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Ordered Nanomaterials for Electron Field Emission
Clare M Collins

In the quest for reliable, repeatable and stable field electron emission that has commercial
potential, whilst many attempts have been made, none yet has been truly distinguishable as
being successful. Whilst 1 do not claim within this thesis to have uncovered the secret to
success, fundamental issues have been addressed that concern the future directions towards
achieving its full potential.

An exhaustive comparison is made across the diverse range of materials that have, over the
past 40-50 years, been postulated and indeed tested as field emitters. This has not previously
been attempted. The materials are assessed according to the important metrics of turn on
voltage, Eon, and maximum current density, Jmax, Where low Eon and high Jmax are seen as
desirable. The nano-carbons, carbon nanotubes (CNTS), in particular, perform well in both
these metrics. No dependency was seen between the material work function and its
performance as an emitter, which might have been suggested by the Fowler Nordheim

equations.

To address the issues underlying the definition of the local enhancement factor, , a number of
variations of surface geometry using CNTs were fabricated. The field emission of these
emitters was measured using two different approaches. The first is a Scanning Electrode Field
Emission Microscope, SAFEM, which maps the emission at individual locations across the
surface of the emitter, and the parallel plate that is more commonly encountered in field

emission measurements.

Finally, an observed hysteretic behaviour in CNT field emission was explored. The field
emitters were subjected to a number of tests. These included; in-situ residual gas analysis of
the gas species in the emitter environment, a stability study in which the emitters were exposed
to a continuing voltage loop for 50 cycles, differing applied voltage times to analyse the effects
on the emitted current, and varying maximums of applied field in a search for hysteresis onset
information. These studies revealed the candidate in causing the hysteresis is likely to be water
vapour that adsorbs on the CNT surface. A six step model if the emission process was made

that details how and when the hysteresis is caused.

VI
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Throughout this thesis S.I. units have been used, except in the case of gas flow rates, which
are quoted in standard cubic centimeters per minute (1 sccm = 1.67x10® m%/s) and pressure
(mbar, 1 mbar = 100 Pa).

In the first instance, all abbreviations are explicitly written in the text and are denoted in

parenthesis immediately following the first usage.
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1. Introduction






1.1 Motivation

1.1 Motivation

Cold cathode field electron emission from nanomaterials is an enduring area of academic and
technological interest. Applications of this technology primarily are considered to be the
replacement of electron sources, which are commercially, at present, generated through
thermionic emission. The most widely investigated applications include displays’, travelling
wave tubes*®, microwave amplifiers®’, electron microscopy®®, parallel electron beam

lithography?1%1, field emission lamps®!? and X-ray sources>!314,

The benefits gained by using cold cathodes are numerous. The first, as the name suggests, is
the operation of devices at cold temperatures compared to thermionic rivals. The application
of heat is essential in thermionic technologies as electrons require large amounts of kinetic
energy to escape the surface and contribute to a current. This is negated by the use of electric
fields in electron field emission. Application of an electric field results in the triangulation and
narrowing of the tunnelling barrier between the emitter surface and vacuum, allowing, at fields
of sufficient strength, the tunnelling of electrons at the Fermi energy. This provides a more
energy efficient solution to generating an electron source, as well as offering potentially longer
lifetimes as current thermionic devices have typical lifetimes of up to just one year'®. By
removing the heating element needed for thermionic emission this also permits more compact

constructions as the need for cooling apparatus is eliminated.

Of further importance are the fast temporal responses and higher control of the emitted beam
on offer when using field emission over thermionic. As a result of the tunnelling process, fast
response times have been measured down to less than 50 ps in field emission®. Slow response
times in thermionic emission systems are driven by the nature of the feedback loops that
mitigate current fluctuation. Electrons tunnelling through at the Fermi energy, rather than over
a potential barrier, have further benefits including a narrow energy distribution. Carbon
nanotubes, CNTSs, have small energy distribution with full-width-half-maximum, FWHM, of
approximately 0.1 — 0.3 eV reported*®. Control of a broad beam, as seen in thermionic emission,
necessitates architectures that focus the beam and reduce spot size, which can be cumbersome,
adding to the size, and complexity, adding to expense. Cold cathode designs offer reductions
in both scale and price of necessary additional features required in applications and offer the

added advantage of miniaturisation.



1. Introduction

A number of drawbacks have limited the acceptance of technologies utilising cold cathode field
emission devices, and they are thus yet to become widely commercially available. Addressing
fundamental flaws, notably fabrication, reliability, temporal and spatial stability and
reproducibility?’, is essential in the pursuit of commercial viability. This thesis attempts to
combat, or at least better understand, some of the current issues, with particular efforts
concentrated on improving reliability and stability of current output. The intended application
of the findings made herein is aimed principally towards field emission from CNTs as X-ray
sources, though this is not exclusive as there exists a continuity between many of the other
applications noted above.

The Fowler Nordheim equation, derived according to the behaviour of classical bulk metals,
accordingly rearranged to be of use with nanomaterials, is given by:

1=(%ﬁ)exp<—“g—f> ®

where J is the emission current density, Ary and Ben are constants, E is the applied electric
field, ¢ is the material surface work function and f is the local field enhancement around the
tip. Investigating the behaviour of nanomaterials as field emitters, which do not conform to
bulk metal behaviours, is explored within this thesis in reference to this equation, specifically
the factors ¢ and p.

Low ¢ has been repeatedly touted as a primary driver towards achieving high performance field
electron emitters!®1°®. However, detailed analysis of this material characteristic and relation to
field emission capabilities has not yet been fully or comprehensively studied across a diverse
range of materials. Fowler Nordheim theory suggests that low work function materials result
in higher current densities relative to those materials with high work functions, though proof
of this is lacking. As a result of this widely, perhaps incorrectly, adopted theory, many have
strived to develop low work function materials, composites, or coatings for enhancing the
performance of their field emitters?®?2, Confirmation of the relative merits of low work
function is somewhat elusive and thus absent in completion. The effect of material ¢ has not
yet been considered on a large material-to-material basis. By performing this task, across an
extensive and exhaustive collection of materials, clearer understanding of the effect of surface

¢ on field emission can be extracted.

High g has similarly been suggested as a route to achieving successful field emission achieved

through increasingly small dimensions and sharp tips. There is no way in which to directly
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measure or isolate the local field enhancement around an emitting tip, or indeed an array of
emitting tips, under experimental conditions and thus many ambiguities surround this value.
Traditionally, values are calculated using f = (h/r) 2%, where h is the emitter height or
length and r is the radius of curvature at the tip, this is more commonly seen in bulk cone-like
geometries. With nanowires, however, this becomes superfluous and insufficient in defining .
Most opt, instead, to calculate § from the measured and known quantities, by working
backwards using the Fowler Nordheim equation. This can be achieved through calculation of
the gradient of a Fowler Nordheim plot showing In (1/V) against In (1/V2). Whilst this is a
commonly accepted and used practice within the field emission community, deeper
understanding of the explicit factors affecting f are not universally understood in detail. Further
investigation into the effects of characteristics including surface coverage, degree of alignment,
and the screening effect by surrounding neighbours is paramount in progressing the field

further.

Another practical flaw limiting the viability of materials, particularly CNTs and carbon
derivatives, is the hysteretic current behaviour observed under emission conditions. A number
of theories have been linked to causing this phenomenon, including suggestions such as
improvement under electrostatic alignment?®, additional emission from intermediary electron
states?’ and adsorption and desorption of gas molecules?®3° from the material surface. The
hysteresis is observed when the current emitted under increasing electric fields differs to that
measured at the same electric field strengths under a decreasing applied field.
Characteristically, at higher applied fields the measured current is larger in the increasing fields
compared to decreasing®®2°. Molecular adsorption on the CNT surface has been shown to
directly influence surface work function, with electronegative species such as oxygen®!
increasing ¢, whilst others, such as nitrogen®?, lower it. This could be of importance in the field
emission cycle. Other impacts of adsorbates include additional tunnelling states resulting in
additional electron emission®. Studying the emission from custom-built emitters under a
number of different subjected tests will allow further study into the causes of hysteretic

behaviour, which in turn will be required in mitigation.
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1.2 Objectives

The research aims of this thesis are as follows:

e To address the suitability of materials as field emitters across an exhaustive range of
materials spanning one, two and three dimensional varieties with the intention to bring
to light dependencies of field emission performance on material ¢.

e To explore and give guidance on the highly influential parameters ¢ and S governing
electron field emission by thorough investigation of material and emitter properties to
promote the development of devices that reliably show high current output at low field
values.

e Fabrication of high performance carbon nanotube field electron emitters for the use in
applications such as X-ray sources.

e Through experimentation examine the hysteretic behaviour of electron field emission

from fabricated CNTs with a view to determine its origin and potential mitigation.

1.3 Thesis Structure

This thesis documents studies undertaken by the author to better understand the underlying
processes pertaining to the field emission of electrons from ordered nanomaterials, CNTSs in
particular, for the eventual use as X-ray sources. The chapters of the thesis are grouped
according to subject matter, primarily concerning an introduction to the field, the influential
factors behind the emission process of both ¢ and g, hysteretic behaviour in field emission from

carbon nanotubes and conclusions that can be drawn from the studies.

In Chapter 2, an introduction to and history of both field emission and CNTs, and indeed the
combination of the two, is addressed. Field emission, as discovered around the turn of the 20"
Century after the significant developments made in the domain of quantum mechanics, has
been governed predominantly by the Fowler Nordheim equations, derived in 19283
Knowledge of CNTs and their manufacture, properties, application and structure has, however,
been a far more recent undertaking, accelerated principally after the discovery by lijima®®.
lijima et al discovered the fabrication of CNTSs in isolation, encountered by accident as a by-
product of an arc discharge method. Available literature on these subjects is detailed in this

chapter, and a need for further investigations into the combining of the pre-existing Fowler-
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Nordheim equations and their appropriateness for materials of nanoscale dimensions are
identified.

An exhaustive range of nanomaterials are compared in Chapter 3. Using data collected from
other sources, a novel and comprehensive set of data is displayed and analysed according to
the seemingly important material property: surface ¢. The importance of f is introduced, and
an attempt at determining a morphology metric, o, is made, to be used in conjunction with the

aforementioned work function studies.

Chapter 4, leading on from the conclusions made in Chapter 3, details the fabrication of CNT
emitters and results of experiments conducted in pursuit of a deeper understanding of the
influence of morphology on electron field emission from CNTs, driven by questions
concerning . Two different methods of measuring field emission from in house fabricated

samples are presented, with discussions made on the resulting data from each.

The phenomenon of hysteretic behaviour observed in field emission from CNTSs is the focus of
Chapter 5. In this chapter, experiments are conducted that attempt to pin down the underlying
causes of this observed hysteresis. CNT emitters are subjected to changes in environmental and
procedural conditions highlighting behaviours that can be utilised to determine a model of the
emission process. A model and justification describing the behaviour seen in the experimental

results is also presented here.

The final Chapter 6 summarises the findings made from the work undertaken throughout the

project.
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2.1 Introduction

2.1 Introduction

Whilst developments in field emission, FE, have been significant over the last century, the
introduction of nanomaterials as prime candidates has only been made in recent years with
carbon nanotubes, CNTSs, as the prime candidate. A vast diversity of research has been
conducted in the area of nanomaterial-based FE, though significant progress regarding the
commercialisation of these materials and technologies based on them remains continually on

the horizon.

2.2 Electron Emission

Electron emission is defined as the transmission of electrons from an electron dense, solid or
liquid material into vacuum. There are principally three types of electron emission processes:
photoemission, PE, thermionic emission, TE, and FE. PE relies on absorption of energy from
a photon by an electron, exciting it to a higher state thereby allowing the electron to pass over
the surface potential barrier with incident energy hv > ¢, where h is Planck’s constant (6.63 x
1034Js), v is the frequency of the wavelength of light and ¢ is the work function of the material.
Typically, to gain sufficient energy, the incident light must lie in the ultraviolet part of the
electromagnetic spectrum. Whilst physically interesting, with fast response times down to
nanoseconds®?, practically it is the least explored of the emission mechanisms and is not greatly

relied upon for use in applications as achieving high currents is challenging.

TE, comparatively, is used extensively. To liberate electrons demands high temperatures (>
1000 K) in order that they acquire sufficient Kinetic energy greater than the restraining surface
potential barrier. The quantity of kinetic energy required is defined by work function, ¢, of the
material, which for most metals is between 2 — 5 eV. Strictly speaking, ¢ is determined by the
amount of energy an electron needs to overcome the ionisation potential. Factors that influence
work function magnitude are the intrinsic partial free energy of electrons as well as surface
electrostatic effects®. In the presence of an electric field, the surface potential barrier required
for electrons to emit lowers, whilst the shape of the potential barrier also changes from
nominally quadrilateral to more triangular. When the principle emission method is thermionic,

with electrons passing over the newly lowered barrier, this is termed Schottky emission. Figure
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2. Field Emission from Carbon Nanotubes

2.1 shows the essential differences, in terms of energy required, between thermionic, Shottky

and field emission.

Both PE and TE entail classical physics principles of excitation to pass over a barrier, whereas
FE enters the domain of quantum mechanics. FE of electrons necessitates an applied electric
field only, without heating, and is accordingly termed cold emission. Electrons tunnel through
the vacuum barrier potential at the Fermi energy, E:, which is significantly narrowed in the
presence of an electric field. This sources the emission current. With increasing fields, the
barrier narrows further and emission current increases with an observed exponential
relationship. In semiconductors, electrons from the conduction band are promoted to the
valence band by field induction®. Huge advances in FE were seen throughout the 20" century,
from conception® through to commercially available devices including the first prototype® in
1985, which lead to developments of commercial devices by Pixtech and Futaba by 20017 and
a 38” HDTV from Samsung® in 2003.

' “ % Thermionic Emission

E, |ElectricField Barrier iz e

=

X

Metal Vacuum

Figure 2.1 | Emission Mechanisms Schematic. Field emission at the Fermi energy (blue), thermionic
emission over the classical electric field barrier (red) and Shottky emission (green) of electrons
(negative circles) and the effective potential barrier seen in Shottky emission as a result of the triangular

barrier and image potential.

2.2.1 The History of Field Emission
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2.2 Electron Emission

FE devices, or so called cold cathode devices, operate at room temperature and are an exciting
avenue of technological development. The developments in FE are synchronous with vacuum
microelectronics. The first evidence of what appeared to be an FE device was reported by
Winkler® in 1744, where electrical discharge from a wire electrode was described, though the
terminology to explain the phenomenon did not yet exist. The discovery of the electron in 1897
by J. J. Thomson!® was a crucial step in developing a comprehensive understanding of the
underpinning physical mechanisms. At the beginning of the 20" Century, dramatic advances
in modern science were made in the field of quantum mechanics!!. Quantum tunnelling was
explained via the Heisenburg uncertainty principle coupled to wave-particle duality. Post 1922,
experimental interest in the emission of electrons under high fields came into play from
separate individuals, primarily including Millikan?, Gossling®® and Oppenheimer!. In 1928,
Fowler and Nordheim® derived a set of extensive equations describing quantum tunnelling of
electrons from a bulk metal through a two dimensional barrier, and therein predicting the
current-field dependence during FE. The equations proved difficult to verify experimentally,
however, because of high voltage requirements, poor control or reproducibility of experimental
conditions at the time alongside, then imperceptible, surface defects and sample-to-sample
microstructural variations. They were often also impeded by destructive vacuum arcing at high
voltages. In 1937, Miller®® etched a tungsten wire, which emitted radially within a spherical
glass vessel, and in doing so initiated what would be the first Field Emission Electron
Microscope. This set up was used to verify the findings of Fowler and Nordheim by Good and
Miiller'® and Dyke and Dolan'’. The evolution of field emitters since has been driven,
primarily, by the capabilities of nanotechnology to reduce the radius of emitting tips. The first
field emitters consisted of a single sharp tipped needle with radii of a few hundred nanometres,
and were created through conventional wet etching techniques. Between 1950 and 1970, field
emission needles were implemented in microwave amplifiers!8, cathode ray tubes'®, electron
microscopes?’, electron beams?! and flash X-ray photography?*#. They were functionally
restricted, however, by the necessary ultra-high vacuum conditions (10° mbar), limited
lifetimes, and high voltages (several thousand V). Further technological improvements were

needed.

In 1968, a significant breakthrough, with a new emitter design, was published by Charles
Spindt® and was accordingly termed a Spindt cathode. Figures 2.2a and b show an example of
a Spindt cathode array in cross-section. In contrast to original field emitters, Spindt cathodes

are made of many thousands of tips made by high precision thin film vacuum deposition
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techniques distributed in precise arrays operating at hundreds, not thousands, of volts.
Commonly commercially available Spindt type emitters are an example of FE devices to
successfully reach market® where they have been chiefly employed in display technologies.
They consist of a sharp-tipped cone or pyramid of a metallic material (typically a refactory
metal) set into a substrate, where the cone has a typical radius of 50 - 200 nm, though radii as
small as 2.6 nm have been reported?, and have shown high current densities?® of up to 20
Alcm?. A number of bulk metals with cone-like geometry have been tested for field emission
including copper? and nickel?”2°, as well as semi-conductor metals such as silicon®*3!, and
compound materials such as gallium nitride®2, gallium arsenide®® and cubic boron nitride®.
Wet?31 and dry?®2° etching are used to create these micro-conical structures, as well as direct
growth?’. Figure 2.2¢ shows gallium arsenide grown in a pyramidal structure®. Despite this
revolution, high current densities at low fields remains challenging due to high demands on
the emitting materials, with poor vacuum conditions leading to individual or large area tip
degradation by tip rounding, reduction in the tips aspect ratio, AR, emitter poisoning®>=¢ or
vapourisation®”. Nevertheless, Spindt cathodes were implemented in display technologies such

as flat panel displays®.

From 1994 onwards there was a move towards nanomaterials, largely the nano-carbons,
particularly carbon nanotubes, CNTs, and diamond-based materials, exploiting the sharp tips
available. Cold cathode devices and FE from nanomaterials have been enduring areas of
academic and technological interest since this shift in focus. Nanomaterials, in general, offer
increased FE performance compared to Spindt-type cone shaped emitters with high AR and
unique electronic properties. Whilst Spindt cathodes can offer a sharp tip, nanomaterials have
the additional benefit of comparable nano-sized diameter from tip to base, which leads to
dramatically enhanced local electric fields, increasing emitter performance. Successful devices
have yet to reach commercial availability, due to lack of sophistication and repeatability>°,
although some specialist devices by Siemens*’, XinRay*! and Oxford Instruments*? have been
designed. CNTs in particular are promising, showing a degree of stability over long times and
at large currents**#4, fast reaction times*“®, large AR*’, high conductivity (up to 1000 times
that of copper®®) and mechanical and chemical stability*®. The first published use of CNTs
employed in FE was in 1995°% where individual CNTs were mounted onto a metal
supporting tip as seen in Figure 2.2d. It took a further few years before nanotube powders and
solutions were used to make films, glued or pasted onto metal supports. This lead further onto

the growth of nanotubes is a bottom-up fashion on planar substrate surfaces, as shown in Figure
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2.2e. Figure 2.2f shows the pinnacle of reducing emitter diameter with individually grown and
spaced CNTs grown from 100 nm wide catalyst dots by Milne et al®2. The complexities, and
prices, surrounding this design, however, means that attaining the smallest emitting radius may
not be the simplest route to market. Desired high current densities and low operating fields
have been recorded, although a number of problems with CNT FE devices have been
encountered. Limitations, resulting in the prevention of current commercial availability
include: lack of cost effective and reliable emitter fabrication, time stability inconsistencies,
spatial uniformity, and reproducibility. In the last 20 years, struggles to achieve commercial
viability with these limitations have been vast, but widespread global interest in the potential

that CNTs hold for the future has continued to advance the technology.
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Figure 2.2 | Developments in Field Emission; Reducing the curvature of radius of emitters. a) Spindt
emitter top down view b) Cross section of Spindt cones (both Motorola)® ¢) pyramidal bulk GaN
cones® d) Single CNT on gold wire support> e) Aligned forest of CNTs grown on planar silicon

surface, side view (inset top view)®® f) Individually grown CNTs in a controlled fabrication process™.
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2.3 Fowler Nordheim Theory

The most commonly used theory to investigate FE to date, is the Fowler Nordheim, FN,
Theory? first published in 1928. Fowler and Nordheim developed a theory, and complementing
equations, that successfully predicted electron emission from metals. A number of general
assumptions are made in the process of deriving the equations. (1) It is assumed that emission
occurs at the tip, neglecting substrate effects. (2) The emitter has an atomically smooth surface
and a planer tip model can be used®®. (3) That a triangular barrier potential exists at the metal-
vacuum interface. (4) ¢ is independent of the electric field. (5) Electrons are thermally
equilibrated and obey a Fermi-Dirac distribution. (6) One dimensional tunnelling in a single
direction occurs due to a sharp tip. (7) Application of the Sommerfeld or free electron model,
which is only strictly correct for electrons in bulk metals. The free electron model assumes
electrons are detached from ions and describes the behaviour of valence electrons in a metallic
crystal structure. The zero temperature approximation works well for room temperature

emission®.

Figure 2.3a shows a parallel plate field emitting device operating in diode mode as is typically
referenced in literature. The emitting material, under high vacuum conditions (< 107 mbar), is
negatively biased and exposed to a high voltage on the anode. The inter-electrode vacuum gap,
d, defines the apparent electric field. A triangular barrier assumption is used in both bulk and
nanomaterials. Whilst for bulk metals this is a good approximation, it is possible it does not
well represent the surface-vacuum barrier for many nanomaterials. Figure 2.3b shows the
triangular surface potential barrier at the interface between an emitting material and the
vacuum, where conduction band energy, Eo = Ef + ¢, where Es is Fermi energy and ¢ is the
work function. Intuitively, less energy is required for emission from materials with low ¢, and
indeed studies have been made on low ¢ materials such as amorphous-diamond (bulk)®"*8 (¢ =
1.33 eV), barium oxide, BaO,*® nanowires (¢ = 1.65 eV) and lanthanum hexaboride, LaBs %
nanowires (¢ = 2.57 eV). Due to intricacies of the underlying physics, they have not, in fact,

shown distinctly improved behaviour compared to other materials.
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Figure 2.3 | Field Emission Schematic Diagrams. Typical FE device with nanomaterials grown on
cathode, operating in diode mode b) schematic of the potential barrier induced by an electric field

including Shottky corrections and image potential.

To estimate the current density, /, the emission current formula for emission in the x direction

from an emitter in the yz-plane is given by:
Je = Jy NE)D(E)AE, (1)

where N(E,)dE, is the electron supply function, giving the number of electrons crossing the
barrier in a direction parallel to the substrate plane (from emitter bulk); and D(E,) gives the
transmission coefficient or tunnelling probability. To calculate D(E,), the Wentzel-Kramers-
Brouillon, WKB, approximation is used. Tunnelling occurs when the barrier is significantly
thinned by the electric field to less than a few nanometers, with a relationship between
increasing emitted electrons and decreasing barrier thickness. For metals, the emission tip is
modelled as a semi-infinite quantum well with work function, ¢, and local electric field, F,
approximated as a linear potential. Application of the Fermi-Dirac distribution, which assumes
electrons follow the free electron model and hence obey the Pauli Exclusion Principle, and

WKB approximation, gives the FN equation, as 3

3
F? Bpn®2
J =Apn 5 &P (‘ %) (2)

where the constant Agy is derived from the supply function N(E,)dE, =

dE, f; n(E, E,)dE according to the free electron model and Bpy from the transmission
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coefficient D(E,) = Dpexp (?) of the barrier using the solution to the Schrédinger

equation and WKB approximation:

3
Apy = ﬁ =1.54x 1075 AeV V?

By = 2¥2e _ 683 % 109 V32V m?
FN 3 he

where e is the electron charge, m,, is the mass of an electron and 7 is Planck’s constant h/2.

The electron supply function is dependent on the relationship between the back contacts and
the emission material. For nanomaterials and non-metallic materials, further considerations are
required. Beyond the triangular barrier, equations derived for a Shottky-Nordheim barrier
includes corrections from the effects of image potentials giving:

3
F2 B 2
] = AmAgy 5 P (‘ %) (3)

where 4,, is a pre-exponential correction factor and vy is a correction factor given at a particular

value of the principle Shottky-Nordheim barrier function.

A reduced version of the standard FN equation, commonly used in calculations with

experimental data, is given by:

3
= §=(—AF”£2E2)exp<—BFB”%> @)
where | is the total emission current, S is the effective area of emission, defined by the effective
area from which electron liberation occurs from the cathode, which is somewhat dubious and
difficult to measure and is commonly mistaken as the area of the substrate onto which the field
emitting materials are deposited, E is the local electric field, and f is the field enhancement
factor relating to an increase in the observed local field around sharp tips. E can be
approximated using the anode-cathode voltage, V, and inter-electrode separation, d, by E =
BV /d), where S is a proxy metric for AR or tip sharpness. The quantities | and S can be
directly measured under experimental conditions, and give rise to the calculation of factors
such as g and, of course, J. According to the general WKB approximation and subsequent

transmission models, low ¢ and high £ typically manifest as high maximum current density.
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The reduced FN equation is commonly used to calculate FN behaviours from a nanomaterial
emitter. A linear fit to a plot of In (J/E?) (y-axis) against 1/E (x-axis), typically called an FN
plot, indicates that a material follows Fowler-Nordheim theory well. A linear rearrangement

here gives:

n (%) = <—B%¢% )%+ln (AFT’W) (5)

The local field enhancement factor, g, is related, in part, to the emitter geometry, with high AR
materials, such as CNTSs, proving to be excellent candidates by exhibiting very large values.
The value of f is measured by inference of known quantities including J, E and ¢. Due to
complexities arising in accurately assessing E and indeed ¢, however, calculated values of j
are wildly disparate with values from 1 to 10,000 stated in literature®::52, although it should be
noted that emitter morphology can also vary wildly within a sample and is of high influence in
defining p.

Experimentally, the gradient, m, from a Fowler Nordheim plot (In (J/E?) against 1/E) is

commonly used to derive the local field enhancement factor, £, when ¢ is known, given by:

3/2

p = -l (6)

m

Calculating ¢ can be performed using ultraviolet photoelectron spectroscopy, Kelvin probe
microscopy, or other similar surface sensitive techniques and has different values for individual

materials.

Theoretically, the maximum current density of an emitter can be calculated using the Fermi
energy of the material, from where the majority of electrons are emitted, when the potential

barrier is transparent to electrons® (D(E,) = 1):

em _ B
Jmax = ﬁEﬁ = 80.83E% eV~ 2pA nm ™2

In the Sommerfeld model, where ¢ ~ 1.5 eV — 15 eV, J,,4x Can take values between 180 pA
nm2and 18,000 pA nm™.

2.3.1 Field Emission from Nanomaterials

Despite being derived for classical bulk metals, the Fowler Nordheim equations have continued

to be extensively used with the introduction of newly discovered one dimensional, 1D, and two
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dimensional, 2D, materials that neither behave classically, nor in the same way as bulk
materials®®. There are, therefore, ambiguities. In contrast to bulk metals, emission from both
single-walled nanotubes, SWNTs, and multi-walled nanotubes, MWNTS, has been accredited
to originate from discrete energy states®*®” and continuous electronic bands®. The density of
states at the tip deviates from metallic behaviour, with localised states that have well-defined
energy levels®. Uncertainties on the validity of application of FN theory in these
circumstances® have surfaced, however, a more relevant or universally accepted theory has
not yet appeared. Nanomaterial FE analysed using standard FN theory has consequently
continued to dominate and has been in use by scientists for some decades now.

A number of the assumptions made in FN theory come into question when considering
nanomaterials. From the numbered assumptions mentioned above (Section 2.3), the following
inaccuracies arise, which could affect the use of FN: Nanomaterials do not, in general, have
atomically smooth surfaces, for example, at the tip of a CNT or nanowire. A planar boundary
may not exist in nanomaterials, where the radii of curvature are especially high and close to,
or less than, the barrier width, and the electric field near the surface becomes inhomogeneous.
The approximation of a planar barrier becomes incorrect, with solutions to the three
dimensional Schrodinger equation required; yet to be solved completely’™. The tunnelling
barrier corrected for atomically sharp tips requires image charge interaction and interaction
between tunnelling charge and applied field to be known’?. It is plausible that the electric field
could penetrate some nanomaterials, changing the emission character, and indeed has been
shown to do so in CNTs’2"3, Zheng et al’* used density functional theory to model this effect,
finding that penetration at the tip leads to a deep potential well causing a non-linear decrease
of the potential barrier and could explain the, elsewhere observed, low turn on voltages. The
free electron model is not representative of electrons in all nanomaterials or in fact for any
material used in FE that is not a metal. Filip et al’”® propose that a 2D free electron model is
appropriate in “bulk” cases of emission from CNT films, where electrons show free movement
in the space of 2D graphene sheet, subjected to a transverse confinement due to tight rolling
into a nanotube. Fursey and Glazanov’® suggest that the constant Arn is connected to Fermi
surface geometry that is material dependent and arises from approximations in the WKB
model. They suggest that the difference between experimentally found values and free-electron
model derived values can differ by up to 20%. The significant difference in the atomic structure
of nanomaterials compared to bulk metals is characterised by: energy band structure beyond

what is classically described by the Sommerfeld model; shape and size of material affecting
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2.3 Fowler Nordheim Theory

the electric potential distribution close to the surface and shape of the vacuum barrier potential;
quantum confinement effects in nanowires; impurities and defects causing localised states near
the Fermi energy and adsorption of foreign molecules altering emission of electrons. In 1D
materials, it is the transmission coefficient that is most widely refuted because the WKB

approximation falls apart at high fields, preventing a strict solution to the Schrédinger equation.

Often in 1D and 2D materials, a high and low field approximation is chosen, where
nanomaterial 1-V characteristics diverge from bulk metallic in experimental results. In high
field regions a deviation between 10% and 30% from linear FN behaviour is seen in CNTs®®.
Two values of 4 are often quoted, found by two gradients of two straight lines exhibited in
plotted data often coarsely fitted according to classical FN theory’®’’. In some cases straight
line behaviour is not exhibited at all”*. The explanation of these two values is attributed simply
to the difference in emission between high and low field. Many suggest that g is a result of a
combination of the emitter geometry; such as AR, surface roughness, the size of the vacuum
gaps, crystal structure and spatial distribution of emitters 8% yet fail to intimately describe the

exact relationship.

CNTs exhibit further unusual behaviour, often highly desirable, that cannot be fully explained
by Fowler Nordheim theory alone. In CNTs explicitly, the saturation of emission current occurs
at values of approximately 1 pA, larger than those of metallic emitters. In macroscopic metallic
emitters, the energy distribution is limited to around 0.3 eV and is dependent on the tunnelling
barrier8l. Increased narrow energy distribution, at least half that of metallic emitters, with
FWHM approximately 0.1 — 0.3 eV has been shown at room temperature due to the energy
distribution being also governed by the localised band structure®?. These are two of the main
benefits seen over bulk metals. Individual nanotubes can accommodate currents between 0.1
and 0.2 mA per tube®. Electrons originating from a number of energy bands result in an energy
distribution with multiple peaks as opposed to a metallic continuum. Despite having a reported
work function of between 4.3 — 5.1 eV®, which is larger than conventional FE materials, these
excellent properties have proven influential in driving popularity of CNTs in FE research. FN
equations specifically for CNTs have been derived?® that take into account the linear energy
dispersion relation, with Dirac Fermion behaviour, which differs to common metals that follow
the Sommerfeld model and have a parabolic energy dispersion relation. However, this is not

normally accepted or used.
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2. Field Emission from Carbon Nanotubes

Some inaccuracies have been identified when considering emission from nanomaterials,
however, sophisticated understanding or indeed widely accepted alternative solutions are
lacking. Thus classical FN theory remains predominant in describing and predicting FE

behaviour.

2.4 Carbon Allotropes

Carbon, in all forms, is of significant prominence and importance in the study of field electron
emission, showing desirable characteristics such as high measured current densities. As the
fourth most abundant element, the supply of carbon is large and subsequent research potential
is vast. Whilst many forms of carbon have been used in FE, including diamond, graphite and
amorphous-carbon, a-C, of particular interest are the 1D and 2D allotropes: graphene and
CNTs.

2.4.1 Graphene

Graphene has been termed a wonder material, displaying a combination of unique and exciting
properties. Discovered through observation of the lamella structure of graphite, graphene refers
to a freestanding single atomic layer of sp? hexagonally covalent bonded carbon, seen in Figure
2.4a, and is recognised as a 2D material because of its planar geometry. A carbon atom has six
electrons occupying 1s?, 2s? and 2p? electronic orbitals. In graphene, sp? hybrids form in the
Xy-plane and p; states in the plane normal to this, forming ¢ and 7 bonds in a tight binding
approximation. Isolation of graphene sheets is relatively recent compared to its discovery by
Wallace®* in 1947, taking place in Manchester in 2004. The Nobel Prize in Physics was
awarded for this in 2010 to Andre Geim and Konstantin Novoselov “for ground-breaking

experiments regarding the two-dimensional material graphene” 8.

Noteworthy reported properties are: high tensile strength®, high conductivity?”, chemical
inertness, optical transparency®, and high thermal conductivity®®®. There has been a diverse
array of experiments to verify and utilise these unique properties. Numerous issues, however,
have been encountered that as yet inhibit it from achieving the speculatively prophesised

potential in the commercial market.

2.4.2 Carbon Nanotubes

CNTSs were first considered to be an exciting material in a paper published in 1991 by lijima et

al®l, though their discovery pre-dates this to as early as 1952 by Radushkevich and
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Luckyanovich®2, They are known as a 1D material, showing an extreme AR, with radius often
up to 10, times smaller than their length. Structurally, they are described as a graphene sheet
seamlessly rolled into a tube-like geometry and hence demonstrate many of the attractive
properties of graphene. Figure 2.4a exhibits a planar graphene structure; carbon nanotubes
rolled from this plane can be seen in Figure 2.4b. There are typically three types of single
walled nanotubes defined by the appearance of bonds around the diameter, which correspond
to the methods of manipulation in achieving a rolled graphene lattice froma single plane. These
are armchair, zigzag and chiral. Armchair configurations are exclusively metallic, whilst zigzag
and chiral can be metallic or semi-conductor like with a range in measured band gap depending
on diameter, typically between 0 and 2 eV®®. Characteristics such as high electrical
conductivity®?, quick response times*, low driving voltages®, and resilience to

electromigration®* have made them an important contender for the use in FE applications.

Single wall nanotubes, SWNTSs, entail a single tube and can be open or capped at the tip
depending on their means of manufacture. Multi-wall nanotubes, MWNTSs, are defined by a
number of tubes concentrically nested. As seen between layers of graphene in graphite, layers
between graphene-like sheets in MWNTSs are bound by weak Van der Waals forces. The
diameter of SWNTSs have been reported to range from ~ 0.4 nm to > 3 nm, and MWNTSs from
~ 1.4 nm to 100 nm at least®®, variations of which are significantly influenced by fabrication
method and particle size of metal catalysts from which they can be grown. Due to easier
fabrication, in FE applications, MWNTSs are more commonly utilised than SWNTSs and are

quasi-metallic (with band gap close to 0 eV *).

There is great diversity seen when evaluating the characteristics of CNTSs, particularly
MWNTSs, apart from size and shape. The purity of nanotubes is chiefly governed by the amount
of carbon to undesired materials present, and is significantly affected by synthesis and
distribution. Disorder and crystallinity describe the fundamental structure of the CNT. Packing
density, as well as length of CNTs, can be highly variable depending on fabrication conditions,
and indeed intended output. The CNT cap, which can take a number of forms, can be influential
in FE. When modelling their behaviour, CNTSs are regularly represented by a cylinder with a
hemispherical cap. Due to experimental variation a smooth, clean hemispherical cap is rarely
fabricated, specifically in MWNTSs. The tip may be tapered, flat, open or show protrusions.
Deviation from a hemispherical shape, however, can lead to an increase in field enhancement

factor and resultant higher current, up to ten times larger®®7.

23



2. Field Emission from Carbon Nanotubes

Defects can alter morphology and the function of CNTs, occurring through a variety of means
and can have a pronounced effect on FE capabilities. Most commonly defects arise in the form
of vacancies, interstitials (free atoms trapped in graphitic sheet layers), adatoms, and pentagon-
hexagon pairs (Figure 2.4d). A pentagon-hexagon pair, whilst changing the physical shape and
appearance of the CNT, maintains the connectivity of the sp? hybrid lattice® and is of
insignificant importance to FE, with little effect on emission performance. Other types of
defect, however, can interrupt the lattice and have been implicated in affecting FE in a number
of ways from encouraging contamination by foreign molecules®® to additional emission
centres'®. Non-sp? defects, such as dangling bonds, adatoms, vacancies and interstitials can be
formed in post-process treatments and where adsorption of non-carbon atoms has been seen,
this has been implicated in causing hysteretic I-V behaviour'®’. Defects can be deliberately
induced by doping, where substitutional atoms are embedded in the lattice with the intent of
changing the CNT properties. For example, doped N and B atoms have been shown to increase
the chemical reactivity®, where this is a desired outcome.

Other 1D carbon forms, not strictly tubular, exist that are otherwise remarkably similar. A
carbon nanotube is defined by a fully hollow core. A carbon nanofiber, CNF, exhibited in
Figure 2.4c, on the other hand, has a solid centre but maintains many similarities to a CNT.
Instead of a rolled cylindrical configuration, the graphene layers in CNFs can be stacked in
vertical layers, herringbones or cups, and horizontal layers®?. Analysis of the graphitic, G,
band in Raman spectroscopy can reveal the difference in CNFs and CNTs, with CNFs showing
higher defect densities'®® owing to the closer packaging of graphene sheets. CNTs are affected
by Van der Waals forces more than CNFs due to the larger surface area to volume ratio. A
higher stiffness than CNTs make CNFs robust against movement caused by local electric fields
in FE. CNTs can bend in electric fields, due to torque induction caused by metallic catalyst,

whereas CNFs have a higher stability.
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2.5 Carbon Nanotube and Emitter Fabrication

CNTs are fabricated either by vaporisation methods, such as arc discharge or laser ablation, or
by catalytic decomposition of hydrocarbons over metal catalysts®® in a bottom-up process
where materials are built from molecular components into more complex structures. A number
of techniques can be used for the fabrication of CNTs, with difference in cost, process
complexity, need for catalyst deposition, commercial availability, repeatability of CNT
structure, and CNT alignment. Vaporisation methods, including electric arc discharge® and
laser ablation'® require high temperatures, > 3000 °C, whereas catalytic decomposition

methods can be performed at relatively lower temperatures.

The first process, by which they were discovered by lijima et al, was arc discharge. Aggressive
CNT degrading acids are used in purifying the CNTs grown by vaporisation methods, however.
A typical yield'% of < 10% is seen using arc discharge, with the resulting materials requiring
post growth processing. The purity of CNTs produced in laser ablation is high (up to 90% with
additional treatments'®’), though many other by products are also made (such as fullerenes and
amorphous carbon). Vaporisation fabricated CNT emitters can be realised through dispersion

as a powder or in a solution. Drop, cast and spray techniques are quick and cost effective,
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2. Field Emission from Carbon Nanotubes

requiring an easy to manipulate CNT ink. Many have chosen this method for this reason.
Drawbacks, however, include poor performance in FE applications due to misalignment and
non-uniformity in such deposited CNTs as well as instability of surfactants in a vacuum
environment. Electrophoresis deposits ink in a more controlled manner via the motion of
charged particles®®, though issues with alignment and repeatability are still problems. Vacuum
filtration®® is cheap and easy, achieved by sieving and consequent rinsing of a CNT ink
through an evacuated filter. CNTs are transferred to a substrate using heat (200 °C) with an
applied pressure (2 kg over an area of 10 mm x 10 mm). Large area processing and the low
cost of this technique make it popular. However, with all above methods, agglomeration of
CNTs caused by Van der Waals forces, as well as random orientation of CNTs on the substrate,
cause non-uniformity which leads to poor emission currents and problems with device

repeatability.

Chemical vapour deposition, CVD, offers high repeatability and allows a degree of control
over CNT length, diameter, alignment and growth position. Temperatures, often 500 °C < T <
1200 °C, are required in the growth process, though the lowest recorded temperature is 320
°C10, Growth on catalyst sites is initiated using a hydrocarbon feedstock gas (often CH4 or
C2H) and an amorphous carbon etchant gas (H2 or NHs) 1%, Plasma enhanced chemical vapour
deposition, PECVD, employs a plasma that enhances the catalyst and exhibits further
alignment of the CNTs. Lower temperatures can be achieved with PECVD, giving rise to the
potential for use on plastic substrates and future flexible devices, though this remains a
challenge 11113, A key advantage of CVD growth mechanisms is that transition metal sputtered
catalysts can be patterned using lithographic processes to give precise control over the location
at which the CNTs are grown. This is highly desirable in the study of FE and has shown
increased FE capabilities discussed in further detail in Section 2.7. In this work, CNTs are
grown exclusively through CVD methods by the author since the equipment and growth
methods were well established and the nature of alignment and patterning ability were superior

relative to other methods of fabrication.

In a study by the author on the published works of CNT field emitters, it was found that most
of the fabrication methods above had been used to grow CNTSs for FE. Some studies, trying to
maximise emission currents and minimise cost, implemented inexpensive deposition methods,
such as screen printing of CNTs in a paste, followed occasionally by post processing such as

plasma treatment'+115, Others focused on investigating the science of emission and have
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attempted to reach high current densities and/or low turn on voltages often associated with
CVD and well aligned CNTSs using CVD techniques primarily.

2.6 Carbon Nanotube Field Emission Applications

Proposed applications of CNT FE include graphical displays®!®17 travelling wave
tubes!!811®  microwave amplifiers®®!?, electron microscopy?*1?2 parallel electron beam
lithography®®123, and X-ray sources®12312° Essentially, any device where an electron beam is
required, for example in surface science microscopy, or where TE is used, FE from CNTSs can
replace existing technologies. There are few suggestions of truly innovative uses, focussing
mainly on replacing existing technologies. This has perhaps inhibited the penetration of CNT,
and indeed FE, products into the commercial market. The first marketable device made with a
CNT cathode was a field emission lamp®12%, which is still available today, employed in
outdoor lighting and in agriculture, however, other energy saving technologies have dominated
commercially. Historically, the most popular applications in research, because of the large
potential markets, are field emission displays, FEDs, and X-ray sources.

2.6.1 Field Emission Displays

At the turn of 21% century, it seemed that FEDs held the key to the most promising future for
CNT FE devices by replacing liquid crystal technologies, which in 1999 accounted for 75% of
the flat panel display market’. An FED is made from a matrix of cathode ray tubes, each tube
contributing to a single pixel. Electrons with high energy are projected towards a phosphor
plate at the anode of the field emitter, where red green and blue sub-pixels can be individually
addressed to generate any coloured image. Unlike liquid crystal technologies, each colour pixel
can be individually addressed, saving up to 50% in energy consumption®®. Other benefits
include high brightness, wider viewing angle, high dynamic range and operating temperature.
Spindt emitters with electron beam evaporated molybdenum cones were most commonly used
in FEDs. Samsung were the first to create a sealed FED prototype made using a CNT paste in
1999 127128 Competition peaked between Samsung, Motorola and a number of Japanese
companies in the late 1990s. However, mass production and efficiency issues of FEDs saw
light emitting diode, LED, technologies develop to fill the gap in this market using a more
effective, approach also addressing individual pixels. A number of other difficulties were hard
to overcome including charging effect at the isolation spacers between anode and cathode,

device outgassing, high costs of operation caused by the comparatively large required voltages,
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lack of emission uniformity and array fabrication yield as well as long term stability
issues!?®130 The success of LEDs meant that from 2010 onwards, there were far fewer
publications on FEDs and the efforts of the competing companies had changed focus.

2.6.2 X-Ray Sources

X-rays were discovered in 1895 by Rontgen 1. These electromagnetic waves can be used to
generate an image that reveals the fine inner structure of an object by utilising differences seen
in absorption and ionisation in materials with different chemistry. Dyke and Dolan'’, in 1956,
were the first to use FE as an X-ray source using linear tungsten pins to strike a copper target.
The first X-ray system was made by Hoffmans!3 in 1896 and was used to image the human
anatomy. The first field emission X-ray tube was invented in 1975 by Charbonnier et al *3, An
X-ray tube consists most basically of a cathode and anode in a vacuum tube. High energy
electrons from the cathode hit the anode to generate X-rays. Where TE is used, other elements
including beam focussing and cooling are often required. The ability to distinguish materials
of varying density, invisible to the naked eye, has proven popular in medical applications from
a very early stage in the identification of broken bones and foreign metals, bullets for
example!*, within the body. Further to this, they have proven invaluable to the security
industry, with inspection technologies employed globally in airports and homeland security, as

well as in industrial inspection.

X-rays are generated by bombarding a metal target with high energy electrons causing deep
electronic shell displacement of the target atom. When the atom relaxes an X-ray is emitted,
which is characteristic of the target material. Of the three electron emission methods, TE was
the first to reach commercial availability in X-ray devices. It relies on heating of a filament,
usually tungsten, giving free electrons enough energy to pass over the surface potential barrier
at the metal-vacuum interface. High power consumption is required to resistively heat the
filament to temperatures > 1000 °C *°, Due to high temperatures, the filament lifetime is
limited and cumbersome, mandatory heating power supplies impose a size limitation.
Typically, the lifetime of an X-ray tube in a conventional machine is less than a year'®.
Thermal instability due to increased atomic mobility at elevated temperatures allows for
significant electro-migration. Emitted electrons have random energy distribution and direction.
Despite focussing electrons in an electric field, beam intensity distribution remains non-
Gaussian, which ultimately limits image resolution. As a result of the high temperature and

power needs, only single pixel devices are used and are physically much larger than equivalent
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FE devices. A slow temporal response, with switching times of 10 ms*3¢, also results in motion

blurring, reducing the image quality.

FE offers benefits over TE, by operating at room temperature and demonstrating fast switching
times, down to nanoseconds'®’, with the potential for longer device lifetimes due to lower
operating temperatures. Other benefits include: device miniaturisation, possibility of pulsed
emission, the ability to be nano-engineered, control over the generated beam energy and
direction, and negligible cathode sputtering. Cathode sputtering is a function of both the
emitting material and operating temperature. Carbon has a low sputter cross-section, which is
increased by heating, making FE, principally from CNTs and carbon materials, preferable to
thermal emission. Carbon has also proven to have higher stability in non-ultra-high-vacuum,
non-UHV, conditions compared with metallic alternatives'®. Other materials, including zinc
oxide, ZnO, nanowires®®, silicon*® and diamond!*1%> have also been utilised in the

miniaturisation of X-ray sources, though CNTs are most prevalent.

CNT based cold cathodes have been fabricated and used in X-ray devices. Sugie et al**® (2001)
directly compared images taken with thermionic and field emission and found higher detail
was available with CNT field emitter due to increased resolution. The focal spot size,
determining spatial resolution, is partly influenced by the area of emitted electrons. The
intensity of the X-rays is proportional to the electron beam current and the square of the
acceleration voltage®. Focussing is required in TE because the filament is typically 2 mm in
diameter and 10 mm long'®, whereas, FE can be far more compact. Yue et al**® (2002) built a
SWNT emitter and took an X-ray image with an acceleration voltage of 14 kV, smaller than
normally used in medical imaging (50 — 100 kV). Efforts to miniaturise X-ray tubes have been
performed by Haga et al**® (2004) and a digital X-ray tube by Kim et al*** (2013). In 2016,
Choi et al'® developed a miniature device using a point contact CNT deposition method. A
tungsten tip with 5 um radius of curvature was dipped into CNT paste. The adhered CNTs were
then deposited in dots by lowering the probe to the surface. Employed as an X-ray source,

feature sizes of 2-3 um were resolved.

Despite lack of widespread commercial availability, there are a number of specialised CNT X-
ray based products in use. XinRay Systems have developed CNT X-ray machines with the
specific purpose of diagnosing breast cancer and have recently branched into dentistry. A high

resolution image is acquired by sequencing CNT X-ray pixels at a number of angles'4®147,
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Miniature, micro-focused CNT X-ray sources have also been developed by NASA and

Microwave Power Technology for use in mineralogical analyses of matter in space®.
2.6.3 Other Applications

Parallel electron beam lithography aims to speed up the currently used slow standard e-beam
equipment eliminating the need to raster scan and pattern during writing. In research and
development, electron beam lithography is a widely used tool that permits mask-less
lithography directly writing a pattern from a computer generated file, allowing intricate details
and easily manipulated patterns to be realised in an ad hoc fashion. However, a severe
disadvantage is the slow exposure over large areas compared to photolithography.
Parallelisation of the beam is one solution to increasing process speed. The feasibility of this
has been tested by Chang et al**® and Muray et al**® with field emission behaviour investigated
by Milne'%,

Other electron beam instruments are potential applications of CNT FE. In scanning electron
microscopy, SEM, and transmission electron microscopy, TEM, improvement of energy
resolution can be achieved by utilising the lower energy spread offered with high resolutions
owing to small emission area and reduced beam diameter. Additional advantages include
decreased acquisition times and increased processing speeds®®. In electron microscopes, field

emission guns offer high brightness and longer lifetime to thermionic alternatives*®.

In long-range telecommunications, microwave links are used. FE CNTs can provide the
electron source in a travelling wave tube, TWT, which amplifies radio frequency signals in the
microwave range. Current technologies are cumbersome, based on thermionic cathodes. FE
offers lightweight and fast switching as well as miniaturisation that could be particularly

beneficial in satellites given the significant weight savings, and therefore financial savings*®1°°,

2.7 Patterned Carbon Nanotube Field Emitter Devices

Through growing developments in precision engineered lithography, manipulation of surface
emitter morphology has become increasingly popular. Patterning CNT cathodes is essential for
device applications such as flat panel displays requiring defined pixels. In early years, patterned
emitter fabrication was primarily through vaporisation methods, namely arc discharge and laser
ablation, manipulated in a paste®. Wang et al*!® developed the first flat panel CNT FE display
by etching a glass substrate, pressing a nanotube/epoxy solution into the etched grooves and

polishing the surface to expose the microchannels. Deposition of CNTSs in a paste or solution
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presents limitations in precision over fine features. This lead to an increase in the use of CVD
methods, where higher precision can be achieved. Use of lithography to pattern CNT anodes
was introduced, growing nanotubes only where metal catalysts are present on the substrate
surface. Morphology of the emitter surface controls the local enhancement factor and screening
effect around CNTs. A number of lithographic processes have been employed to pattern CNT
growth regions including photo'®!/e-beam®®? lithography and shadow masking®®. A great
variety of geometries can be synthesised to achieve high performing field emitters that yield

high currents at low electric field values.

An influential characteristic of nanomaterials on their commercial viability is the temporal
stability of their emission current. Increased emission current can be seen by dramatic local
field enhancement around the, sometimes, atomically sharp tips of 1D materials. Ideal surface
morphology entails indistinguishable CNT structures; the ability to grow CNTSs to an identical
height and width as each of its neighbours, however, is not a simple, or indeed feasible, task.
Even in the most controlled environmental growing conditions, statistical variability in the
growth mechanisms of the nanomaterial results in CNT-to-CNT disparities. To date the very
best uniformities of carbon nanofibers achieved is around 6.3 % variation in height and
variation in tube diameter of 4.1 %, Burn out is a phenomenon that occurs when a longer
CNT than its surrounding neighbours dominates emission current, significantly contributing to
FE until thermal degradation destroys it*>®. This is particularly problematic when CNTSs are
deposited using pastes where large height variations are manifested*®. The maximum current
density an individual CNT can reportedly accommodate prior to burn out has been stated 7 to
be as high as 100, 000 A/cm?. The occurrence of burn out can be minimised by CVD
fabrication, which gives relatively consistent CNT height compared to other methods, with
variations of just a few percent seen'®. Successful FE devices require burn out to be
significantly minimised, if not totally eradicated, achieved through carefully controlled nano-

engineering of emitter geometry.

A substantial number of publications describe the use of patterned nanotube structures. A few
are named here though the list is by no means exhaustive. A significant discovery on the
importance of vertical alignment of CNTs and consequent improvement on emission
performance was realised, followed logically by further manipulation of emitter geometry.
Before settling predominantly on growth of CNTs from sputtered catalysts in CVD, other
techniques included that seen by Kind et al**®, who stamped gel-like catalyst in predetermined

areas using micro-contact printing. Bonard et al**® in 2001, also used this method, professing
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catalyst control and subsequent control over CNT density. Early issues arose concerning
adhesion. In 1999, Fan et al*®® used a combination of shadow masking and deposition of an Fe
catalyst by electron beam evaporation to grow “towers” of carbon nanotubes in 38 um x 38
pm blocks, 130 pum tall. Further evidence of CNT patterning using shadow masking was seen
in 2001, by Choi et al*>3. Circular deposition of the metal catalyst, with a diameter of 250 um
and pitch of 750 pm, was achieved, seen in Figure 2.5a. A current density of 397 mA/cm? at 4
V/um was recorded, and current saturation (Section 2.3.1) was observed above fields of 2
V/um. Sohn et al*®* chose a different technology and used an optical mask to expose selected
areas of a photoresist to light before catalyst sputtering. The sputtered catalyst was
subsequently removed in regions where the resist remained on the surface after optical
exposure by ‘lift-off’. Figure 2.5b and ¢ show the geometry, where 30 um x 30 um squares
were attained. At 3 V/um, a maximum current density of 80 mA/cm? was measured. Optical

masking can be advantageous over shadow masks in reducing edge blurring.
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Figure 2.5 | Emitter Patterning. Early patterning of CNTs a) Choi et al'*® discs patterned using

stainless steel mask b) Sohn et al'®!

squares patterned using an optical mask c¢) closer view of optical
mask patterned sample d) Sohn et al'®? laser patterned CNTs in grid of squares. CNT Pillar Arrays )
Katayama et al'®® optimal ratio between the height of the CNTs (H) and the pitch (R) R/H = 2 f) Fujii
et al*®* R/H = 6 g) Chen et al'® reduced pillar diameter of 25um, and pitch of 10 um h) Li et al**® silicon
pillars, SP, with CNT on top i) single SP-CNT. CNT morphologies created using post process
treatments j) Ryu et al'®” cone-shape CNTs fabricated by resist-assisted patterning process k) Aria et
al'® show i) untreated ii) moderate iii) heavy exposure of O plasma. Finally, complex emitter designs
patterned using electron beam lithography ) Li et al'> isolated single ballast CNT with square drain m)

Cole et al*®® with hexagonal drain.
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As well as the ability to pattern, the growth methods have also developed with time. After
initial studies, Sohn et al*®?, in 2002 used laser deposition to manipulate catalytic Fe before
growth of CNTs in a 25 um x 25 um array, as seen in Figure 2.5d, in attempt to control both
the pattern and ensure high degrees of vertical alignment of CNTs. The thickness of the Fe
catalyst was varied, controlled by exposure time of a KrF laser with pulse energy of 300 mJ
and a repetition rate of 10 Hz. This method offered good adhesion between the catalyst and Si
substrate due to high kinetic energies of iron and was essential in determining the size of the
catalyst nanoparticles from which the CNTs grew. The Van der Waals force has proven
influential in attainment of vertical alignment, with high sensitivity to catalyst nanoparticle
density. From nanoparticles of between 10 nm and 50 nm, well aligned CNTs were grown. In
2005, SiO; and Si substrates were etched to create patterned trenches from which CNT arrays
were synthesised by Huh et al'’. In 2015 this technique was still in use; Cui et al*’* directly
patterned a silicon substrate by etching to create honeycomb structures.

Electrostatic screening between emitters comes into play when considering emission from an
ensemble of close packed CNTs. With increasing packing density, the electric field at the CNT
tips decreases. To study this, individual standing CNTs and arrays of CNT pillars became of
much interest. De Heer et al*’?, in 1995 began aligning CNTs in a preferential direction by
drawing a nanotube suspension through a filter. In 2001, Chhowalla et al*’® grew a number of
different carbon nanotube samples with varying densities and heights, finding the less densely
packed emitters to perform better as a result of the reduced screening effect. In 2002, Teo et
al'’* compared field emission further testing different densities and finding that a sparse forest
(107 nanofibers/cm?) and an array of individual nanofibers spaced twice their height apart had
a similar g as a result of a similar screening effect. These were generally grown from a photo-
lithographically patterned catalyst followed by CVD. Figures 2.5e-i show examples of such
arrays. In 2004, Katayama et al*®® found that the optimal ratio between the height of the CNTSs,
H, and the pitch, R, defined by centre-to-centre distance, was R/H = 2. Figure 2.5e shows the
pillar diameter of 50 um and a pitch of 250 um. In the same year, with advances in precision
and resolution of lithography, and progress in growth mechanisms, Milne et al®® were able to
grow individual CNF structures from a 100 nm dot of Ni catalyst (Seen in Figure 2.1f).
However, studies on the more easily fabricated pillars continued to dominate research. The R/H
ratio was scrutinised, with revisions resulting in R/H ~ 6 by Fujii et al*®* in 2008, seen in Figure
2.5f. This was performed by the same research group as the previously discovered optimal

value of 2. Pillar diameters of 50 um were used again in these findings. Electron beam
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lithography was used by Chen et al*®® in 2010 to further reduce the pillar dimensions to a
diameter of 25 um, and pitch to 10 pm as shown in Figure 2.5g. A hexagonal arrangement of
the pillars has been further shown to decrease the screening effect compared to a square
configuration by Harris et al*” because of equal separation distances. In 2014, Cole et al'?®
devised an experiment to assess the local field enhancement factor and how it was affected by
electrostatic screening by growing individual 5 um tall nanotubes at intervals of 1, 2, 6, 8 and
10 pm. Validation of the original findings, that the S ratio saturates when R/H = 2, was made.
In 2015, Li et al*®® took the pillar arrays a step further in attempt to reduce the screening effect
by growing CNTs on top of silicon pillars. The silicon pillars, seen in Figure 2.5h, have a
diameter of 3 pm and are spaced at 15 pum intervals. High current densities of over 1.65 A/cm?

at a field of 5.8 V/um were recorded in this way.

Further manipulation of emitter morphology has been undertaken in the quest for ever higher
performance. A number of post growth treatments of emitters have been considered that
attempt to further improve the measured FE by addressing issues including simplicity of
manufacturing and increasing defect site numbers to promote emission. Ryu et al*®’ grew and
patterned arrays in a cone-like formation, shown in Figure 2.5j. A resist-assisted patterning
process, designed to grow CNTs without a diffusion barrier metal, along with a hydrofluoric
acid treatment was implemented, producing 3 pm cone shape islands of CNTs with a pitch of
15 pm. A low turn on field of 3 V/um was found for an emission current of 0.1 mA/cm?. The
central thesis behind the study was to aid manufacturability by simplification of the growth
process. However, the process required the use of hydrofluoric acid which is a dangerous

substance to handle and thus limits the viability of this approach.

Another approach utilising complex emitter geometry was presented by Li et al*® (2012) in an
attempt to reduce the effect of burn out. Shown in Figure 2.51, an isolated single ballasted CNT
emitter is surrounded by a square CNT drain electrode with a pitch of 2.5 ym x 2.5 um and a
width of 0.5 pum, this precision was achieved with electron beam lithography. The individual
current contributions of CNTSs is decreased through the integration of a ballast resistance (the
upper most Si layer), which is in series with individual CNT emitters. This results in reduced
local electric field in proportion to the current emitted. Cole et al'®® modified the square
electrode array to a hexagonal variation to improve the current, which is attributed to a higher
enhanced local electric field created using this edge morphology. They also changed the central

singular CNT to a controlled diameter pillar. Hexagonal, honeycomb, emitters have shown
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greater current densities than the square or circular pillar variations as shown by Liu et al®.

Figure 2.5m shows a schematic of this array and an SEM micrograph.

Post process plasma treatments can be used to enhance the field emitting capabilities of a
material by changing its structure. These produce an increased number of locations from where
the electrons can be emitted by increasing the atomic defect density. This is particularly
successful in graphitic carbon allotropes. Chau et al*’’ attribute the increased FE from
tetrahedral amorphous carbon, ta-C to the lowering of the work function produced by use of a
hydrogen microwave plasma. Other benefits including sharpening of edges!’® and removal of
particles in a cleaning process!’®!8. Aria et al*®® have shown that morphology manipulations
by densification of CNTs can be also be achieved through use of an oxygen plasma. Figure
2.5k shows the resulting geometry, although emission was not measured in this case. Further
specifics associated with the effects of plasma operating conditions on FE was investigated by
the author using existing data on the topic. Four main categories were investigated consisting
of material (CNT, graphene or CNF), plasma operating power, plasma precursor gas and
exposure time of the material to the plasma. The most significant enhancements to the emitted
current density and operating fields, found from a total of 22 papers'**1781% \ere found with
a pre-cursor gas of nitrogen on a graphene emitter using a plasma power of < 200 W, exposed
for 1 - 3 minutes. A general trend of increased FE performance with plasma treatment was seen
with an average 20% reduction in turn on electric field (to achieve a measured current density

of 0.01 mA/cm?) using plasma treatments. This work is published in 1%,

In an ideal emitter, all CNTs have the same height and diameter, and equal spacing, emitting a
relatively small, similar current to one another, prolonging lifetime and averaging current
fluctuations®. Despite fruitful and thorough investigations, some major drawbacks inhibit FE
from CNTs becoming truly viable for use in applications. Without considering influential
factors such as cost and manufacturability, most prominent is the vast continuous nature of
grown CNTSs and the effects on current and stability, the control over both of which remains a
challenge. Efforts to overcome drawbacks have primarily focussed on patterning in a number
of unique ways, though a widely accepted high performance emitter geometry remains absent.
With questions still to answer on the true effect of emitter morphology and the direct influence
of patterning and dimensions, there remains a gap in current research; issues on which this

thesis focusses.
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2.8 Summary

In this chapter, a review of the literature concerning field emission, carbon nanotubes and the

history and complications of field emission from carbon nanotubes has been presented, with a

review of possible applications. It is evident that the physics underpinning the emission process

in nanomaterials differs somewhat to that of bulk metallic emitters and that many have tried to

explain this deviation. Concurrently, advances in deposition techniques and photo

lithographical precision have seen increases in emitted current density and lower turn on

voltages from carbon nanotubes. There is still, however, significant improvements to be made

and further processes to be fully understood.
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3.1 Introduction

3.1 Introduction

Fowler Nordheim theory suggests two methods to maximise the output current density; by
striving for low work function, ¢, and high field enhancement factor, g. Isolation of one of
these variables predicts a measured response. The most convenient variable to isolate is surface
¢ since it takes on a measurable value, as allowing for a classification by material. Confidently
quantifying £ is a far harder task. In this chapter, to study the effect of ¢ on field emission, an
exhaustive meta study comparison is made between materials, gathered by collecting data from
numerous sources. The complications of studying g are also detailed.

3.2 Classification by Material

A large variety of materials of all dimensionalities, namely one dimensional, 1D, two
dimensional, 2D and three dimensional, 3D, or bulk, have been studied in regards to their field
emitting capabilities. This work has been published in . 1D materials are characterised by a
very high aspect ratio, AR. 1D emitters are diverse in structure, though often consist of aligned
or disordered forests of 1D nanowires where the density of these 1D materials can be controlled
by their growth conditions. In the present study, the majority of the 2D materials are carbon
based but also include the broader family of transition metal dichalcogenides. All are
atomically thin, with typical single grains ranging in diameter from a few tens of nanometers,
to many hundreds of micrometers. All 2D materials to date are polycrystalline, and are either
grown directly, or deposited additively on various substrates, much like 1D nanomaterials. 3D
and bulk nanomaterial emitters often have micro-cone geometry. They possess structures that
consist of more complex atomic and macroscopic arrangements; they can be crystalline,
amorphous, disordered or structured. A primary defining trait is a characteristically low AR,
which is typically < 10. To date, whilst a diverse variety of materials have been studied, a
comprehensive comparison between them has seldom been performed and certainly to no great
extent. This chapter documents a thorough comparison with the purpose of identifying specific

traits to be able to effectively design a high performing field emitter.

Using published data, comparisons can be made between a vast range of materials. Results on
popular and well established nanomaterials, such as CNTs and graphene, proved numerous in
literature, whereas only single papers were published for other materials such as cubic boron

nitride, cBN 2. For a long established field of research, ambiguities and inconsistencies become
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clear when an exhaustive range is studied. This includes principally; a lack of clear definition
of FE performance metrics employed and a universal definition of .

All work herein has been performed by the author. The data has been extracted from existing
publications, however, all graphs and analysis have been made personally.

3.3 Field Emission Performance Metrics

Key parameters for the success of a material as a field emitter are often depicted as a low turn
on electric field, Eon, a low threshold electric field, Ewr, and a high maximum current density,
Jmax. These characteristics are essential in combination for most applications of FE to allow
optimum performance at low working energies. Though key in assessing the emission
performance, the metrics Eon and Ewr have been, to date, inconsistently defined, varying
dramatically between publications 3, with many apparently almost arbitrary definitions. Eon is
best described by the electric field at which a current can be measured. The need for some
coherence surrounding this has traditionally led to a specific current density output, usually
0.01 mA/cm?, beyond which emission is sufficiently high, or increasing, to be deemed “on”
from an initial starting condition where no applied field results in no emitted current. Just under
half of the papers studied herein give a value for Eon. Ewnr is stated less frequently, by
approximately 20% of authors, at common, yet varying values of 0.1 mA/cm?, 10 mA/cm? and
1 mA/cm?. Historically, Exr was defined by the emission current density required to visualise
electron emission patterns on phosphorescent screens®, with a value of 10 nA/cm?, though this
meaning has since become seemingly irrelevant and a formal replacement has not followed it.
10 mA/cm? is broadly quoted as a “figure of merit” ®1°, particularly with regards to flat panel
displays, though with no clear reasoning given as to why. The use of these frequently seen
values in other FE applications appears undefined, however, and they are not exclusively
quoted. Indeed, some acknowledge that there are no strict rules, with some groups opting to
define their own metrics'*4. Due to such arbitrary definitions and apparent lack of consistency;,
it has proven, to date, prohibitively challenging to draw direct valid comparisons between
differing materials and morphologies. Here we attempt to resolve this inconsistency by

introducing globally applicable definitions for Eon, Etr and Jmax.

Figure 3.1 shows a typical J-E curve and novel generalised definitions for Eon and Ewr, defined

as 10% and 30% respectively of a normalised total measured current density, J'= J/Jmax, when
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subjected to an applied electrostatic field, E. Defining both Eon and Ewr allows fitting and
Fowler-Nordheim-like curves to be readily extracted given only two parameters.

NE ]
)

< |
E

gy

0 , I
E()nEthl‘
E (V/um) E (V/um)

Figure 3.1 | Performance metric definition. The raw data showing the exponential behaviour of the
measured current (left) is converted into a function of the maximum current density, Jmax, from which

Eon and Euwr are extracted at 10% and 30% respectively of J', where J'= JlJmax.

This redefinition of Eon, however, is flawed. When J is normalised, the reading of 10% gives a
value of J and E for each emitter that depends directly on Jmax. Whilst redefining parameters
allowed a direct comparison to be made between materials, a similar comparison can be made
by simply defining Eonat a fixed J value. The two methodologies resulted in similar data sets,
however, the latter approach was chosen, given its simplicity and consistency with existing
literature. The most commonly used value seen in the literature was 0.01 mA/cm?, thus
justifying this otherwise arbitrarily chosen figure. Not all materials could be measured, due to
some not reaching a current density of 0.01 mA/cm?, however, this was only around 2% of
published works. Due to absence of a clear reason for or definition of Ewr, this was dropped

entirely from further study as Eon is considered to be the only metric with distinctive meaning.

Jmax represents maximum current density shown on published graphs, though most authors also
state it within the main body of text and often in the abstract of published works. This highlights
the importance of the figure and indeed the desired outcomes, where in most cases an
anticipated high value is required. A definition of Jmax is subject to some uncertainties; whether
the tip was run until it failed, maximum applied field, or maximum current extraction under
the experimental conditions it is exposed to. In most cases, the value is assumed to be

represented by maximum current extracted without encountering a failure.
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3.3.1 Data Extraction

A digital extraction tool (GetData Graph Digitizer, Vs 2.26.0.20) was used to digitise, gather
and verify data from sources using J as a function of E. In some cases, where current, I, or
voltage, V, were given instead of J or E along an axis, data was converted into the correct form
on the condition that total emitting area or cathode-anode separation, d, was disclosed. The vast
majority of data (= 95%), however, was directly extracted from J-E curves. This data was re-
plotted, where necessary, to be able to extract defined parameters, usually Eon, that were neither

mentioned in the text nor measured using a different metric definition.

3.4 Material Work Function and the Effect on

Performance

The Fowler Nordheim equation given in calculating the current density, J, is given by | =

22 3/2 . . L. R R R
( % ) exp ( — % ) The emitter ¢ is central to defining emission from a material and

has thus been a source of potential improvement in emitter design. It is often implied that lower
values enhance electron emission performance by reducing surface potential and increasing
tunnelling probability. Whilst ¢ is herein regarded as a quantity shared by emitters of the same
material, strictly speaking surface ¢ can be altered by surface effects, which change this value®®.
Where different values of ¢ are stated for a single material, the average of these values is given

in the results.

Ordering the extracted Eon and Jmax performance metrics according to increasing ¢ highlights
the dependency of material properties on FE performance, if indeed one exists. Figure 3.2
compares materials ordered by ¢ only, with no consideration to g or surface morphology of

emitter. For each material standard errors are shown.

The materials considered, arranged by increasing ¢, include 1D nanowires: barium oxide?®,
BaO, lanthanum hexaboride!’, LaBs, copper tetracyanoquinodimethane!®, CUTCNQ, tris(8
hydroxyquinolinato)aluminium®®22 Algs, silicon?®?’, Si, magnesium oxide?®2°, MgO,
aluminium nitride®32, AIN, cadmium sulphide*>333% CdS, silicon carbide®®3’, SiC,
tungsten®4° W, indium tin oxide*, ITO, copper phthalocyanine*?#®, CuPc, boron*¢ B,
polypyrrole*’1, PPy, tin dioxide®, SnO,, indium gallium nitride!3°354 InGaN, CNTs®%5%2

copper®8384 Cu, zinc selenide®®, ZnSe, diamond®®, gallium nitride®”%, GaN, zinc oxide?*%%-76,
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Increasing ¢
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Figure 3.2 | Material Performance by Work Function. Eon (green) and Jmax (blue) for a) 1D, b) 2D

and c) 3D/bulk materials ordered by increasing work function (written above material). Materials

showing low Eon (shorter green bars) and large Jmax (longer blue bars) are deemed to perform well. No

distinctive trends were noted, suggesting that work function (¢) does not influence, to any great extent,

a materials field emitting performance.
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ZnO, zinc magnesium oxide’’, ZnMgO, tungsten disulphide’®, WS,, tungsten oxide’®#2, WO,
tungsten trioxide®, WOs, molybdenum dioxide®48, MoO; and zinc sulphide?387°1, ZnS; the
2D platelets: copper oxide®%, CuO, hexagonal boron nitride®**’, h-BN, niobium oxide®,
CbO, molybdenum disulphide®®-11 MoS,, graphene (monolayer, vertically standing, clustered
and few layer)” %2113 reduced graphene oxide!’”* RGO, carbon nanowall**>17 WS,-
RGOM8, ZnO'® and tin disulphide®122, SnS,. and finally the 3D/bulk materials: a-
diamond”'?3, LaBs'?412", nanodiamond!?1?°, diamond like carbon!®%13! DLC, amorphous
carbon'*1%2 a-C, AIN'®, tetrahedral amorphous carbon!3*13 ta-C, Si tipst3-140 ZnSe®®,
diamond!*-144 Cu tips®64145  ZnO™1¢ Ni tips!#’10, chemical vapour deposition, CVD,

diamond™®1%3 and cBN2?1%4,

Figure 3.2 summarises a variety of FE materials, considered across an intentionally diverse
range of emitter geometries and morphologies in order to allow for a valid comparison of
intrinsic material properties. Comparisons can be drawn with ease from Figure 3.2, both in
regards to ¢ and on a material-to-material basis. Work function and standard deviation were
calculated using an average of authors quoted values, no attempt was made to verify the values
found. When categorised according to dimensionality, results shown in Table 3.1, it can be
seen that the 1D and 2D materials have very similar general performances, whilst the calculated
value of Eon for 3D/bulk is nearly twice that of 1D and 2D materials. This is likely due to very
sharp edges seen in these materials, with sizes down to atomic range in some cases™°. A similar
average <Jmax> is seen across all materials, suggesting that this quantity does not strictly depend

on dimensionality, and should be compared on an individual emitter basis.

Table 3.1 | Average performance of FE materials according to dimensionality.

<Eon> (VIUM)  <Jmax> (MA/cm?)

1D 4.66 4.85
2D 4.21 3.31
3D/bulk 8.09 3.70

The graphitic allotropes, including CNTs and graphene, show promising performance. CNTs

show a low value of Eon = 1.29 + 0.72 V/um compared to the average for 1D (<Eon> = 4.66
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V/um), as well as high maximum emission current density of 6.92 + 6.87 mA/cm?. Similarly,
Eon = 2.52 * 2.16 VV/um was recorded for graphene, with a high Jmax= 26.7 + 24.9 mA/cm?,
Some materials such as ZnMgO nanowires and ZnSe (bulk) show promising values, with low
Eon 0f 0.78 V/um and 1.40 V/um, respectively, but exhibit a poor comparison to the average
of their respective dimensionalities with regards to Jmax (0.35 mA/cm? and 0.63 mA/cm?). In
contrast to this, Algs nanowires and WO nanowires show remarkably high Jmax, where Algs
nanowires have <Jmax> = 20.5 *+ 22.9 mA/cm?and WO nanowires <Jma> = 13.8 + 12. 3 mA/cm?
compared to CNTs with 6.76 + 7.45 mA/cm?. However, they do not consistently perform this
well across all metrics, exhibiting higher than average values of Eon, with Algz nanowires
showing 9.23 + 3.93 V/um and WO nanowires with 6.92 + 6.87 VV/um. An ideal emitter has
low Eon and high Jmax; having the best combination of these qualities is important. 2D materials,
in particular the carbon derivatives, show largely similar performance to one another. This is
likely due to similarity in their atomic structure, comparable ¢, or indeed reduced noise in the
analysis given the higher volumes of data.

Notable discrepancies were observed with claimed values of Jnax vVarying widely within a single
material. For example, the data for CVD diamond (polycrystalline)*®, showed Eon = 4.42
V/um, with Jmax = 0.11 mA/cm? , whilst another (which was hydrogen doped)*®? evidenced
Eon = 58.40 V/um, and Jmax = 0.01 mA/cm?. The results for the polycrystalline sample are a
factor of ten larger than the hydrogen doped emitter material. An abnormally large standard
deviation of 32.4 VV/um (Eon) is consequently seen, which has a greater value than the mean of
21.9 V/um. This is indicative of other factors affecting FE capabilities other than emitter
material and corresponding ¢. In this case the doping may have some effect on ¢, though this
dramatic shift is unlikely to be caused for this reason; it is more likely associated with

experimental conditions or indeed sample geometry.

It is apparent from Figure 3.2, that materials ordered according to increasing ¢ in this manner
indicate no clear trend on an expected exponential fitting, displaying no seeming direct
correlation between ¢ and Eon Or Jmax. It Seems highly likely that work function arguments alone
do not correctly represent field emitting capabilities, and that other material characteristics may
have a more profound effect than first considered. It is conceivable, however, that in
combination with other characteristics, such as emitter morphology and surface geometry, a

clearer trend may appear.
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3.4.1 Limitations of Acquired Data

A number of factors potentially affecting the validity of collected data are considered. Firstly,
whilst in many reported cases, ¢ is a defined bulk characteristic, surface ¢ of a material can be
readily tuned to maximise emission. In practice, surface ¢ may not be strictly constant,
depending critically on the ambient and local electric fields'®®1>’, Surface ¢ is suggested to be
particularly sensitive to adsorbates, with subsequent hysteretic field electron emission studies
observed!®8-1%° which have been particularly implicated in CNTs and porous nanomaterials.
Since there may consequently be fluctuations in ¢, drawing clear conclusions would be a
complex process. Further complications are introduced by the inability to actually measure ¢
as, or in fact if, it changes during the emission process.

Just 50% of authors reported d, the distribution of which is shown in Figure 3.3a. Of those that
gave a value, the average <d> = 209 + 207 um with a modal value of d = 100 pum found. 86%
of values were within one standard deviation of the mean, giving rise to the conclusion that the

data is largely unaffected by variation in d.

The interelectrode distance, d, has a direct influence on measured J. Higher J is measured when
d is smallest, this is shown in Figure 3.3b. The closer the plates are, the lower the electric

threshold for generating a voltage.
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Figure 3.3 | Interelectrode Distance, d. a) Distribution of values of d stated by 50 % of authors that

reported field emission from any material b) Change in threshold field with distance.

The large data set size will likely induce some statistical scatter in the data. Chief amongst

which is the length (or height in the case of 2D and bulk materials) of the emitters. This is
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unlikely, however, to have a dramatic effect as the heights are usually within a degree of
magnitude of one another. A further, more potentially significant, factor affecting the emission
properties is the fabrication method, which just two thirds of authors mention. Over the expanse
of materials studied, the number of fabrication techniques reported reaches over 15. Some
materials (e.g. CNTs) can be synthesised using a number of techniques, as described in Chapter
2. Within these materials different FE behaviour could be seen. Across all dimensionalities the
most frequently mentioned was chemical vapour deposition, CVD, including plasma enhanced
and microwave plasma enhanced CVD. The high numbers seen using this fabrication technique
is due largely to the various carbon based materials where synthesis has been heavily
researched.

Additional limitations include potential crystalline damage caused by cleaning processes such
as ultrasonication during synthesis, different surfactants used in fabrication giving variations
in dispersion and surface ¢, as well as experimental conditions such as vacuum, temperature
and pressure levels, driving conditions and applied electrostatic fields, all of which have not
been considered herein. In addition, it is possible that doping and subsequent changes in the
electronic properties of the material occur when CVD and wet chemistry methods are coupled.
Even if fabrication methods are similar, factors such as material composition, lattice
configuration and alignment could all be different and may well affect emission performance
dramatically. Nevertheless, the vast data set was selected to reduce implications of these issues
on the study. Independent studies from different research groups were assessed to form a fair

representation of each material; the focus here was on ¢.

3.4.2 Conclusions on the Influence of Work Function

Previous ambiguities in definitions of performance metrics Eon and Ewr led to new definitions,
ensuring comparability between studies, where Ewr was disposed with altogether. It was found
that ordering materials by increasing ¢ did not result in a clear trend, suggesting other factors
are of higher influence when predicting field emitting capabilities of a material and indeed
emitter. General observations that can be made on a material-to-material comparison basis,
disregarding the work function argument, show that few materials seem more promising than
the nanocarbons. Further benefits of these materials are that they can be grown, aligned, and
engineered at sub-micron scale, which is not true for many other materials. CNTs in particular

unite ultra-precision engineering with detailed materials science, resulting in the realisation of
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highly functional electron emitters. Similarly, 1D materials, with large AR, show benefits over
2D and bulk materials, with the potential for very high fields around sharp emitting tips. Along
with the vertical alignment seen through CVD, CNTs are perhaps one of the most promising
materials for enhanced FE and have proven to mediate desirable high current densities at low
fields.

3.5 The Importance of Morphology

The other influential term in Fowler Nordheim theory is 5. Material ¢ can be measured using
techniques such as Kelvin Probe Force Microscopy and Ultraviolet Photoelectron
Spectroscopy. As a more abstract concept, however, no standard definition and therefore no
standard measurement procedure exist for . Herein lies the crux of the problem. Visual
assessment of surface morphology through scanning electron microscopy, SEM, or atomic
force microscopy, AFM, can give some clue to surface geometry, though no quantitative worth

can be assigned. To provide a value, g is generally calculated using FN theory from the

gradient, m, of an FN plot where § =

B ¢3/2 .
—%. A number of factors impact morphology

including surface coverage, AR, surface roughness, degree of patterning, vertical alignment,
packing density and electronic screening effect. The combined and individual effects of these
factors are both hard to quantify and to measure. An effort to compare devices according to

geometry is made herein, using a new morphology metric, a.
3.5.1 Shortcomings of Field Enhancement Factor

A problem encountered in defining morphology is the validity of  calculated experimentally,
which is determined primarily using conventional Fowler-Nordheim theory defined for bulk
materials. S relates the local electric field surrounding the emitter apex, Eo, to the linearly
approximated macroscopic electric field, E, where f = Eo/E, and can be extracted, empirically,
from FN fits. This requires a linear dependency, which is not always noted, although many
authors do see this and subsequently use this to calculate . Some of the previously mentioned
ambiguities with Fowler Nordheim (Section 2.3.1) for nanomaterials can cause a lack of
definitive understanding of nanomaterial behaviour. In some cases, two £ values can be
measured corresponding to two linear dependencies at high and low fieldst*%112 ‘which is not

easily explained.
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Around 70% of the papers studied actually state any value of g, highlighting the first
inconsistency in the field; some report extremely high®** (order of 10,000) S values, and others
very low®® (order of 1). It is hard to have confidence in the validity of these extreme values.
Numerous discrepancies in the definition of g were seen, with some quoting it as the value of
height, h, of the emitter over the radius of curvature, r, of the tip: (h/r), 12”13 or some linearly
scaled variation of this, varying between 1 and 25 121323125131 " Many others calculate 8 by
extracting it from a selected gradient on a measured FN plot. It has become commonplace to
use this method in more recent years, as seen by 100% of 1D materials, where any value was
given. However, as little as 50% usage for 2D and 3D was noted. Some 7.5% of studied works
provide an empirical validation of such values by comparing them with f estimates using other
methods!31920131 - Others, 2.5%, simply quote a value and suggest that £ is a result of an
unknown combination of factors; such as AR, surface roughness, the size of the vacuum gaps,
crystal structure and spatial distribution of emitterst’87161 |t is not known, nor is any attempt
often made, to understand in these cases, how each of these contributors affects 4 or indeed the
emission properties in any great detail. Table 3.2 shows an exhaustive list of definitions of g

throughout the literature of which there are nine in total.

Table 3.2 | Definitions of g found in literature.

p as defined in literature Ref. Geometry
B =T [ = emitter length 162131 1D/3D

T = emitter radius

B = (h/T) h = emitter height 125127138 3D
r = radius of curvature of tip or
radius at apex

< d > d = inter-electrode distance e 1D

=
I

k = constant (=5 for long thin
geometry)

r = radius of curvature of tip

h Smith’s model.: 13 1D
p=100{ 1+ == h = height

r = emitter radius
Bo = intrinsic field enhancement > 1D

B =BoBs = Bo [1 factor is a ratio of local and

cs macroscopic fields (r = radius).
~exp ()
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B = overall field enhancement
h 0.9 factor,
B0=1.2(—+2.15) )
r Bs = screening factor

s = wire spacing

¢ = constant
Bo = enhancement factor 8 1D
g = - 1 . (independent of d, h and applied
(H + E) voltage)
h Bo = geometric field 151 3D
Bo = (0. 95 r0>
enhancement factor
h = height
1o, = average radius of tip
B ~d1-° d = inter-electrode distance 16 3D
¢ = constant (< 1).
bqb% b = constant (=6.83x107eV %  All1D 1D, 2D
B=—-\7 V/cm) that and 3D
k = Select gradient of the calculate
Fowler-Nordheim plot B

Figure 3.4a investigates the relationship between g from the literature, herein termed piit, and ¢
in an attempt to find a correlation. it does not appear to be a function of ¢ across a wide range
of materials over the 1D, 2D and 3D range, which is not an unsurprising result. Figure 3.4a
highlights what is expected to be seen, that the qualities most desired, and hence most
commonly reported, are low ¢ and high $, where a significant proportion of the data points lie
at the top, with high g, and to the left of the figure, with ¢ <5 eV. 1D materials show the largest
spread in ¢, whereas 2D are mostly confined between 4.0 - 5.0 eV. As they are predominantly
graphene or other carbon based materials, a similar ¢ is expected. This finding further aids the
claim that f lacks clear definition, showing great variety amongst what are considered to be
similar materials. 3D and bulk materials, on average, show a lower ¢, but also a lower g than
both 1D and 2D. A clear relationship cannot be seen between ¢ and fiit, despite ¢ being often

highly prominent in calculating £ using the FN slope method.
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Figure 3.4 | Comparing Literature Values of Local Field Enhancement Factor, #, Work Function,
¢, and Aspect Ratio, AR. a) The relationship between fii and ¢, with no clear dependency seen. b)

Relationship between fii: and AR again showing little dependency.

AR is defined by emitter height divided by diameter and is of particularly high value in 1D
materials. It is expected that £ has some degree of dependency on AR, though the exact
dependence is widely debated. To further investigate this, the relationship between fiix and
calculated AR (of 1D materials) is shown in Figure 3.4b. No clear dependency is noted here.
The 1D materials were chosen in this instance, as their AR is most clearly defined, with 80%
of papers stating material dimensions, compared to just over 10% for 2D and 3D. The error
bars represent the additive range in AR from stipulated variations in diameter and length of the
nanowires caused by statistical variation in fabrication. Such variations can be quite extensive.
To further investigate the effects of AR on g, the alignment and orientation of the emitters must
be considered, as well as emitter density and emitter patterning. Indeed, electrostatic screening
dramatically alters the measured emission profiles. For example, an individual nanowire with
high AR lying parallel to the emission direction will manifest a lower  compared to the same
nanowire in a vertically orientated configuration even though they have identical length and
diameter. This distinction is very important, however, is not considered in Figure 3.4b or even
in the literature to any great extent. The exact manner in which the AR contributes to £ is,

therefore, currently unknown in detail.
3.5.2 Surface Roughness Metric

As a result of the shortcomings of # a more generalised roughness metric is defined, which

manifests in the surface morphology and degree of perturbation therein. A surface morphology
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metric, a, is yet to be a defined function of g, the direct relationship to which is not fully
quantified. Initial studies of the newly defined metric were measured according to perceived
surface roughness, organised by SEM images of the emitting materials. Two categories of
images were considered; areal and profile, categorised by orientation in which SEM images
were acquired. Issues with this arose twofold. Firstly, there was no mathematical procedure to
determine « given unavoidable inconsistencies. The assessment was completed by eye and
judged according to individual perceptions and became somewhat invalidated by personal
opinion. Secondly, the pictures themselves, from which the measurements were made, vary

from image to image in grey scale, scale and orientation between SEM images.

In order to combat the first issue, a test was conducted blind by five individuals according to
perceived surface roughness from SEMs, with no access given to information of the emitter
including: material, study authorship or source, ¢, emitting performance or other ranked
metrics including that of our previously conducted ¢ studies. SEM images of each material,
which corresponded to the data extracted for that material, were ranked in order from most to
least rough by each individual, where surfaces with highest perturbation are predicted to have
higher current. Perceptions naturally varied; if two (or more) materials had the same rank after
averaging across the five results, they were placed in order of performance. After five
iterations, many of the materials had the same average scoring and thus the exercise became

pointless. Despite further efforts made, this definition of a was judged unsuitable.

A second attempt at defining a mathematical metric was determined by converting qualities
into numerical form using automated image analysis and combining them. Figure 3.5 visualises
the various measurable quantities. The vertical alignment, &9, was quantified using an average
of the angle, 3, between 90" and 0" at which nanowires are arranged, where perfect alignment
perpendicular (with $ = 90) to the substrate gives a value of 1 and an average alignment of 3 °
from parallel to the substrate gives a value of 9 /90. The height distribution, dH, was defined
as the variation in taller nanowires compared to the average. The spacing between nanowires,
dP, relates to packing density. AR and surface coverage possess numerical value and were also
considered. Unfortunately, the problem remains that images used to collect this data show large
variation, and there was little comprehension from plotting graphs as a function of a

combination of these qualities and this method was similarly disregarded.

To be able to look into the effect of morphology, a more controlled and comparable method is

required. An experimental method whereby morphology can be carefully monitored and
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inconsistencies encountered in imaging can be overcome is required to combat present issues

surrounding classification of surface geometry.

it ds

/\

Figure 3.5 | Morphology Metric Definition. Definitions of values of density or difference in pitch
(dP), variation in height distribution (dH) and alignment (d6).

3.6 Summary

Inaccuracies in Fowler Nordheim become clear when considering electron emission from
nanomaterials. According to theory, work function and field enhancement factor are influential
in determining emitter performance. It was expected, therefore, that when arranged according
to work function, some dependency would be seen. This was not true. What was strikingly
evident, however, was that 1D and 2D materials show turn on electric field values, for a
measured current density of 0.01 mA/cm?, at half that of 3D and bulk materials. This is
indicative of the significance of field enhancement factor around very sharp tips. The graphitic
nanocarbons perform well; nevertheless, a number of other nanomaterials also show promise.
It can be concluded that emitter material, and work function, are not the most significant factors
in determining success of a material as a field emitter when solely considered, although

dimensionality, and indeed sharp tip morphology, does appear to have a strong influence.

Understanding field enhancement factor further is crucial in attaining information to design

field emitters that reliably produce high emission at low fields. To accurately measure
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morphology has proven to have a number of inaccuracies and thus dependency of performance

on emitter geometry is a challenging study. Whilst it can be generally agreed that certain

aspects are desirable (e.g. high aspect ratio or vertical alignment), these quantities are

notoriously difficult to quantise effectively. The study of emitter geometry therefore requires a

more systematic and controlled approach.
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4.1 Introduction

4.1 Introduction

In this chapter, emitter morphology and the associated field enhancement factor, p, are
experimentally investigated. A number of CNT surface geometries are studied herein in an
attempt to better understand the primary influential factors driving high current output and
early current onset. The conditions in which they were made and measured were carefully
controlled. CNTs proved promising in the previous work function study, thus justifying their
use for these studies. Using just one material, fabrication method, and measurement process
allows minimisation of the variables seen in the meta-analysis of the previous chapter. A
scanning anode field emission microscope, SAFEM, and parallel plate set up are used to
measure emission current from a number of fabricated patterned CNTs when an electric field

is induced by application of a fixed voltage.

4.2 Emitter Fabrication

The CNTSs are grown using chemical vapour deposition, CVD, which allows both aligned
fabrication and selected area growth. Previous effort, by Dr M. T. Cole, to optimise the growth
progress was performed and has been adopted herein. Previous works that have used the

following method described, used in this chapter, can be found at 2.

In house fabrication and measurement of the devices was performed, ensuring maintained fine
control of the procedure. Emitters were fabricated using several steps requiring different
technical processes. In total, 52 variations of emitter were fabricated, all with different surface

morphologies and heights.
4.2.1 Techniques and Equipment

Commercial and custom built equipment is used in the preparation of emitters. Methods used
in the process include: patterning by electron beam lithography; catalyst deposition by direct
current, DC, magnetron sputtering; and thermal CVD to grow CNTs. Other equipment used in
the process include spinners, hot plates, microscopes and scanning electron microscopes,
SEMs. The fabrication took place in the Class 10, 000, Class 1000 and Class 100 clean rooms

in the Electrical Engineering Division Building at the University of Cambridge.
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4.2.1.1 Electron Beam Photolithography: NanoBeam EBL

Electron beam photolithography is a high precision lithography process with a resolution down
to 100 nm. To be able to mark a substrate surface, a photoresist must be applied. Electrons
interact with the resist, selectively exposing predetermined areas. Common resists include
poly(methyl methacrylate), PMMA, and UVIII, both of which are positive resists. A positive
resist changes its chemical structure under exposure, becoming soluble in a photo developer
solution, which then removes the photoresist from the patterned areas.

Prepared samples were fabricated using the NanoBeam EBL in the Class 100 clean room
environment. An initial step consisted of manually loading the pre-prepared samples onto a
chuck. Twelve 10 mm x 10 mm samples were loaded at once. The chuck, housed in a cassette,
was then loaded into an airlock, a small chamber adjacent to the main chamber containing the
writing electron beam. Once loaded, the system is pumped to a pressure < 10 mbar. This
ensures the main chamber remains at constant high vacuum, protecting it from ambient and
vastly increasing time efficiency of establishing a safe working environment. When sufficient
pressure has been reached a robot arm transfers the selected chuck onto a stage under the
electron gun in the main chamber. The stage moves in the xy-plane with an accuracy of 100
nm and is coupled with a laser interferometer that can accurately determine the location with a
precision down to 1 nm. A column houses the electron gun and associated optics that direct a

collimated beam of highly focussed electrons onto the sample.

Pre-determined pattern files are used to selectively remove the photoresist. Pattern files were
created using computer aided drawing, CAD, software, Draftsight, and were converted to
nanobeam pattern files, npf, using a program nbpat. The electron beam is raster scanned, by
movement of the stage, over the substrate, interacting with the photoresist in prescribed

regions.

There are a number of limitations in this process. Firstly, inconsistent average thickness of
photoresist per chip and across a single chip can be caused by uneven distribution during
spinning, where increased thickness is seen towards the edges. If the electron beam and
developer successfully remove the photoresist from the determined locations, however, this is
not problematic. Contamination or variations in photoresist can be seen depending, for

example, on origin from different bottles or age of photoresist at the time of use. This can result
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in lack of reaction to exposure, solved by repeating using a different resist. Furthermore,
scattering of the electrons in the photoresist from backscattered electrons, known as the
proximity effect®, limits the resolution, although corrections can be made for this. This is a
more significant problem when fabricating dimensions close to the resolution of the beam,

which for the majority of cases herein is not important.

Finally, it has been seen that faults in the patterning, from the pattern file or beam exposure,
can lead to incomplete patterning or patterning in selective areas only. This is a more
challenging problem as there is no simple solution. It can be impractical and lengthy to
accurately determine areas of exposure. These errors can manifest in further calculations, e.g.

surface coverage of CNTSs, which can vary drastically from the pattern files.

Development time (s)

45 50 55 60 65
1 1 ] . ] ) 1 L !

1.08 - -

1.06 -

1.04 5 :
N 1 T E +1c

1.02 L

1.00 + - - - I---

{0 T
| o

0.98 1 i

Diameter (um)

0.96 - - | -
0.94 - ‘ !
0.92 - -

0.90 A -

T T T v T v T T
0.60 0.62 0.64 0.66 0.68

Development time Beam dose (C/mZ)
B Beam Dose

Figure 4.1 | Beam Exposure and Dosage. Results on the effect of circular pattern with diameter of 1

pm.

The beam dosage is an influential parameter that can vary according to the resist used, which
in this case was predominantly UVIII. To assess the required development times and
appropriate electron beam dosage to attain the precision as prescribed by the pattern, a test was
performed. In the experiment, samples were exposed to increasing beam dose and decreasing
development time. The results of this can be seen in Figure 4.1, where the best results, closest

to the desired circular pattern diameter of 1 um, was acquired with a beam dose of 0.62 C/m?
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and a development time of 52 seconds. The beam dose appears more influential in the final
diameter of the patterned cylinder than the development time. It should be noted that the mean
diameter across the different exposures and development times was equal to the intended

diameter and most values fell within one standard deviation of this.

4.2.1.2 Direct Current Magnetron Sputtering

Catalyst materials are sputtered to produce a controllably thin layer, usually a few tens of atoms
thick, of metal onto the substrate. The catalyst is distributed across the entire exposed surface;
the photoresist acts as a barrier, preventing sputtered materials from being deposited
permanently on the silicon surface, except where it has been selectively removed. After
annealing, the deposited catalyst breaks down in a process termed Ostwald Ripening* to form
nanoparticle nucleation sites upon which the CNTs grow or self-assemble®®. The diameters of
these nanoparticles is highly influential in determining the diameter of the nanotube given the

templating nature of the process’.

During sputtering a base pressure of 3.0 (+ 0.3) x 10 mbar is maintained under 35 sccm of
argon. Magnetron power and time of exposure, both of which are chosen according to
individual recipes, have been previously studied to determine a desired catalyst thickness and
therein CNT growth. Shutters are used to control the exposure time by shielding the samples
from an active gun, avoiding unwanted sputtering. Plasma power is monitored through a
computer controlled graphical user interface, GUI, which interacts with the magnetron power
source. After the sputter process, the chamber is pumped to base pressure and then vented. No
vent is required between sputtering of different metals, but for cleanliness a purge down to

pressures < 1.5 x 10 mbar between sputtering was performed.

A tooling factor, resulting in uneven distribution of metal atoms across the sputtering area, can
manifest as height variation in CNTs across samples. There is also a risk that conditions change
between uses of the machine, resulting in inconsistent sputter depths. This will also manifest
in CNT growth variations. By maintaining consistent sputter conditions (exposure, metal

target, pressure) this limitation was minimised.

4.2.1.3 CNT Growth: Aixtron “Black Magic”
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Once the catalyst had been deposited, CNTs were grown using thermal CVD in an Aixtron
Black Magic CVD system. The samples, with patterned catalyst, were placed in the centre of
the chamber on a thin, raised graphite heater. Ammonia, NH3, and acetylene, C>H., gases were
fed into the evacuated chamber and the sample was ohmically heated through the graphite
stage. Acetylene provided the carbon source from which the nanotube structure develops,
whilst ammonia pyrolysis to atomic hydrogen etches a-C and other undesirable carbon species.

An initial annealing process breaks down the sputtered catalyst into nanoparticles from which
the nanotubes are grown in a bottom-up process. Catalyst particles remain at the base of the
CNT, on the substrate, in a ‘base-growth’ method. In a 'tip-growth’ method, however, the
catalyst particles reside at CNT tip and stay there throughout the growth. Initial growth steps
involve absorption and decomposition of hydrocarbons onto the catalyst nanoparticle surface
and diffusion of carbonic atoms into the catalyst bulk from the supersaturated catalyst surface®.

A manually operated valve controls the aperture between the vacuum pump and the CVD
chamber. Control of the aperture allows control over the chamber pressure, which can be
adjusted according to individual recipes. An Al/Fe bilayer catalyst requires pressures of 25
mbar, achieved through constant small manual adjustments of the primary pump valve. The
samples were placed on an elevated heating element in the centre of the chamber that can reach
temperatures of up to 1000 °C. The thermal ramp rate was maintained at a constant of 5 °C/s
for the full extent of the experiments. After CNT growth, the chamber was pumped down to
101 mbar to purge the chamber of ammonia and acetylene, followed by a vent to ambient.
PECVD can also be achieved using this apparatus, enhancing the linear alignment of CNTs
whilst simultaneously augmenting the growth kinetics®. In PECVD, the pressure is kept lower,

at around 3 mbar, with the aperture fully open.

It is currently impossible to grow a forest, a term that refers to the high packing density in
which CNTs grow from a homogeneously deposited catalyst, with identical properties of height
and diameter throughout the forest. In the FE process this leads to preferential emission from
tips that are taller than their surrounding neighbours. This can be minimised by growing aligned
CNTs using a CVD process. Exact replication of average heights, and indeed height
distribution, is not guaranteed due to factors including catalyst deposition, gas flow kinetics,

statistical variation and continuous nature of the growth. The tooling factor associated with
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sputtering results in inhomogeneous catalyst deposition resulting in density and height
variations of CNTs across a single sample. Manual control of pressure results in fluctuations
(= 0.5 mbar), likely also affected the way the CNTs grew, particularly with regards to their
height.

4.2.2 Fabrication Methodology

Preparation of the chips and growth of CNTs is undertaken using the following general
procedure:

1. Diamond dice silicon wafer into 10 mm x 10 mm samples.

a. The type of silicon used had the following properties: test grade, n type, with an
antimony dopant, 4” diameter, thickness = 515 + 15 um, orientation <100> +
0.5°, and resistivity 0.1 - 0.25 Q cm.

2. Coat the wafer in UVIII photoresist using a spinner at 5000 rpm for 30 s, for a typical
thickness of around 100 nm, then bake at 120 °C for 90 s using a hot plate.

3. Write the desired pattern into the photoresist using electron beam lithography with a
beam dose of 0.62 C/m2,

4. After patterning, an additional bake is required before developing of 90 s at 120 °C.

5. Develop using MFCD - 26 Developer with a 52 s exposure time.

6. Sputter metal catalyst. An Al/Fe catalyst is sputtered, depositing Al first at 50 W for
120 s, followed by Fe at 20 W for 150 s. This results in 10 + 1 nm Aland 1.0 £ 0.1 nm
Fe deposition.

7. Lift off the photoresist in acetone for a minimum of 3 hours. Ultrasonication can be
used on patterns with a micron-range scale, anything smaller can result in movement of
the catalyst particles about the chip.

8. Grow CNTs using CVD process detailed above. During the growth process, a pressure
of 25.0 £ 0.5 mbar is maintained with a temperature of 520 °C. CVD is used to grow
the CNTS, with a ratio of NHz to C2H> of 192:8 sccm.
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4.2 Emitter Fabrication

a. Dice wafer (1) b. Lay photoresist (2) c. Pattern photoresist (3)

e o e A

Figure 4.2 | Emitter Fabrication. Steps detailing fabrication of patterned CNT emitters (numbers in

f. Grow CNTs (8)

brackets refer to the fabrication steps detailed above).

Figure 4.2 depicts the processes involved in growing the patterned emitters for the steps
detailed above. Typical growth times are between to = 0 s and to = 240 s, where to is defined as
the point at which an arbitrary temperature of 475 °C is reached. CNTs start to grow across a
range of temperatures, so some growth is seen at to = 0's; it is simply used as a marker to ensure
consistency and repeatability. The grown CNTs are 25.4 + 13.3 nm diameter, with between 2
and 5 walls. A calibration curve of growth time and resulting height was determined by altering
the exposure time of the samples to the growth conditions. A maximum height of 5 um was

found using this recipe.

4.2.3 Emitter Design

In order to competently study the effect of emitter morphology on FE performance, a range of
designs were developed and fabricated. Designs were produced using Draftsight (CAD
software). In order to reduce the measurement time, since only one sample can be measured at
a time and a day pumping to vacuum is required, designated zones on a sample containing
variations according to wall thickness and spacing are designed to gain as much information
as possible at once. Previous studies using different morphologies, by Cole!® and Li'!, were
conducted without rigorous investigation of the influence of the direct geometry. Herein the

aim is to build on this work, resulting in the hopeful optimisation of the arrays.

4.2.3.1 Pillar Arrays and Aspect Ratio

Emitter morphology was split into two different studies; aspect ratio, AR, and unit cell
geometry. Conducting an AR study focusses on determining screening effect using CNT
pillars. AR has been implicated in 8 in relation to Fowler Nordheim theory discussed earlier'>

15 although intimate workings are not fully known. The electron screening effect occurs
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4. Emitter Morphology for Enhanced Maximum Current

between neighbouring CNTs and results in reduced local electric fields at high CNT densities,
often dramatically affecting emission. The morphology of the chips was deliberately designed
to include a number of different ratios, Figure 4.3 shows one of these ratios; the diameter of
the pillars was kept at a constant 10 um but the pitch was varied. The pitch is defined as the
distance between pillars, centre-to-centre, and was given nine values per chip, gathered into
nine distinct zones. Growing the samples at a number of different heights introduced a further

variable.

Figure 4.3 | Pillar Array Scanning Electron Micrographs. Example of the aspect ratio study pillars

with a pitch of 15 um.

It can be seen from Figure 4.3 that densification occurs around the edges of the pillar, additional
growth can also sometimes happen at the edges. This observation has previously also been
reported by others!®!’. Increased growth at the edges could be attributed to a greater quantity
of gas present at the edges in fabrication compared to the central region. Gas flow within the
growth chamber and exposure could likely affect where the longer CNTs grow. This could be
attributed to Knudsen diffusion®® or diffusion limited growth kinetics'®, where diffusion of the
feedstock gases through to the central areas is prohibited after a certain growth height has been
achieved. Where CNTSs grew significantly longer than their neighbours, they became unable to

support themselves and collapsed, usually towards the centre where other CNTs are grown.
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4.2 Emitter Fabrication

4.2.3.2 Unit Cell Geometry

To investigate the theory that emission occurs with increased probability from the edges and
apexes of CNT bundles, here a number of geometries are tested. If emission is indeed more
prevalent at an edge, defined by the outside limit of the CNTSs, an increase in emission is
expected to be seen in a geometry with eight edges (octagonal unit cell), compared to three
(triangular unit cell). Figure 4.4 shows the designs for which CAD models were developed and
then fabricated. It is expected that the number of increasing emission sites, with increasing
number of edges and apexes, positively affects FE. Four parameters are defined: geometry of
the unit cell, G, wall width, w, diameter or spacing, x, and growth height, h, of the CNTs. On a
10 mm x 10 mm sample, patterns have the same G and h, with zones of varying w and x, Figure
4.5 visualises two example CAD designs. Fabrication of both pillar, P, and inverse pillar, IP,
formations were designed and fabricated. This variable maintains the same number of edges
whilst changing emitting area. In addition, the screening effect is expected to be minimised in

pillar formations. On each sample, x is scaled from 5 um to 100 pum and w from 1 um to 200

pm.

5 5 5 5 X.{m)
: | 25 5 10

10 10 10 10
2 5 10 20

50 50 50 50

10 25 50 100

100 100 100 100 <

20 50 100 200

Figure 4.4 | Emitter Pattern Design. Dimensions of the grid on which inverse pillar, IP, arrays are
designed, with wall width, w, (green) and diameter or spacing, X, (red). To the right hand side is a
visualisation of w (green) and x (red) in context of each unit cell geometry.
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65 um

10 mm 10 mm

Figure 4.5 | Emitter CAD Design. a) Example of an inverse pillar array using a hexagonal geometry,
dark regions show areas where CNTs are grown during fabrication. b) Example of a pillar array using

a square geometry. Dark regions show CNT growth again.

Figure 4.6 | Geometrical Inverse Pillars. Example scanning electron micrographs of different zones
from a) Triangle b) Square c) Hexagon d) Octagon, where the lighter areas are CNT and darker are Si

substrate.

Figures 4.6 and 4.7 show example scanning electron micrographs of the fabricated emitters

from different regions across the IP and P geometries respectively, showcasing a variety of the
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w and x values used. Once again, as seen in Figure 4.3, some edges show densification and
longer growth of CNTs at the edges. This is principally highlighted when the growth times are
long, and x and w are small, e.g. x =5 um, w=1 pm and h is large, exemplified in Figure 4.8.
There exists a notable imbalance in location of the longer CNTs, the effects on which, as they
pertain to enhanced FE, could be influential. The growth time is influential in determining the
difference in height between the edge and centre of the nanotube region, where greater growth
times result in a larger difference.

Figure 4.7 | Geometrical Pillars. Example scanning electron micrographs of the geometrical pillar
patterns for a) Triangle b) Square ¢) Hexagon d) Octagon.

Figure 4.8 | CNT Edge Growth. Scanning electron micrographs showing edges grown to lengths much
greater than central zones a) hexagon array and b) octagon array where x =5, w = 1.
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4. Emitter Morphology for Enhanced Maximum Current

4.3 Scanning Anode Field Emission Microscopy

A SAFEM was designed to measure and resolve the FE from a surface. Though FE itself is not
unusual, it is usually measured in a parallel plate set up, where the entire emitting area of the
sample contributes to emitted current. Far fewer numbers of researchers have published data
collected using SAFEM technology, though it has been previously reported 2°2%, To measure
FE from the surface necessitates a probe, or anode, that scans across the surface, building an
emission map. Analysis of the resulting data shows areas of higher or lower emitted current
across the surface, allowing direct comparisons to be made on the different fabricated
morphologies and zones per chip as seen in Section 4.2.3 above.

The interaction of the probe with the surface is important to consider and has been reported by
Thien Binh et al 2 and Semet et al 2 from the same research group. Comparisons were made
between a conical and ball probe tip by mathematical modelling. Field distribution from a
conical probe was dependent on cone angle, apex radius and distance to the cathode.
Combining these factors into a comprehensive numerical solution proved challenging. Other
complications, including contributions from the shank in the conical tip, lead to conclusions
that the ball shaped probe presented the preferred tip structure to use in these measurements. A
250 pum Ptlr wire is melted by Semet et al to create the 350 um ball radius from which
measurements were made. The field distribution induced by the ball probe across the emitting
surface is non-uniform. To convert experimental data, from collected I-V into J-E, the field

distribution must be known and can be calculated more efficiently using the ball probe.

The SAFEM has been custom built to measure spatially resolved FE. Figure 4.9 shows a
photograph of the SAFEM and parallel plate in the laboratory. The right hand inserts (b and c)
show the moving stages and the tip above one of the fabricated samples in the SAFEM side of
the machine. A map of the electric field distribution is generated using a custom-built 3-axis
stage (X, Yy, z), where x and y move the chip in one plane and z moves the tungsten tip
perpendicular to the xy-plane. The x and y piezo actuated stage (Physik Instrumente LPS-45)
has a step size (in x and y) of 40 nm with a maximum range of 13 mm. The z axis is made using
a potassium hydroxide etched tungsten tip, which has a tip diameter of 100 nm, and a
controllable step height of 1 um. The tip scans using a further piezo stage (Physik Instrumente

P-601.4S piezo motor equipped with strain gauge and controlled using an E-609 module) with
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Figure 4.9 | SAFEM and Parallel Plate Schematic. Inserts show inside vacuum chambers of a) Parallel Plate b) SAFEM and c) close up of measurement
area in SAFEM.

81



4. Emitter Morphology for Enhanced Maximum Current

a range of 400 um and a resolution of 0.2 nm. Measurements are taken in a diode mode, with
the tungsten tip positively biased between 0 V and 1100 V using a computer controlled high
voltage supply (Keithley 237). Current is monitored using a source-measurement unit, SMU
(Keithley 485). Measurements take place at ultra-high vacuum, UHV, between 107 mbar and
108 mbar.

4.3.1 Measuring Field Emission: Methodology

Samples were loaded onto the stage and fixed in position using SEM clips. Location of
distinctive features was made at ambient pressure, determined by moving the tip and recording
the corresponding coordinates. As no camera was available inside the chamber with a clear
view of stage and tip location, these coordinates were relied upon to provide details on location
of different zones and CNTs. Vacuum was achieved through use of roughing and
turbomolecular pumps connected to the chamber.

A LabView program controls the measurement process. Variables entered into the GUI are as
follows: x, y, z, and V range; Ax, Ay, Az, AV step lengths; settling time at each voltage; and

number of measurements at each voltage (3). The program follows the following procedure:

1. Home tip.
2. Move tip to measurement location Xi, y1, Z1.
3. Perform FN sweep:
a. Increase voltage from 0 V to 1100 V and back down to 0 V in 100 V steps.
b. Measure the current three times at each voltage.
4. Move tip to Xz, y1, 1, where X2 = X1 + Ax, and repeat FN sweep.
5. Repeat x increment by n steps until the x range has been scanned, performing FN sweeps
at each location.
6. Move tip to Xn, Y2, Z1, Where y2 = y1 + Ay, and perform the measurements in the reverse
x direction. Repeat this process over entire xy-plane.
7. Move tip to xu, Y1, 22, where z2 = 71 + Az.
8. Repeat steps 2 - 5 to map a second plane.
9. Repeat until z, heights have been mapped, and an effective 3D map of the electric field

has been measured.
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4.3 Scanning Anode Field Emission Microscopy

4.3.2 Field Emission Mapping

In this section, two geometries are mapped. The first is a tessellated hexagon pattern as seen in
Figure 4.6¢, and the second a cylindrical pillar as seen in Figure 4.3. Single xy-planes are shown
here.
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Figure 4.10 | SAFEM Mapping. Map of Inax and Von 0of 20 um x 20 um area of hexagonal pattern at a
height of 1 um from the surface.
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4. Emitter Morphology for Enhanced Maximum Current

Figure 4.10 shows the map of a hexagon patterned CNT substrate with a 20 pm x 20 pm area.
Imax and Von are plotted across the area by current measurements taken at 4 pm spacing across
the region with the tip at a height of 1 um. Imaxis defined by the current measured at a voltage
of 1100 V, and Von is determined by the voltage at which a current of 1 nA is measured. There
is a region of higher Imax between y = -5.425 mm and y = -5.414 mm. This is likely to be a
region populated by CNTs. The same definition cannot be seen in the Von map, suggesting that
when the tip is over a CNT region, this does not affect when a current is measured, i.e. Von
remains somewhat constant and gives no indication to how high the current will reach (Imax).
A standard deviation of 6 % of the measured average Von versus nearly 50 % for Imax shows
that Imax Is far more susceptible to immediate local surroundings (CNT/substrate), exhibiting a
wider distribution about the mean.
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Figure 4.11 | SAFEM Data Spread. Distribution of measured values of a) Imaxand b) Von.

Histograms showing the distribution of Imax and Von are shown in Figure 4.11. The distribution
is skewed towards the lower end of the spectrum in both cases. This suggests that, according
to previous postulations on variations in CNT heights, that a few CNTSs contribute to FE more
significantly than others?, around which g is locally enhanced. To verify that two materials are
detected by their relative FE capabilities, two peaks would be expected to be seen when the
data is arranged in this way. Here, however, the second, small peak seen in Von is likely
attributed to noise. This finding could also suggest that the assumed observed CNT strip could

also just be noise in the system.

4.3.3 Tip Height from the Emitting Surface

In the far field, the electric field, E, has a direct relationship with separation, d, by E =V /d. It
is not strictly known how d and | are related. The height of the tip, z, from the surface is
predicted to have an influence on the measured current, or indeed the mapped output. Mapping

across five different heights over a constant 20 um x 20 um area was performed.
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Figure 4.12 | SAFEM Data Plots. a) Average I-V curves across a plane at tip heights of 1 um to 5 um

and b) the Fowler-Nordheim plots associated with these measurements.

The average current-voltage, 1-V, and Fowler Nordheim characteristics are shown in Figure
4.12. Figure 4.12a shows that there is no strict dependence of the tip height on measured current
across the whole measured region with z = 2 um showing the lowest average at the maximum
voltage and z = 3 pum showing the highest. The I-V curves show that the current is turned on at
a consistent voltage, around 700 V. As the current does not begin to saturate at 1100 V, this
suggests that at larger voltages higher currents could be drawn out?*. Figure 4.12b shows the
Fowler Nordheim, FN, plots, clearly showing deviation from linear classical metallic behaviour
with distinctive curvature expressed. A low and high field could be said to interchange at 0.002
V1, although again neither of these regions show a linear relationship. Calculating 4 using the
usual slope method would, therefore, here be impossible. There is some debate as to whether

field emission is indeed being demonstrated at all here.

Obtaining the correct height of the measuring tip is essential in being able to accurately resolve
the surface geometry. The emission map outcome can be pictured as a number of individual
emission site pixels on the xy-plane. When d is minimised, with the tip close to the emitting
surface, a small area exists from which electrons are liberated, analogous to small pixel size
and potential high resolution. As d increases, larger areas contribute to the measured current,
which could result in image blurring. It was seen in the tip height study that whilst at z =1 pm
a seeming line of CNTs could be distinguished, Figure 4.10, this was not the case for any
further tip heights over and including 2 pum. This could, however, also be caused by noise
errors, poor repeatability or tip irregularities, which unfortunately could not be tested for

without opening the vacuum chamber.

85



4. Emitter Morphology for Enhanced Maximum Current

Determination of the tip height can be performed in a number of ways. Height could be
measured from the local area, from the top of the CNTs or from the substrate. If defined as a
local quantity across the emission area, it must be continuously measured from the location of
the tip and surrounding geometry. It could also be a fixed value, measured equivalently across
the substrate surface from either the top of the CNTs or the substrate. It is far simpler, as
performed here, to maintain a constant tip height across the measurement range, however, the
problem still remains as to which point the distance is measured from. Whilst this may seem
arbitrary, it is important to consider as the height of the tip, if measured from the substrate
surface, must be of ample height to pass over the CNT areas to avoid inflicting damage. Semet
et al’! controllably retract the probe ball from a non-destructive contact with the MWNT tip,
measuring the distance from the top of the CNTs. Echoing this procedure may be the best way

forwards for future studies.

4.3.4 Instabilities, Difficulties and Inaccuracies of Meaningful

Data Collection

Fundamental issues with loss of data through software crashing or tip distortion were
numerous. Measurements made using the SAFEM were highly time consuming. To run a 30
pm x 30 pum scan, with sufficient detail as to be able to distinguish the surface geometry, took
many hours and was subject to tip breakage. Some useful data can be recovered before the tip

drastically distorts if the software does not crash, however.

Figure 4.13 shows the FE map of an area of 30 um x 16 um of a CNT pillar. Regrettably, the
tip distorted here after traversing 16 um in the y direction and the final 14 um of data collected
were not useful. However, from the areas where FE was measured, shown in Figure 4.13, some
useful information can be extracted. Once again it is clear that more meaningful data is given
in the map of Imax compared to Von. In the measured zone, the pillar diameter was 10 pum and
the pitch was 15 um. The bright red zones (Imax) show the areas of highest measured current at
1100 V. It could be concluded that this area is populated with CNTSs, even the centre of a pillar,
however, it cannot be known exactly the geometry of the measured area purely from this map.
An SEM that worked in tandem with SAFEM measurements or a larger measurement zone
could confirm these findings, where a repeatable pattern at dimensions correlating to those of
the CNTs could be drawn. Complications with tip stability produced some difficulty in

measuring larger mapped areas, however.
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Figure 4.13 | Field Emission Map. CNT pillar array at a tip height of 1 pm from emitting surface.

4.3.5 Limitations and Conclusions

Distance between tip and substrate was not measured to a high degree of accuracy. When the
tip lands on the substrate, a jump in current is measured by the SMU. The tip is then retracted
until the current drops again. The zero height of the tip is measured at the place the tip retracts
to, just above the surface of the substrate, which means, consequently, that heights could likely
differ between measurements. Tip deformation must also be taken into consideration, as a
direct landing on the sample surface can lead to distortion, also damaging CNTs where the tip

lands. The shape of the tip and the radius of curvature are subject to change in the measurement
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process, and between measurements, therefore changing the measurement area directly
affecting measured current density. This could be minimised using a ball probe tip. There is
also a lack of repeatability between scans where the chip is moved in relation to the stage
because coordinates are determined by stage position. If the location of the chip on the stage
changes, there is no way to re-find the same spot on the chip. Arcing can also destroy the tip
and the sample. Unknown precise distance, d, of tip from substrate results in poor
reproducibility. Since d is expected to be between 1-2 pum, this could be enough to blur the
emission from individual locations by measuring current from a larger area, resulting in

indistinguishable noise.

Data is lost if the entire scan is not run to completion, resulting in a large volume of lost data
and wasted time due to numerous failures. Current and voltage information can be retained,
however, post processing becomes very difficult due to large amounts of data amassed. This
can be minimised by running short scans stitched together post process. Similarly, scans over
large areas can result in unusable data caused by tip deformation, which cannot be discovered
until post processing has been performed. In future, it may be wise to perform a scan over a
large area, up to 2 mm x 2 mm with large Ax and Ay lengths, to create a general surface map
from which zones of interest can then be magnified, though this would require increased tip

stability.

Noise in the measurements, particularly in Von, causes difficulties in determining which
features were caused by FE, if it is indeed FE being measured, from the different patterned
areas of the sample and what was caused by statistical variation or noise. Currently, observation
inside the chamber whilst operating the SAFEM is not possible. This could be used to check
or verify tip location and directly relate this to FE measurements. Comparing to a visual map,
generated by SEM for example, would greatly aid in successfully concluding emission is
indeed originating from the carbon nanotubes. This would require first, however, the ability to
fruitfully map larger areas than reported here and a more reliable tip. The shape of the tip
including the radius of curvature are subject to change in the measurement process and between
measurements, therefore changing the measurement area and measured current density. Of
particular importance are incidents where the tip deforms during measurement, which can lead
to measurement of incalculable areas of the sample, depending on the severity of the
deformation. Previous studies???3 showed that a ball probe tip was preferential, which could be

implemented here to alleviate this problem.
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In conclusion, using the SAFEM to measure the different geometries proved too challenging
to proceed further. Issues encountered lead to inconclusive evidence in determining factors
significantly influencing f. Imax Was found to be of more significance when mapping FE,
compared to Von, due to larger range of variation and more convincing data presented. The
measurement height did not appear to have a great influence on measured current, however,
this could be attributed to any number of the aforementioned errors. One useful outcome of
data from the SAFEM was that measurements were found to differ to classical Fowler

Nordheim behaviour as was expected and has been previously reported®>?®,
4.4 Parallel Plate Field Emission

As a result of the failure of meaningful data collection from the SAFEM, further
experimentation was performed using a parallel plate set-up. Whilst this allowed FE to be
measured, the current density was measured across the entire chip, and is not spatially resolved.
A parallel plate measures the current emitted from the entire surface of the cathode. Electrons
can be released from anywhere in the FE region to contribute to the measured current. Detailed
information about where the electrons physically originate from on the cathode is lost and
cannot be examined in this type of measurement; only the number of electrons, as current, can

be measured.

FE from nanomaterials is typically measured in a parallel plate set up in the available
literature?’31. A metal anode lies parallel to the emitting material at the cathode. When a
voltage is applied to the cathode, electrons are liberated from the emitting material and are
attracted to the anode producing a current. The anode is typically flat, as in this study, but can
also be a ball or tip close to the surface3*%. Any conductor can be used as an anode, although
commonly ITO on glass is used?3%3435 Here, the CNTs-on-silicon constitute the cathode, and

the anode is patterned nickel-on-glass.

The current density, J, is a measure of the current that reaches the anode and the area from
which it is emitted. Current density is an important parameter in FE, with high values being
commonly sought after. Another important parameter is the electric field, calculated using
information about the applied voltage, V, and anode-cathode spacing, d, and specifically the
turn on field, Eon. This value is defined by the field required to obtain a current density of 0.01
mA/cm? (the validity of this discussed in the previous chapter), often required to be as low as

possible, providing the lowest energies for operation.
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4.4.1 Experimental Procedure

New geometric samples were fabricated, as outlined above, for measurement in the parallel
plate device that maintained a consistent geometry per sample. To continue from the SAFEM
studies, both P and IP geometries were synthesised in geometries comprising of triangular,
square, hexagonal and octagonal unit cell. The chosen dimensions were intended to replicate,
as much as possible, previous findings *22° of H/R = 2. For the IP samples x = 10 pm and w =
2 um and for P samples x =5 pm and w = 10 um were chosen. A growth height of 5 um was
chosen to compliment these dimensions. An example of the fabricated emitter designs can be

seen in Figure 4.14.

It should be noted here that only the geometry studies are performed herein; the AR studies

were not continued in the parallel plate experiments.

Figure 4.14 | Parallel Plate Emitters. Scanning electron micrographs of inverse pillar parallel plate

samples in hexagon, square and octagon variations.

Samples were loaded into six bays on a computer controlled rotation platen. The anode
consisted of sputtered metal (Ni) on a glass substrate, the anode was positively biased using a

computer controlled variable high voltage supply and the samples were grounded. After
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loading the samples into the parallel plate side of the FE rig, shown in Figure 4.9a, an ammeter
was used to check for shorting. The system was then pumped down to vacuum < 10° mbar. A
roughing pump was used to reach pressures < 10t mbar, followed by a turbomolecular pump.
The emission current was acquired using a HP 34401A digital ammeter with a general purpose
interface bus, GPIB, interface and 6.5-digit precision, which was independently confirmed
using an array of, otherwise isolated, conventional galvanometric ammeters. All measurements
were conducted at room temperature. To improve electrical contact between the bay and the
sample, the underside of the silicon substrate was scratched using a diamond scribe to remove
some of the oxidised layer and an aluminium 'spring’, made by folding a small piece of
aluminium foil, was placed between the sample and the bay.

The measurement procedure entailed a voltage up sweep from 0 V to 5000 V and back down
to 0 V, with four current measurements taken at 50 V intervals following a 3 s settling time.
The distance between the anode and cathode was kept at a constant 600 um with a mica spacer.
A ballast resistance of 7 x 10° Q and a current limit of 0.01 A were used. A total of six CNT
samples were measured in a single sitting, ensuring conditions are maintained throughout these

experiments.

Typically, FE is studied using J and E, as opposed to | and V. To calculate the emission current
density, J, the emitting area must be known. This can be defined by the total area covered by
CNTs and the current, I, by J =1/S, where S is the surface coverage. This area can be
calculated using the pattern file and the programme nbpat. The electric field, E, is calculated
using the voltage, V, and anode separation, d using E = V /d. Plotting the results as J-E curves,
however, was overwhelmingly affected by CNT area coverage and the calculated current
densities distorted the resulting data. For consistency and accuracy, herein FE is measured

solely from I-V curves, using the direct measurements made in the emission process.

4.4.2 Results

The results of the experiments of the eight different geometries are presented in Figure 4.15.
They are grouped into different categories. Firstly, they are organised either by Imax, calculated
as the maximum current achieved at the maximum applied voltage 5000 V, or by turn on field,
Eon, defined as the field value at which an arbitrary current of 1 nA was achieved. It is important
to note here that the chosen value of the current by which Eon is defined is of significance for
comparative purposes only, since the main focus here is on determining influential factors

affecting p.
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The categories of morphology are further organised into four categories. The first is geometry,
defined simply by the number of edges and sides on a single unit cell without any consideration
given to the area coverage of CNTs or number of units per sample. The second is the effective
perimeter, calculated by finding the length of exposed CNTSs, at an edge where CNT meets bare
Si, ofa single unit multiplied by the number of units per sample. The third variation is presented
according to the number of edges present on the chip. This could also be described as number
of vertices, since there are the same number of edges and vertices for each design. This is
calculated as the number of edges per unit multiplied by the number of units per chip. It should
be noted here that these values were calculated using the pattern file and it is assumed that all
units were fabricated. This was in practice not strictly true. The final column of Figure 4.15 is
organised according to the 2D surface coverage of CNTs as viewed from above.

There are two underlying investigations ongoing throughout this experimental section. Herein
the geometry (triangular, square, hexagonal or octagonal) is referred to as geometry of the unit
cell and micro geometry refers to P versus IP morphology.

The area of CNT coverage is thought to be influential in FE and varies between the different
patterns. Table 4.1 shows the different coverage areas. The inverse pillars cover more area than
pillars; the smallest area (triangle pillar) covers five times less area than the largest coverage
(triangle inverse pillar). The coverage of the hexagon geometries is the most similar, with an
IP:P ratio of 1.34.

Table 4.1 | Surface area coverage of CNTs across fabricated samples as measured from the

pattern file.
Inverse Pillar Area (mm?) Pillar Area (mm?)
Triangle 1.63 0.33
Square 1.23 0.57
Hexagon 1.21 0.90
Octagon 1.01 0.37
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Figure 4.15 | Results from Parallel Plate Experiments. Studies performed on different geometries
arranged according to a number of different features: Imax and Eon and geometry, perimeter, edges and
surface area. Each plot is a representation of an average of three identical chips, each of which was

measured three times. Blue data points represent pillar geometry and red inverse pillar.
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4. Emitter Morphology for Enhanced Maximum Current

In the top row of Figure 4.15, the results are arranged by geometry. Firstly, considering
contributions from Imax, it can be seen that the P varieties of the geometry are generally greater
in value than those of the IP. Triangular geometry is an exception to this. Secondly, with the
exception of square geometry, the difference between the values for each geometry is
comparable and somewhat constant. There is some trend, in the inverse pillars, that suggests
that the geometries with increasing edge numbers per unit cell perform better, though this does
not seem to be reflected in the pillar varieties, which are somewhat consistent. For geometries
arranged according to Eon, generally those that show high Imax show low Eon and vice versa.
This is an expected result. If Eon (defined by a fixed current) is detected at a low electric field
value, it can be expected that at any arbitrary field value, a larger current will be displayed due
to greater availability of electrons. Compared to Imax, in Eon the values are not similar by unit
cell geometry, however, there does appear to be a mirrored trend about 2.25 V/um between the
P and IP results. Interestingly, the triangle geometry is again the only point at which the pillar
Eon is higher than that of its inverse pillar counterpart. This could be influenced by the surface
area coverage of the CNTs on the substrate, which is of the greatest difference between the

triangular geometry samples.

The second row in Figure 4.15 shows the results rearranged according to the effective
perimeter. It is clear that the IP samples have a larger perimeter, and therefore CNT edge
exposure, by the distinct separation of the data points along the x-axis. This could additionally
be linked to the surface area coverage of CNTs which is likewise higher in IP samples. In Imax,
there appears to be a linear trend, expressed in both P and IP samples, in increasing exposed
perimeter and increasing Imax. A sharper linear relationship is seen with P geometry, excluding
the hexagonal outlier. It is important to note here that this quality must be linked to both unit
cell and micro geometry as the perimeter of the pillars is far smaller yet higher current is seen.
This suggests that whilst the exposed edges of the CNT that make up the perimeter are
important in increasing the current, it also depends strictly on the micro geometry of the chip
and indeed the electronic screening factor which is expected to be smaller in P geometries.
This trend is reversed in Eon, Where greater perimeter results in decreased Eon. Again, this also
strictly depends on micro geometry. Since this result has no correlation to unit cell, this
strengthens previous findings that this has little dependence on performance. Concentration of
the electric field along the CNT sidewall can result in edge emission®®, which has been reported
to result in poor stability, though this cannot be seen here. Studies suggest that the turn on field

from the sidewalls is larger than at a tip due to higher field concentration around tip geometry

94
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and increased local density of states®”*8. At maximum applied field, contributions from the
sidewall could be significant in shaping Imax.

The number of edges present on the emitting area does not appear to greatly affect Imax of the
P geometries, however, a gentle trend in the IP samples could suggest that increased number
of edges per chip does have some influence in increasing Imax. As seen above, the opposite
trend is also shown with regards to Eon Of the IP samples, with increasing number of edges
resulting in decreasing Eon. The number of edges must be treated with some caution here as it
is possible that the geometries with more vertices, particularly octagonal, could behave in a
similar manner to a circular pillar, especially where CNTs have greater edge heights, which

causes blurring as the outer CNTs bend towards the centre.

The surface area of exposed CNTSs is plotted in Figure 4.15, final row. Greater coverage area
does not directly correlate to higher current, which exemplifies the importance of the screening
effect. The right balance between CNT bundle spacing and total surface area covered must be
found to exploit the maximum available current. The square P geometry showed the most
promising results, with the third smallest CNT surface area per sample. Throughout the
measurement, increasing Imax is mirrored as decreasing Eon. This is an expected result since

electrons are liberated earlier and are hence more widely available.
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Figure 4.16 | Average I-V Curves for the Different Geometries. Triangle, square, hexagon and

octagon in a) inverse pillar and b) pillar formations.

Figure 4.16a shows the average I-V curves of the different geometries in IP formation and
Figure 4.16b show the P results. With the exception of triangular geometry, P samples show

higher current than their IP counterparts. They also show similar curvature to one another,
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particularly the triangle, square and hexagon results. In the IP results, the order of decreasing
maximum current is triangle, octagon, hexagon, square, however, in P it is square, octagon,
triangle, hexagon, which is quite different. This initially suggests that the detailed geometry,

the unit cell, has less influence on the current compared to the general geometry, P versus IP.

In Figure 4.16, across both IP and P geometries, the octagon geometry appears the most stable
and repeatable with very small standard deviation across the nine measurements for each
morphology. Square geometry is the most variable, having the lowest current reading in IP
geometry but the highest as a pillar. The hexagon geometry shows the poorest performance

when combining comparisons across the entire geometry range.
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Figure 4.17 | Fowler Nordheim Plots. Data from triangular, square, hexagonal and octagonal pillar

(blue data points) and inverse pillar (red data points) geometries.

The FN plots of the different morphologies are shown in Figure 4.17. Although significant
deviation from linear behaviour can be seen, it is clearly field emission that is being measured
here, with a distinct difference to the SAFEM results found previously. Three distinct regions

exist, typically the low field is between x < 1x10° V1, mid field between 4x10* V1! < x <
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1x10° V1, and high field x < 4x10* V1. A mostly linear dependence is seen in the each of the

three regions separately.

The most similar plot between IP and P is seen by the hexagonal geometry, where the data
almost entirely overlaps. The square geometry shows the largest variation, which was also
previously seen in Figure 4.15 when arranged by geometry. In general, the data from each of
the geometries follows a similar trend, with only small variation seen in the range of the low,

mid and high fields, suggesting the shape of the curve is largely material dependent.
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Figure 4.18 | g values. £ values calculated for the different geometries assuming a work function of
S5eV.

Table 4.2 | g values for each of the geometries.

Inverse Pillar Pillar

Triangle 3100 2200
Square 1300 4000
Hexagon 2600 2100
Octagon 3100 3900
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The value of £ can be measured from the linear mid-field region and reflects edge enhancement.
Equation 6 in Chapter 2 was used to calculate g using a work function of 5 eV. The low-field
region is a different regime and the high-field region occurs when the field starts to saturate.
Low $ manifests as a higher gradient of the slope compared to a higher g. The slopes of the
hexagonal and octagonal varieties are similar between the IP and P samples, with octagonal
showing higher g, whereas triangular and square varieties show a more marked difference. The
highest and lowest values of £ across the range of geometries are found within the square
geometry, with the square pillars showing the highest g overall. There is no clear division
between IP being better than P or vice versa although IP are more consistent.

Comparing these values with Eon values for geometry in Figure 4.15, it can be appreciated that
there is a reflective similarity to Figure 4.18, with those geometries that show low Eon showing
high . The hexagon geometries, particularly the pillar variety, show relatively low Eqn and S
which shows emission occurring from the edges of the array. The square pillars show the
highest g value but do not have the largest perimeter or the most edges and have a mid-range
surface area. The hexagon pillars, which also show high £ have the largest number of edges
amongst the pillar geometries so it follows that this high f reflects the edge enhancement. To
further support this argument, the geometry with the lowest number of edges in the inverse

pillars is the square which also shows the lowest .

A separation of the data in the mid-field region between the up and down voltage sweeps is
exhibited, which is particularly noticeable in both triangular geometries. This hysteresis is a
frequently reported phenomenon in FE from carbon nanotubes®*-#3, The origin of this difference
seen in the measured current is widely speculated. This will be further explored in the next

chapter.

4.4.3 Conclusions

As the area coverage of CNTs affects emission, it would have been preferable to maintain
equality throughout the study although in practice, due to statistical variations in growth, this
would be difficult to achieve. From the available results, however, some important conclusions

can be drawn.

Firstly, from Figure 4.15, it can be concluded, as previously predicted, that there are a number
of factors that influence f. One evident factor was the length of exposed perimeter of CNTSs.

With increasing length, the perimeter was found to show increasing maximum current and
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decreasing Eon. It is possible this effect is exaggerated by the longer grown CNTSs at the edges
of the CNT regions, which could help in reducing the screening effect by decreasing the density
of emitting CNTs. However, this was only true within the subsets of IP and P when individually
considered, since the P geometries showed better performance but had significantly less total
perimeter. This highlighted the importance of combined factors affecting performance. It is
thought that a reduction in the electron screening effect is of great importance on emitted
current, as it is displayed here by the pillars. In general, a high Imax was complimented by a low

Eon, governed by the ease of availability of electrons.

Three regions were identified when data was displayed on a classical Fowler Nordheim plot,
seen in Figure 4.17. Whilst displaying somewhat linear performance within each region, this
deviates from classical Fowler Nordheim behaviour. A hysteresis was observed between the
up and down voltage sweeps when displayed together.

4.5 Future Work

To better understand the effect of the geometry, particularly the number of edges on a unit cell,
repeating the experiments with bulk materials could be performed. By performing emission
from structures that have well defined edges, unlike the blurred edges that can be created with
CNTs, a more informative study could be made. At present, it is possible that the fabricated
hexagons look very much alike the octagon geometries, which in turn could perform similar to
the circular geometries under emission conditions. It would also be beneficial to include a

pentagonal and/or septagonal variation.

Unfortunately, due to experienced technical difficulties, SAFEM measurements of the
geometries remain, for the most part, unmeasured. Being able to use this machine to its full
potential would give greater insight into the workings and effects of the surface geometry. In
order for this to happen, greater tip stability is required, possible use of a melted Ptlr wire, as
used by Semet??2 and Thien Binh?, could be one way towards a solution to this, their

calculations of field distribution from a ball probe tip could also be utilised.
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4.6 Summary

The surface morphology has been implicated in strongly affecting field emission, though there
has been some lack of clarity surrounding this. To better understand this, a number of different
CNT geometries were fabricated using a combination of electron beam lithography, sputtering
and chemical vapour deposition. A single chip was designed, with a number of different zones,
so that as much information could be gathered as possible when measured using a scanning

anode field emission microscope.

Regrettably, mainly due to machine immaturity and failures, very little useful information
could be gathered in this way. Perhaps the most interesting information to be gleaned from
these studies was the confirmation that CNTs do not follow classical Fowler Nordheim
behaviour, showing a distinctive curvature where a linear relationship would be expected on a

typical Fowler Nordheim plot.

Further investigations into the importance of surface geometry were performed in a parallel
plate set up. The results of these experiments suggested that aspects of particular importance
in determining the maximum achievable current and lowest activation energy were linked to
the reduction of the screening factor, area coverage and increased length of exposed perimeter.
Three zones were defined from the Fowler Nordheim plotted data in the low, mid and high
field ranges. Within these zones the data was somewhat linear. Whilst the largest difference
was seen between the results of the square pillar and inverse pillar samples, the most consistent
were the hexagonal varieties and the most repeatable was found to have an octagonal unit cell.

A hysteresis was observed between the up and down voltage sweeps.
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5.1 Introduction

5.1 Introduction

In this Chapter, parallel plate field emission from in-house fabricated emitters is measured
under a number of different tests and conditions, exploring the effects on both the emission
process and the observed hysteretic behaviour. In applications this hysteresis is undesirable.
Understanding its origin is important in determining a method to mitigate it. A model to predict

and describe observed hysteresis is developed herein.

5.2 Background

FE describes the emission of electrons into a vacuum from a material surface under an applied
electric field. The main impacts and benefits derived from FE, particularly with the application
as X-ray sources in mind, are a controllable electron beam with defined energy distribution,
miniaturisation of devices, fast temporal response and desirable operating temperatures®. The
nanocarbons, CNTs in particular?, have been recognised as promising for FE , demonstrating
low field operation and high current densities?. CNTs offer high AR and a degree of control
over emitter morphology**. However, time and again, hysteresis has been observed in the FE
studies of many nanocarbon materials. This is a cause for concern when considering
applications. The origin and physics of this phenomenon are disputed widely, with a number
of varying theories. Such theories include: emission via intermediary electron energy states®,
change of field enhancement factor around emitting tips due to alignment under electrostatic
fields®, changes in physical morphology of the emitting material’, thermionic emission®, and
most commonly implicated is the adsorption and desorption of gas molecules on the emitting
surface®*2. The effect of adsorbates have been postulated to: alter the emitters electrical
properties by increasing the local density of states, DOS, near the Fermi energy®, contribute
to enhanced emission via electron intermediate energy states caused by adsorbates’, and to
modify surface ¢, subsequently altering the tunnelling barrier®. Herein, exploration of these
theories through experimentation and hypothesis is performed, proposing further insight into

the hysteresis mechanisms.
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5.2.1 Hysteresis Mechanisms

Hysteresis is observed in CNT field emitters when exposed to a symmetrical voltage loop.
Figure 5.1 shows a typical I-V hysteretic curve, where the current in an increasing field, lup, is
not equal to the current in a decreasing field, ldown: lup # ldown. A variable in the system causes
some asymmetry between the emission under increasing and decreasing applied electric field.
Since the voltage loop parameters are identical in both directions, the source of the hysteresis
is linked to the emitter itself rather than the measurement system to which it is attached. The
occurrence and magnitude of hysteresis could, therefore, be affected by a number of factors
such as CNT configuration (crystallinity, chirality, length, diameter etc.), surface and CNT
morphology and geometry, or surface ¢, though specific details about influential factors are
somewhat disputed®!3. There is some agreement, however, surrounding the explanation of
observed hysteresis by gas species present on the CNT surface. Porous materials, such as
CNTs, show high propensity to adsorb surface molecules*8; hysteresis in adsorption and
desorption isotherms has been reported*”!8, which is somewhat analogous to hysteresis
experienced under increasing electric fields. An isotherm shows the relationship between
pressure and adsorption, with constant temperature. The adsorption isotherms for porous
materials with weak interaction between adsorbate and adsorbent, such as activated carbon and
water, show some hysteretic behaviour. It is thought that different sizes of these pores are

fundamental in driving this hysteresis?®.
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Figure 5.1 | Hysteretic Behaviour of Field Emission. Typical I-V curve measured from CNTs with
exhibited hysteresis a) linear and b) logarithmic scale.

The energies associated with adsorption and desorption differ greatly, implicating this as a

strong candidate as the cause of emitter hysteresis. Initially, adsorbed molecules are released
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from the surface of the emitter, or the anode, by desorption through increasing available energy
imparted by the electric field and mobile electrons. Molecules are then subjected to adsorption,
back on to the CNT surface, during the downward potential sweep. Arkhipov et al ® suggested
that a constancy is seen in increasing fields, whereas in decreasing fields, the current is
subjected to changes, providing the source of hysteresis. This is explained by the consistent
filling of surface levels with electrons in an increasing field as the surface becomes more
transparent, which is asymmetric in a reducing field where the energy positions and levels vary.
Increased emission, comparatively, at the trailing edge of the cycle is attributed to depopulation
of intermediate states. An alternative theory of accumulation of ions at the CNT tip released by
bombardment of anode molecules by electrons emitted from the cathode was postulated by
Chun Li et al*!. The positively charged removed ions are subsequently attracted to the CNT
tips by strong local electric fields, consequently having the effect of enhancing tunnelling
configurations by their relationship with the CNT surface. The surface coverage of adsorbates
on CNTs appears directly related to emission current thus stimulating arguments regarding
contribution to hysteresis®. The current is purportedly affected by adsorbed molecules through
a number of proposed behaviours: changes in surface ¢ requiring variable energies for emission
onset; emitter impurities, influencing the local electrostatic field about the emitter; population
and location of electronic band states and DOS, varying with a dependence on direction of

electric field.

Field emission studies are plagued by the complexities of two highly influential parameters: g
and ¢. The full and complete workings of these parameters are yet undetermined, as has been
documented throughout this thesis. Changes in either S or ¢ are thus often also linked to
underlying impacts associated with sorption hysteresis mechanisms. Material surface ¢ is
inherently central to the process of FE. Adsorbates could act as an effective adlayer, changing
the surface properties of a material including surface ¢. Electronegative adsorbates, such as
oxygen or water, could actually increase ¢ at the surface®. Composite energy bands between
CNTs and adsorbates could result in intermediate electron states from which electron emission
occurs. ¢ is a complex entity; it is possible that it fluctuates throughout the emission process
depending on adsorbed molecule species and surface coverage of adsorbates®. It was suggested
by Okotrub et al 2 that physisorbed adsorbates have a more dramatic effect on fluctuating ¢
due to a dynamic character with continuous influence over FE. Chemically bound molecules,
in comparison, have a more simplistic relationship with CNT surface, where desorption is the

result of removal from the surface under tunnelling current in a singly occurring event. It is of
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crucial importance, therefore, to understand the basic influence of ¢ on FE current to
thoroughly explore the origin of hysteresis.

Morphology has also been implicated in affecting hysteresis. Changes in morphology are
associated with changes in . Cahay et al’ suggest that back bombardment of ions can damage
CNTs, causing a physical alteration to the morphology. Bombardment, which occurs as the
removed species return to the surface under reducing electric fields, can supposedly open and
sharpen CNT tips, which is initially beneficial for FE, though excessive etching can destroy
the emitters. Larger S values, where £ is defined as the ratio of emitter height, h, to radius, r,
by 8 = h/r, has also been attributed to increased FE by Gorodetskiy et al 8. Using this formula,
it can be argued that in the presence of an electric field, the alignment, or straightening, of
individual CNTs caused by the application of an electric field results in larger heights?® and
therefore higher 4. A similar theory is suggested by Cheng et al?* when discussing the stability
of nanotube forests versus patterned or individual emitters. They claim that the effect of
electrostatic screening between forests and patterned emitters is not of great difference due to
random orientation of greater heights in forests of CNTs from an unaligned film under the
application of an electric field. It is feasible, according to de Jonge and Bonard??, that adsorbed
atoms can reach the CNT cap by surface diffusion, changing cap morphology and hence
emission. However, absence of a clear definition of 4, with many variations documented (see
Chapters 3 and 4), prohibits confidence in these proposed theories. It is clear that both ¢ and
morphology play a key role in emission, and it is likely that each has an influence on hysteresis.
The effects of each, however, are also likely to be deeply intertwined. Thorough knowledge of
each gquantity, detailed through both theory and experiment, is essential in giving an outlook to
this effect.

5.2.2 Adsorption and Desorption

Molecules can be adsorbed onto the surface of a material. There are two different known
mechanisms by which this can happen: chemisorption and physisorption. Chemisorption
describes adsorption caused by the formation of physical chemical bonds between the surface
and the molecule. Physisorption, on the other hand, is characterised by adsorption driven by
weak Van der Waals type forces. Both types of adsorption result in molecules bound to the
material surface, affecting surface properties. Molecules adsorb at preferential locations

depending on minimisation of the energy in the system. On hexagonally bonded carbon, as
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found in CNTs, molecular species adsorb at different locations: atop C atoms (H20), on top of
middle C-C bonds (O2), or on top of C hexagon centres (Hz)?3.

Lattice deformation, that can be caused by adsorption and desorption, is shown to be mostly
insignificant on the electronic properties of a CNT2%. However, the electronic properties of
CNTs can be affected by certain adsorbates that act as charge acceptors. Whilst most molecules
have little influence, O2and NOz have been seen to shift the Fermi energy into the valence band
with high DOS at the Fermi level?®. Undoped semiconductor CNTs can be transformed into p-
type conductors due to predicted hybridisation between CNT valence bands and energy levels
in the molecule, though such affects will have little impact on the present quasi-metallic
MWNTs studied herein.

The main cause of hysteresis is frequently attributed to the difference in energies required to
desorb molecules versus re-adsorption. Joule heating has been credited to have a further effect
on molecular adsorption and desorption rates®®!!, with attributed mobility of adsorbates
increasing with the CNT temperature. Joule heating can occur at high fields, where higher

currents are measured.

The rate of adsorption onto a surface is determined by a surfaces sticking probability,
depending on existing coverage of adsorbed species, and the incident molecular flux?*. An
activation barrier may also be present, requiring a prescribed activation energy before a
molecule becomes adsorbed on a surface. This activation energy may depend on the proportion
of the surface already covered. In a 1D model, the distance of the molecule from the surface
defines the energy in the system. Physisorption kinetics are faster than chemisorption because
there is no activation energy. In general, however, the activation energies in adsorption are far
smaller than energies required for a molecule to vacate the surface by desorption. For example,
Zhu et al ® measure activation energies of an O> molecule by density functional theory to range
between -0.5 eV to -0.6 eV, whilst the desorption barrier of a C-O pair was found to range
between 1 eV to 2eV.

Desorption can occur in a simple atomic process or by recombination, such as the desorption

of O atoms, as O2 from a Pt surface.
For example:
Cu/CO(ats) — Cugy) + CO(g)
Pt/Oads) — Pt(s) + O2(q)
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where s and g denote solid and gas phases respectively.

Desorbed molecules possess higher energies than when in equilibrium with a surface. The
desorption processes can include removal by thermal energy, electron or ion impact. In the case
of FE from CNTs, where the thermal energy of the system varies little, it is likely that impacts
affects could be of some importance when considering desorption mechanisms. lonic
movement of desorbed molecules, or indeed emitted electrons, could stimulate desorption of
further species from the CNT surface, exaggerating the effect as the electric field increases.

5.3 Data Collection and Processing

The authors’ raw data is collected in current, I, and applied voltage, V, from a Keithley 270
SMU via custom built software and GUI. The electric field, E, can be found using V/d, where
d is the spacing between the anode and cathode. This distance is maintained throughout the
experiments, using a laser cut mica ceramic spacer, at 600 um. The current density, J, can be
calculated using 1I/S, where S is the emitting area. Defining the emitting area should be
calculated by the surface area directly covered with CNTs, an area much smaller than the 2 mm
x 2 mm area over which the pattern is deposited. Measuring this area can be calculated using
the pattern file, where a pattern file is used, though for a forest, it is safe to assume that the area
exposed to the anode can be used as the surface area. However, throughout the fabrication
process, where patterned samples are used, it is uncommon that total coverage of the calculated
area is precisely equal to the area of the pattern due to some variation caused. To best represent
the true results of FE measurements, it is, therefore, more accurate to plot the directly measured
units of current against voltage, as was previously seen in the morphology study in Chapter 4.
This is acceptable as 1-V graphs are commonly used to display FE data?®°, they represent the
data collected and are not influenced by errors and problems encountered with emitting area

calculations.

Imax is calculated by taking the value of current recorded at 5000 V, the highest voltage that the
sample is exposed to, unless otherwise stated. Eon is @ commonly used parameter that can be
accurately calculated using the constant spacing, d, and is used herein in place of Von, as this is
exclusively seen in literature. Typically, though some discrepancies throughout the field are

seen, a value of J = 10 nA/cm? is used when calculating Eon (see Chapter 3). This requires the

110



5.3 Data Collection and Processing

inclusion of the area calculations and is thus not often calculated in forthcoming studies, instead
a value of I = 1 nA is used to calculate Eon as a more reliable figure.

The measurement procedure and experimental set up is discussed in detail in Chapter 4, Section
4.4.1. Unless stated otherwise, the data collecting procedure remains the same.

5.4 Parallel Plate Emission Performance

Through a series of experiments, the complexities and workings of hysteresis can be shown
and the fundamentals of its cause can be deduced. Initial studies on the performance of parallel
plate FE took place to verify that the emission seen was indeed through field electron emission,
as opposed to thermionic or ionic emission, and that the measurements were repeatable.
Characteristics including pressure dependence and optical excitation were tested as it is
important to determine whether there is a relation between the current and the vacuum pressure,

and optical invariance is essential for applications as X-ray sources.

The samples measured in the majority of experiments consisted of CNT forests with a height
h=4.99 + 1.15 um and a circular pillar array with dimensions: d =4.94+0.11 um, p=9.96 =
0.45 um, h=3.8 £ 0.3 um. Where d is the diameter of the pillar, p is the pitch measured centre-
to-centre between pillars and h is CNT height. CNTs, in pillar formation, were grown within
an area 2 mm x 2 mmon a 10 mm x 10 mm Si chip. The dimensions of the pillar arrays were
designed to complement previous findings to maximise emission and stability as found through
literature and in the previous chapter3:32, The influence of the different morphologies was not

considered herein, though each procedure maintained a single morphology for completeness.

5.4.1 Repeatability

The repeatability test measured FE from samples in six identically patterned pillar arrays, each
measured in one of the six available bays on the rotation platen inside the vacuum chamber.
Each sample was subjected to three voltage loops to a maximum of 5000 V and the same
experimental conditions were experienced by each. This was the first test using the parallel
plate field emitter, allowing both verification of the method and equipment used, as well as
familiarisation with the procedure. Repeatability of the results gives increased confidence
about the accuracy of the measurements and indeed the measuring apparatus. Although the

arrays are not perfectly identical in terms of CNT height and surface coverage, measurements
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were mostly consistent between samples. Some variation between results highlights the
statistical variation encountered between different samples, which is not altogether unexpected.
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Figure 5.2 | Repeatability Results. Results of field emission from six identical pillar arrays, each
measured three times showing a) maximum measured current and b) turn on field for up (red) and

down (blue) voltage sweeps.

Figure 5.2 shows Imaxand Eon calculated for each of the six samples. The average maximum
current measured was | = 0.16 + 0.05 mA over the six samples at pressure P = 5.7 (£ 0.5) x 10°
" mbar. The average Eon was 2.45 = 0.76 V/um across both up and down sweeps. The up sweep
average was Eon = 2.61 £ 0.96 V/um, which was higher than the down sweep average of Eon =
2.27 = 0.45 V/um. The difference in these values is associated with the hysteresis, which will
be discussed in more detail later. In Figure 5.2b the mean and one standard deviation are
highlighted by the area of the grey box, within which the majority of measurements lie. Sample
2 shows some anomalous result in Eon found in the up sweep. In general, it was noted that the
first measurements on new samples often took longer to turn on in the up sweep than in
subsequent measurements. No special treatment was given to the samples before subjecting
them to the experiments. This is somewhat responsible for the larger standard deviations seen

in Eon(up).

5.4.2 Raman Spectroscopy

Raman Spectroscopy is used to assess the vibrational properties of the CNTs before and after
FE measurements are made. The graphitic, G, bandwidth represents the tangential vibration of
carbon atoms and the disorder, D, band represents defective graphitic structures®*=4, Studying
the D and G peaks, the dominant peaks for CNTs and the wider family of nanocarbons, provides

evidence to any changes in the graphitic structures induced during the FE process. Defects can
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increase or improve the field emitting capabilities of CNTs to an extent, since FE occurs at
defect sites, and the proportion of defects before and after emission measurements can be
monitored using Raman techniques. Defects are not always beneficial, however, catastrophic
events such as arcing can subject the emitter to very high local temperatures and can change
the lattice properties as well as damage some nanotubes completely. The 2D band (also called
G’ or D*) shows the degree of crystallinity of the CNTs and its position can also indicate

doping®>%'.

The intensity is plotted against Raman shift for samples before and after (exposure to over 60
cycles) FE measurements in Figure 5.3. A typical as-grown (pre-FE) MWNT? finds the D
band at 1350 cm™?, G band at 1590 cm™ and 2D band at 2700 cm™. In the post-FE measured
samples, the D peak was found at 1365 + 3 cm™ and G peak at 1590 + 3 cm™. The Ip/lg ratio,
where 1 is the intensity, gives an indication to the quality of the sample, where a smaller ratio
indicates higher quality®. In/lc = 0.94 + 0.06 cm™* was measured. The relative similar intensity
of the D and G peaks indicates the MWNTSs are metallic in nature®.
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Figure 5.3 | Raman Spectroscopy. Results from before and after field emission measurement were
performed on a CNT pillar array showing minimal changes.

Raman Spectroscopy of the CNT pillars highlighted some structural and material properties
about the emitter. A change in the position of the G band, the peak associated with the graphitic

nature of a carbon material, indicates doping. A (positive) shift of ~ 5 cm™ is seen in the G
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band after FE measurements have been performed. This is a small shift but suggests that n-type
doping may have occurred®, though the magnitude of change is not necessarily sufficient to
confidently state this. The D peak, exhibiting defects, shows no change. Similarly, the Ip/lg
ratio, giving some measure to the quality of the CNTs, doesn’t change significantly, showing
the lattice is not compromised by the applied fields and stresses of the FE process. The slight
decrease in the ratio indicates, if anything, a decreasing number of defects. This is a positive
result, proving our CNTs have the robustness to withstand the otherwise aggressive FE

conditions.

The only significant change before and after FE test have been performed on an emitter is to
the 2D peak, decreasing to 75% of the pre-measurement intensity and a shift of increased
position by 10 cm™. The 2D peak represents a term to measure and determine the type of doping
in graphene®!. The position of the 2D peak can discriminate between electron and hole doping.
An increasing concentration of electrons in the system results in a decrease in peak position.
From our data, assuming the behaviour of graphene is similar to that of CNTSs, this would
suggest that hole doping caused during our FE measurements. Water and oxygen are the main
components of residual gas between the pressures of 10* Pa to 107 Pa, giving rise to
assumptions these are the species that would be most likely to dope the emitter surface® whilst
exposed to vacuum conditions. Whilst p-type doping has been shown for oxygen doping®?,
water vapour has shown conflicting evidence, though has been thought to have a minimal
influence***4, The shift seen is suggestive of n-type doping, which could indicate removal of
electronegative species, such as oxygen. It has been suggested by Das et al #* that whilst both
G and 2D peaks give an indication to the doping of a sample, that the 2D peak is a better

indicator due to lower sensitivity of the G phonon to an external electrostatic potential.

5.4.3 Optical Excitation

This test explores the FE as a function of optical excitation by a range of different wavelengths.
CNTs can exhibit unique optical properties due to their 1D structure and Van Hove singularities
that characterise their energy band structure. Optical invariance, showing normal emission
behaviour at each exposed wavelength, is important for the use of CNTSs as glass-enclosed X-

ray sources.
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Figure 5.4 | Optical Excitation Map. Map of the current measured using different optical

wavelengths exposed on the surface of two different, but identical, samples.

DC optical exposure FE measurements were taken using narrow band optical sources centred
at (Full-Width-Half-Maximum, FWHM); 208 nm, 405 nm, 445 nm, 515 nm, 650 nm, 670 nm,
808 nm, 980 nm. This encompasses light from the infrared to ultra violet regions of the
electromagnetic spectrum. All optical sources had <5 mW incident power and were mounted

exterior to the vacuum chamber. The chamber was optically isolated from ambient with the
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laser light passing through a quartz window. A single wavelength of light was shone on the
centre of the top of the anode at a time, beneath which was the CNT sample.

Figure 5.4 shows a map of the FE at the different wavelengths from two samples with the same
pillar array. The exponential nature of the FE is clear from the exponential increase seen in
current towards the right hand side of the figures. The general results show that there is very
little noticeable difference between the measured wavelengths of excitation and indeed the two
measured samples show similar results. A small peak can be observed on both samples around
650 nm, this is reflected in the measured Eon, shown in Figures 5.5 and 5.6. The peak shows a
current 5.5 pA, over two times larger than the surrounding measurements, and occurs at 3950
V, where the field has a value of 6.58 V/um. Resonances under optical excitation can be
indicative of defects, local adsorbates or states*®. The result of mostly optical invariance is
positive for the use of these nanotubes in X-ray devices.
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Figure 5.5 | Peak at A = 650 nm. Magnified view of a peak seen under optical excitation of 650 nm

wavelength appearing in both up and down sweeps.
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Figure 5.6 | Optical Turn-On Values. Turn on electric field, measured at a current of 1 nA, for each

of the wavelengths a CNT sample is exposed to under field emission conditions. The resulting curve
reflects the absorption edge of CNTs.

Figure 5.6 shows the measured values of Eon for both the up and down sweeps, a measured
difference between these values is apparent. The trend, with a dip around 400 nm wavelength
(ultra-violet region) seen, is characteristic of the absorption edge of carbon nanotubes, which
refers to the MWNT ability to accept electrons from light irradiation in this regime*’*8, Despite
being metallic, with zero band gap, Rezenia and Taherkhani*® have shown similar behaviour
in optical conductivities of metallic and semi-conducting CNTs caused by electron-phonon
coupling and the appearance of an energy gap in the density of states. The difference in values
of Eon highlights that hysteresis is present in the measurements, with the down sweep showing
mostly consistent smaller values. At smaller wavelengths the hysteresis is minimised,
compared to the larger wavelength values, towards the infrared end of the spectrum. The optical

excitation can be minimised by running measurements in the dark, which is performed herein.

5.4.4 Vacuum Pressure Dependence
The effect on the emission process by vacuum pressure is tested here. The FE at different

pressures is measured, with a single voltage loop performed at a number of intervals from high
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vacuum, 107 mbar, to low vacuum, 10* mbar. The experiment is designed to show the
influence of pressure on Imax and to verify it is field emission rather than ionic emission. The
effect of the difference made to Imax and Eon is studied, and a safe working upper pressure is

found.
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Figure 5.7 | Dependence of Maximum Current on Vacuum Pressure. (Insert) Dependence of Eon

on pressure.

Differing pressures are measured at increasing air levels in the chamber, gradually leaking air
into the system by slowly shutting the aperture to the turbomolecular pump. This is in order to
maintain more consistent composition of molecules in the vacuum environment as different
species are extracted from the chamber at different pressures: N2 is pumped first, followed by
O and H-0, where such polar species can adhere to the sides of the chamber, or indeed any
surface'®. By bleeding in the air, a constant gaseous composition is maintained compared to
gradually releasing air from the vacuum. By determining a safe working pressure, and verifying
whether fluctuations in measured current is observed under pressure variation, further
experiments can be performed at a range defined by this test. The vacuum, when established,

shows minor fluctuations, and can range up to 1 x 10 mbar when performing measurements
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on consecutive, or indeed individual, samples, which cannot be better controlled. The safe
working pressure can be defined by the point beyond which the maximum current measured is
consistent, eliminating the need to maintain a constant, unfluctuating pressure across the entire
measurement range. We can assume that below this value, the pressure has no effect on the

measurements and it can be eliminated as an affecting variable.

The results of the experiments are shown in Figure 5.7. Figure 5.7 shows Imax measured at a
range of pressures from 2.8 x 107" mbar to 2.0 x 10 mbar. It can be seen that at pressures
below 2 x 10 mbar the value of Imax remains mostly constant. As the pressures exceed this,
however, Imax drops off rapidly. The turning point is indicative of the point at which the
emission regime changes from FE to other emission regimes, such as ion emission. A safe
working pressure was determined by finding the mid-point value between the highest and
lowest recorded Imax, Which was found to be P = 1.37 x 10 mbar. The consistency of the values
at high vacuum show that Imax is not dependent on vacuum level when FE is the main emission
mechanism. For future studies, this pressure was used as a point of reference, below which FE
took place. In general, pressures of around 107 mbar were chosen to perform experiments, to
ensure the measurements were safely in the FE regime. Figure 5.7 insert shows the difference
in Eon calculated for both up (red) and down (green) voltage sweeps. A noticeable difference
between the two measurements is seen, with the down result consistently reporting a lower
value. This is symbolic of an underlying hysteresis. In similarity with Imax, Eon increases rapidly
over a pressure of 2.0 (+ 0.8) x 10®° mbar. In contrast, however, the values of higher pressure
show a decreasing trend before this value is reached. This is characteristic of the suppression

of the liberation of electrons from the surface under higher vacuum levels.

5.5 In-Situ Residual Gas Analysis

In order to determine whether the underlying hysteresis mechanisms were associated with local
gas species, residual gas analysis, RGA, was used to monitor the presence of a humber of
elsewhere implicated gas species throughout the emission exposure at different electric field
values. In conjunction with the pressure studies, the collected data was also used to monitor
gas species and the performance of the vacuum pumps. By analysing the gas in the vacuum
chamber throughout the process, determination of gas species potentially released at different

electric fields and the effect on the emission can be studied, bearing in mind the importance of
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adsorption and desorption on hysteretic behaviour previously observed. It is important to detect
the gas species at small intervals along the measurement loop, not just at the beginning and
end, to ensure data covers the area of largest hysteresis seen in emitted current, which is
primarily in the previously identified mid-field zone, and to analyse the proportion of different
species at each field value.

The gases of noted importance are H20, H, Oz, N2 and CO2 because they have been credited
with causing an effect on a number of influential properties. H, at 1 amu is, however, not
reliably measured using the RGA and is thus not examined in the analysis. H.O, H and O>
reportedly contribute to an increase in ¢*°°, which could increase Eon and measured current,
whilst hysteresis is reportedly quenched by adsorption of O, or CO, **. Exposure to a mixture
of H,0 and O dopes, supposedly, more strongly than exposure to each individually®2. H,O
alone has been shown to redistribute the charge caused by the dipole moment of the H.O
molecule but has also been shown to not significantly dope CNTs*. An increase in partial
densities of Hz, H,0, CO and CO: were reported by Okotrub et al*? at high field strengths
during the emission process, suggesting these particles were removed from the CNT surface.
N has a larger electronegativity than C, which in doping has been shown to donate a = orbital
electron. N atoms, replacing C atoms in doping, purportedly change the local DOS around the
Fermi level®®, which could again affect the emitted current, though this time positively. N
doping raises the highest occupied molecular orbital, HOMO, above the Fermi level, with the
resulting effect showing higher measured FE and lower ¢ due to less energy required in electron

excitation®?.

An RGA analyses the composition of the molecules in the vacuum by mass spectrometry. A
small sample of gas molecules is ionised positively, separated, detected and measured. The
measurement made is of the mass to charge ratio: M/Q. Molecules that have the same M/Q
ratio cannot be distinguished, however, assumptions can be made with some basic knowledge
of the environment and general applied logic. A Stanford Research Systems: RGA 300 is used
to measure the partial pressures of molecules present in the vacuum. The mass range of 1 amu
to 100 amu, was specified in the scan details, as well as scan speed. Data was collected in

histogram mode and saved as a .txt file as well as a histogram .rga file.

The measurement loop was slightly different to the previously seen methods to allow for extra
time to perform RGA measurements at each voltage step. The previously described pillar arrays

were again used in this experiment. Pressures in the low 10 mbar range were used, within the
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safe working pressure. A voltage loop was run in 250 V intervals from 0 V to 5000 V in contrast
to the usual 50 V intervals. This allowed larger setting times to be used without compromising
the length of the experiment by too much. The settling time was set up to 60 s to allow sufficient
time for RGA analysis to be made. The two files that are generated, one containing FE data the
other with RGA data, can be directly compared as they correspond to each other as being made
at the same time. Pressure of the chamber was monitored using the data from the RGA and
additional pressure gauges that took readings within the vacuum. Three pressure gauges
monitor vacuum levels in the SAFEM and parallel plate combined chambers. One in the
parallel plate side and two additional ones when the chambers are connected. The RGA sits
between the two sides, requiring vacuum to be established in both sections of the machine (in
contrast to the other experiments in this chapter, where the parallel plate chamber only is used).
This resulted in vacuum pressures of slightly higher values than were seen throughout the other
tests. The chamber was baked for over an hour prior to the measurements in attempt to increase

the vacuum further. The previously determined safe working pressure range was achieved.

5.5.1 Results and Discussions

The scan range was set to detect species with between 1 amu and 100 amu. The most common
gas species, as determined by those that produced the largest peaks, were at 2 amu (Hz/
deuterium), 17 amu (OH - water fragment / NHz), 18 amu (H20), 28 amu (N2 / CO / C2Ha4 / Si),
29 amu (CH3CHy), 32 amu (O2 / CH30H /' S), 43 amu (acetone fragment) and 44 amu (CO2 /
CsHg). Where more than one molecular ratio corresponds to the measured amu, the species in
bold indicates which molecule this was assigned to. The abundances of these species in the
vacuum can be seen in Figure 5.8. Amongst those considered interesting in terms of the
potential effect of doping of CNTs with an effect on hysteresis are: H,0 %352 N, 5153 O, 50-52
and CO > for reasons previously stated. These species are plotted alongside the corresponding

I-V FE curves in Figure 5.9.

The results of hysteresis and the partial pressures of H>O, N2, Oz and CO- can be seen in Figure
5.9. Figure 5.9a shows the I-V curves of the three measurements. The maximum current
reached decreases with each run. Each of the measurements with the corresponding gas partial
pressures are shown in Figures 5.9 b, ¢ and d. The hysteresis is the largest in the first example,
where the measured current was also the largest. In this first measurement, the level of H2O in
the chamber remains mostly constant with some change to O, and noticeable difference in the

N2 and CO; partial pressures. This is further exemplified in Figures 5.9 e, f, g and h which
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5. Hysteretic Behaviour of Carbon Nanotube Field Emitters

show the individual gas evolutions. Figure 5.9¢ shows a much tighter hysteresis and only minor
variations in the gas partial pressures. Figure 5.9d, showing the smallest measured current, has
the most dynamic variation of the H,O content in the vacuum, with some CO> variation as well.
Subsequent measurements, seeing mostly stable pressures of H>O in the chamber, showed
similar Imax, suggesting that when the vacuum chamber shows variations in water vapour levels,
this could affect both Imax and the amount of hysteresis seen. The direction of the gas species,
indicated by the arrows on Figures 5.9 d, e, fand g, could point to whether the water molecules
are doping the surface of the CNTs or are being released. In the third field emission
measurement, the levels of H2O in the chamber differ to the first two runs, increasing instead
of decreasing throughout the measurement. This could show the release of these particles from
the surface into vacuum, though this could also include particles measured by the RGA that

were previously stuck to the chamber walls or simply signpost vacuum leakage.
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Figure 5.8 | Gas Species in Vacuum. Residual gas analysis results showing most prevalent partial

pressures of gas species present in the vacuum between 0 and 100 amu.
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5. Hysteretic Behaviour of Carbon Nanotube Field Emitters

The adsorption of species from ambient air on the CNT surface before being placed into the
vacuum is likely more influential on the hysteresis that those present in the vacuum. The
composition of air is 78.09 % N, 20.95 % O, 0.04% CO., with some variability on the amount
of water vapour, typically 1 - 4% at the Earth’s surface, and other gas species. However, it has
been shown that despite the relatively low levels seen, water molecules are favourably adsorbed
onto CNTs compared to N and O, suggesting there may be higher levels of this present on
the CNT before the experiment, and that water vapour species are also more likely to adsorb
compared to others in the vacuum environment since they make up the highest proportion of

any molecule.

The vacuum environment could be influential in determining the species adsorbed onto the
surface, particularly in the down sweep, where any desorbed molecules leave likely adsorption
sites vacated. Charged particles in particular are likely to be attracted by the large local electric
fields to the CNT tips, increasing their likelihood of adsorbing. Even if the measured gases are
not involved in the direct process of hysteresis, they could be influential in determining factors
such as the maximum current. When the amount of H2O in the chamber is dynamic, this could
suppress the current, as is seen in Figure 5.9d. The levels of N2 or Oz could be influential in
determining the amount of hysteresis seen, both of which vary somewhat in relation to the

amount of hysteresis.

The number of particles present, both those that make up the CNTs and those present in the
vacuum, can be calculated knowing the partial pressures and volume of the chamber. The
number of carbon atoms present in the CNT patterned pillar sample, as used in this experiment,
was calculated to be approximately 1 x 10'® atoms. This was calculated using the area coverage
of CNTs on the Si substrate (0.0079 m?) and a packing density (10'° CNT c¢m), assuming a
number of five nested CNTSs in an average MWNT. The grown CNTs also had a height of 4
pm and width of 25 nm. A similar value, of 5 x 10 gas molecules was calculated to be present
in the chamber, and assumed to be evenly distributed throughout the chamber. This value was
calculated according to the ideal gas law using PV = nRT, with P = 3.3 x 10 atmospheres, V
= 55 litres, under room temperature operation. The total carbon atoms present in CNTs to
vacuum molecules, C:Vacuum, was therefore 1.5:1. The most abundant species, H20O, was
found to have a C: H>O ratio of 4:1. Dispersed throughout the volume of the chamber, however,

this ratio will be far diluted around the emitting CNTs.
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5.5.2 Limitations and Future Work

Some limitations exist with the experimental set up. The RGA measures the partial gas
pressures of the entire combined chamber of the parallel plate and SAFEM, which is large
compared to the emission area. It is assumed that the dispersion of the gases inside the chamber
iIs homogeneous, thus correctly representing the vacuum surrounding the CNTs and between
the plates, where emission is measured. There is some ambiguity to the validity of this, as the
RGA is placed some distance (approximately 10 cm) away from the active FE site. In future
work, moving the RGA measurement location as close as is possible to the emission area may
provide higher quality of information regarding any species that might escape the emitter
surface and be released into the wider vacuum. Comparing results of two sets of measurements
from both close to and further away from the emission zone could highlight which molecular
activity in the vacuum is due to fluctuations from the pump and which is involved in the FE

process.

The hysteresis is a cyclical quality. The cycle is suggestive that if species are released from the
surface, they return when the field reduces, though whether the same species return to the same
locations as they were released from and in the same quantities is not known, nor is it easily
determined. Measuring the release into the wider vacuum chamber may not be trivial, as
molecules are likely to remain in the local vicinity to be re-adsorbed, and may not possess
required energies to escape the system and could also depend on the pumping rate of the
chamber. Similarly, charged particles would remain within the boundaries of the electric field,
when an electric field is applied, so only neutral species with enough energy could be released
into the vacuum where they could then be measured by the RGA. In addition to the
measurements throughout the FE cycle, measuring the RGA at intervals for some time (on the
scale of a few minutes) after the end of the experiment has finished may lead to discoveries of
particles that were trapped by the electric field, released to the wider vacuum, once the
measurement loop has terminated, though determination of these species above a noise level

may prove challenging.

Certain species are likely preferentially involved in the sorption process at defined energies
and CNT locations. Allocation of signature energies or time constants of individual species is
difficult to address due to the immeasurable quantities of local field enhancement around
individual emitting tips, which is likely of high influence in providing the required energies for

desorption. If the CNTs were to be exposed to influential gases in isolation to encourage the
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5. Hysteretic Behaviour of Carbon Nanotube Field Emitters

adsorption of an individual molecule species on separate emitters, without exposure to ambient
before measuring the FE, it may be possible to address these energies and indeed the effects of
each molecular species, and their signatures, with more clarity. This could be performed in two
ways after the initial CNT growth. Firstly, the use of plasma treatments has already been seen
and undertaken by some (See Chapter 2, Section 2.7). Exposure to plasmas of the influential
species could, in theory, be performed in the CVD chamber, immediately after the CNT
growth. This can, however, change the structural nature of the CNTs. The second way to
achieve exposure to the gas molecules, which would better simulate the natural response, would
be to simply flood the CVVD chamber after fabrication with a single gas species for some length
of time, possibly up to a few days to allow maximum adsorption to occur. This would give a
better indication of which species are preferentially adsorbed onto the surface and at what
quantities, as plasma treatments could be quite aggressive. Transferring these samples with
minimal exposure to ambient would be desirable. Resulting FE from these emitters may then
give better indications as to individual species contributions to hysteresis and reveal where in
the cycle, with corresponding energies, each species desorbs and re-adsorbs onto the CNT

surface.

It is important to remember that the hysteresis in this work could be directly affected by the
vacuum level. If the results were collected in an environment where the vacuum levels were
higher, for example 10° mbar, the hysteresis may be of a different character. The initial
hysteresis would likely behave the same initially, however, after the initial conditioning period,

the hysteresis may become much less prominent.

5.6 Stability

Stability is important if FE applications are to become commercially viable. If the technology
is to replace existing methods, which have current lifetimes of up to a year (X-ray sources®),
this must be matched as an absolute minimum requirement. The temporal stability is measured
by the ability of the emitter to maintain performance over an extended period of time.
Maintaining a consistent performance is achieved, principally, by recording a constant emitted
current. It has been noted by Chen et al ° that hysteresis disappears after what is termed
‘conditioning’, where supposed adsorbed molecules gradually become removed and the

measured current becomes repeatable between loops, purportedly increasing stability. This
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5.6 Stability

experiment allows further investigation of this theory. The sample was subjected to a 0 V -
5000 V sweep at 50 V intervals (returning to previous method described in Section 4.4.1) for
a total of 50 consecutive loops, totalling a period of approximately 17 hours. The sample was
previously measured for FE, so it is important to note that the first loop is not the first
measurement made, it is the n +1°%. Also of importance to note is the exposure to ambient before

the n + 1% measurement.
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Figure 5.10 | Stability Data. a) I-V Curves showing field emission for 50 voltage loop cycles
grouped in tens to highlight gradual emitter degradation b) Maximum emitted current for each of the

measured cycles.

Figure 5.10a shows the I-V curves for the results of the stability experiment. Loops are grouped
in tens using different colours from red to blue. This allows the gradual changes in emission to
be observed, with the latter 1-V curves showing higher turn on fields and lower measured
currents. The gradual decrease of Imax IS shown in Figure 5.10b. The average value and one
standard deviation above and below this are represented by the area within the grey box. The
central measurements, between 20 and 40 loops, appear the most repeatable when assessing
according to Imax. It has been previously suggested®®® that a conditioning period, where
adsorbates are removed from the system, leads to increased stability. Although they also see
the opposite trend to that seen here, with increasing Imax. However, these results could give
further evidence to support the conditioning theory. Anomalies around the 40" loop show low
Imax, but this is recovered towards the end of the cycle. The anomalous results could be due to
arcing, which can destroy the emitter irreversibly or some change to the conditions in the
vacuum chamber. It could also exemplify burn out, where significantly contributing, dominant

CNTs provide a large proportion of the current and subsequently fail. The recovery seen here,
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5. Hysteretic Behaviour of Carbon Nanotube Field Emitters

with the maximum current returning to a similar value, could be indicative of other CNTs

taking on the role of emission as the first dominant ones are destroyed.

To study the evolution of hysteresis with use, the difference in current, Al = Iy - ldown, IS
mapped across the measurement range in Figures 5.11 a, d and e. Values are normalised by
dividing A7 by Imax for each loop. Figure 5.11a shows a 2D map of these values. Along with
decreasing Imax, as the number of measurements increases, the hysteresis appears to become
less exaggerated, with smaller measured A/ towards the end of the measurement cycle. The
most exaggerated difference in the current is expressed at the beginning of the measurement
process, within the first five or so measurement loops. The profile of A/ for a single
measurement loop is shown in Figure 5.11b, and is characterised by a trough followed by a
peak, formed by the regions where each of the up or down currents show higher values. In the
high-mid field region values are positive, where the peak occurs, lup > ldown. This scenario is
the most prominent, with up currents generally higher than down measurements. This is
opposite to the low-mid field region where lgown > lup, resulting in negative values of Al. At the
end of the measurement, values converge towards Al, where lyp = ldown. This is demonstrated
in Figure 5.11b, where both the measured current, with clear hysteresis, and the difference A7
are displayed. At the intersection between peak and trough, A7 = 0. The average point at which

this cross-over occurs is at 3800 V + 230 V.
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measured current difference in 3D visualisation.

Figure 5.11 ¢ shows the data presented in a novel way for the n + 1% (red) and n + 50" loop
(green); the curve is opened up by arranging the measurement points by number, rather than
by voltage as is traditionally seen. This allows for easier comparison between both the two
sweeps in each direction and the two different measurement cycles. Displaying the data in this
way highlights the narrowing of the emission curve. The FWHM of each of these curves can
be measured and was found to be 2150 V and 850 V for the first and last measurements
respectively. The narrowing of the FWHM marks the change in the emission current, which is
reduced at all points leading up to Imax. Similarly, measuring the area under the curve to give
an estimate of the hysteresis, the value drops to 60% of the original value, indicating a change
in the amount of hysteresis. This could be attributed to permanent desorption of molecular
species, correlating to the reduction in hysteresis, but could also indicate degradation of the
emitter. It can be seen that on the down sweep, to the right hand side of the central peak when
displayed this way, there is an agglomeration of data points in the mid-field range that show

some spread in the first measurement, but narrow to more of a peak by the final measurement.
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5. Hysteretic Behaviour of Carbon Nanotube Field Emitters

An explanation of the observed peak is the release of electrons from a source on the CNT
surface. This could be caused by effects of adsorbates or trapped states from physical defects
in the surface, which restrict the movement of electrons, which could show a resonance or
release at certain field values. Peaks in the down sweep could possibly appear as the species
are re-adsorbed, showing the permanent escape of a number of other species when the majority
of adsorbates are permanently removed over the repeated cycles. The previously seen Raman
spectroscopy shift (Section 5.4.2) could further support this, as this was performed after this
experiment. The peak seen in the final measurement could, therefore, show that the majority
of the species have been desorbed, leaving either a reduced few on the surface, or just one
species of gas. Adsorbed species on the surface of the CNTs could each contribute to the

emission at different field values.

Figure 5.12 shows the evolution of the FE in groups of five measurements. Initially, loops 1-5,
there is consistency of the hysteresis in the mid-high field region, where it is notably defined
and quite pronounced. The shape of the emission becomes less consistent with increasing
measurement number after this. Between the 20" and 30" measurements, the hysteresis regains
some consistency, with a narrower hysteretic behaviour than seen in the first five

measurements. This is consistent with the earlier claim of stability of Imax in this region, and
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similarly correlates to the suggested cleaning, or conditioning, process. The changes seen
between these two more consistent states could be indicative of the removal of adsorbates from
the surface. The smaller measured values of A7 in this range, indicating smaller hysteresis, seen
in Figure 5.11, could be due to the removal of polar species, such as Oz or H20. Higher Imax
could be caused by the removal of Oz, whose electronegativity leads to higher surface ¢ (where
the opposite effect is seen here) and which has been shown to be the first species to desorb in
temperature studies®’, suggesting this may also be the case under applied electric fields.
Previously conducted experiments (by Dr. Matthew. T. Cole) have shown that the emitter does
not heat during the FE process and desorption of species by thermally acquired energy is
thought unlikely under the experimental conditions experienced here. Adsorption of O, and
COz on graphene has shown an increase in Eon, the latter of which also resulted in large
reduction of Imax °. Conversely, desorption of these two species would therefore be expected
to increase Imax and decrease Eon, Which is indeed somewhat apparent in the results presented
here. Since Imax is not drastically improved, it seems more likely that O» species are removed.
Towards the final measurements, the hysteresis is significantly reduced, particularly after the
maximum current shows a large drop. This could be caused by significant particle desorption

under the event of potential arcing that resulted from the drop in current seen previously.
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Figure 5.13 | I-V Curve Evolution over 50 Cycles. Average I-V curves for the first five (red) and

final five (green) measurements highlighting the changes to the emission characteristics.

Figure 5.13 shows the average I-V curves for the first five and final five measurements of the
50 loop exposure. The cross over between up and down remains mostly consistent, but shifts
from the first five sweeps (3762 V) up by 83 V (to 3845 V). The change to the emission profile,
however, is quite distinct. The process resulting in this change of characteristic could be
explained by a series of events. Firstly, the adsorbed molecules, from being left at ambient,
contribute to the hysteresis cycle. After a conditioning period of repetitive exposure to the
cycling electric field, some of these molecules are desorbed permanently at differing times
according to their species and energies. Some interaction with the molecules present in the
vacuum could result in further instability, or replacing of these desorbed molecules by other
species (likely H20) to which Imax, hysteresis and low field behaviour are sensitive. After a
time, this process reaches a period of stability. This can be destabilised by further changes to

the surface coverage of adsorbates caused by a change to emitter conditions such as arcing.

5.6.1 Future Work

Further tests could be performed over longer periods of time. This may reveal a point at which

the hysteresis ceases to exist. Between the first and last measurements, the hysteresis is reduced
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quite dramatically, as can be seen in Figure 5.13; should the measurement loops have
continued, this could have resulted in the possible removal of hysteresis from the system.
Repetition of this experiment could also highlight the behaviour of hysteresis without a
seemingly destructive event, or indeed the likelihood that such an event might occur. These
stability studies could be used in conjunction with the morphology studies used in the previous
chapter to analyse the different geometries and their resistance to change and destructive events

over long exposures.

5.7 Hysteresis Onset

To further understand the origin of hysteretic behaviour, it would be beneficial to understand
whether the maximum voltage affects the amount of hysteresis seen and whether it is always
onset at the same place in the voltage cycle. To test the effect of the maximum applied field
and where in the cycle hysteresis begins to occur, an experiment was devised that reached
different maximum voltages using the same sample (forest of CNTs). These voltages were
1000 V, 2000 V, 2500 V, 3000 V, 3500 V, 4000 V, 4500 V, 5000V (E (V/um) = 1.6, 3.3, 4.2,
5.0, 5.8, 6.7, 7.5 and 8.3 respectively). The same 50 V increasing applied voltage was

maintained throughout the experiments.

The results are shown in Figure 5.14. Figure 5.14a shows the results in I-V curve, Figure 5.14b
shows the FN plots, Figure 5.14c shows the results arranged by measurement number and
Figure 5.14d shows Imax for each voltage. Together, they show that a hysteresis typically
appears for V > 3500 V, after the maximum current reaches the high field regions where Imax
begins to plateau. From Figures 5.14 a and b, it can be seen that when hysteresis appears, it
follows the same trend as each previous iteration and appears independent of maximum
voltage. The greatest difference in measured current does appear, however, to be when the
maximum applied voltage is the largest. The main region of hysteresis is in the mid-field range.
This result suggests that the same species are preferentially adsorbed and desorbed at consistent
field values. It would also suggest that increasing numbers of species become mobile with
increasing maximum current, as larger hysteresis is seen with increasing maximum applied
field. In Figure 5.14c, it can be seen that hysteresis becomes of importance between 3500 V

and 4000 V, where a change to the shape of the curve can be seen. This suggests species are
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likely desorbed (mostly at one field value) between 3500 V and 4000 V. The current measured

at the maximum voltage shown in Figure 5.14d follows a typical I-V curve, as expected.
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Figure 5.14 | Results of Varying the Maximum Applied Current. Results shown as a) I-V curves,

b) in a Fowler Nordheim plot, c) opened by measurement number, and d) Imax for each different Vmax.

5.8 Effect of Dwell Time on Hysteresis

It has been postulated and observed by others®!° that the speed of the voltage sweep can be

influential in altering the amount of hysteresis seen in a measurement. By altering the dwell

time at each voltage, the number of electrons released is affected. When the sweep speed is

faster, smaller currents are measured and the hysteresis has been reported to be somewhat

quenched. To test this hypothesis, an experiment was devised that settled for different times at

each voltage interval. The dwell time at each 50 V interval was setto 1s,2 s, 5sand 10 s.
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Figure 5.15 | Fowler Nordheim Plots for Sweep Speed Results. Hysteresis seen for measurement of

field emission measured ata) 1s,b) 2s,¢) 5, and d) 10 s settling time.

The results of dwelling the time at each voltage are shown in Figure 5.15. The hysteresis is
clearly seen in each measurement, where the up and down sweeps do not overlap. The main
differences seen tend to be related to the down sweep (blue), this was also noticed by Zuo et
al'®. The up (red) seems to remain mostly constant, though some change is noticeable in the 10
s dwell time, where a clump of measurements are seen in the mid-field range. The change
exhibited in the down sweep has been attributed to adsorption recovery!®!!, and indeed
suppressed desorption of molecules. Lower measured current density under faster changing
fields could be attributed to a filtering effect, where energy levels, particularly those altered by
adsorbates, require a particular filling time before they can release electrons to vacuum, or

having the conduction and valence bands shifted by adsorbates.

Table 5.1 shows the calculated values of g from Figure 5.15. Across the samples f doesn’t
change greatly in value, which it shouldn’t. The values between up and down are mostly
similar, with greater differences in the longer dwell time, which could show the effect of

adsorbates on f.
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5.8 Effect of Dwell Time on Hysteresis

Table 5.1 | g calculated for the different dwell times.

Up Down
1s 1200 1100
25s 2000 1800
5s 1100 1700
10s 1100 1400

In Figure 5.16 the results are shown by measurement number, unfolding the classic 1-V curve.
By doing this, some notable and interesting features become visible. Firstly, it is clear that the
rise to Imax is steeper on the up sweep, with similar onset at each dwell time, falling off more
gently in the down sweep. This, in relation to sorption theories, shows desorption to be
dependent on higher fields, which makes energetic sense. Secondly, the up sweeps remain
similar in appearance, whilst the down sweeps show varying clusters of points in the low-mid
field regions, and stop emitting at lower fields (Eondown)) as dwell time increases. Between 1 s
and 10 s dwell time, Imax increases by 150 %. This increase in electron availability could account
for the difference seen in Eon@own). Adsorption is likely to occur quicker than desorption,
assuming incommensurate states, owing to smaller energies required, thus explaining the initial
steeper decline of current on the down sweep resulting in the consistently higher measured
current of the up sweep compared to down sweep in the high-field region (positive Al). The
clusters of points were also seen in the stability study at the same region on the down sweep
and are responsible for the change in Al from positive to negative. A possible filtering effect,
bypassing potential current avenues that require an amount of time to activate, could be shown
when the current sweep is faster (shorter dwell times). Adsorption processes enhanced by the
more gradual decreasing current, compared to the faster 1 s dwell time, could explain the
resulting increase of clustering effect with increasing dwell time allowing more species to re-
adsorb onto the surface, resulting in a deviation from pure CNT behaviour. This assumes that
adsorbed species enhance the field emitting properties of CNT by the creation of additional
tunnelling states, or indeed the lowering of the surface ¢. Resulting intermediate states could
also be reasonably responsible for this, even if the surface ¢ is increased by adsorbates

including H, O2 and H»0O as previously discussed.
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Figure 5.16 | Sweep Speed: Unfolding the I-V Curve. Field emission as a function of measurement

number from different sweep speeds.

The area under the graph is a further, and possibly better, way to measure the hysteresis. In
each of the cases, the area under the graph is similar with 203 pA, 295 pA, 283 YA and 337
MA for 1, 2, 5 and 10 seconds respectively with an average of 279 (+ 56) pA.

5.8.1 Limitations and Future Work

Whilst this study gives some insight into the effects of varying the ramp rate of the electric
field, more can be done to investigate the hysteretic behaviour. As it appears from the results
that the amount of additional, clustered emission observed under downwards sweep of the
electric field tends to minimisation with increased sweep speeds, further investigations could
provide information on which dwell times result in no additional emission, and hence little
observed hysteresis. The equipment may prove to be a limiting factor in ascertaining results
with any dwell times less than 1 s, and the number of current measurements made would have

to be cut to one when measuring the current, which could prove unstable.

Increasing the dwell times would be simpler to instigate using the current equipment, and as
measurements, up to a few minutes at each voltage, could be performed. Exposing the same

emitters over such long periods could prove challenging in continuity between results.
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5.8 Effect of Dwell Time on Hysteresis

Hysteresis could, in fact, be inadvertently promoted by changes to the structure of emitters
simply by prolonged exposure to emission conditions.

Typical sorption timescales of individual species are not known, nor have they been
documented elsewhere, even under temperature studies. It is possible that sorption is not fully
active within the timeframes measured, and that the observed effects are due to other factors.
With currently undocumented sorption timeframes, it is difficult to assess whether the above
dwell times sufficiently represent adsorption and desorption effects.

5.9 A Model Describing the Emission Process and

Resultant Hysteretic Behaviour

The contribution to hysteresis by a number of interlinked mechanisms, many of which may be
caused by sorption processes, can be used to describe a suggested six step model of FE
including why and how hysteresis occurs. Figure 5.17 outlines the points at which these steps
occur within the FE cycle. It is based on the accumulation of data from the above experiments

and is inspired also by the available literature on the subject.
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Figure 5.17 | Field Emission Model. Model illustrating the six steps in emission and the hysteretic
behaviour.

Step 1. An electric field is applied to the anode inducing the potential barrier to become
triangular. Due to the still quite large width of the potential barrier and insufficient electron
energies, negligible current is measured. As increasing fields are applied the barrier thins

further.

Step 2: Occurring at a voltage of 2500 V — 3000 V, corresponding field 4.17 V/um — 5 V/pum.
The barrier sufficiently narrows to allow electrons to tunnel through at the Fermi energy to
contribute to a significantly measurable current. Up to this point, electrons have steadily
populated empty or intermediate states defined by adsorbates. The onset of a measurable
current and liberation of electrons contributes to the increasing desorption of gas species on the
CNT surface as well as contributions from increasing energy from the applied field. Removal
of species is likely to follow the same order as seen in temperature studies: O and N, followed
by CO; and finally H.O°" and happens at a narrow field distribution. The energetic positions
of adsorbed species (i.e. chemisorbed versus physisorbed, location on CNT surface etc.) is
influential in determining the exact field at which the species are desorbed — though this is

primarily seen in the mid-field region (approximately between 2000 V and 4000 V).
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5.9 A Model Describing the Emission Process and Resultant Hysteretic Behaviour

Step 3: Maximum applied field results in thinnest potential barrier seen here and corresponding
maximum current. The electron surface states are fully populated.

Step 4: Located immediately after the maximum applied field in the high-field region of
emission, where current is lower than at the same field in the up sweep. A decrease in applied
field leads to destabilisation of desorbed molecules, previously kept from the surface by
continually increasing electric fields, and molecules readily adsorb back onto CNT surface at
energetically favourable locations. The rate of this re-adsorption is fast, beginning immediately
as the field direction changes, altering the FE environment compared to that of the increasing
field, where adsorbates were not present on the surface at high fields. This results in lower
measured current at the same high fields due to increase of the surface ¢ by adsorbates and

formation of intermediate electron states.

Step 5: Taking place in the mid-field region typically between 4750 V to 2250 V (7.92 V/um
to 3.75 V/um), where the emission in the down sweep is higher than in the up sweep. This step
is the most variable and is highly subject to emission conditions. This region is dominated by
the effects of re-adsorption of species onto the CNT surfaces, the rate of which is dependent
on the number of species already present on the surface, which in turn is dependent on the
dwell time and species available. Immediately after adsorption (Step 4), intermediary states are
created, which gradually populate and contribute to emission later (Step 5), increasing the

emission compared to the same field in the up sweep.

Step 6: The system is returned to its previous original condition with desorbed molecules re-
adsorbed, though not necessarily in the same location or at the same energy, contributing in
part to the subsequent asymmetries in the emission profiles. The species of these molecules
may change over time with relation to both the preferential adsorption of certain molecules and

the direct species available.

5.9.1 Explaining the Causes of Hysteresis: Trapped, Surface

and Intermediate States from Adsorbed Molecules

The lack of continuity, as is particularly evident in Step 5, between cycles originates principally
from the variation seen in adsorption site population and species as well as, of course, some
contribution from statistical variation in the experiment. Over long time periods of exposure to

a cycle, since water molecules are preferentially adsorbed compared to others® and the
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percentage of these molecules within vacuum levels of this range is high, it is likely that
adsorbed species tend towards increasing concentrations of water molecules. Contributing
factors to the origin of the observed extra current could be caused by trapped states, potentially
on the CNT surface, intermediate states caused by adsorption of molecules, induced changes
to surface ¢ and even potential surface morphological changes caused by adsorption.

a) E b) E

Electron Population
Trapped State Energies

Potential Barrier Potential Barrier

P X

Figure 5.18 | Sources of Additional Electrons. a) Quantum wells induced by adsorbed species and

b) trap state population caused through surface defects.

One potential mechanism contributing to hysteretic current is through trapped states, where
additional electrons are released in the down sweep that became trapped in the up sweep.
Population of potential trapped states, or any additional energy levels located at some energy
above Ey, have a probability associated with the statistics of Fermi-Dirac distribution, where
states with energy levels closer to the Fermi energy have higher probability of being filled,
compared to those with higher energies. Electrons positioned furthest away from the Fermi
level, near the top of the triangular barrier, have the highest likelihood of tunnelling, as the
barrier is thinnest here and are the most unstable. Most electrons, however, are found at the
minimum energy position where the triangular barrier is thickest, and have the lowest
probability of tunnelling. This could explain the significant additional emission at the mid-to-
low field region. The location, energy and prevalence of surface states is influenced by

nanotube defects and adsorbed molecules, thus differing between emitters.
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Figure 5.18 demonstrates the different ways in which electrons could be trapped, either by a)
within the potential barrier in small quantum wells generated by adsorbates or b) as trapped
states along the interface between the CNT and vacuum. The correctness of either of these
suggestions is not known, they simply illustrate possible scenarios and explanations of both
will follow. Lyth and Silva® suggest that adsorbates, particularly chemisorbed species, create
quantum wells, as in Figure 5.18a, contributing to additional peaks in measured current due to
distribution of electrons at resonant energies of the quantum wells. Step-like behaviour in the
emission current has been studied by Filip et al®®, which is described to originate from quantum
well structures seen in nanotubes. Slow discharging of the trapped electrons in quantum wells
could explain the behaviour seen in Step 5, where a number of electrons are released at low
fields. Lee et al ®, however, studied the effect of treatment of CNTs with an oxygen plasma,
nitric and hydrofluoric acids, and attribute defects at opened CNT tips to causing trap states,
represented by sites of electron population along the interface between the CNT surface and
potential barrier in Figure 5.18b. Again, the slow release of electrons is purportedly responsible
for improvements in FE in this case. They found that trap sites, dominating tunnelling at low
fields, can reduce Eon. This is consistent with my results (Sections 5.4.3 and 5.4.4). Surface
states were also found to contribute to emission in this model. Kan et al®* describe these trap
states, as illustrated in Figure 5.18b, as defect induced energy bands that allow electrons to

climb up the energy ladder. Emission in this case is said to originate from discrete energy states.

The effect of the different adsorbed species has been studied by a number of authors. The CNT
tips are modelled using density functional theory in explaining emission behaviour as they are
thought to be the most likely place for adsorption to occur because of dangling bonds and
defects seen there®2. Hata et al®® suggest that the size of the adsorbed molecules relates to
changes in tunnelling ability. Oxygen molecules are commonly attributed to inhibiting the
emission because of an increased ¢ due to its electronegativity®®, which draws the Fermi level
towards the valence band (the opposite effect has been seen for other species N2, H20)%2. A
small gap is induced between the carbon derived valence band and bottom of the unoccupied
oxygen derived states essentially increasing ¢. Weak hybridisation between C and O molecules
is responsible for a change in the DOS at Fermi energy, though there is some dispute about
this®. Studies have shown that O, is physisorbed. However, in molecular form, O is
chemisorbed onto a SWNT surface with binding energy 0.19 eV °. O binds to a semi-
conducting SWNT at 2.7 A from the surface with a binding energy of 0.25 eV. A large

activation barrier exists for chemisorption®, though it has been shown that excited electronic
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states have been caused in chemisorption on metal surfaces®”. Some cases have shown an
increase in FE with oxidative etching supposedly increasing current by the creation of new
states when molecular oxygen is adsorbed®®, though this is an unusual case, and the increased
emission effects could be dominated by etching effects on the CNT rather than adsorbed

oxygen.

Water molecules are arguably the most interesting in terms of the effect on FE because of their
polar nature and the resulting related increase in current. This has been attributed to an
adsorbate tunnelling state induced between the molecule and CNT tip%. Electrons are
transferred from other occupied states to fill the HOMO on the CNT cap and tunnel,
contributing to the current’. Chen et al ® attribute enhanced FE to changes in the effective
work function, get, caused by charge redistribution and accumulation at the tip under an applied
electric field. Adsorption of water molecules is reportedly fairly unstable under no external
electric field, leading to ease of desorption, however, under FE conditions, adsorption energies
are higher and molecules become stable, chemisorbing onto the surface of the CNT %72, A
dipole moment is induced, directed from H20O molecule to the CNT tip that strengthens with
increasing number of molecules as they also show greater probability of adsorbing in clusters,
and bonds the molecule to the tip®"*. The chemisorbed molecule is likely to remain more
stable, continuing to contribute to hysteresis. Electrostatic interactions lower the ionisation
potential, a measure of the ease of electron extraction, by moving the conduction band
downwards under an applied field and increasing the local DOS. Interestingly, current

saturation has been attributed to an effect caused by H,O adsorption’.

Chen et al ® report the importance of the difference between physisorbed and chemisorbed
species. Physisorption of polar molecules results in strong interactions with the surface by
increasing the DOS at the Fermi level, which act as tunnelling states. Chemisorbed molecules,
on the other hand, forming chemical bonds, redistribute the charge resulting in a variation of
the surface dipole and surface ¢. The adsorption energies of molecules differ, with N2 requiring
the least energy followed by H»O, then H> and finally O2 requiring the most. Hz, which
similarly to H2O molecules, are physisorbed onto the CNT surface show little difference to the
FE, whilst H.O show marked improvement. Chemisorbed species, including O, with weak
dipoles are not seen to greatly affect ionisation potential. Both H2 and N2 are found to not
greatly influence FE because of an absence of DOS at the Fermi energy (H2). Adsorption was

found to be an endothermic reaction, except in the case where no field was present, i.e. ambient
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adsorption. It seems likely that H>O in both chemisorbed, from ambient, and physisorbed

forms, from vacuum environment, contribute to the hysteresis cycle.

Applying this knowledge to the results found, it can be anticipated that the most likely cause
of hysteresis can be attributed to the effects of water molecule adsorption on CNTs. Knowing
both that H,O molecules are more readily adsorbed compared to other species® and being the
overwhelmingly dominant gas species within the vacuum chamber, as seen in RGA analysis in
Section 5.5, there is some confidence in assuming that this species is favourably adsorbed. To
bolster this assumption, the effects seen in the experiments match previous findings. These are:
continued hysteresis by stability of molecules on the surface, enhanced emission in down
sweep through tunnelling states at the tip, potential increase in ¢ leading to reducing Imax with
desorption (potentially of physisorbed species), and current saturation. Dean et al”® attempted
to introduce the nanotubes to individual gas species by heating the nanotubes to over 900 °C
then leaked gases into the chamber. In this process they discovered that water vapour had the
greatest effect on emission, with adsorbate states strongly correlated to the existence of water

vapour adsorption. This supports the findings claimed here.

5.9.2 Evidence from Results

The sweep speed is significant in determining whether additional electron sources, from
trapped, surface or intermediate states, are present. If we assume that the higher energy states
take longer to fill with electrons, hence longer to contribute to emission, we can essentially
filter them out by increasing the sweep speed. Similarly, using a long dwell time at given
electric field values, electrons from an increased number of states can be activated and
contribute to higher emission current. From the results in Section 5.8, see Figure 5.16, it can
be seen that there is a significant increase (150%) in current when the field dwells for ten
seconds at an electric field value compared to one second, and that the contribution to additional
emission (Step 5) for a one second dwell time is minimal. Electrons, therefore, must take some
time, T, to fill the available states and tunnel. If t <1, the states are not filled and, therefore, do
not contribute to electron emission. If the electric field is ramped up and down sufficiently
quickly, with dwell times less than a second, it is possible hysteresis could be filtered out
altogether. Future projects to study the ramp rate and the possibility of hysteresis filtration

could be performed using high voltage pulsing. Determining the nature of the states (energy
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levels and filling time constants) induced by specific molecular species and signatures of their
sorption cycles is possible, potentially more achievable through modelling, at least initially.

In stability studies in Section 5.6, see Figure 5.10, a single emitter is measured at the same
dwell time (3 seconds) over fifty cycles of voltage increasing from 0 V — 5000 V and back. It
can be seen that the maximum current achieved remains approximately consistent, with only a
small decrease from 14.0 pA on the first measurement loop, to 13.4 uA on the 50", 96% of the
original value. This suggests that the species contributing to emission are either repeatedly re-
adsorbed or remain on the surface. In contrast, the difference in maximum current for an emitter
with a dwell time of ten seconds is 1.5 times higher at 11.8 pA, compared with 7.5 pA for the
same emitter with a dwell time of one second, where the emitter has been used only twice in
between these measurements (one second measured first). It is important to realise that the two
emitters were different, and it is not the value of the current that is noteworthy; the difference
in value is of higher significance here. Primarily, we can deduce that the higher current seen at
ten seconds is not due to emitter degradation, since it was measured after one second readings.
It is not expected that the number of uses dramatically affects the maximum current (from
Figure 5.10 a), though a steady decrease would be predictable. This result, therefore, further
supports the theory that certain electron states require some time to fill and therein contribute
to emission. We could conclude that, with voltage sweep rates faster than the reactions of
sorbates, fewer molecules are removed from the surface in addition to fewer extra states being

filled, resulting in a more symmetrical emission and ensuing removal of hysteretic behaviour.

We can also argue that over time trapped, surface or intermediate states can be removed by
permanent desorption of gas molecules from the surface. Permanent removal could be achieved
by replacement of molecules with other molecules, which quench the hysteretic behaviour over
time, or by escape upon desorption to be pumped away. Quenching could be achieved by
preferential adsorption of a single molecular species. Regarding Figure 5.11c in Section 5.6, it
can be seen that the emission current narrows over time when displayed in a novel way that
opens up the results by measurement number as opposed to the traditional field value. If we
assume that the more trapped states there are, the greater the measured current, and we see that
the current is decreasing with number of uses, we could conclude that there are fewer trapped
states for electrons to occupy in the n + 50" loop than the n + 1%, with lower emission seen.
However, the number of trapped states, on the CNT surface, might be expected to increase over
time with emitter degradation. This would, therefore, suggest that adsorbed species are a more

likely candidate in causing changes to measured current. Other factors are likely to add to the
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degradation of the emitter, however, the perceived reduction of the FWHM from 2145 V to
853 V between the 50 loops strongly suggests there are fewer channels for electron tunnelling
(and therefore measured current) throughout the measurement loop. Another factor that could
have this effect, or indeed enhance it, is the morphology, which could be changing (becoming
less perturbed) via burn out or arcing. Post experimental SEMs revealed little obvious damage,
however. A few signs of arcing were observed covering approximately 4% of the emitting area.

Onset of hysteresis and repeatable measured difference between up and down sweeps is shown
in Section 5.7. This suggests that the amount of current measured is directly related to the
applied field and the relation to when species are desorbed from the surface. The rapid
desorption between 3500 V and 4000 V suggests that either just one species is desorbed, or
that the ranges of the energies required are similar for all species.

5.10 Summary

In this chapter, a six step model of the emission and resulting cause of hysteresis were
determined following a range of experiments. The vacuum environment was found to be
predominantly made up of water vapour molecules, though other influential species were also
present. The profile of hysteresis was calculated by measuring the difference in measured
current in the up versus down sweep, which showed different regions of domination linked to
the Kinetics of the sorption process detailed in the emission model. Whilst desorption, with
higher activation energies, affects the later onset of emission in the up sweep, fast re-adsorption
at high fields can be attributed to a lower initial measured current on the down sweep, with
later contributions increasing the current when newly formed states, shaped by re-adsorbed

species, emit.

The stability over a long exposure to emission cycles showed larger changes in FWHM
compared to the maximum emitted current, which showed a gradual decrease. The maximum
applied electric field was found to be of little significance in determining the amount of
hysteresis seen, however, highlighting the dependence of desorption on the applied field. In
examining the structure of hysteresis, by varying dwell time at each applied field, the
significance of an effective filtering was seen and increasing contribution to current from re-

adsorbed states was determined.
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6.1 Conclusions

A review of the literature covering field emission, carbon nanotubes and their related histories
was presented, with a review of potential applications, the problems and the difficulties limiting
commercial realisation at present. It became apparent, through studying the available literature,
that the physics underpinning the emission process in nanomaterials was not sufficient to
explain their field electron emission behaviour, which deviated significantly from traditional
Fowler Nordheim.

To address this, focus on the important, and more uncertain, characteristics determined in
Fowler Nordheim of work function, ¢, and field enhancement factor, S, were investigated. An
exhaustive comparison of materials previously exploited in field emission studies, documented
in close to 130 published works, was performed. It was predicted that when arranged according
to ¢, some dependency between materials and emission performance would be seen. However,
this was not the case. An unpredicted outcome evidenced that 1D and 2D materials
demonstrated a turn on field, Eon, for the measured current density of 0.01 mA/cm?, half that
of 3D and bulk materials. Whilst dimensionality of material may be of influence, it was
generally concluded that emitter material, and surface ¢, are not the most significant factors in
determining the success of a material as a field emitter. CNTs, and indeed the nanocarbons in
general, were shown to exhibit the required characteristics for use in applications of low Eon

and high measured current density, J.

Uncertainties in the field came to light including the ambiguities surrounding performance
metrics Eon, Etr (threshold electric field) and the previously mentioned £. For clarity, Eon was
defined at 0.01 mA/cm?, as this appeared the most commonly accepted, whilst Ewr, with lack
of clear meaning or purpose, was disposed of. The total number of different £ definitions
totalled nine throughout the studied literature. In an attempt to generate a morphology metric,
a, a number of approaches were trialled. Difficulties in determining a mathematically strong «
from such a wide range of materials and images prevented a definition from being completed,

however.

The surface morphology of the emitter has been implicated in strongly affecting field emission,
though lack of clarity and definition previously seen, particularly regarding g, have inhibited

confidence in explicit determination of how and why. To better understand this, a number of
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different CNT geometries patterned in triangular, square, hexagonal and octagonal varieties
were fabricated using a combination of electron beam lithography, sputtering and chemical
vapour deposition. Further investigations into the importance of surface geometry were
performed in a parallel plate set up when a custom built SAFEM proved insufficient in
providing useful data. The obtainable results of these experiments suggested that aspects of
particular importance in determining the maximum achievable current and lowest activation
energy were linked to the reduction of the screening factor and emitter surface area coverage
as well as increased length of exposed perimeter. Future studies, with a fully functioning
SAFEM, exploring the different scales and area coverage of CNT patterns on emitters already
fabricated may reveal more insightful conclusions about the emitter morphology and effect on
field emission. One clear finding made, however, was the verification of an obvious deviation
from linear behaviour when plotted on a Fowler Nordheim graph. Three areas of roughly linear

correlation were seen, however, defined as the low, mid and high field ranges.

Hysteretic behaviour was identified in field electron emission from CNTs. The vacuum
environment was found to be predominantly made up of water vapour molecules, though other
species also considered to be important were also present, namely oxygen, carbon dioxide and
nitrogen. The effects of the different molecules (including surface ¢ changes, increased or
decreased measured current, added tunnelling states, etc.) were considered, the outcome of
which expressed the likelihood that the main participant in the observed hysteresis was due to
water molecule adsorption. This was determined by characteristics such as: an increased
propensity for water to adsorb compared to other molecules in the first place; some stability of
molecules, likely chemisorbed, on the CNT surface contributing to continued hysteresis
observed; enhanced emission, possibly from physisorbed species, with additional tunnelling
states in the mid-low field regions caused by adsorption recovery at the tip where the fields are
strongest; potential gradually increasing surface ¢ resulting in reduced maximum emission

current; and saturation of the current in the high field.

The profile of the hysteresis seen on an |-V curve was calculated by measuring the difference
in measured current in the up sweep versus down sweep, Al, showing different regions of
domination linked to the kinetics of the sorption process detailed in the emission model. In
high and mid field regions, lup > ldown, this was reversed at low fields. Plotting of the data points
by measurement number, as opposed to the usual field values, on the x-axis proved insightful.
In stability studies, where the emitter was exposed to fifty repeated loops, plotting by

measurement number revealed a narrowing of the FWHM, which was attributed to the removal
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of adsorbates from the system. This narrowing was more pronounced than the decline in
maximum current, suggesting adsorbates have more effect on the emission profile, and

hysteresis, than on the maximum output current.

Varying the exposure time to each electric field before measuring the current revealed a
filtering of the additional emission seen in the down sweep, one source of hysteresis. Longer
exposures also resulted in higher measured currents. By varying the sweep speed, it was
thought that the adsorbates were activated (or bypassed in the case of less exposure to an
electric field) and their effect on the emission became distinctive. Primarily, the effects of

hysteresis were observed on the down sweep, with little change to the up sweep dynamics seen.

A six step model of the emission and resulting cause of hysteresis to explain this phenomenon
was made following a number of revelations from the experiments performed on the emitters.
The higher activation energies of desorption affect the later, and more predictable, onset of
emission in the up sweep of the voltage loop compared to the field at which the emitter stops
producing a measurable current on the down sweep. Fast re-adsorption at high fields can be
attributed to a lower initial measured current on the down sweep, at high fields, with later
contributions to emission increasing the current when newly formed states, shaped by re-

adsorbed species, form and emit in the low field.
Future Work

The next stages, following on from these studies are the further investigation into: the effects
of emitter morphology using the already fabricated samples containing different geometries;
careful fabrication of emitters with controlled exposures to ambient and other gas species and
different vacuum levels to further probe the hysteresis and specific species effects; and the
eventual coupling of this research with applications including miniaturised X-ray sources in a

demountable X-ray tube, working towards commercial viability.

To better understand the effect of the geometry, particularly whether the number of edges on a
unit cell has an impact on performance, repeating the experiments of Chapter 4 with bulk
materials could be performed. At present, it is possible that the fabricated shapes are blurred
by the CNTs, which can fold over. It would also be beneficial to include a pentagonal and/or

septagonal variation.

To complete the work began in Chapter 4, studying the geometries including different heights,

widths and spacing, would be easily undertaken if the SAFEM was to be fixed to work properly.
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Being able to use this machine to its full potential would give greater insight into the workings
and effects of the surface geometry and build emission maps in 3D. In order for this to happen,
greater tip stability is required, possible use of a melted Ptir wire could be one way towards a

solution to this.

To further probe the hysteresis, repetition of the stability study, with measurements over 50
loops should be repeated at lower vacuum, around 10 mbar, in order to see the effects of the
vacuum. Further tests could also be performed over longer periods of time. This may reveal a
point at which the hysteresis ceases to exist. These stability studies could be used in conjunction
with the morphology studies used in the previous chapter to analyse the different geometries

and their resistance to change and destructive events over long exposures.

In Chapter 5 the hysteresis was tested under different time scales by varying the dwell time.
Increasing the dwell times would be simpler to instigate using the current equipment, and as
measurements, up to a few minutes at each voltage, could be performed, however, surface
kinetics of adsorbates are likely quicker than one second. Exposing the same emitters over such
long periods could also prove challenging in continuity between results. Hysteresis could, in
fact, be inadvertently promoted by changes to the structure of emitters simply by prolonged

exposure to emission conditions.

Further studies that can be undertaken to probe the hysteresis further are temperature studies
and analysis into the supply function of the electrons to the cathode. Varying the temperature
at which the measurements are taken will give greater insight into the gas species involved in

the emission process and their reactivity.

Empirical modelling of the six step model presented in Chapter 5 describing the hysteresis

would further improve the theory and make it more quantitative.

6.2 Summary

This thesis has presented the development of understanding of the field emission process from
nanomaterials, with particular focus on CNTs, and the relation of influential factors including

work function and local enhancement factor, as well as determining the cause of hysteresis.
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