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ABSTRACT
ELECTRON EMISSION FROM NANOSTRUCTURED MATERIALS

Abdelilah Safir

July 26, 2010
In this dissertation, standardized methods for measuring electron emission (EE)
from nanostructured materials are established. Design of an emitter array platform,
synthesis and nanomanipulation of different types of are successfully conducted.
Preexisting as well as novel nanostructures are examined for possible use as electron
point sources. Three main categories of emitters are under evaluation: oxide nanowires,
metallic nanowires and carbon based nanomaterials (CBNs). Tungsten oxides nanowires
have low work function, then metallic nanowires have high electrical conductivity and
abundant number of free electrons at and below their Fermi level and lastly, CBNs have
superior electrical, mechanical, chemical and thermal properties. This evaluation is

designed to compare and choose among the nanoemitters that are suitable for EE.

Simulation through theoretical modeling is provided to optimize the parameters
directly or indirectly affecting EE properties. The models are to enhance the emitter’s
performance through increase the packing density, reduce the field screening effect,
lower the turn-on and the threshold electric fields and increase the emission current
densities. The current estimations and the modeling of the validity regions where EE

types theoretically exist, help to select and fabricate optimum emitters.
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An assembly consisting of sample substrate, electrical feedthroughs, electrodes,
nano/micro-manipulator and insulators are mounted within a vacuum chamber. An ion
vacuum pump and a turbo pump are used to reach a vacuum pressure of 107 Torr. Two
systems are used for EE characterization of nanostructures: bulk and In-situ
configurations. The bulk investigation is realized by designing a vacuum chamber and
different sample holders that can resist harsh environment as well as high temperature for
both FE and TE experiments. In-situ experiments are conducted in the chamber of the
scanning electron microscope (SEM), it consists of designing special sample holders plus
modifications of the SEM chamber for the ease of EE characterization.

Samples with different materials, densities, radii of curvatures, and lengths
ranging respectively from 107-10° emitter/cm®, 5-300 nm, and 3*10°-10’ nm, are
produced. The CBNs used are characterized by different structures and shapes that are
defined by the monolayer carbon sheet takes. Cylindrical sheets are equivalent to
nanotubes while graphene are flat sheets. Emitter’s structures are varied by altering the
critical growth parameters such as temperature, pressure and constituent materials.
Enhancement of the FE properties, the design of an optimum emitter density and
reduction of the field screening effect is possible by selecting appropriate materials,
synthesizing nanostructures with small radius (10 nm), high aspect ratio (greater than
1000), the ideal density where the inter-emitter distance is comparable to the emitter
height, the cathodes’ uniformity, the treatment of the emitting surface, and integrating
triode arrangement.

Initially, the thermionic Emission (TE) investigations of these nanostructures

produce emission at an onset temperature of 500 °C, current densities of 160 mA/cm? at

viii



temperatures of 700-1200 °C and predict the work function of the emitting materials. In
addition, nanostructures can enhance the local electric field and increase the packing
density to produce better EE properties.

Then, FE investigations from different nanostructures showed that the small tip's
diameter, high aspect ratio and tapered structures enhance emission through low turn-on
fields (< 0.8 V/um), low threshold fields (< 3 V/um) and high current densities (520
mA/cm?®). CCNTs having inter-emitters distance comparable to their average height
contribute to the reduction of the field screening effect through large field enhancement
factor B (> 7000) and enhancement of the EE properties.

EE experimental data along with its analysis demonstrate that CBNs have lower
turn-on electric field, lower threshold fields, higher current density and higher field
enhancement factor than those of microscopic metallic cathodes and oxide nanowires.
Therefore, nanomaterial based emitters with their superior intrinsic properties based on

the achieved EE results can be turned into potential EE point sources.
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CHAPTER1

INTRODUCTION

Nanomaterials emergent within Vacuum Microelectronics (VME) revived the
field of vacuum devices and opened new applications from which a new industry may
appear — especially where semiconductor based devices need to be more tolerant to harsh
environments. Unlike the existing solid state devices, VME devices have faster switching
speed, are much more tolerant of high temperatures and radiation and do not dissipate
significant energy. Many applications especially where solid state devices fall short,
prefer VME devices such as flat panel field emission displays (FEDs), electron
microscopes, electron spectrometers, electron lithography systems, microelectronics
devices, microwave devices, amplifiers for satellite communications, x-ray sources and
energy converters. ™

Taking advantage of the advancement in top-down and bottom-up technologies,
nanostructures with unique properties such as carbon nanotubes (CNTs), conical carbon
nanotubes (CCNTs), metallic carbon nanotubes (M_CNTs), graphene and metallic
nanowires, are investigated for possible cold and/or hot electron emitters. Generally,
nanomaterials act differently when compared to bulk materials. For example, a
nanostructure responds differently by producing EE when an electric field is applied. A

macrostructure may not respond to the same excitation and needs a much higher field to



produce cold emission. Conducting nanostructures are capable of delivering high energy
electron beams with great precision at relatively low applied voltages. This chapter
provides an introduction to the concepts of FE and TE of electrons from metals in general
and in particular nanostructured materials. This chapter also addresses how
nanostructured materials are integrated within experimental set-ups and how they can
resolve most of the limitations facing the existing electron emission sources. Lastly,

nanostructured emitters are compared with their existing semiconductor peers.

1-1.  Definition of EE

The process of liberating free electrons into a vacuum from a solid surface caused
by an external energy transferred to the electrons is termed as EE. EE is well known to
occur from metals, because they have a sufficient amount of free electrons in between the
atoms of their crystal lattice. Electrons in metals move freely through the bulk, but cannot
leave the surface because of the presence of an electrostatic force holding them back to
its core. Therefore, electrons see a potential barrier at the metal-vacuum interface.
According to classical mechanics, in order for the free electrons to be emitted from the
surface of metal, they require additional external energy at least equal to the potential
barrier. Consequently, smaller barriers result in easier extraction of free electrons.
However, quantum mechanics states that once a particle (i.e. electron) has enough energy
(usually less than the work function), the potential barrier can be crossed with some finite
tunneling probability producing free charges from the conducting solid into the vacuum
level. This leakage current could be of some significance if the parameters governing its

occurrence are understood and controlled.



Most conducting materials emit electrons by several distinct mechanisms. For
instance, CBNs such as carbon nanotubes (CNTs), carbon nanoclusters, graphene and
diamond appear to be cold and hot emission candidates merely because low applied
electric field and moderate temperature are enough to stimulate FE and TE of electron
from this type of structure. Diamond emits electrons at the lowest applied field of any
known material. In fact, it requires a negative electron affinity (NEA) to efficiently start
EE. To obtain a NEA, one needs to introduce heavy p-type dopants within the crystal
lattice of the diamond together with a monolayer of an electropositive material. Metallic

thin film coatings (i.e. Cesium (Cs) or Cs/O) are also used to induce NEA.>®
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Figure 1- 1: Types of EE from nanostructures.



Several forms of energy can be used to induce EE. These include heat, light, or
electrostatic fields; accordingly, different types of EEs take place. Figure 1-1(a) is a
schematic of EE from a tapered conductor caused by an external excitation. Figure 1-1(b)
shows three different kinds of EEs that can take place once the solid is subjected to an
external excitation.

A nearby anode having an opposite charge collects the emitted electrons. The
entire system is placed within the vacuum (pressure greater than 107 Torr is
desirable).”’Error! Reference source not found. The nature of the supplied external

energy defines the type of EE from the system under test.

Potential
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TS e

Thermionic
~ field emission

Metal A Vacuum
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Figure 1-2: EE processes.



Figure 1-2 illustrates the different processes of EE taking place within the metal-
vacuum interface once external excitations are present.” The pair of electric field and
temperature determines the predominant EE process that takes place at the metal-vacuum
interface. On the other hand, the work function determines how easily the electrons can

jump over the potential barrier.



1.1.1. Thermionic emission

TE or hot emission occurs when the external energy supplied to the cathode is
provided by heat. This emission is the process of liberating free electrons, at zero electric
field, when the temperature of the bulk material increases to a value at which electrons
gain sufficient energy to escape over the barrier height into the vacuum level. Most
materials can emit electrons by the TE process if a suitable amount of heat is provided.
Generally the heat corresponds to high input power and high temperature. Only few
materials can emit at low temperatures and to achieve this they need to have a low work
function; e.g. oxides.

Figure 1-3 is a schematic of the potential barrier for three different metals without
the presence of an applied electric field. The barrier height that electrons see decreases as
the work function decreases (®; > ®, >®3). The decrease can be observed when one
treats the cathode's surface through coatings of electropositive materials.® Treatment of

the cathode using oxides significantly lowers its work function.
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Figure 1-3: Potential barrier height for different metals.



The magnitude of the charge flow increases significantly with increasing
temperature, as the TE current has a quadratic dependence on temperature and an

exponential dependence on its inverse. Equation 3 illustrates this dependence.

Where I is the TE current in A, T is the temperature in K, @ is the work function
of the emitting material in eV, K}, is the Boltzmann constant and c is a constant. TE from
pure metals becomes significant only for temperatures over 1500 K since their work
function ranges between 4.5-5.10 eV. Equation 1-1 shows that TE is highly dependent on
the cathode material through its work function. Most metals melt before they reach the
onset temperatures of the emission (usually above 2000 °C). The commonly used metal
for TE is tungsten wire. Usually tungsten is classified as a direct-heated cathode. The
tungsten wire is bended to form a tip with a small radius (hundreds of microns) of
curvature. The tip-like structure starts to emit when its temperature increases by passing a
high current through the wire. Therefore, materials having high work function and low
melting temperature are not suitable for the TE. Space charge effect is another limit to TE
at zero electric field. Because most metals are impractical to use as thermionic emitters
and to overcome these limitations, people have used the oxide coating to lower the work
function or search to create new materials and structures. Tungsten filaments are still
employed because of their high melting temperature and ease of integration into tubes
applications that operate with anode voltages greater than 20 KV.

As a consequence of these factors, there is a motivation to develop and

characterize new materials capable of producing high and stable TE currents densities at



relatively low temperatures. To obtain higher TE current densities, there is a need for low
work function materials that have high melting temperature or lower the work function of
a preexisting material. One of the techniques used to lower the work function is surface
treatments or decoration where a thin layer of low work function materials like LaBg or
ZrO is deposited on a tungsten tip. The corresponding work function is 2.52 eV.”'® Work
functions of 1.1 eV and 1.36 eV is practically achievable by means of oxides coatings
and adding cesium to metals (i.e. tungsten).” Field Enhanced Thermionic Emission
(FETE), known also by Schottky effect, is another way to lower the potential energy
barrier. The application of an electric field bends down the potential barrier so that
electrons need less energy to reach to the vacuum level. In this case, the field needs to be
high enough for a possible significant barrier banding. Section (1-2) describes the effect
of the field enhancement on the potential barrier lowering. Therefore using
nanostructures can ease the barrier banding and produce better TE; however, the stronger
the field the more likely is the thermionic field emission or pure FE to predominate the
EE. Hence, the limit of the applied field is where the tunneling phenomena have a major
contribution to the total emission current. In contrast; the potential lowering by thin film

coatings is more significant.



1.1.2. Field emission

When the external energy supplied to the system is electrostatic (an applied
electric field exists between two electrodes), cold EE occurs. This emission is the
tunneling of electrons, present at the Fermi level and having energy less than the barrier
height, through the potential barrier which is deformed due to presence of high electric
field as Figure 1-4. illustrates. '

Figure 1-4 is a schematic of the potential barrier existing within the metal with
and without the presence of an applied electric field. The work functions ® and ®.¢ are
the energies required for an electron to surmount to get to the vacuum level. The strength

of the electric field determines the shape of the potential barrier.
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Figure 1-4: Schematic of EE from a metal.



Top-down technology created VME which concerns itself with devices exploiting
electron ballistic transport within the vacuum after emission from microstructures. One of
the interesting aspects of FE is the nonlinear relationship between the applied voltage and
emission current. For instance, within the emission regime, a small change in the input
voltage results in significant change in the output current. Equation 1-2 shows the

dependence of the emission current on the applied voltage.

Il =aVZe_(€) 1-2

Where I is the emission current in A, V is the applied voltage, a and b are
constants.

FE occurs at a very high electric field (E=V/d), usually in the order of 1-10
KVolts/ um.'? This is regarded as a considerable input energy in order to extract electrons
from ordinary metallic flat surfaces. Flat and smooth surfaces reveal a uniform field with
no preferred region for EE. Surfaces having tip-like structures exhibit local field
enhancement at these tips, hence turning into possible FE sites.

The field enhancement factor Ais used to quantify the amount of increase in the
electric field due to amplification. f is the ratio of the local field at the tip, E to the

applied field, E, at its base. Equation 1-3.

f=— 1-3

10



The field enhancement is a process of amplification of the applied electric field at
the base of the tip by an order of up to a few hundred. Therefore, the use of sharp tips
having sub-microns diameter causes a local field enhancement. Moreover, the sharper the
emitter, the more intense the field is at its tip. Supersharp tip (diameter of 10-100 nm)
magnifies the electric field by a few thousand.

The effect of field enhancement is visualized on the change within the shape of
the potential barrier sketched on Figure 1-5 along the energy band diagram of a

12
nanostructure.

4

Potential

Vacmun Level

E

Vvacnumn

Field
emission

\ vacuum

position

Figure 1-5: Field emission enhancement due to the use of sharp emitter.



Field enhancement within the structure involves the lowering of the potential
barrier and the decrease of the tunneling distance. The slope of the resultant potential
barrier (blue curves) outside the metal is proportional to the electric field, and an
observable shift on the new effective potential barrier towards the metal is produced

(brown curves). In this case the field E; is greater than E;.

Figure 1-5 is a schematic of the potential barriers formed as a result of applying
two different electric fields to a single emitter. For a given cathode, once the electric field
E, is applied, the effective potential (blue curve) bends near the metal and takes an
asymptotic behavior to the resultant potential (blue line). Applying a higher field, E,,
(purple curve) or using sharper emitter from the same material results in similar effects
on the effective potential: it bends nearer towards the metal. Therefore, the tip's geometry

enhances the local electric field and lowers the effective work function.

The shape of the potential barrier presented on Figure 1-5 is valid only for an
individual cathode. In the presence of neighboring emitters, the curve bending may look
different especially when the distance between the emitters gets small. In fact; it is shown
that close packed arrays of CNTs are not ideal for FE applications as the close packing of
the tubes screens the applied field effectively reducing the field enhancement of the high
aspect ratio tubes. It is necessary to have individual vertically aligned tubes spaced apart
by twice their height to minimize field shielding effects and to optimize emitted current

density."* "



1-2.  Vacuum Microelectronics

1-2-1. Definition

VME of the fabrication and use of large area cathodes as EE sources based
devices. In these devices, a high density of individual emitters (up to 107 emitter/cm?) is
fabricated. The birth of nanotechnology and discoveries of nanomaterials emerged with
VME to produce vacuum nanoelectronics (VNE). VNE employ nano-cathodes rather

than micro-cathodes as the active emitting element.

i
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Figure 1-6: Field emission arrays.
Figure 1-6 is a schematic of FEAs where microfabrication techniques are used to
make regular arrays in which cones are placed in small empty cylindrical spaces in an

oxide film. A metallic coating is deposited on the oxide to make a counter electrode grid.

The field emission arrays (FEAs) (also referred to as Spindt arrays) are made of

well spaced molybdenum cones. Each cone, because of their size and relatively high
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packing density (maximum of 107 cones/cm?), along with the presence of a gate (grid)
surrounding each emitter, attracted most of attention and are the breakthrough of VME
technology.g’16 FEAs use the microfabrication techniques adopted by silicon integrated
circuit (IC) technology to make regular arrays in which molybdenum cones. Typically the
active elements in VME systems are emitters with dimensions of tens to a few hundred of

nanometers. The emitters are usually semiconductors, metallic or carbon based structures

1-2-2. VME devices versus solide state devices (SSD)

SSD allow high frequency operation, low power consumption, high fabrication yield
and low production cost. Enormous progress in solid state electronics has been achieved and
a lot of applications witness the extensive usage of solid state devices. However, there are
still applications where solid state devices are inconvenient especially where tolerance to
radiation and high temperature is desired since these devices usually use a single crystalline
solid for the charge carrier mobility. In such applications, solid state devices need radiation
shielding and thermal isolation to perform efficiently. On the other hand tolerance to
radiation and heat are the main advantages of VME devices. In fact, temperatures of 200
°C and radiation exposure of 15 MRad will not affect the functionality of FE cathodes."’

VME utilizes vacuum as the transporting medium. The carrier transport within this
environment is ballistic, therefore, there is no energy dissipation through collisions.>"'®
In this environments, radiation does not generate carrier charges, induce physical damage
nor disturb the performance of FE devices." Resistance to high temperature allows nearer
placement of the measuring devices to high temperature environments and a smaller need for

heat sinks and other heat transfer accessories high power applications.



In addition, there are other benefits of using vacuum medium, such as the lack of
inertia and a very short electron transport time. As a result, high-frequency devices FE
devices can be produced. The cutoff frequency can go up to 100-500 GHz."®

Table 1-1 shows a comparison of some of the properties of VME devices with
those of solid-state devices.'® It summarizes the main figures characterizing VME and

solid-state devices.

Properties Solid-State Devices | Vacuum microelectronic Devices
Current density 10%105 Alem? ~ 210° Alem?
>01V >0V
Structure Solid-Solid interface Solid/vacuum
Electron Medium Solid Vacuum
Transport:  Ballistic <0.1 mm, low temperature 100% Ballistic
Length < 0.1 mm Length >> 0.1 mm
Coherence  ARUAEELY {<10 s at RT
Lens effect  Maa easy
Thermal Random motion of carriers Comparable
Surface/interface effects Worse

N GA Il Fluctuation in generation/recombination rates of carriers ~ Comparable

Shot noise

Electron energy <03eV Several -1000 eV

Cutoff frequency <20 GHz (Si) and < 100 GHz (GaAs) <100-500 GHz
Small Large

Radiation hardness Poor Excellent

Temperature sensitivity -H0to50°C <500 °C
Well established (Si); Established ( GaAs) Not well established

Applications Microprocessors, memory devices, Flat panel displays, microwave power tubes,
optoelectronic devices electron sources, e-beam memories and
RF devices miniature ~ scanning  electron  microscope

columns

Table 1-1: Vacuum Microelectronic Devices versus. Solid-State Devices.'®
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According to table 1-1, the electron emitters are the active elements within many
applications especially where solid state devices fall short. One application includes the
development of improved flat panel field emission displays (FEDs)® The other
applications are ion sources used for electron optic systems such as electron microscopes
along with electron spectrometers and electron lithography systems, microelectronics
devices including diodes and triodes, microwave devices, amplifiers for satellite
communications, X-ray sources and energy converters. Amplifiers can be used in

microwave electronics.'™

1-2-3. VME versus vacuum nanoelectronics solutions

Even though VME technology has experienced enormous growth and
development, their emitters still face challenges:*

1) Low emission current density: Certain applications require current higher
than 10’ A/cm® to be practical due to the limits on the shape and intrinsic properties of
VME cathodes.”’ These cathodes usually have high work function, lower field
enhancement and relatively lower packing density which reduce EE. In fact, the field
enhancement factor of any existing microstructure emitters can’t get larger than 10.
Therefore, the resulting turn-on and threshold electric fields are high while the emission
current density is low.?

The ability to design new structures having new materials with nano-precision
and better properties (i.e. higher field enhancement) reduces significantly (by few
thousand) the operating voltage of the VNE devices. Moreover, the nano-emitters have
better capability of sustaining higher emission current densities at relatively low

threshold Voltages.12
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2) Low packing density: FEAs are fabricated based on photolithography
techniques. Limitation on the minimum feature size to be patterned due to the limitation
on the technology itself, limits the number of emitters to be fabricated in a 1 cm” area.
The maximum packing density is reported to be around 10’ tips/cmz.8 This limits the
emission current density. In theory, more nanostructures can be packed within 1 cm?® area
than microstructures. A packing density of 10" tips/cm? is possible using nanostructures.'

3) High input energy: The higher the voltages required to turn-on and
maintain (threshold voltage) a steady and stable EE, the more energy is consumed by the
FE based devices. FE from nanostructures is routinely achieved at much lower turn-on
and threshold fields (0.4 Volts/um and 10 Volts/um are respectively reported for
CNTs).

4) Emitter materials: The effective work function of a microfabricated tip is
generally different from the bulk one because of the effect of the operating conditions on
the emitting surface. Using materials with high work function elevate the operating
voltage resulting in the chance of emitter's damages.'® Nanostructures produce local field
enhancement at their tips resulting in lower operating voltages.

5) Emission lifetime and brightness: The short cathode’s lifetime is attributed
primarily to the sensitivity to impurity adsorption (contamination), surface chemistry (the
willingness of the emitters to react with the substrate), probable variation in its work
function, ion bombardment, sputtering and poisoning.'®* In case of hot emission,
brightness increases with temperature, while lifetime decreases significantly with the

increase in the operating temperature. For example, tungsten filaments, used as electron
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sources within microscopes, gain about 70% increase in its lifetime when the operating
temperature drops from 2800 K to 2700 K.*

Carbon nanotubes, as an example, have a smaller chance to react, get
contaminated and affected by the vacuum environment simply due to their superior

27-29

properties. Moreover, since the VNE devices use nanostructures as their active

element, the emission sites are much brighter than the VME devices.*

6) Emission stability: The emission instability is due mainly to the emitters’
non-uniformity, defect and wear. It is difficult to microfabricate cathodes that have
precisely similar height and shape. The emission current is very sensitive to the change in
the local electric field. In fact, the current is very sensitive to the shape, topology, surface
area, and local work function of the cathode. Indeed, the FE current varies over many
orders of magnitude for a small variation in the radius of the emitter.**

Nanostructures can be routinely fabricated with high uniformity and mechanical
strength (i.e. carbon nanotubes and nanowires) resulting in better emission stability.

7 Emission current fluctuation noises caused by two different types of short
term current fluctuations are detected while collecting emitted electrons of single tip
Spindt-type microfabricated cathodes: shot noise for frequencies greater than 100 kHz,
and bistable noise, generated by adsorbates switching between emission states, for lower
frequencies (10-100KHz) at temperatures smaller than or equal to 300 K.***!

8) Fabrication processes are expensive as critical processes involve the
cleanroom environment and optical or e-beam lithography. The progress observed in

nanomaterials synthesis especially in the growth of nanomaterials using the bottom-up

technique; therefore, require much less complicated techniques and technologies to
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produce nanostructures. Technically, self-assembly can be the basis of the creation of
field emission arrays.

9) Joule heating of the cathode: Thermal runaway caused by joule heating
may cause distortion or deformation of the emitters when high current passes through.
CNTs are an example of nanostructures that sustain high current, since their melting

temperature is 4800 K.

Implementing nanomaterials within VME devices can improve the emission
reliability and create new applications such as portable X-ray sources. This is credited to

the fast development and exploitation of nanotechnology and nanostructures.



1-2-4. Nanoscience and nanomaterials for better VME devices

Nanoscience and nanotechnology has grown rapidly in the last decade. This
progress is seen in the synthesis, fabrication and assembly of nanomaterials. In addition,
new characterization techniques, device fabrication and technologies have been launched.
Discovery and growth of new nanomaterials is continuously reported - including
nanowires, carbon nanotubes, graphene and diamond. Because of the increasing
availability of methods of synthesis of nanomaterials as well as tools of characterization
and manipulation, novel methods of fabrication and control of nanostructures, and new
device concepts are being constantly discovered.

Nanotechnology deals primarily with the exploration of nanostructures Such as
clusters, quantum dots, nanocrystals, metallic nanowires diamond and carbon nanotubes
and so on.> The physical and chemical properties of nanomaterials can differ
significantly from those of the bulk materials of the same composition. The uniqueness of
the mechanical, electrical, chemical and thermal characteristics of nanostructures
constitutes the basis of nanoscience and the reason behind their exploration as EE
sources.

There are two approaches to nanoscience graphically termed ‘top down’ and
‘bottom up’ or self-assembly. ‘“Top down’ refers to making nanoscale structures by
machining and etching techniques, whereas ‘bottom up’, or molecular nanotechnology,
applies to building organic and inorganic structures atom-by-atom, or molecule-by-
molecule. Both methods have evolved separately and once combined with suitable
control of the properties and response of nanostructures will lead to new devices and

technologies.
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Well-established technologies are based on nanomaterials such as SPM, SEM,
and nanoelectronics devices. However, the goal of science and engineering of
nanomaterials technology is to master the synthesis and fabrication in order to explore
and establish nanodevice concepts, to generate new classes of high performance
nanomaterials and to improve the techniques of nanostructures investigation. Potential
uses of nanomaterials includes but is not limited to nanoelectronics, nanofluidics, nano-
optics, nanomagnetics, and nanobioelectronics.>

Nanomaterials, especially CBNs, were able to emerge within the VME to develop
vacuum nanoelectronics technology (VNE). The essential elements of vacuum
nanoelectronics devices are microfabricated or synthesized single nanoemitters. Results
have been achieved while exploring nanomaterials as electrons emitters.>* For instance,
the core of most of the current electron guns are based on nanoemitters capable of
producing focusable small spot size beam.”

VME devices based on microfabricated arrays reached its limit for the packing
density (107 cones/cm’) because of the limitation in photolithography.® Since the
maximum number of emitting sites is limited, the extracted current density also has a
maximum. A solution for this issue consists of using a bottom-up approach and by
switching to nanostructures. The published values of turn-on fields from VME emitters
are greater than 8 V/um.***® Using CBNs based devices this number can be reduced by at
least one order of magnitude. In the present work, a turn-on of 0.7 V/um is obtained from
conical carbon nanopipettes.

Constructing a practical VME field emitter device necessitates uniform tip height

and diameter (50-100nm). VME emitters are costly to make because their fabrication
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requires the use of MEMS procedures involving the photolithography technique. Using
nanostructured materials as EE sources is a promising route towards the production
emitters having high uniformity in the shape, emitting surface area and height. This is
possible by the bottom-up approach and the ability to grow CBNs with the requirements
of high uniformity in diameter, height and other properties.

Firstly, CBNs, especially carbon nanotubes, are known to have good electronic
and mechanical properties and proven to be extremely stiff and resistant to bending, ion
bombardment and harsh vacuum environment, 225! Secondly, the good thermal
properties of CBNs can be seen in their high thermal conductivity (~ 6600 W / m K) and

melting temperature of carbon around 4800 K.****

It was reported that SWCNTs are
thermally stable in vacuum under temperatures as high as 2800 °C.**

These advantages over metals and semiconductors emitters make CBNs stand
firm to the harsh environments including the joule heating. Finally, the chemical
properties of CBNs are outstanding and are unreactive with the substrates. Having all of
these characteristics it is highly possible that the fluctuation noise within the noise
spectrum can be reduced.'® Carbon based materials are known to have high work function
ranging 4.5-5.10 eV. Recent work shows that a simple oxide coating can significantly
reduce the work function to 1.9 eV.* Beside all of this, the growth processes of most

nanostructures and CBNs is inexpensive compared to the need for sophisticated

equipments used in the VME processes.
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1-3. Dissertation outline

Chapter 1 is a brief overview of the different processes of emission that occur at
the metal-vacuum interface. The advantages of using nanostructured materials as electron
point sources over the pre-existing emitters have also been explained.

Chapter 2 discusses the theoretical backgrounds of the FE, TE, and Field
enhanced TE. The theory will be used to understand and to analyze the experimental data
presented in chapter 4. Chapter 2 also presents the material selection and the design
needed to optimize EE properties. Modeling of emission current density is introduced
together with the estimations and validity regions for each class of EE. In addition, a
literature review of the commonly used TE materials is presented.

Chapter 3 presents the fabrication and synthesis procedures used to create
nanoemitters used in this study plus a brief overview of the growth process for the
existing ones. The experimental set-ups and requirements employed for bulk in addition
to In-situ characterization, and set-up optimization is presented.

Chapter 4 discusses the experimental results and analysis of TE characterization
from carbon based nanostructures. The techniques used to extract practical parameters of
nanoemitters are presented.

Chapter 5 discusses the experimental results and analysis of FE characterization
from different nanostructures. The techniques used to extract practical parameters of
nanoemitters are demonstrated. Evaluation of the efficiency of the nanostructures used is
established.

Chapter 6 presents summary and conclusions of the present work.
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CHAPTER II

THEORETICAL BACKGROUND AND ESTIMATIONS

This chapter reviews the theory of the three types of EE (FE, TE and FETE) to
understand how an EE based device works and acts as a guideline to design and analyze
the functionality of EE of nanostructured materials.

EE can be classified into three regimes based on the contribution of each of
temperature and electric field to extract electrons from solids.*® Low electric field and
high temperature produce thermionic emission. Under high field strength and low
temperature, field emission prevails. Thermionic field emission takes place when
tunneling phenomena along with thermal excitation are observed simultaneously at
moderate field and temperature. During these regimes, the electron transport mechanism
takes place within the vacuum medium in two different ways: electrons climbing over the
barrier once they gain energy or penetrating through the potential when its height and
shape permits. The resulting emission properties depend on temperature, field strength
and materials’ electronic properties from which electrons are to be extracted into the

vacuum level.

24



2-1  Thermionic emission

2-2-1. Physics of thermionic emission

TE is a temperature induced flow of charges from a charged solid when they gain
thermal energy capable of overcoming the electrostatic forces holding them back to the
solid (conductor). Figure 2-1 is a schematic of the potential barrier seen by an electron

present within the conductor.
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A
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Figure 2-1: Schematic of the potential barrier diagram within metals.

Metals are materials capable of conducting electric current due to the presence of
mobile electrons in the valence band. Electrons in the bulk of a conductor experience an
average electric field that is zero.

The valence electrons, due the image charge effect, experience strong binding

force, F, holding them within the conductor:*’

2
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Where x is the distance of an electron from the surface of the conductor and &,, is
the permittivity of free space.

In metals, the electrons are governed by Fermi-Dirac statistics, which states that
the probability that a specific electronic state at energy E is occupied by an electron in

thermal equilibrium is given by the Fermi-Dirac distribution:*®

f(E)= W

Fermi energy can be imagined as a distinction between the states that are
occupied and those unoccupied (Figure 2-2). At absolute zero, the distribution function
has a step (rectangular) at the Fermi energy and all the electrons occupy states at or below
this energy. This transition smoothes out as the temperature is increased and electrons
start filling up states higher than Fermi energy, furthermore, the distribution function for

the electrons develops a high energy tail as depicted in Figure 2-2.

Figure 2- 2: The Fermi-Dirac distribution function at different temperatures.
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Figure 2-2 shows curves of the Fermi-Dirac distribution function f{E) versus the
energy (E-Er) for different temperatures. It illustrates the behavior of the distribution
function as the temperature changes. At the Fermi energy the statistics require that half of
available energy states will be occupied by an electron independently of temperature.

Once the temperature of a given material increases, electrons start vibrating,
moving faster so that their kinetic energy increases. When the energy is high enough to
overcome the image-charge force, the electrons are able to escape from the conductor's
surface into the vacuum..* In this processes of electron “evaporation”, the higher the
temperature the larger the current of escaping electrons. Therefore, the rate of EE is
related to the temperature.

The higher the electrostatic potential barrier (work function in this case) the more
energy is required by electrons to pass over it. Therefore; the rate at which EE occurs
must be related to the work function. The number of electrons escaping from the metal
corresponds to an electric current, and Richardson's Law based on classical mechanics,

states that the emitted current / is a function of temperature T via the equation:™

I = ATZe‘[%] 2-3

{5%)
J,=AT?e N7 2-4
While:
2
A= 4’":3" e 2-5
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Where T is the absolute temperature in Kelvin, @ is the emitting material’s work function
in eV at OK, K, is Boltzmann constant, A is Richardson's constant, A’ = A/S, S is the
emitting surface area, m and e are the mass and charge of an electron and 4 is Planck

constant.

2-2-2, Effect of the work function on thermionic emission

The work function ® is a characteristic of the emitting surface. In the field of TE,
search for low work function materials has attracted lot of focus. Experimental evidence
indicates that the @ depends slightly on temperature, due to thermal expansion of the

atoms lattice, through the coefficient a and, per se it can be expressed as:>!

=@, +dl 2-6

Therefore, the emission current density can be rewritten as:

J,= A’Tze_[ ) 2-7

A =A% 2-8

Equation (2-4) shows the quadratic dependence of the emission current on
temperature and exponential dependence on work function indicated by Equation 2-4.
The quadratic dependence is shown in the individual curves in Figure 2-2. There is a
large increase in the emission current with little temperature rise for 0.5 eV change in the
work function. Fitting TE experimental data into Equation 2-4, one can measure the

work function of the emitting materials.”®> The exponential dependence is on the work
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function. The slopes of the curves of Figure 2-2 are due to the difference in the work
functions.

The effect of work function on emission current as well as onset emission
temperature is evident. The value of the effective work function provides an insight on
the operating interval of a TE based device and estimates of the emission current density.

Figure 2-3 displays the emission current density versus temperature illustrating the effect

of the work function on the emission properties.

J (Alem?)
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Figure 2- 3: The emission current density versus temperature
for three different materials.”

While most of the emitting materials have work function ranging between 1 and

5.5 eV, very few can meet the requirement of low work function and high melting
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temperature. In fact, some people take the ratio of work function to the melting
temperature as a figure of merit for thermionic emitters.™

A band energy diagram can also be used to illustrate how the work function of the
material affects emission probability. Figure 2-4 shows a schematic of one dimensional
energy band diagram in the absence of electric fields of three materials having different
work functions. The smaller the work function the lower is the energy needed for the
electrons to surmount the energy barrier. Any electron having energy less than the work
function will not manage to escape but will be turned around by the intrinsic electric field
close to the surface and eventually return into the body of the metal. Cathodes with low

work function are well suited as thermionic emitters.
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Figure 2- 4: The Energy band diagram of three different materials.
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Table 2-1: Effect of work function on thermionic emission properties

Material

Tungsten ( W)

Thoriated Tungsten (Th-W)

Oxide

®) Emission temperature needed to produce 1 A/cm’.

Table 2-1 illustrates the TE properties of tungsten, thoriated tungsten and oxide
that have different work functions. The effect of work function on reducing the TE onset
temperature as well as increasing the emission current density is evident. For about 47 %
drop in the work function, the temperature required to obtain an emission current density

of 1 A/em® drops by a factor of 2.
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2-2  Field emission

Field emission (FE) is the penetration or tunnelling of electrons from the surface
of a conductor into vacuum under the influence of an electric field. Typical fields can be
of thousands of Volts/microns. In order to obtain such field values at low applied
voltages, the emitters must have a sharp tip at their ends. FE can be obtained at
temperatures much lower than those required for thermionic emission and most of times
at zero temperature; sometimes called cold emission.

FE requires higher vacuum levels than TE to be able to work with high efficiency.
Unlike TE, FE doesn’t require the electrons to have energies equal or higher than the
potential barrier and low work function. In the FE process, the emitted electrons are
produced from a cold surface rather than hot surface. Consequently, The FE devices
consume less power and can be turned-on instantaneously. Fowler, Nordheim and others
explained this phenomenon on the basis of quantum mechanical tunneling.”>® In thermal
equilibrium, electrons are confined within the conductor by a potential well and have
energy insufficient to escape to the vacuum. Application of an external electric field to a
conductor results in the bending and thinning of the surface potential barrier at the metal-
vacuum interface.”® Once the barrier lowers and the tunnelling distance becomes small
enough, electrons penetrate through with finite probability. Figure 2-5 is a schematic of a
one dimensional energy diagram seen by an electron on a metal surface. The potential
barriers sketched are formed as a result of image charge in the absence or presence of
electric fields. At large enough field the energy barrier can be narrowed enough to sustain

large tunneling current.”
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Figure 2-5: Energy band diagram showing the metal-vacuum interface
and the potential barrier with and without the presence of an applied field.

The following expression describes the shape of the barrier drawn on figure 1.in

the presence of an external electric field:

€2
V. =E; +@P———eEx 2-9

4x
Where -e2/4x is the potential energy due to the image charge potential and -eEx is the
potential energy due to the applied electric field.
Figure 2-5 shows that the resultant barrier potential changes due to application of
an electrical field. Both the barrier height is reduced and its peak has defined value so

that tunneling probability becomes higher. FE is becomes easy to realize when the barrier

width is less or equal to 1 nm.”” The barrier width (also called tunneling distance) Ax can
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be computed from Equation (2-9). The intersection of the function V, with the horizontal
line at the Fermi energy correspond to two x-coordinates xy and x;, therefore the

tunneling distance is defined as:

@

Ax=x, —x, = —
ek

From equation (2-10) shows that for given work function, application of high
applied electric fields can significantly reduce the tunneling distance.
The resulting barrier height denoted as the effective work function (@) can be

expressed using equation (2-9) as:

2-11

Fowler-Nordheim (F-N) theory assumes that the metal obeys the free electron
approximation with Fermi-Dirac statistic, the emitting surface is planar, smooth and
having temperature of 0 K.

The free electron model suggests that the emission current density is the product
of the supply function or number of electron impinging on the potential barrier and the

probability of the electrons that could penetrate through the barrier.”®

J(E,T,® )= ejD(E,W JN(T,®,W dW  2-12
0

Upon integrating Equation 2-12, the emission current density can be predict using

F-N equation.’ 8
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J A ¢"E2e[ E 2-13

Ci(y) ’
1(€E Z
yz—( J 2-14
D\ 4re,

Where e is the elementary charge of the electron, J: current density in Amps/cmz,
E;: the effective electric field in volts/cm, T is the temperature in K, @ is Work function
in eV, A=1.56 x 10° A V? eV, B=6.83x10" V (eV)™? cm™, S is the tip’s emitting area in
em, D is the penetration probability, N is Number of electrons, W is energy and f is the
field enhancement factor. The Nordheim elliptic functions tz(y) =1.1 and v(y) =0.95-y2
are slow varying on E and @. They have been computed, tabulated and for simplicity
they are taken equal to unity in this work.

It can be concluded from Equation 2-13 that if In(J/E* )versus 1/E is plotted, it
should result in a straight line for a typical field emission experiment. £ can be calculated
for a given emitting material using the computed value for the slope of the line. The
electric field in equation (2-13) denotes the local electric field experienced by the
emitting surface. In case of tip-like structure the applied and local electric fields are

different and proportional via.”

Substituting equation (2-15) into equation (2-14), the current density expression

becomes /3 dependent:*
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[_BWJ
J=A® 'BE e P
The modified F-N equation above is to reflect the surface topography on field
emission. The dimensionless parameter fis then used is to quantify the ability of the
emitter to enhance the applied electric field and to illustrate the cathode’s performance.
This enhancement manifests in the narrowing of the tunneling distance and reduction of
barrier height (that’s why it is called field enhancement factor) and is basically evaluated
by the cathode’s sharpness and aspect ratio. Since FE characteristics are determined by
the local field E, then the higher the S value of the emitter the lower the value of applied
field at which significant emission takes place. Depending on the shape of the substrate
and emitter, different empirical expressions for # , have common dependence on the
aspect ratio (h/r) of the emitter.’’ While using flat cathodes with smooth surfaces the
applied and effective (local at the emitting surface) electric fields should be the
comparable. The applied electric field also needs to be high enough (~ 3*10’ Volts/cm) to
turn on field emission and obtain meaningful current. However, when using
nanostructures and rough surfaces having tip-like structures, it is unnecessary to have
large field inputs. Nanostructures have the ability to amplify the electric field and since
the local electric field can't be measured directly; the factor £ (which can be extrapolated
using the F-N plot) is usually used to compute the local field and predict the occurrence
of FE. Figure 2-6 illustrates that a flat and smooth surfaces exhibit a uniform low field
while pointed structures shows high field surrounding the apex and local field

enhancement.
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The value of the applied electric field at which field emission kicks off is called
turn-on field. It is an indicative of the performance of the emitter. The following example
illustrates the importance of local enhancement on some of the field emission properties.
Low turn-on fields at which meaningful emission currents, usually corresponding o 1nA
or 10 uA/cmz, can be extracted is very desirable.

As a first approximation /# can be approximated to the ratio of 4/r. For an emitter
having 5 um in length and 20 nm in diameter, f is approximately 500. Therefore to reach
required field emission field of 3000 Volts/um, just 6 Volts/um needs to be applied at the

base of the emitter.

Figure 2-6: The electric field lines near (a) a flat surface and (b) a sharp structure.®

Although is it highly desirable to have high /3, there is a trade off on the cathode’s
effective emitting area and value of S. Hence, design and fabrication of relatively high
density cathodes that are efficient field emitters is needed. Nanostructures in particular

are able to fit into this category of emitters that can easily combine high electrical

37



properties, high amplification factor as well as high packing density as will be

demonstrated in the following chapters.

Two configurations are generally employed to characterize and to fabricate a field
emission system. Diode arrangement is the basic one where two electrodes are placed
next to each other within vacuum. It can be modeled as an electrical circuit where the
emission current is the current circulating within the circuit is due to the emitted electrons
and is obeying F-N law instead of Ohm's law (Figure 2-7). Electrons extracted are
accelerated towards the collector by the electric field present within emitter-collector gap.
The other configuration is triode arrangement that has a significant impact on the
performance of vacuum microelectronic field emission based devices as the ejected

electrons get amplified towards the anode.

Triode configuration consists of three terminals: cathode (emitter), a grid which is
a positively charged metal that can be placed as close as possible to the emitter, and the
plate or anode (collector). The electric field created on the grid is able to repel/accelerate
the extracted electrons and limit the number of electrons passing through. Figure 2-7
shows the circuitry of the field emission system set-up. It consists of two electrodes
having opposite charges that are placed within the vacuum. The grid can be also

integrated within the system to control the emitted electrons and enhance emission.
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Figure 2-7: Triode configuration of a field emission characterization set-up.”
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2-3  Field Enhanced Thermionic Emission

At high temperature and low field, the temperature dependence of the Fermi-
Dirac distribution is mainly responsible for variations in the emission current; hence,
thermionic emission predominates EE. At high field strength and low temperature, field
dependence of the barrier shape is principally responsible for variations in the emission
current; consequently, field emission predominates the EE. Thermionic field emission
takes place when the tunneling phenomena along with thermal excitation significantly
contribute to the total emission current. Therefore, the electron can climb over the barrier,
and penetrate through or some will climb while others will tunnel through
simultaneously. Consequently the emission current increases with the temperature and
the applied field. Field enhanced thermionic emission (FETE) takes place when the field
strength is enough to band the potential barrier and reduce the work function without
initiating tunneling.

While the theories of FE, TE and FETE of electrons from metals have been well
studied, little work has been devoted to the intermediate region where temperature and
field significantly contribute to the emission. The reason is the narrowness of the region
itself and its sensitivity to little change in the pair temperature-field values. Whereas
FETE has drawn lot of focus and attention due to the low power consumption compared
to TE enabling wide applications such as energy conversion.

During TE process the emitted electrons have zero velocity and tend to form an
electron cloud, known as space charge, near the hot emitting surface, resulting in an extra
potential barrier and limiting the number of electrons that can reach the collector.

Therefore, an extra force in the form of electric field needs to be introduced to accelerate
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the thermally emitted electrons towards the collector. The larger the electric field, the
larger the resulting current of electrons.

At thermal equilibrium, the potential barrier is equal to the material’s work
function minus the image charge potential when space charge effect is not present (Figure
2-5).

2

e
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’ 4x
Application of an electric field will farther reduce the barrier height and produce a

triangular barrier type,

2
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The resulting reduction in the work function can be expressed as:

2

A¢=—eEx—e— 2-19
4x

Image charges build up in the metal electrode as carriers approach the metal-
vacuum interface. The potential (-e2/4x) associated with these charges reduces slightly
the effective barrier height even in the absence of an applied field. Application of an
external electric field has two benefits; reduction in the barrier height due to (-eEx) term
contribution and decrease in the barrier width. The ability to reduce these two quantities

is very important in designing an efficient EE based device.
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The lowering of the EE barrier is commonly referred to as the Schottky effect.

The amount by which the barrier lowers is proportional to the square root of the electric

field via the equation:

e’E
2-20

The Equation 2-20 shows that field strength of the order of 10° Volts/um, is easily

achievable using nanotips and results in an approximately 1.2 eV decrease in the work

function. The higher the field strength the higher is the reduction in the barrier height.
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Figure 2-8: The emission current of a tungsten filament
and treated tungsten as function of temperature.®*
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Once the work function is reduced, electrons can easily climb the potential
barrier; hence; EE will occur at lower temperatures than in the case of pure TE. As will
be discussed in the next chapter, a little decrease in this quantity will have a large
increase in the emission current and decrease in the emission turn-on temperature. The
resulting device will consume less power and have longer switching time. Figure 2-8
illustrates the emission of a tungsten filament (4.5eV, red curve) and treated tungsten
(blue curve) as a function of temperature. A small percentage change in temperature (5%)
in the emitting region results in a big change in the emitted current (by about factor of 2).
On the other hand, a decrease in the work function by 0.5 eV increases the emission
current by a factor of (exp[1/(2KT)] ~ 3500) at 1773 °C. The smaller the work function
the easier the electrons can escape and contribute to the emission current.

Figure 2-5 shows the potential barrier existing within the metal with and without
the presence of an applied electric field. The work functions ® and ®.s denote
respectively the old and new barrier that electrons see before they can get to the vacuum
level.-Hence, the emission formula should consider change in the work function:

[/

J :A’Tze_[’f—g] 2-21

Using equation 2-4, the current density is expressed as:

J=J,e"" 2-22

Where Jj usually referrers to the zero field current density.
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Therefore, the main determining factors for the all types of EE are temperature,
the electric field and the material's work function. The ability to design an efficient
electron emitter based device can be manifested in obtaining EE at low temperatures and
low electric fields. This is achievable by using low work function emitting surfaces that
can withstand rough conditions such as high temperature and high vacuum environment.
As will be demonstrated in the next chapter, just few materials are appropriate for TE
while a larger selection of cathodes can be used for FE. Surface treatment of the cathode
by thin film coating of alkaline earths materials is commonly used to lower the work
function of the emitting surfaces. Another technique is to apply a relatively high electric
field to lower the potential barrier height (the work function), which is easily achieved by
taking advantage of local field enhancement when using nanostructures, Field enhanced
thermionic emission is based on the field enhancement to lower the potential barrier and
the ability to achieve high local field strengths at moderate low voltage. Thus,

nanostructures can be an essential element of TE and FE based devices.
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2-4  Material Selection and Emitter Design and Modulation

Various parameters determine the choice of the cathode materials to be
employed as thermionic emitters. These parameters include the compatibility of
cathodes with the environments in which they are operated, the work function of the
cathode which needs to be as low as possible; the emission temperature of operation
at which appreciable emission takes place is desired to always be low, and finally,
the melting temperature when the evaporation of the cathode starts to be significant
has to be very high. In addition the maximum current density that can be extracted
from the emitter and the emitters’ lifetime also affects the choice of material and can
limit its application. Therefore, the amounts of materials that can satisfy the
aforementioned conditions are limited. An Extensive search for materials and
treatment and processing of hot cathodes has been performed resulting in exhaustion
during the time of exploring electron tubes. However, the result of this search was
encouraging and new processes were discovered to lower the work function and
increase the cathodes’ efficiency, nevertheless, tradeoff between TE properties is

always present.

2-4-1. Thermionic emission materials

Hot emitters are classified into two categories, directly and indirectly heated
cathodes, depending on the way the heat is generated. A directly heated cathode consists
of heating a metallic filament to a white incandescence to initiate electron evaporation
process. The filament is usually made of tungsten, has hairpin-like (v-shape) filament
made of tungsten wire. A DC current is passed through the W-filament to heat it up to a

temperature of ~ 2500 K, at which it emits practical number of electrons into the
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surrounding vacuum. Tungsten makes up most of this category of cathodes. However, in
theory, any filament with high melting temperature should be able té emit electron once
it is heated, directly or indirectly, to a white incandescence; however, good hot cathodes
needs to produce appreciable emission current to be of use for the applications.

The indirectly heated cathodes consist of placing the emitters on an electrically
isolated but thermally conducting heater to increase the cathode’s temperature to the
desired onset and emission value. The indirectly heated cathodes are usually covered
with a thin emissive layer which is typically the oxides. The oxides can react with some
emitting materials to significantly reduce their work function. The indirect heating
technique is adopted in the present work by reason of its advantages over the direct
heating technique:

The indirect heating technique is adopted in the present work by reason of its
advantages over the direct heating technique:

. With an indirect heating system, any shape and area of the cathode can be
used, instead of just a filament. Moreover, higher current density can be extracted.

. The thermal run way can significantly be reduced due to the absence of
joule heating.

o Indirect heating increases the cathodes’ life time when compared the direct

heating. (No high current has to pass through the emitter-substrate system)

Below are few examples of materials that are commonly used in many
applications as hot cathodes. The choice of materials is governed by the need of high
melting temperature of the emitter, low work function or combination of both. The first

material is tungsten:
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a. Tungsten

Polycrystalline tungsten was one of the materials that attracted much attention
when the focus on TE started. Tungsten can function at high operating temperature (2500
K), by which an emission density up to 400 mA/cm? can be produced from pure
polycrystalline tungsten filament. Tungsten has a lower work function of about 4.6 eV
versus other metals; however, it requires the filament to be heated to high temperatures to
initiate appreciable emission current. Since the power drawn by any hot object is
proportional to the fourth power of its temperature, large amount of heat power is wasted
when TE takes place which lowers the efficiency of tungsten filament. Even with the
lowest efficiency and high work function with respect to other materials, tungsten is still
used in applications requiring high power due to high melting point of 3650K, greater
mechanical strength, its high resistivity to ion bombardments and longer life. In addition,
tungsten filaments are easy to manufacture, have high life time and does not require

an expensive fabrication process.

b. Thoriated Tungsten

Thorium (Th) is one of the materials that once added to tungsten, decreases its
work function and increases its emissivity. Adding a small quantity of thorium to
tungsten reduces significantly its work function to about 2.6 eV, which is 43 % lower
than pure tungsten resulting in a lower onset TE temperature of 1700 K and an operating
temperature of 2173 K.

Thoriated tungsten, once used in a thermionic diode configuration, is proven to
consume less power at higher efficiency when compared to pure tungsten. However, it is

not as robust as tungsten.
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c¢.  Oxide coated cathodes

Oxide coated cathodes consist of depositing thin film of a mixture of metallic
oxides onto a ribbon of nickel or nickel alloy. The most frequently used oxides are
BaO, Sa0O, and CaO produced from the alkaline earths metals such as barium,
strontium, and calcium. The emissive coatings are either a double which is a mixture
of BaO, SrO oxides or triple that is a mixture of BaO, SrO and CaO. Usually the
oxide coating is applied to the nickel ribbon in the form of the corresponding
carbonates (i.e. BaC0s) in order to stabilize the cathode during emission. During the
coating process, activation is carried out by heating the cathode to decompose the
carbonates. At room temperature and higher, electrons are excited to the conduction
band of the coating by donors which are distributed all over the thin film. At the cathode
operating temperature, the conduction electrons gain enough energy to overcome the
work function of the oxide coating and escape into the vacuum producing the TE current.
The principal donor in the coating is due to an excess of metallic atoms of the alkaline
earths in the oxide, which is produced during the cathode activation step.”

The oxide coating can lower the cathode’s work function down to 1.1 eV. They
operate at comparatively low temperatures; typically, they operate at 1073-1273 K and
they can achieve even smaller T ~ 750 K. In addition, they have higher thermal
emissivity than pure tungsten. However, they can't withstand high voltages; therefore, it
is used only in low power applications. Moreover, the inconvenience of using the oxide
is that they tend to blister, get destroyed by ion bombardment, and easily get poisoned in
a rough operating environments.*® The activated electrodes can be destroyed by contact

with chemicals such as oxygen, carbon dioxide, water, aluminum, or silicates.®®
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d. Dispenser cathode

Dispenser cathodes are based on a porous tungsten matrix that is impregnated
with a Ba-based multi-component oxide.®” Surface layers are often sputter deposited onto
the impregnated and machined surface of the dispenser body to tailor the emission
properties for specific temperature ranges, environments and applications. The
composition is essentially a ternary-oxide that contains BaO, CaO and Al,O; in varying

proportions. Common compositions are 3:1:1 and 5:3:2 Ba0:Ca0:Al,03.%

e. Boride cathodes

Hexaborides were very successfully employed as hot cathodes, for high
brightness applications. Some of them produce high current while resistant to poisoning
from ion bombardments and harsh vacuum environments. The most commonly used
borides are lanthanum hexaboride (LLaBg) and cerium hexaboride (CeBg), which is also
another type of coatings used by hot cathodes to resists against poisoning and for high-
current applications.> Boride cathodes are also characterized by lower work function (i..
2.5 eV), have longer lifetime and are much brighter than the tungsten. When operated at
1700 K, the lifetime can reach up to 500 hours, and the brightness around 3.10°
A/cm*/Sterad. The fabrication process of LaBe cathodes is more expensive than tungsten

hairpin and they requires higher vacuum to operate.*®

f. Novel cathodes
In addition to the listed oxides and borides, other materials are starting to emerge
to be used within VME and VNE technology. New materials have been developed and

proven to be effective hot cathodes; such as CBNs, diamond and carbon nanofibers.”®
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The need for materials that combine the resistance against harsh conditions and low work
function makes it essential to create a new generation of hot cathodes that optimize the
operating conditions and open a new set of applications. The oxide coatings of CNTs

have been reported with a 2.1 eV for the resulting material’s work function.”
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Table 2-2: Selection of TE materials

Metals & Alloys

Borides

Oxides
(coating)

Carbon-like
cathodes

Li-containing
materials

Cathode’s materials ((:1;,) (A/.clmlb (,{j) Ref.
Tungsten (W) 4.6 2.52 1500 e
Molybdenum (Mo) 4.36-4.95 8 1400 %
Barium tungsten bronze 2.6 6.6 * 10° 570 i
Cesium tungsten bronze (Cs,WO;) 3 0.05 * 10° 421 o

Lanthanum hexaboride (LaBg) 3 30 1625 B
Barium strontium oxide 2.6 1.6 925 5
Nanocrystalline diamond 1-3 800-1050 | 7
Carbon nanotubes 4.8 15 * 107 1437 X
B-eucryptite 1.9*10° 777 &

Table 2-3: Effect of work function on the TE properties.

Material

Tungsten (W)

T (K)"

Thoriated Tungsten (Th-W)

Oxide

®) Emission temperature needed to produce 1 A/cm’.




2-4-2. Electron emission validity regions

Using the Fermi-Dirac distribution for a free electron gas in the metal and the
classical image force barrier at the metal-vacuum interface, Murphy and Good were able
to develop a model for the regions of temperature and electric field in which the electron
emission is possible. In addition, they used the general equation that governs the electron
emission from a metal to deduce the generalized equations that govern each type of
electron emission.*

The total emission current density is obtained by integrating over all energies, the
product of the penetration probability and the number of incident electrons per second per
unit area with respect to the total electron energy W. The emission current is a function of

the field, temperature and work function; it is expressed as:>’
J(ET,@)=e[DXEW)N(T,®,W W 31
0

kT had —(W“;)
HET®)=—— [DXEW)in(1+e ¥ )aw 3.2
2

Where J is the emission current density, E the electric field, T the temperature, D
the penetration probability, N the number of electrons, W is the energy and W, is the
effective constant potential inside the metal k is Boltzmann constant, (- {) is the work @.
The transmission coefficient is obtained via the solution of the one dimensional time

independent Schrédinger equation.
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Murphy and Good had established a set of conditions, a range of temperature and
field for the three types of emission (TE, FE and TFE) along the corresponding expresion
for the emission current desnity by using an approximation technique to resolve the
integral of Equation 3-3.*° The approximation is valid only for values for the work
function, field and temperature. The computed conditions while solving for the existence
of solution of Equation 3-3, define the validity regions of each type of emission. The
model is also able to reproduce the Richardson-Schottky, and Fowler-Nordheim

equations.

Boundaries for
—"TFE
— TE
— FE

0 2 4 36 8 10 12
x10 E (Volts/pm)

Figure 2-9: The validity regions of the three types of electron emission
(TE, FE and TFE) for a 5 eV work function cathode.®

In Figure 2-9, three regions can be identified according to the values of
temperature and electric field. At high temperature and zero fields, the temperature
dependence of the Fermi-Dirac distribution is behind the variations in the emission

current; hence, TE predominates. Field Enhanced Thermionic Emission (FETE) takes
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place when the field strength is enough to band the potential barrier and reduce the
effective work function without initiating tunneling process. Hence, FETE dominates
electron emission. The TE and FETE is valid only within the blue shaded region of
Figure 3-9.

At high field strength and low temperature, field dependence of the barrier shape
is principally the origin for the variations in the emission current; consequently, FE
dominates the electron emission and it is valid only within the green shaded region.

An intermediate region appears at moderate values of temperature and field. This
region defines the Thermionic Field Emission (TFE) mode. TFE takes place when the
tunneling phenomena along with the thermal excitation, significantly contribute to the
total emission current. Consequently, the emission current increases with the temperature
and applied field. The boundaries of the temperature and field, within which TFE takes
place, are intermediate between TE and FE region. The boundaries are defined by the red
curves of Figure 2-9. The TFE occurs at the narrow red shaded region which is sensitive
to the changes in the parameters and practically difficult to realize.

Murphy-Good theory and boundary conditions are used to model the validity
regions for the three types of emission for different materials.

In the case of FE, since the barrier width of 1nm or less is enough to initiate cold
emission, the validity region area shrinks down as the work function decreases.
Therefore, the tunneling distance gets smaller and the easiest is the cold emission to

occur.
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Figure 2-10: (a) FE boundaries for five different materials
(b) TE ad ScE boundaries for five different materials.®
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Figure 2-11: TE ad ScE boundaries for five different materials.®*
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Figure 2-10(a) displays the boundaries of the FE and the shrinking of the validity
region as the work function decreases. Low work functions materials require less field
strength than those of high work function. According to these models, for FE to take
place; field strength of 13*10° Volts/um could be required for a 5eV material, which is
more than 90% than what is required to stimulate FE from a 1 eV cathode.

Figure 2-10(b) displays the boundaries of the TE and ScE. TE takes place at zero-
fields, while ScE is present at the introduction of an electric field. In this case, the
validity region of emission opens up with the increase of both temperature and field. The
validity region is limited by the materials melting temperature and by the minimum value
of temperature at which the cathode produces a detectable emission current. The lower
the work function is, the narrower the validity region and the less energy is spent to
extract electrons. To explain this by numbers and according to the model and current
estimations, the operating temperature of a 5 eV cathode is 85% higher than a cathode

having a work function of 1 eV.
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2-4-3. Field screening effect

The behavior of a conductor in the presence of an electric field changes as soon as
another conductor is placed at its proximity. This is also the case when an electric field is
applied between an array of nanoemitters and an anode. Each emitter screens the field,
especially when the inter-emitter distance is very small with respect to the emitter’s
height. The electrostatic field screening between the emitters is the decrease of the
expected field amplification at the tip when a field is applied at its base. In fact, the field
amplification factor drops as the inter-emitter spacing attains a distance less or equal to
the emitter’s height. This effect affects the field-emission properties as well as the
performance of a FE device.'

An electrostatic simulation of an electric field around the emitters that are 5 um in
length and sub 100 nm in diameter is performed. The inter-emitter distances are taken to
be smaller, equal and longer than the emitter’s length. Figure 2-11 illustrates the
simulation results and showing the equipotential lines and the electrostatic field
distribution for conducting emitters with varying inter-emitter distance. For an individual
emitter, the electric field is very intense at its tip. The field enhancement is largest for
well spaced emitters and decreases when the inter-emitter separation becomes
comparable to the double of the emitter height.'

Based on the simulation, the following statements can be concluded:

. The super sharp tips such as nanostructures should amplify the field better
than any preexisting cathodes (i.e. microfabricated emitters).

o A FE based device with highly dense emitters will operate at the lowest

emission efficiency as the threshold field is high and current density is low.
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o Close-packed arrays of emitters having high aspect ratio are not ideal for
FE applications. However, loose-packed arrays lower the emission current density.
Therefore, there is a tradeoff between the aspect ratio and the emitters packing density.
To produce highly efficient FE devices and optimize the emission current density one
must design an emitter array where the field screening effect is effectively minimized by
moderate density and aspect ratio.

The experimental data demonstrates that field emission from nanoclusters, which

have small aspect ratio and are closely packed, is considerably appreciable.®

su srate

High field Reduced field

screening effect screening effect

Figure 2- 12: Simulation of (a) the equipotential lines and (b) the electrostatic field
distribution for conducting nanoemitters having different inter-emitter separations.®
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CHAPTER I1I

EXPERIMENTS

This chapter reports on the measurements used for FE, TE and FETE from
several nanostructured materials. Some of these materials are metallic or have
metallic behavior, such as nanowires and metallic single wall carbon nanotubes
while others are semiconducting structures, such as single and multiwall carbon
nanotubes. The third category is insulators such as tungsten oxides nanowires. In
this chapter, the techniques employed to synthesize or fabricate the aforementioned
nanostructures, the experimental set-ups and tools used for EE characterization to
optimize or discover new electron sources are presented. First, a brief discussion on
materials synthesis is provided with emphasis on the novel nanostructures, CCNTs
and M_SWCNT, growth processes. Then, the means by which thermionic emission
and field emission from these nanostructures are investigated for bulk and In-situ
measurements. Last, a description of the experimental set-up and its optimization

for efficient electrons sources is included.

3-1. Fabrication and synthesis of nanoemitters
3-1-1. Production of Multiwall carbon nanotubes
Different processes generally used to grow MWCNTs include arc discharge, laser

ablation and Chemical vapor deposition (CVD).*” Both arc discharge and laser ablation
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employ carbon precursor to provide the carbon sources required for the growth which is
carried on at high temperatures (> 1273 K). CVD employs hydrocarbon gases as sources
for carbon and metal catalyst particles as “seeds” of the growth. The temperature of the
growth is relatively lower than the other two processes (773-1473 K).

CVD is regularly used today to grow many nanostructures. In particular, CVD is
used extensively to grow CNTs directly on large area substrates.*® CVD systems can
produce vertically aligned CNTs which are especially desirable for FE and FETE
measurements. The first step is to prepare a thin film of nickel, iron or other metallic
particles on a substrate.* The size of the particles determines the diameter of the
nanotubes. Then the substrate is heated in the furnace at around 1273 K. Subsequently, to
initiate the growth process two gases are usually driven into the furnace. One of the gases
is the carbon source during the chemical reaction. The gasses diffuse and get adsorbed
onto the substrate’s surface where the chemical reaction takes place at the right

temperature by the aid of a catalyst.

Figure 3-1 SEM images of MWCNTs vertically grown by CVD.”
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3-1-2. Synthesis of conical carbon nanotubes

CCNTs are novel carbon nanostructures that are in the form of helical sheets
wrapped into a cone making a shape of whiskers. These structures are introduced in the
present work for EE characterization. The center of the CCNT consists of a hollow tube
of constant diameter throughout the length of the structure. The cone tapers into a tip of

diameter ranging from 10 to 30 nm and length of 2-20 um (Figure 3-2).

Figure 3-2 SEM image of CCNTS grown (a) at moderate densitgf
and (b) at low density together with carbon flakes at their facets.”’

Mani et al presented the detailed method of synthesis of CCNTS.”" The process
is somewhat similar to the CVD method used to grow carbon nanotubes.® Usually,
Platinum wire of diameter of 0.5 mm and 30 mm long are used as substrates. They are
vertically placed on a graphite boat. The boat is immersed vertically into microwave
plasma in a CVD reactor. The gas-phase composition is 1-2% of CH4/H,, which is

atypical of carbon nanotubes growth. At the end of the deposition run, some regions of
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the substrate were found to be coated with a microcrystalline diamond film. These
regions contain carbon whiskers that are 10-700 nm in diameter and up to 12 pm in
length are grown.

The whiskers have a pointed tip in the shape of pipette having base with
submicron in size (Figure 3-2). There also was some minor faceting on the surface of the
CCNTs. A Transmission Electron Microscopy (TEM) shows that these whiskers have a
well-defined uniform hollow core, approximately 1-3 nm in diameter, extending
throughout its length. The carbon bonds making up the CCNTs are SP. In the process of
growth, amorphous carbon film is deposited on a clean Pt wire and the CCNTs protrude
above the film. Two steps are added to the growth process in order to produce a variety of
structures including the change in the gas phase composition to vary the structural
characteristics of CCNTs. Step 1 consists of carbon deposition using 1.35 vol % methane
in 200 sccm of hydrogen followed by a deposition and etching with 1 vol % methane in

step 2.
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3-1-3. Production of metallic single wall carbon nanotubes

a. Synthesis of M_SWCNTs

SWCNTs synthesis involves the CVD method adopted in the CNTs growth. The
CVD method results in high yield nanotubes having the metallic conductivity property.
The M_SWCNTs are grown from Fe nanocatalysts deposited on Si/SiO, substrate. The
silica layer is 300 nm thick and thermally grown on a highly doped p-type Si wafer using
dry oxidation method. The substrate is then immersed into a solution made out from 0.05
mg [Fe(NO3); 9H,0] that is dissolved in a 1 ml isopropanol solution for 1 minute. The

substrate is then dipped into hexane for 10 seconds and air dried.

Figure 3-3: SEM image of M_SWCNTs grown by CVD system.’
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Amorphous Fe,O; particles get attached to the SiO, surface then crystallize at 450
°C under high purity He gas flow. Before M_SWCNT growth, the catalyst particles are
reduced at 450 °C using (8:2) mixture of H, and He gases at a flow rate of 700 cm’/min.
The temperature is then increased to 860 °C while gas mixture is flowing through the
reactor. Methane (CHy), the carbon source during CVD growth, is introduced into the
reactor for 10 min at a flow rate of 300 cm’/min, terminating the other gases streams. The
furnace has been cooled down under He and H; mixture. Figure 3-3 shows a SEM image
of as grown M_SWNTs.

b. Estimation of Semiconducting/Metallic ratio of SWCNT

For a reasonable estimation of the ratio of metallic to semiconducting tubes,
the integral intensities of the Raman radial breathing modes (RBMs) are used, which

is defined as:

R:Im% 3-3

Where, I, and I, are the intensities of the metallic and semiconducting tubes
respectively.

Each spectrum is the average of 50 individual Raman spectra and measured from
different spots of the nanotube sample. The laser beam has about 1 pm of diameter at the
sample and the inter-spots distance of 10 pum. Two distinguishable regions in the RBM
spectrum are observed, one in the 120-160 cm’! range, which is assigned to
semiconducting tubes (Sy), and another band in the 160-230 cm™' range assigned to
metallic tubes (M;;) shows the Raman RBM spectra of the SWCNTSs grown on the Fe

catalyst using described procedure shows that for the samples RBM band of the as-grown
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tubes is dominated by metallic tubes R=20.2. The G-band spectra (Figure 3-4) displays a
transitions from Lorenzian to Breit-Wigner-Fano line shapes for the corresponding
sequence of the samples (Figure 3-4(b)). To obtain a reasonable quantitative estimation
of the percentage of metallic tubes, a comparison of the integrated RBM peaks of the

Raman spectra with the spectra of a reference sample is performed.”**?
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Figure 3-4: The Raman spectra of M_SWNTs. (I = 632.8-nm laser wavelength).96
The use of commercially available HiPco SWCNTs as the reference sample
(37:63) ratio of metallic to semiconducting tubes was estimated based on
photoluminescence measurements, which is close to those reported in at a (39:61) ratio.”>
This results in a determination of about 96% metallic tube fraction in the sample with the

highest R=20.2. However, HiPco SWCNTs show a noticeably different diameter
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distribution than these samples. This may cause a large inaccuracy in this estimation, as
the optical transitions are sensitive to the tube diameter. Therefore, reference samples are
prepared which consist of well-dispersed individual tubes grown on the same silicon

substrate under analogous conditions as the samples used in this work.
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3-1-2. Production of graphene
Graphene is a planar sheet of carbon atoms bounded together with double electron
bonds (sp’) making one atom thick film. The atoms in graphene are arranged in a
honeycomb-style crystal lattice. Graphene is a basic building block for graphitic materials
including carbon nanotubes. The scotch tape method is employed to isolate individual
graphene planes. Graphene can be attached to a desired location for FE characterization

using electrostatic deposition’’ or manual brushing of nonmaterial solutions.

Figure 3-5: SEM picture of graphene sheets deposited on a silicon
(a) trenches (b) pillars.98

Figure 3-5 is SEM images of few graphene layers deposited on a silicon trenches
and pillars. The transparency of the sheets indicates the thinness of the graphene layers.
The electrostatic field assists in enlivening some of the loosely bonded graphene layers
from a cleaved highly pyrolitic graphite (HOPG). Monolayers up to several layers of
graphene can be deposited on a desired substrate by controlling the applied voltage
between 3-10 KV. The edges of the graphene sheets have two types of structures, zigzag

or armchair. Zigzag structure would probably be an efficient EE sites.
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3-1-3. Fabrication of nanowires

Two types of nanowires are investigated for a possible use as cold electron
emitters; e.g. gallium-silver (AgzGa) alloy and tungsten oxides (WO2).

Ag,Ga nanowires form when gallium reacts with silver which at room
temperature. The reaction takes place instantaneously to produce bulk nanowires.”” These
kinds of nanowires are fabricated selectively on a desired location by using the method
developed by Yazdanpanah et el.'® Tllustration of the steps are shown on Figure 3-6 in a
form of time-lapse SEM images of nanoneedle formation.” The process is performed at
or near room temperature. First the gallium (Ga) droplet is melted and, due to its strong
supercooling property, it remains melted for extended periods of time at 25 °C (even
though its melting point is 29.7 °C). The AFM tip is sputter-coated with a thin film of
silver. After dipping the tip into the gallium, nanowires form in as little as a few seconds
to as much as few minutes. Then, either the gallium meniscus recedes from the wire or
the wire is pulled from the droplet. This process has been successfully performed using a
micromanipulator while viewing the AFM tip and droplet under a scanning electron
microscope (SEM), using a nanomanipulator with joystick control under a SEM, or in an
AFM with limited information feedback to the operator. The aspect ratio of the formed
nanowire can be controlled by room temperature monitoring and pulling speed.

The second type is tungsten oxide nanowires grown on a silicon substrate. The
synthesis of WO, consists of the chemical-vapor transport of metal oxide vapor-phase
species by means of air or oxygen flow through hot filaments onto the desired substrate.

1% The results show that the density of the nanowires can be varied from 10°-10' cm™ by

68



varying the substrate temperature (Figure 3-7). The diameter of the nanowires ranges

from 20-100 nm.

99
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Figure 3-7: SEM image of tungsten oxide nanowires.
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The last type of nanowires provided for comparison is iron oxide nanowires

which exhibits no detectable emission and is eliminated from further EE investigations
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3-1-4. Fabrication of nanoelectrodes

There is a need of sharp counter electrodes in order to approach and collect the
emitted electrons from a desired emission site and to minimize the contribution of other
electrons from neighboring tips to the total emission current. Two main techniques of
making the nano-electrodes to act as electrons collectors in the In-Situ FE experiments

are demonstrated.

a. Pipette pulling technique

The first technique involve the use of the Sutter P-2000 laser based
micropipette puller to make quartz nanopipettes followed by metallization using a thin
film evaporation coating technique. The principle of the puller is simple. A short length
of quartz glass tubing about 10 cm in length and 0.5mm in diameter is clamped to two V-
grooved tracks. The tongs are constructed so that approximation of the handles causes the
jaws to separate. An elastic band is stretched across the handles, but the jaws are
prevented from separating by the capillary tubing. The tubing is locally heated at its
center with a CO, laser and the softened glass pulled to a fine capillary tip as the result of
the restoring force of the elastic band. Simultaneously, with the sudden release of tension,
the microflame is automatically pushed aside. Disadvantages of these nanopipettes are
that they are fragile and require extra time for coating with a conductive material which is

turn needs prior processing to prevent metal peeling off.
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Figure 3- 8: SEM image of gold coated glass nanopipette =

b. Electrochemical etching of STM tips

The second method is the electrochemical etching of tungsten wire in a basic
solution. STM tips can be prepared using several different methods. This section
describes two the methods adopted in this work: (1) by cutting a wire and (2) by using an
electrochemical tip etcher. A new STM tip must be prepared when first setting up for
STM and also whenever the tip being used becomes damaged or oxidized.

A fast technique can be adopted to make sharp tungsten tips. A tungsten wire
having diameter of 250-750 um is cut at a 45° angle by means of a pair of sharp wire
cutters just by gripping the free end of the wire tightly with a pair of needle-nose pliers. A
sharp tip can be produced using this method tips. The disadvantage of using this
technique is that the overall shape of the resulting tips is not precisely determined and
several tips may appear at the cut end of the wire.

An alternative way is adopted to prepare a well defined, sharp and high aspect

ratio STM tip. A 500 um diameter tungsten wire is used as the working electrode (anode)

in an electrochemical cell. The counter electrode (cathode) is made of a cylindrical
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hollow graphitic block. The tungsten wire is secured within a wire-holder and positioned
at the center of the counter electrode (Figure 3-8). A basic solution consisting of 2M of
KOH is prepared and used as the electrolyte. Both tungsten and counter electrodes need
to be partially immersed into the electrolyte which is poured into a beaker in order to
close the electrical circuit for the etching current to flow through. The etching process is
forced to stop at a shutoff current of 0.5 mA. Figure 3-8 displays (a) Schematic of the
electrochemical cell adopted for the production of the STM probes making up the anode
in an In-situ FE experiments and (b) a SEM image of the resulting electrochemically
etched STM tip.

The following reaction takes place '*:

p 22

W +20H +2H,0 = WO, + 3H;

Power
Supply

Figure 3-9 (a) Schematic of the electrochemical cell used to make the STM probes
(b) SEM image of an electrochemically etched STM tip.lo4
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3-2. Experimental set-up

A number of nanomaterials are produced in large quantity and wide variety
permitting their characterization as electron point sources. The FE characterization of
these nanostructures consists of studying the behavior of emitter arrays (Bulk
characterization) and single emitter (In-situ characterization). Each of the bulk and In-situ
investigations of nanostructures and the type of EE to observe require different
arrangement. However, all EE measurements require that the emitters operate within
vacuum environments, anode or triode configurations and vacuum-heat compatible
electrical connections.

FE measurements are performed on the samples under vacuum pressure ranging
from 1x10™ to 5 x 107 Torr at room temperature. TE is performed at much higher
temperatures up to 1500 K and at similar pressure conditions as FE. EE from materials
generally requires higher vacuum environments, pressure lower than 10” Torr needs to
be achieved for better emission efficiency. A vacuum chamber meeting these

requirements is under development.

3-2-1. TE experiment set-up
a. Bulk Measurements
The bulk TE characterization system is constructed using the same vacuum
system utilized in the FE set-up with some additional changes. The system is outfitted
with a custom made molybdenum sample holder, heater and two isolating pieces of

ceramic.
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Figure 3-10: (a)Picture of the EE set-up (b) Front-view showing the glowing heater (c)
SEM image of the anode-cathode (d) Schematic of the diode configuration.'®

Figure 3-10 shows the system used for the bulk FE and TE characterization. It
consists of the chamber, viewport the glowing heater and the optical pyrometer. The
design of the sample holder used for a more stable and optimum measurements.

The sample holder is a metallic piece designed and machined to take an essential
role in the FE and TE characterization. It serves two main purposes including alignment
of the sample with the anode assembly and isolating the heater and electrical wires from
the vacuum chamber’s walls. The purpose of the first ceramic block is to insulate the

heater from the sample holder while the other block serves as a cover of almost 80 % of
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the heater element to reduce heat flux from reaching and increasing the temperature of
the nearby anode and secures electrical connection along with the mechanical stability of
the sample under tests. The electrical connection to the electrodes and heater is achieved
using vacuum electrical feedthroughs and thermally isolated wires (Figure 3-9). The
vacuum chamber is equipped with a glass viewport that is used as vacuum observation
port and temperature measurements. An optical pyrometer instrument is set to an
emissivity of 0.7 and is used to measure the temperature. Initially the optical pyrometer is
used along with a K-type thermocouple for calibration/accuracy. Comparing the set of
temperatures form both instruments results in identical values with minor error (5 0C).
Temperature swept from 480 °C to 1300 °C usually in 10-20 degrees steps.

b. General requirements

In the case of TE, a heater capable of attaining high temperatures with small
temperature steps and an electrically insulating surface is required. The heater used
for TE investigation has a maximum temperature at about 1200 9C. The nuts, bolts,
barrier connectors as well as any connecting metals need to have high melting
temperatures and high work function in order to eliminate any significant
contribution to the EE from undesired sources. The use of pyrolytic graphite and
grafoil washers is essential to ensure good electrical connections and minimize
stress on the heater caused by thermal expansion from the bolts and nuts used to

hold the system together.
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3-2-2, FE experiments

a. Bulk FE Measurements

The characterization system is composed of a custom built vacuum chamber. The
chamber has six access ports that can accommodate a variety of experimental devices,
analytical instruments, viewports, feedthroughs and other accessories as needed. In
addition to the turbo pump port at the base of the chamber, two other vacuum compatible
feedthroughs that provide electrical connections to the electrodes, one viewport at the
front of the chamber for anode-cathode alignments and observation, and one top port
having vacuum compatible micromanipulator system.

Bulk FE characterization consists of placing a flat metallic electrode, which is
usually larger than the anode’s substrate to collect the emitted electrons, distant from the
array or carpet emitters. Figure 3-10 is a schematic of the system used for FE and TE
bulk characterizations. In the case of TE a heater is usually placed on the sample holder.

FE active elements i.e., MWCNTSs are grown on a silicon wafer, or copper plate.
CCNTs are grown on graphite foil or platinum wire. In the case of wire, a v-grooved
copper plate is machined specially to be used to hold the Pt-wire substrate so that CCNTs
protrude a few microns above the plate. Both sample and copper plate were placed on a
custom designed sample-holder in order to outfit the custom built vacuum chamber. A
precision step controller (micrometer ~ 3.125 pum step size) is used to control the
movement of the counter electrode toward the FE active elements, and thus the anode—
cathode distance (d). Zero separation (d=0) is established by observing the sudden change

in resistance when the anode touches the highest CCNTs.
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Figure 3-11: (a) Schematic of the experimental set-up used for bulk EE characterization
(b) The vacuum chamber interior (c) Sample holder.'®
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b.  In-situ FE characterization

A sharp STM tip is electrochemically etched to sub 10 nm, to produce high aspect
ratio structure and to approach well spaced CCNTS, MWCNTs, or the edge of graphene
layers to collect the cold emitted electrons from the desired emitting sites. In the case of
moderate density samples, the emission from the second-best placed tubes will not
contribute significantly to the emission current since the collector is sharp enough to
amass just the emitted electrons from the desired tip.

The characterization is conducted within the SEM chamber where distance (d)
monitoring is secured using a Zyvex nanomanipulator system that moves freely in (x,y,z)
space and has coarse and fine courses with achievable precision steps as small as 2 nm.
The system has four arms each of which is equipped with a probe holder having five
holes. The holes electrically connect to a breakdown electrical box. Figure 3-1 displays
(a) a photograph of 4-probe manipulation system manufactured by Zyvex
Nanomanipulator system equipped with four arms with 3D degrees of freedom, the inset
is the low noise sample-holder for advanced electrical performance including mechanical
stability. (b) is a schematic of the diode configuration used for In-situ FE characterization
by the same system where just two probes are active. (c) is an SEM picture of visualizing
thee diode configuration where a STM tip is brought in front of CCNT emitter within the
SEM chamber.

The STM probe is secured into one of the holes using special holders to assure a
mechanically stability. The probe is then brought opposite to the single emitter acting as
electrons emission collector when. High resolution imaging microscopy is used in order

to place the couple emitter-collector at the same z-coordinate and within (y,z) plane.
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Figure 3-12: (a) Nanomanipulator system equipped with 4 arms with 3 degrees
of freedom, The inset is the low noise holder for advanced electrical performance
(b) Schematic of the diode configuration used for In-situ FE characterization
(c) SEM picture of STM tip in front of CCNT emitter within the SEM chamber.'”’
To optimize the system’s performance, a new probe holder is integrated within
the system to achieve low noise measurements as well as higher voltage range. The
holder is outfitted with a sixth hole that is isolated from the rest and can be connected

electrically directly using electrical feedthroughs. The inset of Figure 3-10 shows the

shape of the low noise probe holder.

c¢. General requirements

In order to conduct successful FE characterization experiments high vacuum level
is required. The customized system used can reach up to a pressure of 1* 107 Torr, while
pressure up to 1* 10°° Torr is usually achieved in the SEM chamber.

For each anode—cathode separation d the voltage is swept from 0-500 V or 0-210

V for bulk and In-situ respectively then the current is recorded using a Keithley 6430 and
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6487 Pico-ammeter equipped with a built in variable voltage source. The emission
current—voltage (I-V) characteristics are measured as a function of d. The obtained I-V

data are analyzed using the Fowler—Nordheim theory (Ch.II Sec.2-2).
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CHAPTERIV

RESULTS AND ANALYSIS: THERMIONIC EMISSION

In this chapter, the results and analysis of TE characterization of selected
nanostructured materials are presented. These nanomaterials consist of one dimensional
structures which are characterized by their interesting intrinsic properties (high aspect
ratio, excellent electrical, thermal and mechanical properties). The results are outlined as
follows:

e First, the EE from CCNTs, MWCNTs, M_ SWCNTs, and graphene, compared to
microstructures reveal significant improvement in TE.

e TE from thin films of metallic CNTs reveal superior and more stable emission
than the other nanostructures.

e TE is an excellent tool to determine the work function of materials.

e The use of carbon nanostructures is characterized by the resistance against high
temperature and rough vacuum environments which increase the emitters’ lifetime.

e Lowering of the emitters’ density had increased emission.

e The effects of the field enhancement factor and the work function on the emission
are studied, as well as a discrepancy observed in the TE.

Finally, an evaluation of the parameters through which one can produce an

efficient cold and hot cathode is discussed.
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4-1. Thermionic emission

In the present study direct thermionic emission measurement is not possible
otherwise the use of the zero-field current density value at various temperatures is
sufficient to deduce the TE properties of the emitting materials i.e. work function. The
difficulty arises because thermally excited electrons tend to form an electron cloud
nearby the emitting surface, giving a rise to a new potential barrier and preventing the
majority of these electrons to reach the collector. Therefore a mechanism to accelerate the
emitted electrons as soon as they are freed from the emitter’s surface into vacuum is
needed. An indirect approach of obtaining this value is adopted, for all the cathodes used,
by observing the field enhanced thermionic emission (FETE) during which the barrier
height and width are slightly reduced after applying an external electric field while
electrons are evaporating.

The modified equation that includes the Schottky effect and governs the FETE
process, called Richardson-Dushman equation, is expressed as:

cVE
KT

J=Joe_[ 4.1

Jo is referred to as the zero-field TE current density and it expressed as:
4-2

Where the constant C=,[—
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As it is seen from equation 1, the figures of merit in this case are temperature,
work function and electric field. For a given material, suitable for TE, the current density
increases as the electric field and/or temperature increase. In the following sections, a
variation of the current versus voltage and temperature is illustrated using experimental
data. These data are expressed in terms of the measured current (I=J*A) and applied

voltage (V=E*d).
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4-2. TE from Conical carbon nanotubes

The CCNT samples used for the present investigations are grown on platinum
wire. Figure 4-1 shows arrays of CCNTs as grown and close up view of few CCNTs
having flakes at their base and sides. The CCNTs are protruding from an amorphous
carbon film covering the cylindrical substrate. The growth parameters can be controlled
to produce CCNTs with the desired parameters such as density and aspect ratio. CCNTs
samples were used to investigate TE properties and to optimize the experimental set-up

and to establish standardized method for TE as well as FETE characterization.

Figure 4-1: SEM images of CCNTs (a) arrays of tips (b) zoom-in image of single tips.'OEK

Field Enhanced thermionic emission (FETE) consists of examining the combined
effect of electric field along with temperature on emission from nanostructures. Three
regions can generally be identified while investigating field enhanced thermionic
emission from nanostructures. Each region is defined before or after a “sharp” change on

the slope of the I-V curve. Figure 4-2 shows the usual behavior of CCNTs samples when
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voltage is swept from O to 500 V at temperatures ranging from 1100 to 1150 °C. The
current starts to increase as soon as the voltage is turned on and keeps augmenting with
voltage due to the increase in the electric field present between the anode and cathode.
The higher the field is, the more thermally excited emitted electrons could reach the
collector. The strong electric field is able to suppress both the width and height of the

potential barrier, which in turn leads to a competition between the FE and TE current.
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Figure 4-2: Emission current versus applied voltage of CCNTs
at two different temperatures.

Next is the saturation region where most of the evaporated electrons reach the
anode. The effect of temperature on emission current is apparent in this region, the higher
the temperature, the higher the saturated current. The current in this region never
saturates but experiences a petite positive slope as the applied field is increasing. In fact,
Schottky stated that the thermionic emission entered the saturation regime at high electric

fields, and the slope of I-V curves is proportional to the square root of the electric field.
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In this region, the potential barrier is reduced to produce an effective work function at
which the electrons evaporation rate is quasi-constant.

The last region reveals the effect of high electric field, achieved by the local field
enhancement, on the emission current behavior. The voltage swept in the present
experiments reaches 1000 Volts. Consequently, the FE current appears due to the
presence of an intense electric field, significantly contributing to the total current in the
thermal field emission regime. Immediately, the current increases exponentially with the
field and the FE becomes the predominant process of emission. The FE is mainly
responsible for variations in the emission current as the ratio of FE current to TE one is
more than 200. High field is observed at this point, especially when 1000 Volts is
reached. This variation is illustrated in Figure 4-2.

To verify what type of emission is behind the collected current, two techniques
are adopted: theoretical modeling and experimental observation of the I-V response. The
electron emission theoretical modeling of the validity region for a given material is
introduced in Ch.IIL. For a given set of electric field, field enhancement factor and work
function parameters, one can predict what type of EE is predominant and estimate the
outcome of the emission that is taking place.*® The second technique is based on an
experimental observation where “tuning” of the anode-cathode separation is employed
based on the electrical response. This is achieved by performing a room temperature FE
at various anode-cathode separations. The anode-cathode distance is usually swept within
the interval 12-10000 pm. The separation at which the field is too feeble to stimulate
emission is where the TE and FETE investigations are conducted. Therefore, the main

factor behind emission is heat.
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Figure 4-3 illustrates the measured current-voltage characteristic of FETE
investigations of CCNTSs arrays at various temperatures. The FE and thermal field
emission regimes are not present in this case due to the weakness of the field. The electric

field is intentionally weakened so that no contribution from FE can be observed.
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Figure 4-3: Displays the measured FETE I-V curves of the CCNTs arrays at various
temperatures. (a) In linear scale, the inset is a close-up view, and (b) in Ln-linear scale.

The electric field weakness impedes the field to decrease significantly the barrier
width for possible electron tunneling (emission current is comparable to the background
current). A possibility of cold emission taking place in this region still exists but with
insignificant contribution (FE current is a little bigger than the background current but
negligible compared to the enhanced TE current). In this region and at higher
temperatures the slope looks higher by reason of a combination of high electric field and
high heat energy. As a result, a larger number of electrons have enough energy to jump

over the barrier.
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4-2-1. TE properties

Once the field assisted thermionic current / is measured, one needs to compute the

zero-filed current /) by taking natural logarithm of both sides of Equation 4-1.

1
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Figure 4-4: TE characteristics of CCNTs (a) Natural logarithm of the emission current
versus the square root of the applied voltage. (b) The Richardson plot of current versus
temperature (c) The Experimental data (solid circles) and linear fitting of Ln (10/72)

versus (1/T) plot.

Experimentally, the temperature dependent emission current /(7) is measured as a

function of the applied voltage (V) at different temperatures (7). From the measured data
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plotted in Figure 4-3, one can plot La(I) versus square root of V as shown in Figure 4-4.
By means of extrapolation, using the "saturation" region and setting E to zero (V = 0)
hence, eliminating the Schottky effect, the extrapolated current values (I,(T)) are derived

from the intercept Ln(Ip)using:
Ln(J ),_, =Ln(J,) 44

Each curve of Figure 4-4(a) is used to compute the zero-field current and the
corresponding temperature of emission. The resulting set of (Ip,T) is plotted in linear
scale. Plotting the Richardson plot Ln(I,( T)/T2 ) vs.(1/T) should lead to a straight line. The
linearity indicates that the collected electrons are due to thermionic emission from
CCNTs. TE behavior is characterized by a constant slope in the Richardson plot where
the slope is proportional to the work function. Figure 4-4(a) is the Richardson plot
showing the variation of the zero-field TE current as a function of temperature of the
CCNTs sample. Figure 4-4(b) displays the saturated emission current versus temperature
plotted using Richardson analysis and its linear fitting of Ln ( 1y/T?) versus (1/T) plot with

a slope expressed as (% ) (Figure 4-4(c)).

Using the computed value for the slope from the Richardson plot, one can
conclude the work function of the CCNTs. It is found that the work function of CCNTs
used in this study is ranging from 3.1 to 4.2 eV. It has been reported in the literature that
carbon based materials such as SWCNT, MWCNT and graphite have a work function
ranging from 4.5 to 5.10 eV.'®"'"!! The difference in the work function is due either to the
structure of material (i.e. single or multi-wall) or the technique employed to measure the

work function.
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Ultraviolet Photoelectron Spectroscopy (UPS) is adopted as an alternative
technique to measure the value of work function of CCNTs and compare it with the
thermionic emission value. UPS is a technique that utilizes photo-ionization and analysis
of the kinetic energy distribution of the emitted photoelectrons to study the composition
and electronic state of the surface region of materials. A UPS having He-discharge lamp
as a source of radiation and emitting He-I radiation of energy 21.2 eV is used to calculate
the work function of CCNTs. Figure 4-5 shows low KE slopes of the He-I spectra of the
CCNTs arrays. The work function of the CCNTs is derived from the intersection of the
asymptotic to the first knee of the curve of Figure 4-5 and the extrapolated background.
The inset is as shown in Figure 4-5. The value of the work function measured by UPS is
4.55eV.

Comparing the work function values obtained from TE and UPS techniques,
results in 0.25 eV (10%) difference. This difference can be attributed to the existence of
flakes on the sides of individual pipettes, emission sites protruding out of the amorphous
carbon film or ion bombardment. The occasional presence of contaminants within the
vacuum chamber might be responsible for possible diffusion or chemical reactivity with
nanopipettes. For better accuracy, one needs high vacuum environment plus current

flushing technique to clean samples prior investigations.
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Figure 4-5: Low kinetic energy slopes of the He-I UPS spectra obtained for CCNTs.
The inset displays the close-up view of the knee used to determine the work function.'"
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4-2-2. Current density
Table 4-1: displays the structural characteristics, the FETE and TE properties of

the CCNTs.

a)

| T ®  Density Aspect Radius CCNTs

JI ETE_max

(mA/cm’) (mA/cm’) (’C) eV (cm™) Ratio (nm) Type

" Maximum FETE current density.
® Maximum TE current density.
" Turn-on temperature corresponding to an emission current of 1 nA.

Table 4-1 displays the results of CCNTs’ TE and FETE characterization as well
as the properties of the conical nanotubes. From an area of 0.001 cm’, an emission
current density of 160 mA/cm”and 30 mA/cm® is extracted by FETE and TE when the
temperature of the substrate has reached 1258 °C. The emission current density of this
magnitude and at this modest temperature is among the best thermionic cathodes ever
reported.

The Maximum FETE current density that is extracted from ‘as grown” CCNTs is
~ 160 pA/cm” Obtained at 1258 °C. Pure TE current density emitted from these emitters
is approximately 30 pA/cm”.This current density value can be enhanced by optimizing
the anode-cathode separation and the anode’s geometry. Figure 4-6 illustrates the I-V
characteristics of CCNTs investigated at 1390 K at two different anode-cathode
separations. Comparison of the curves of Figure 4-6 demonstrates that the separation can

be controlled using a micromanipulator to increase the emitted current while eliminating

or reducing any meaningful contribution from the field emission. In addition, designing a
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new anode with different shape, e.g. semi-cylindrical, can lead to the collection of more

emitted electrons and hence, optimize the total emitted electrons.
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Figure 4-6: I-V characteristics of CCNTs sample at two different
anode-cathode separations.
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4-3. Thermionic emission from semiconducting multiwall carbon nanotubes
MWCNTs are the next hot cathodes investigated in the present study. Figure 4-7

is SEM image of semiconducting MWCNTs used for TE measurements. The MWCNTs

samples consist of vertically aligned tubes, having high density and high aspect ratio with

an average tip diameter of 60 nm.

Figure 4-7: SEM images of MWCNTs.'"?

MWCNTs having variety of geometries and intrinsic properties including
semiconducting and metallic CNTs in a temperature range of 773-1433K are
investigated. They exhibit excellent TE emission properties as compared to the
conventional TE emitters like tungsten; with lower emitting temperatures along with high

melting temperature, high emission current and consistent emission characteristics.
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Two main categories of CNTs are under characterization, the first one is
semiconducting MWCNTSs grown by microwave plasma CVD with high density and
vertical alignment. The second group is a thin film of metallic SWCNTs that are grown
by CVD on Si substrate.

MWCNTs are expected to produce extremely high current density by reason of
their high packing density and high aspect ratio. However, the samples used in this work
produced lower current densities. This is attributed to the extremely high CNT density
due to which the nanotubes are observing high field screening. Therefore very weak local
field enhancement at the tips (which impede the bending of the potential barrier) is seen
by the electrons. Consequently, no substantial reduction the in the work function is
detected. As a result, few electrons are able to jump over the relatively high barrier by
thermal excitation only. The pure TE maximum current density obtained from these
samples is around 4 HA/cm’.

The experimental data obtained for MWCNTs characterization showing the FETE
at different temperatures is plotted in Figure 7(a). Figure 7(b) shows the TE behavior of
MWCNTs and the knee at which it turns-on. Using the linear fitting of Richardson plot,
the slope of Ln (I#/T°) versus (1/T) is computed. A straight line is obtained while fitting
the TE experimental data according to the Richardson analysis. The linearity (Figure
7(c)) is indicative of TE of MWCNTs and the corresponding slope is -56226. Therefore,
the derived work function for MWCNTSs is 4.8 + 0.03eV. This value is in good agreement

within the published range of MWCNTs work function (4.95 eV).'"!
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Figure 4-8: (a) Natural logarithm of the emission current versus square root of the applied
voltage. TE characteristics of MWCNTSs sample (b) The Richardson plot (c) The
Experimental data (squares) and linear fitting of Ln (IO/TZ) versus (1/7) plot.

Table 4-2: The structural characteristics, and the FETE and TE properties of the

MWCNTSs carpet sample used in this study.

JrETE Jre Ty [} Density Area Aspect Radius

(uA/em®)  (pA/em®)  ("C)  (£0.03eV) (em’) Ratio  (nm)

13 -+ 1000 4.8 9%10° 1 10000 60
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Table 4-2 shows the results obtained after MWCNTs’ TE and FETE
characterization along with their properties. Both TE and FETE current densities are
much lower than those obtained from CCNTs — even though their emitting area is
considerably larger. The temperature of emission at which MWCNTs produce 4 pA/cm®
is 1250 °C which is relatively higher. The poorer TE properties of MWCNTS can be
attributed to different factors. The most obvious one is the higher work function of
MWCNTs. For macroscopic material with a work function of 4.8 eV to produce
significant current density, a temperature higher than 2000 °C needs to be reached
(chapter 2). In contrast, for nanomaterials having a high aspect ratio of 10000 (Which is
the case here), field enhancement should contribute to the lowering of the effective work
function increasing the current density and improving the TE properties. High emitters’
density and low field screening effect is accounted for such weak TE properties. This
type of sample reveals the effect of the dense emitters on the overall performance of
nanoemitters.

Different techniques have been adopted based on different physical causes to
measure the work function of solid surfaces; resulting in a discrepancy in obtained values
for MWCNTs. Surface conditions such as cleanliness and chemical reactivity with
contaminants can justify this difference. TE of electrons is one of the preferred methods
that use the experimental TE I-V curves to compute the value for work function. This
process is preferred among a good number of groups due to its simplicity and exigency of

removing amorphous carbon and other contaminates by thermal annealing.5 2.
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4-4. Thermionic emission from Metallic SWCNTS

Investigations and search for suitable nanostructured materials lead to the next
candidates of hot cathodes by which promising results of FE and TE are developed and
reported in the present study. At the present time, no reported work has indicated that the
FE, TE or FETE characterization of M_SWCNTs. Further investigations of these novel
nanostructures such as energy power spectroscopy, electrical and thermal properties need
to be perceived in order to reveal other causes of this excellent and par suite lead to a new
generation of nanoemitters.

Figure 4-9 shows a thin film of M_CNTs that are laying on a silicon substrate,
grown by CVD and found to be single walled tubes. In M_CNTs with their metallic

properties can be an excellent EE based device.

Figure 4-9: SEM image of M_SWCNTSs grown by CVD system.'"*
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The samples used consist of a dispersed film containing SWCNTSs. The SWCNTSs
have an average diameter of 1-2 nm and length of 10 um. The Raman spectroscopy
shows that ~96% of the tubes are metallic.

Figure 4-10 presents the FETE current versus the applied voltage for
M_SWCNTs. During this characterization the voltage is swept up to 1000 Volts and
leads to the appearance of a short saturation region that looks like a step at 200 Volts and
starts to shift towards the Y-axis as the temperature increases. Figure 4-9 illustrates this

observation as the x-axis is plotted in Ln-scale.
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Figure 4-10: The measured FETE I-V curves of the M_SWCNTs arrays at various
temperatures. (a) In linear scale, the inset is close-up view and (b) in semi-Ln scale.'"”

M_SWCNTs exhibit good EE properties starting with the FE regime that starts to
contribute to the emission at about 200 Volts corresponding to a field of 1.1 Volts/um at
350 mm anode-cathode separation, then a maximum FETE and zero-field TE current

densities of 0.5 mA/cm® and 100 pA /ecm® respectively. In addition, the emission starts
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turning on at temperatures as low as 620 °C. 1 MA is easily achievable by heating the
substrate to 1000 °C. The Work function of ~ 4eV is calculated for M_SWCNTs. Since
M_SWCNTs are embedded in a thin film without geometrical advantages, they are
expected to have very low field enhancement. However, FE starts to contribute to the EE

at early voltages.
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Figure 4-11: displays the measured FETE I-V curves of the M_SWCNTs arrays at
various temperatures in linear-Ln scale.'"”

The results of FETE from M_SWCNTs are also analyzed using the Richardson

equation and plot. The results are plotted in Figure 4-11. The influence of the field and
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temperature on the thermionic emitted electrons is evident through the competition

between the field and temperature within the interval [100, 1000 Volts].
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Figure 4-12: (a) Natural logarithm of the emission current versus square root of the
applied voltage. TE characteristics of M_SWCNTSs sample (b) The Richardson plot (c)
The Experimental data (squares) and linear fitting of Ln (10/T2) versus (1/7) plot.' .

Table 4- 3: The structural characteristics, and the FETE and TE properties of the

M_SWCNTs film sample used in this study.

JrETE JrE Ty ()] Density Area Aspect  Radius

(MA/em®)  (pA/em?) (‘'C) Q%) (em?) (cm?) Ratio (nm)

515 100 500 4.56 10° 1 >1000 10
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As grown M_SWCNTs exhibit good TE properties compared to the other
structures evaluated in the present study, starting with onset temperatures as low as 500

%C, maximum current density higher than 0.5 mA/cm?® and work function of ~4.56 eV.
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4-5. Comparison

Table 4-4 summarizes the resulting structural characteristics, the FETE and TE
properties of the three CBNSs that are morphologically dissimilar and have different
densities and aspect ratios.

CCNTs produce the highest FETE and TE current which reflects their lowest
work function and the tendency of electrons to jump over the potential barrier present at
the vacuum interface. The CCNTs moderate emitters’ density reduces the field screening
effect and accounts for the lowering of the effective work function.

Although the emission currents from M_SWCNTs are not as high as those from
CCNTs, they have the lowest onset temperature (500 °C). This may be due to the metallic
behavior of the M_SWCNTs and low field screening effect and maybe high thermal
conductivity. The low emission current could be explained by the transport within the
film which may reduce the anticipated emission current. However, the metallic behavior
can cause the tubes as well as low field screening effect and maybe high thermal
conductivity. The fact that M_SWCNTs are laying laterally may have increased the
surface area for TE and enhance emission. If this is the case, M_SWCNTs may become
potential candidates as electrons point sources.

On the other hand, EE from MWCNTs is the poorest regardless of the high
density, high aspect ratio and larger emitting surface. In fact, dense emitters having work
function of 4.8 eV are expected not to have good emission at temperatures less than 2000

°C.
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Table 4- 4: A Comparison of the TE and FETE properties and the structural

characteristics of CBNs.

JreTE Jre Ty o Density Area Aspect
pA/em®  pA/em® & +0.03eV 10°cm cm’ Ratio

Material

MWCNTs

M_SWCNTs

In addition to SWCNTs and MWCNTSs, CCNTs and M_SWCNTs are considered
as novel cathodes and could become the new generation of nanoemitters of VNE devices.

Further surface treatment can improve EE properties and efficiency.

More investigations such as energy power spectroscopy, electrical and thermal
properties need to be undertaken in order to reveal causes of excellent EE of

M_SWCNTs.
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CHAPTER V

RESULTS AND ANALYSIS: FIELD EMISSION

In this chapter, the results and analysis of EE characterization of selected
nanostructured materials are presented. These nanomaterials consist of one and two
dimensional structures which are characterized by their interesting intrinsic properties
(nano-size, aspect ratio, electrical, thermal and mechanical properties). Several results are
outlined as follows:

e First, the FE from CCNTs, MWCNTs, M_ SWCNTSs, and graphene, compared to
microstructures and sub 100 nanometers structures reveal significant FE improvement
due to:

a) The small size of the emitting sites resulted in high packing density and

significant current density increase.

b) High local field enhancement: control of the growth in the form of alignment

and emitters’ density resulted in the reduction of field screening effect as well as

optimization of the field emission proprieties.

¢) Field enhancement lowering of the work function resulted in low emission

turn-on temperatures and higher current density even from 5eV work function

materials.
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e The use of carbon nanostructures is characterized by the resistance against rough
vacuum environment which in turn can extend the lifetime of the nanoemitters.
e Lowering of the emitters’ density with respect to their height had increased
emission.
e Next, the comparison of the emission from different types of CNTs to the
emission from nanowires illustrates the impact of the increased field enhancement factor.
e Lastly, the correlation between the CCNTs morphology and emission, in which
FE from different lengths and densities are compared.
The effects of the field enhancement factor and the work function on the emission
are studied, as well as a discrepancy observed in some of the FE results.
Finally, an evaluation of the parameters through which one can produce an

efficient cold electron emitter is discussed.
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5-1. FE characterization of tungsten oxide nanowires

Tungsten oxide nanowires are characterized by reason of their extensive use as
active elements of FE and TE based devices, moreover, a comparison between metallic
based nanostructures with CBNs is needed for evaluation purposes.

A sample with an area of 1.5 cm” is loaded into the vacuum chamber and with
similar conditions used with the other structures.

Figure 5-1 represents the FE I-V characteristics of tungsten oxide nanowires and
the corresponding F-N plots. The I-V curve exhibits high slope at the operating voltage
interval and slow saturation behavior starting at 20 Volts/um.

The FE investigations reveal poorer emission than the CNTs with a higher turn-on
electric field of 10Volts/um and lower maximum current density of 6.66 pA/cm? at 25
Volts/um. Although the optimization of this kind of structures through controlling the
growth parameters and the density is possible, CBNs seems to have better properties and
exhibit improved FE than nanowires. In addition, some kind of metallic nanowires can
suffer oxidation affecting their lifetime which might limit their applicability.

Other groups have achieved good results while characterizing tungsten oxides
nanowires as field emitters; a current density of 1 mA/cm? at a threshold electric field of
22 V/um and other good properties are reported elsewhere.''®!'” However, the turn-on
and threshold field produced from nanowires are still too high to be considered for many

applications such as FEDs.
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Figure 5-1 FE I-V curves and the inset is the corresponding F-N plot
of a tungsten oxide nanowires carpet.
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5-2. Characterization of Semiconducting MWCNTs:
Field emission from Carbon Nanotubes (CNTs) has been explored for potential
applications varying from flat panel displays to miniature scanning electron microscope

118
columns.

CNTs are known to have most of the favorable properties as field emitters
such as high aspect ratio, good mechanical, electrical, thermal and chemical properties,
and ability to be grown as vertical arrays with controlled density.'"*'*® The dependence
of field emission properties of carbon nanotubes on (i) diameter (ii) length (iii)
density/sparsity (spacing between neighboring tubes) (iv) alignment/randomness, (v) wall
defects, and (vi) surface absorbates has been explored to a greater depth.'*' Higher values
of B results in higher local electric field (low turn on fields) as well as high current
densities, which is extremely desirable in many applications such as X-ray devices.

Although high f values (2,500-10,000) and low turn-on fields (0.8-1.5 V/um)
have been reported for single walled carbon nanotubes (SWCNTSs) and multi walled
carbon nanotubes (MWCNTs), very limited work has been dedicated to their exploitation
as hot cathodes.'*'** CNTs encouraging FE properties are expected to be among the
candidates for the future electron sources due their high aspect ratio and local field
enhancement. Their applicability as efficient electron emitters for applications in
electron, X-ray sources and energy conversion devices is also possible.

Figure 5-2 is a SEM image of dense and super tall MWCNTSs grown by PECVD.

The sample consists of 1 cm tall nanotubes which are closely packed with a high density

of 3*10° nanotube/cm?, an average length of 1 cm and an average diameter of ~ 100 nm.
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Figure 5-3: I-V curves of a super long carpet of MWCNTs.
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Figure 5-3 illustrates the room temperature FE behavior of MWCNTSs at vacuum
pressure ~107 Torr. The I-V curve shows three regions having different slopes. The first
one is the region of no emission and only the background current is recorded. A sharp
change in the slope appears indicating the detection of emission current. The
corresponding turn-on electric field is 7.6 V/um. According to the models initiated by
Murphy and Good, and duplicated in the present study for multiple materials including
MWCNTs, the field amplification should play a significant role in lowering the turn-on
electric field. As it is mentioned in the previous chapters, to a first approximation, the
field enhancement factor is proportional to the aspect ratio of the emitter.

When the applied voltage is further increased, a second knee appears and the
slope changes rapidly at /2 Volts/um (within the voltage interval of 300-500 Volts).
During this step, the current increases by two orders of magnitudes at a slower rate and
the corresponding F-N plot also reflects the presence of a knee by observing a change in
its slope. This region is usually referred to as the saturation.

The values obtained for the turn-on and operating voltages is relatively high and
the emission can be considered as poor. The poor properties can be attributed to the
existence of high field screening effect observed by the neighboring tubes. Since the
tubes are adjacent to each other, one should expect poor emission properties from such
sample even with higher threshold fields. Nevertheless, the field enhancement factor
obtained using F-N analysis is 1400; moreover, the current extracted from this sample
reached few milliamperes. According to the theory and to modeling, no enhancement can

be seen from adjacent nanotips except at the edges of the nanotubes carpet.
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To understand the reason behind this inconsistency, image spectroscopy of the
samples under investigation is performed. In addition, two samples with similar densities
and different heights are characterized for FE behavior (Figure 5-2). According to Figure
5-2, the non uniformity and high density is clearly depicted and many individual and
bundles of nanotubes are protruding from the rest of the carpet. Emission from highly
dense CNT cathodes can be dominated by edge emission and hot spots due to the
concentration of the electrical field at edges and protrusions of the CNT carpet.
Therefore, protrusions and edges can easily dominate the emission process leading to

poor emission properties.
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Figure 5-4: (a), (b) FE characteristics and the inset is the corresponding F-N plot
of a super long MWCNTs carpet. '



Figure 5-4 presents the FE behaviors of super long MWCNTs at different
separations, in linear and logarithmic scales, and the corresponding F-N plot. It is clear
that there is instability in both the I-V and the F-N plots, especially at higher separations
(lower fields) by reason of the carpet’s no uniformity and high field screening effect.

Figure 5-5(a) displays the I-V characteristics of a shorter MWCNTSs sample at
various anode-cathode separations. The same behavior is observed where three regions
are present for each separation. At higher separations, little instability in the emission
current is observed at the emission operating voltage. Even though this sample is shorter
than the previous one, it exhibits better FE properties including better stability and higher
emission current. Therefore, the aspect ratio advantage can be nullified through the use of
highly dense emitters and the field screening affect is not taken into consideration. Figure
5-5(b) shows the FE response of the same sample during 10 hours emitting period. The
emission starts to fluctuate at higher rate and the current dropped by ~30 % to show

better stability at 0.3 mA.
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Figure 5-5: (a) I-V curves of a short MWCNTs carpet at different distances and (b)
Emission current versus time.'?’
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5-3.  FE characterization of CCNTs

5-3-1. Bulk characterization

Several CCNT arrays with different morphological characteristics (tip radius,
aspect ratio, density and wall structure) are synthesized using variations in the growth
process parameters. The field emission characteristics for a CCNT array sample with a tip
radius of 5 nm, moderate inter-emitters distance with a density of 10%cm?” and having the
highest aspect ratio exhibited a low turn-on electric field (< 0.7 V/um) and a high field
enhancement factor (> 7,500). The reduced emission characteristics from other samples
are attributed either to the presence of field screening effect resulting from higher CCNTs
density and due to the corresponding tip and wall structures.

Long CCNTs grown vertically with different densities, together with their tapered
morphologies can be well separated at their tips.”"'**'** Tapered emitters are expected to
be mechanically more stable than a constant diameter nanotube of the same tip diameter.
Also, tapered carbon structures, due to their increasing cross sectional area away from the
tip, increase the thermal transport and are likely to sustain greater current densities than
carbon nanotubes. Field emission measurements on CCNTs grown with metal catalysts
have been reported. **"*' However, the extent of the above studies is limited and the
structures studied do not represent the ideal conical morphology due to the presence of
metal contamination at their tip. In the present work, several CCNT array samples were
synthesized by adjusting growth parameters that control aspect ratio, density and wall
structures in order to find the optimum condition for better electron emitters. The results
show that the performance of the CCNT arrays is dependent upon their morphology and

can match or exceed that reported for SWCNTs and MWCNTs 1%,
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In order to verify the origin behind the poor emission from dense and super long
CNTs, as well as optimize the design of an efficient FE based device, further
investigations are carried out where samples having well defined densities, aspect ratios
and morphologies are employed. Five different samples of CCNTs arrays are grown on
500 pum diameter platinum wire. FE measurements are performed on each sample within
vacuum chamber at a pressure of 107 Torr. Measurements are performed on the wire
with and without CCNT at 5 different distances (d) by sweeping the voltage from 0-500
Volts while recording the change in current using the Keithley 6487 Pico-ammeter.

The variation in time scales used for both the process steps during the synthesis of
CCNTs resulted in variation in the density, length and the morphology of the CCNT
arrays. The experimental conditions employed and the resulting FE characteristics of
CCNTs for sample#1-3 were summarized in Table 5-1. Increase in the time of step 1
increases the density and length, with ~ 80 % of the CCNTs within a few 100 nm of their
average length. Increasing the duration of step 2 increases the etching of the CCNTs and
also reduces the density of CCNTs. Figure 5-6 shows the SEM images of these three
samples of CCNT array grown on a platinum wire. The corresponding insets present the
enlarged view of individual CCNT tips, which show the absence of any metal catalyst at
the tip. Measurement on a Pt wire coated with just amorphous carbon and no CCNTs,
results in no detectable emission current. Therefore, the detected current is due to FE

from CCNTs.
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Table 5-1: Experimental conditions, the resulting structural characteristics, and the field

emission properties of the three CCNT array samples used in this study.

Experimental Structural Field emission
conditions properties properties

Process time n 5

. . verage verage *b) *e)

Sample ) Power | Density length radius B Er Inax
# W) | (10%em? M ) i (V/ium) | (nA)
Step 1 | Step 2 (um) (nm)

120 150 900 2:2 9.0+0.1 S5+1 7600 0.66 520

30 165 980 4.5 7.0+0.1 131 2313 15} 320

15 165 980 0.7 4.0+0.1 12+1 1324 2.3 200

" Maximum field enhancement factor measured.
® Lowest measured turn on electric field.

"9 Maximum current corresponding to threshold electric field of 3.6 V/um

Table 5-1 illustrates the experimental conditions, the resulting structural and the
field emission properties of the three CNP array samples used in this study. Experimental
conditions consist of the growth process time and the microwave power employed for the
synthesis of all five CCNT samples. Structural characteristics include the average length,
estimated density, and the average radius of curvature at the tip of each CCNT sample

from SEM image analysis. The results section includes the maximum /£, the lowest Er,

the maximum emission current per single CCNT.
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Figure 5- 6: SEM images of three samples of CCNTs with insets showing the enlarged
view of the corresponding CCNT tip of (a) sample#1 (b) sample#2 and (c) sample#3.'®

Figure 5- 7: SEM images of the individual CCNT illustrating the variation in the wall

structure and aspect ratio, (a) sample#1 (b) sample#2 and (c) sample#3.'08
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Figure 5-7 shows the SEM images of the individual CCNT of these three samples
clearly depicting the variations in the wall structure and morphology. Sample #1 with the
longest carbon deposition step, has CCNTs with the highest aspect ratio (Figure 5-7(a)),
moderate density and also the smallest tip radius estimated from SEM image
spectroscopy (Figure 5-7) indicated in Table 5-1. Sample #2 has CCNTs with lower
aspect ratio and larger tip diameter than sample#1, in addition to the presence of carbon
flakes along the length of each CCNT as depicted in Figure 5-7(b). Sample #3 with
longer etching step and a shorter deposition time resulted in CCNTs with the lowest
aspect ratio and uneven etching as clearly seen in Figure 5-7(c). CCNTs of sample#l
with small tip radius, optimum density and high aspect ratio accounts for the enhanced
field emission characteristics as described in the following analysis.

The emission current (/) is measured as a function of the applied electric field
(E=V/d) for sample#! at each of the five inter-electrode distances (d) as shown in Figure
5-8(a). According to the F-N equation, the electric field (E. ) at the tip of CCNT

produces an emission current density (J):

Bd}‘/z]

S AEF
D

Where E. denotes the local electric field present at the tip of CCNT.

Figure 5-8(a) shows the I-V characteristics produced by sample#1 that consist of
two knees; the first one appears where a sudden change in that the emission current is
detected. Then the current begins to saturate at a second knee for sample#l. This

observed saturation may be associated with heat induced changes at the tip.132
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Figure 5-8: (a) I-V curves and (b) the corresponding F-N plot of CCNTs.'®
The maximum electric field reported for multiwall carbon nanotubes is ~ 8 V/nm
before undergoing tip failure (due to deformation, evaporation, thermal runaway or

arcing).l33

The estimation of the current density in CCNTs samples is complicated by the
curved platinum support. However, effective electric fields (SE,,,) of ~ 8 V/nm and
current densities greater than 3 Alcm’ are reached at the second knee for sample#1 at a
distance of 187.5 um, without experiencing thermal runaway or tip failure.

Figure 5-8(b) shows the corresponding F-N plots of ln(J/E2 ) vs. I/E at each d

value. This plot represents the emission current region between the two knees of Figure

5-8(a). The linearity of the plot is indicative of the field emission in the operating current

regimes. The slope of this linear plot is given by["‘”l;” ] The value for the work function

used to compute the values for @ is taken to be 4.8 eV based on the TE measurement on

the CCNTs.
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Figure 5-9: Plots of (a) field enhancement factor £ and (b) turn-on electric field
as a function of distance for samples 1-3.

Among the three samples, sample#1 has the highest value of # (7,600) as shown
in Figure 5-9(a) which enables the CCNT array to continue to emit up to d=187.5 um
(for the maximum source voltage available) Figure 5-9(b). This high value of £ is due to
a combination of factors such as small radius of curvature at the tip, high aspect ratio,
moderate emitter density of CCNTs in sample#1 and the increased distance (d). In the
previous study on CCNTs terminated with nickel catalyst particles, the field enhancement
factor as low as 80 have been reported. "2 The value of 3 for samples 2 and 3 ranges from
2,000-3,000. Sample 3 has the poorest emission properties of the three samples due to
the formation of amorphous carbon along the side walls of CCNT resulting from the
prolonged etching which minimizes the edge plane emission sites.'** Figure 5-9(a) shows
a linear dependence of experimentally derived £ on the distance d, plotted for each of the
three samples. The value of £ determined by FE study is large when compared to the

geometrical enhancement factor given by h/r, where h is the length of the CCNT and r is
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the radius of curvature at the tip. This deviation was also observed earlier for highly

dense carbon nanotube arrays which demonstrated that £ depends on the inter-electrode

35

distance (d) and other factors such as tip radius, aspect ratio "> and field screening

14

effect. ” In the present case this discrepancy can be attributed to the structural

characteristics of these conical morphologies with open edges on the outer surface acting

as emission sites. The effects of the surface adsorbates also cannot be ruled out.'*®

Figure
5-9(b) shows that turn-on electric field (Et, electric field corresponding to emission
current of 1 nA) decreases with increasing distance (d) for all three samples, reaching a
value as low as 0.7 V/um (Figure 5-9(a)) for sample#1 at the maximum possible

separation distance, which can be accounted for the high Avalue. This low turn-on

electric field, value is comparable to the best values reported for SWNTs and

Figure 5-10: SEM images of CCNT arrays of (a) sample 4 (b) sample 5, with insets

showing the enlarged view of the corresponding CCNT tip.'*®
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Among the five samples, samples 4 and 5 are varied in the CCNTs density while
other structural characteristics such as radius of curvature at the tip, length, and wall
structure are maintained the same. Figure 5-10 shows the SEM images of (a) sample 4
and (b) sample 5 where the increased density of sample 5 is clearly seen. Figure 5-11
shows that sample 4 has better emission properties compared to sample 5, which can be
attributed to the reduced field screening affect provoked by the proximity of neighboring
emitters due to lower density. In fact, the inter-emitter distance should be at least 1-2
times the emitter length to reduce significantly the field screening effect.'* The inter-
emitter distance of sample 4 is about half of the emitter’s average length. Therefore,
according the simulation and references, the emitters still carry on some screening to each

other."
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Figure 5-11: The I-V characteristics of sample 4 and 5 (a) Current vs.
the macroscopic electric field (b) corresponding F-N plots.'®
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The structural characteristics, deduced from SEM imaging spectroscopy and
emission characteristics of sample 4 and 5 are shown in Table 5-2. With comparable radii
of curvatures, length, and while the emitters densities are different, the obtained value for
B of sample#1 is more than the double of the one of sample#5. In addition, the current
density at 3.6 V/um is 15 times larger in the case of sample#4.

Table 5-2: Shows a comparison of the resulting structural characteristics and the field
emission properties of the two CCNTs array samples that are morphologically similar

with different densities

Structural Field emission
properties properties
: Average | Average (b) (c)
Density : @ Er I

8y = length (1) | radius (r) ek

(107cm”) (1tm) (i) (V/um) (HA)
15 T0£0.1 | 12%] 2920 172 307
20 FO0E071 Tl 1424 22 20

@ Maximum field enhancement factor measured.

® Lowest measured turn on electric field.
» Maximum current corresponding to threshold electric field of 3.6 V/um
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5-3-2. In-situ characterization of CCNTs

In situ FE characterization of individual CCNT provides useful information on the
parameters affecting the performance of emitters, on the background and emission
optimization. The morphology and shape of the emitter have direct influence on FE
properties of cathodes. In situ FE standardized technique is established and proven to be
an additional tool for characterization and understanding the FE behavior of a single
nanostructure through the determination of multiple properties. This study reveals the
capabilities of single CCNT to emit electrons such as the maximum current density per
tip, the turn-on filed of individual emitter and the packing density’s upper limit for a
better and more efficient field emission device. In order to achieve the aforementioned
properties, a sharp STM tip is fabricated to approach a single CCNT in a diode

configuration set up, as the SEM picture of Figure 5-12(a) presents.

Cathode-anode separation = 50 um

Voltage (Volts)

Figure 5- 12: (a) SEM image of a single CCNT in a FE diode configuration next to STM
tip (b) I-V characteristics of an individual CCNT at 50 pm separation. "’
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FE characterization of single CCNT is carried out within the SEM chamber at a
vacuum of 2*10°® Torr, FE is then performed at a separation of d = 50 um. An
electrochemically etched STM probe, acting as the counter electrode, approaches the
tallest single CCNT, usually located in the least dense area of the sample. The voltage is
swept from O to 100 Volts at 50 um separations and resulted in 0.1 HA emission current.
Figure 5-13(b) shows multiple curves of the emission current versus the applied field of a
single CCNT emitter. These curves confirm the reproducibility and continuity of
emission from the same structure. In addition, to eliminate and purify the emitting surface
from any preexisting contaminants and achieve an improved emission current, the
abovementioned steps can also be adopted to flush the emitting area. According to the
curves, there is little instability in the emission current and the I-V characteristics are not
perfectly identical, which might be caused by presence of contaminants, due to the rough
vacuum conditions, or other emitting sites such as the edges of the graphitic sheet making

up the tube and carbon flakes.

<
-—
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=
= |
O
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E (Volts/um) 1/E (um/Volts)

Figure 5-13: (a) I-V curves and (b) the corresponding F-N plot
of an individual CCNT'**
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Figure 5-13(a) shows the I-E curves representing the emission current versus the
applied electric field for three different CCNT samples that have comparable lengths and
radii of curvature. Figure 5-13 (b) is the corresponding F-N plot for each CCNT; it
displays a high linearity of the Ln ( I/E?) versus 1/E.

Table 5- 3. Experimental conditions, the resulting structural characteristics, and the field

emission properties of the three individual CCNTs.

x lmur(nA)
h d F'meas Fexp D 1 ,,,,“»/ cnp

(um)  (um) . (nm) (nm) E(V/um) (nA)

Sample

Table 5-3 summarizes the results of FE investigations of three individual CCNTs,
measured radius of curvature using image spectroscopy, and the results of the data
analysis. The change of radius is due to the change in the etching time during the growth
process. Sample #1 and sample #3 have comparable radii.

For instance, the critical current that a single CCNT sustains before thermal
runway or emitter’s failure is an important parameter for evaluating the cathodes’ limits.

The value for the critical current that an individual CCNT supports is ~ 2.9 uA/CCNT
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corresponding to a current density of ~1 GA/m’. This value is much less than the current
density of 10* GA/m” achieved by Wang et al. at anode-cathode separation of 300 nm.'*

Second, the lower the radius of curvature the lower is the turn-on field. There is a
direct dependence of the turn-on field on emitter geometry. Figure 5-14 illustrates change
in I-E curve’s behavior of an individual CCNT characterized at 100 um separation. Two
knees are visible in the graph indicating response of the emitter to the applied voltage.
The first one is the turn-on field while the second one indicates changes to the emitter’s
geometry or morphology. It is similar to a saturation regime with fluctuation in the
emission current.

Third, by means of field screening effect and the maximum current that can be
extracted from a single emitter, one can determine the packing density and the maximum
expected current density achievable using nanostructure array emitters.

Figure 5-14 shows the electrical response of an individual CCNT when the
electric field is applied and high emission current is extracted through FE process. As the
emission current response is very sensitive to the shape and surface of the emitting area, a
change in I-E characteristics is an indicative of the change in tip’s shape and/or diameter.
This tip induced changes are seen on the emission current where the saturation regime
starts. Therefore, the emitter’s has a direct influence on the FE properties. Sharper tip
produces low turn-on field and low threshold field due to their higher field enhancement
factor of (# = 3542). However, relatively larger diameter pipette can produce higher

current densities.
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Figure 5- 14: I-E characteristics of an individual CCNT at 100 pum separation.
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5-4. FE Characterization of M_SWCNTSs

The M_SWCNTs samples investigated consist of a thin film made of randomly
lying single walled carbon nanotubes on a substrate and are 90% metallic. Unlike the
previously introduced nanostructures which are one dimensional structures that are freely
standing in a three dimension space, M_SWCNTs thin film are on a 2 dimension space

(placed parallel to the substrate and anode planes). The nanotubes cover the whole

substrate with an average density of 10° cm™.

(@) (b)
M_SWCNTs : 10" M_SWCNTs
140 - !
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Figure 5-15: Emission current versus applied field in (a) linear scale (b) in Log scale
(c) the corresponding F-N plot for M_SWCNTs.
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FE investigation of M_SWCNTs is conducted using the same conditions as those
used for the previous nanostructures. The vacuum chamber is maintained at a pressure of
10 Torr. The voltage is swept from 0 to 1000 Volts, while the current is monitored using
the Keithley 2400. The distance is varied during the interval 0- 350 um. The same
procedure is followed to analyze the FE data taken for M_SWCNTs. The field
enhancement factor, B, for M_SWCNTs ranges from 1000-5142 according to F-N
analysis obtained from the slope of F-N plots.

Figure 5-15 shows the typical I-V characteristics of M_SWCNTs at different
anode-cathode separations. The characteristics display good FE properties which includes
low turn-on, threshold fields. The interval of the operating voltage is also small with good
linearity of the corresponding F-N plots. The current density extracted from these
samples is encouraging. At small d, the electric field is strong enough to extract large
current, where it exceeds in some cases 260 pHA. The linear scale shows clearly the effect
of d on the emission current and turn-on field while the logarithmic scale displays
noticeably the emission saturation region with a lower slope than the other emitters. F-N
analysis does apply to the I-V characteristics of M_SWCNTSs where the linearity of F-N
plots is visible at the emission current interval for each separation. There is a small
instability in the emission current as depicted in the 3 curves which can be due to the
presence of defects in the nanotubes or the non-uniformity of the film.

Overall, the as grown metallic CNTs (No attempts to optimize the film or the
nanotubes themselves have been tried) are able to produce encouraging current density
(up t0260 HA/cm?) further processing and development is needed to improve the

efficiency of FE from metallic carbon nanotubes.
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5-5. FE characterization of graphene
Several graphene sheets are deposited on a silicon pillars for In-situ FE

characterization.

Figure 5-16: SEM image of graphene sheets.'*

Figure 5-16 shows a SEM image of a few graphene layers that are suspended with
free edges that can be approached for FE characterization and a super tall and high
density MWCNTs. The sample under investigation consists of about 500 nm long and 3
nm thick sheets which are electrostatically deposited on a conducting substrate. Zyvex
nanomanipulator system is used for graphene manipulation. The graphene sheets are
approached by the STM tip to collect the emitted electrons when the voltage is swept
from O to 100 Volts at d = 50 nm. There are some challenges that are accompanying the

manipulation of graphene for In-situ characterization.
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Figure 5-17: (a) I-E curves (b) the corresponding F-N plot for graphene (¢) Emission
current versus time for HOPG. '*°

Figure 5-17(a) and (b) shows the In-situ FE characterization of graphitic sheets.
Figure 5-17(c) is the HOPG emission current versus time. Graphene sheets are
characterized by a poor enhancement and very high turn-on field. Graphene also exhibits
instability of emission which might be due to the poor mechanical stability of the sheet as
they are suspended. The inferior FE properties of graphene is due to poor field
enhancement (f = 4) and may be due to the existence of defects on the sheets
investigated.

The FE from HOPG seems to decay during the first 30 minutes (Figure 5-17(c))

then starts to stabilize around 1PA with a fluctuation noise of 14%. In addition, according
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to image spectroscopy of graphene sheets after FE, a distortion or damage can result
while extracting electrons from these sheets due to arcing, thermal runaway or electrical
discharge especially at very high eclectic fields.

In-situ FE characterization of graphene demonstrates poor properties while FE from
HOPG proven to have an appreciable emission current corresponding to a density of ~ 10

uA/cm2 and could produce a continuous emission current of 1 pA/cm? for 2 hours.
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5-6. Comparison of FE properties of CBNs

Table 5- 4: Comparison of FE properties of CBN.

Density ~Area Length Radius
(10‘/ cny) (cm®) (um) (nm) max

MWCNTs

M_SWCNTs

few

N/A N/A 0.1 4 1000 20
sheets

Graphene

Table 5-4 displays a comparison between the FE properties of CBNs. The
comparison demonstrates that one dimensional CBNs (i.e. carbon nanotubes) are superior
to the two dimensional nanostructures (graphene). Graphene exhibits the lowest FE
properties with very feeble £, high turn-on electric field and low emission current. The
highly dense emitter with all types should demonstrate very low FE properties, due to
field screening, despite the size, the aspect ratio and the excellent intrinsic properties of

the emitters.

Metallic CNT thin films demonstrate excellent FE properties over all the

nanostructures investigated in the present study including the free standing
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semiconducting CNTs and CCNTs. The fact that thin film composed of laying on the
substrate still have good f that enhance emission by turning on the emission at 1.1 V/um
and detectable current at higher d, means that field screening effect is significantly weak
and that these structures and this technique can be adopted in many applications, local

enhancement is present all over the sample.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

In the present studies, electron emission microscopy has been employed to study
the emission behavior of nanostructured materials. During the course of EE investigations
a standardized method is established for FE and TE characterization using SEM, and
subsequently the emitters’ properties are modulated. In addition, an efficient system is
designed for bulk EE investigation where the measurements could be optimized within a
dedicated vacuum chamber.

The dependence of the applied electric field and temperature on the critical
emission parameters for each emitter’s material is the main focus of this research. The
goal is to reveal the mechanism for EE from nanostructures with the hope to evaluate
their future possible application in electron beam devices (i.e. displays, and traveling
wave tubes) and energy conversion devices. EE from nanostructured carbon materials is
then investigated under the application of an electric field or thermal excitation. Multiple
structures and materials are evaluated and tested with the goal of finding the best electron
emitters for both FE and TE. The most promising materials are carbon based nano-
emitters since they combine electrical, mechanical, chemical and thermal properties along
with an excellent local field enhancement allowing electron emission at low input

energies (around few Volts/um and 500 °C) which in turn prolongs the emitters’ lifetime.
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One dimensional carbon based nanomaterials in the form of nanotubes and
nanopipettes with their unique structural characteristics arising from their morphologies
have been shown to exhibit enhanced field emission properties and support high current
densities. Different CBNs samples with different densities, radii of curvatures, lengths
and wall structures by varying the critical growth parameters are successfully
synthesized. EE studies on these nanostructures resulted in a turn-on electric field as low
as 0.7 V/um, field enhancement factor as high as 7,600, turn-on temperatures of 500 °C
and high current densities. TE investigation is able to determine the work function of the
emitting structures.

The present study shows that not only the large field amplification factor (arising
from the small radius of curvature at the tip) enhanced the field emission properties, but
also optimum emitter density plays an important role in reducing the field screening
effect. In addition, the advantages of vacuum nanoelectronics as compared to the solid
state electronics are confirmed and are as follows:

1. An exponential dependence of FE on the applied voltage, which permits the
design of frequency converters and multipliers.

2. Low input energy is delivered to the nanostructures to produce considerable
emission current.

3. No dissipation of energy as vacuum is the transport medium which can be needed
for certain applications.

4. A high switching speed (lack of inertia) permits to design of high-frequency
devices with short response time.

5. A high radiation tolerance and heat resistance of the CBNs emitters.
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As FE requires a high vacuum, and even ultra high vacuum, it is difficult to
maintain the cleanness of the emitting tip due to the presence of contaminants either from
the debris within the vacuum, or from diffusion of adsorbates into the emitting area.
Carbon based nanomaterials can minimize this problem to a degree due to the fact that
they are more resistant against rough vacuum environments. Image spectroscopy shows
that CNT last longer and stay cleaner as compared to nanowires. The ability of
nanostructures to support high current densities and resist tough environments such as
thermal runaway, ion bombardment as well as surface modification makes them essential
for future electron sources.

Embedded M_SWCNTs exhibit good EE properties through a competitive turn-
on field and onset temperature. This is can be attributed to their metallic behavior.
Improvements on the structural design and surface treatment need to be addressed to
improve the EE efficiency of these structures.

Nanostructured materials are the most pointed structures that can be employed in
the EE field. They can produce the brightest and most monochromatic of electron emitter
since their dimensions lie within tens of a nanometer. CBNs have reached few
nanometers in diameter which allows the production of emitting spot smaller than10” cm
in its linear dimension.

FE based device can suffer from fast current fluctuation, producing considerable
noise during operation. Stability and uniformity of emitters can reduce the noise level.
Likewise, the nanostructures FE based device is not an exception; they also suffer the
same problem. Additionally, FE based devices based device’ lifetime is also an issue.

Emitter’s contamination by sputtering or ionized residual gasses can significantly
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decrease the emitter’s lifetime and degrade device performance. Once optimized, CBNs
can reduce and minimize the fluctuation noise and increase the emitter’s lifetime.

TE displays the obvious disadvantage associated with the need of a heater in
every single device. Depending on the cathode’s material chosen, usually high
temperature (greater than 1000 °C) is needed to induce EE. The use of CBNs could
decrease the turn EE temperature down to 500 °C, moreover, treating these
nanostructures can further reduce this value. Additionally, in the case of energy
harvesting applications, this is not an issue as the heat energy is abundant by external
sources, i.e. sun.

Table 6- 1 summarizes the EE properties obtained for nanostructured materials

during the present work.
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Table 6- 2 summaries the outcome of characterizing EE from nanostructured

il 4 1000 | =20 uA

materials.
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Tapered nanostructures
and well spaced emitters
produce better EE

Morphology of an emitter
influence the EE
performance

High aspect ratio

High field
enhancement

Tapered structure

Grown only on a Pt-
cylindrical substrate
or on a graphite foil

Conductivity

Current increase in the
TE saturation region,

Source behind change in
the F-N plot’s slope

High emitters’ density
produce poor EE

High aspect ratio

Super high field
enhancement

Can be grown on
different substrates

Capped/opened end

N/A

Increase in the
background FE current
(when the voltage is
turned-on) as the
distance decreases

Metallic behavior of CNTs
improves EE

Metallic
High aspect ratio

Can be dispersed on
different substrate

Lateral growth (film)

Source of emission

Start-up current

Two-dimensional
nanostructures are weak
field emitters

Multiple uniform graphene
sites can improve EE

Resist against rough
environments

Nano-sites

Very low field
enhancement

Source of emission:
Zigzag or armchair

Better conductivity and
smaller radius enhance EE

High aspect ratio

Low conductivity

Low melting T

Exact melting current

Good thermal and electrical
properties are essential for
good EE cathodes

High aspect ratio

Low conductivity

Low melting T

The exact value of the
melting current

In the present work, the development and application of high power electron point
sources are presented. With controlled aspect ratio, density, and uniformity; CNTs can be
turned into potential and next generation field emitters. It can be concluded that this work
will contribute to the electron beam technology especially in the area of SEM columns,

nanomachining and energy conversion.
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APPENDIXES
Application of FE from nanostructures for nanomachining:

Deformation and Localized Melting of Gold and Tungsten Tips

Nanomachining of metals is conducted under the same experimental conditions as
those used for FE experiments. A single or bundle of CCNTSs approaches a sharp tungsten
STM tip or a dull gold microwire. The inter-electrode distance is kept small in the order
of few microns and the FE process is turned on while the SEM beam blanker is turned

off.

1 Melting of Tungsten

Before melting After melting

Figure 1: Time-lapse SEM image of melting of tungsten STM tip.
Figure 1 shows the tungsten STM tip before and after FE takes place. A nano-

volume is able to form immediately after FE turns on.
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2. Melting of Gold

W

After 1* FE After 2™ FE

Figure 2: Time-lapse SEM images of melting of gold microwire. "

Figure 2 shows gold microwire, which is manually sharpened, before and after
been exposed to two successive FE current of a few micrometers. A nano-volume is able
to form immediately after FE turns on. Since the melting temperature of gold is almost
half of that of tungsten, the gold melting of a micro-sized gold volume is easier. As it will

be demonstrated, the resulting melting current and time is smaller in case of gold.
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3. Deformation of Tungsten

Figure 3: Field emission induced deformation of STM tip. "’

Field emission based technique is used to melt and deform different types of
metals. Tungsten for instance, which have a high melting point of 3656 K can be
deformed and melted by electron beam emitted from a single CCNT. Nano-volume is
able to form by applying an emission current of 1-5 HA in just few seconds. Likewise
gold microwire is manually sharpened down to sub-100 hundred nanometers and is
melted using FE current that is one order of magnitude smaller and in shorter time that in
the case of tungsten STM tip. This result is obtained while the SEM electron beam is off.
Nevertheless, the contribution of the e-beam can’t be ignored since the sample needs to
be imaged and placed at a close proximity to the STM probe before the melting process

takes place.
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4. The Melting Current and Time Estimations

To estimate the minimum time and the current required to melt a nano-volume of
tungsten, one needs to use the conservation of energy principle. It is assumed that the
energy loss through thermal radiation and heat transfer (via conduction along the wire) is
negligible.

The tungsten tip takes a conical shape; its summit is exposed to the electron beam
extracted from single CCNT. The current (/) induces the heating and caused a partial
melting at the tungsten tip.

The equation of conservation of energy states that the energy delivered (Py) is
equal to the energy transferred (P;) minus any meaningful lost. The equations below are

used to derive the current and time to melt a nano-volume of tungsten:

P,=I’R >
P. = cmAT 6
As aresult,
P, =P 7
AT +
Iz_/_’ia__# i__]_):C*D*E(R2]+RIRZ+R22 )£ 8
(tan@) L, L 3 !
Where,
t
R=Lp=L) (aar+1) 10
A'D Apo
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R=p0(aAT+1)(i 1] .

(tanb )’ L, L
A=n(ltan8 )’ 12
m=density*volume:D*%(R31+R,R2+R"g) 13
AT =T, -T, 14

¢, is the specific heat capacity, D is the density, py is the electrical resistivity and
a is the thermal expansion coefficient of tungsten. Ly is the initial length of the cone; L is
the length of the remaining portion of the cone. R; and R, are the radii of the cone’s base

and top. @the cone angle (Figure 4). Tk and T, are the room and melting temperature of

tungsten.
R2
Rl\ L
1™~
L >
-
Melted portion

Figure 4: 2-d schematic of the tungsten tip."”
Solving equation 4 for the current and temperature results in the curves sown on
Figure 4. Figure 4 is the FE current versus time required to melt a nano-volume of

tungsten or gold.
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Time (Sec) Time (Sec)

Figure 5: Variation of the melting current as a function of time
for gold and tungsten tips. ‘"’

The numerical values of the physical quantities used to derive the melting current
for tungsten are as follow:
c=140J/Kg.K
D = 19250 Kg.m?

p=5+»10"°0.m

a = 0.0045

AT =3395K
=19.7°

L=33um

Lo, = 0.85um

R, = 145.5nm

R, = 626.5 nm

™) A. Safir, R. W. Cohn, Unpublished work.
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