission yield [13-15, 90-92]. The data

required for simulating MCP channel with MgO/CuO, MgO/CNT and lead silicate/glass
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was assumed from literature [13-15, 89-92]. Lead silicate/glass which is the most
commonly used in conventional MCP was also simulated. The most optimistic values for
finaxs €max, am for MgO/CuO arel0, 500, 0.5 and for MgO/CNT are 2500, 500, 0.5
respectively. The simulation was performed for a channel with a diameter of ~250 pm
and aspect ratio of 2; these dimensions were chosen as these were the ones which were
achievable for alumina green tape with laser facility available at the lab. Figure 4.5 shows
the simulation results for various material systems from which it can be seen that MgO-

CNT system has the highest value.
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Figure 4.5 Various material system secondary emissive yields.

Even though the exact mechanism of high SEY from MgO-CNT system is not clearly
understood, it is assumed as Townsend avalanche [93] that can be explained as follows.
Secondary electrons are generated from the MgO film when primary electrons bombard it.

Due to the high resistivity of the MgO film its surface acquires a large positive charge

53



and a high field is created across the film. Subsequent electrons bombarding the film
penetrate a certain distance into the film generating more secondaries. Each new
secondary electron generates additional electrons by internal ionization resulting in
Townsend type avalanche [93]. The higher field may also be due to the geometry of the
MgO-CNTs i.e. their aspect ratio and nano tip radius, leading to higher number of
secondaries and their probability to escape into vacuum. The high SEY yields were only
observed from MCP with MgO-CNT and not with the one with only CNT. Similar kind
of result was observed by Yi et. al. from their secondary electron emission and electron
energy distribution studies of MgO-CNT sample. It was concluded from their
experiments that high yield can only obtained from MgO-CNT and not from CNT or
MgO alone [13-15]. From the above simulation MgO-CNT system was chosen for our

microchannel plate fabrication.

4.2 SECONDARY ELECTRON EMISSION CHARECTERIZATION

When electrically charged particles of sufficient kinetic energy hit the surface of a
solid, the later emits electrons. These electrons are termed as secondary electrons and the
bombarding electrons as primary electrons. For most of the materials, the number of
secondary electrons generated by each primary electron (the secondary emission
coefficient) lies between 0.2 and 3. Generally the maximum value of secondary emission
for metals is about “1” and an insulator is “3” [58-73]. The principal reason for lower
secondary emission in metals is due to electron-electron scattering. In insulators there is
effectively no loss mechanism other than lattice vibrations and inter-band transitions.

Secondary emission in insulators can also be explained by field dependent emission. It is
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a result of conventional secondary emission, the bombarding electrons tend to charge the
surface of the dielectric (MgO) positively thus creating a high field across the film. Due
to porosity, most of the primary electrons can penetrate some distance into the volume of
dielectric releasing secondary electrons. These secondary electrons in turn are accelerated
towards the film and at sufficiently high field, electron avalanche will occur. Due to its
high secondary emission properties MgO was selected as the emissive layer.

The experimental setup and procedure were explained in chapter 3. Here the
experimental results and its analysis are presented. Secondary electron yields are
generally measured either by monitoring sample current or collecting the scattered
primary and secondary emission with a retarding field analyzer or a biased Faraday cup.
Each technique has defects which can contribute to potential misinterpretation of the data.
We have adapted the simplest sample current method, which consists of fixing the
primary electron gun potential and then determining the final current at the sample by
voltage bias retardation i.e. by applying a negative potential to the sample. J is
determined from the sample (/;) and primary (/,) current as

o=1-(/1,) (4.3)
Disadvantages of the method include no collection of elastically-reflected beam and no
normal incidence measurement and advantages are simple equipment and stable primary

beam current.
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Figure 4.6 SEM images of elecrophoretically deposited MgO from sol-gel solution (top)

and dispersant on a flat metal surface.

The secondary emission properties of MgO prepared by various methods and
deposited on a flat metal surface were analyzed using the above method. Figure 4.6
shows the SEM image of MgO prepared from a sol-gel solution [81-83]. The difference

in the surface properties of MgO prepared from sol-gel and suspension can be observed
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in figure 4.6. MgO deposited from later method seems to have larger crystal size and
more porosity which might be the reason for higher SEY as shown in figure 4.7. MgO
dispersant was composed of nano MgO powder with an average particle size of 15-20 nm
and ethyl alcohol. A solution of citric acid and triethylamine were used as dispersant.
The function of citric acid in the dispersant was to prevent agglomeration of MgO
particles in the suspension. It is achieved due to the adsorbed citrate group on MgO
particles and by the non-adsorbed citrate anions remaining in the solution. The adsorbed
citrate leads to a negative charge on the particle surface; the non-adsorbed citrate anions
contribute to increasing the ionic strength of the solution. For this reason, the use of citric
acid as a dispersant not only keeps apart the MgO particles electrostatically but also
creates a sort of steric barrier that further inhibits the complete mutual approach of the
individual MgO particles. This particular method was adopted from literature as it
observed that it produced a stable suspension from various ceramic powders as decribed
by Riccardis et al. [87].

Elctrophoretic deposition (EPD) was used to deposit MgO because it was observed to
provide reliable coatings with controlled thickness and morphology. For MgO deposition
two flat metal plates of equal area separated by ~ 1.5cm immersed in the suspension were
used. A DC voltage varying between 40-100V was applied depending on the required
MgO thickness followed by heating to 100-300°C in normal atmospheric conditions to
remove the organics. Coatings prepared from EPD of MgO sol-gel did not yield good
results i.e. they did not adhere to the metal surface. This may be as a result of the heating
process which was followed after MgO deposition to remove the organics present in the

sol-gel solution. However depositions prepared from EPD MgO suspensions provided
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good results in terms of coatings and secondary emission properties. Also the variation in
SEY for MgO prepared from both methods is shown in figure 4.7, it can be observed
from the figure that dispersant prepared MgO has higher SEY. This may be attributed to
the morphology i.e. the crystal size, porosity of the MgO. Due to porosity, most of the
primary electrons can penetrate some distance into the volume of dielectric releasing
more secondary electrons as compared to MgO deposition obtained from sol-gel which
seems to be less porous [90,93]. SEY of MgO depends on various parameters such as
crystal size, surface properties, porosity [90, 93]. High SEY values were observed from
single crystal MgO as the secondary electron loss mechanism are relatively less in them
[58-73]. Similar kind of explanation can also be provided to our observed results from
MgO prepared from suspensions. Effects of charging were not studied here as it was not
the aim and it is out of scope with the available equipment at our lab.

The similar method of coating the flat metal surface with MgO was not adapted for
coating the channels as it was observed that it did not provide uniform layer inside the
channel. This was due to variation of field concentration along the channel which is not
uniform. It is usually higher at channel inlet and outlet and lesser as it reaches the channel
mid section thus creating non-uniform MgO layer along the channel surface. However
our secondary emission studies from MgO on flat surface provided us with the proof that
high SEY can be achieved from MgO. It also provided us the information on various

parameters such as MgO morphology and film thickness for achieving high SEY.
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Figure 4.7 Secondary electron mission characterization of MgO prepared by sol-gel and

suspensions.

421 MgO-COATED CARBON NANOTUBES (CNTs) SECONDARY
ELECTRON EMISSION

From our experimental and simulation studies it was found that for achieving high
SEY from MgO/CuO material system, the channel aspect ratio should atleast be 40. It is a
relatively difficult process to achieve consistent coatings for such high aspect ratio
channels. So a new material system i.e. MgO-coated CNTs was chosen which had shown
enormously high secondary electron emission yield [13-15, 90-92] as shown in figure 4.

8. Its SEY depends on the coating thickness which is in the range of few nm to few
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microns. The minimum and maximum reported values of SEY for MgO/CNT are 400 and
22000, respectively [13-15, 90-92], which is the highest of all the materials. Even though
the exact mechanism of high SEY from MgO/CNT system is not clearly understood, it is
assumed as Townsend avalanche [93] that can be explained as follows. Secondary
electrons are generated from the MgO film when primary electrons bombard it. Due to
the high resistivity of the MgO film its surface acquires a large positive charge and a high
field is created across the film. Subsequent electrons bombarding the film penetrate a
certain distance into the film generating more secondaries. Each new secondary electron
generates additional electrons by internal ionization resulting in Townsend type
avalanche [93]. The higher field may also be due to the geometry of the MgO-CNTs i.e.
their aspect ratio and nano tip radius, leading to higher number of secondaries and their
probability to escape into vacuum. The high SEY yields were only observed from MCP
with MgO-CNT and not with the one with only CNT. Similar kind of result was observed
by Yi et. al. from their secondary electron emission and electron energy distribution
studies of MgO-CNT sample. It was concluded from their experiments that high yield can
only obtained from MgO-CNT and not from CNT or MgO alone [13-15, 90-92]. Figure
4.5 shows the simulation results SEY of various materials from which it can be observed

that MgO/CNT has the highest value.
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Figure 4.8 SEE yield of MgO/CNT as a function of the relative kinetic energy of a

primary electron.

4.3 SYNTHESIS AND FIELD EMISSION CHARACTERIZATION OF thin-
MWNTSs

The thin-MWNTs were synthesized by thermal chemical vapor deposition (CVD) on
Nb/Si0,/Si substrates from a catalyst solution having Mo doped Fe particles supported by
Al,Os nanoparticles. Catalyst solution was prepared from iron (III) nitrate-nonahydrate,
bis(acetylacetonato)-dioxomolybdenum(VI) and Al,O; nanoparticles in methanol.
Uniform suspension of catalyst in methanol with various amount of Al,O3 (30, 15, and
7.5 mg) was prepared by sonication. Catalyst solution was spin coated onto Nb/Si0,/Si
substrate followed by drying at room temperature and baking at 160 °C for 5 minutes in

Ar atmosphere. The prepared substrates were placed in the CVD system and heated to
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700 °C in Ar atmosphere. Ar was replaced by C,Hy after the temperature was stabilized at
700 °C and gas flow was maintained for 30 minutes. The CVD system was finally cooled
in Ar atmosphere for 30 minutes.

The role of Al,Os in the catalyst solution was (i) to support Mo/Fe during the growth
process (catalyst are well distributed on the corrugated Al,O3) and (ii) to control density
of CNTs. Vertical alignment of nanotubes, grown by thermal CVD, is achieved by
controlling their density. In this work it was observed from a series of experiments that
the density of thin-MWNTs (per sq-cm) was controlled by varying Al,Os content in the
catalyst solution. The growth of nanotubes was not uniform when grown without Al,O; in
the catalyst solution. Morphology of synthesized nanotubes was examined by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The average
length of nanotubes from SEM measurements was approximately 15 um. Figures 4.9a, b
illustrate the tilted (45°) SEM images of thin-MWNTs. TEM image in figure 4.9c
confirms the synthesis of thin multiwall carbon nanotubes. The average outer diameter
was measured to be approximately 10 nm with a range of 7 to 15 nm and the innermost
wall diameters were in the range of 2.5 to 5 nm. The synthesized nanotubes have an
aspect ratio (//d) as high as 1500 (nanotube length (/) = 15 um and diameter (d) = 10 nm).
No catalyst particles were observed at the tube end from TEM images (figure 4.9¢); so
we suggest that the thin-MWNTs were grown through base growth mechanism as
suggested by Fan et al. [48]. Some catalyst particles were seen inside the nanotubes

indicated by marked circle in figure 4.9c.
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Figure 4.9 SEM images of thin-MWNTs with (a) 15 mg and (b) 7.5 mg of Al,O3
nanoparticles in catalyst solution (¢) TEM image of thin-MWNTs (d) Raman spectrum of
thin-MWNTs (laser excitation wavelength of 785 nm) with Ar-Ne laser and inset radial

breathing mode (RBM) peaks, numbers correspond to inner tube diameters.

Degree of graphitization of the nanotubes was examined by Raman spectroscopy
(spot size: 5 um, wavelength (Ar-Ne): 785 nm). Tangential G-band located at around
1590 cm™ (figure 4.9d) indicates the formation of graphene sheets. Relatively large D-
band peak was observed at around 1300 cm™ which is attributed to the carbonaceous
particles, defects in curved graphene sheet and tube ends, and also due to finite size of
crystalline domains of nanotubes [94-95]. Although we have observed very few
carbonaceous particles from SEM and TEM analysis, a large intensity D-band peak was

detected in Raman spectra. This may be caused by low growth temperature, which is
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similar to MWNTs grown by microwave plasma enhanced CVD at same temperature
[95]. The inset of figure 2d shows the radial breathing mode (RBM) peaks from 40-100
cm’ which is generally not observed in MWNTSs. This may be attributed to the thinness
(2.5-5 nm) of synthesized nanotubes. Inset of figure 4.9d denotes diameters of nanotubes

obtained from the relation

d, =248/ @y (4.4)[96]
Where d, (nm) = nanotube diameter, @y, (em”) = wavelength of RBM peaks. Peaks

located below 40 cm™ were not detected because of strong Rayleigh scattering. The
diameters determined from RBM peaks ranged from 2.68 to 5.06 nm, which is in good

agreement with innermost wall diameters obtained by TEM measurements.
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Figure 4.10 (a) I-V plot of thin-MWNTs, (inset) F-N plot (b) normalized emission

current as a function of time measured at 400 V (inset) emission image.
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Field emission measurements were performed in a vacuum chamber under a pressure
of 1.0 x 10 Torr and indium-tin oxide quartz screen printed with conventional green
phosphor paste was used as anode. Without MCP between anode and cathode (vacuum
gap: 160um) the turn-on voltage was observed at 160 V which corresponds to applied
field of 1 V/um (figure 4.10a). Emission measurements were analyzed using well known

Fowler-Nordheim (F-N) equation
1=(adB°E’ /§)exp(~bg** | BE) (4.4) [39]
Where a=1.54x10"°4 eV V" and b=6.83x10" eV*? V em™, respectively. A4 is emission
area, f§ is enhancement factor, E is applied electric field in ¥ cm ™' and ¢ is work function
in eV [5]. Local electric field (E£)) at emitter tip can be related to f and macroscopic field
(E) (applied to anode) by
E, =pE, (4.5) [5]
Field enhancement factor can be calculated from the slope of F-N plot (InI/V?vsI/V)

assuming ¢ as J el similar to graphite.

Slope = —bg??dp™ (4.6) [97]
Where d is inter electrode distance The calculated value of field enhancement factor was
~9300, which implies that E; where nanotubes are emitting electrons is ~9300 times
stronger than E,. Value of f obtained in this work is much higher than previously
reported for MWNTs, ranging from 1000 to 5000 [98-100].The previously reported
diameters of MWNTs were in the range of 20-50 nm, therefore the higher value obtained
in this study can be attributed to the structure of the nanotubes which have a smaller

diameter (~10 nm) and higher aspect ratio (~1500). Figure 4.10b represents the stability
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study of electron emission which had an average fluctuation of less than 2%, measured
for 140 minutes at a DC bias of 400 V. Inset of figure 4.10b illustrates fairly uniform
emission image obtained at 6.25 V/um with a 1 kHz sine wave. Hotspots in the emission
image can be attributed to the uneven length of nanotubes.

Electron multiplication was characterized by placing a commercial MCP
(Hamamatsu) on top of the thin-MWNTs cathode. FE measurements were first made
without MCP (distance between anode and cathode 380 pum, see figure 4.11b). For this
case the turn-on voltage was 550 V and the calculated field enhancement factor () was
~7800. Then MCP was placed at the same distance of 380 um (from cathode) and
experiments were conducted with MCP unbiased and biased, respectively. When MCP
was unbiased turn-on voltage was 1975 volts and B was ~1000 and in MCP biased
condition (Vo= 100 V and Vo= 500 V) the turn-on voltage was 950V and B was ~6850.
The decrease in turn-on voltage in biased condition may be attributed to the change in the
field concentration and significant increase in 3. The total current at an applied voltage of
1500 V in MCP biased condition was 1.2 mA and without MCP was 0.16 mA. The 7.5
times higher current with MCP is attributed to electron multiplication. So by placing an
MCP on top of CNT emitters higher emission current could be achieved at moderate
conditions. This unique approach could enable more consistent and reliable performance
of CNT emitters operating at less power and enhanced life. Figure 4.11a illustrates
emission measurements with and without MCP. The inset of figure 4.11a shows the
emission image with well defined emission spots that are due to focused electrons as
MCP channels prevent electron spreading. The commercial MCP plate placed on top

CNTs amplified current by few micro amperes. However they are not suitable for
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achieving higher currents (few amperes) because of the lower secondary emission
properties of the MCP. In section 4.4 the fabrication and of a new ceramic MCP with
stable and high secondary emission materials and capable of achieving higher

amplification will be discussed.
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Figure 4.11 (a) Emission current vs. applied voltage plot of thin-MWNTSs in MCP biased
condition and without MCP (inset FN plot & emission image with well defined spots,
Va=1500, Vpo,= 100, & V0= 500 V) (b) schematic of measurement circuit. Distance

between anode-cathode (right) & distance between MCP-cathode (left) is 380 pum.
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431 SYNTHESIS AND FIELD EMISSION CHARACTERIZATION OF
TUNGSTEN OXIDE MULTISTAGE EMITTERS

Figure 4.12a shows the SEM image of tungsten oxide nanowires grown on
electrochemically sharpened tungsten tip. The two-stage emitter geometry i.e. nanowires
on tungsten tip can be clearly observed from the image. The diameter and length of the
sharpened tungsten tip were ~1.7 um and 10000 pm respectively. The average length of
the nanowires was about 250 nm and diameters were in the range of 10-25 nm. Figure
4.12b shows the TEM image, from which the inter-planar spacing (d) was determined
using the two-dimensional Fourier transform. The d value was measured to be 3.81 A
which corresponds to the (010) plane of W;3049 (WO372) (Monoclinic, P2/m, JCPDS
card number 84-1516). From the TEM image, growth direction of the synthesized
nanowires was observed to be [010]. The growth direction was explained by Frey et al.
by using Bravais-Friedel-Donnay-Harker (BFDH) law, which states that growth rate of a
crystal is inversely proportional to the inter-planar spacing of that face, which is the short
axis 1.e. (010) plane for W;gOu49 [101].

The growth mechanism of the tungsten oxide nanowires on tungsten substrates or
sharpened tips is suggested as either vapor-solid process [32-33] or chemically induced
strain [77], but the detail mechanism is not well understood. According to the chemically
induced strain mechanism, the nanowires are grown by the conversion of strained oxide
at the W/WOy interface to unstrained oxide in nanowire. Some authors assume that the
nanowire growth is governed by vapor-solid process since there is no catalyst involved in

the growth. Oxygen source for the growth of nanowires comes from the native oxide
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layer. This might have been formed due to the oxidation of tungsten surface during the

heating phase of the three-step growth process.

Figure 4.12 (a) SEM image of tungsten oxide nanowires grown on electrochemically
etched tungsten tip (two-stage emitter geometry) (b) High magnification TEM image of
the W;3049 nanowires (Monoclinic, P2/m, JCPDS card number 84-1516), inset shows the

two dimensional Fourier transform pattern of the TEM image.

Figure 4.13a shows the field emission characteristic of the two-stage emitter i.e.

tungsten oxide nanowires on tungsten tip, measured at 1x10° Torr and figure 4.13b,c
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show the schematic of emitter geometry. It was observed that the threshold field for
emission was ~0.95 V/um which is lower than the previously reported data [29-34] and
the electric current obtained was as high as 170 pA per tip. Threshold field is the applied
electric field required to extract an emission current of few nano amperes from the
sample. The dependence of threshold field and field enhancement factor on the inter-
electrode distance (D) for a non planar emitter has been reported by Smith et al. 1t was
explained that the threshold field for emission decreases as the electrode separation
increases, when D is less than the height of the emitter, 4. In the present study 4
corresponds to the effective length of the emitter i.e. sum of nanowire and
electrochemically sharpened tungsten tip lengths. However for a sufficiently large
electrode separation (D>>h) the threshold field was observed to reach an asymptotic
value [102]. In this study the observed low threshold field for emission might be either
due to the shorter inter-electrode distance of 1150 um which is less than the emitter
height, or the multistage field enhancement effect. Further studies are required to clearly
understand the cause for lower threshold field. Emission measurements were analyzed

using Fowler-Nordheim (F-N) equation 4.4. Field enhancement factor was calculated

from the slope of F-N plot (/n I/VZ vs I/V') assuming ¢ as 5.7 eV similar to WO;. Inset

of figure 4.13 shows the F-N plot, which can be divided into three regions R1: linear
current voltage dependence, R2: slow current variation (saturation region), R3: rapid rise
of voltage. The calculated f values for these three regions were 2900, 19800 and 3500

respectively.
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Figure 4.13 (a) Field emission measurements i.e. field vs. current of tungsten oxide
multistage (two-stage) field emitter and its corresponding Fowler-Nordheim plot shown
in inset. R1: linear current voltage dependence, R2: slow current variation (saturation
region), R3: rapid rise of voltage region, respectively. Field enhancement factor (4) for

these three regions ~ 2900, 19800 and 3500 respectively (b) Schematic of hemi-ellipsoid
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on a plane geometry of the electrochemically sharpened tungsten tip
(geometrical/mathematical model), where L' is the semi-major axis length and p is the
semi-minor axis length (c) Schematic of experimental configuration and a simple model
of two-stage emitter, where /is the length and r is radius of the nanowire. L is the length

and R is the radius of electrochemically sharpened tungsten tip.

The calculated £ value of sharp tungsten tip considering the hemi-ellipsoid on a plane

geometry [56] is given by

B=C Iivin(v+ & )p-¢] (4.7.1)
[56]
= -2 (4.7.2) [56]
v="L/p (4.7.3) [56]

L’ is the semi-major axis length and p is the semi-minor axis length shown in figure 2b.
In this study L is ~10000 um and p is ~80 um and B without nanowires corresponds to

~3450. The f for a two-stage field emitter i.e. tungsten oxide nanowires on tungsten tip is

given by

! D) & D
ﬁtot zﬁnwﬁn’p :m(l+7j (h +D) (14—?) (48) [57]

Where [ r are the length and radius of the nanowire, while L is the length, R is the radius
of electrochemically sharpened tungsten tip and D is the inter-electrode distance. R =R+1
and h=L+[ are effective radius and length of the emitter i.e. nanowire and
electrochemically sharpened tungsten tip [57]. For [~0.2, »~0.01, h~10000.2 and

R~1.025, all dimensions in um, the calculated Bvalue is ~20100. So the experimentally
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determined value of S ~19800 obtained here can be attributed to the multistage field
enhancement effect of the two-stage emitter geometry. The current saturation observed in
R2 of F-N plot was explained by Fursey et al [37]. The current saturation is dependent on
several inter-related processes, which reduce the electron concentration in the near-
surface region of the semiconductor, increase the field penetration into the sample,
change the field geometry near the emitter and increase the voltage drop across the
crystal bulk. Under these conditions the emission current has been suggested to be limited
by the supply of carriers to the surface and somewhat dependent on the applied potential
up to the abrupt rise of carrier concentration in R3 [37].

Figure 4.14a shows the field emission measurements of the two-stage emitter at
various vacuum conditions ranging from 1x10° to 3x10” Torr and figure 4.14b the
emission recovery characteristics. In a study performed on ZnO nanorods by Kim [22],
emission was limited up to 10™ Torr. In another study by Tondare [23] on tungsten
emitters, emission was limited to few nano amperes at 10~ Torr. While the two-stage
field emitters in the present study have demonstrated high emission current of a few pA
under various vacuum conditions. It can be observed from figure 3a that these emitters
have better performance in relatively poor vacuum compared to other reported emitters
[22-23]. As with any emitter operated in commercial environments, the ability to
withstand oxygen ambient can be crucial. Oxide materials have relatively high melting
temperature and have been observed to be stable in oxygen and poor vacuum conditions.
This makes these oxide emitters an alternate candidate suitable for stable field emission
in low vacuum conditions. The emission recovery measurements showed that, emission

was recoverable after measurements at 10~ Torr as shown in figure 4.14b. However, the
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threshold voltage for emission was observed to be increased. One of the possible reasons
could be the adsorption of foreign atoms at 10> Torr which might have still remained on
the emitter even after returning to high vacuum i.e. 10°® Torr. Short-term DC emission
stability measurements at 10 Torr showed an average current fluctuation of 10%, which
is fairly stable. Better emission stability is required for device application; methods for
achieving this have to be further investigated. Long-term emission stability under various
vacuum conditions is also needs further investigation. The emitter performance, in terms
of threshold voltage and emission current can be further improved by fabricating an
electrochemically sharpened tungsten tip with a narrower diameter i.e. in the range of few
nm. Moreover, if the spacing of the nanowire-to-nanowire is increased, screening effect

[52] will be decreased, which will also increase the emitter performance.
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Figure 4.14 (a) Field emission behavior of tungsten oxide multistage (two-stage) field
emitter under various vacuum conditions i.e. 10°-10™ Torr (b) Solid triangles indicate
measurements made at 10 Torr and Solid stars indicate emission recovery measurement

at 10 Torr after measurements at 10~ Torr.
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4.3.2 SYNTHESIS AND FIELD EMISSION CHARACTERIZATION OF CNT

MULTISTAGE PILLAR ARRAYS

Figure 4.15 Aligned carbon nanotube arrays grown on porous silicon.

Figure 4.15 shows the SEM image of vertically aligned carbon nanotube pillar arrays.
These arrays were grown on porous silicon (Si) [103], which assisted in the alignment of
the nanotubes. The location of the pillars on porous-Si was controlled by depositing the
catalyst through a ceramic mask which had the similar dimensions of the MCP. This
fabrication step was helpful in aligning the field emitters with MCP during the emission
enhancement experiments. Figure 4.16a shows the SEM image of vertically grown

MWNTs on porous-Si nanotemplate.
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Figure 4.16 SEM images of (a) Vertically aligned/oriented MWNT arrays grown on
porous silicon (b) plasma etched MWNTs (c) carbon nanotube multistage structure i.e.
thin-MWNT and SWNT on top of MWNT (d) Schematic of the multistage structure and

field emission measurement schematic.

The growth mode of nanotubes on the porous-silicon is base growth mode similar to
the one achieved by Fan et al [48]. This was verified by completely removing the
nanotubes by reactive ion etching on several samples. Nanotube growth was observed on

the resulting substrates when the normal growth process was followed. Vertical
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alignment for nanotubes grown on porous-Si nano-templates is achieved by van der
Walls force interaction between the adjacent nanotubes forming bundles with high
rigidity from densely packed catalyst particles. The rigidity enables nanotubes to keep
growing along the original direction i.e. normal to the substrate and even outermost
nanotubes are held by inner nanotubes without branching away [48]. Length of the
nanotubes was controlled by varying the precursor gas flow time during the CVD growth.
The average length and diameter of MWNT arrays grown for 45 min were ~ 55 um and
~15-20 nm, respectively.

The multistage structure/geometry of the CNTs seen in the SEM image of figure
4.16¢ and schematic diagram, figure 4.16d can be distinguished by comparing with the
top surface of O, plasma etched MWNTSs shown in figure 1b. The presence of smaller
diameter nanotubes i.e. SWNT and thin-MWNT on top of the MWNT arrays i.e.
multistage structure was determined from TEM and Raman spectroscopy. For TEM
analysis few drops of suspension obtained from nanotube blocks sonicated in
dichloroethane, were placed onto a TEM grid. Figure 4.17a, b show the TEM images
consisting of MWNT and thin-MWNT. The defective structure of thin-MWNT seen in
figure 4.17b may be caused by lower growth time of ~5 min [5]. From the TEM analysis
presence of SWNT was not found this may be due the modest amount of SWNT
existence in the total sample, however their presence was known from Raman
spectroscopy. Usually radial breathing mode (RBM) peaks are not observed in MWNTs
[5, 105], however in our samples they were observed due to the presence of SWNT and
thin-MWNT on top of MWNTs (figure 4.16¢, d). The diameters (d,) of nanotubes were

calculated from the relation d,= 248/wgp) . The d, values ranging from ~2.76-3.52 nm
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calculated for wrpm 50-150 cm™' correspond to thin-MWNTS, d; values ranging from
~1.28-1.96 nm for wgrem 125-200 cm™' correspond to SWNTs (figure 4.17a-c). The
calculated d; of nanotubes for RBM frequencies (wgsy) 50-200 cm ' agreed well with
internal diameters obtained from TEM analysis. The G band at ~1570 cm ™' of Raman
spectra (figure 4.17¢c) indicates formation of graphene sheets and D-band peak at ~1344
cm ' indicates defects or impurities in the sample. The average length and diameter of the
SWNT and thin-MWNTs were ~10-15 pm and ~2-10 nm, respectively.

FE measurements of as-grown MWNT and multistage arrays at ~1 x 10~° Torr are
shown in figure 3. Obtained data was analyzed by Fowler-Nordheim (FN) equation. The
turn-on field (£/) and current at a field of 1 V/um as seen in figure 4.18 for the multistage
and MWNT arrays was ~0.4 V/um, 0.6 V/um and ~450 pA, 14 pA respectively. The
lower turn-on field (~1.5 times) and higher emission current (~32 times) for multistage
arrays can be attributed to its geometry, i.e. to higher field enhancement at the smallest

nanotube tip on the vertically aligned MWNTs. The calculated £ value from the slope of
FN plot (-b¢¥*DB™") assuming ¢ 5 eV similar to graphite was ~ 26200 and ~8400 for

multistage and as-grown MWNT arrays, respectively. The higher £ (~3 times) value may

also have resulted in higher field emission in multistage MWNT arrays [57, 105].
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Figure 4.17 HRTEM images of (a) MWNT and (b) thin-MWNT (¢) Raman spectrum (A
514 nm) of multistage CNTs with Argon ion (Ar") laser, inset radial breathing mode
(RBM) peaks, inset numbers correspond to inner tube diameters of thin-MWNTs and

SWNT.

The highest achieved emission current in this study was relatively less, which can be
attributed to the p-type porous-Si substrates on which CNTs were grown. Previous
reports have shown that CNTs grown on p-type Si substrates showed lower emission
current which was explained on the basis of interface between silicon substrate and
carbon nanotube. It is due to, the availability of electrons undergoing tunneling from

CNTs, which depends on the efficiency of electron injection mechanism from substrate
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across the nanotube interface. The CNT-Si interface was treated as a metal-
semiconductor interface and Schottky contact barrier was possible formed. Since field
emission is measured by applying a negative bias to CNT substrate, p-type Si and CNT
combination was considered as a reverse-biased Schottky junction thus increasing
effective built-in potential [106]. In this work p-type substrates were chosen due to the
ease of porous-Si fabrication. Further studies have to be performed with the CNTs grown
on n-type porous-Si to achieve higher current. This efficient emitter design with
enhanced field emission properties can be used in future micro-vacuum electronic

devices
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Figure 4.18 Field emission plot i.e. emission current vs. applied field, for multistage and
only MWNT arrays, turn-on field (£,) was ~1.5 times lower and emission current was
~32 times higher for multistage in comparison to only MWNT arrays, inset

corresponding FN plot.
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4.4 FABRICATION AND AMPLIFICATION CHARECTERIZATION OF A NEW

MICROCHANNEL BASED ON HIGH SECONDARY YIELD MgO-COVERD
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Figur 4.19. SEM image of (a) Ceramic (Al,O3) microchannel plate (MCP) with MgO-

coated CNTs (b) crossection of MCP channel showing uniform layer of MgO-coated
CNTs (c) magnified view of MgO-coated CNTs along the channel and (d) representative
EDX spectrum of one of the several ponits taken along the channel with MgO-coated

CNTs showing the presence of Mg, O, C and Al

This sections discusses the fabrication of a new ceramic microchannel plate based on
a high secondary yield MgO-covered CNTs. Figure 4.19a illustrates the SEM image of
the MCP and 4.19b shows the channel cross-section with uniform layer of MgO-coated
CNTs. Figure 4.19¢ shows the MgO covered nanotubes inside the channel and figure
4.19d shows the representative image of the EDX spectrum i.e. of one point along the
channel. From the elemental analysis the presence of Mg, O, C and Al was noticed thus

providing the evidence that MgO was coated inside the channel.
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Figure 4.20 (a) HRTEM image of MgO-covered CNT, higher amount of MgO coating

can be seen on side of the CNT from the image; which might be the nanotube surface
facing away from the channel surface (b) high angle annular dark-field (HAADF) image
of MgO-covered CNT (shown in figure 2a) acquired for 120 minutes (¢) EDX spectrum
i.e. line scan along the MgO-covered CNT showing the presence of MgO, higher amount

of MgO coating on one side of nanotube can also be observed from the scan.

The fabricated MCP which is shown in figure 4.19a had an array size of 21x21 i.e.
area of 0.5x0.5 sqg-inch. Channel diameters and length were ~240um, 500 pum
respectively, and the pitch i.e. center to center distance between each channel was ~
600pm. These dimensions were the least feasible with the currently available laser
facility in our lab. The TEM image of the nanotubes covered with MgO is shown in
figure 4.20a; the sample for analysis was prepared by scraping off the nanotubes from the
channel and the surface. It can be observed from the image that the coating is achieved
only on one side which might had been the top surface for the nanotubes grown along the

channel. This is expected for nanotubes grown horizontally on a surface, in this case the
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side which does not have any MgO coating might had been the surface which is facing
towards the channel. The EDX results from TEM analysis i.e. line scan along the surface
of the nanotube (figure 4.20b) are as seen in figure 4.20c conforming the presence of
MgO coating on the nanotube. Higher amount of coating on the left side can also be
observed from the image. The length and diameter of the nanotubes on the MCP were
~40-50pm and ~20-30nm, respectively. The MgO thickness varied from ~10-30nm with
10-15 nm for CNTs inside the channel and 30nm for the ones on the surface and the ones
at channel entrance. SEM and TEM measurements were made on several samples and

most of them agreed statistically with results shown in the images here.

Figure 4.21 (a) Schematic of the CNT and MCP cold electron source (b) CNT emitters.

The fabricated MCP was characterized for its multiplication, by inserting between the
nanotube array cathode (figure 4.21b) and anode as represented by the drawing in figure
4.21a. The characterization was achieved by measuring the I-V data and by electron

emission imaging. Schematic of the measurement circuit with and without MCP is shown
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in figure 4.22c. All the experiments were conducted under a DC voltage with highest
applied voltage of 2500 V to anode in experiments without and with MCP. For electron
multiplication a voltage of 500 V was applied to MCP bottom face. Figure 4.22a
illustrates emission measurements with and without MCP. The total current at an applied
voltage of 2500V with was ~1.1mA and without MCP at 2000V was ~0.06mA. The turn-
on voltages were approximately same for both the cases (inset of figure 4.22a). Higher
current of 0.5mA was achievable without MCP around ~2500V; however it was not
stable due to vacuum arcing which led to irreversible damage of CNT emitters. When
MCP was placed over the CNT emitters it protected them from vacuum arcing in addition
to amplifying the FE current. Higher current with MCP i.e. ~18 times is attributed to
electron multiplication, so by placing an MCP on top of CNT emitter’s higher emission
current could be achieved at moderate conditions. This unique approach could enable
more consistent and reliable performance of CNT emitters operating at less power and
enhanced life. Since the MCP had MgO covered CNTs on the surface and the channels
FE is also expected from them so we also measured their I-V (figure 4.22a). A current of
0.2puA was observed at a voltage of ~2800V from the measurements which is relatively
less to the current achieved with a MCP and CNT emitters. This proves that higher
current with MCP is due to electron multiplication, it can be verified by measuring the
electron energy spectra of the field emitted electrons which has to be performed in future
studies. Figure 4.22b shows the emission image with well defined emission spots that are

due to focused electrons as MCP channels prevent electron spreading.
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Figure 4.22. (a) Field emission data (I-V) with and without MCP between CNT cathode

and anode and only MCP (inset) showing the turn-on voltage (b) bright and focused
emission with MCP over the CNT cathode. Increase in brightness is due to amplification
of input current by secondary electron generation and well defined spots are due to
focusing achieved from MCP channels (c) schematic of measurement circuit with and

without MCP.

Even though the exact mechanism of high SEY from MgO-CNT system is not clearly

understood, it is assumed as Townsend avalanche [93] that can be explained as follows.

Secondary electrons are generated from the MgO film when primary electrons bombard it.
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Due to the high resistivity of the MgO film its surface acquires a large positive charge
and a high field is created across the film. Subsequent electrons bombarding the film
penetrate a certain distance into the film generating more secondaries. Each new
secondary electron generates additional electrons by internal ionization resulting in
Townsend type avalanche [93]. The higher field may also be due to the geometry of the
MgO-CNTs i.e. their aspect ratio and nano tip radius, leading to higher number of
secondaries and their probability to escape into vacuum. The high SEY yields were only
observed from MCP with MgO-CNT and not with the one with only CNT. Similar kind
of result was observed by Yi et. al. from their secondary electron emission and electron
energy distribution studies of MgO-CNT sample. It was concluded from their
experiments that high yield can only obtained from MgO-CNT and not from CNT or
MgO alone [13-15, 90-92]. Figure 4.23 shows the variation of SEY for various materials
from which it can be observed that MgO-CNT has the highest value. The simulation was
performed with charged particle optics (CPO) software considering lead glass[13],
alumina [13,17-18] and MgO-coated CNTs [90-92] as the emissive layer along the
channel. The simulated channel had the same dimensions as the one fabricated one in this
work. The simulation results demonstrate that the high yield achieved for the relatively
small aspect ratio channels is a result of high secondary emission property of MgO-
coated CNTs. In future work to achieve higher current levels several MCP stacked one
over the other i.e. in discontinuous dynode geometry has to be utilized. The number of
allowed MCPs for it can be determined by the Child Langmuir law. It is a relationship

between current density and applied voltage across a vacuum gap of a cathode and anode
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in vacuum. From the knowledge of these parameters the number of microchannel plates

that can be used in the discontinuous dynode geometry can be determined.
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Figure 4.23. Simulation results various materials systems considering them as the

emissive layer along the channel that had the similar dimensions as the fabricated MCP in

the present work. Among the material systems MgO-coated CNTs show the highest

secondary yield. This shows that high multiplication achieved for the relatively small

aspect ratio channel was a result of MgO-CNT.
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5. CONCLUSION

The main focus of this research work was to develop efficient cold electron sources
based on carbon nanotubes and nanowires and enhance their emission current utilizing an
electron multiplier microchannel plate (MCP). Nanomaterials are highly promising for
field emitter application, because of their high aspect ratio (~1000) and atomically sharp
apex, which enhances local field and lowers threshold field for electron emission (~0.5-1
V/um). The novel emitter consisted of thin-MWNTs, multistage carbon nanotubes i.e.
thin-MWNTs/SWNTs grown on MWNTs and multistage tungsten oxide nanowires.
Theoretical analysis was also performed to validate the multistage effect on achieving
efficient field emission. This research work also demonstrated the design and fabrication
of a novel MCP able to amplify field emission current in the range of few mA-A. The
design and material system for the MCP was based on charged particle optics (CPO)
simulation program. The optimum MCP channel aspect ratio and tilt were determined
from the simulation. Finally the emission current amplification from aligned carbon
nanotubes field emitters grown on porous silicon and the novel MCP were demonstrated.

The key achievements of our investigations are listed below.

5.1 MICRO CHANNEL PLATE SIMULATION

e Optimum aspect ratio for achieving higher gain from MCP was determined to be as
40 from the simulation of a straight/non-tilted channel.

e Optimum tilt angle of the channel for further improving gain of the non-tilted channel

was determined to be in the range of 5-10°.

89



5.2 SECONDARY EMISSION CHARACTERIZATION

e Secondary emission of MgO synthesized by various methods was determined from
the secondary emission characterization experiments.

e MgO coatings obtained from powder suspension were determined to have higher
secondary emission (~18-25) compared to that obtained from sol-gel (~2-4). This
might be attributed to the structural crystal structure of the MgO obtained from
suspensions which was more porous and had larger crystal size. Thus leading to lesser

scattering and minimizing the losses of generated secondary electrons.

5.3 SYNTHESIS OF EFFICIENT FIELD EMITTERS
5.3.1 thin-MWNTs

e High density thin-MWNTs were synthesized by thermal chemical vapor
deposition.

e Density of thin-MWNTs was increased by decreasing the amount of Al,O; in
the catalyst solution. The high density of nanotubes led to their vertical
orientation.

e The thin-MWNTs showed low turn-on electric field (~0.5-1 V/um) and high
emission current (~ 2.5 mA) which could be attributed to their wall thinness and
high aspect ratio (~1500) resulting in high field enhancement factor (~9300).

e Emission current was stable with an average fluctuation of 2% under DC bias.
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5.3.2 MULTISTAGE CNTs

Synthesized and analyzed field emission properties of carbon nanotube
multistage emitter arrays grown on porous silicon by catalytic thermal chemical
vapor deposition.

The vertically oriented multistage array structures consisted of SWNT and thin-
MWNT grown on MWNT, confirmed by TEM and Raman analysis.

Higher field emission current ~32 times (~450 pA) and low threshold field ~1.5
times (0.4 V/um) were obtained for these structures in comparison to only
MWNTs (I:14 pA, turn-on field 0.6 V/pum).

The enhanced field emission results for these multistage emitters are a
consequence of higher field concentration, which is ~3 times more than

MWNTs.

5.3.3 MULTISTAGE TUNGSTEN OXIDE NANOWIRES

Tungsten oxide (W;3049) nanowires were grown by thermal chemical vapor
deposition in a mixture of CH4 and H, on an electrochemically sharpened
tungsten tip.

The field emission measurements showed a low threshold field of ~0.95 V/um
which is ~2 times lower than previously reported. High emission current of
~170 pA per single emitter was also achieved. The improved emission
properties are a consequence of large field enhancement factor of ~19800.

High emission current of a few pA was also observed in relatively poor vacuum

at 3x107 Torr, and the emission properties were recoverable at 1x10 Torr.

91



5.4 FABRICATION OF NOVEL HIGH SECONDARY EMISSION MCP

Utilized the extremely high secondary emission properties of magnesium oxide
coated carbon nanotubes (CNT) for the fabrication of a novel microchannel plate.
The MCP was characterized for electron multiplication by placing it between a
nanotube emitter array cathode and an anode.

In addition, to enhancing the field emission by ~25 times (from 40 pA with out
MCP to 1.1 mA with MCP), the MCP was also observed to protect the nanotubes
from irreversible damage during vacuum arcing.

The obtained results are a significant technological advance and this research
holds promise for electron source in new generation lightweight, efficient and
compact microwave devices for telecommunications in satellites or space

applications.
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6. RECOMMENDATIONS FOR FUTURE WORK

In the current work, new and efficient field emitters have been fabricated and a

method to enhance the emission current from field emitters through an electron multiplier

channel plate has been demonstrated. Improvisation of the present work are listed below.

TUNGSTEN OXIDE NANOWIRE MULTISTAGE FIELD EMITTERS

e Fabricate an electrochemically sharpened tungsten tip with a narrower diameter i.e. in
the range of few nm to further improve field enhancement thus improving field
emission properties.

e Design a control circuit that can control applied voltage thus achieving higher
emission stability.

CARBON NANOTUBE MULTISTAGE FIELD EMITTERS

e Improve the density of CNT towers in the cathode utilizing lithographic techniques.

e Growth of aligned thin-MWNTs/SWNTs on top of the MWNT to improve the field
enhancement factor thus improving emission properties.

MICROCHANNEL PLATE

e Fabricate high aspect ratio channels utilizing mechanical punch.

e Study various coating methods such as atomic layer deposition for CNT catalyst and
MgO along MCP channels.

e Study amplification with various MgO coating thickness on CNTs.

e Characterize MCP with various tilt angles using thermionic gun and manipulator.

e Test MCP in discontinuous dynode form.
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APPENDIX 1

LAMINATION AND SINTERING PROCEDURE

The lamination procedure for Al,O; green tape is as follows,

1.

2.

7.

8.

Preheat the platens to a temperature of 80-90°C for 5-10 minutes.

Stack desired number of tape layers from A side to B side with each layer
perpendicular.

Place the above sample between two layers of mylar.

Cover the mylar with aluminum on top and bottom.

Place it in the press and use 1000-2000 psi of pressure.

Hold the pressure for 5 minutes.

Release the pressure and let it stand for a few minutes to cool.

Remove the laminated sample.

Note: Temperature and pressures should be adjusted depending on number of layers and

size of the green tape to be laminated.

Following is the sintering cycle for Al,O; green tape.

1.

2.

Room temperature to 500°C at a rate of 3°C/minute.
500 °C-625°C at a rate of 1°C/minute.
625 °C-1500°C at a rate of 5°C/minute.

1500 °C-1550 °C at a rate of 1°C/minute or desired sintering temperature.

. Hold for 3 hours at 1550°C.

1550°C to room temperature furnace cooling.
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Note: Samples i.e. green tape should be sintered in air atmosphere, the samples should be
placed between two porous ALOs; cover plates with at least 0.77gm/cm’ to maintain

flatness.
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APPENDIX 2
COPPER (CU) ELECTRO PLATING

CLEANING PROCEDURE

1. Solvent decrease using isopropyl alcohol - Removes oil and grease; followed by

vigorous water rinse.
2. Alkali Soak with NaOH for 5 Min - Hot 150° to 180°F to further clean Cu surface,
condition laminate, improve surface wetting followed by warm water rinse.
3. Persulfate Etch for 2 min - Produces matte pink copper surface: ammonium
persulfate - 200 gm/L; sulfuric acid - 10 ml/L. Followed by water rinse.
4. 10% Sulfuric Immersion for 2 min - Removes insoluble salts (Step #3). Followed by
water rinse.

5. 33% HCL Immersion for 2 min - To protect from harmful drag-in.

Note: For Al,O3; most of the times the above mentioned procedure does not yield good
results, so instead of the above cleaning solutions immerse sintered alumina in molten
NaOH (heat NaOH to 425°C) for 15 min. Before immersing the alumina templates
should also be heated till 425 °C, otherwise they may break due to thermal shock. Please
refer patents 70-72 for other etching solutions and conditions.
COPPER DEPOSITION

After the above cleaning procedure follow the procedure explained below to deposit

Cu, immerse the Al,O3 templates in the solutions for the specified time

1. Sensitizer Solution C for 2 min. - Seeds epoxy/glass laminate. Followed by water

rinse.
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2. Activator Solution D for 2 min. immersion - Activates an autocatalytic layer for
copper deposition. Followed by thorough water rinse.

3. 5% Sulfuric dip for 3-5 min. - Speeds electroless copper deposition, protects from
drag-in contamination. Followed by water rinse.

4. Electroless Copper Parts A and B for 5-10 min. — Solution were prepared by mixing
A and B in equal volume and it was operated at 30-45° C with mild agitation.

Followed by water rinse.
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APPENDIX 3
CHARGED PARTICLE OPTICS (CPO) CODE FOR
STRAIGHT CHANNEL SIMULATION
CPO3DS, 81st example file, channel electron multiplier
temp81.dat name of hidden output file, for processed data
temp81la.dat name of main output data file, for ray data
p n/p/m/a for segment printing level
1100 voltage reflection symmetries in x,y,z,x=y planes
2 number of different voltages, time dependence
0.001 10 allowed consistency error, side/length ratio check
n apply inscribing correction (a/s/n=always/sometimes/never)
edi evenly-divided disc  ***Source disc
0.07500-0.1 radius, centre of disc
000 any other point on axis
1 1 numbers of 2 applied voltages (can be same)
20 number of subdivisions
cylindrical electrode *#*shield
0.075 00 -0.1 radius, centre of 1st end
000 centre of 2nd end
1 1 numbers of 2 applied voltages (can be same)
4 4 total nr of subdivs and 0, or subdivs along and around axis
disc, uneven radial division ***multiplier face

0.075000 1stradius, centre of disc
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0.05001 2nd radius, any other point on axis

1 1 numbers of 2 applied voltages (can be same)

2 4 total nr of subdivs and 0, or subdivs along radius and around axis
cylindrical electrode *#*source end of channel

0.05 0 0 0 radius, centre of 1st end

000.05 centre of 2nd end

1 2 numbers of 2 applied voltages (can be same)

05 Z's of application points

8 8 total nr of subdivs and 0, or subdivs along and around axis
cylindrical electrode ***channel, middle part

0.05 0 0 0.05 radius, centre of 1st end

004.95 centre of 2nd end

1 2 numbers of 2 applied voltages (can be same)

05 z's of application points

120 4 total nr of subdivs and 0, or subdivs along and around axis
cylindrical electrode *#*anode end of channel

0.05 0 04.95 radius, centre of 1st end

005 centre of 2nd end

1 2 numbers of 2 applied voltages (can be same)

05 z's of application points

8 8 total nr of subdivs and 0, or subdivs along and around axis
disc, uneven radial division ***multiplier face

0.075005 1stradius, centre of disc
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0.05005.5 2nd radius, any other point on axis

2 2 numbers of 2 applied voltages (can be same)

2 4 total nr of subdivs and 0, or subdivs along radius and around axis
cylindrical electrode ***shield

0.075 0 0 5 radius, centre of 1st end

005.1 centre of 2nd end

2 2 numbers of 2 applied voltages (can be same)

4 4 total nr of subdivs and 0, or subdivs along and around axis
edi evenly-divided disc  ***anode

0.07500 5.1 radius, centre of disc

004.5 any other point on axis

2 2 numbers of 2 applied voltages (can be same)

20 number of subdivisions

end of electrode information

0 0 0.5 final number of segments, number of steps, weight
le-07 charge inaccuracy, zero total charge

end of segment information

0.0000000E+00  cathode

1.5000000E+03 anode

n  no more magnetic fields from menu

nnn no more potentials and fields along a line

start of ray information

d direct (d), or mesh (m) method and mesh spacing
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p 'n/p/m/a' for 'nearlyzero/partial/most/all' printing level, rho/radius
-0.50.5 minimum and maximum x(mm) of screen 2D fields of view
-0.50.5 minimum and maximum y

-0.2 5.2 minimum and maximum z

-0.50.5 minimum and maximum x(mm) of rays

-0.50.5 minimum and maximum y

-0.25.2 minimum and maximum z

-le+10 le+10 minimum and maximum vx(m/s) of rays

-le+10 le+10 minimum and maximum vy

-le+10 le+10 minimum and maximum vz

-0.50.5 minimum and maximum rho (=sqrt(x**2+y**2))

+ s direction of time, secondaries option

m 111152 0-0.5-2504 seed, min en, kT, add, mult

2e-05 final time (ms)

0.01 0.01 0 initial and max step length, interpolation points

0.0001 1e-05 fractional inaccuracies for (1) ray tracing and (2) potentials and fields
1 nr test planes,mult cross,iter foc,phase spc,scatt,quant
0015.09 a,b,c,d of test plane defined by a*x+b*y+c*z=d

el ‘el for electron; or 'co' or 'va' for other particles

k kinetic energy (k); or total energy (t) and potential

cylindrical beam

f ¢ 1111 edge disc, random pupil, random re-seeding

00-0.1 0 centre and radius of window
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000 any other point on axis

00 0.050.05 centre and radius of pupil

120 100 1e-06 n's for source disc and pupil, eV, mA

n calculate space-charges?

0000 symmetries of rays in yz,zx,xy and x=y planes

CPO3DS, 81st example file, channel electron multiplier (See xmpl3d82 for tilted
channels.)

One channel is simulated. It has diameter 0.1mm, length Smm. The 2 ends are
shielded with small field-free boxes. The voltage difference between the ends is
1500V. 20 electrons are injected with energy of 100eV.

When an electron hits the side of the channel it produces secondaries. The energy,
direction and current of the primary ray are measured when the primary hits a side
and these parameters are used to determine the energy, direction and current of the
secondary ray. Each ray represents a set of electrons. In principle there should
usually be more than one secondary electron per primary electron, but CPO3DS
cannot generate more than one secondary electron, so the currents of the rays carry
the information about the number of electrons that are represented by the ray.

3 options are triggered in this example: A Maxwellian distribution of the energies of
the secondaries, Lambertian (cosine) distribution of directions, Poisson distribution
of the currents. Details of these options are given in Help. The formula for the mean
multiplication factor per collision is taken from A. V. Raspereza et al,
Submicrochannel plate multipliers, Applied Surface Science 111 (1997) 295-

301.The formula is
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fmean = fmax*exp(-am*(1. - cs))*4.%x/(1. + x)**2
where

X = sqrt(cs)*energy/emax,

cs = cosine of angle of primary to the normal to the surface,

energy = primary energy.
According to Raspereza et al (see above):

fmax emax am

Lead glass 4.0 250 0.5

Alumina 4.8 350 0.5
They also say that the secondary electrons have a Maxwellian energy distribution,
mean value 2.0ev, and a Lambertian (cosine) angular distribution.In the present
example, this mean multiplication factor is used for each collision (that is, the 'mean-
poisson' option is used, see Help). This represents an approximation to the real
process (see Help) but is the only viable choice here.
The 'minimum incident energy' for collisions is given the value 5eV, so if a primary
ray has an energy smaller than this the ray is stopped. This is the main cause of rays
not reaching the anode. 14 rays reach the anode at the end of the channel. The total
of the final currents of all the rays is 6.51 microAmp (see the ray output file). Of
this, 6.45 microAmp is due to the successful 14 rays. The initial total current of the
20 rays is 0.0005 microAmp. Therefore the multiplication factor is 12900 in this
example. Using 500 rays, the multiplication factor is found to be 62220.
Run with 500 rays.

Analysed by the program below, giving the output:
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Number of rays = 500

Number of collisions = 4612

Total current = -3.302E-02

Test plane current = -3.111E-02

Highest current = -3.499E-03

Program for analysing outputs:

! Program to analyze outputs from xmpl3d81,2, multichannel analysers
! Assumes 'partial' printing level for rays, and that CPO3DS has been used.
!

DIMENSION x(15)

CHARACTER phrase*210 , current*7 , raynumber*10 , thetotal*9 ,

& hitting*8 , not_allowed*19

!

I To be set before running### stttk acitor ok

test_plane =4.75

OPEN (UNIT=I1,FILE="tmp20a.dat',STATUS='OLD")

! =input numbers

| sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeosk sk skoskeosk skokoskokosk

OPEN (UNIT=2,FILE="tempout.dat',STATUS="UNKNOWN")

I =results file

current = 'Current'
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raynumber = 'Ray number’

thetotal = 'The total'

hitting = '(Hitting'

not_allowed = 'Secondaries are not'

n =0 ! number of rays

n_c =0 ! number of collisions

n_a= 0! number of rays that reach anode
not_all = 0 ! number of secondary collisions > 290
highest current = 0.

100 CONTINUE

READ (1,'(A210)") phrase

IF (phrase(1:8).EQ.hitting) THEN

! Read the currents for the rays that have reached the test plane
test current = 0.

DOi=1,n

READ (1,*%) (x(j),j=1, 15)

IF (abs(x(10) - test_plane).LT.0.01) THEN

! This ray has reached the test plane
na=na+l
test_current = test_current + x(15)

highest current = min(highest current,x(15))
ENDIF

ENDDO
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WRITE (2,'("Number of rays = ",14)') n

WRITE (2,'("Number reaching anode =",I4)") n_a
WRITE (2,'(

& "Number stopped because secondaries are not allowed"/
& "to be produced more than 29 times =",14)") not_all
WRITE (2,'("Total number of collisions =",14)") n_c
WRITE (2,'("Total of final ray currents =",1PE10.3)")
& total current

WRITE (2,'("Total current at test plane =",1PE10.3)")
& test current

WRITE (2,'("Highest single current =",1PE10.3)")

&  highest current

STOP

ELSEIF (phrase(1:10).EQ.raynumber) THEN
n=n+1

ELSEIF (phrase(1:7).EQ.current) THEN
nc=nc+l

ELSEIF (phrase(1:19).EQ.not_allowed) THEN
not_all =not _all +1

! Skip next 3 lines:

READ (1,'(A210)") phrase

READ (1,'(A210)") phrase

READ (1,'(A210)") phrase
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ELSEIF (phrase(1:9).EQ.thetotal) THEN

READ (1,*) total current

ENDIF

GOTO 100

STOP

END

Output file for a non-tilted channel with aspect ratio 40 channel

Intial values
x(mm) y(mm) z(mm) vy(m/sec) vy(m/sec) v,(m/sec) en
0.00E+00 | 0.00E+00 -1.00E-01 -1.38E+06 9.61E+04 5.77E+06 1.00E+02
0.00E+00 0.00E+00 -1.00E-01 -1.51E+06 -2.96E+05 5.73E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 -1.43E+06 1.77E+05 5.75E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 1.02E+06 1.52E+06 5.64E+06 1.00E+02
0.00E+00 0.00E+00 -1.00E-01 -8.41E+05 -9.05E+05 5.80E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 4.54E+05 5.87E+05 5.88E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 1.78E+06 1.87E+05 5.65E+06 1.00E+02
0.00E+00 0.00E+00 -1.00E-01 4.98E+05 3.74E+05 5.90E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 -1.42E+06 -1.06E+06 5.66E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 1.13E+06 -2.59E+05 5.82E+06 1.00E+02
0.00E+00 0.00E+00 -1.00E-01 -8.71E+05 1.20E+05 5.86E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 -1.27E+06 -1.03E+06 5.70E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 9.39E+05 1.40E+06 5.69E+06 1.00E+02
0.00E+00 0.00E+00 -1.00E-01 -5.53E+05 -1.15E+06 5.79E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 -1.55E+06 4.32E+05 5.71E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 2.57E+05 1.39E+06 5.76E+06 1.00E+02
0.00E+00 0.00E+00 -1.00E-01 3.40E+05 1.83E+05 5.92E+06 1.00E+02
0.00E+00 | 0.00E+00 -1.00E-01 4.63E+05 -1.36E+06 5.75E+06 1.00E+02
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0.00E+00 0.00E+00 -1.00E-01 3.18E+05 -1.13E+06 5.81E+06 1.00E+02

0.00E+00 0.00E+00 -1.00E-01 -7.71E+05 2.19E+05 5.88E+06 1.00E+02

Final values

x(mm) y(mm) z(mm) vi(m/sec) | vy(m/sec) | v,(m/sec) t(sec) I(mA)

2.79E-02 | -1.83E-02 | 5.09E+00 | 5.33E+05 | 1.25E+05 | 5.15E+06 | 1.34E-06 | -1.35E-04

3.59E-02 | -3.46E-02 | 4.43E-01 | -1.16E+05 | -2.48E+05 | 2.25E+05 | 1.45E-07 | -5.12E-08

-4.89E-02 | -5.64E-03 | 1.11E-01 | -1.27E+05 | -6.41E+05 | 2.18E+05 | 5.11E-08 | -2.29E-08

-6.29E-02 1.13E-03 | 5.09E+00 | -1.15E+06 | 2.66E+05 | 1.53E+06 | 9.17E-07 | -2.09E-06

-2.76E-02 | -3.59E-02 | 5.09E+00 | -3.48E+05 | 2.14E+05 | 9.26E+06 | 1.45E-06 | -5.77E-03

9.61E-03 2.88E-04 | 5.09E+00 | -1.99E+05 | -3.14E+05 | 2.52E+06 | 1.82E-06 | -2.53E-05

3.05E-02 4.05E-03 | 5.09E+00 | 9.67E+04 | -1.21E+05 | 1.96E+07 | 7.15E-07 | -1.15E-06

3.20E-02 2.07E-03 | 5.09E+00 | 7.33E+04 | 2.62E+05 | 1.03E+07 | 1.17E-06 | -6.60E-05

-3.10E-02 3.87E-02 | 5.09E+00 | -2.73E+05 | S5.75E+05 | 8.72E+06 | 1.04E-06 | -4.31E-06

3.97E-02 | -2.92E-02 | 5.09E+00 | -3.74E+04 | -4.85E+05 | 1.50E+07 | 1.05E-06 | -1.08E-06

-1.93E-02 4.61E-02 | 3.49E-01 | -2.80E+05 | 3.41E+05 | 1.11E+06 | 1.29E-07 | -1.50E-08

2.13E-02 | -2.60E-02 | 5.09E+00 | 1.30E+05 | -2.14E+05 | 1.94E+07 | 7.88E-07 | -3.53E-06

2.13E-02 4.47E-02 | 5.09E+00 | 6.47E+04 | 3.06E+05 | 1.13E+07 | 1.24E-06 | -1.24E-04

3.88E-02 | -3.03E-02 | 4.58E+00 | 2.94E+04 | -9.53E+04 | 8.51E+05 | 9.81E-07 | -2.97E-05

4.01E-02 2.71E-02 | 5.09E+00 | 3.97E+05 | 1.26E+05 | 1.83E+07 | 8.61E-07 | -6.67E-06

-5.85E-04 | -4.99E-02 | 3.15E-01 | -1.27E+05 | -3.22E+05 | 5.79E+05 | 1.29E-07 | -1.07E-07

-4.94E-02 | -2.79E-03 | 4.32E+00 | -1.33E+05 | 2.86E+05 | 1.01E+06 | 1.10E-06 | -3.02E-05

-4.46E-02 | -2.18E-02 | 5.00E+00 | 5.88E+05 | 6.08E+05 | 3.69E+05 | 9.58E-07 | -5.95E-06

2.89E-03 2.82E-03 | 5.09E+00 | 9.96E+04 | -3.29E+04 | 2.23E+07 | 5.41E-07 | -1.29E-08

-1.33E-02 3.94E-02 | 5.09E+00 | -2.97E+05 | 4.50E+05 | 9.47E+06 | 1.54E-06 | -3.08E-04

For analyzing the output file refer to Z final values if it is observed that the ray

travels all the way from beginning to end of the channel. Currents of those rays
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should be summed us as final current value. Dividing this value with some of all rays

input current gives us the gain of the channel.
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APPENDIX 4
CHARGED PARTICLE OPTICS (CPO) CODE FOR
TILTED CHANNEL SIMULATION
CPO3DS, 82nd example file, channel electron multiplier, tilted channels
temp82.dat name of hidden output file, for processed data
temp82b.dat name of main output data file, for ray data
m n/p/m/a for segment printing level
0100 voltage reflection symmetries in X,y,z,x=y planes
2 number of different voltages, time dependence
0.001 20 allowed consistency error, side/length ratio check
n apply inscribing correction (a/s/n=always/sometimes/never)
ect -end con or cyl triangle ***
-0.00306194 0 -0.01736512  corner 1
0.04770942 -0.05 -0.01736497  corner 2
-0.00153097 0 -0.00868256 corner 3
0.04770942 0 -0.01736497 centre of cut bounding plane
le-08 angle of cone
-868240.83909426 0 -4924038.77374345 point of cone
0.04924039 0 -0.00868241 any other point on axis in direction of opening
1 2 numbers of 2 applied voltages (can be same)
-0.0169 4.924  7's of application points
32 number of subdivisions

ect -end con or cyl triangle ***
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0.04770942 -0.05 -0.01736497  corner 1

0.09848078 0 -0.01736482  corner 2

0.04924039 -0.05 -0.00868241 corner 3

0.04770942 0 -0.01736497  centre of cut bounding plane
le-08 angle of cone

-868240.83909426 0 -4924038.77374345 point of cone
0.04924039 0 -0.00868241 any other point on axis in direction of opening
1 2 numbers of 2 applied voltages (can be same)

-0.0169 4.924 z's of application points

32 number of subdivisions

cre -rectangle on cylinder ***

-0.00153097 0 -0.00868256 corner 1

0.04770942 -0.05 -0.01736497  corner 2

0.04924039 -0.05 -0.00868241 corner 3

000 corner4

0.05 radius

0.04770942 0 -0.01736497  first point on axis
0.04924039 0 -0.00868241 second point on axis

1 2 numbers of 2 applied voltages (can be same)

-0.0169 4.924  7's of application points

90 0 total nr of subdivs and 0, or subdivs along and around axis
cylindrical electrode ***main part of channel

0.05 0.04924039 0 -0.00868241 radius, centre of 1st end
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0.0579228 0 0.04055798 centre of 2nd end

1 2 numbers of 2 applied voltages (can be same)

-0.0169 4.924 z's of application points

10 8 total nr of subdivs and 0, or subdivs along and around axis
cylindrical electrode ***main part of channel

0.05 0.0579228 0 0.04055798 radius, centre of 1st end
0.90879887 0 4.86611597 centre of 2nd end

1 2 numbers of 2 applied voltages (can be same)

-0.0169 4.924 z's of application points

100 8 total nr of subdivs and 0, or subdivs along and around axis
cylindrical electrode ***main part of channel

0.05 0.90879887 0 4.86611597 radius, centre of 1st end
0.91748128 0 4.91535636 centre of 2nd end

1 2 numbers of 2 applied voltages (can be same)

-0.0169 4.924  7's of application points

10 8 total nr of subdivs and 0, or subdivs along and around axis
ect -end con or cyl triangle ***

0.9697836 0 4.92403906 corner 1

0.91901225 0.05 4.92403891  corner 2

0.96825263 04.9153565 corner 3

0.91901225 0 4.92403891 centre of cut bounding plane

le-08 angle of cone

868241.80581593 0 4924043.6804174 point of cone
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0.91748128 0 4.91535636 any other point on axis in direction of opening
1 2 numbers of 2 applied voltages (can be same)

-0.0169 4.924 z's of application points

32 number of subdivisions

ect -end con or cyl triangle ***

0.91901225 0.05 4.92403891 corner 1

0.86824089 0 4.92403877 corner 2

0.91748128 0.05 4.91535636  corner 3

0.91901225 0 4.92403891 centre of cut bounding plane
le-08 angle of cone

868241.80581593 0 4924043.6804174 point of cone
0.91748128 0 4.91535636 any other point on axis in direction of opening
1 2 numbers of 2 applied voltages (can be same)

-0.0169 4.924  7's of application points

32 number of subdivisions

cre -rectangle on cylinder ***

0.96825263 0 4.9153565 corner 1

0.91901225 0.05 4.92403891  corner 2

0.91748128 0.05 4.91535636 corner 3

0.96672166 0 4.90667395 corner 4

0.05 radius

0.91901225 0 4.92403891 first point on axis

0.91748128 0 4.91535636 second point on axis
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1 2 numbers of 2 applied voltages (can be same)

-0.0169 4.924 z's of application points

90 0 total nr of subdivs and 0, or subdivs along and around axis
edi evenly-divided disc  ***Source disc

0.075 0.048147 0 -0.066941 radius, centre of disc

0.048147 0-0.016941 any other point on axis

1 1 numbers of 2 applied voltages (can be same)

10 number of subdivisions

cylindrical electrode ***Shield

0.075 0.048147 0 -0.066941 radius, centre of 1st end

0.048147 0-0.016941 centre of 2nd end

1 1 numbers of 2 applied voltages (can be same)

5 8 total nr of subdivs and 0, or subdivs along and around axis
disc, uneven radial division ***surround of source end of channel
0.050.048147 0 -0.016941 1st radius, centre of disc

0.075 0.048147 0 0.983059 2nd radius, any other point on axis
1 1 numbers of 2 applied voltages (can be same)

3 8 total nr of subdivs and 0, or subdivs along radius and around axis
disc, uneven radial division ***surround of end of channel
0.050.919 04.924 1stradius, centre of disc

0.0750.919 0-0.076 2nd radius, any other point on axis

2 2 numbers of 2 applied voltages (can be same)

3 8 total nr of subdivs and 0, or subdivs along radius and around axis

121



cylindrical electrode ***shield

0.075 0.919 0 4.924 radius, centre of 1st end

0.919 04.974 centre of 2nd end

2 2 numbers of 2 applied voltages (can be same)

5 8 total nr of subdivs and 0, or subdivs along and around axis

edi evenly-divided disc  ***anode

0.0750.919 0 4.974 radius, centre of disc

0.9190-0.076 any other point on axis

2 2 numbers of 2 applied voltages (can be same)

10 number of subdivisions

end of electrode information

0 0 0.5 x final nmbr segments, nmbr steps, weight, disable overlap test
le-07 charge inaccuracy, zero total charge

end of segment information

0.0000000E+00  cathode

1.5000000E+03

n  no more magnetic fields from menu

nnn no more potentials and fields along a line

start of ray information

d direct (d), or mesh (m) method and mesh spacing

p 'n/p/m/a' for 'nearlyzero/partial/most/all' printing level, rho/radius
-0.08 1.0 minimum and maximum x(mm) of screen 2D fields of view

-0.06 0.06 minimum and maximum y
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-0.08 5.0 minimum and maximum z

-0.1 3 minimum and maximum x(mm) of rays

-0.1 0.1 minimum and maximum y

-0.14.97 minimum and maximum z

-le+10 le+10 minimum and maximum vx(m/s) of rays
-le+10 le+10 minimum and maximum vy

-le+10 le+10 minimum and maximum vz

-0.55 minimum and maximum rho (=sqrt(x**2-+y**2))

+ s direction of time, secondaries option

m 111152 0-0.5-2504 seed, min en, kT, add, mult

2e-05 final time (ms)

0.01 0.01 0 initial and max step length, interpolation points
-0.0001 1e-05 fractional inaccuracies for (1) ray tracing and (2) potentials and fields
1 nr test planes,mult cross,iter foc,phase spc,scatt,quant
001496 a,b,c,d of test plane defined by a*x+b*y+c*z=d
el ‘el for electron; or 'co' or 'va' for other particles

k kinetic energy (k); or total energy (t) and potential
cylindrical beam

e edge distribution, non-random

0.048147 0 -0.057 0 centre and radius of window

0.048147 0 0.005 any other point on axis

0.048147 0 0.003 0.05 centre and radius of pupil

1 20 100 1e-06 n's for source disc and pupil, eV, mA
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n calculate space-charges?

0000 symmetries of rays in yz,zx,xy and x=y planes

CPO3DS, 82nd example file, channel electron multiplier, tilted channels. (See
xmpl3d81 for non-tilted channels.)

This example is essentially the same as xmpl3d81 except that the channel is tilted by
10 degrees. Further examples of tilts of 5 to 25 degrees are given at the end of the
present file, and the results from them are presented below.

One channel is simulated. It has diameter 0.1mm, length Smm. The 2 ends are
shielded with small field-free boxes. The voltage difference between the ends is
1500V. The channel is tilted by 10 degrees. The procedure used to create this file is
described below. 20 electrons are injected with an energy of 100eV.

See xmpl3d81 for a description of the simulation of the secondary production.

The 'minimum incident energy' for collisions is given the value 5eV, so if a primary
ray has an energy smaller than this the ray is stopped. This is the main cause of rays
not reaching the anode.

3 of the 20 rays reach the anode at the end of the channel (but this small number is a
statistical result, the fraction that reach the anode is higher when more rays are used,
see below). Using the analysis file given at the end of xmpl3d81.dat:

Number of rays = 20

Number reaching anode = 3

Number stopped because secondaries are not allowed

to be produced more than 29 times = 0

Total number of collisions = 153
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Total of final ray currents = -5.614E-03

Total current at test plane = -1.003E-03

Highest single current = -8.786E-04

The initial total current of the 20 rays is 5.E-7 mA.

Therefore the gain is approximately 2000. But the statistical error is high with only
20 rays (in the present case, very high).

As given below, when 500 rays are used the fraction that reaches the anode is 43%

and the gain is 311,000.

RESULTS FOR VARIOUS TILTED CHANNELS
Analyses are with AnMCP{90.190, given at end of xmpl3d81.dat.
TILT ANGLE 0 DEGREES
Number of rays = 500
Number reaching anode = 332
Number of collisions = 4612
Total current = -3.302E-02
Test plane current = -3.111E-02
Highest current = -3.499E-03
TILT ANGLE 5 DEGREES
Number of rays = 500
Number reaching anode = 313
Number stopped because secondaries are not allowed

to be produced more than 29 times = 0
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Total number of collisions = 5153
Total of final ray currents = -9.768E-02
Total current at test plane = -9.378E-02
Highest single current = -8.708E-03
TILT ANGLE 10 DEGREES
Number of rays = 500
Number reaching anode = 217
Number stopped because secondaries are not allowed
to be produced more than 29 times = 1
Total number of collisions = 5252
Total of final ray currents = -1.604E-01
Total current at test plane = -1.555E-01
Highest single current = -3.775E-02
TILT ANGLE 15 DEGREES
Number of rays = 500
Number reaching anode = 87
Number stopped because secondaries are not allowed
to be produced more than 29 times = §
Total number of collisions = 5044
Total of final ray currents = -1.847E-01
Total current at test plane = -1.558E-01

Highest single current = -3.406E-02

126



TILT ANGLE 20 DEGREES
Number of rays = 500
Number reaching anode = 5
Number stopped because secondaries are not allowed
to be produced more than 29 times = 8
Total number of collisions = 4221
Total of final ray currents = -2.840E-02
Total current at test plane = -1.690E-03
Highest single current = -1.570E-03
TILT ANGLE 25 DEGREES
(but max z was 5.07 instead of 4.60, so extra collisions)
(segs at ends of main cyl not concentrated)
Number of rays = 500
Number reaching anode = 0
Total number of collisions = 2514
Total of final ray currents = -2.970E-05
Total current at test plane = 0.000E+00
Highest single current = 0.000E+00
COMMENTS ON RESULTS
A similar, but more limited, simulation of short channels has been described by Y.
S. Choi and J. M. Kim, Monte Carlo simulations for tilted-channel electron
multipliers, IEEE Transactions on Electron Devices, Vol 47, No, 6, June 2000, 1293-

1296. They found that the multiplication factor increases as the tilt angle is increased,
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reaching a maximum at an angle of approximately 25 degrees, and decreasing
rapidly at higher angles. They noted that when the channel is tilted the rays tend to
collide repeatedly with the higher-voltage side of the channel and suggest that this is
the reason for the increase in multiplication. We find in the present simulations that
in the non-tilted channel many of the rays travel near the axis of the channel for a
substantial fraction of the channel length between collisions, particularly after their
last collision before reaching the anode. We also find in the present simulation that
when the channel is tilted the rays tend to collide more frequently with the higher-
voltage side than with the low-voltage side and that there are no rays that travel near
the axis for long distances.  The highest multiplication factor occurs at
approximately 15 degrees, and is then larger than that at 0 degrees by a factor of
approximately 5. At higher tilt angles the gain decreases sharply.

PROCEDURE FOR SETTING UP A TILTED CHANNEL
(1) Start by making a copy of xmpl3d82.dat (called temp.dat, say).
(2) Search temp.dat for the electrode called 'Source' and the 5 following electrodes
called 'shield', 'surround', 'surround’, 'shield' and 'anode'. We shall refer to these 6
electrodes as the 'field-free boxes'.
(3) Keep the field-free boxes but delete all the other electrodes.
(4) Exit from temp.dat, find prog26.dat and copy it to tempin.dat.
(5) Edit tempin.dat so that it has the form:
0.05 ! =radius of cylinder
0.008749 ! =highest z of cut cylinder (called zm below)

8 ! =subdivision number around axis
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100 ! =approximate total number of segments

1 ! =number of the applied voltage

(6) These data control the size and shape of the required wedge-shaped ends of the
tilted channel. The data above were used in the construction of xmpl3d82.dat.
Replace the radius by your required radius. Replace the 'highest z of cut cylinder' by
the number 2*r*tan(theta), where theta is the required angle of inclination.

(7) Find the executable file 'prog26' and run it. It reads from tempin.dat and
produces the file tempout.dat, which holds the data for the electrodes of the wedge-
shaped ends.

(8) Paste the contents of tempout.dat into the electrode area of temp.dat.

(9) Run CPO3DS on temp.dat but stop the ray tracing as soon as it starts. On the
screen you will see the field-free boxes and a wedge-shaped end. Do not worry
about their positions at this stage in the procedure.

(10) Find the numbers of the electrodes that make up the wedge-shaped end (perhaps
1, 2 and 3). Use the option /data builder/electrodes/transform/ to shift these
electrodes by an arbitrary distance (say 4mm) in the +z direction. Do not shift the
field-free boxes.

(11) Again paste the contents of tempout.dat into the electrode area of temp.dat.

(12) Again run CPO3DS on temp.dat. On the screen you will now see the field-free
boxes and 2 wedge-shaped ends.

(13) Use the transform option to reflect the latest, left-hand, wedge in the z=0 plane

and then separately to rotate it by 180 degrees about the z axis.
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(14) Now insert a cylinder that has the required radius and length and that has its
axis along the z axis, starting at z=0. It is recommended (as in xmpl3d82) that the
cylinder should be in 3 parts, with the short end parts having more axial divisions
than the main middle part.

(15) Use the transform shifting option to place the wedge-shaped ends as nearly as
possible at the ends of the cylinder, centered on the z axis. Find the required shifting
distances by zooming into a relevant region and using the cursor to find the relevant
coordinates.

(16) The cylinder and its ends now have to be rotated together about the y=0 axis by
the required tilt angle. Do not move the field-free boxes yet.

(17) Now shift the field-free boxes to their correct positions.

(18) The tilted channel is now ready but voltage number 1 is at present applied to all
the electrodes except the electrodes of the right-hand field-free box, which have the
correct voltage number 2. The left-hand field-free box also has the correct voltage
number 1. All the other electrodes need the two applied voltages 1 and 2, to give
them a voltage gradient.

(19) The two applied voltages are 0 and the anode voltage (perhaps 1000 or 1500).
We now need to find the "Z's of application points" of these two voltages. The first
voltage is applied at the z of the 'surround' of the left-hand field-free box. Similarly
the second voltage is applied at the z of the 'surround' of the right-hand field-free box.
In xmpl3d82.dat (above) these z values are -0.0169 and 4.924.

(20) Use these values for all the electrodes of the cylinder and the wedge-shaped

ends.
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(21) Finally set up the source of electrons. Find the centre of the electrode labeled
'Source'. This is a suitable position for the source of the primary electrons (a more
suitable position, as in xmpl3d82, is a short distance away from the 'Source'
electrode).

(22) There are of course many other parameters that you can change, but those

already in xmpl3d82.dat and temp.dat are suitable for an initial study.
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APPENDIX 5

LABVIEW BLOCK DIAGRAMS
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Block diagram for emission stability program.
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Block diagram for reading voltage from source 248.
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Lattice Dvnamics of MgO at High Pressure: Theory and Experiment
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The longitudinal acoustic and optical phonon branches along the I'-X direction of Mg at 35 GPa have
been determined by inelastic x-ray scattering using synchrotron radiation and a diamond-anvil cell. The
experimentally observed phonon branches are in remarkable agreement with @b inino lattice dynamics
resultzs. The derived thermodynamic properties, such as the specific heat €. and the entropy 5 are in very
good accord with values obtained from a thermodynamically assessed data set involving measured data on
molar volume, heat capacity at constant pressure, bulk modulus and thermal expansion.

DT 1000 105 PhysRerLar 05 035507

The experimental determination of the phonon disper-
sion at high pressure constitutes an important ingredient
for the characterization of the physical properties of matz-
rials in extreme conditions. It gives access to valuable
quantitative information conceming elasticity, thermody-
namic properties, and the dynamics of phase instabilities.
Furthermore, the experimental data provide important tests
for the accuracy of theoretical lattice dynamical models.
Among these the most advanced ones are ab fritio quan-
tum mechanical calculations, using density-functional per-
turbation theory. Critical inputs are the appropriate choice
of the potential (allelectron or psendopotential ap-
proaches) and the correct description of the exchange-
correlation term. If a good agreament with the experimen-
tal phonon dispersion is observed. these calculations can
then be used with increased confidence to describe the
physical properties such as elastic and dielectric constants,
etc., and thermodynamic properties, such as specific heat,
entropy, etc., at very high pressures bevond the reach of
current experimental methods.

Until recently, inelastic neutron scattering (INS) has
been extensively used to study the phonon dispersion
throughout the Brillovin zone of the crystal. Phonon dis-
persion has been determined in a large number and variety
of crystals by INS as well as their temperature dependence,
particularly in connection with phase transitions and soft
modes, i.e., phonons whosa frequency approaches zero as
T approaches the transition temperature T,.. However, the
weak interaction of neutrons with matter and the typical
size of neutron beams require the use of relatively largs
ica. 1 em®) single crystals. which puts an upper limit for
the measurement of phonon dispersion at high pressure at
present to about 10-15 GPa by INS [1]. The technique of
inglastic x-ray scattering (IX5) in conjunction with third
genaration synchrotron sources now makes it possible to
measure the phonon dispersion at high pressures up to
about 50 GPa in crystals tens of microns in size mounted

0031-9007,/ 06 /96(3),/035507(41$23.00
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in a diamond-anvil cell. Using He as a pressure transmit-
ting medium, the phonon dispersions in single crystals of
Ar to 20 GPa [2] and in hep-Co to 32 GPa [3] have thus
been recorded. Without a pressure transmitting medinm,
pressures as high as 112 GPa were reached on polyverys-
talline samples of iron and iron containing compounds
[4.5].

Inthis Letter, we present the experimental determination
of the longitudinal acoustic (LA) and optical (LO) phonon
branches along the I-X direction in MgO at 35 GPa,
utilizing inelastic x-ray scattering. and the comparison
with ab initic calculations. Our choice of MgO is moti-
vated by its importance in various Azlds of research. The
material is regarded as the prototype oxide due to its simple
structure and the large stability field (in pressure and
temperature) of the NaCl structure [6]. Morsover, it is
considered as a pressure calibration standard for high-
pressure sciences [7]. Furthermore, MgO is an important
ceramic for industrial applications, and of great interest for
Earth sciences. since it is a major mineral phasz of the
Earth’s lower mantle [8].

A doubly polished single crystal of MgO of (100} ori-
entation, 30 * 50 pm size and a thickness of 20 gpm was
loaded in a diamond-anvil cell with He as pressure trans-
mitting madiuvm along with a few very small fragments of
ruby for the pressure calibration. The pressures were de-
termined from the ruby R, fluorescence line and were
accurate to =05 GPa The IXS experiment was performed
on beamline ID28 at the Evwropean Synchrotron Radiation
Facility, Grenoble, France. X rays from an undulator
source were monochromatized by a silicon (111) double
crystal and a backscattering very high-energy resolution
monochromator, utilizing the silicon (599 reflection arder
at 17794 eV, A cvlindrical mirror in conjunction with a
dynamically bent multilaver provided a focus of 25 X
60 wm H (horizontal) = V (verical) full width at half
maximum (FWHM}) at the sample position. The scattered

@ 2006 The American Physical Sociaty
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Enhanced field emission of thin multiwall carbon nanotubes
by electron multiplication from microchannel plate

Raghunandan Seelaboyina, Jun Huang, and Wen Bong Choi®
Cender for Nanomaiterials and Devices, Department of Mechawical and Materials Enginesring,

Florida International Universiry, Miami, Flonida 33174

(Received 2 March 2006; accepted 27 March 2006; published online 11 May 2006)

We report on a method to amplify electron emission from thin multiwall carbon nanotube
(MWCNT:) field emitters using an electron multiplier microchannel plate. High density thin
MWCNTs were synthesized by thermal chemical vapor deposition. Density of thin MWCNTS was
increased by decreasing the amount of Al»D; in the catalyst solution. The high density of nanotubes
led to their vertical orientation. The thin MWCNTs showed low turn-on electric field and high
electron emissivity which could be atiributed to their wall thioness and high aspect ratio
(== 15000 resulting in high field enhancement factor (--9300), Emission current was stable with an
average fluctuation of 2%. A microchannel plate positioned between cathode and anode increased
the total emission current by 7.5 times. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2203215]

Unique electrical and mechanical properties of carbon
nanotubes (CHTE) have led to their investigation for applica-
tion as electron sources in vacuwum microelectronics, field
emission displays, and microwave sources.”  Though ther-
mionic cathodes are primarily wsed for these applications
they have several disadvantages such as long turn-on time,
poisoning of materials, high operation temperature, and high
power consumption. Where as low threshold field for emis-
sion, instantaneous response (o field variation, resistance (o
temperature  fluctuation, high durability, high cument
v:]vansi'r}',j and power efficiency of CNTs make them ideal can-
didate for future electron emitters.

In this letter we report a method for achieving high emis-
sion current from CNTs and electron multiplier microchannel
plate (MCP). Microchannel plates are used in many applica-
tions: x-ray, astronomy, e-beamn fusion studies, nuclear
science.” and high efficiency field emission disp]a}'.? Our
new approach of combining CNT emitters and MCP will
provide several benefits. MCP amplifies the emission cument
and also protects the CNTs from irreversible damage during
Yacuum a:c'ing.s MCP operates by avalanche multiplication
of secondary electrons, which are generated when incident
electrons strike the channel walls of a MCP. A voltage ap-
plied across the ends of the MCP creates a field which accel-
erates the secondary electrons along the channel leading to
avalanche multi&:]icaﬁnn.

Jeong er al.” recently reported the synthesis of randomily
orientzd thin multiwall carbon nanotubes (MWCNT:) (diam-
eter: 10 nm, catalysts: Fe—Mo-MgQ) by catalytic chemical
vapor deposition. This study involves synthesis of vertically
oriented thin MWCNTs by thermal chemical vapor deposi-
tion. The synthesized nanotubes had small diameters, large
aspect ratio, and high field enhancement factor resulting in
good field emission (FE) properties. Becanss of the interme-
diate structural characteristics between singlewall carbon
nanotubes (SWCNTs) and MWCNTS, thin MWCNT: have
been suggested as good candidates for field emission appli-

“duthar o whom corespondence should be addressed; electronic mail:
choiw @ fin.edu
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cations., SWCNTs have high aspect ratio and small radius of
corvature (~1 nm) and have been repored to have large
field enhancement factor, low threshold voltage, and high
emission curment.! However, degradation of emission current
with time is an obstacle for practical application of SWCNTs
as field emitters in harsh environment.'® While MWCNTSs
have longer life time, their large diameter result in higher
turn-on voltage and low current density with small field en-
hancement factor'! The objective of this stndy was to dem-
onstrate a method for achieving high emission current from
CNT field emitters, which are robust enough to endure in-
tense environments and operate at reasonable power levels.
In our unigque approach we have investigated the emission
property of thin MWCNT emitters with MCP for field emis-
sion multiplication (Fig. 1).

The thin MWCNTs were synthesized by thermal chemi-
cal vapor deposition (CVD) on Nb/Si0./Si substrates from
a catalyst solution having Mo doped Fe particles supported
by Al;Oy nanoparticles. Catalyst solution was prepared from
jron (III)  nitrate-nonahydrate,  bis(acetylacetonato)-
dicwomolybdenumi V1), and Al:O; nanoparticles in metha-
nol. Uniform suspension of catalyst in methanol with various
amounts of AlOs (30, 15, and 7.5 mg) was prepared by
sonication. Catalyst solution was  spin coated onto
My Si0, /50 substrate followed by drying at room tempera-
ture and baking at 160 " C for 5 min in Ar atmosphere. The
prepared substrates were placed in the CVD system and
heated to 700 °C in Ar atmosphere. Ar was replaced by
C;H, after the temperature was stabilized at 700 “C and gas
flow was maintained for 30 min. The CVD system was fi-
nally cooled in Ar atmosphere for 30 min.

The role of Al,Oy in the catalyst solation was (i) to
support Mo/Fe during the growth process (catalyst are wall
distributed on the comugated Al,0.) and (ii) to control den-
sity of CNTs. Vertical alignment of nanotubes, grown by
thermal CVD, is achieved by controlling their density.'* In
this work it was observed from a series of experiments that
the density of thin MWCNTS (cm™) was controllad by vary-
ing AlyOs content in the catalyst solution. The growth of

i 2005 American Institute of Physics
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Abstract

We repont on the field emission properties of tungsten cxide nancwires grown
on a tungsten tip and its emission perfomance in various vacuum conditions.
Tungsten oxide (W 0,0 ) nancwires were grown by thermal ¢ hemical vapour

deposition in a mixture of CHy and Hz on an electrochemically sharpened
tungsten tip. The field emission measurements showed a low threshold field
of ~0.95 W pm~1, high emizsion cumrent of 170 @A and a large field
enhancement factor of ~ 19 800, High emission current of a few g A was also
observed in relatively poor vacuum at 3 3 102 Torr, and the emission

properties were reovernble at 1 s 107° Tarr.

(Some figums in this article are in colour only in the electronic version)

L. Introduction

To date, feld emitters based on various nanomaterials
have been considered for severnl vamum microelectronic
applications.  These emitters utilize local feld enhancement
at the apex of each nanoscale protrusion or micro-tip to
lower the threshold voltage for field emission. They have
been demonstrated in various applications such as feld
emission displays, microwave sources and many more [1-3].
Heowever, their emission property is degraded imeversibly in
low vacuum and ooygen environments becanse of enhanced
surface reactions such as ion back sputtering. physical etching
and =0 on [4-6]. lon back sputtering and physical etching
especially at the emitter tip surfoce degrades the local geometry
and can lead to irreversible damage of the emitters. Oxide
materials are chemically inert, robust and have a relatively
high melting temperature which leads to their stability in
cocygen and low vacuum conditions e 10—*-10~% Tor, S0,
field emitters based on oxide materials have been repored as
altzrnative candidatzs for siable feld emission in low vacuum
conditions [7-9].

* Anthor to whom any cormespondence should be addressed.
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Among the oxide emitters, tungsten oxide is widely
uzed in various applications such as high pressum discharge
lamps. electron guns and scanning tunnelling microscopy tips.
Tungsten oxide has also been demonstrated to be suitable for
various other applications such as electrochromic, optochromic
and gasochmmic coatings for smart windows, information
display and various sensors [10, 11]. Tungsten oxide is an
n-type semiconductor with o work function in the range of
55957 eV [12. 13] which makes it attractive for the stated
applications. Since the first report on tungsten oxide by Famio
e al in 1971 [14], several other reseamhers have synthesized
tungsten oxide nanowires [15-1%]. Some of these synthesis
methods include thermal treatment of tungsten flms [16].
infrared irradiation heating of tungsten foils [17] and a thermal
oxidation approach [19]. Recently, Zhou ef af reported the
synthesis of tungsten oxide nano-tip arays by two-step, high
temperatre, catalyst-free, physical vapour deposition [ 18],
Although field emiszion properties of bingsten oxide nanowires
hawve been studied. to the best of our knowledge there are no
reports on the multistage field enhancement effect and their
emiszsion performance in various vacuum conditions. In this
study we have synthesized a two-stage field emitter in an
attempt o maximize the emitter performance =such as field
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Abstract: The potental of witizing carbon nanotibe fizld emission properties is an aimactive feamure for fiture vacuum elsconic
devices inclodins: high power microwave, miriatare ®-ray. backlght for lquid crystal displays and flat pansl displays. Ther high
emission CuITent, nano scale peomemy, chemical inermess and low threshold voltaze for emission are atmactve features for the feld
emizsion applications. In this paper we review tha recent developments of carbor nanomibe fizld emirers and their device applcations.
Wa also discuss the latest results on field emisston current amplification achizved with an alectron muldpler microchamne] plate, and
emission performance of mulcstage feld eminer based on exide nanowire operatad poar vacimm

Keywords: Carbon nanombes, fiald emission, feld amitters, vacmun microeleconics, nanowires, miniature x-ray, feld emission display,
microchsmel plate, microwave, samission uniformity, vaomun stability, mogsten oxide, multistage, chemical vapor deposition, fisld

enbancemant.

LINTRODUCTION

Carbon napombe (CINT) has been enwisioned as one of the
promising matenals for field emimers, becanse of their high aspect
rate (~1000) and atomically sharp apex. which enhances local feld
and lowers threshold feld for slecmon emission (~0.3-1 Vipm) [1].
They also possess hizh elecoical and thermal conductivity and high
chernical and temperature stability all thess unique propemies make
CMT a robust emimer with high emission smabiliny [2]. Field
emission (FE) 15 3 gquanmum mechanical phencimencn m which
glactron: tunpel from 3 condensed phase into vacomn under
application of kigh elecro stadc field. Quantitative descripmon of
the process 1s given Fowler-Mordheim (FI) theory which gives the
ralation between smission curment and the spplied elecmic fisld [3].
FE from CTTs was first repored for an mdividual moltiwall carbon
napomube (MWHT) by Rmzler @ al [1]. In later wears the
mechanizm of electron smission from CMT: was confimed o be
FE process [4]. It has been well dooumented that CHTs have bettar
FE propertes than other sharp metal based emimers. Some of the
drzwhacks with metal based field emitters zre high cument
fmcrmations, high fabrication cost and limited life oms owmg to
fisld-induced sharpening and ion sputtering, which leads to
destructon of the emitters. CWT is robust and highly crystalline
cowvalent stracture which is less suscepiible to surface migration of
carbon atomns because of their strong C—C covalent bonding [5].
Apar from these unique propertes, vemically aligned CHTs (Fig.
1a) =nd rtowsr arrey  structures that are wital for vaoomm
microelectronic applications have been demonstrared [§-9]. The
vertically orjented hizh aspect rage CNT stuctures will provide
hizh field enhancemsant and low threshold veltage for elecmmon
emission. Ever since the first report on CIWT FE there have been
several repors on vadons devices. Somme of the most promising
ones are field emission displays (FEDY) [10], elecoon zuns for next
zeneration scanning electron microscopes (SEM) and mansmission
elactron microscopes (TEM), backlizht for lguid crystal displays
(LCD) [11], miniamrs X-ray [12] and source for hizh powersd
microwave (HER) dewvices [13]. Although thera has heen
significant advancement in CHT basad FE devices, thers sall
ramain some obstacles in realizing the devices. In this paper. we
provide a brief review on the recent developments and patents on
CMT bazed FE davices.

*Address comespendance to this author at the Napomaterals apd Device
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(b)

Fiz. (1). {2) Alizned CNT towers (b) Schematic of CNT-CWNT distance to
mimimizs soreening effect, whers b, s ars height and distance [14]

II. CAREON NANOTUBE AS FIELD EMITTER

A catbon nanotube consists of either one cylindrical zraphens
sheet, sinzle-wall nanptube (SWHT) or of several nested cvlmders
with an interlayer spacing of 0.34-0.38nm. mmid-wall carbon
nanomba (MWHT). SWHTs md MWHT: lengths are usually well
over lpm with dizmeters ranging from lom for SW2HT: w0 ~30nm
for MWNT:. MNanombes zre usually closed at both ends by
fullerene-like half spheres that covtsin both pentsgons and
hexagons [2]. Because of their large aspect rato (~1000) and small
tip radius, elecmon emission can be achieved at low elecmic fislds
due to hizher field comcenmration. A single CWT iz capable of

© 2007 Bentham Science Publishers Lid.
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Abstract

The catalylic effect m the Yshaped single-wallad carbon manotubes (Y-3WNTs) braching is investignied. The formation of Y-shaped
tmanches is fiund 4o be dependent on the catalysis composition, which can be oomelated 4o the (Ginhs free energy of meh] arbide fomation.
Fasier cathide formes, like Mo or Zr, have a sinomg fendency 1o afiach to the sidewall of SWN'E, enhancing the degree of carbon nanotube
manching. The elecirical comductance of the Y5WHNTs demonstrated rectification chamoteristics at room tempemiure, which is miributed to the
Schatiky harmier fomed a1 the junction prsition. The Y=-3WNTs can be wsed as a building blodk for future nanodednmic, semsor md composie.

£ 2007 Elsevier BV, All rights reserved.
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1. Imtrodu ction

Carbon nanotubes (CNTs) are among the promising ¢amdi-
dates for next generation nanoelecironics hecsuse of the unigue
electrical properties and nanoscale size [1]. Among all the
siudies for CNTs, complex three-point neanombe junctions Y-
amd T-junctions) have been proposed s the building blodks for
future nanoelactronics [2]. Y-shaped single-walled carbon
manotube (Y-SWNT) & a novel structure consisting of three
terminals with different chirality which shows different
elecirical properties. Theoretical sudies [3-5] predict the
rectification behavior from symmetrical Y-SWNTs, implying
that the switching behavior in nenoscale transistor can be
expocied by manipolating the third terminal of Y-SWNTs. In
addition, the electrical characteristic of Y-SWNT: provides
imights to the sudy of CNT metworks (ako known = CNT
mat) which are expectad o have immediste application in
nangelecironics and sensoms [6].

For resl applications, it is highly desirsble @ control the
growth of Y-SWHNTs The synthesis of Yeshaped carbon
nanotubes has been extensively sudied by several groups.

* Comresponding mmbor Tel 2 +1 308 345 1573; fac +1 308 344 1532
Emall addrers: deoreiiifiaeda (W, Chod).

Scuseria [3] and Chemozatonskii [4] proposed the fimst
structural model of the Y-shaped carhon nanotubes by
thaoretical calculstions, The synthesis of Y-shaped carbon
nanptubes by chemical vapor deposition (CVD) method was
reporied by several groups [7,8] by using an anodic aluminum
oxide (A AD) Eemplate to grow multi-walled carbon nanotubes
(MWNTs). Since then, Y-shaped carbon nanotubes (MWNTE
and SWNTz) have boon synthesized by diff erent techndques [5].
These echniques include AAD emplate-sssised growih [8],
chemical vapor deposition {CVD) of products generated from a
pyrolysis of metallocenes, nanowelding of orerlapping isolated
nanptubes using high inensity electron beam, thermal decom-
poaition of g fullerens [9], usng Ti-dopod vapor catalyst [10]
and using polystrens microspheres arrays to hold the catalyss
for multiple junction formation [11], ere. Most of the ex-
perimental reports of the Ye-shaped CNT: were based on the
multi-walled carbon nanotubes. Howewver, the Y-shaped
MWNT: (Y-MWNTs) are metallic snd transistor modulation
was demonstraed only at low temperastures. Compared with ¥
MWNTs, Y-SWNTs are mone practical for nanoscale electronic
devices because of the possible ballistic switching and reliahle
iramapt proqertics st rodm temperature . Recently, we have ako
suceessfully syntheszed Y-5WNTs using Mo-doped Fe catalyst
by thermal CVD [12].
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Enhanced field emission from aligned multistage carbon nanotube emitter arrays
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Abstract

In this work we report on the synthesis and field emission properties of carbon nanotube
multistage emitter arrays grown on porous silicon by catalytic thermal chemical vapor
deposition. The vertically oriented multistage array structures consisted of SWNT and
thin-MWNT grown on MWNT, confirmed by TEM and Raman analysis. Higher field
emission current ~ 32 times and low threshold field ~1.5 times were obtained for these
structures in comparison to only MWNTs arrays. The enhanced field emission results for
these multistage emitters are a consequence of higher field concentration, which is ~ 3
times more than MWNTs. This efficient emitter design with enhanced field emission

properties can be used in future micro-vacuum electronic devices.
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Amplified Field Emission from MgO-coated Carbon nanotube Microchannel
Plate
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Florida International University, Miami, FL 33174, USA
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ABSTRACT

We have utilized the extremely high secondary emission properties of
magnesium oxide coated carbon nanotubes (CNT) for the fabrication of a novel
microchannel plate (MCP). The MCP was characterized for electron
multiplication by placing it between a nanotube emitter array cathode and an
anode. In addition to enhancing the field emission by ~18 times the MCP also
protects the nanotubes from irreversible damage during vacuum arcing. This
unique system consisting of MCP and field emitters will provide a robust cold
electron source operating at moderate power with enhanced life time.
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Thin Multiwall Carbon Nanotube Field Emitters with Microchannel Plate for
High Current Emission

Raghunandan Seelaboyina, Jun Huang, Won Bong Choi
Center for Nanomaterials and Devices, Department of Mechanical and Materials Engineering,
Florida International University, Mianu, FL 33174, USA, choiw@ fin.edu

ABSTRACT

We report on a method to amplify the electron current of carbon nanotube field emitter
cathode using an electron multiplier and svnthesis of thin multiwall carbon nanotubes by thermal
chemical vapor deposition. A commercial microchannel plate which is an array of microscopic
electron multipliers was used for this purpose. A microchannel plate placed between the cathode
and anode amplified the current 3 times and also acted as protection shield for nanotubes during
vacuum arcing. The increase in current 15 attributed to the electron multiplication, and the
increase in field enhancement factor from 9300 to 12800 (37%) with microchannel plate. The
thin multiwall carbon panotubes were synthesized using Mao/Fe catalyst solution. The inner and
outer wall diameters of the nanotubes were in the range of 2.5-5 nm and 7-15 nm respectively,
determined by Raman spectroscopy and transmission electron microscopy. The nanotubes had
excellent field emission property which is attributed to their thin wall diameters ~10 nm, high
aspect ratio of 800 and the resulting high feld enhancement factor of 9300, The emission current
was stable with an average fluctuation of 2%.

INTRODUCTION

Carbon nanotube field emitters have shown great promise as cathodes in many applications
including field emission displays and high-power radio-frequency devices. [L-4]. Unique
properties of carbon nanotubes (CNTs) include high current density [3], low threshold field for
emission, instantaneous response to field varation. good onfoff ratio, resistance lo temperature
fluctuations, high durability and power efficiency make them ideal candidate for many of these
applications. Here we report a novel method of placing a microchannel plate, which is an array
of microscopic electron multipliers on top of the CNT emutters. This new approach provides two
benefits; it amplifies the electron current and protects CNTs from irreversible damage in the
event of vacuum arcing. Microchannel plate (MCP) operates by avalanche multiplication of
secondary electrons [6], secondary electrons are generated when incident electrons strike the
channel walls of MCP. A voltage applied across the ends of the MCP creates a field which
accelerates the secondary electrons along the channel generating more electrons leading to
avalanche multiplication. Micro channel plates are used in many applications; one of them 1s in
high efficiency field emission display as demonstrated by Lee ef al [T7]. A commercial MCP
made out of lead silicate glass obtained from Hamatsu was used for this study

We synthesized thin multiwall carbon nanotubes which have shown good field emission
properties in comparison with single and multiwall carbon nanotubes. Singlewall carbon
nanotubes (SWNTs) have high aspect rato and small radius of curvature (~ 1 nm); they have
been reported to have large field enhancement factor, low threshold voltage, and high emission
current [8]. However, the degradation of emission current with time is an obstacle to practical
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