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Abstract

Recent advances in high-power electronic devices using wide bandgap materials such as
SiC and GaN highlight a growing need for enhanced efficiency, longevity, and capacity
in energy applications. As silicon-based IGBTs, crucial in global power conversion, face
challenges in achieving high efficiencies, the urgency to reduce energy loss becomes more
pronounced amidst rising climate concerns and increasing global energy demand. Diamond,
renowned for its exceptional material properties and figures of merit, stands on the cusp of
revolutionising power electronics, potentially marking the beginning of a new era in high-
performance devices. Despite diamond’s potential, significant foundational work in doping,
metal contact formation, and crystal growth is essential for its practical deployment. While
p-type boron-doped diamond has matured, n-type doping with phosphorous continues to
be an active research area. Conceptual devices using both n-type and p-type diamond
show promise, yet practical limitations of diamond such as that of the strong Fermi-level
pinning experienced necessitate innovative manufacturing approaches. This work focuses
on the intricacies of fabricating ohmic contacts on nominally phosphorous-doped diamond,
supported by thorough material characterisation, to advance the development of feasible
diamond-based electronic devices.

A notable development reported here is the enhancement of ohmic contacts through
laser graphitisation, a method that significantly improves the electrical performance of
contacts to phosphorous-doped diamond. This paves the way for more efficient diamond-
based devices, wherever ohmic contacts are required. The mechanisms behind enhanced
ohmic contacts are also investigated, with potential device applications examined via
finite element modelling. These findings paint an encouraging picture for diamond-based
technologies in sectors where energy efficiency is paramount, aligning with the global
pursuit of sustainability. As the production of large-scale diamond substrates progresses,
diamond-based devices employing innovative techniques like laser graphitisation are well-
positioned to penetrate high-power system markets, especially in extreme environments
where silicon fails, and even other wide bandgap materials like SiC may falter. Particularly
promising are devices like solid-state cold cathodes that leverage diamond’s negative
electron affinity surface terminations, finding applications in Hall effect thrusters and
X-ray sources. Devices reliant on p-n or p-i-n junctions, such as in LED applications, will
also benefit from the advancements in reliable ohmic contacts. Similarly, the development
of improved Schottky diodes opens avenues for higher performance and broader application.
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Introduction

1. Background

Electronic devices based on transistors have transformed the world, with common everyday
devices such as smartphones and computers dependent upon a vast infrastructure of
modern engineering. One particular focus in the modern world is on the usage of energy,
and how best to reduce the amount of energy that we consume. This is an essential step
as we progress towards a world in which renewable energy sources can sustain all of the
normal devices that we have come to rely on. Power electronics is a unique bottleneck for
electrical power consumption, as power electronic devices such as diodes, thyristors, and
transistors in general are crucial for all applications. Just as micro-electronics pushes ever
onwards with the miniaturisation of small transistors for the purpose of manufacturing
processors with increasing densities, power electronics endeavours to provide the electrical
energy necessary for these devices.

Unlike micro-electronics, which has found ingenious ways to maintain progress in minia-
turisation through continual refinement of the manufacturing processes, power electronics
is fundamentally limited by the materials at the heart of such devices. Alternative semicon-
ductors to that of silicon are fast developing, with examples such as that of silicon carbide
and gallium nitride clearly demonstrating the practical applications of devices based on
wide bandgap semiconductors. However progress at the top-end of power electronics is
relatively static, with devices over the last decade or more rarely showing any substantial
improvements, and still being generally reliant upon silicon. One competitor which may
end the reign of silicon in power electronics is that of diamond.

In the last 20–30 years, massive technological progress has been achieved in the growth,
doping and surface treatment of diamond. Many varieties of diamond-based devices have
been tested and proven in a prototypical fashion, such as Schottky diodes, field effect
transistors, bipolar transistors, metal oxide based devices and even light emitting diode
applications. In particular, laser treatment of diamond has come to the forefront of
diamond device manufacturing processes, with significant implications for the fabrication
of devices that may be able to make use of the offered ability to laser write devices made
up of graphitic, diaphitic [2], and diamond forms of carbon. One may speculate on a
future in which power electronic devices are based entirely upon carbon, with diamond
offering both a substrate for the fabrication of devices, as well as the best ability to act as a
heatspreader of any material. However, to achieve this, further development in the field of
diamond electronics is required. With new methods of diamond growth at room pressure
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and utilising liquid metal catalysts still being discovered [1], the future of diamond specific
techniques remains bright.

2. Aims and Objectives

In this project, initial aims primarily focused upon the development and refinement of
devices based upon cold field effect emitters within diamond. However, the challenges
of fabricating diamond electronics with phosphorous doped diamond led to work being
pursued in the methodologies of diamond device fabrication in a more general context. Of
particular interest was the plausibility of laser writing devices into diamond, which offers
both simplification of the fabrication processes and potentially an improvement when
compared to the novel, diamond unique techniques actively being developed. One specific
hypothesis that was tested was the comparability of these laser graphitisation techniques

3. Thesis Outline

This thesis contributes to the ongoing worldwide research into diamond electronics by
investigating the electrical performance of phosphorous doped diamond and the formation
of electrical contacts to said diamond. Additionally, the concept of forming devices which
take advantage of diamond to form field effect emitters is examined, with laser written
test structures demonstrating that these devices may well have some merit for further
investigation. The thesis is arranged as follows:

Chapter 1 - Introductory Content and Historical Footing This chapter attempts
to explain the significance of diamond in electronic applications through the lens of
historical development at large in the field of electrical devices.

Chapter 2 - Theory and Background In this chapter, the specific diamond properties
which make it such an attractive prospect for power electronics are introduced. Further
to this, fundamental theoretical work that is essential for later work within the thesis
is outlined to provide a general reference before experimental work is presented in the
following chapters.

Chapter 3 - Metal Contacts to Phosphorous Doped Diamond With this chapter,
the first sets of experimental work concerning the usage of metal contacts to phosphorous
doped diamond are presented. While the initial goal of such experiments was to characterise
the phosphorous doped diamond itself, significant challenges due to low electrical conduction
through these samples led to investigations into how these simple devices may be improved.
With phosphorous doped diamond still a relatively rare substrate due to the challenges
involved with growth of high quality doped diamond, effort was taken to maximise the
work that can be done on only a handful of samples.
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Chapter 4 - Characterisation of Laser Processed Phosphorous Doped Diamond
Following the work performed with metal contacts formed on phosphorous doped diamond,
laser processing is investigated as a potential avenue for improvement of electrical contacts
and also for specific device structure formation. This chapter contains the characterisation
work that was performed on a laser processed sample, in an effort to better understand
the resulting electrical behaviours.

Chapter 5 - Laser Processing for Ohmic Contacts In this chapter, the laser
processing is experimentally tested to compare and contrast with the earlier metal contact
based devices. Within the backdrop of novel approaches to forming ohmic contacts to
phosphorous doped diamond, the data presented herein represent a new method of reducing
contact resistance. As part of this, more specific characterisation is performed of the laser
written structures themselves, to provide a suitable backing for the more complex device
structures that make use of phosphorous doped diamond channels.

Chapter 6 - Testing of Laser Written Emitters and Simulations With this
chapter, electrical characterisation of novel laser written emitter structures is outlined.
To elucidate on the physical meaning behind the observed results of experimentation,
computational modelling is used to further investigate these devices.

Chapter 7 - Conclusions and Future Work Finally, this chapter summarises the
key findings of the work reported in this thesis, and sets out the next steps that may be
taken to further develop diamond electronic devices that make use of laser processing
and phosphorous doped diamond. These two components may be critical to the future
commercial success of diamond power electronics.
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Chapter 1. Introductory Content and Historical Footing

1.1. Evolution of Electrical Devices

1.1.1. A Brief History of Electricity

Electricity has been recognised for millennia, with ancient Egyptian texts referring to a
fish capable of generating electric shocks ("thunderer of the Nile") as early as 2750 BCE
[21]. The phenomenon of static electricity was noted by Thales of Miletus in 585 BCE
through the interaction of amber and fur. Centuries later, William Gilbert’s seminal work
"De Magnete," published in the seventeenth century, argued that the Earth itself was a
giant magnet and controversially suggested that it rotated on its axis. His work, which
used the term "electricus" derived from the Greek "elektron," meaning amber, was both
influential and contentious, sparking debates that resonated during Galileo’s trial in 1633
[37, 17].

In 1730, Stephen Gray coined the terms ’conductor’ and ’insulator’ [3]. This terminology
was extended by Benjamin Franklin in 1751 when he introduced ’negative’ and ’positive’ to
describe electrical charges and demonstrated that lightning was a form of static electricity
[24, 35].

Luigi Galvani’s 1780 discovery that frogs’ legs twitched when struck by an electrical
spark suggested a link between biology and electricity [38]. Alessandro Volta built upon
Galvani’s findings, observing that different metals affected the reaction and creating the
voltaic pile, an early battery [12].

Hans Ørsted revealed the relationship between electricity and magnetism in 1820, leading
to Michael Faraday’s 1821 breakthrough that a magnetic field could generate an electric
field, laying the groundwork for the electric motor. André-Marie Ampére quantified the
force between electric currents in 1826, and George Ohm articulated a comprehensive
theory of electricity the following year, after whom the unit of electrical resistance is
named.

Joseph Henry’s work on electromagnetic induction in 1830 and Charles Wheatstone’s
measurement of electricity’s velocity via a rotating mirror and four miles of wire in 1834
further advanced the field [14]. Samuel Morse’s invention of the telegraph and Morse Code
in 1838 revolutionised long-distance communication, perhaps representing one of the most
significant applications of electronics to the world up to this point in time.

One of the most influential authors from the 19th century was that of James Clerk
Maxwell. His first contribution was to generalise the work of Ampére to fully define the
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forces due to a moving electronic charge in 1855 [32]. Then, with a four-part paper in
1861, he established the four laws of electromagnetism [19]. The significance of these laws
(commonly known as Maxwell’s equations) places Maxwell among some of the most lauded
of physicists or indeed scientists as a whole, such as Isaac Newton and Albert Einstein.

During the 19th century, vacuum tubes illuminated the existence of electrons as charge
carriers. Initially developed as Geissler tubes by Heinrich Geissler in 1857, these precursors
to neon lights consisted of shaped glass tubes with air removed to around 100 Pa or
approximately 0.1% of atmospheric pressure, filled with gases like neon or argon. Figure
1.1 from a 1914 advertisement displays various designs. In 1859, Plücker first noticed a
glow near the cathode, suggesting electron emission [25, 26].

Figure 1.1 A 1914 advertisement showcasing Geissler tube designs [4].

Hittorf’s 1869 experiments showed that the glow was obstructed by materials between
the cathode and the tube’s wall, pinpointing the cathode as the source [15]. Goldstein’s
1876 findings demonstrated that with a large negative bias, sharp shadows formed, differing
from light’s behaviour and leading to the term "Kathodenstrahlen", or cathode rays.

In the 1870s, advancements in vacuum pumping systems allowed vacuum tubes to reach
pressures as low as 0.1 Pa to 0.005 Pa, a drastic reduction to just 0.000005% of atmospheric
pressure. This enabled a critical observation: only the glass near the anode glowed due to
fluorescence, unlike earlier Geissler tubes where the entire glass structure glowed. These
enhanced vacuum tubes, later termed "Crookes tubes" after William Crookes’s 1879 studies,
demonstrated that cathode rays might consist of negatively charged particles hurled at
high velocities towards the positively biased anodes [36]. Unlike Crookes, who thought
these were "radiant matter," others like Hertz and Goldstein suggested they were "aether
vibrations", a type of electromagnetic wave [34]. The debate concluded in 1897 when
J.J. Thomson quantified the particles mass through experiments using magnetic fields
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to deflect their path, proving they were particles approximately 1800 times lighter than
hydrogen atoms. They are now known as electrons [33].

1.1.2. The Rectifying Diode

In 1904, the electronic vacuum tube was developed, capable of achieving pressures as
low as 10−4Pa—over 50 times lower than those in Crookes tubes. At such low pressures,
ionisation due to residual gases was negligible, and electron conduction only occurred
via the emission of electrons from a heated cathode, known historically as the "Edison
effect" from Thomas Edison’s experiments in 1883. This is now more generally known as
"thermionic" emission, due to the historical description of "thermions" prior to the discovery
of electrons [34]. To address the problem of soot accumulation darkening the bulbs in
his filament lamps, Edison inserted a metal electrode into the bulbs, experimenting with
both positive and negative biases [23]. He observed current flow with a positive bias, but
not with a negative, contingent on the filament’s temperature. At the time, the electron
had not yet been discovered, leaving Edison without a theoretical explanation for this
phenomenon. Nonetheless, he secured a patent for devices utilising this effect in 1884 [8].

Figure 1.2 An early Fleming Diode [7].

The advent of the vacuum diode is subject to debate, with various iterations appearing
globally. The first practical vacuum tube device is widely credited to J. A. Fleming in 1904,
who designed the simple vacuum "diode" comprising a hot electron-emitting cathode and
an anode to permit unidirectional current flow in circuits [9]. Known also as the "Fleming
valve," this device initially served as a detector in early radio receivers, converting weak
alternating signals into direct current suitable for enhancing audio clarity in telephone
receivers.
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1.1.3. Triodes

The triode vacuum tube, invented in 1906 by Lee De Forest, consists of a cathode (electron
emitter), a control grid, and an anode, representing a significant advancement in electronics
[10].

Figure 1.3 A circuit-style diagram of a triode, with a curved cathode indicating the flow of
electrons from the bottom to the top, passing through the "gate" grid.

Prior to the triode, rectifying diodes, comprising only a cathode and an anode, were the
main application of vacuum tubes. De Forest introduced a third component, the control
grid, into the diode to develop the triode, as shown in Figure 1.3. This addition allowed
the electron flow from the cathode to the anode to be modulated by a small voltage applied
to the grid, enabling the triode to function as an amplifier, as the comparatively weak gate
voltage (perhaps the end of a long telegraph wire) produces a large effect in the current
across the diode which may be biased at a very high voltage. This breakthrough allowed
weak electrical signals, such as those from radios or telegraphs, to be amplified to audible
levels.

Initially used only as a wireless signal detector due to performance issues related to
the vacuum, the triode’s potential for signal amplification was recognised by various
researchers in 1912, leading to its adoption in a broad spectrum of applications [10]. For
example, devices that were developed due to the triode include radio receivers, loudspeakers,
oscilloscopes, early television sets and the first generation of digital computers including the
Colossus of Bletchley park [5] and electronic numerical integrator and computer (ENIAC)
at the Univeristy of Pennsylvania [11].

However, vacuum tubes have significant operational issues, with cathodes relying upon
heated filaments for the source of electrons naturally leading to burning issues, especially
if the vacuum formed within the tube is anything less than perfect. Thermal shock
induced by turning these devices on or off drastically reduced lifetime, a particular issue
for applications where switching was essential (most applications). For an interesting
example of how large the factor of thermal shock is, see the Centennial Light, a filament
light bulb installed at the Livermore-Pleasanton Fire Department since 1901 which has
only been turned off a handful of times, and has a live-stream available at all times for
those who enjoy a century old light bulb [18].
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1.2. Solid State Transistors: Surpassing Vacuum Tube Technology

Transistors revolutionised the field of electronics by offering an alternative to the bulky and
less efficient vacuum tubes. Their development marked the beginning of miniaturisation
and enhanced performance of electronic devices, paving the way into the information age
which we currently live in.

1.2.1. Creation and Evolution of the Transistor

The invention of the transistor in 1947 by John Bardeen, Walter Brattain, and William
Shockley at Bell Laboratories was a major breakthrough that set the stage for the
semiconductor era of electronics. This initial transistor was a point-contact transistor
using germanium, a small, efficient, and more reliable alternative to the vacuum tube based
diode. It won the trio a Nobel Prize in Physics in 1956 and was the start of solid-state
electronics, so named due to its ability to incorporate multiple electrical elements within
a single solid piece of material. Point contact transistors did replace the vacuum triode
in many applications, but the device’s operation depended on semiconductor surface
structures, making it extremely fragile and susceptible to surrounding humidity.

The bipolar junction transistor (BJT), with a similar physical operation but designed
to use the semiconductor bulk rather than the surface, became the dominant triode
replacement until the 1970’s. This was famously developed by William Shockley in
response to being excluded from the original patent application of the point contact
transistor [40].

Shockley continued within the field of solid state electronics, providing one of the first
truly comprehensive textbooks on the topic in 1976 [30]. Further device structures such
as the metal oxide semiconductor field effect transistor (MOSFET), junction field effect
transistor (JFET), insulated gate bipolar transistor (IGBT), the family of metal oxide
semiconductor (MOS) devices, all depend upon the foundational physics discovered with
the creation of simple point contact transistors. Today, transistors have evolved into
sophisticated 3D structures, with the class of multi gate field effect transistors (MuGFETs)
including the likes of fin field effect transistors (FinFETs), gate all around field effect
transistors (GAAFETs) and more recently, multi bridge channel field effect transistors
(MBCFETs).

1.2.2. Silicon

While the earliest transistors were made using germanium, silicon quickly became the
material of choice due to its superior thermal stability and relative abundance (found in
practically all types of rocks, the earths crust is around 59% silicon dioxide [13]). Methods
of production such as the Czochralski method developed in 1915 also helped to cement
silicon as the semiconductor of choice, in which highly pure and large silicon ingots are
crystallised through the careful drawing of material from a molten state [28]. The ability
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of silicon to form a stable oxide layer (SiO2 = silicon dioxide) was also instrumental in
the development of metal oxide field effect transistors, aiding in the miniaturisation of
transistor devices.

1.2.3. Doping

Figure 1.4 A representation of the diamond crystal unit cell.

Of particular importance for all transistor devices is that of "doping". Practically, this
is the substitution of crystal atoms with other atoms that have more or less electrons.
This replacement of atoms changes the balance of electrons within the crystal structure.
In the case of elemental semiconductors such as silicon or carbon, their crystals can be
thought of as charge neutral, due to the four valence electrons of silicon and carbon being
shared with the four nearest neighbours. A depiction of the unit cell of diamond is shown
in figure 1.4. This unit cell represents the smallest possible section of diamond that can be
stacked infinitely, hence forming the foundation of the entire crystal structure. Note that
within this cube, dashed lines represent the bonds between adjacent atoms. In a complete
crystal structure, every atom will have 4 bonds, forming a tetrahedral shape as shown in
figure 1.5 by a central red atom with 4 bonds to neighbouring blue atoms.

Figure 1.5 A representation of diamond tetrahedral bonding.

Introduction of elements with different numbers of valence electrons, such as boron (one
less electron) and phosphorous (one more electron) can hence increase or decrease the
total number of electrons in the crystal. The movement of electrons is the fundamental
mechanism of charge transfer within the crystal structure, and hence the conduction of
electricity. When there is a missing electron, as with boron, this introduces a "hole" where
ordinarily an electron would be shared between neighbouring atoms. In the case of an
extra electron, as with phosphorous, all of the neighbours the atom is bonded to have
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filled valence shells, and the spare electron is hence relatively free to move within the
crystal structure. The hole induced by a missing electron can similarly move from the
original boron to adjacent atoms. When this happens, the boron "accepts" an electron
from a neighbouring atom. Hence the naming convention is that dopants which have less
electrons are acceptors and dopants with spare electrons are donors.

1.2.4. Bandgap

Figure 1.6 A representation of the electronic band theory of solids.

A final necessary detail is the band theory of solids. As represented by figure 1.6, metals and
insulators can be very simply described by two "bands" which are named the conduction
and valence bands. The valence band represents tightly bound electrons, which do not
participate in the flow of current. On its own, the conduction band merely represents the
band of empty energy states, corresponding to higher excitation energies of electrons. In
the case of a metal, these conduction states overlap with that of the valence states, such
that there is a mix of states which are able to move, and hence conduct electricity freely.
In the case of an insulator, there is a large "bandgap" between the conduction and valence
bands, making it almost impossible for the valence electrons to reach the conductive states
(at room temperature). Semiconductors are the middle ground in which there is a bandgap,
but a narrow one. It is possible for some electrons from the valence band to jump into the
conduction band thanks to thermal energy at typical room temperatures. This is related
to one of the distinguishing features of semiconductors - they have a lower resistance as the
temperature increases, due to the rise in conduction state electrons (carrier density). This
is in contrast to metals, in which at higher temperatures there is a higher resistance, due
to the increase of electron scattering mechanisms. While semiconductors also experience
such scattering mechanisms at elevated temperatures, the rising carrier densities are the
dominant process.
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Finally, for completeness, states representing donors and acceptors are included in figure
1.6. The electrons of donor states only require a very small amount of thermal energy
to jump into the conduction band. Similarly, the holes of the acceptor states allow for
electrons from the valence band to jump up and conduct along the acceptor states. This
is usually interpreted as holes being excited into the valence states, and then moving in
the opposite direction to electrons, with a positive charge, but is simply another way of
interpreting the same physical process of moving electrons.

1.2.5. Challenges and Competition with Silicon Transistors

Despite the remarkable success of silicon transistors, the relentless miniaturisation raises
challenges such as increased leakage currents and heat generation. Innovations in transistor
design such as FinFETs and Multi-Gate transistors have been developed to address these
challenges, pushing the boundaries of silicon technology further. However these novel
approaches are still fundamentally limited by the silicon at the heart of such devices, and
these approaches are not suitable for different applications, such as power electronics.
Alternative materials have been the subject of intense study over the last few decades,
with superior material properties offering improvements in efficiency and miniaturisation
of high power devices, to name two key areas of study. The climate crisis is ever looming,
putting pressure on research to find new solutions for a world which is increasingly tied to
the power demands of transistor based technology. In particular, study is focused on using
less power to achieve the same results, with natural benefits from a cost and performance
perspective also arising as the cost of manufacturing these materials is reduced. Much as
the old vacuum tubes are now considered to be dated, inefficient, and unreliable devices,
perhaps silicon based technology will be viewed in a similar light in the decades ahead.

1.3. Beyond Silicon

1.3.1. Light Emitting Diodes (LED’s)

Light emitting diodes (LEDs) are based on semiconductor junctions that emit light when
a forward voltage is applied. LEDs are widely used for illumination, displays, and optical
communications, among other applications. While it would be ideal to simply use silicon
for this application, the electronic properties of silicon make it quite unsuitable for this
purpose (due to an indirect band gap). Instead, LEDs are mostly based on compound
semiconductors (with direct bandgaps). These are crystal structures made up of more
than one element, such as indium gallium nitride (InGaN), aluminium gallium indium
phosphide (AlGaInP) and alumininium gallium arsenide (AlGaAs). Gallium Nitride (GaN)
in particular is vital to the production of white light, since the wider electronic bandgap of
GaN allows for the creation of blue LED’s. The fabrication of GaN-based LEDs involves
the growth of a thin GaN layer on a sapphire or silicon carbide substrate, followed by the
p-type doping of GaN, to form the required junctions, before metal contacts are formed
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[22]. These processes can be performed using techniques such as metalorganic chemical
vapor deposition (MOCVD) and plasma-assisted molecular beam epitaxy (PAMBE).

1.3.2. Extreme Conditions

1.3.2.1. Temperature

When silicon reaches its temperature limit of around 125–150◦C, the mobility of charge
carriers decreases, causing increased electrical resistance and reduced device performance
[29]. The diffusion of dopants can also occur, leading to changes in the doping profile and
altering the electrical properties of the device. Additionally, high temperatures can cause
thermal stress, leading to mechanical failure. The temperature limit for semiconductor
devices is determined by several factors, including the thermal expansion coefficient of the
materials used, the electrical bandgap, the thermal conductivity of the device, and the
melting point of the metal contacts used to make electrical connections [39].

1.3.2.2. High Power

Another limiting condition is electrical breakdown, which occurs when the electric field in
the device reaches a critical value and causes a flow of current through the material. One
possible reason for this is that high electric fields can cause electrons to gain enough energy
to generate electron-hole pairs through impact ionisation [31]. Electron-hole pairs are then
free to move within the crystal, and due to the strong electric field, separate, leading to
an avalanche effect and the formation of a conductive path [20]. Ionising radiation can
also have a detrimental effect on the performance and reliability of semiconductor devices
due to the generation of electron-hole pairs, effectively altering the doping profile and
causing increased leakage currents [16]. Finally, at high frequencies, there is a limited
time available for charge carriers to move across the device. This results in lost power,
and reduced device performance at high frequencies. Parasitic capacitance due to device
geometry and packaging can also cause significant delay and attenuation of high frequency
signals [2].

1.3.2.3. Wide Bandgap Materials

Wide bandgap materials such as silicon carbide (SiC) and gallium nitride (GaN) have
gained interest due to their ability to operate at high temperatures and voltages, offering an
improved performance compared to silicon [6]. The bandgap values of these materials are
significantly larger than silicon, with SiC having an estimated bandgap range of 2.2–3.3 eV
and GaN having an estimated bandgap range of 3.2–3.4 eV in contrast to silicon with a
bandgap of 1.1 eV [31]. The first implication of a larger bandgap is the significant rise in
required temperature for valence electrons at the top of the valence band to jump to the
conduction band. It also means that a higher energy of electron collisions is required to
generate electron-hole pairs, leading to a significantly higher breakdown voltage. These
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advantages make wide bandgap semiconductors promising candidates for next-generation
power electronics [1].

1.3.3. Diamond

Diamond is mostly well known for being an incredibly valuable gemstone. However, what
makes it truly well known are its material properties [27]. Diamond is used as the definition
of hardness, with no other gemstone or material able to scratch it. It is also the definition
of a thermal conductor, able to transfer heat at 5 times the rate of silver, which is the most
thermally conductive metal. It is possible to compare almost any material characteristic
to that of diamond, to observe that diamond comes out on top. This is entirely due to
the carbon crystal lattice, which is composed of a dense, three-dimensional network of
covalently bonded carbon atoms. As carbon is the lightest element with four valence
electrons, it is uniquely positioned in the periodic table of elements to have the strongest
crystal structure in every respect. Due in large part to the resilience of diamond, this
makes it a difficult material to work with, yet in every comparison, diamond has the highest
potential [27]. For comparison with the previously mentioned wide bandgap materials,
diamond has a bandgap of around 5.5 eV. In the past, diamond was only regarded as an
insulator due to this, as it most closely resembles the insulator of figure 1.6. But with
further study, it has become clear that diamond can instead be used as a semiconductor.

1.3.4. This Work

Diamond transistors offer a great many advantages if produced correctly, including higher
current densities, higher breakdown voltages, and faster switching speeds. Diamond diodes
are in active development for use in high-power rectifiers and detectors, particularly in
environments where all other semiconductors would fail. Additionally, diamond is being
investigated for use in radiation-hard electronics and quantum information processing.
The potential applications of diamond are far and wide, but the production of practical
devices that live up to the exceptional material properties is a slow process. While it is now
possible to manufacture silicon-like devices with diamond, as well as uniquely diamond
devices, the resulting performances are simply not good enough to replace the best silicon
devices. In the work presented in this thesis, investigations into the production and possible
improvement of diamond based electronics are presented. In particular, the possibility
of using laser processing to create devices has been studied, both experimentally and via
computational modelling techniques. In a twist of fate, the vacuum devices of 1904 find a
resurgence with diamond, as diamond can both be used to replace the vacuum of these
devices, and also to remove the need for a vacuum. Hence, it is possible to create devices
which finally address the niche concerns of high power, high frequency applications. A
final specific example is that of x-ray generation, which requires a vacuum-tube era heated
cathode for electron generation. Diamond may be the key to cold-field effect emitters to
replace these.
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Chapter 2. Theory and Background

In this chapter, the necessary methodologies and theoretical footing necessary for later
chapters is established. Additionally, background into the application of diamond within
the context of power electronics engineering is given to assist in the progression from
electronics to diamond electronics.

2.1. Electronics Background

2.1.1. Introduction

Electronic devices based on semiconductors are the backbone of modern technology, long
since replacing vacuum-tube based devices in power electronics and consumer electronic
applications. As implied by the name, power electronic devices in particular deal with
applications where the conversion and control of electrical power is concerned. Over the
past half a century, the global electrical consumption has slowly, and continuously grown.
Between 1980 and 2022, electrical consumption rose from 7300 to 25,000 terawatt-hours
[20]. This is likely to increase ever further, with the electricity consumption due to data
centres, artificial intelligence (AI) and cryptocurrency sectors predicted to double by 2026
[36]. This is supported in large by the significant growth in renewable energy sources,
which are set to provide more than a third of total electricity generation globally by early
2025, overtaking the market share of coal [36].

When it comes to the power electronics themselves, a mix of silicon-based devices
with more recent wide bandgap substrates such as GaN and SiC are the most advanced
solutions for power applications that range from high voltage direct current (HVDC)
converter stations to flexible ac transmission system (FACTS) devices. These devices
are used for variable-speed drivers in motors, the regulation of ac power grids and more
recently throughout the electric vehicle (EV) market in the form of EV battery chargers in
particular [100, 2]. Depending on the application, various blocking voltages and maximum
operating frequencies can be readily acquired [97].
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ID Type x (mm) VB (kV) F (kHz) I (kA) Rt (KkW−1) Tmax (°C)
T1503 Thyristor 150 8 0.06 55 6.3 120
DZ950 Diode 70 4.4 0.06 29 42 150
TT240 Thyristor 60 3.8 0.05 6.1 39 125
D2601 Diode 121 9 0.06 52 8.9 160

AIKQ120 IGBT 16 750 4.1 0.36 170 175

Table 2.1 A sample of readily available silicon power electronic devices, as sourced from Infineon
Technologies AG [69, 81, 68, 80, 18].

Table 2.1 summarises a small sample of current power electronic devices based on silicon.
In this table, x is is the approximate diameter (thyristors are in a circular package, diodes
and IGBT’s are in a rectangular package), VB is the maximum reverse bias or blocking
voltage, F is the estimated maximum operating frequency, I is the maximum forward surge
current, Rt is the maximum thermal resistance from junction to case and Tmax is the
maximum operating junction temperature. The exact type of device used will always be a
trade-off, while thyristors of up to 10 kV are available, these devices inevitably require a
significantly larger junction size, which increases the challenge of thermal management
solutions, the cost of such devices overall, and also raises the complexity of such devices.
While variations of thyristors such as the integrated gate-commutated thyristor (IGCT) or
gate turn off (GTO) thyristors both allow for higher operating frequencies of between 0.1–
1 kHz, this comes at the expense of a lower blocking voltage and peak surge current rating.
IGCT or GTOs are widely used within motor control, renewable energy management, and
anywhere with large power draws such as rail travel [100]. In the case of power inverters,
where fast switching frequency is necessary, insulated gate bipolar transistors (IGBT) due
to the ideal balance between breakdown voltage and operating frequency offered. For
smaller systems such as conventional power supplies, amplifiers and consumer electronics
in general, less specific transistors such as metal oxide semiconductor field effect transistors
(MOSFETs), junction field effect transistors (JFETs) and bipolar junction transistors
(BJTs) are in wide usage [97].

Silicon based devices are limited by a few key factors. First, the low thermal conductivity
of silicon and narrow bandgap limit operating temperatures to around 150◦C. Second is the
critical electric field of silicon, which is around 0.3 MVcm−1 [55]. Due to the low critical
electric field of silicon, there is a need for series stacking of silicon based devices with
complex triggering systems to ensure that the potential bias across any single junction does
not exceed the critical electric field [51, 100]. Finally, as a result of both the requirement
for stacked silicon devices and also advanced thermal management solutions, the electrical
power losses can rise significantly [65].
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2.1.2. Wide Bandgap Semiconductors

A key solution to the issues faced by silicon power electronics is to utilise a wide-bandgap
semiconductor. In particular, Si can be compared to silicon carbide (SiC), gallium nitride
(GaN), gallium oxide (Ga2O3) and diamond. All of these materials have larger critical
electric fields and higher thermal conductivities, significantly improving the viability of
devices based on single structures in contrast to the series stacking of Si [97]. Diamond
stands apart from these comparators, with a critical field 30 times higher than Si and 3
times higher than SiC [110]. The maximum carrier mobility of diamond is another best
in class comparison, with intrinsic carrier mobilities of 4500 and 3800 cm2 V−1 s−1 for
electrons and holes respectively [37]. It should be noted that practical carrier mobilities in
phosphorous or boron doped diamond are significantly lower than these maximum values,
with lightly doped material in the range of 600–700 cm2 V−1 s−1 as measured via Hall
effect measurements [41]. The theoretical maximum of such material has previously been
predicted to be 1000 cm2 V−1 s−1 [67], however it is limited by the compensation ratio of
donors, which is dependent upon crystal orientation and growth conditions [94]. Diamond
also has a best in class thermal conductivity, at 2200 Wm−1 K, with a relative dielectric
constant of 5.7 [110]. To compare differing materials figures of merit (FOM) are typically
used [107]. In the case of diamond, two important FOMs were introduced by Baliga [3].
First is the Baliga FOM (BFOM), given by:

BFOM = ϵrµE
3
max (2.1)

where ϵr is the relative dielectric constant, µ is the carrier mobility and E3
max is the

breakdown field, typically given in units of MVcm−1. The second is Baliga’s high-frequency
FOM (BHFOM), using the same notation:

BHFOM = µE2
max (2.2)

While the BFOM is used to estimate the trade off between conductive losses and breakdown
voltage for a unipolar device, the BHFOM is used to include switching losses associated
with a gate capacitance, as in FET’s [88]. There are further FOM’s, but for the comparison
of materials presented here, the BFOM and BHFOM are used.

Table 2.2 provides the relevant material properties and the two FOM’s for all materials.
In this table, γ is used to represent the thermal conductivity, and the second column is
used to denote electrons (e-) or holes (h+) for the material properties that require this
distinction, namely the saturation drift velocity vs and carrier mobility µ. As the electrical
properties of diamond are quite dependent upon the crystal structure, with defect centres
strongly impacting the carrier mobility due to the rise in coulombic scattering events [30,
38, 101], it is typical give a range of FOMs for diamond, which helps to represent the range
of crystal dependent properties. At the low end, highly defective, disordered diamond
with low carrier velocities and critical electric fields is considered. While at the high end,
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Si 4H-SiC GaN Ga2O3 Diamond
Eg (eV) 1.12 3.20 3.45 4.9 5.47

vs (107 cm2 V−1 s−1) e- 1.1 1.9 2.5 2 2.5, 1.9 [72, 73]
h+ 0.8 1.2 - - 1.0, 1.4 [72]

µ (cm2 V−1 s−1) e- 1500 1000 1500 300 4500 [37]
h+ 450 120 200 - 3800[37]

Emax (MVcm−1) 0.3 2.8 5 8 10–22[104]
ϵr 11.9 9.66 8.9 9.93 5.7 [110]

γ (Wm−1 K−1) 150 490 130 23 2200 [110]
BFOM 1.0 440 2950 3516 3380–473078

BHFOM 1.0 58 237 158 1486–12510

Table 2.2 Material properties and figures of merit (FOM) for various semiconductors [83, 109,
97, 85].

electronic grade diamond with less than 5 parts per billion nitrogen defect centres and
highly oriented single crystal growth is used to represent the peak upper limit. These
properties are also orientation specific [57], due in part to differing rates of compensation
within doped diamond films [71, 93], so care must be taken in the selection of crystal
substrate if a high FOM is required.

2.1.3. Characterisation Techniques

In the following sections, an overview of the general principles behind characterisation
techniques used throughout the experimental work in this thesis are given.

2.1.3.1. TLM

The Transmission Line Method (TLM) is widely used for evaluating the contact resistivity
between metal and semiconductor regions, especially when the semiconductor region is
isolated from the substrate by a junction [85]. This technique, however, faces challenges
when the junction isolation is leaky, potentially resulting in incorrect parameter extraction
due to parasitic leakage currents [13].

Basic Assumptions and Limitations TLM assumes a uniform sheet resistance, an
isotropic interface between conducting regions and current flow restriction to the channel
of interest [97].

These assumptions may not hold in certain cases, such as in GaN/AlGaN two-dimensional
electron gas systems where the sheet resistance under the contact area varies, leading to
discrepancies in applying standard TLM equations for contact resistivity determination
[11].

Assumptions The core assumption in TLM is that the metal’s resistivity in the contact
is negligible compared to the contact resistivity, thus simplifying the resistance of a single
contact to primarily Rc [97]. Under this assumption, total resistance can be expressed and
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Figure 2.1 A typical linear TLM plot, with a linear best fit extrapolated to zero channel length
and minimal deviation from the linear fit across multiple arbitrary channel lengths L.

analysed by constructing test structures of varying lengths and measuring the resultant
resistance. By plotting these resistances against the length and extrapolating to zero
length, the intercept gives twice the contact resistance, and the slope provides the sheet
resistance of the semiconductor. This is demonstrated by figure 2.1, in which arbitrary
channel lengths L are used to show the extrapolation of a linear best fit to the case of zero
channel length. Similarly, the slope of the graph is used to determine the sheet resistivity,
with a known channel width.

Contact Resistivity and Current Crowding Specific contact resistivity (ρc) is
defined as ρc = A ·Rc, where A is the contact area. It is critical to differentiate between
physical and effective contact areas due to the non-uniformity of current flow into the
semiconductor, a phenomenon known as current crowding. While the current flow through
the semiconductor itself is still uniform, we can no longer use the physical length and width
of the contacts to determine the contact area. Current crowding, particularly pronounced
near the edges of the contact, leads to a variation in the effective current distribution [79,
97].

Transfer Length and Effective Contact Area An important parameter in the
standard Transmission Line Method is the transfer length, LT , which represents the
characteristic distance over which current transfers from the metal contact into the
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semiconductor. When this is considered, the methodology may then be referred to as the
Transfer Length Method (also using the acronym TLM). It is defined as [85]:

LT =
√
ρc/Rsh (2.3)

where ρc is the specific contact resistivity and Rsh is the sheet resistance of the semi-
conductor. The transfer length determines the effective current injection area, meaning
that for contacts longer than LT , most of the current flows into the semiconductor before
reaching the contact edge. However, if the contact length is comparable to or shorter than
LT , current crowding becomes severe, leading to an overestimation of contact resistivity
due to increased lateral resistance effects [59]. Conversely, excessively long contacts may
give an artificially low resistivity measurement by overemphasising current spreading
effects [4]. This makes LT a crucial design parameter for optimizing test structures, as it
ensures accurate extraction of ρc while minimising distortions caused by non-ideal current
distributions. Understanding LT is particularly important when dealing with non-uniform
or non-ideal contacts, where variations in surface properties, doping concentrations, or
contact geometry can further influence current spreading under the contact [79].

LTLM Theory
RT = 2Rm +2Rc +Rsemi (2.4)

The core derivation of linear TLM theory derives from the observation that total resis-
tance RT is made up of two contact resistances Rc, two resistances due to wires in the
circuits/probes Rm, and one resistance of the semiconductor in question Rsemi [97]. By
measuring the total resistance across differing channel lengths, with known areas of metal
contacts to the semiconductor, it is possible to derive the following [85]:

RT = Rsh

W
d+2Rc (2.5)

where Rsh = RsemiW
d is the sheet resistance, W is the width of the contacts and d is the

spacing between contacts. While more sophisticated transfer length methodologies are
applicable, initial testing began with this simple LTLM approach.

2.1.3.2. AFM

Atomic Force Microscopy (AFM) is a type of scanning probe microscopy that offers
nanoscale resolution. It utilises a cantilever with a sharp tip to physically scan the surface
of a sample. As the tip moves across the surface, forces between the tip and the sample
cause the cantilever to deflect. These deflections are monitored via a laser beam reflected
off the top of the cantilever into a photodiode, translating physical interactions into
topographical maps of the surface [12].

AFM operates in several modes, including contact, non-contact, and tapping (dynamic)
modes. Contact mode maintains the tip in constant contact with the surface, suitable
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for hard and smooth surfaces but may damage soft or rough samples. Non-contact mode
involves oscillating the cantilever near the surface to measure van der Waals forces without
actual contact, ideal for delicate samples. Tapping mode, a hybrid approach, allows
the tip to intermittently "touch" the surface, reducing sample damage while providing
high-resolution images. This method is particularly useful in studying the surface proper-
ties of materials, such as the roughness and corrosion characteristics, without extensive
preparation.

2.1.3.3. Raman

Raman spectroscopy is an analytical technique based on the raman effect, where monochro-
matic light (usually from a laser) interacts with molecular vibrations, leading to scattering
of light at energy levels different from the incident light. This scattering results in a raman
spectrum, unique to the molecular structure of the sample, allowing for both qualitative
and quantitative analysis. The technique is especially valued for its non-destructive nature
and minimal preparation requirements.

In raman spectroscopy, when light interacts with a sample, most of the light scatters
elastically (Rayleigh scattering) without a change in energy. However, a small fraction
scatters inelastically (raman scattering), with a change in energy corresponding to vibra-
tional energy levels of the molecules in the sample. This shift provides a fingerprint by
which the molecule can be identified. The intensity of a raman signal varies with the
polarisability of the molecular bonds, making it highly sensitive to the chemical structure
and state of the substance [8].

2.1.3.4. SIMS

Secondary Ion Mass Spectrometry (SIMS) is a technique used to analyse the composition
of solid surfaces and thin films by sputtering the surface with a focused primary ion beam
and then collecting and analysing ejected secondary ions. The process involves the use of
a primary ion source such as O+

2 , O−, Cs+, Ar+, or Ga+, which bombards the sample
surface under ultra-high vacuum conditions, causing the ejection of secondary ions.

SIMS is highly sensitive, capable of detecting elements from hydrogen (H) to uranium
(U) and can achieve detection limits down to parts per billion. This makes it particularly
useful for trace level analysis. The method also allows for the measurement of isotopic
ratios with high precision, and the spatial distribution of elements can be mapped with
high resolution due to the localised nature of the sputtering process.

Despite its advantages, SIMS analysis can be complex due to the formation of molecular
ions and clusters during sputtering, which can complicate the mass spectrum. Quantitative
analysis requires the use of standards similar in composition to the sample because the
ionisation probability of sputtered atoms is influenced by the matrix. Additionally, since
SIMS requires the sample to be stable under high vacuum, it limits the type of samples
that can be analysed [22].
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2.1.3.5. XPS

X-ray Photoelectron Spectroscopy (XPS) leverages the photoelectric effect to analyse
surface chemical states by measuring the kinetic energy of electrons ejected from a material
when irradiated with X-rays. The core principle involves directing X-rays of sufficient
energy (typically >1200 eV) onto a sample to eject core-level electrons. The binding energy
of these electrons is then precisely determined, providing a detailed electronic and chemical
state analysis of the material’s surface up to a depth of about 20 nm.

The process is sensitive to all elements with an atomic number greater than hydrogen and
can distinguish between different chemical states of the elements. For instance, variations
in electron binding energy can indicate different oxidation states or the presence of chemical
bonds. XPS spectra not only display peaks corresponding to the core levels of the elements
present but may also show satellite peaks due to additional electron transitions such as
shake-up and shake-down events, where electrons are excited to higher or lower energy
states during the photoionisation process [58].

2.1.3.6. HIM

Helium Ion Microscopy (HIM) employs a gas field ionisation source to generate a focused
beam of helium ions from a three-sided pyramidal tip, where ionisation occurs at the
very apex consisting of only three atoms (a trimer). This setup allows for extremely
high-resolution imaging, significantly surpassing that of conventional scanning electron
microscopes (SEM). The helium ions penetrate deeper into the sample compared to
electrons due to their additional mass, depositing energy primarily through forward
scattering which enhances secondary electron emission and provides high contrast images
with minimal surface damage. This makes HIM particularly effective for detailed surface
studies of samples at resolutions five times greater than those achievable with modern
SEMs. The deep penetration of helium ions also reduces surface charging, a common
issue with non-conductive materials in SEM, which can be further mitigated by using a
low-voltage electron flood gun [40].

2.2. Diamond

2.2.1. Crystal Structure of Diamond

Diamond is a carbon allotrope characterised by each carbon atom being covalently bonded
to four others in a tetrahedral configuration, forming a three-dimensional lattice. This
structure arises from the sp3 hybridisation of one 2s and three 2p orbitals, resulting in a
face-centred cubic (FCC) crystal structure with two distinct sub-lattices [64]. The unit
cell of diamond contains eight carbon atoms and features bond lengths of 0.154 nm and
bond angles of 109.5 degrees, embodying a tetrahedral symmetry. This closely packed
arrangement yields diamond’s exceptional atomic density of 3.52 gcm−3, equivalent to
1.76×1023 atcm−3, making it the solid with the highest atomic density known [62].
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Figure 2.2 The simple phase diagram of carbon to 50 GPa, which corresponds to approximately
a 1500 km depth within the Earth. Original data sourced from [6].

2.2.2. Diamond Synthesis

The synthesis of diamond has been a focal point in materials science due to the ability to
control the supply, quality, size, and dopant levels in synthetic diamonds as compared to
their natural counterparts. High-pressure high-temperature (HPHT) and chemical vapour
deposition (CVD) methods are the predominant methods employed for the manufacture
of both polycrystalline and single-crystal diamonds. Figure 2.2 represents the key phase
diagram of interest in the synthesis of diamond. HPHT and CVD synthetic diamonds are
cultivated under distinctly different pressure and temperature conditions. The Berman-
Simon line [10], which represents the graphite-diamond equilibrium, demarcates the
thermodynamically stable region for diamond under HPHT conditions from the graphite-
stable region where CVD diamonds are grown [7].

2.2.3. HPHT

High Pressure High Temperature (HPHT) synthesis replicates the natural conditions under
which diamonds form, but allows for enhanced control over the diamonds qualities such
as colour and clarity. Early attempts to synthesise diamonds using HPHT began in the
19th century, culminating in the first successful synthesis by General Electric in 1954 [9].
Although high-clarity diamonds are challenging to obtain through HPHT, making this
process less desirable for applications requiring optical clarity, advancements have enabled
the production of larger, high-quality colourless diamonds for jewellery. One key factor in
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Figure 2.3 A HPHT substrate used for electrical devices in later chapters.

usage with modern HPHT presses is that of the usage of catalysts, and the careful control
of catalyst mixtures [95]. While it is common for HPHT growth to result in high nitrogen
defect concentrations, leading to the characteristic yellow colour as might be seen in figure
2.3, it is also possible to use nitrogen getters in the catalytic mix, such as Al, Ti, Zr and
Mg which will combine with nitrogen atoms to form insoluble nitrates or nitrides, reducing
the available nitrogen for incorporation within the growing diamond [91].

2.2.4. LMD

Liquid Metal Diamond (LMD) synthesis represents a novel and promising approach to
diamond manufacturing, which operates at significantly lower pressures (1 atm) and
moderate temperatures (1025◦C). Unlike traditional methods, LMD uses a liquid metal
catalyst at atmospheric conditions composed of elements like gallium, iron, nickel, and
silicon to facilitate the growth of diamonds. This method involves catalytic activation of
methane and the diffusion of carbon atoms within the liquid metal. Additional hydrogen
is also essential, though the exact mechanisms are unclear at this stage. The key physical
mechanism of LMD is its ability to supersaturate carbon in the metal, leading to the
nucleation and growth of diamond at conditions that are less extreme than those required
for either HPHT or CVD [28]. This method of diamond growth may grow substantially in
the near future.

2.2.5. CVD

Chemical Vapour Deposition (CVD) is a highly controlled process used to produce synthetic
diamonds by decomposing carbon-rich gases, such as methane, at elevated temperatures
(typically 600–1200◦C) in a vacuum chamber. This decomposition is often facilitated by a
microwave plasma, although other methods like hot filaments [47] and acetylene flames
[25] are also utilised. The resulting carbon atoms are deposited onto a substrate, forming
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diamond layers that are particularly useful for applications in electronics and optics due
to the versatility in doping and the growth over large areas.

The growth process, significantly influenced by the ratio of hydrogen to methane, is
critical in determining the purity, morphology, and overall quality of the diamond films. A
plasma generated by microwave power is common in modern CVD setups, but alternative
techniques such as hot filaments or blowtorches are also employed. These methods facilitate
the dissociation of gas precursors into radicals or ions necessary for diamond growth.

Control over various parameters such as temperature, pressure, gas flow rates, and
substrate misorientation is crucial in CVD [52]. Diamond growth via CVD can be
categorised into homoepitaxy and heteroepitaxy. Homoepitaxy describes the growth
of diamond on a diamond substrate, typically derived from HPHT processes, while
heteroepitaxy refers to diamond growth on non-diamond substrates. The latter poses
significant challenges due to differences in thermal expansion coefficients and lattice
constants, which can lead to defects and dislocations in the diamond film.

CVD technology has evolved since the 1970s, following the pioneering work by Derjaguin
et al., who in 1975 demonstrated the feasibility of diamond growth under metastable
conditions with cyclic growth and etching processes [16]. This method was further refined
by Spitsyn in 1981 [92] and Nakazawa in 1987 [61], contributing to a deeper understanding
of homoepitaxial growth. Concurrently, heteroepitaxial growth has also been explored,
with early attempts by Spitsyn in 1981 to grow diamond layers on various substrates such
as copper, silicon, and tungsten, among others. These efforts underscored the critical role
of atomic hydrogen in suppressing unwanted graphite deposition and enhancing diamond
nucleation [43].

Despite advancements, the heteroepitaxial growth of high-quality, single-crystal CVD
diamond remains challenging due to lattice mismatches causing significant strain in the
grown layers [106].

2.2.6. Doped Diamond

2.2.6.1. Incorporation Efficiency

In studies examining the growth of n or p-type diamond, it is possible to consider the
incorporation efficiency of the dopants involved. First, the density and molar mass of
diamond are utilised to calculate the number of carbon atoms present in a cubic centimetre
of diamond. With an approximate density of 3.51 gcm−3 and a molar mass of 12.01
gmol−1, the number of carbon atoms present can be calculated:

Number of carbon atoms per cm3 =
(

Density
Molar mass

)
×NA (2.6)

Which results in ≈ 1.76×1023 atcm−3. For simple reference, it is convenient to consider the
magnitudes of phosphorous incorporation and their resulting atomic concentrations. Hence,
incorporation efficiencies of 100%, 10%, 1% and 0.1% are used in the following sections in
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consideration of the doping concentrations. These efficiencies can then be considered for
the various dopant:carbon sources for CVD growth. Naturally, it is unrealistic to consider
the extreme cases in which there is no carbon source, but ratios of up to 50% have been
used to grow highly doped diamond films [42, 32].

Therefore, as in [44], diamond growth where there is a dopant:carbon ratio of 0.1%,
an incorporation ratio of 10% results in approximately 0.01% of the dopant being grown
into the diamond lattice, corresponding to 0.01×1.76×1023 = 1.76×1019 atcm−3. The
actual measured concentration of dopant in this example had an incorporation efficiency
of around 15%, with the authors observing 2.5×1019 atcm−3 of dopant as measured via
SIMS analysis.

2.2.7. Phosphorous Doped Diamond

2.2.7.1. Effective Electron Masses

Within semiconductors, the effective electron mass is generally determined via the energy-
momentum (E-k) relationship for carriers. This describes the interactions of electrons,
holes, photons and phonons, and is the basis of semiconductor physics in general. As
defined in many semiconductor textbooks, the E-k relationship can be approximated at
the band edges (bottom of conduction band Ec and top of valence band Ev) by a quadratic
equation [97, 85, 109, 90]:

E(k) = h̄2k2

2m∗ (2.7)

where h̄ is the reduced Plank constant, k is the momentum, given as wave vectors and m∗

is the effective mass. Along a given direction, it is possible to approximate these quadratic
curves and estimate the effective mass from the second differential term:

1
m∗

ij

= 1
h̄2
∂2E(k)
∂ki∂kj

(2.8)

where the indices i, j are used to indicate the tensorial components of effective mass in
differing momentum space directions. The conduction band is made up of a number of
sub-bands [84], with the bottom of the conduction band appearing either at the centre
(given by the standard Wigner-Seitz cell symmetry notation of Γ) or at another position
in k-space. Similarly, the valence band is made up of a number of sub-bands, which
may or may not line up with the bottom of the conduction band. Semiconductors in
which the bandgap is aligned are known as direct-bandgap semiconductors, such as InAs,
GaN and GaAs [97]. These semiconductors are of particular interest for applications
involving radiative emission, as the emission of light in direct bandgap semiconductors has
a significantly greater quantum efficiency due to the lack of change in momentum required
(requiring phonon interactions) [35]. Indirect bandgaps in which a change in momentum
space is necessary for electronic transitions across the bandgap are seen in Si, Ge and also
C - that of the sp3 bonded diamond crystal lattice of carbon. While it is common practice
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to refer to semiconductors by their shorthand elemental composition, this does not work
very well with that of carbon due to the quantity, diversity and colossal range of carbon
allotropes.

Figure 2.4 An approximate depiction of the parabolas responsible for diamond’s electronic band
structure. Loosely based on the full electronic structure as depicted in [108], including highly
simplified defect states of phosphorous and boron.

Figure 2.4 shows a simplified parabola representation of of diamond. Shown is an
indirect bandgap, which is measured at low temperatures approaching 0 K to be 5.49 eV
via transmission/absorption spectra [1, 56] and density of states calculations [87]. For a
full review of diamond dopant species and surface terminations on the electronic properties,
such as the bandgap, see the work by Prof. K. Larsson [48].

The determination of effective carrier masses has been obtained in several ways through-
out the literature. For the work described in following chapters, the effective mass of
electrons within highly phosphorous doped diamond is of particular interest, but for ultra-
pure intrinsic diamond, it has been experimentally observed via time-resolved cyclotron
resonance that the transverse and longitudinal electron masses are 0.280m0 and 1.56m0

respectively [60]. These values represent what is currently believed to be the top-end limit
of high velocity carriers within intrinsic diamond. A more relevant example of experimental
measurements is that of Gheeraert et al. [26] who used infrared absorption to observe
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the electronic transitions for phosphorous donors and hence determine the effective mass
within electronically active, doped diamond films. In this work, the effective masses are
determined to be m⊥ = 0.306m0 and m∥ = 1.81m0. These are the values that are widely
used as reference values for phosphorous doped diamond [67, 66], and will hence be used in
this work as a reference point also. These values can be contrasted to theoretically based
work using a linear muffin-tin-orbital local density approximation for intrinsic diamond by
Willatzen et al. who gave values of m⊥ = 0.341m0 and m∥ = 1.5m0. A final comparison is
measured via a Monte Carlo analysis of electron drift velocity [63] by Nava et al. This is
one of the earliest works in studying this property via Hall effect measurements, giving
values of m⊥ = 0.36m0 and m∥ = 1.4m0 for intrinsic diamond.

2.3. Graphitisation of Diamond

The roots of laser graphitisation in diamond can be traced back to 1996, with a seminal
paper by Davies et al. demonstrating that the usage of tightly focused femtosecond laser
pulses could be used to permanently modify the optical properties of a small volume
within the transparent substrate [15]. With careful tuning of the irradiation conditions, it
is possible to induce a localised refractive index increase within the focal volume, allowing
for the writing of optical waveguides with only a translation of the substrate.

The advantages of this technique can also be seen through the lens of diamond device
processing and graphitisation rather than the tuning of optical properties, though a
significant portion of the current industrial applications for laser graphitisation within
diamond are in writing serial numbers and other optical markers for jewellers to identify
lab-grown diamond:

• Laser fabrication is a direct, mask-less technique. Without the need for complex
clean room facilities it is possible to create surface tracks or buried wires within the
diamond. This allows for the rapid prototyping and refinement of a small number of
devices, without the added need of dedicated photolithographic masks.

• This technique is highly flexible, as different irradiation parameters such as wave-
length, pulse energy, translation speed, focusing conditions and repetition rate can
be used to calibrate the laser for different materials like silicon carbide, diamond and
other crystal structures. This also allows for more specific control over the graphitic
content which is formed within the diamond substrate, with differing conductivities
for various sp2 and sp3 content in the formed wires.

• With the usage of adaptive optics it is possible to create fully three-dimensional
graphitic wires within the diamond substrate, of various thicknesses and conductivities
at arbitrary depths. The degrees of freedom offered by this technique allow for
geometries that are impossible or highly difficult with standard fabrication techniques,
which may be an important factor in the design and manufacturing of certain device
structures.
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The fundamental process of writing graphitic regions within diamond is governed by the
crystal structure meta-stability. At room temperature and under atmospheric pressure the
stable phase of carbon is that of graphite, as shown previously in figure 2.2, hence when
the diamond lattice damage density exceeds a critical value, it will form graphite. This can
also be viewed as a sufficient number of diamond sp3 bonds being broken, then reforming
into the stable graphitic phase with sp2 bonds. One simple way to cause this damage to a
diamond lattice is to essentially burn it, or otherwise raise the temperature of the sample.
A diamond lattice will tend to rearrange globally when heated to TG ≈ 2000 K, which is
called the process of thermal graphitisation [14]. However, it has been observed that in
cases where a laser pulse does not generate this critical temperature, graphitisation may
still occur.

2.3.1. Ion Implantation

Another way to break the diamond sp3 bonds is to bombard the diamond lattice with ions
of a sufficiently high kinetic energy to also break the sp3 bonds. Ion implantation was first
investigated in the 70s by Vavilov et al [102], and resulted in a series of studies examining
the electrical properties of the resultant amorphous carbon. Hauser et al. demonstrated
the similarities of sputtered graphite to that of the ion implanted diamond, with a high
conductivity of ≈ 10−2 Ω−1 cm−1 and also concluded that the resulting hardness of the
implanted regions was an intermediate between that of silicon and diamond [34, 33]. With
the proper combinations of implanting ions, ion energies, dosages and post implantation
annealing, diamond based heterostructure can be formed which have layers of insulating,
semi-conducting, luminescent and fully conductive regions [27, 77, 78].

One more specific case occurs in the case of implanting boron ions in polycrystalline
diamond, where a "percolative threshold" fluence exists at which a conductive path of sp3

bonded defects is formed in the diamond structure and a variable range hopping conduction
mechanism is introduced. At a higher "amorphisation threshold", sp2 bonded defects are
formed, leading to permanent graphitisation in the implanted areas after annealing [21].

2.3.2. Laser Graphitisation

In the case of laser graphitisation, the mechanism of localised heating through the non-
linear absorption of laser pulses requires some clarification, especially since diamond is
generally regarded as a "thermal short" with its thermal conductivity of up to 2200-2500
Wm−1 K−1 [29]. As presented in an article by Sundaram and Mazur in 2002, while intense
laser pulses from a nanosecond pulsed laser within silicon is a thermally driven process,
experimentally observed ultrashort femtosecond laser pulse effects cannot be explained
with merely a thermal process [96]. Instead, the femtosecond pulses drive a large fraction of
the valence electrons (> 10%) into the conduction band, modifying the inter-atomic forces
and destabilising the crystal lattice. A model presented by Kononenko et al. in 2015 relies
primarily upon the expansion of graphitic inclusions through so called photographitisation,
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and argues that the laser induced direct creation of graphitic nucleation sites within
diamond is unlikely [45]. Instead, graphite inclusion defects within the diamond structure
are the source, with inclusions forming the seeds of growing and overlapping graphitic
regions. This growth of inclusions is then a two step process, with a distinct mechanism
for each stage. Similar work presented by Bennington et al. in 2009 on single crystal (111)
oriented HPHT diamonds concurs with this model, observing that the generated graphite
was likely seeded by defects within the crystal lattice [5].

2.3.2.1. Photographitisation

Under femtosecond irradiation, it has been observed that the transition from diamond
to graphite is not one driven by a thermal process, but instead it is one driven by an
electron-hole plasma that is generated by the laser. Pulsed X-ray diffraction experiments
in germanium, silicon, GaAs and InSb observed this same process in 1999 and 2001 with
the laser-induced promotion of a large fraction of valence electrons (more than 10%) and
with a low "melting time" on the order of femtoseconds [89, 82]. Once excited, these
electrons strongly interact with one another and reach thermal equilibrium in under
10 fs [19]. Through the process of photoionisation, light is absorbed by the substrate
and photon energy promotes electrons from bonding orbitals in the valence band to the
conduction band, in unbound or even antibonding states. This absorption within diamond
is a multiphoton process, depending upon the lasing wavelength. For 800 nm, there is a
four or five photon transition, while 400 and 266 nm wavelengths have an indirect and
two photon transition respectively [76]. The direct band gap in intrinsic diamond for these
transitions is 7.3 eV. However, the presence of substitutional nitrogen or phosphorous
will introduce donor like centres with a thermal ionisation energy of 1.7 eV and 0.6 eV
respectively, complicating the band structure. The electron-hole density within diamond
when illuminated by Kononenko et al. with a TiAl2O3 laser of wavelength 800 nm at
fluencies of under 10 Jcm−2 reached up to 1021 cm−3. The experimental data from this
work is plotted in figure 2.5.

In the case of a perfect diamond lattice, these generated electron hole pairs would
eventually relax and reform the C–C bonds of sp3 orbitals. The diamond lattice is highly
rigid, which prevents the deformation of bonds via electron hole pairs in contrast to other
wide band gap semiconductors [53]. However, when these electron hole pairs are generated
close to the edge of a graphite inclusion or other such graphitic region, then the chemical
bonds making up the diamond lattice experience a significant distortion due to local
Coulomb forces. Hence when there is a significant density of electron hole pairs, the C–C
bonds at the interface of diamond and graphite have a chance to change in hybridisation
from sp3 to sp2 orbitals, permanently breaking the diamond lattice and expanding the
graphitic region. The exact ratio of sp2/sp3 within an amorphous carbon structure such
as that formed under photographitisation may vary in regions, but areas of less graphitic
content may have a ratio approaching 3 based on previous XPS/XAES measurements of
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Figure 2.5 The concentration of electron hole pairs in single crystal diamond just below the
crystal surface, as measured by Kononenko et al [46].

amorphous carbon as formed with ion bombardment [49]. Under subsequent pulses of
laser irradiation, this process will slowly expand the graphitic inclusion, layer by layer.

2.3.2.2. Density Functional Theory

Through the usage of DFT, atomistic calculations examining the transition from diamond
to graphite have estimated that the graphitisation due to photoionisation will complete
within 100 fs [39] to 200 fs [105]. In particular, the work by Wang et al in 2000 examined
the particular case of laser induced graphitisation on the (111) surface. This is particularly
relevant for devices written on phosphorous doped, n-type diamond, as the (111) surface
provides the highest dopant concentration and also most active carrier concentration when
compared to other growth facets. Their conclusions can be summarised as:

• When the overall diamond temperature reaches 2700 K the surface will rapidly
graphitise.

• Graphitisation occurs vertically for the simulations of longer pulse (nanosecond)
durations, with graphite-like regions penetrating down through the surface layers
into the bulk.

• Graphite sheets are formed in the case of femtosecond pulse durations, with a reduced
time for complete graphitisation at higher effective electron temperatures.
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Figure 2.6 The number of laser shots required for visible damage of the diamond surface as a
function of laser fluence, as measured by Kononenko et al [98].

• The energy barrier to graphitisation is lower in the case of higher electron tempera-
tures, also corresponding to a reduced time required for complete graphitisation.

More recent studies examining the stability of diamond and graphite bonds with larger
supercells provide further confirmation of the energy barrier between the two carbon
hybridisations [74, 31]. A first-principle study by F. Mauri in 1995 explored the electron
lattice interactions, concluding that valence excitons are highly likely to bind together
when in a high density electron-hole plasma [54]. Self-trapping does not occur in the
case of isolated valence excitons, but it is predicted that self trapping should occur with
valence biexcitons. This biexciton trapping will cause a distortion, involving the breaking
of a bond perpendicular to the (111) direction. As graphite is semi-metallic in nature,
electron-hole pairs migrating from the excited diamond regions to that of a graphite seed
will rapidly multiply through impact ionisation. Impact will also reduce their energy
below the diamond band gap, trapping such pairs and collecting them within the graphitic
region. Graphite’s π orbitals are able to hold a large number of electron-hole pairs without
changing the covalent bond network, lending a greater stability to the graphite region
than the diamond in conditions of high electron-hole pairs in addition to the refractory
nature of graphite [5].
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2.3.2.3. Thermal Graphitisation

As these graphite seeds grow due to the photostimulated lattice rearrangement of carbon
atoms adjacent to the graphite, the amount of light that is absorbed due to the change in
the optical properties will increase. Also, when stimulated by light, the electron subsystem
of graphite will take longer to relax than its sp3 counterpart from the excited π-band
electron population. This effect slows the heating of graphitic regions on a scale of τe−ph ≈ 1
ps, where τe−ph is the electron-phonon thermalisation [86]. Diamond has a remarkably
high thermal diffusivity of χd ≈ 10 cm2 s−1 [99]. This is high enough that the process
of thermalisation can overlap in time with the heat spreading from graphite seeds into
the diamond lattice. Hence, the temperature of these diamond seeds as induced by laser
stimulation will strongly depend upon the seed size, which can be expressed in the following
way:

∆T ≈ σaF/l
3
D/cd (2.9)

σa ≈ 2π
λ
Im

(
4πb3 ϵg − ϵd

ϵg +2ϵd

)
(2.10)

lD =
(
4χdτe−ph + b2

)1/2
(2.11)

Where σa is the absorption cross section, ϵg = 6.0825+10.673i [17] is the permittivity
of graphite and ϵd = 5.76 [70] is the permittivity of diamond, F is the laser fluence, b is
the graphite seed radius and cd = 1.75 Jcm−3 K−1 is the specific heat capacity of diamond
[75]. The energy absorbed by the graphite seed will dissipate in a volume l3D, defined
by the current radius of the seed and the heat diffusion length within diamond. Heat
diffusion length is defined by the thermalisation time of electron-phonons τe−ph ≈ 1 ps.
∆T (b) as calculated with equations 2.9, 2.10, 2.11 at a fluence of 0.75, 1.5 and 3 Jcm−2

and τe−ph = 1 ps is depicted in figure 2.7.
The critical seed radius at which thermal graphitisation becomes possible is marked as

bc1,2,3 for the three different fluencies respectively. It can be noted that at a lower laser
fluence, a larger critical radius is calculated as the fluencies 0.75, 1.5 and 3 Jcm−2 resulted
in a calculated critical radius of 19, 15 and 12 nm respectively. This can be compared to
figure 2.6, in which the number of laser pulse "shots" required for experimentally observed
graphitisation is plotted against the laser fluence. This comparison is represented in figure
2.8. It is possible to infer a few points from this comparison, as the natural conclusion of
lower fluence laser pulses requiring a larger critical radius also demands a larger number
of laser shots to observe experimental graphite growth. This fits the model well, as the
photographitisation step of adding layers to the graphitic defects will take far longer than
the thermal graphitisation step. Indeed, this manifests as the requirement for an order
of magnitude more laser pulses at merely half the laser fluence. It is hoped that under a
certain fluence, the critical radius will be reduced to the scale of sub-microns and such
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Figure 2.7 The estimated laser-induced heating according to the model presented by Kononenko
et al, represented by equations 2.9, 2.10, 2.11 at fluencies from 0.75 Jcm−2 to 3 Jcm−2.

will never be able to reach the thermal graphitisation stage of growth. Hence, the only
graphitisation mechanism will be that of photographitisation at very low laser fluencies.

2.3.3. Graphite

Graphite is typically manufactured by pressing or extruding a mixture of carbon containing
materials such as pitch, coal, petrochemicals or other high molecular weight hydrocarbon,
followed by a super-heating bake at anywhere from 2000 ◦C to more than 4000 ◦C to
crystallise the amorphous carbon precursors.

This heating is typically a multi-stage process, with the first step requiring a long,
complex heating in vacuum of the carbon containing material to convert it into coke.
This process is known as destructive distillation, with a "good coke" containing a very
high carbon content and few if any impurities. The coke is then calcinated, crushed and
sieved to obtain a certain distribution of particle sizes. These particles are then bound
with a binding substance such as coal tar pitch, petroleum pitch or a synthetic resin
and extruded or moulded to form the graphite products. Next, a carbonisation bake at
around 1000–1200◦C will thermally decompose the binder into elementary carbon and
other volatile components, binding the powdered graphite together. The resulting volume
of the formed carbon is lower than that of the binder, due to the formation of pores, with
a relative volume or porosity depending upon the binder quantity.

38



2.3 Graphitisation of Diamond

Figure 2.8 A comparison of the laser fluencies used in the calculation of critical seed radii
and the observed number of laser shots required for the process of graphitisation. The lower
fluence requires a larger seed radius for thermal graphitisation and hence requires many more
laser pulses for the photographitisation growth.
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Finally, the shaped and carbonised parts can be baked in the absence of oxygen, or in
vacuum, at very high temperatures to induce crystallisation of the amorphous precursor
carbon. Typical operating temperatures are in the 2500–3000◦C range, which will also
purify the graphite parts due to the vaporisation of impurities such as any remaining binder
residue, oxides or gases. This is usually achieved with either induction based heating, or
passing electric currents directly through the parts to utilise Joule heating.

A variety of precursors can be used, with gilsocarbon being a common choice for usage
in nuclear power plants [50].

It is also possible to form graphite via chemical vapour deposition (CVD) techniques,
which is known as pyrolitic graphite. This form of graphite will have a very low porosity,
approaching the theoretical density of graphite, with correspondingly improved material
properties in most other aspects too.

2.4. Metal-Semiconductor Contacts

2.4.1. Image Force/Schottky Effect

Given a point charge q at a distance x from a conducting plate, an "image" surface charge
of opposite polarity is induced in the plate, with an induced electric field that is equivalent
in magnitude and opposite to the point charge [23]. The force exerted on the "real" point
charge is the "image force", with a corresponding force of:

F = − q2

16πϵ0x2 (2.12)

where q is the charge (typically the charge of an electron, though generally for the point
charge it is the charge of the point charge), ϵ0 is the permittivity of free space and x is
the distance of the point charge from the conductive plate. When the point charge is an
electron, with an external electric field E⃗ applied to the system, the total potential energy
PE as a function of the distance is given by [85]:

PE(x) = − q2

16πϵ0x
− qE⃗x (2.13)
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Figure 2.9 The potential energy of an electron due to the image charge effect at a metal-diamond
boundary.

Figure 2.9 shows the application of equation 2.13 to a range of high electric fields
(106–1010 Vm−1. This visualisation uses a colour map to show the full spread of data,
with black dotted lines for every quarter in the log scale. Very high electric fields form very
sharp barriers, with heights substantially below the lower electric field Schottky curves. It
should be noted that for lower electric fields below 107 Vm−1, the barrier lowering effect is
much more slight, and is not possible to see on the scales used for this figure. Extension of
this model in vacuum leads to the derivations of field effect emission, due to the possibility
of quantum-mechanical tunnelling through these very thin high field barriers. The peaks
of the barriers, or the point at which the rate of change of the potential energy barrier
d

dx(PE) is zero, are defined to be the position of xm, which is where the barrier is shifted
by an amount ∆ϕ [103, 97]:

∆ϕ=

√√√√ q
∣∣∣E⃗∣∣∣

4πϵ0
= 2

∣∣∣E⃗∣∣∣xm (2.14)

xm =
√√√√ q

16πϵ0
∣∣∣E⃗∣∣∣ (2.15)

where E⃗ is a uniform electric field applied in the negative x direction of the conductor,
determining the sign of ∆ϕ.
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When the metal-semiconductor interface is considered, the Debye length is crucial. If
the semiconductor Debye length is much less than the range of the image force, of the
order of Å, then the semiconductor acts as a metal and equation 2.14 is used. The Debye
length for semiconductors is given as [97]:

LD =
√
ϵskBT

q2N
(2.16)

where N is eitherNA orND, depending upon whether the material is p or n-type respectively.
When the Debye length is larger than the range of the image force, the semiconductor is
considered to be a dielectric, and the modified form of image force barrier lowering is used
for semiconductors:

∆ϕ=

√√√√qE⃗m

4πϵs
(2.17)

Where ϵs is the permittivity of the semiconductor, and the electric field within the
semiconductor is not zero due to built-in potential bias. E⃗m is the maximum value of the
electric field at the semiconductor at the surface based on a depletion approximation [97]:

E⃗m =
√

2qN |Ψs|
ϵs

(2.18)

with surface potential Ψs defined for ideal barrier heights ϕBn0 on n-type semiconductors:

|Ψs| = ϕBn0 −ϕn +VR (2.19)

Finally, the Schottky effect for metal contacts to n-type semiconductors under differing
biasing conditions is given as:

∆ϕ=

√√√√qE⃗m

4πϵs
=
[
q3ND|Ψs|

8π2ϵ3s

]1/4
(2.20)
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Figure 2.10 The position and magnitude of the image force reduction of Schottky barrier height
for metal-vacuum (circles) and metal-diamond (crosses). ∆ϕ is calculated following equation
2.20, over a range of positions within the vacuum or diamond medium. A colour scale is used to
indicate the magnitude of the electric field at each position.

Figure 2.10 presents a visual application of equation 2.14 and 2.20. The resulting
magnitude and location of the image force or Schottky effect can be seen to differ between
the cases of a metal in a vacuum, and that of an ideal metal and n-type diamond boundary
with relative dielectric constant of 5.7 within the diamond [24, 110]. Overall, the diamond
dielectric constant facilitates a much lower Schottky barrier than that of the vacuum case,
with a maximum value of approximately 2 V when compared to that of the vacuum’s near
5 V barrier.
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Chapter 3. Metal Contacts to Phosphorous Doped Diamond

3.0.1. Disclosure of Collaborative Content

In this chapter, the growth of phosphorous doped diamond, as well as the procurement of
diamond substrates was performed by the industrial partner Evince technology. Deposition
of metallic LTLM contacts was also performed by the industrial partner, following consulta-
tions with the candidate. Further testing of CTLM contacts was performed wholly by the
candidate, including the design, deposition, electrical testing, and further characterisation.

3.1. Introduction

3.1.1. Background

Diamond offers exceptional material properties for electrical devices that are unparalleled
by other wide bandgap semiconductors. In the creation of devices that rely upon n and
p-type doping however, many challenges arise from the limitations that diamond imposes
upon device fabrication. Due to its extraordinary hardness and densely packed crystal
lattice, doping via implantation has had marginal success [11] and CVD growth is the
preferred choice for doped material [78]. The selection of donor candidates is limited, with
nitrogen forming a deep donor level of around 1.6–1.7 eV [42] due to a chemical re-bonding
of the donor electron on a neighbouring carbon atom simultaneous with a lone-pair on the
nitrogen atom itself [19]. Phosphorous, despite having a lower solubility than nitrogen
within the diamond lattice, is able to provide a shallower donor level at around 0.57–0.60
eV [40]. Various strategies of co-doping phosphorous with other elements have been
examined theoretically such as in [2], but experimentally, substitutional phosphorous
remains the only bulk n-type donor within diamond. The maximum dopant concentration
depends primarily on the crystal orientation, with the {111} orientation providing the
highest observed concentrations of around 1 × 1020 atcm−3 [20]. Boron doped p-type
material is most readily deposited onto the {100} orientation, in large part due to the
ready incorporation of crystalline defects on the {111} orientation. Typical Hall mobility
measurements for boron doped diamond at room temperature on {111} oriented samples
are around 500 cm2 V−1 s−1 with hole concentrations of ≈ 1014 cm−3 [56] while on {100}
oriented samples the Hall carrier mobility reaches 2000 cm2 V−1 s−1 with concentrations
of ≈ 5 × 1013 cm−3 [50]. These defects in {111} oriented diamond growth have led to
significant efforts in the improvement of {100} oriented phosphorous doped CVD growth,
with concentrations in the range of 1016 −1018 [32]. However, high compensation ratios
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become a significant limiting factor in phosphorous doped films grown on {100} oriented
substrates as investigated more recently by [60].

3.1.2. Ohmic Contact Formation to Diamond Devices

3.1.2.1. Surface Termination

One common theme throughout the development of diamond based electronic devices is
the challenge of ohmic contact formation, as well as reliable Schottky contacts [23]. This
is in large part due to the presence of significant surface states and charge screening [10,
8], resulting in strong Fermi level pinning at the diamond surface in both boron [4] and
phosphorous [65] doped samples. The extent of pinning is strongly dependent on the surface
chemistry, particularly whether the diamond is oxygen-terminated or hydrogen-terminated
[57, 68, 65, 77]. For both boron- and phosphorus-doped diamond, oxygen-terminated
surfaces typically result in stronger pinning, locking the Fermi level near midgap, whereas
hydrogen-terminated surfaces show reduced pinning but can introduce instability due
to surface conductivity effects [81]. This pinning behaviour is also highly localised and
dependent on ozonation and crystal orientation, due to varying oxidation rates across
different crystal facets [64, 83]. Following the surface treatments presented in section 3.2,
the surfaces used in the experiments in this chapter are strongly oxygen-terminated. Recent
work indicates that this may inhibit the formation of TiC interface states, commonly used
for the reduction of Fermi level pinning and subsequent formation of ohmic contacts [25].
Hence, this may be a potential consideration when examining the ohmic nature of these
contacts.

3.1.2.2. Doping

Fermi level pinning is a significant issue for devices that require phosphorous doped
diamond, due to the significant activation energy required for carrier promotion. While
boron doped diamond can reach a metallic level at around 1020 atcm−3, allowing for high
quality ohmic contact formation via annealed titanium with standard capping layers of gold
or platinum/gold, this is not the case for phosphorous doping without novel approaches [73].
This can be expressed with the ideal theory of metal to n-type semiconductor contacts, in
which the contact resistivity ρc varies exponentially by the factor ϕb√

ND
where ϕb is the

Schottky barrier height and ND is the active donor concentration. Since it is difficult
to deviate from the Fermi level pinning of ∼ 4.3 eV below the conduction band, one
approach to reduce contact resistivity is to increase the doping concentration ND. This
has previously been used to great effect in boron doped diamond, where the Fermi level
pinning of oxygen terminated diamond relative to the valence band is around 1.3 eV [77]
and has the same issues with regards to the independence of Schottky barrier height from
metal contact work functions. With boron doping of 2–6×1017 atcm−3, specific contact
resistivities of 1.3×10−5 Ωcm2 have been demonstrated using annealed Ti contacts [7].
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3.1 Introduction

3.1.3. Overview of Methodology and Novel Techniques

In this chapter, various experimental characterisation methods have been employed to
investigate the properties of heavily phosphorous doped diamond as used in ohmic contact
fabrication. Recent efforts such as that of [1] in laser-induced ohmic contact formation
for diamond detector charge collectors and [73] in corrosion-resistive coaxial arc plasma
deposited nanocarbon electrodes clearly demonstrate the ongoing development of phos-
phorous based devices, with a heavy focus on new methods for forming ohmic contacts in
various device structures.

Through standard photolithography and metal deposition, simple Ti/Au and Ti/Pt/Au
contacts were investigated and studied across a wide range of temperatures. Differences in
the annealing conditions as well as the quality of the photolithography resulted in quite
different experimental observations for this material. To understand the possible causes of
some of these differences, other material characterisation methods are performed to help
elucidate on the nature of heavily phosphorous doped diamond such as secondary ion mass
spectroscopy (SIMS), X-ray photoelectron spectroscopy (XPS), atomic force microscopy
(AFM) and optical microscopy.

In following chapters, another avenue to improve the characteristics of ohmic contacts
to heavily phosphorous doped diamond is explored, that of ohmic contacts formed via
laser graphitisation of the surface. Further material characterisation techniques such
as PL combined with the previous data provides an intriguing picture of laser graphi-
tised phosphorous doped diamond. In particular, the transition from standard Schottky
thermionic emission to Fowler-Nordheim type field effect emission via geometric field
enhancement is examined, with a consideration of potential cold cathode style devices
that could be fabricated via this material and related fabrication techniques. This is
in contrast to contact roughening techniques such as that demonstrated in [69], where
Ni-catalysed micro-pyramidal {111} structures are etched into {100} diamond samples
and then overgrown with highly phosphorous doped diamond.

Sample Batch Thickness (µm) Contacts Characterisation
A 1 0.3 None SIMS
B 1 0.3 None SIMS
C 2 0.3 Ti/Pt/Au - 850◦C 30 mins TLM, AFM
D 2 0.3 Ti/Pt/Au - 600◦C 300 mins TLM, AFM
E 3 1.2 None XPS
F 3 1.2 Ti/Au - 500◦C 10 mins TLM, AFM, HIM
G 3 1.2 Laser Graphitised TLM, AFM, FL

Table 3.1 A summary of all {111} samples, which had differing thicknesses of heavily phosphorous
doped surface layers grown via MPCVD at Evince technology. Indicated in the table, various
characterisation techniques are used to examine the phosphorous doped diamond and the resulting
electrical contacts used in each case. SIMS was performed by an external service (LSA), XPS
and HIM was performed by Nexus within Newcastle University with the candidate assisting in
parametrisation and analysis, TLM electrical testing, FL and AFM was performed wholly by the
candidate.
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The samples examined in this chapter are summarised in table 7.1. One significant
consideration in comparing results from different samples is that the growth of defect-laden
phosphorous doped diamond on differing HPHT substrates may incur some loss of similarity
between different samples, even when grown in the same batches. This is partially due to
the process of microwave plasma CVD growth itself, multiple samples within the growth
chamber at Evince technology will necessarily be situated in differing locations within the
plasma. Hence, it is impossible to assume complete consistency between differing samples,
despite best efforts to ensure these comparisons are comparable.

3.2. Sample Preparation

Examples of (111) HPHT samples are shown in figure 3.1. All samples ranged from 1.5–2.5
mm2, with differing (111) polished faces based on the exact cut of the samples. The
literature for diamond surface preparation displays a rich evolution of methods tailored
to the unique demands of semiconductor surface treatments. Foundational studies, such
as that by [5], explored a plethora of cleaning procedures, including the use of sulphuric
acid-ammonium persulphate and hydrogen plasma. Yet, these procedures have since lost
prominence in the literature, suggesting the rapid development and optimisation in the
field.

Figure 3.1 HPHT (111) samples as provided by Element Six, prior to cleaning and deposition.
A scale bar is included for reference.

Modern techniques have predominantly converged around variations of dual or tri-
acid treatments. [40, 70, 71], and [37, 36], for instance, have favoured a triacid mix of
H2SO4:HNO3:HClO4, albeit at different ratios and durations. Some researchers such as
[29, 30] and [66], however, have leaned towards dual acid organic cleans, utilising H2SO4

and H2O2 or H2SO4 and HNO3.
The various methods of surface preparation underscores the importance of optimising

cleaning conditions to the specifics of the application in question. Evince technology
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3.2 Sample Preparation

employed the following standard surface preparation, with a strong focus on ensuring the
removal of graphitic carbon and the formation of a consistent oxygen surface termination
prior to phosphorous doped CVD growth, and as such this was used for the work in this
project:

Decon90/ Deionised (DI) Water - 5 minutes. This acts as an initial cleaning step
to remove gross contamination, including organic and inorganic residues. It provides a
good general cleaning step that removes common contaminants from the sample surface,
especially with a sonication bath providing agitation of the submersed samples.

DI Rinse and Sonication - 5 minutes. Rinsing the samples with deionised water and
sonicating them to ensure complete removal of the initial Decon90 solution, along with
any remaining contaminants. Thorough rinsing is crucial to prevent any residues from
the first cleaning step, which might interfere with subsequent processes, especially the
chemical reactions in the following cleaning stages.

1:1 H2SO4 and H2O2 Mix - 25 minutes at 175◦C. This step employs a"piranha
solution, a mixture of H2SO4 and H2O2, to further remove organic residues and contami-
nants. The strong oxidising nature of this mix at the specified temperature ensures the
decomposition of most organic matter, preparing the surface for subsequent treatments.
The 1:1 ratio was chosen by Evince technology and was in use as their standard operational
cleaning step.

DI Rinse and Sonication - 5 minutes. A rinsing and sonication step with deionised
water is essential to remove any remaining traces of the piranha solution, ensuring that
no residues are left that could interfere with the following stages of surface preparation.
The use of sonication aids in dislodging any stubborn contaminants that might remain
adhered to the surface after the strong acid treatment.

Plasma Asher - 0.6 mbar, 5% O2 in He mix for 120 seconds. This stage utilises a
plasma asher to further clean the surface by removing any remaining organic contaminants
and surface residues. The plasma, formed from a 5% O in He mix at a pressure of 0.67
mbar, generates reactive species that etch away impurities from the surface. This prepares
the surface for subsequent treatments, ensuring a consistent and clean base for metal
deposition or phosphorous growth. The use of helium in the mix helps in controlling the
etching rate by reducing the concentration of oxygen that reacts with the surface, ensuring
a gentle but effective cleaning process.

Triacid Mix (1:3:4 HClO4:H2SO4:HNO3) - 7 minutes at 230◦C. A triacid mixture
serves multiple roles in the cleaning process. It primarily oxidises the diamond surface,
preparing it for subsequent metal deposition, and ensures the elimination of any graphitic
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material. Notably, the 3:4:1 ratio was chosen to optimise both oxidation and impurity
removal, standing in slight contrast to other literature findings.

DI Rinse and Sonication (Repeated 3 Times) After the particularly strong triacid
treatment, it is essential to ensure no residual acids remain on the diamond surface. As
such, a thorough DI sonication rinsing step is performed to conclude the surface cleaning
process.

3.3. Conventional Ohmic Contacts

Initial work focused on characterising the properties of ohmic contacts to heavily phospho-
rous doped diamond as grown by Evince technology. Active carriers within phosphorous
doped diamond have been studied in the literature intensively via Hall effect measure-
ments, with the dependence of carrier mobility due to different scattering mechanisms
being examined experimentally and theoretically for a wide range of dopant concentrations
in the {111} [61], {100} [60] and {113} [53] orientations.

3.3.1. Growth of Heavily Phosphorous-Doped Diamond

The concentration of phosphorus in diamond films can be modulated by adjusting the
ratio of phosphorus to the carbon source (typically methane) in the gas phase during
deposition. Numerous studies have observed that an increase in this ratio often leads to a
corresponding increase in the as grown diamond films phosphorus concentration [52, 20,
32, 29, 37, 69, 26, 38, 30]. The studies included in this analysis for comparison to films
grown by Evince technology predominantly employed samples with a (111) orientation,
with the exception of [32], which focused on (001) oriented samples. The choice of crystal
orientation has implications for the growth rate, dopant concentration and effective carrier
compensation, which all complicate the analysis [72, 51, 53, 60].

3.3.1.1. SIMS Analysis

Secondary ion mass spectroscopy (SIMS) was performed on two samples to verify that
the chosen growth conditions resulted in a highly doped phosphorous doped diamond
film. This analysis was performed by Loughborough Surface Analysis Limited (LSA Ltd),
with the results for samples A and B depicted in Figures 3.2 and 3.3. During SIMS
analysis, LSA began monitoring with the minor carbon isotope, 13C, and phosphorus. This
choice allowed for a high instrument transmission, enabling the detection of low levels of
phosphorus while maintaining the 13C signal on the detector. Upon reaching the substrate,
the 13C signal noticeably decreased. This decrease prompted a shift to a lower instrument
transmission and the additional monitoring of 12C.

Throughout the profile, the 12C signal remained consistent in both the layer and the
substrate. By comparing the ratios of 12C and 13C to each other, it was observed that,
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while the ratio in the substrate aligned with the expected ratio for carbon, the 13C signal
was proportionally stronger in the epilayer. This discrepancy suggests a significant presence
of hydrogen in the epilayer, which appears to combine with 12C, resulting in an overall
higher 13C signal.

Figure 3.2 The measured concentration of phosphorous in the grown film as measured via SIMS
for sample A.

Figure 3.2 represents the first example of SIMS performed to measure the concentration
of phosphorous within the grown phosphorous doped surface layers. This growth layer
presents a reasonably consistent profile throughout the first 0.2 µm, tailing off towards the
maximum thickness of 0.3 µm. This demonstrates a high concentration for the majority of
the surface layer, as needed for generation of bulk-like n-type material.
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Figure 3.3 The measured concentration of phosphorous in the grown film as measured via SIMS
for sample B.

In figure 3.3, the second example of SIMS, for another sample, is presented. In contrast
to the first sample in figure 3.2, this growth layer appears to be very slightly thicker, with
a high phosphorous concentration until past 0.3 µm. There is also a conspicuous peak
at the end of the highly phosphorous doped surface layer, which may represent a higher
uptake of phosphorous doping incorporation at the interface between substrate and the
highly doped growth layer. It may also be a result of accumulating phosphorous during
the depth profiling process itself [6], and hence could be considered as a physical error,
intrinsic to the SIMS depth profiling. A final point regarding the depth profiling process
itself is that these depths represent a one hour growth duration, and were used as growth
rate estimators. The exact depth may differ slightly from that indicated in these figures,
as the precise calibration of this experimental process is unknown, and depth resolution
can vary from sample to sample [17]. Preferential sputtering, beam uniformity, sample
charging and beam or residual gas contamination can all strongly affect the secondary ion
signal [82, 22], so it is important to consider the possible variance that may be present in
these presented depths.
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3.3.2. Phosphorous Incorporation

Figure 3.4 Phosphorus concentration (atcm−3) of films as a function of measured [P]/[C] ratio.
Each marker represents a different study, with scatter points indicating separate samples. The
solid lines represent theoretical phosphorus concentrations for given efficiencies of phosphorus
incorporation into the lattice. [52, 20, 32, 29, 37, 69, 26, 38, 30]

Figure 3.4 shows the efficiency of phosphorous incorporation from the gas phase into
the resulting doped diamond lattice across various ratios. Theoretical efficiencies of
incorporation, ranging from 100% to 0.1%, are represented as solid lines. The theoretical
efficiency of incorporation for phosphorus from the gas phase into the resulting diamond
lattice can be considered as:

Incorporation efficiency = Resulting dopant concentration
Dopant:carbon in CVD feed-gas×Atomic density of diamond

(3.1)
For further review of the different incorporation efficiencies as observed in the literature

and how CVD growth has been optimised to improve this, please see section 2.2.6.1. In
figure 3.4 the phosphorous doped films as grown by Evince technology in 2021 and 2022
can be seen in the upper portion of P/C ratio growth, with both a relatively high ratio
of 5% phosphine in the methane feed-gas and a similarly high resultant diamond dopant
concentration. This dopant concentration has been measured with SIMS in figures 3.2, 3.3
and appears to match that of the literature comparisons.

While figure 3.4 does show a clear correlation of higher film concentrations with a higher
ratio of phosphorous in the carbon containing gas phase, there is a limit at which this
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trend plateaus. The phosphorous concentration appears to reach saturation at around
1020 atoms/cm3, which can be attributed to the limited solubility of phosphorous within
the diamond lattice [39]. The phosphorous grown films from Evince appear to be at this
saturation limit, with around 1×1020 atcm−3 of phosphorous detected via SIMS to the
∼ 1.76×1023 atcm−3 of carbon within the diamond lattice.

The wide range of scatter points visible at specific P/C ratios suggests that factors
beyond the P/C ratio, such as temperature, pressure, and plasma conditions (particularly
in microwave plasma CVD growth), significantly influence the phosphorus concentration
within grown films [44].

Furthermore, it suggests that the efficiency of phosphorus incorporation can vary
between different growth techniques and experimental setups. The natural tendency for
incorporation efficiency to diminish when higher concentrations of phosphorous are present
in the gas phase could also be influenced by more than just solubility limitations. Factors
such as changes in the plasma conditions, or the formation of phosphorous clusters which
are not possible to incorporate into the diamond lattice, may also play a role [24].

In comparison to conventional semiconductor dopants, diamond has remarkably high
activation energies. Hence, the ionisation of such deep dopants must be considered fully in
any diamond device that utilises phosphorous donors.

3.3.3. Incomplete Ionisation

At thermal equilibrium, the electron and hole contributions to current flow across a
junction are equivalent, resulting in a constant Fermi level across such a junction. With
this condition, the Poisson equation for anisotropic materials, determining the electrostatic
potential ψ can be simplified [41]:

(3.2)

n+N−
a = p+N+

d (3.3)

where n and p are the electron and hole concentrations respectively, N−
a gives the concen-

tration of ionised acceptors and N+
d is the concentration of ionised donors. This is then

solved with the mass action law:

n ·p= n2
i (3.4)

where ni is the intrinsic carrier concentration. Then, the equilibrium electron or hole
concentration in an n or p-type material respectively is given by [41]:

n= 1
2 ·
(
N+

d −N−
a +

√(
N+

d −N−
a

)2
−4n2

i

)
(3.5)

p= 1
2 ·
(
N−

a −N+
d +

√(
N+

d −N−
a

)2
−4n2

i

)
(3.6)
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The concentration of ionised impurity atoms is given by a steady-state Gibbs distribution
as in [15]:

N+
d = Nd

1+gd · n
n1

(3.7)

with:
n1 =Nc · exp

{
−Ec −Ed

k ·T

}
(3.8)

or:
N+

a = Na

1+ga · p
p1

(3.9)

with:
p1 =Nv · exp

{
−Ea −Ev

k ·T

}
(3.10)

where Nd,a are the substitutional and hence active dopant concentrations of donors and
acceptors respectively. The ground state degeneracy factor for the donor impurity level in
diamond gd = 2, since a donor level can accept one electron with either spin, or have no
electron at all [14]. The ground state degeneracy factor for acceptor levels is ga = 4 as
each acceptor impurity level can accept a hole of either spin, with a doubly degenerate
impurity level as a result of the two degenerate valence bands at k⃗ = 0.

It can also be more convenient to express the ionisation fraction in terms of the carrier
concentrations, instead of the relevant quasi-Fermi levels. Taking the Fermi-Dirac statistics
form of the carrier concentrations, rather than the Maxwell-Boltzmann form, simply adds
the γn,p parameter:

n2 =Ncγn · exp
{

−
Ec −Ef

k ·T

}
(3.11)

p2 =Ncγp · exp
{

−
Efp −Ev

k ·T

}
(3.12)

In the non-degenerate limit, the Fermi-Dirac distribution gives the Maxwell-Boltzmann
distribution and γn,p = 1 [67]. This can be used to define the relevant quasi-Fermi levels
as:

Efn = kT ln n

γnNc
+Ec (3.13)

Efp = −kT ln n

γpNv
+Ev (3.14)

with the resulting fraction of ionised carriers given in the form:

N+
d

Nd
= 1

1+ gdn
γnNc

exp
{

∆Ed
kT

} (3.15)

N+
a

Na
= 1

1+ gap
γpNv

exp
{

∆Ea
kT

} (3.16)
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Figure 3.5 The number of active carriers according to the thermal ionisation equation with a
donor energy level of 0.6 eV

F where ∆Ed =Ec −Ed and ∆Ea =Ea −Ev. The results of this equation for phosphorous
are shown in figure 3.5. At room temperature with a phosphorous concentration of 1×1020

cm−3, the active carrier concentration can be as low as 5.25×109 cm−3, or 5.25×10−9%
which is also demonstrated in other works with hall effect measurements [54, 59, 28]. At
300◦C this is raised to an active carrier concentration of 5.30×1014 cm−3, or 5.30×10−4%
of the doping concentration. Hence, this will be a significant factor in the sheet resistance
of phosphorous doped diamond.

3.3.3.1. Partly Compensated Donors

Along with the thermal ionisation of donors, it is also important to consider the compen-
sation of donors within diamond. The effective carrier concentration, taking into account
the presence of compensating acceptor states, can be given with the following equation:

n(NA +n)
ND −NA −n

= NC

gd
exp

{
−Ed

kT

}
(3.17)

where ND,A are the carrier concentrations, k is the Boltzmann constant, T is the tempera-
ture and NC is the effective density of state, expressed in this case as:

NC = 12
(

2πm∗
ekT

h2

)3/2
(3.18)

66



3.4 Linear Transfer Length Method (TLM) and Richardson Analysis

where the effective mass of donor electrons m∗ = 0.55me (me) is the mass of a free electron)
and h is the Planck constant.

3.3.4. Ti/Pt/Au Contacts

Sample Batch Thickness (µm) Contacts Characterisation
A 1 0.3 None SIMS
B 1 0.3 None SIMS
C 2 0.3 Ti/Pt/Au - 850◦C 30 mins TLM, AFM
D 2 0.3 Ti/Pt/Au - 600◦C 300 mins TLM, AFM

Table 3.2 A summary of relevant samples for this subsection.

Two samples (C and D) were used for initial TLM characterisation. With the same
growth conditions as for samples A and B, a heavily phosphorous doped surface layer
was grown via MPCVD following the standard cleaning process. In figure 3.6 the final
Ti/Pt/Au structure used for both is shown. The linear TLM structure can be seen on
the lower portion of the sample’s surface. When compared, the sample dimensions were
comparable, with sizes of 3.7 × 3.8 mm for sample C and 3.9 × 4.1 mm for sample D.
The Ti/Pt/Au contacts used were fabricated via electron-beam lithography by Evince
technology in collaboration with the candidate, with nominal thicknesses of 20/20/100
µm respectively. Sample C was annealed at 850◦C for 30 minutes, while sample D was
annealed at 600◦C for 300 minutes, as summarised in table 3.2. Annealing conditions were
chosen such that a shorter, high temperature anneal could be compared to a longer, low
temperature anneal. Crucial to the success of such annealing is the formation of TiC at
the diamond interface [70, 71], which is examined further in section 3.5.4.4, but generally
is observed from temperatures as low as 400 ◦C. This is explored further in section 3.5.3.1,
for further device fabrication.

The surface thicknesses for samples C and D are estimated at 0.3 µm, as while grown in
different batches, the duration of phosphorous growth was consistent between batch 1 and
2, hence the SIMS data for samples A and B may be considered representative for these
subsequent samples.

3.4. Linear Transfer Length Method (TLM) and Richardson Analysis

In this section, the analysis of I-V curves for samples C and D ranging from room
temperature to 300◦C are presented. Due to the phosphorous donor ionisation energy of
around 0.6 eV, there is a very significant temperature dependence. At room temperature,
the smallest channel width on sample C of approximately 3.5 µm drew a current density
of approximately 1.57 × 10−6 Acm−2 when normalised by contact surface area with an
applied potential bias of 10 V. When this data is instead examined via contact width
normalisation, it is in the region of 2.5 pAµm−1 as demonstrated in figure 3.9. While
at 300◦C, this increased to 1.08×10−4Acm−2 or 168 pAµm−1, showing both the strong
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Figure 3.6 Sample B with linear TLM contacts, as seen with an optical microscope. Scale bars
are used for feature size reference.

temperature dependence of phosphorous doped diamond and the low number of active
carriers involved, with contact width normalised current measurements in the region of
pAµm−1.

3.4.1. Ti/Pt/Au I-V Results

The measured current vs. applied voltage characteristics for samples C and D at 21, 150,
and 300 ◦C are presented in this section. The data is plotted over a bias range of ±10 V.
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3.4.1.1. Experimental Error Analysis

Figure 3.7 Linear plot of measured current vs. applied voltage for three channel lengths over a
±1 V bias range at 21 ◦C (Sample C). A cubic spline interpolation, applied to groups of three
data points, is used to provide a smoothed representation of the data.

To examine potential error magnitudes, Figure 3.7 presents a limited bias range of ±1 V
without error bars. The typical calibrated error of the B1500A measurement system is
no greater than 2 pA, with the data predominantly exhibiting noise near 0 V. However,
due to an observed sinusoidal noise pattern with an approximate amplitude of 5 pA, a
conservative worst-case error of 5 pA is applied to all IV plots. The interpolated cubic
spline line is included to visually represent this observed noise behaviour.

3.4.1.2. Normalisation Comparison

The measured current across the linear TLM contacts is examined here, with both the raw
IV characteristics and the IV plots where the current is normalised by the contact width
(50 µm for both sets of contacts on samples C and D). The normalised current density,
based on the surface area of the linear contacts, is further analysed in Section 3.4.2 for
additional comparison.
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Figure 3.8 Linear plot of measured current vs. applied voltage for all channel lengths at 21 ◦C
(Sample C).

Figure 3.8 presents the room-temperature IV characteristics of Sample C across all
LTLM channels. The observed current reflects the influence of both the sheet resistance
and the contact resistance to the highly phosphorus-doped diamond.

Figure 3.9 Linear plot of normalised current vs. applied voltage for all channel lengths at 21 ◦C
(Sample C).
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Figure 3.9 presents the normalised room-temperature IV characteristics of Sample C
across all LTLM channels. Since the contact width (250 µm) is constant for all contacts,
the trends closely follow those in Figure 3.8. The normalised current reaches a peak of
approximately 2.6 pAµm−1.

Figure 3.10 Linear plot of measured current vs. applied voltage for all channel lengths at 21 ◦C
(Sample D).

Figure 3.10 presents the room-temperature IV characteristics of Sample D across all
LTLM channels. As with Sample C, the high sheet resistance results in currents in
the pA range. However, this sample features a slightly narrower channel length of 2.8 µm
and exhibits a highly non-linear trend over this voltage range for the smallest channel.
Note that the channel lengths are different to that of sample C, due to variation in the
photolithographic process despite the same photomask and process being used by the
industrial partner Evince technology in their fabrication. The channel lengths as measured
via AFM are used in place of the designed channel length, to better reflect the fabricated
contacts.
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Figure 3.11 Linear plot of normalised current vs. applied voltage for all channel lengths at
21 ◦C (Sample D).

Figure 3.11 presents the normalised room-temperature IV characteristics of Sample D
across all LTLM channels. Given the constant contact width (250 µm) across different
channel lengths, this figure further reinforces the consistency between the raw and nor-
malised IV data in this second linear TLM experiment. The peak normalised current for
sample D is approximately 3.4 pAµm−1.

These normalised IV results confirm the very high total resistances measured in the
linear TLM experiments, consistent with the raw IV data. The fact that the contact
width is constant across all measurements ensures that the linearity observed in the raw
IV data is preserved in the normalised plots. Consequently, the inclusion of contact width
does not affect the assessment of linearity in IV data and can be considered secondary
for comparison purposes. Instead, a key consideration for TLM analysis is the extent of
non-linearity in the IV characteristics at higher voltages, as significant deviations from
linear behaviour compromise the reliability of extracted resistance values. This aspect will
be examined further in Section ??.

3.4.1.3. Higher Temperature IV Results

This section presents additional raw IV data from linear TLM samples C and D, illustrating
the fundamental transport properties of these devices. These measurements provide the
basis for further TLM analysis and interpretation.
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Figure 3.12 Linear plot of measured current vs. applied voltage for all channel lengths at
150 ◦C (Sample C).

Figure 3.12 presents the IV characteristics of Sample C at 150 ◦C, showing a reduction
in resistance compared to the room-temperature case. While the overall current remains
low, this trend is indicative of a semiconducting channel with thermally activated carriers.

Figure 3.13 Linear plot of measured current vs. applied voltage for all channel lengths at
150 ◦C (Sample D).
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Similarly, Figure 3.13 shows that Sample D follows the same general trend at higher
temperatures, with reduced resistance as expected for a thermally activated transport
mechanism.

Figure 3.14 Linear plot of measured current vs. applied voltage for all channel lengths at
300 ◦C (Sample C).

Figure 3.14 presents the highest temperature measurement for Sample C at 300 ◦C.
Although the data appears linear, the current remains very low, and this apparent linearity
may be deceptive.
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Figure 3.15 Linear plot of measured current vs. applied voltage for all channel lengths at
300 ◦C (Sample D).

Figure 3.15 presents the 300 ◦C IV characteristics of Sample D. While similar to Sample
C, the narrower channel spacing in Sample D consistently exhibits more pronounced
non-linearity, suggesting Schottky-like behaviour at higher potential biases. To investigate
this further, additional high-bias measurements were performed for Sample D, though
similar measurements were not conducted for Sample C.

In conclusion, the increase in temperature from room temperature to 300 ◦C demonstrates
the expected semiconducting "freeze-out" behaviour of highly phosphorus-doped diamond
[62], with a greater number of thermally activated donor states in accordance with
theoretical expectations (see Section 3.3.3). A key feature of the raw and normalised IV
data is the observed non-linearity, particularly in the smallest channel of Sample D. Since
linearity is a fundamental requirement for the valid application of the linear TLM method,
this aspect is examined in detail in the following section.

3.4.1.4. Linearity of Raw IV data

This section presents the ±50 V IV data for Sample D at room temperature and 300 ◦C.
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Figure 3.16 Linear plot of measured current vs. applied voltage for all channel lengths at 21 ◦C
(Sample D).

Figure 3.16 presents the room-temperature IV characteristics of Sample D over a bias
range of ±50 V. A clear transition is observed: while the lower-bias region appears linear,
at higher biases the IV trend becomes strongly non-linear, resembling a Schottky-like
response across all channel lengths. This behaviour may be directly related to the different
annealing conditions used for Sample D (600 ◦C for 300 minutes) compared to Sample C
(850 ◦C for 30 minutes).

This is despite the contacts being composed of conventionally "Ohmic" forming metals
(Ti/Pt/Au), with annealing at 600 ◦C having been shown to induce TiC formation in
similar studies of heavily phosphorus-doped diamond [26, 27, 30, 70]. However, more recent
investigations into TiC formation suggest that the standard surface cleaning procedure
employed by the industrial partner in this experiment may have been inappropriate.
Specifically, the use of an oxygen plasma processing step could have prevented effective
TiC formation, even at temperatures as high as 900 ◦C [25].
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Figure 3.17 Linear plot of measured current vs. applied voltage for all channel lengths at
300 ◦C (Sample D).

Figure 3.17 presents the highest-temperature IV data for Sample D over the ±50 V
bias range. The trend of decreasing resistance at higher temperatures continues, while the
increased bias range reveals clear Schottky-like behaviour in the Ti/Pt/Au contacts after
annealing.

While this result suggests that a higher annealing temperature may improve Ohmic
contact formation, as observed in Sample C, the limited bias range for that sample prevents
a direct comparison. This restriction in potential bias during the experimental procedure
was due to time constraints, as the industrial partner required the sample for further
testing. It is possible that Sample C would also exhibit Schottky-like behaviour at 50 V,
highlighting the importance of carefully selecting bias ranges in LTLM analysis. The
conventional approach to this issue is to focus on the lower-voltage region of the IV curve,
where linearity is most apparent. However, this introduces a practical limitation: at very
low currents (in the pA range), measurement errors become significant, as discussed in
Section 3.4.1.1. Thus, for these highly resistive samples, it is desirable to select IV data
that demonstrates high linearity while also maintaining a substantial potential bias.

3.4.2. Ti/Pt/Au J-V Results

This section presents the current density vs applied voltage plots for samples C and D at
temperatures of 21, 150, and 300◦C. The bias range used is ±10 V. Error bars representing
a current error of 1 pA, are included in all plots. Data points have been processed using a
running average over three consecutive points.
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Figure 3.18 A log-linear plot of the measured current density against applied voltage for all
channel lengths at 21◦C (sample C).

Figure 3.19 A log-linear plot of the measured current density against applied voltage for all
channel lengths at 21◦C (sample D).
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Figure 3.20 A log-linear plot of the measured current density against applied voltage for all
channel lengths at 150◦C (sample C).

Figure 3.21 A log-linear plot of the measured current density against applied voltage for all
channel lengths at 150◦C (sample D).
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Figure 3.22 A log-linear plot of the measured current density against applied voltage for all
channel lengths at 300◦C (sample C).

Figure 3.23 A log-linear plot of the measured current density against applied voltage for all
channel lengths at 300◦C (sample D).
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3.4.2.1. Analysis of J-V Data

In figures 3.18–3.23, the measured current characteristics as converted into current density
measurements are plotted. While most of these plots are quite natural given the prior IV
figures, figure 3.23 in particular is noteworthy due to the off centre dataset for the largest
channel size. During high-temperature testing of sample D, the electrical characteristics
indicated a significant short in the system. Upon investigation, it was discovered that
a large flake of the deposited metal had detached from the diamond surface and come
into contact with one of the electrical probes during the test procedure. Consultations
with Evince Technology indicated that poor adhesion may be a common problem when
annealing times significantly exceed 30 minutes. Therefore, the electrical data presented
here is that which was measured prior to the flake delamination. The off centre data of
figure 3.23 indicates a large error in the system, which is highly likely to be the onset of
issues due to delamination.

Otherwise, these current density plots show a few clear trends, such as sample D
consistently showing higher current densities than sample C across the ±10 V range. Both
samples generally show a clear dependence of the measured current density on the channel
widths, indicating higher resistances for increased channel lengths, and the samples show
a clear increase of measured current as a function of the temperature, indicating the
reduction of resistance via ionisation of deep donors as predicted for phosphorous doped
diamond. The same trends can be seen in the linear I-V plots from the previous section.
The highest temperature ±50 V JV plot of sample D is included for a final comparison
with the higher voltage region. Note that in all current density plots, error bars are plotted
as calculated from the error on current measurements, previously described in section
3.4.1. They are most visible in the low voltage, low current density regions, and highlight
the difficulty in interpreting very low voltages for these devices.
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Figure 3.24 A log-linear plot of the measured current density against applied voltage for all
channel lengths at 300◦C (sample D).

Figure 3.24 shows this final comparison of J-V data for a ±50 V range. The slight offset
in the highest channel length indicating a delamination error is difficult to pick out at this
scale, with no other significant trends visible at the higher voltage range. Generally, this
represents a double Schottky behaviour well.

3.4.3. Richardson Plots

The operating current for an ideal Schottky diode under a forward bias where qV > 3kT ,
based on the thermionic emission of electrons, is given by [67] as:

I = Is exp{qV/nkT} [1− exp{−qV/kT}] (3.19)

Where Is is the saturation current, q is the elementary charge, V is the applied voltage, n
is the diode ideality factor, k is the Boltzmann constant and T is the temperature. In this
ideal case, the carrier conduction in a forward bias is dominated by the thermal emission
of carriers from the semiconductor over a spatially homogenous barrier into the metal.
This equation can be rearranged into a format that allows for linear analysis:

ln I

1− exp{(−βV )} = βV

n
+lnIs (3.20)

Here, β = q
kT . The saturation current Is is given by:

ln Is

AT 2 = −q
ϕBeff

kT
+lnA∗

eff (3.21)
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Where A∗
eff is the effective Richardson constant, A is the area of the Schottky contact and

ϕBeff is the effective barrier height. The Richardson constant, A∗, which characterises the
thermionic emission process, arises from the Richardson-Dushman equation for thermionic
emission [67].

In practice, A can vary for different materials. For instance, in polycrystalline metals,
A can range from about 32 Acm−2 K−2 to 160 Acm−2 K−2 and can vary even more widely
for oxide and composite surfaces. The theoretical value of the Richardson constant is given
by:

A∗ = 4πqk2m∗

h3 (3.22)

where m∗ is the effective electron mass and h is Planck’s constant. The effective electron
masses within phosphorous doped diamond are taken to be m⊥ = 0.306m0 and m∥ = 1.81m0,
from Gheeraert et al. [18] who determined the masses via infrared absorption spectroscopy
of phosphorous doped films. For further discussion on the background of the effective
electron masses in phosphorous doped diamond, see section 2.2.7.1.

Figure 3.25 A conventional Richardson plot for the various channel widths tested (Sample C,
10V range).

To examine the method of electron emission from the contacts, a conventional Richardson
plot is shown in figures 3.25 and 3.26 for a constant bias range of ±10 V. By fitting a linear
relationship to these data, as according to equation 3.20, the average Schottky barrier
height for samples C and D is extracted to be 0.161 eV and 0.150 eV, with a standard
deviation of 5.56 meV and 38.6 meV, respectively. The exact results determined from the
best-fit linear lines are shown in tables 3.3 and 3.4.

83



Metal Contacts to Phosphorous Doped Diamond

Channel (µm) Barrier (eV) A∗eff (Acm−2 K−2) R2

3.529 0.1515 3.92e-09 0.9888
5.064 0.1565 3.12e-09 0.9892
6.949 0.1576 2.46e-09 0.9884
8.947 0.1599 2.07e-09 0.9918
10.720 0.1595 1.73e-09 0.9865
12.890 0.1709 2.29e-09 0.9889
14.930 0.1669 1.73e-09 0.9876
16.970 0.1615 1.15e-09 0.9900

Table 3.3 Extracted parameters from the Richardson plot for sample C at 10 V.

Figure 3.26 A conventional Richardson plot for the various channel widths tested (Sample D,
10 V range).

One observation from these data is that sample C displays a relatively constant barrier
height, regardless of the channel length, while sample D shows a proportionality between
the channel length and the effective barrier height. This could be due to the difference
in the smallest channel sizes. While both sets of metal contacts were formed with the
same shadow mask in the process of metal deposition via photolithography, the as formed
contacts had a measurably different channel length at the smallest scales. The smallest
channel measured by AFM in sample C was ∼ 3.5 µm, while sample D had a channel
length of ∼ 2.8 µm. A visual comparison of the barrier heights extracted for both samples,
over the full range of channel lengths and for differing potential biases in the case of sample
D is provided in figure 3.28a. The channel length may have influenced the extracted
barrier height due to factors such as metal edge roughness, which could locally modify
the electric field, particularly in the smallest channels. This may introduce field-enhanced
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Channel (µm) Barrier (eV) A∗eff (Acm−2 K−2) R2

2.803 0.1639 8.08e-09 0.9799
4.862 0.1789 2.65e-09 0.9757
6.945 0.1806 1.90e-09 0.9739
9.029 0.1809 1.46e-09 0.9725
11.110 0.1780 1.16e-09 0.9679
13.150 0.1765 8.86e-10 0.9603
15.130 0.2272 4.11e-09 0.8324

Table 3.4 Extracted parameters from the Richardson plot for sample D at 10 V.

Figure 3.27 A conventional Richardson plot for the various channel widths tested (Sample D,
50 V range).

emission effects, leading to deviations from the expected LTLM trends. Such effects would
also manifest as variations in the extracted Richardson constant, suggesting additional
transport mechanisms beyond simple thermionic emission [21, 49].

Further analysis is provided by figure 3.27 and table 3.5, in which the 50 V measurements
as processed in a Richardson plot are summarised. The effective Schottky barrier height
as observed in this case is significantly lower than for the 10 V measurements, reducing
from ∼ 0.150 eV to ∼ 0.082 eV for the shortest channel spacing of ∼ 2.8 µm. This is
most likely due to image force barrier lowering of the Schottky contacts [58, 67]. This is
also a natural consequence of equation 3.21, as the barrier height is dependent upon the
measured current, but the derivation extends from the classical point charge derivation
of image force effects for a metal contacting a semiconductor. Section 2.4.1 contains a
further exploration of the image force effect and how this reduces the Schottky barrier to
thermionic emission for differing electric field strengths.
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Channel (µm) Barrier (eV) A∗eff (Acm−2 K−2) R2

2.803 0.0824 3.49e-08 0.9670
4.862 0.1265 1.24e-08 0.9729
6.945 0.1425 8.95e-09 0.9731
9.029 0.1539 7.09e-09 0.9727
11.110 0.1567 5.77e-09 0.9710
13.150 0.1681 4.86e-09 0.9651
15.130 0.2200 2.14e-08 0.8304

Table 3.5 Extracted parameters from the Richardson plot for sample D at 50 V.

(a) The measured values for the barrier heights as a
function of the linear TLM channel length.

(b) The measured values for the Richardson constant
as a function of the linear TLM channel length.

Figure 3.28 (a) Effective barrier height vs. linear TLM channel length demonstrating that there
are different observed barrier heights as a function of channel length, due to additional current
transport effects. (b) Effective Richardson constant vs. linear TLM channel length, showing that
the non-constant barrier height may be due to the addition of field-effect emission processes.

Additional complexity may be considered as a result of the "low-temperature" nature of
the diamond in the temperature range studied here. This may introduce a temperature
dependency for the barrier height, which can be written as [58]:

ϕB(T ) = ϕB(0)− ξT (3.23)

where ξ is a proportionality constant. Given the good linear fits overall for the Richardson
plots, this is not considered any further, but it remains as a possible complicating factor
in these results.

The smallest channel of sample D at 50 V bias presents an effective barrier height
of ∼ 0.08 eV, while the largest channel was ∼ 0.22 eV. Similarly, there is an inverse
proportionality between the channel length and the observed Richardson constant for both
samples, with sample C’s Richardson constant consistently an order of magnitude lower
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than sample D. This is represented visually in figure 3.28, as the relationship between the
effective Richardson constant and the channel length for all data is quite complex.

3.4.4. TLM Results

Figure 3.29 Sample C - the channel spacing vs measured total resistance for all temperatures
(±10 V).

Figure 3.30 Sample C - the channel spacing vs log scale measured total resistance for all
temperatures (±10 V).
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T◦C Rsh (Ω/□) ρs (Ω · cm) ρc (Ω · cm2) R2

21 1.10×10+12 1.32×10+08 4.72×10+05 9.95×10−01

50 6.33×10+11 7.60×10+07 2.51×10+05 9.93×10−01

100 2.30×10+11 2.76×10+07 1.88×10+05 9.91×10−01

150 9.44×10+10 1.13×10+07 1.21×10+05 9.49×10−01

200 4.35×10+10 5.22×10+06 5.81×10+04 9.64×10−01

250 2.28×10+10 2.74×10+06 3.06×10+04 9.69×10−01

300 1.16×10+10 1.39×10+06 2.43×10+04 9.28×10−01

Table 3.6 The summarised extracted parameters via LTLM on sample C for a 10 V range.

Table 7.2 presents the summary of LTLM analysis for sample C. At room temperature,
a specific contact resistivity of 472 kΩcm2 is observed, reducing to 24.3 kΩcm2 at 300◦C.
This is paired with a phosphorous doped diamond resistivity ranging from 132 MΩcm to
1.39 MΩcm.

Figure 3.31 Sample D - the channel spacing vs measured total resistance for all temperatures
(±10 V).
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Figure 3.32 Sample D - the channel spacing vs log scale measured total resistance for all
temperatures (±10 V).

T◦C Rsh (Ω/□) ρs (Ω · cm) ρc (Ω · cm2) R2

21 4.12×10+12 4.94×10+08 6.91×10+06 9.84×10−01

50 2.53×10+12 3.04×10+08 4.77×10+06 9.89×10−01

100 9.58×10+11 1.15×10+08 1.93×10+06 9.93×10−01

150 3.60×10+11 4.32×10+07 6.55×10+05 9.92×10−01

200 1.50×10+11 1.81×10+07 2.53×10+05 9.92×10−01

250 6.90×10+10 8.28×10+06 1.10×10+05 9.93×10−01

300 2.94×10+10 3.53×10+06 3.42×10+04 9.84×10−01

Table 3.7 The summarised extracted parameters via LTLM on sample D for a 10 V range.

Table 7.3 presents the summary of LTLM analysis for sample D. At room temperature,
a specific contact resistivity of 6910 kΩcm2 is observed, reducing to 34.0 kΩcm2 at 300◦C.
This is paired with a phosphorous doped diamond resistivity ranging from 132 MΩcm to
1.39 MΩcm.

3.4.5. XPS Analysis

Further to the SIMS analysis of films grown for one hour, X-Ray Photo-electron Spec-
troscopy (XPS) measurements were performed on a sample that had been used for a four
hour deposition of highly phosphorous doped material. This is sample E in table 7.1.
An additional sample included in this batch of doped diamond growth was then used
for circular-TLM measurements, to compare highly phosphorous doped diamond films
grown in as close to identical conditions as possible. The growth duration was chosen to
be 4 hours based on the previous observation via SIMS of a growth rate of 0.3 µmh−1,
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with the aim being the production of a ∼ 1 µm thick surface layer. This would ensure
that any conduction measured through the phosphorous doped diamond film would be
comparable to other work in this area, with conduction through a doped layer on the scale
of hundreds of nanometres, implying a bulk conduction process rather than any surface
transfer doping [10, 48]. Note, that for all data presented here, the XPS data comes from
just below the sample surface. This is due to an original planned experiment of depth
profiling, hence ion beam bombardment was used to etch away the diamond surface and
attempt to etch through the phosphorus doped surface layer. However, it was observed
that despite a predicted depth of 3 µm being reached, no change in the XPS spectra was
observed beyond the initial change from surface characterisation and then the cleaned,
sub surface characterisation. This was backed up by AFM and attempts to resolve the
depth of the etched region via optical profilometry failing to measure any etched region in
the diamond surface. Hence, the sub-surface spectra are presented without depth profiling
attempted, with the observation from additional characterisation that the "sub-surface"
spectra may only represent a clean diamond surface spectra.

Figure 3.33 XPS - The C1s scan range.

In figure 3.33, the XPS data taken for the theoretical C1s peak region are shown. Note
that the counts per second (CPS) for the peak closely correlating with the sp3 C1s 284.8 eV
peak [16] is at around 14×104 CPS. The slight side peak visible can be decomposed to
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reveal that it is centred very closely to the sp2 binding energy of 284.2 eV, indicating a
significant degree of amorphous carbon in the phosphorous doped diamond surface layer
[16].

Figure 3.34 XPS - The P2p scan range.

Figure 3.34 shows the XPS data taken for the binding energy region corresponding to
the C-P bond of 132.6 eV and the P-O bond of 133.6 eV [79]. While these data are difficult
to decompose, the order of magnitude for CPS due to phosphorous bonds can be read as
approximately 680 CPS. As the scale of CPS with these datasets is calibrated prior to the
measurements being taken, these CPS measurements can be taken as a relative scale of
carbon to phosphorous atomic concentrations. There is a factor of 200 difference between
the P2p peak shown here and the C1s peak observed in figure 3.33. Hence, it is observed
that there is approximately a concentration of 0.5% phosphorous within the crystal lattice.
Given the density of carbon atoms within the crystal lattice is 1.76×1023 atcm−3, it is
estimated that there is a phosphorous concentration of up to 8.8 × 1020 atcm−3 in the
surface of this sample. This can be interpreted as an upper bound estimate. Comparison
of the integrated areas below the peaks indicates that the true estimate based on this data
is closer to 1.4×1020 atcm−3, which is very similar to that observed via SIMS analysis on
a different sample.
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3.5. Circular Transfer Length Method (CTLM)

3.5.1. CTLM Theory

Figure 3.35 The CTLM structure as used in this work.

Generally, given equal sheet resistivities under the metal contacts and within the channel
spacing, total resistance in CTLM is given by [3]:

RT = Rsh
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where Rs is the sheet resistance of the semiconductor layer and LT is the transfer length
(discussed in section 2.1.3.1), I and K are used in this case to denote the modified Bessel
functions of the first order [55, 47]. Also note that in this equation, the radius of the
central contact is denoted as L for consistency with source literature, rather than r, as will
be used later. When the radius L >> d, the Bessel function ratios of I0

I1
and K0

K1
tend to

unity and RT takes the form [58]:

RT = Rsh

2π

[
LT

L
+ LT

L+d
+ln

(
1+ d

L

)]
(3.25)

Then, given sufficient sizes of circular contacts such that L>> d, this equation is further
simplified into:

RT = Rsh

2πL(d+2LT )C (3.26)

92



3.5 Circular Transfer Length Method (CTLM)

where C is a correction factor introduced to account for non-linearity at increasing
channel spacings in the resulting RT vs d plotting [9], defined as:

C = L

d
ln
(

1+ d

L

)
(3.27)

However, instead of assuming L >> d, as this is rarely the case for small contact
geometries, the correction factor can instead be incorporated directly into the general
equation. While original circular methods used a constant outer radius and variable inner
radius [58, 35], usage of a constant sum of inner L= r1 and outer (L+d) = r2 radii can
be used to rewrite the general form of RT .

RT = Rsh

2π

(
LT

( 1
r1

+ 1
r2

)
+ln r2

r1

)
(3.28)

As noted in previous work by Kato et al. [31, 30], this can hence be rearranged to form
a direct linear function of total resistance. This is done by considering the definition of
transfer length LT =

√
ρc

Rsh
. When the inner and outer electrode radii r1 + r2 are constant,

depicted by figure 3.35, the inner radius can be written as:

r1 = r0 − d

2 (3.29)

and the outer radius similarly is given by:

r2 = r0 + d

2 (3.30)

allowing for the total resistance RT between circular electrodes to follow a linear
relationship to the spacing (d) of said electrodes:

d= r2 − r1 (3.31)

With these definitions, the general equation is rewritten as:

RT = Rsh

2π

(
LT

(
1

r0 − d
2

+ 1
r0 + d

2

)
+ln r2

r1

)
(3.32)

this is rearranged and uses a Taylor series expansion to obtain the approximation:

RT ≈ Rsh

2πr0
(2LT +d) (3.33)

which can also be written in the linear slope-intercept form y =mx+ c:

RT = Rsh

2πr0
d+ LTRs

πr0
(3.34)

allowing for the linear fitting of measured RT for different spacings d to extract the
gradient of m= Rsh

2πr0
and intercept of c= LT Rs

πr0
. By utilising the relationship of transfer
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length to specific contact resistivity and sheet resistance it can then be derived that the
specific contact resistivity is given by:

ρc = c2πr0
2m (3.35)

Hence, by using the geometry constant r0, it is possible to use a linear plot of RT against
channel spacing d to derive the sheet resistance and specific contact resistivity. There
are several advantages to this methodology over LTLM in the case of phosphorous-doped
diamond. First and foremost is the primary motivation for circular TLM structures: the
removal of the error caused by current flow around the contact edges in cases where the
LTLM contacts are not as wide as the substrate surface itself. In the absence of isolation
(e.g., mesa etching), this error is exacerbated as current can flow around the contacts
rather than through the intended channel. This error is further increased as ρc decreases
or Rsh increases [45].

One of the key advantages of CTLM theory over LTLM is that of simplicity in fabrication.
LTLM structures rely primarily upon etching of material to form "mesa steps," which
then prevent the leakage of current around the channel formed between adjacent contacts.
While this has been performed for diamond characterisation via inductively coupled plasma
etching (ICP) [13], it is also common practice to instead rely upon alternative geometric
structures, such as circular contacts, which do not allow for leakage current to flow around
the specified channels. With two concentric rings as electrical contacts, the channel length
between any two nearest points of the contacts remains that of the intended channel length,
with no fringe effect paths available.

Spacing d= r2 − r1 µm r2 + r1 µm r2 µm r1 µm
2 100 51 49
4 100 52 48
6 100 53 47
8 100 54 46
10 100 55 45
12 100 56 44
14 100 57 43
16 100 58 42
18 100 59 41

Table 3.8 Design of CTLM

3.5.2. Double Schottky CTLM

Further to the general CTLM theory, special consideration must also be given to the
double Schottky nature of these contacts, due to the Fermi-level pinning of metal contacts
on the diamond surface. This phenomenon occurs because the Fermi level of the metal
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aligns with a fixed energy level in the diamond, creating a Schottky barrier regardless
of the metal’s work function. As discussed further in section 3.5.4.4, this maintains a
Schottky barrier despite careful selection of metal work functions and carbide formation via
annealing. In many early publications which examine this topic in the case of phosphorous
doped diamond and the formation of metal contact to such substrates, the voltage ranges
examined are large enough to significantly reduce the impact of this barrier on a typical
IV plot. It is only in the lower voltage ranges, where the specific contact resistivity is a
significant parasitic power draw, that these Fermi-level pinned Schottky barriers produce
a large effect.

When the resulting double Schottky structure is applied to CTLM theory, the contact
resistance Rc includes a nonlinear term RN and the conventional linear term of RL. This
can also be expressed as the nonlinear voltage VN . Expressed as a function V of the
current I:

V (I) =RCI+RbulkI =RLI+VN (I)+VN (−I)+RbulkI (3.36)

where Rbulk =Rsh
d

2πr0
is the bulk resistance of the doped semiconductor layer (representing

the resistance of the diamond substrate itself) and the term RL =Rsh
2LL
2πr0

with LL coming
from the linear contribution to the transfer length. The transfer length LL represents the
distance over which the current transitions from the metal contact to the semiconductor.
The expressions of VN (I) or VN (−I) give the voltage applied to both the forward and
reverse side interfaces respectively. Under a low bias, both the forward and reverse currents
will be limited by that of the Schottky barriers. With heavy doping, a reverse current
will flow even in the low voltage range, as well as a forward current. This is due to the
tunneling effect, which becomes significant in heavily doped semiconductors. The IV
characteristics of a TLM experiment can then be measured as a function of d with:

V (I,d) = 2LLRshI

2πr0
+VN (I)+VN (−I)+ Rshd

2πr0
I (3.37)

To include the nonlinear terms such as VN (I), a constant current I0 condition can be
used to separate the bulk resistance and contact resistance. This approach simplifies the
analysis by fixing the current and observing the voltage response. Hence, the contact
voltage as defined by the first three terms in equation 3.37, can be specified as independent
of the spacing d. The total resistance as a function of constant current (I = I0) and spacing
is then defined thusly:

RT (I0,d) = V (I0,d)
I0

= 2LLRsh

2πr0
+ VN (I0)+VN (−I0)

I0
+ Rshd

2πr0
(3.38)

From this equation, plotting the total resistance as a function of d for specific I0 will
reveal the contact resistance RL+N (I0) and transfer length LL+N , including linear and
nonlinear parts, from the slope and the d-intercept respectively. The slope of the plot
corresponds to the bulk resistance, while the intercept provides information about the
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contact resistance. This is also expressed as:

RL+N (I0) = 2LL

Rsh2πr0
+ VN (I0)+VN (−I0)

I0
(3.39)

2LL+N = 2πr0RL+N (I0)
Rsh

(3.40)

which can then be related in the general TLM formula to the specific contact resistivity:

ρc(I0) =RshL
2
L+N (3.41)

where the voltage VC applied to both electrodes of the TLM structure can be described
similarly as a function of I0:

VC(I0) =RL+N (I0)I0 (3.42)

Generally, it is possible to ignore the nonlinear terms of VN (I) and VN (−I) as they
are significantly smaller than the linear term VL = RLI for ohmic contacts to standard
semiconductors. However, in the case of phosphorous doped diamond with Fermi-level
pinned Schottky barriers present for both electrodes in the TLM structure, the Schottky
(non-linear) terms cannot be ignored. This is because the Schottky barriers dominate the
current-voltage characteristics at low voltages, making the nonlinear terms critical for
accurate analysis.

3.5.3. Ti/Au Contacts

(Sample F from table 7.1 - for reference.) In this study, Titanium/Gold (Ti/Au) CTLM
contacts were fabricated by the candidate to allow for more direct comparison of these
contacts with that of the literature quoted values. The substrate used for the experiment
was a mechanically polished, high-pressure high-temperature (HPHT) diamond sample
similar to that used for the LTLM contacts, with an orientation of 111 and dimensions
of approximately 2 mm in width/length and 0.5 mm in depth. A homoepitaxial heavily
phosphorous doped layer was grown on this substrate with the same recipe as for the two
previous TLM samples (C and D), however the growth duration was increased to 4 hours,
allowing for a thicker surface layer of approximately 1.2 µm to be grown. Samples E and
G were also included in this same growth phase, and sample E was previously used in XPS
measurements to confirm that despite the longer growth time, the surface layer maintained
the previously established concentration of phosphorous at around 1×1020cm−3.

The Ti/Au contacts were structured in a circular Transfer Length Method (TLM)
configuration as previously outlined. Standard photolithography was performed, with
e-beam deposition of 30 nm/100 nm Ti/Au followed by a lift off process using N-Methyl-
2-pyrrolidone. All lithography in this work was performed by the candidate at Newcastle
University. The resulting structure is shown in figure 3.36. The full lithography mask
was designed to replicate the pattern used in [30] and [46], with channel spacings in
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Figure 3.36 Sample F, as seen under a wide-field optical microscope following photolithography.

the range of 2–18 µm. Additional contacts were intended to be present for Hall-effect
measurements, however significant edge bead issues with the photolithography process
resulted in a sub-optimal resulting metal pattern. This also resulted in an overall lower
resolution of effective feature sizes, with the smallest channel spacing (of the contacts
that were suitably circular, with minimal defects) observed to be approximately 13 µm,
rather than the intended 2 µm. Hence, the experimental range of channel lengths was
between 13–30 µm as measured via AFM characterisation as detailed in the following
sections, for channels that were visually observed via optical microscopy to be of high
quality relative to the contacts available for usage. This was determined primarily upon
the circularity of the contacts, with contacts that had significant sharp edges determined to
be difficult to use in a CTLM experiment. Following preliminary electrical measurements,
the contacts were annealed at a temperature of 500 degrees Celsius in high vacuum for
10 minutes. This annealing temperature was selected based on a review of the literature,
with temperatures both above and below 500 ◦C being a common choice for annealing
Ti/Au contacts. Please see section (come back here, theory section on annealing) for more
information on annealing conditions.

Of crucial importance for CTLM methodology is the exact determination of channel
length, and the sum of radii. To examine these quantities as patterned on sample F, AFM
characterisation was performed by the candidate, at Newcastle University.
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Figure 3.37 The circular contacts used in electrical characterisation on sample F, as seen under
an optical microscope during pre-annealing testing.

Figure 3.37 provides a view of the circular contacts as seen during preliminary electrical
characterisation. Contacts used for the following CTLM sections are labelled according
to their relative grid positions. Six contacts in particular were chosen to provide a good
range of channel spacings, with all six presenting a good circular inner contact geometry
when examined via AFM, as shown in the following section of AFM imaging.

3.5.3.1. Annealing Temperature Selection and Rationale

In selecting the optimal annealing temperature for the formation of Ti/Au contacts on
phosphorous-doped diamond, various studies were reviewed, each investigating different
growth conditions, techniques, and parameters.

Author Year Temperature (◦C) Time Atmosphere Metals Used
Koizumi [38] 1997 600 5 min Vacuum Ti
Teraji [70] 2000 600 10 min Vacuum Ti/Au
Suzuki [66] 2004 700 10 min N2 Ti/Pt/Au
Kato [30] 2009 420 30 min Ar Ti/Pt/Au

Matsumoto [46] 2014 420 30 min Ar Ti/Pt/Au
Grotjohn [20] 2014 700 60 min - Ti/Pt/Au

Wang [74] 2022 420 10 min Ar Ti/Pt/Au
Valappil [73] 2023 450 15 min Ar Ti/Mo/Au

Table 3.9 Annealing Conditions for Various Studies

Table 3.9 provides a summary of the annealing conditions used for ohmic contact
formation via the generation of a TiC interface for several relevant papers. Also, the two
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LTLM samples of annealing conditions 850◦C for 30 minutes and 600◦C for 300 minutes
must also be considered. Based on the delamination issues, and the lack of clear ohmic
contacts with the high temperature LTLM devices, a slightly lower temperature of 500◦C,
along with a shorter annealing time of 10 minutes was chosen instead. This is still a higher
temperature than a few of the literature examples, but it is otherwise quite comparable to
the well established reange of annealing conditions for ohmic contacts.

3.5.3.2. AFM Scans of CTLM Channels

(a) A4. (b) A5

(c) B5 (d) C5

Figure 3.38 Post-anneal AFM scans of the channels marked as A4, A5, B5 and C5 in figure
3.37.

Figure 3.38 shows a collection of the AFM scans used to examine the viability of the
CTLM structures and to determine the effective channel spacing. It was generally observed
that the metal contacts formed smooth edges, with only a few notable examples of sharper
defects, as in figure 3.38c. Due to the sharp points visible in AFM scans, the channel
spacing was determined by averaging three differing lines across the channel.

Table 3.10 summarises the measured channel spacings, and compares them to the
intended channel spacings. Three differing lines of measurement for the channel spacing
are used, with standard deviation calculated. The standard deviation directly correlates
with the smoothness of the contact edges, and hence reveals which contacts had more
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Contact d1 µm d2 µm d3 µm dint µm davg µm σd µm
A7 13.3 13 13.3 2.0 13.2 0.10
A4 13.9 13.6 13.7 2.0 13.7 0.09
D4 20 19.9 19.7 6.0 19.9 0.09
A5 22.8 21.5 21.6 8.0 22.0 0.42
B5 25 24.5 23.8 10.0 24.4 0.35
C5 28.3 27.9 28.1 12.0 28.1 0.12

Table 3.10 AFM measurements of channel spacing compared to intended spacing.

irregularities. While the overall measured channel spacings are significantly larger than
the intended channel spacings (dint), there is still a suitable range of channels for CTLM
plotting. Another concern was in the consistency of r1 + r2, which is a more difficult
parameter to measure directly. In an attempt to characterise it based upon the AFM
data collected, arc lengths were used to estimate r1 and r2, with the additional benefit
of providing another measure of the channel spacing. AFM was chosen over scanning
electron microscopy (SEM) for topological characterisation due to its superior ability to
provide high-resolution, three-dimensional surface profiles, which are critical for accurately
measuring channel spacing and contact edge smoothness [33]. While SEM offers excellent
imaging capabilities, it is less suited for quantitative height measurements and surface
roughness analysis, which are essential for this study.

3.5.3.3. Arc Length Channel Spacing

Due to the limited scan areas of typical AFM scans, the full diameter of the CTLM
structures in question were not measured directly by AFM. Instead, sections that represent
approximately a quarter of the circular channel were measured for all channels, as previously
demonstrated in section 3.5.3.2. While suitable for multiple measurements of the channel
spacing, assuming that the chosen section is sufficient to represent the whole contact, this
does limit the ability to confirm radii of the metal contacts. Hence, an approach based
upon arc lengths was taken to provide more insight.

In figure 3.39, the measurements needed for determining the radii of both circles is
depicted with a simple diagram. The calculation used is [63]:

r1,2 = c1,2
8h1,2

+ h1,2
2 (3.43)

which can be derived naturally with trigonometry. c1,2 and h1,2 are the lengths and
heights of chords 1 and 2 respectively, both of which can be obtained via the AFM scans
which only provide a small section of the inner and outer circular contacts.

Application of equation 3.43 to the AFM scans was performed by taking three separate
chords for both the circular metal contacts and the outer metal contacts. Chords were
taken such that a chord of maximum length, followed by two different chords of smaller
length were fitted to these circles. This allows for calculation of an average chord length,

100



3.5 Circular Transfer Length Method (CTLM)

Figure 3.39 A diagram of the relevant measurements used for determining the radii from chord
lengths and heights.

Contact r1,avg µm σr1 µm r2,avg µm σr2 µm r1,avg + r2,avg µm r2 − r1 µm
A7 47.3 1.4 60.6 0.5 107.9 13.4
A4 46.0 1.9 60.0 0.7 105.9 14.0
D4 39.3 2.4 58.6 0.7 97.9 19.3
A5 38.3 0.6 60.8 0.4 99.0 22.5
B5 41.5 0.8 65.5 1.3 107.0 24.0
C5 36.4 2.1 67.5 0.2 103.9 31.1

Table 3.11 Summary of chord length analysis for radii and channel length extraction.

as well as the average chord height, which can then be used to calculate the estimated radii.
The results of this methodology are presented in table 3.11, with the standard deviations
of both radii also included. Finally, the calculated channel spacing d= r2 − r1 is included,
which presents slightly different values to that measured by direct measurements of the
channel spacing. However, these values are in agreement with the direct measurements
that were summarised in table 3.10. While the calculated sum of radii (r1− + r2−a) does
vary between the differing contacts, the standard deviation is calculated to be 3.9. This
is hence 3.9% of the intended constant radii sum (100 µm), indicating that despite the
larger than designed channel spacing, the radii sum is moderately consistent. A more
consistent radii sum would be preferable, as this weakens the confidence in CTLM results,
but photolithography using this sample was quite challenging.

It is believed that the deviation of patterned metal when compared to the lithographic
mask is due primarily to a significantly thicker photoresist layer than intended. This
is a result of using a spin-coater with a small, non-circular sample. It is a common
disadvantage of spin-coating samples, with a poor thickness homogeneity due to edge-bead
effects negatively affecting the resulting lithographic pattern [43, 75]. An ideal lithographic
methodology may involve the usage of spray-coating for small samples such as used here,
as this method of photoresist application is ideal for arbitrarily shaped substrates [80].

101



Metal Contacts to Phosphorous Doped Diamond

However, this was unavailable at the time of experimental testing. To alleviate the issues
with edge beading, a slightly higher rpm than standard of 6000 rpm was utilised in the spin
coating of sample F, though the difference from samples coated at a spin speed of 4200
rpm was marginal, with all samples including sample F as patterned showing significant
edge beading effects. With the channel spacings as determined via direct measurement of
the channels, backed up indirectly via the chord length methodology, CTLM analysis via
electrical characterisation before and after annealing was performed.

3.5.4. Comparison of Pre and Post anneal electrical data

The device’s electrical characteristics were evaluated using two probe stations, the Keithley
4200A and the Cascade B1500. I-V sweeps were performed at various voltage ranges,
starting from low voltages and gradually increasing up to maximum biases of ±200 V.

3.5.4.1. I-V Plots

Figure 3.40 I-V data for the full bias range (±200 V), across the selected channels. Pre-anneal
data is indicated by scatter points, and post-anneal is shown with dashed lines.

Figure 3.40 shows the linear IV characteristics of all 6 of the selected CTLM channels. The
channel lengths as determined via direct measurement of the channel are indicated for the
related data in the legend. A dashed line of a darker shade than that of the corresponding
pre-anneal data is used to indicate the post-anneal data. The data generally reflects the
measured channel spacings, with the highest currents observed for the lowest channel
spacings and the lowest currents for the highest channel spacings. Error in the y axis is
assumed to be determined via the probe station calibration, which is substantially lower
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than that of the currents observed here, at around 100 pA. As a result, error bars are not
visible in the current. Note that for the circular contacts, this figure cannot be normalised
as was the case for LTLM structures as in section 3.4.1.2, and is provided as a reference
for the further CTLM analysis, typical for studies involving this device structure [30, 46].

Figure 3.41 I-V data for the full bias range (±200 V), across the selected channels. Pre-anneal
data is indicated by solid lines, and post-anneal is shown with dashed lines. Logarithmic current
scale.

Figure 3.41 shows the log scale plot of IV data as measured across the 6 selected CTLM
channels. Post-anneal data is indicated with dashed lines, while the pre-anneal scatter
presents as a solid line. The log plot of IV data further reinforces that the observed
resistance appears to directly correlate with the measured channel spacings. While the
13.2 and 13.7 µm channels are difficult to distinguish from one another, this may be due
to the possibility of the shortest electrical path not quite matching the measured channel
spacings. An error of up to ±0.4 µm based on the standard deviation of measurements as
presented in table 3.10 would account for this visible overlap in measured resistance.

3.5.4.2. d-R Plots

A key parameter that must be considered fully in the plotting of total resistance against
the channel spacing is that of the constant current condition. As described in section 3.5.1,
the constant current condition I0 is a necessary step in order to separate the bulk and
contact resistances of these CTLM structures. The resistances measured in figures 3.40
and 3.41 are significantly higher than that of comparable studies on highly phosphorous
doped diamond, which is likely due to the resistivity of phosphorous doped material in use
for this work in combination with the larger than intended channel spacings. As a result,
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the constant current conditions used by Matsumoto et al. [46] are impossible to duplicate,
and a range of values that fit these data better can instead be used. It is impossible
to use CTLM analysis without acknowledging the Schottky nature of the junction and
non-linear nature of specific contact resistivity, as is ordinarily done in CTLM experiments
on wide-bandgap semiconductors [76].

In this section, the methodology of CTLM is employed with differing constant current
conditions to produce linear plots of total resistance against channel spacing. The use of
constant current conditions ensures that the voltage drop across the contacts and the bulk
material can be separated, allowing for accurate extraction of the contact resistance (Rc)
and specific contact resistivity (ρc). By fixing the current, the nonlinear contributions from
the Schottky barriers are also accounted for, which is critical for accurate characterisation
of wide-bandgap semiconductors like phosphorous-doped diamond. A full range of constant
current conditions are applied, which span the IV characteristics of section 3.5.4.1 from
relatively low voltages to near 200 V. A maximum current condition of 1 µA was chosen
as this is the highest current that was measured across the largest channel spacings
tested. A minimum constant current condition of 10 nA represents some of the lowest
voltages applied to the channels, and hence is very noisy in comparison the higher voltage
measurements, with the IV data perhaps being taken from voltages at which neither of
the Schottky barriers created by the metal contacts are in a forward bias mode of current
flow. As outlined in section 3.5.3.2, the channel spacing is determined by three differing
AFM measurements across the circular channel, with a maximum standard deviation of
±0.4 µm. As a slight overestimate, horizontal error bars of ±0.5 µm will be used in the
plotting of total resistance against channel size.

Figure 7.3 shows the CTLM plot of constant current condition -1 µA. The negative
current is taken to allow for a constant current magnitude of 1 µA to be taken for all
channels. As can be determined via the IV plots of section 3.5.4.1, this represents the
measurements taken in the voltage region of approximately 150–200 V. At these high
voltages, it is apparent that the data represent a strongly biased double Schottky structure,
with only a slight asymmetry that may be attributable to the differing areas of Schottky
contacts. The data for pre and post annealing are both plotted in figure 7.3, as indicated
by the legend. A notable trend is the slight increase of total measured resistance for
the post-anneal data, other than for the lowest channel lengths. It is unclear why the
annealing process has not resulted in a reduction in contact resistance, reducing the total
resistance of all channel lengths. This will be explored further in section 3.5.4.4, as the
trivial expectation of TiC formation through annealing leading to a lower specific contact
resistivity is well established in boron doped diamond devices. The R2 value of the pre
and post anneal linear fits in figure 7.3 are 0.975 and 0.960 respectively. The calculated
values for the specific contact resistivity ρc are 462 Ωcm2 and 577 Ωcm2 for pre and post
annealing. The corresponding sheet resistivities are 186 kΩcm and 182 kΩcm, given sheet
resistivities ρs = Rsht where t is the thickness of the phosphorous doped surface layer,
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Figure 3.42 Comparison of both pre/post annealing d-R data for I0 = −1 × 10−6 A, across the
selected channels.

estimated at 1.2 µm. The close agreement of ρs between annealing conditions, compared
to the notable increase of ρc, is intriguing, implying that the methodology is correctly
identifying the change in contacts and unchanging phosphorous doped channel.
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Figure 3.43 Comparison of both pre/post annealing d-R data for I0 = −1 ×10−7 A, across the
selected channels.

Figure 3.43 shows the CTLM plot of constant current condition -100 nA. The exact
voltages required for this value correspond to approximately 30–60 V from the smallest to
largest channel spacings used. In contrast to the higher current condition of 1 µA, the
linear fit is of a lower quality with R2 values for the pre and post anneal data of 0.874 and
0.926 respectively. As the reduced constant current condition requires examination of a
lower potential bias region, the reduction in linearity observed here may be attributable
to a lack of forward biasing in Schottky contacts formed between the Ti/Au contacts
and the highly phosphorous doped diamond. The calculated values of ρc are 2.06 kΩcm2

and 2.32 kΩcm2 for pre and post anneal conditions respectively. Corresponding ρs are
508 kΩcm and 485 kΩcm. In contrast to the higher constant current condition of -1 µA,
there is a more notable discrepancy between the sheet resistivities, with the post anneal
resistivity ∼ 4.5% lower than that of the pre anneal resistivity. Given the reduced R2 values
for the linear fits here, it is expected that this is due to random error, and not indicative of
a real change in the phosphorous doped diamond channel. The significantly higher specific
contact resistivities are a natural consequence of taking resistance measurements from a
lower voltage bias, as the Schottky contacts formed here are not in a linear conduction
regime.
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Figure 3.44 Comparison of both pre/post annealing d-R data for I0 = −1 × 10−8 A, across the
selected channels.

Finally, figure 3.44 shows the CTLM plot of constant current condition -10 nA. This
represents a magnitude of approximately 1 V bias across the metal contacts. While it
is possible to apply linear fitting to these data, the resulting R2 values are 0.732 and
0.832 for the pre and post anneal conditions respectively, representing a significant drop
in linearity for this low potential bias. The calculated specific contact resistivities ρc are
775 Ωcm2 and 11.2 kΩcm2 for the pre and post anneal contacts respectively. Additionally,
the sheet resistivities are 1.41 MΩcm and 854 kΩcm. As has already been noted, the
linear fits to these data are quite speculative, and so there is not much physical meaning to
be interpreted from these figures. However, it can be generally observed that the specific
contact resistivity is increasing for lower constant current conditions, and this is what
should be expected for the calculation of ρc across a double Schottky junction such as that
seen here.
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Anneal I0 (nA) ρs (kΩcm) ρc (kΩcm2) R2

Pre −1000 186 0.462 0.975
Post −1000 182 0.577 0.960
Pre −100 508 2.06 0.874
Post −100 485 2.32 0.926
Pre −10 1410 0.775 0.732
Post −10 854 11.2 0.832

Table 3.12 Comparison of electrical parameters before and after annealing.

Following the theoretical description given earlier, the phosphorous doped diamond and
specific contact resistivities are given in table 3.12. The residuals are also given for clarity
in the reliability of these calculations. The first significant observation must be in the
deterioration of reliability at lower current values, with the linear fit for spacing-resistance
plots becoming significantly less reliable. This can also be interpreted as less confidence in
the fit for lower voltage ranges, since the constant current condition of I0 = 1 nA is only
true in the region immediately adjacent to 0 V relative to the higher constant current
values, which are found at higher applied voltages. Note that while it is convenient to
study the negative current region in particular due to the slightly larger currents allowing
for a full range from 10–1000 nA, one may question if the positive currents produce the
same response. As the relationship between constant current condition and specific contact
resistivity or the resistivity of the sheet is unclear with the data presented thus far, further
analysis was performed to shed light on this topic.
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3.5.4.3. CTLM Overall Trends

Figure 3.45 A full comparison of pre and post annealing on the specific contact resistivity and
the observed resistivity of phosphorous doped diamond.

Figure 7.4 provides a visual examination of the CTLM data, separating the data for ease
of comparison. In addition to the resistivity and specific contact resistivity plots, a colour
scale based on the corresponding R2 value is used to help indicate the data which shows a
poor linear fit when used for CTLM analysis. One important note is regarding the clear
split between two separate lines of scatter points in figure c, this was initially believed to
be due to oversampling of the electrical data. The potential issue lies in the usage of 500
evenly spaced data points between 0.1–1000 nA. As the measured current will most likely
differ from any given constant current condition point, an absolute difference comparison
was used to find the closest current values. In the case of figure c, this appears to result
in two adjacent lines. However, subsequent tests of this methodology, using far fewer
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data points, reveal much the same double line formation of scatter points. Hence, this is
an odd pattern to observe within the pre-anneal specific contact resistivity. Further to
this anomaly is the clear asymmetry between positive and negative constant currents. In
particular, there is a sharp bend upwards at the I0 = 750 nA mark in ρc for both the pre
and post anneal case. This trend is also reflected in figures a and b, where a shoulder is
visible at the same current value. While the data is understandably noisy at very close
to 0 A, this is not the case for the 750 nA feature, with consistently high R2 values in
this region. Finally, another small feature is noted in the negative constant current region,
which appears to mirror that of the 750 nA feature. It is possible that this represents a
real physical change in the devices as they are being tested, though it should also be noted
that these features are consistent between the pre and post anneal testing.

Finally, comparison can be made to the work of Matsumoto et al. [46] who applied this
analysis with a constant current condition of I0 = 50 µA, which corresponded to an applied
voltage in the region of 5 V. With the constant current condition of I0 = 0.1−−1 µA, it
is possible to conduct the same analysis despite the significant difference in observed total
resistance. Matsumoto et al. observed a sheet resistance of 910 kΩ and a specific contact
resistivity of 1.46Ωcm2, for Ti based electrodes. If the near maximum current drawn of
-1 µA is used for comparison, the contacts tested here displayed a phosphorous doped
channel of approximate resistivity 184 kΩcm, corresponding to a sheet resistance with
phosphorous doped thickness ∼ 1 µm of 1.84 GΩ and specific contact resistivity of 462 Ωcm2.
The factor of 2000 difference between the sheet resistances is quite notable, indicating
that while the phosphorous doped surface layer here is conductive, it is significantly less
conductive than ostensibly comparable samples.
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3.5.4.4. Annealing at 500 ◦C and Contact Degradation

Figure 3.46 The CTLM structure pre-
anneal.

Figure 3.47 The CTLM structure post-
anneal.

The annealing process at 500 ◦C led to observable changes in the physical properties of the
Ti/Au contacts. Initially, the contacts exhibited a gold colour (figure 3.46), typical of the
gold layer. However, after annealing, the colour changed to a silver-like appearance (figure
3.47). This transformation could be attributed to the formation of gold nano-droplets
during the annealing process, which might have exposed the underlying titanium layer
[34].

Despite this physical transformation, the annealing process did not lead to any significant
improvements in the electrical contact between the titanium layer and the phosphorus-
doped diamond substrate. The specific contact resistivity remained much the same with the
-1000 nA measurement of 186 and 184 Ωcm2 for the pre and post anneal data respectively,
suggesting that the annealing process at the chosen temperature and duration did not
significantly enhance the ohmic nature of the contacts.

Over time, the contacts demonstrated further degradation. After a couple of months of
exposure to ambient air, the contacts were found to be completely resistant to electrical
contact. This could be due to oxidation of the exposed titanium layer, a process that
impedes the flow of electric current once a complete layer of titanium dioxide has formed
[12]. These results highlight the challenges associated with the stability and durability of
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Ti/Au contacts on phosphorus-doped diamond substrates. More robust and stable ohmic
contacts are required to realise the full potential of diamond-based electronic devices,
especially for samples that do not display sheet resistivities that may be expected for
highly doped samples.
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Chapter 4. Characterisation of Laser Processed Phosphorous
Doped Diamond

4.0.1. Disclosure of Collaborative Content

In this chapter, the growth of phosphorous doped diamond, as well as the procurement
of diamond substrates was performed by the industrial partner Evince technology. Laser
writing of graphitic phases within the diamond samples was performed by Ravi Shivaraman
in Oxford, in collaboration with Patrick Salter of the same department. The design used
for the laser writing was conceived wholly by the candidate, with all subsequent electrical
and material characterisation (such as fluorescence and AFM) performed by the candidate
with one exception being that of Raman characterisation, which was conducted by SAgE
Analytical with the candidates active participation.

4.1. Introduction

4.1.1. Summary of Previous Experimental Work

Chapter 3 examines the formation of conventional metal contacts to heavily phosphorous
doped diamond, via annealed titanium-based contacts. The literature best-case value for
the specific contact resistivity with titanium contacts is 10−3 Ωcm2 [29]. The contacts
formed in this work, both in the CTLM and LTLM experiments and under different
annealing conditions, differ markedly from these examples. With LTLM samples, the
specific contact resistivity was measured to be 472 and 494 kΩcm2, with a resistivity of
the phosphorous doped film of 132 and 464 MΩcm for samples C and D respectively at
10 V. For sample F and the CTLM results, at a constant current condition of -100 nA, a
specific contact resistivity of around 2.1 kΩcm2 and resistivity of around 490 kΩcm was
measured. Following these observations, it was clear that an alternative approach must be
taken to form superior ohmic contacts on these samples which are sufficient to allow for
competitiveness between diamond based power devices and current best case values on
standard materials. For example, SiC is able to achieve extremely low resistance ohmic
contacts below 1×10−7 Ωcm2 [31].

4.1.2. Improved Contacts to Diamond Devices

Novel approaches to the formation of ohmic contacts with n-type diamond are an ongoing
area of research, with unique orientation and substrate dependent methodologies being
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developed. For instance, Temahuki et al. [44] demonstrated the ability of Ni-catalysed etch-
ing to provide pyramidal (111) oriented pits for a heavily phosphorous doped overgrowth
layer. This method provides both geometrically enhanced emitter-type structures, as well
as a greater phosphorous concentration than what is otherwise obtainable on a (100)
oriented substrate, hence producing significantly improved contacts than other contacts
to n-type (100) substrates without micro-structures. For (111) oriented substrates, the
formation of metal contacts has been studied and often used throughout the literature.
While much work in this area treats these metal contacts as ohmic in nature due solely
to the nature of the heavy n-type doping and subsequent formation of titanium carbide
contacts, unique approaches to further reducing this specific contact resistivity can be
seen in [29] and [48, 47]. In the first such case, thermal graphitisation of the diamond
surface is used to provide an additional intermediate layer for the formation of ohmic
contacts, achieving an order of magnitude reduction in the specific contact resistivity when
compared to the titanium carbide contacts [29]. In the more recent work by Valappil et
al., coaxial arc plasma deposition (CAPD) is used to form nanocarbon electrodes which
show a similar order of magnitude improvement over the conventional titanium contacts.

One technique that has not yet been utilised for the reduction in specific contact
resistivity on heavily phosphorous doped diamond is that of laser processing for the purpose
of graphitisation. Laser processing offers numerous advantages over the procedures of
nanocarbon CAPD, or thermal graphitisation, such as the ability to directly pattern working
contacts without standard photolithography steps, the ability to write 3D structures such
as wires passing through the diamond substrate for diamond detectors [6], and the ability
to also create waveguides within the diamond substrates through modification of the
local refractive index [11]. While unrelated to power electronic applications, it is also
worth noting that this process can also be used to generate point defects within diamond
substrates, which can be used to generate single negatively charged nitrogen-vacancy
(NV−) centres, and have a wide array of potential applications in magnetometry [22],
single photon sources [4], quantum centres [49], etc [10]. The combination, or specific usage
of any of these key features allows for a large range of device structures to be fabricated
by laser graphitisation processes. For a complete review of laser graphitisation, please see
section 2.3.

4.1.3. Field Effect Emission

A device structure that may particularly benefit from 3D laser graphitisation is that of
the cold-cathode type structure. As described in the seminal work by Spindt et al. [40],
it is possible to induce cold-field effect emission with sufficiently sharp (geometrically
enhanced) structures. This structure was then proposed to be used in conjunction with the
negative electron affinity of hydrogen-terminated diamond [18], allowing for lower applied
voltages to generate practical electron sources that could compete with thermionic emitters.
Significant issues with this design structure arise during the fabrication of such structures,
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due in large part to the etching process and overgrowth of heavily n-type diamond. Parallels
could be drawn between the fabrication of these structures and the work of [44], where
a random distribution of Ni-etched pits are overgrown with heavily phosphorous doped
diamond, and finally contacted with standard Ti/Au contacts. However, the fabrication of
emitters as in Geis et al [18]. requires the emitters to be fabricated such that the tips are
perpendicular and very close to the surface of the diamond emitters. Any spacing between
the tip of the cathode-emitter and the hydrogen terminated diamond surface will result in
a large potential difference drop between the cathode and the anode, reducing the effective
field strength at the tip and hence significantly affecting the field effect emission of such
a device. In practice, this narrow spacing is extremely difficult to achieve via etching,
as dislocations or other defects in the diamond substrate will generate fault lines for the
etching process, drastically altering the etching rate. Several alternative approaches have
been attempted in recent history. Significantly, several devices have been suggested which
attempt to either create sharp diamond cathodes [12], etching back substrates [35], or
utilising designs that allow for carbon nanotubes to be employed. There is a notable
overlap in device designs that attempt to fabricate emitters based on diamond and graphite
[30, 34], carbon nanotubes [13], diamond-like carbon layers [19], amorphous carbon [15],
or diamondoid monolayers [52], all of which were designed prior to the development of 3D
laser graphitisation processes. Ultimately, all such devices present insufficient properties
or flaws, and this area of research is ongoing.

4.1.4. Laser Written Geometrically Enhanced Emitters

A natural proposition for 3D micron scaled laser graphitised wires within diamond such as
that demonstrated within [41] is that of cold-cathode type devices. While a practical device
that can compete with either one of the aforementioned designs or silicon-based devices is
ambitious, as the phosphorous doped CVD growth of diamond and the laser graphitisation
processes continue to mature, future devices which make use of these capabilities to
generate cold-cathode structures with only one laser processing step may start to appear
achievable. This would eliminate the need for many of the processing steps such as the
deposition of Ti-C based ohmic contacts, or the need for various etching steps and differing
metal depositions to produce sufficient gate electrodes in the triode structure. It also
addresses the issue of thin electronic grade diamond samples being required for a suitably
narrow region between the emitters and the hydrogen terminated diamond surface, which
brings about a host of practical processing concerns. Also note that the requirement
of electronic grade diamond for carefully controlled, reliable etching procedures is also
tentatively eliminated, as the priority can instead be given to high quality phosphorous
doped diamond substrates, benefiting the reduction of Schottky barrier height at the
graphite/diamond interface. An additional benefit of such devices would be that of the
reduction in cost for suitable diamond substrates, as electronic grade material remains a
rare product moving into 2025.
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Hence, experimental work was planned by the candidate to examine both the effect of
laser processing for the purpose of reduced specific contact resistivity ohmic contacts, and
to also explore the possibility of laser written structures utilising an emitter type design.

4.1.5. Laser Graphitised Device Design

Figure 4.1 An overview of the laser graphitisation design, including alignment markers for
potential photolithography steps and various device structures as described in this section.

To test the reduction of specific contact resistivity via laser processing and the preliminary
concept of laser graphitised emitters, the laser graphitisation layout as shown in figure 4.1
was designed by the candidate. Various strategies were employed to allow for the testing
of various specific features. Of particular note are the LTLM structures, CTLM structures
and the emitter array seen as an array of rectangular contacts. This allowed for some
redundancy in the devices, and the direct comparison between different devices. The best
example of this is between the LTLM array, which is a simple rectangular arrangement
of contacts with channel spacings between 2–9 µm, and the emitter arrays, which had
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similar rectangular contacts to the LTLM array, but with protruding emitters between the
two contacts. The comparison between planar contacts and these geometrically enhanced
contacts can then be compared to look for signs of field effect emission due to the sharp
emitter features.

Figure 4.2 A close up of the LTLM design, including scale measurements of relevant feature
sizes for clarity.

4.2. Laser Graphitisation Fabrication

Laser graphitisation of diamond surfaces allows for significant advancement in the fabrica-
tion of diamond-based electronic devices. This technique leverages focused laser beams to
convert specific regions of the diamond substrate into graphitic material, facilitating the
creation of conductive pathways and contacts essential for device functionality. Precise
control over the graphitisation process enables the fabrication of complex structures, such
as wires and contact pads, with tailored electrical properties. For a full review of this
technique, see chapter 2.3. The laser fabrication of the following sample as tested in this
chapter was performed at Oxford University in collaboration with Patrick Salter and Ravi
Shivaraman, using the mask designed by the candidate.
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4.2.1. Laser Fabrication Processing

The laser graphitisation process employs a state-of-the-art Pharos laser system, operating
at a wavelength of 515 nm. This system is characterised by its high repetition rate of
10 kHz, which is crucial for achieving consistent graphitisation across the targeted areas.
The choice of objective lens and the adjustment of laser pulse energy play significant roles
in defining the morphology and conductivity of the graphitised structures.

4.2.1.1. Laser Parameters and Setup

The fabrication of graphitic wires and contact pads utilised objective lenses with numerical
apertures (NA) of 0.75 and 0.5, respectively. The higher pulse energy facilitated by the
0.75 NA objective lens is preferred for creating wider wires, while the 0.5 NA lens is suited
for processing the contact pads. Notably, the sequence in which these components are
fabricated; starting with the contact pads before the wires, was observed during initial
processing to influence the wire morphology, particularly near the pads. This suggests
that the local thermal and structural changes induced by the pad fabrication can affect
subsequent graphitisation steps.

4.2.1.2. Calibration of Pulse Energy

The precise calibration of pulse energy is critical for optimising the graphitisation process.
Although initial settings were based on angular adjustments of the waveplate, detailed
calibration is necessary to correlate these settings with specific pulse energies. This
calibration ensures that the laser energy delivered to the diamond surface is precisely
controlled, minimising damage to surrounding areas while maximising the quality and
conductivity of the graphitic structures.

4.2.1.3. Limitations

The laser graphitisation process, while highly effective for creating conductive pathways
in diamond, is subject to several limitations that impact the precision and consistency
of the fabricated structures. These limitations arise from both the inherent properties of
the laser system and the physical constraints of the graphitisation or amorphous carbon
generation process. Hence, in this section the following topics are discussed in further
detail: the laser spot size and resolution, laser power and thermal effects, defect density
and graphitisation efficiency, lithography alignment and overlay accuracy, scalability and
throughput.

Laser Spot Size and Resolution The minimum feature size achievable with laser
graphitisation is limited by the laser spot size, which is determined by the wavelength of
the laser and the numerical aperture of the objective lens. For the Pharos laser system
used in this work, the spot size is on the order of a few micrometres [36]. This limits the
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resolution of the graphitised structures, particularly for devices requiring sub-micrometre
features, such as field-effect transistors or nanoscale interconnects. The diffraction-limited
minimum spot size for femtosecond lasers is typically around 1–2 micrometres, which
restricts the ability to create nanoscale features without advanced beam shaping techniques
or nonlinear absorption effects [43, 27, 1, 2, 37]. The minimum conductive wire thickness of
400 nm as demonstrated in previous studies [41] was used to define a minimum feature size
of 500 nm, ensuring that the effective resistivity of written material would be sufficiently
low enough to provide a conductive pathway.

Laser Power and Thermal Effects The graphitisation process relies on the precise
delivery of laser energy to the diamond surface. However, variations in laser power or
fluctuations in pulse energy can lead to inconsistent graphitisation depths and morphologies
[51]. Additionally, excessive laser power can cause thermal damage to the surrounding
diamond lattice, leading to unintended graphitisation or cracking [21, 51]. This is par-
ticularly problematic for devices with closely spaced features, where thermal diffusion
can affect adjacent structures [50]. Femtosecond lasers, while minimising thermal effects
compared to nanosecond or picosecond lasers, still generate localised heating that can alter
the diamond’s structural integrity [1]. The challenge lies in balancing the laser fluence to
achieve sufficient graphitisation without inducing thermal damage.

Defect Density and Graphitisation Efficiency The efficiency of the graphitisation
process is highly dependent on the defect density within the diamond lattice. As discussed
in section ??, graphitisation is seeded by pre-existing defects or inclusions [51]. In high-
quality, low-defect diamond substrates, the graphitisation process may be less efficient,
requiring higher laser fluences or multiple passes to achieve the desired conductivity [41].
This can increase the risk of thermal damage and reduce the overall yield of the fabrication
process. The presence of intrinsic defects, such as nitrogen vacancies or substitutional
impurities, significantly lowers the ablation threshold and enhances graphitisation efficiency
[1]. However, in high-purity diamonds, the lack of such defects necessitates higher laser
fluences, which can lead to uncontrolled graphitisation and surface roughness [9].

Lithography Alignment and Overlay Accuracy The alignment of laser graphitised
structures with pre-existing features, such as metal contacts or doped regions, is critical
for device functionality [26]. However, the lack of integrated lithography capabilities in
the laser system limits the alignment accuracy. Misalignment between graphitised features
and other device components can lead to poor electrical contact or device failure. This
limitation highlights the need for improved alignment techniques or hybrid fabrication
approaches that combine laser graphitisation with conventional lithography. The paper
by Ali et al. [1] discusses the challenges of achieving precise alignment in femtosecond
laser micromachining, particularly for complex device architectures. Advanced alignment
systems, such as real-time monitoring and feedback control, are being developed to address
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this issue, but they remain an area of ongoing research. A specific issue addressed by the
team at Oxford for this project was the slight misalignment angle of the [111] oriented
surface, perhaps due to the polishing process following diamond growth. This was addressed
via refocusing of the laser spot to account for the change in elevation as the fabrication
was undertaken, resulting in an evenly written surface structure.

Scalability and Throughput The laser graphitisation process is inherently serial,
with each feature being written sequentially. This limits the scalability of the technique
for large-area devices or high-throughput fabrication. While the high repetition rate
of the Pharos laser system (10 kHz) mitigates this issue to some extent, the process
remains time-consuming for complex devices with numerous graphitised features. Parallel
processing techniques or the use of multiple laser beams could address this limitation in
future work. Femtosecond laser systems with high repetition rates (up to several MHz)
and multi-beam setups are being explored to improve throughput [1]. However, these
systems require precise synchronisation and beam control to maintain machining quality,
which remains a significant technical challenge.

Despite these limitations, laser graphitisation remains a powerful tool for fabricating
diamond-based electronic devices. The ability to create conductive pathways directly
within the diamond lattice, without the need for additional materials or complex processing
steps, offers significant advantages for applications requiring high thermal conductivity,
chemical inertness, and radiation hardness. Future improvements in laser technology,
alignment techniques, and process control are expected to further enhance the capabilities
of this fabrication method [1, 2].

4.2.1.4. Significance of Laser Processing Parameters

Finally, the choice of laser parameters, including the repetition rate, pulse energy, and
objective lens, directly impacts the efficiency and outcome of the graphitisation process.
These parameters determine the depth, width, and electrical properties of the graphitic
structures, influencing the performance of the final diamond-based devices. It is also
important to note that the sample used here is different to that found in previous studies
[41], [37], the samples are (111) oriented HPHT substrates, with a highly phosphorous
doped surface layer of ∼ 1.2 µm thickness, whereas work in the literature is performed on
(100) oriented, undoped CVD substrates.

This subsection has outlined the foundational aspects of the laser graphitisation fab-
rication process, highlighting the critical role of laser parameters in achieving desired
structural and electrical characteristics. Further characterisation techniques, such as AFM,
PL, and Raman spectroscopy, are used to provide deeper insights into the quality and
properties of the graphitised diamond, which will be discussed in the subsequent sections.
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4.2.2. AFM Characterisation

AFM was used to provide broad overviews of the resulting structures following the
fabrication at Oxford. These scans allowed for the examination of key features such
as trench depth, surface roughness, and the overall morphology of the laser-graphitised
regions.

4.2.2.1. AFM Rationale

AFM was chosen to characterise the surface topology of the laser-graphitised devices due
to its ability to provide precise three-dimensional topographical data, including depth
measurements, which are critical for understanding the graphitised trenches and contact
structures. While scanning electron microscopy (SEM) excels in lateral characterisation
and high-resolution imaging of surface features, it does not provide the same level of
vertical resolution or quantitative height information as AFM. The ability of AFM to
measure surface roughness, step heights, and trench depths directly was deemed essential
for this study, even though it may not fully exploit the lateral imaging capabilities of
SEM. This choice was driven by the need for detailed topological characterisation, which
is crucial for evaluating the quality and consistency of the laser-written structures.
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Figure 4.3 A large area AFM scan of the LTLM channel that was designed to have a spacing of
2 µm.

Figure 4.3 shows a broad scan of the LTLM contacts that were designed to have a
spacing of 2 µm. The top left corner of this scan experienced a systematic error, visible as
a raised blur. Preliminary low resolution scans of this region did not contain this error, and
it can hence be identified as a scanning error unrelated to the sample. Otherwise, the scan
managed to achieve a generally high level of detail, despite the 90 µm square area being
close to the maximum scan area for the XE-150 system. Of note is the slightly inconsistent
channel length between the two rectangular contacts, presented in the exact centre of the
figure. At the top and bottom of the contacts, marked by the green capsules, the channel
is visibly squeezed in, with the rest of the channel presenting a thicker separation. It is
also possible to see that the laser graphitisation has etched down into the diamond surface
on the order of 1 µm. This presented a concern that the laser graphitisation process may
have etched through the active, phosphorous doped layer of 1.2 µm, with thin graphite
walls on the edges of the ablated regions providing electrical contact, in contrast to the
intended block of graphitic material in full proximity to the phosphorous doped channel.
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Figure 4.4 A large area AFM scan of the wider graphitised surface wire, with adjacent contacts
for emitter array testing.

Figure 4.4 displays a portion of the control surface wire that was included in the
graphitisation design for calibration purposes. This surface wire had a designed thickness
of 14 µm, to allow for preliminary testing of the written graphite resistivity. While this
large scale AFM scan suffers from some noise in the centre of the scan region, it does
provide another view of the as written structures, and how they deviate from the design
with specific topological features apparent on the sides of the contact wires. The laser
written contacts are observed to be up to approximately 2 µm deep relative to the diamond
surface, with steep walls at the side of the written trenches.
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4.2.2.2. Trench Wall Steepness and AFM Tip Profile

Figure 4.5 An SEM scan of a typical ACTA tip,
as provided in the technical specifications sheet
by Applied NanoStructures Inc.

It is important to note one detail in partic-
ular of the AFM scans, that of the graphi-
tised trench steepness, or the profile of the
trench walls. For the purpose of examining
the large area AFM scans, it is necessary to
consider more precisely the observed steep-
ness of the written contacts and the possible
impact of the AFM tip itself. Figure 4.5
shows a typical ACTA probe as were used
in these scans, utilising a rectangular Si can-
tilever, a pyramidal tip of height 14–16 µm
and radius of curvature 6 µm. The exact
dimensions of the AFM tip may differ from
probe to probe, but the pyramidal tip may have had some impact on the observed steepness
of etched trenches due to the widening of the base away from the tip.

In NC-AFM, D-AFM or C-AFM, when the tip passes from the diamond surface into
the trench, it will quickly descend, with the rate of descent determined primarily by the
chosen drive in the Z-scanner. This is then recorded as an incline and less steep wall, with
the exact slope being determined by the scan rate if the tip is in relative free-fall after
leaving the diamond surface. Equally, when the tip is instead passing from the trench and
encounters the trench wall, it may detect the wall itself well beyond the point of the tip
coming into contact, due to the pyramidal base meeting the wall first. The piezoelectric
system will hence raise the tip, as it detects the side wall with the pyramidal base as for
the tip. In this situation, the scan rate may also lead to the risk of direct collision between
the pyramidal base and the sidewall, ultimately leading to damage of the AFM tip.
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Figure 4.6 A comparison of three different NC-AFM scan rates on a laser graphitised trench
structure. The data are planarised based on the first and last data points, to represent the
estimated diamond surface level.

Figure 4.6 has a few notable features which demonstrate this process when using NC-
AFM. First, all three scan rates have distinct peaks and troughs as they pass through
the laser graphitised channels. The sharp, triangular troughs perhaps directly reflect the
triangular AFM tip in action when it meets a sharp drop in the z-axis. Second, it is clear
that the direction of the scan impacts the observed edges of the graphitised trenches. In
this figure, the scan is passing from the left to the right. While the first trench appears to
have a relatively low slope, with agreement between all three scan rates, the descent into
the second trench has a notable discrepancy between the two lower scan rates and the
highest included scan rate of 15 µms−1. In contrast, the walls as seen by the ascending
AFM tip are in relative agreement, as they all encounter the wall and must ascend very
quickly to ensure that the tip does not impact the wall. It is also notable that the observed
trench depth decreases as a function of the AFM scan rate, indicating that at the lowest
scan rates the system is better recognising the correct altitude of the tip, as it has time to
adjust based on the specific features within the channels.
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4.2.2.3. Further AFM Scans

Figure 4.7 A large area AFM scan of emitter array AF that was used for electrical characterisa-
tion.

Figure 4.7 shows a large area AFM scan that was taken to examine the effective topology
of an emitter array type structure as written via laser graphitisation. In this figure, almost
the entirety of contact A (top left) is visible, with contact F directly below (bottom left).
In-between these two contacts, extending downwards from contact A, the beginnings of
the laser written wire structures are just about visible as depressions in the topology.
This also provides another general view of the laser writing process and the sometimes
inconsistent structures that are written on the diamond surface. In some places, there are
very noticeable protrusions from the sidewalls into the otherwise rectangular etched contact
structures. As this is purely a topological scan, this hence displays a lack of ablation in
these regions, perhaps due to a lack of graphitisation processes, lower laser absorption, or
other changes in the writing process. Similarly, some areas within the contact structures
appear to have a greater depth than the majority of written area, perhaps due to a greater
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absorption of laser power in these specific regions, or perhaps more readily graphitised
and subsequently ablated diamond.

Figure 4.8 A cropped AFM scan of emitter array AF that was used for electrical characterisation.

Figure 4.9 A cropped view of the AF emitter array design, with feature size measurements
provided.

For clarity, the region between contacts A (upper) and F (lower) is cropped down and
expanded in figure 4.8. When compared directly with the designed array in figure 4.9, the
topology does not directly reveal the presence of 0.8 µm width emitter wires extending
down towards contact F. However, it is possible to see what may be the very start of all
but the two outer emitter wires, with notable triangular depressions extending nearly as
deep as the larger width contact structures.

Figure 4.10 A cropped AFM scan of the CH emitter array, with scan direction parallel to the
emitter wires (y-axis).

Figure 4.10 shows another of the emitter array structures that were fabricated on the
diamond surface. In contrast to the unclear topology observed with array AF, array CH
appears to clearly demonstrate the presence of ablated diamond, and hence the fabrication
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of emitter wires leading down from contact C into the channel towards contact H. As
observed in the wider AFM scans, the intended rectangular contact design for contact
H in particular displays some deformation, with notable incongruities along the top of
the graphitised region. The success of this AFM scan in displaying topographical results
may be attributed to the y-axis scan direction, which is the fast direction. Based on the
general observation from scan rate testing that higher scan rates will tend to show a lower
slope of descent, and a higher angle of ascent, one clear practical approach to accurately
detecting sub-micron thickness graphitised wires is to scan along the length of the emitter,
rather than across the width. This ensures that the tip does not need to descend into the
emitter channel, and instead as it passes down from the contact region, it will tend to only
require a raised elevation as it progresses. When running in the reverse direction (up from
contact H), again only one clear descent is necessary to enter the emitter channel, where
the tip then remains as it passes down the channel. Hence, the slow scan rate direction is
then across the width of the emitters, and is best able to detect any change in topology.
A further detail with this approach is that this requires a suitable pixel density, as the
number of pixels across the width of the emitter channel directly translates to the number
of points along the length of the emitter where the tip will travel, measuring the depth of
ablated material. Hence, in this example with a fast scan rate of 7.5 µms−1 and a raw scan
size of 62 µm x 15 µm, to observe emitter widths of 0.8 µm, the effective pixel width must
be below 0.4 µm to ensure that the AFM tip does indeed enter the graphitised emitter
channel, in a near central location. For this scan a pixel width of ∼ 0.24 µm appears to
have been sufficient to positively identify ablation related to the formation of graphitised
emitters, especially combined with the slow scan rate direction and the top-down AFM
tip pass scan direction.

The design of emitter array CH was otherwise very similar to AF, with 10 emitter
cathodes of width 0.8 µm spaced 4.2 µm apart across the 60 µm contact structure (C).
The only difference was in the cathode-anode spacing, due to a slight shortening of the
emitter wire, which in the case of AF was 2 µm, and for CH was 2.5 µm. Preliminary low
resolution AFM scans indicated that array CH was one of the clearest examples of the
intended emitter structure, and so this was selected for electrical characterisation alongside
AF.

136



4.2 Laser Graphitisation Fabrication

4.2.3. Fluorescence Characterisation

Figure 4.11 An overview of the laser graphitised structure as seen using a backlit 488 nm light
source and mapping with a confocal microscope.

One possible source of material characterisation is that of fluorescence. Figure 4.11 shows
the optical overview provided by the Zeiss LSM 800 system, providing a grouped map
of confocal scans that allows for near-diffraction-limited imaging across the entirety of
the laser-written structures. The images provided by this system allow for good optical
comparisons with the topological AFM measurements, with the change in observed 488 nm
absorbance due to the graphitisation or amorphisation of carbon perhaps providing a
more reliable picture of how well the fabrication of the thinnest laser treated features have
formed. Further to this, diamond fluorescence centres offer a unique examination of the
composition of diamond defects. In particular, it should be expected that HPHT samples
such as those used for the substrates in the current work will have a large concentration of
singly substitutional nitrogen, aka C-centres. This imparts the deep yellow-orange colour
as is typical for HPHT samples when seen by the naked eye, and is a substantial factor in
the characteristic fluorescence of HPHT grown diamonds.
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Figure 4.12 A confocal microscope mapping overview of the laser written structures as seen
using a backlit 488 nm light source. The green false colour is provided by fluorescence using an
excitation laser of 408 nm.

Figure 7.5 shows the overlay of a false colour (green) fluorescence scan with excitation
laser 408 nm onto the original 488 nm absorption imaging from figure 4.11. A few
observations can be made regarding this experiment, beginning with the clear background
fluorescence throughout the sample. This is due to the substrate itself, as is expected
for a typical HPHT sample [14, 54]. However, while the background fluorescence has a
reasonably steady profile, there are significant deviations visible.

4.2.3.1. Source of Fluorescence

During the setup of the fluorescence imaging shown in this section, a sweep of the
fluorescence emission spectrum was performed by utilising the range of colour filters
available in the Zeiss LSM 800 system. The available colour filters thus provided an
estimate of the wavelength of fluorescence emission within 20 nm ranges, and showed
that the most significant wavelength detection was within the 500–520 nm range. The
exact defects responsible for the fluorescence that is concentrated on the laser processed
portions cannot be determined precisely with the collected data presented here. The exact
defect emission wavelengths can differ due to temperature differences, crystal strain and
excitation wavelength, making exact identification difficult even under ideal circumstances
[23] though more recent applications of machine learning statistical methods allow for
much lower error rates [20].
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Despite the challenge in defect identification, one possibility that must be considered
for the observed regions of intense fluorescence at the edges of laser processing is that
of etching through the phosphorous doped surface layer to allow for more light emission
from the substrate underneath. This is unlikely, as the AFM appears to show an inverse
correlation with the fluorescent laser processed diamond and the height. That is to say that
the regions which display discolouration (darkening) and hence an increased concentration
of amorphous carbon without deep etching through the phosphorous doped layer also
appear to have fluorescent regions in certain locations.

The incorporation of nitrogen into the HPHT grown substrate in the absence of a
nitrogen getter is largely dependent upon growth facets, with the growth sectors {111}
containing the highest concentrations of nitrogen [24]. This leads to a clear pattern of
colour corresponding to a change in optically active defects, with the sample used for laser
graphitisation in this case being no exception to this growth process. A notable observation
from figure 7.5 was that of a relatively uniform background fluorescence, alongside the
non-uniform, concentrated fluorescence of the laser processed devices. This also implies
that the larger concentration of C centres leading to visible colouration of growth facets
has not altered the concentration or distribution of fluorescing colour centres within the
diamond, though the possibility of fluorescence being due to organic molecules etc cannot
be excluded entirely based on this analysis alone.

Defect Type Excitation (nm) Fluorescence (nm)
N3V 365 (LW) 415, 440 (1)
H3 (NVN0) 365 (LW) 503, 530 (1), 510 (3,4)
H4 (N4V2) 365 (LW) 496, 520 (1,3)
480 nm band 365 (LW), varies 480, varies (1), ∼540 (3)
NV0 532 575 (ZPL) (1,2)
NV- 532 637 (ZPL) (1,2)
Unknown Not specified 370-380 (Newly observed) (2)
3H Split interstitial ⟨100⟩ Not specified 504–510, 532 (Paired bands) (2,5)

Table 4.1 Overview of defects in HPHT diamonds, excitation wavelengths (long wave LW, short
wave SW), and specific fluorescence wavelengths as discussed in (1) [14], (2) [7], (3) [39], (4) [38],
(5) [20].

Table 4.1 provides a general overview of defects observed in diamond fluorescence
spectroscopy. This represents only a small sub-sample of the many identified fluorescent
defects and a couple of unidentified defects to help illustrate the number of unknowns
within this spectroscopic analysis. While effort has been made to associate the observed
fluorescence wavelength with the excitation wavelength, this is a parameter which is less
commonly reported in full, and so the usage of a 408 nm laser does complicate the direct
comparison to literature values. Of particular note for HPHT samples is the general
identification of fluorescence when exposed to SW-UV [14, 39], in contrast to the LW
dependent fluorescence of natural diamonds. Identification of the exact colour centres
responsible for this fluorescence varies from sample to sample, however NV centres of
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various charge states are the most likely candidate for the HPHT samples used in this work.
Additional defects which should not have appreciable concentrations are included to give
a broader overview of diamond fluorescence, with the H3 aggregate in particular providing
one potential colour centre in the range observed by the spectroscopic estimate provided
with the Zeiss LSM 800 system. This is despite the expectation of a lack of nitrogen
aggregation in typical (111) HPHT diamond due to the growth process itself [8]. Another
possibility is the unintentional introduction of NV colour centres via laser processing [10],
which may then be possible to see around laser processing for device manufacturing.

(a) Typical frontal white LED illumination. (b) Back-lighting provided by a RGB array.

(c) Frontal illumination and fluorescence overlay. (d) Back-lighting and fluorescence overlay.

Figure 4.13 Sample G as seen with a 3.6X magnification optical microscope, either direct
front facing light or back-lighting, and the fluorescence imaging overlaid on these two images of
differing lighting.

Figure 4.13 includes two different approaches to taking optical images of the sample
at a macroscopic scale, to demonstrate the visually apparent growth sectors within the
HPHT sample. Back-lighting has a significant impact on the clarity and colour of the
different growth sectors, as seen in figures 4.13b, 4.13d. In particular, a change in the
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substrate background colour can be observed near the top of the laser processed region,
and it is possible to pick out the differing growth regions from the HPHT seed crystal.

Figure 4.14 An annotated version of the back-lit optical microscope image to highlight growth
sectors and the significant change in colouration running through the laser processed region.

Figure 4.14 provides an annotated form of figure 4.13b, to clarify the relevant growth
sectors and also highlight the distinct change in colour centres that is observed across
line A. Comparisons to the fluorescence reveal that the background fluorescence does not
change significantly in density despite this change in absorbed/transmitted light.

Figure 4.15 A section of the fluorescence microscopy.

In figure 4.15, the section around line A from figure 4.14 is presented to highlight the lack
of background growth sector specificity in the observed, relatively constant background
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fluorescence. The estimated location of the optically observed growth sector change and
subsequent change in nitrogen content is indicated by line A.

Figure 4.16 A cropped down form of the fluorescent track only, demonstrating the non-uniformity
of fluorescence concentrations.

Figure 4.16 takes a closer look at the laser processed region of the sample, with only the
fluorescence track from the confocal microscopy represented in this image. Note that while
the effective spectroscopic analysis of colour filtering did reveal a fluorescence peak in the
region of 500–520 nm, the green colouration of the fluorescence is a false colour applied
to all detected fluorescence used to aid in contrast and the actual colouring may differ.
Some fluorescence appears to be present on the surface of the diamond sample, marked
by the red circles. In select locations it appears to be on the edge of the laser processed
material and yet it is also on the unaltered diamond surface. Due to this inconsistency, it
is assumed that this fluorescence is neither due to the substrate or the laser processing,
and is likely caused by organic surface contamination despite solvent cleaning steps.

142



4.2 Laser Graphitisation Fabrication

Position (cm−1) Typical FWHM (cm−1) Assignment
1332 5–10 first-order diamond Raman line
1355 250 sp2 (D peak)
1575 100 sp2 (G peak)

Table 4.2 Raman peaks of interest in diamond and carbon related materials [32, 46].

4.2.4. Raman Characterisation

As outlined in section 2.1.3.3, raman microscopy provides an effective tool for examining the
composition of diamond samples. Table 4.2 summarises the relevant peaks of interest for
diamond, with the general deconvolution of CVD diamond raman spectra into a diamond
line and the D or G modes of amorphous carbon. The relative intensity of diamond
to D or G signals is strongly dependent upon excitation wavelength, with the exact
mechanisms behind this likely linked to resonance enhancement of the sp3 component and
decreasing resonance in the sp2 component [32]. Another noteworthy point on excitation
wavelength is that the typical rising background seen with excitation sources such as the
green argon ion laser at 514.5 nm is commonly attributed to strong photoluminescence
from nitrogen-vacancy defects [17]. The laser wavelengths used can be varied depending
upon the application, but background subtraction allows for visible peaks even in the
case of high background photoluminescence. A laser wavelength of 532 nm was used
with the LabRam HR-800 Jobin Yvon at the SAgE analytical facility for the purposes of
characterising the laser processed device structures and heavily phosphorous doped surface
layer.

One other relevant consideration for raman spectroscopy of samples which have two
components, such as amorphous carbon, is the relative polarisability of the components.
π bonds formed by sp2 hybridised carbons have a higher polarisability than that of the
σ bonds within sp3 hybridised carbon, which results in a larger raman cross-section [53].
Additionally, π bonds are resonantly enhanced with visible excitation lasers while σ bonds
are not. This tends to lead to a dominance of sp2 signal in samples where even low (∼ 20%)
fractions of sp2 material is present [16]. To summarise, for single crystal diamond the
position and FWHM of the diamond line, and relative intensity of the diamond line to
the G and D peaks are used as crude measures of crystallinity [5]. This is due to single
crystal diamond only displaying the first order diamond line while grain boundaries in
polycrystalline films will produce varying intensities of D and G peaks depending upon
the grain sizes [3]. At the extreme of pure graphite, only the crystalline G peak remains,
while in all other forms of graphitic materials the disorder D peak appears [46].

4.2.4.1. Amorphous Carbon

Amorphous carbon (a-C) is made up of unstructured mixtures of sp3 and sp2 hybridised
carbon. The properties of such material is dependent upon the ratio of sp3 and sp2 bonding,
with amorphous carbon films of high sp3 content forming a harder material which is more
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transparent and of higher resistivity than of materials with high sp2 content [42]. Films
of high sp3 content are also highly stressed [28], and are hence more likely to delaminate
from the substrate surface. Amorphous carbon films can also be hydrogenated, which is
quite common for CVD grown films [33]. These hydrogenated amorphous carbon films are
softer, more stable, and will tend to be more transparent than hydrogen-free films. There
is also a variable range hopping conduction mechanism between clusters of hydrogenated
sp2 carbon in amorphous carbon films which may represent a possible conductive path in
the case of laser processed diamond [45].

Figure 4.17 Relative intensities of raman spectra for untreated and laser-treated portions of
sample G. The spectra are normalised such that the sp3 peak for both examples is set to 1.

Material Type Raman Shift (cm−1) Relative Intensity FWHM (cm−1)
Non-Processed 1334 1.00 2.24
Non-Processed 1554.3 0.08 63.81
Laser Processed 1333.6 0.99 2.28
Laser Processed 1582.2 0.12 29.53

Table 4.3 Raman spectrum data comparing non-processed and laser-processed materials.

In figure 4.17, two different raman spectra are plotted, which represent a portion of the
sample that has been laser processed, and another region which was well away from any
laser processing on the phosphorous doped diamond surface. The exact location used for
the laser processed region is indicated by the red square in figure 4.18, which was chosen
due to the large radius of laser processed material that surrounds the centre point. While
it is not possible to guarantee that the laser spot will only be absorbed and otherwise
interact with the visibly darkened, laser affected region of diamond, this location was
chosen to maximise any sp2 raman signal.
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Figure 4.18 A 488 nm confocal micro-
scope image of the raman area, showing
the section of the sample under inves-
tigation.

The "Non-Processed" region was strategically cho-
sen on the opposite side of the diamond sample (on
the same face with a phosphorous doped surface
layer), away from any laser-written areas. However,
due to the optical transparency of diamond, it re-
mains a slim possibility that any sp2 raman signal
from this location may be due to a distant, laser
processed portion.

As shown in figure 4.17 and table 4.3, there is a
shift in what may be considered the G peak, rising
from a small hump that may be attributable to the
highly phosphorous grown surface layer, to a mod-
erate peak in the raman spectra of laser processed
material. Both spectra show a small shift in the
1332 cm−1 diamond peak, and they also have a sim-
ilar FWHM for this line. While there is a visible difference between these two raman
spectra, it is difficult to say that the laser processed material represents highly graphitised
material, especially compared to the relative shifts that are typical for laser modified
diamond [25, 43]. However, the rise in G peak does indicate a change in the material
structure due to the laser processing, in accordance with a rise in sp2 carbon content.
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Chapter 5. Laser Processing for Ohmic Contacts

As demonstrated in sections 4.2.3 and 4.2.4 via various microscopy techniques, the laser
processing of a highly phosphorous doped surface layer on a (111) oriented sample has
resulted in a clear change in the diamond crystal structure following the intended design
of electronic devices. AFM characterisation has shown that the topographical features
vary in the ablation associated with this processing. The fluorescent behaviour of these
features is noteworthy, indicating that while this material absorbs visible light as expected
for diamond with broken sp3 bonds, its optical properties differ from those of other laser-
processed regions. While the models for this fluorescence remain speculative, the primary
concern is that of the electrical characteristics, and whether or not the features of ablation
and fluorescence impact the function of electrical devices created using this processing step.
To that end, the electrical characterisation presented here follows a bottom-up approach,
starting with tests on surface-written wires to confirm ohmic behaviour, indicative of the
breakdown of diamond’s sp3 bonds. Subsequent tests on a TLM type structure and an
emitter structure further explore this behaviour, and attempt to utilise this property.
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5.1. Testing of Surface Graphitic Wires

Figure 5.1 The I-shaped laser processed conductivity test structure.

Figure 5.1 shows the simple wire structure that was designed to allow for preliminary
electrical characterisation. The annotated shapes indicate the positions of six different
electrical probe positions that were used to make contact with the laser processed diamond
surface. For reference, these are labelled such that the two aqua squares A and B represent
the first set of electrical trials, followed by the circles used for the second set of trials
which are labelled 1–4 starting from the bottom right and increasing in the anti-clockwise
direction.

As indicated in figure 5.2, the top 10 µm wide wires have a length of 70.5 µm, and the
bottom wire has a length of 65.5 µm. This slight difference in path length should result in
a reduced resistance in the situation where the induced current is measured across probes
1 and 2, when compared to probes 3 and 4. Note that the 14 µm cross-bar wire has a
length of 174 µm when measured from the edges of the 10 µm wires. This substantial
length allows for a relatively large distance of laser processed wire to be tested, with the
additional benefit of a change in width allowing for comparison with the slightly narrower
10 µm wires.
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5.1 Testing of Surface Graphitic Wires

5.1.1. Electrical Probe Placement Error Estimation

Figure 5.2 A snippet of the design for
the wire testing region.

One detail worth including at this stage is a discus-
sion of the electrical probe tips that were used to
make contact to the laser processed wires. Standard
micro-probes usually have tip radii of the order of
10 µm, and naturally, trying to make good contact
with wires that are 10 µm in width is a challenging
prospect, especially due to the ablation of material
in the centre of the wire. It would be exceedingly
difficult to reliably place tips with a diameter greater
than that of the surface features in the correct place.
Tip placement relies upon the tip curvature and sur-
face topology, which as previously noted is that of
surface trenches, of smaller widths than that of the
optically observed laser processed wires. It is phys-
ically impossible to place such a large tip into the
trench, and contact would only be made on the very
edges of the probe tip, reducing the surface area of
the contact significantly and potentially inducing a
large contact resistance if no good contact is formed.
For that reason, probe tips with a full tip diameter
of 10 µm were used to make contact to the surface
wire structures directly. The circles used to represent
the probe positions in figure 5.1 hence show a rough
approximation of the size of the tips used in the
electrical characterisation, with radii at 5 µm.

Despite great care in the positioning of these micro-tips, it is also important to note that
the exact positioning of the probes relative to the wires being measured is an important
source of error. The exact length of wires under investigation is a crucial variable for the
calculation of measured resistivity and conductivity across differing wires. Hence, the
variation of micron-scale positioning must be accounted for. The minimum potential error
in electrical path length may be given by 2× the tip radii, which is ±10 µm. This is the
minimum due to the tip radii themselves, but also sets a lower bound for the potential
of inexact placements during the experimental process itself, as the probe tips may not
necessarily be ideally situated in the locations marked on figure 5.1. While the placements
were aided by an optical microscope, the precision and reliability with micropositioners
establishes a hard limit of ±5 µm per probe tip. In particular for these smaller than
average probe tip radii, the identification of physical contact was challenging to observe,
with any additional force applied to the probe leading to significant bending of the probe
tip and subsequent translation of the probe tip along the wire. Larger tip radii allows for
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a probe tip with greater resistance to deformation, but as previously discussed the tip
radii was strategically chosen to allow for the best possible contacts to be made to 10 µm
wide wires, leading to this potential error in placement but reducing the issue of contact
formation itself.

Electrical Path Path Length (µm)
A-B 164
1-3 140
2-4 140
1-2 295
3-4 305
1-4 301
3-2 301

Table 5.1 Summary of electrical path lengths and the corresponding error due to probe placement.
The error in path length is taken as ±10.

Table 5.1 provides a brief summary of the electrical path lengths between the different
probe locations. The standard minimum error is more notable for the shortest electrical
paths, such as A-B or 1-3, 2-4, when it is expressed as a percentage error of the path
length. However, by taking this into account the conclusions of electrical measurements
taken between these probe locations can be considered fairly.

5.1.2. Laser Writing Thickness

One final detail is necessary to consider the effective resistivity of the laser processed
surface wires – that of the thickness of these processed regions. A full overview of the
laser processing technique is outlined more fully in section 2.3, however the salient point
regarding laser treated thickness can be estimated based on key studies in which the
structure of laser processed diamond samples are examined via techniques such as TEM
[17], SEM [2] and interference based microscopy techniques following the removal via
oxidation of graphitic material [13]. Despite the topological complications induced by
ablation during the laser processing technique, it is reasonable to estimate based on
this prior work that the thickness of material in which a graphitisation or general sp3

bond breaking process has occurred is likely to be relatively continuous, with only small
variations on average across the laser treated region. With consideration of the literature
that is comparable to the laser processing performed to create these device structures [13,
10, 12], a simple assumption that will allow for further analysis of the electrical properties
of laser written wires is to take an estimated thickness of 500 nm for the effective thickness.
This then represents material that may be considered to contain graphitised phases of
carbon. This is consistent with the photographitisation/thermal graphitisation process
that is described in section 2.3, though it must be stated that the exact thickness of the
graphitised material will be a function of position along the wire, and it is unlikely to be
completely uniform.
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5.1 Testing of Surface Graphitic Wires

Figure 5.3 A simple ablation model to demonstrate the approximate thickness of graphitic
material.

A rudimentary model of the thickness approximation is represented in figure 5.3. There
are a few complications that must be acknowledged with such a model. First, the order
in which the laser processing is performed will affect the photographitisation/thermal
graphitisation process itself, with additional ablation occurring when laser treatment is
applied adjacent to a point which already has a significant degree of graphitisation. This
may be one of the most significant reasons as to why the profile of laser treated surface
wires shows one deep topological trench, with a roughness that may then be due to the
individual ablation regions.

Second, the spacing between adjacent laser spots will naturally change the ablation
regions, and surface topology, with knock on effects for the graphitised region of interest. If
laser spots are kept very close together, then the semi-circles representing ablated trenches
in figure 5.3 will overlap, with a non-trivial local thickness of the graphitised region in
these regions of overlap.

Thirdly, the photographitisation process is quite dependent upon defects as the origin
of sp3 bond breaking [11], in material which contains said defects. There are multiple
defects that could have formed the origin of such photo-induced graphitisation, such as at
the interface between the HPHT substrate and CVD grown heavily phosphorous doped
diamond film [22], within the CVD grown layer itself due to the growth conditions used for
highly phosphorus doped material [6], and the HPHT substrate itself due to the nitrogen
content and likely high density of twinning or stacking faults [1, 20]. Hence, the origin of
photographitisation is difficult to ascertain in such a substrate, and this may lead to a
small amount of variance in the depth at which the sp2 seeds are formed. The relative
consistency of the topological scans demonstrated thus far indicates that despite these
complications in a more precise model of the thickness of graphitised material, the ablation
within the wider wires where multiple passes of laser processing has occurred is reasonably
consistent. This removes the third point from relevance, as the exact positioning of the
photo-induced graphitisation process need not be considered a large factor.
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While the first and second points still hold, comparison to previous work indicates that
while there may be some variability in the local thickness of laser graphitised layers, the
approximate thickness of 500 nm should provide a reasonable estimate of the resistivity of
these layers. At minimum, there should not be any points within the laser written wires
where there is a thickness substantially thinner than 500 nm, with large deviations likely
to be slightly thicker than this estimate.

5.1.3. Conductive Wire Testing - 14 micron width

Figure 5.4 The first set of electrical measurements across the 14 µm wire structure via probe
locations A and B.

The first set of electrical measurements were carried out between probe positions A and
B as shown in figure 5.1. The linear IV plot is shown in figure 5.4, and shows a good
ohmic relationship in the low voltage region of ± 2 V (R2 = 0.9993). This line of best fit
corresponds to a measured total resistance of 1.34 MΩ. A full set of electrical measurements
were taken from this starting point, increasing up to an absolute potential bias of 100 V
applied at probe A, with probe B held at ground. Figure 5.4 also displays the differential
resistance between consecutive data points, further demonstrating the ohmic quality of
this wire.
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5.1 Testing of Surface Graphitic Wires

Figure 5.5 A ±100 V set of electrical measurements across the 14 µm wire structure via probe
locations A and B.

Voltage (V) Total Resistance (MΩ) Diff. in Resistance (kΩ) Absolute % Diff. R2
2 1.38 14.9 1.08% 0.9993
5 1.21 −19.8 1.64% 0.9964
10 0.992 −16.1 1.62% 0.9925
20 0.771 11.6 1.50% 0.9930
40 0.629 6.18 0.98% 0.9914
60 0.589 16.8 2.85% 0.9933
80 0.571 −14.0 2.45% 0.9937
100 0.544 −5.57 1.02% 0.9931

Table 5.2 Total resistance, difference in positive vs negative resistances, the absolute percentage
difference, and total R2 for various voltage ranges.

Figure 5.5 shows the electrical characteristics when measured with a potential bias of
±100 V. In contrast to the lower voltage range, a Schottky behaviour can be observed.
The linear fit yields an R2 value of 0.9931, and a measured total resistance for this linear
fit of 0.544 MΩ. One valuable thing to consider with these characteristics is the potential
for asymmetry in the measured resistance, and how this may change as the voltage range
changes. To examine this briefly, table 5.2 collects the calculated difference in resistance
between the positive and negative regions, which may be expressed as Rdiff =R+ −R−, and
also shows the percentage difference between the absolute value of Rdiff and the resistance
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as calculated from the full fit for the dataset
( |Rdiff|

Rtotal
×100%

)
. The results indicate that

the data are well regarded as symmetric in nature, with only minor absolute % differences
between the resistance as measured from the positive and negative voltage regions. There
doesn’t appear to be any clear correlation between the change in sign for R(diff) and the
voltage range used, though it is also difficult to state that this is due to noise or other
such error in the measurements, since the absolute % difference changes across the voltage
range used.

The examination of symmetry will be explored further with the electrical characterisation
of emitter structures, due to the possibility of one-way diodes being created through the
geometric field enhancement and subsequent field effect emission. However, in this case,
both probes A and B are placed on what is ostensibly material containing enough graphitic
phase carbon to allow for near-ohmic conductivity. The observation of an inconsistent
asymmetry may indicate some change in the structure of sp2 phase carbon under the
application of electrical bias, or potentially a more exotic phase of carbon such as a
diaphitic structure. This will be explored further later in this chapter.

Figure 5.6 The full voltage range and their corresponding total resistances as measured across
probes A and B.

Figure 5.6 displays the full range of measured total resistances based on the voltage range
used. A colour scale is used to represent the changing R2 value as the IV characteristics
trend towards a Schottky-like behaviour at higher voltage ranges, deviating from the linear
fit applied for the calculation of resistance.

Table 5.3 shows the resulting resistivity and conductivity as measured across the various
voltage ranges between probes A and B. Immediate comparisons could be made to typical
conductivity values for graphite, which, when parallel to the basal plane are typically
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Voltage (V) Resistivity (Ωcm) Conductivity (S/m) Conductivity Error (S/m)
2 5.88 17.0 1.04
5 5.16 19.4 1.18
10 4.24 23.6 1.44
20 3.29 30.4 1.85
40 2.68 37.2 2.27
60 2.51 39.8 2.43
80 2.44 41.0 2.50
100 2.32 43.0 2.62

Table 5.3 Voltage vs. resistivity, conductivity, and a conductivity error of 6.1% for this wire.

reported to have values of 2–4×105 Sm−1, and perpendicular to the basal plane are closer
to 333 Sm−1 [16]. The best reported conductivity here at a bias of 100 V is of 43.0 Sm−1,
approximately 8 times smaller than that of the perpendicular graphite conductivity value.
This is a significantly higher conductivity than that of the diamond substrate itself as
measured via LTLM and CTLM in chapter 3 on another sample with a heavily phosphorous
doped surface layer grown under the same conditions as for this sample. However, it is
difficult to infer the dominant form of carbon allotrope that is present, especially when
the concept of electrical percolation within composite materials is considered as in [15].
The recent application of complex network theory to electrical conduction mechanisms in
nanostructure assemblies allows for a wide range of conduction types, even in materials
that at first appear to be discontinuous [25]. Hence, the reduced resistivity observed in
laser treated diamond that contains a larger content of sp2 bonded carbon would appear to
show that, despite not being a truly "graphitic" wire that acts as a metal, with conductivity
similar to that of bulk graphite, enough electrically conductive material is present to allow
for ohmic conductivity, albeit with a higher resistance than might be expected.
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Figure 5.7 A set of electrical measurements across the 14 µm wire structure via probe locations
A and B, reaching up to 200 V.

Voltage (V) Resistivity (Ωcm) Conductivity (S/m) Conductivity Error (S/m)
4 4.06 24.6 1.50
10 3.51 28.5 1.74
20 3.07 32.6 1.99
40 2.64 37.9 2.31
60 2.38 42.0 2.56
80 2.20 45.4 2.77
100 2.09 47.8 2.92
120 1.99 50.3 3.07
140 1.89 52.8 3.22
160 1.80 55.5 3.39
180 1.73 57.9 3.53
200 1.61 62.0 3.78

Table 5.4 Total voltage sweep vs. resistivity, conductivity, and a conductivity error of 6.1% for
the wire.

Next, higher voltage testing was performed, which continued the same observations as
outlined in table 5.3. An example of a 200 V sweep is shown in figure 5.7, with a linear fit
corresponding to a measured resistance of 3.78×105 Ω plotted alongside the raw data. The
Schottky-like behaviour continues to grow in significance at these higher voltages, with
more deviation from the linear fit visible. However, the effective conductivity continues in
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5.1 Testing of Surface Graphitic Wires

much the same trend as before, with a conductivity of 62 Sm−1 from the linear fit. This
is represented in figure 5.7 by the decrease in differential resistance at higher voltages.

Table 5.4 gives the full set of higher voltage data between probes A and B. This set of
measurements was performed with fresh probe tips and a complete reset of the experimental
setup, to ensure that the results were not dependent upon an unknown error related to the
previous set of result. Similar to the previous measurements, the conductivity at a bias
of 10 V was around 28.5 ± 1.7 Sm−1. One notable difference with these measurements
is the setting of the ground probe to a negative bias, rather than holding it at ground.
This allowed for a wider range of potential biases to be explored with the electrical probe
station, but prevented the previous estimation of asymmetrical differences in absolute
current values for negative vs positive electrical biases.

5.1.4. Conductive Wire Testing - 10 microns

In the previous section, the calculation of effective conductivity for the large (14 µm)
laser processed wire is set out as for the measurements taken between probe locations A
and B. Further measurements were taken at probe locations 1–4, following the electrical
measurements of A–B. One small detail, which was noticed during the testing of A–B
was that following multiple voltage sweeps at higher potential differences, the observed
conductivity appeared to decrease marginally across multiple sweeps. However, testing the
following day was able to achieve similar results to that set out in table 5.3. Regardless, it
is worth examining the measurements between probe locations 1-4 and 2-3 separately, as
these wires were otherwise untested in the previous conductivity measurements between
probes A and B. They also have a different wire thickness of 10 µm, and so it may be
natural to expect a higher resistivity. The comparative values of the wires are 3.57×10−8 m
for the 10 µm wires and 4.27×10−8 m for the 14 µm wire. Hence, if the wires do indeed
follow the trivial calculation of resistivity using an estimated thickness of 500 nm, it is
expected that these thinner wires will show a conductivity that is approximately 16%
lower than that of the 14 µm wires.
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Figure 5.8 The first electrical characteristics between probe positions 1 and 3.

Figure 5.8 shows the first measured IV characteristics of the 10 µm wire between probe
positions 1 and 3. Of particular importance is the reduced absolute current relative to the
thicker wire measurements, and also the clear Schottky behaviour, even given the lower
bias range applied in this case. It was unclear initially if this behaviour was due to the
wire itself at this stage in the experimental process. The differential resistance as plotted
reflects this rise in Schottky behaviour at low voltages.

Voltage (V) Resistivity (Ωm) Conductivity (S/m) Conductivity Error (S/m)
2 0.796 1.25 0.0895
10 0.364 2.75 0.196

Table 5.5 Resistivity, conductivity, and errors for the wire between probes 1 and 3.

Table 5.5 provides a summary of the relevant conductivity data for the laser written wire
between probe positions 1 and 3. The 10 V conductivity of approximately 2.75±0.20 µm
is significantly lower than the final 14 µm value of 28.5±1.7 Sm−1.
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Figure 5.9 The average electrical characteristics between probe positions 2 and 4.

In figure 5.9, the IV measurements between probe positions 2 and 4 are plotted. This
wire showed a significant jump in absolute current measurements, with the peak current
reaching approximately 300 µA, in stark contrast to the previous measurements on both
the comparable 1-3 wire and also the measurements across the 14 µm. The associated
differential resistance is similarly lower by a few orders of magnitude.

Voltage (V) Resistivity (Ωcm) Conductivity (S/m) Conductivity Error (S/m)
2 0.203 492 35.1
10 0.128 780 55.7

Table 5.6 Resistivity, conductivity, and errors for the wire between probes 2 and 4.

In the same style as for the previous table of results for the wire between probes 1 and
3, table 5.6 shows the conductivity data for the 10 µm wire between probes 2 and 4. At
10 V the conductivity of this wire was measured to be approximately 780±1.3 Sm−1, a
factor of 284 increase in conductivity over the previous wire. This is also markedly higher
than that of the 14 µm wire, with a factor of 27 increase in conductivity (for conductivity
taken at 10 V in the 14 µm wire).

Following these results, it was apparent that repetition of the electrical characterisation
was a necessity, as the drastic change in conductivity between different probe locations
indicated that there may be some issues with making direct contact to the as processed
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laser written wires. Hence, the experimental procedure was repeated, with fresh probe tips
and great care to ensure that the probe locations were as centrally located as physically
possible to maximise the contacts formed. Several measurements performed with all 4
possible combinations of probe locations indicated that probe 3 in particular was the issue
with the previous measurements.

Figure 5.10 The average electrical characteristics between probe positions 1 and 3 - repeated.

Figure 5.10 shows the results of repeating this experiment with fresh probe tips and
having had another standard solvent clean prior to making contact. The characteristics
when contrasted to the previous data shown in figure 5.8 are significantly more ohmic in
nature, with the linear fit of R2 value 0.9984 vs the previous fit of 0.9827 providing some
quantification of this trend. As for

Voltage (V) Resistivity (Ωcm) Conductivity (S/m) Conductivity Error (S/m)
2 0.223 449 32.1
10 0.156 640 45.7

Table 5.7 Resistivity, conductivity, and errors for the wire between probes 1 and 3 - repeated.

The summary of further electrical measurements between probes 1 and 3 is given in
table 5.7. Measurements between all 4 replaced probes were performed to confirm that
none of the probes had a defective contact in this experimental setup, and the wire between
positions 2 and 4 showed a similar conductivity to the previous results, at 749±53.5 Sm−1.
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Further to this, a final complete replacement of electrical probes was performed to verify the
order of magnitude of current being reported here, and this was in agreement. Therefore, it
was concluded that the contacts in this setup were no longer the cause of any discrepancy
between the measured wire conductivities.

5.1.5. Conductive Wire Testing - 10 and 14 microns

In the previous two sections, the experiments performed on the wire testing structure as
shown in figure 5.1 were used to establish the observed electrical conductivities of the 10
and 14 µm wires. Several further sets of measurements were taken across the structure,
as previously alluded to in the verification that the original contact formed by probe
3 was relatively poor compared to the other 3 points of electrical contact. While the
measurements across the full span of the structure are more difficult to use for precise
calculation of the effective conductivities involved due to the two differing wire widths, the
observations thus far point to the thicker 14 µm wire having a conductivity approximately
30 times lower than that of the 10 µm wires. Hence, it is reasonable to assume that when
electrical measurements are taken across the full span of the testing structure (such as
between probes 1-2, 1-4 and 3-2, 3-4), the dominant resistance will likely be that of the
14 µm wire, despite the additional 10 µm wire paths.
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Figure 5.11 The average IV characteristics across all four possible paths utilising the full wire
test structure.

Figure 5.11 shows the overlay of all four differing sets of electrical measurements taken
across the 14 µm wire via probes located on the 10 µm wires. It is difficult to see the
dataset corresponding to the IV data between probes 1-2, as it very tightly follows the data
for probes 3-4. Otherwise, there are only minor differences in the measured conductivities
between these locations on the wire structure, and all four sets of measurements are in
good agreement, despite the slight differences in wire lengths (1-2 ∼ 295 µm, 1-4/2-3
∼ 301 µm, 3-4 ∼ 305 µm).
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Figure 5.12 The average differential resistance across all four possible paths utilising the full
wire test structure.

Figure 5.12 shows an overlay of all four differential resistance plots across the test
structure. Similar to the observations in figure 5.11, the electrical characteristics are
consistent across all paths. However, at higher voltages, a notable spread in differential
resistance values is observed. This variability might be attributed to the differing number
of data points per sweep, with 1000 data points typically collected in most sweeps, and a
minimum of 400 in others. More consistent sampling across sweeps, and increasing the
number of data points, is likely to enhance the precision and reduce the variability of the
results. Each IV sweep was performed three times, spaced by a minimum of 10 seconds
between each sweep to mitigate any effects of residual charge build-up, ensuring that the
measurements reflect the true resistance of the wire without interference from transient
electrical effects.

In table 5.8, the various electrical measurements across all four different "cross" configu-
rations. Note that the calculation of resistivity and hence conductivity in this table uses
an average wire width of 12 µm (in the first half), to provide an estimate for comparison
with previous measurements across single wires. These measurements can be interpreted
as three separate resistors in series, utilising wires that were characterised individually in
the lower half of the table. All four electrical paths showed a reasonable similarity, with
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Path Resistance (MΩ) Resistivity (Ωcm) Conductivity (S/m) Error (S/m)
1-2 1.58 3.21 31.1 2.22
1-4 1.53 3.05 32.7 2.34
3-2 1.63 3.25 30.8 1.06
3-4 1.58 3.11 32.2 1.09
A-B 0.992 4.24 23.6 1.44
1-3 0.0438 0.156 640 45.7
2-4 0.0370 0.132 756 54.0

Table 5.8 Summary of electrical measurements at 10 V for different probe configurations.

the potential error due to probe positioning potentially negating the slight differences
observed. The lower half of the table provides the final measurements for each individual
wire section, which highlights again the dominance of the resistance caused by the 14 µm
wire.

Figure 5.13 A simplified summary of the electrical characterisation of wire structures, as
observed at 10 V.

Figure 5.13 provides a visual representation of the electrical measurements performed
to determine the effectiveness of laser writing in creating ohmic wire structures. A colour
spectrum is used with the simplified straight line connections to show the relative conduc-
tivities for the differing paths. The most noteworthy conclusion from these measurements
was that the 10 µm wires were not merely ohmic, but were in fact significantly more ohmic
than what was presumed to be the most electrically conductive structure in the design
(the 14 µm wide wire). While there are some slight differences in the conductive paths
that utilise both the cross bar and the thinner wires, the differences are not significant
enough with the error analysis to conclude that any particular parts of the wires were
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more or less conductive. This is represented by the slight shift from red-orange that is
present in the straight line connections used to represent these electrical paths. The only
clear difference was between the two 10 µm wires, which showed an 18% conductivity
improvement in the leftmost wire between points 4-2, when compared to the rightmost
wire between points 3-1.

5.1.6. Comparison to Graphite

With the measured conductivities following a number of assumptions regarding the
geometric properties of the laser written wires, it is now a reasonable step to compare
these values to what might be expected from ideal graphite wires. Then, it is possible to
ask what the geometry of these graphite wires must be to match the measured resistances.
It is inferred that the thickness of such a pure graphite wire must follow:

t= L

σRW
(5.1)

Using a low estimate of the basal plane conductivity for typical graphite (∼ 2×105 Sm−1

[16], and by comparing to the measured resistance for the highest calculated conductivity
of 756 Sm−1 (path 2-4, as outlined in table 5.8), the effective thickness of such an ideal
wire is calculated to be 1.89 nm in thickness. While the inter-atomic spacing between
graphene sheets within graphite is a strong function of temperature and also depends
upon the stacking sequence, typical inter-layer spacings are of the order of 0.355 nm [16].
Hence, a low estimate of basal plane conductivity for ideal graphite indicates an effective
wire of only ∼ 5 layers of thickness.

If instead, conduction is considered perpendicular to the basal plane of ∼ 300 Sm−1 [16],
and again the highest calculated conductivity wire is used as a resistance reference point, the
effective thickness of this wire is calculated to be 1.26 µm. This is not too surprising, since
the assumption of thickness 0.5 µm was used in the calculation of conductivity 756 Sm−1

for this wire originally. It does however confirm that for the electrical characteristics as
performed on the 10 µm wide wires, graphite-like conductivity over a wire thickness that
is reasonable does appear to be observed. Indeed the conductivity is more than 2 times
higher when it is assumed that the thickness is 0.5 µm, which as discussed in section
5.1.2 represents a fair estimate based on literature values. Much thicker than 1 µm is
unlikely, though further studies on laser graphitisation of diamond may help to elucidate
the mechanisms determining the depth at which conductive material is generated, be that
in the form of graphitic, diaphitic, or segregated areas of sp2 bonding in a percolative
network, as well as the interplay between these materials in conductors.

Finally, for the case of lower conductivity, such as that for the wire between points
A-B, considering graphitic conduction perpendicular to the basal plane of ∼ 300Sm−1 [16],
the effective thickness for the measured resistance is 39.4nm. It is certainly possible that
the assumption of relatively uniform graphitised material may be significantly incorrect
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in this wire, with some narrow conductive paths leading to the observed resistance.
However, this is at least mildly odd, implying that despite the wire being significantly
wider, the conductive path formed is substantially more inconsistent in thickness to the
degree that the additional width is irrelevant. This is perhaps another indicator that
the conductive material formed by this process cannot be simply regarded as "graphitic",
despite the successful application of such a descriptor to the thinner wires. Instead, it
must be considered that such conduction is due to electrical percolation and nanostructure
assemblies as described by complex network theory [15, 25]. Broken type 2 diaphite is
another likely contender in such poorly conducting material, with recent work examining
the shift between ohmic and semiconducting material due to differing laser parameters
highlighting the potential for such broken conductive paths to transition from ohmic type
1 diaphite wires to highly resistive type 2 diaphite wires [18].

Usage of the low estimated conductivity for in-plane graphite leads to an effective
thickness of 59 pm when the values for path A-B are used again, around 7 times thinner
than that of typical measured thicknesses of single graphene layers [19]. This provides
further confirmation that on the scale from a thin highly conductive layer of sp2 bonded
carbon, to very thick, poorly conducting amorphous carbon containing sp2 bonding, it
must necessarily be well away from the edge case of a single graphene layer providing the
bulk of observed conductivity. It is impossible to rule out a "broken islands" structure of
graphene conductivity, but this is again leading to a complex network theory or electrical
percolation model. In which case, it is more likely that layers of graphene are not the
cause of conductivity.

Regardless of the exact geometric and material model underlying the observed conductive
paths, these conductive paths are sufficient to provide electrical wires embedded within the
diamond surface. The contact between such wires and the phosphorous doped diamond
surface layer may now be considered.

5.2. LTLM Structure

Figure 5.14 The design of a LTLM structure for laser processing.
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As established in section 5.1.6, the electrical conductivity of the wires is sufficient to
proceed with testing of diamond devices manufactured with these wires. In particular, one
of the intended device structures is that of emitters, or emitter arrays. However, before
testing such devices, it is important to have a baseline of comparison, which in practical
terms results in a simple LTLM structure, as that will provide a test of "emitter-less"
devices. This has the additional benefit of providing a comparison to conventional Ti-based
ohmic contacts, which rely on annealing to generate a TiC interlayer for the reduction of
Schottky barrier height and the subsequent reduction in specific contact resistivity. Figure
5.14 shows the designed structure of this LTLM-type setup. Four channel lengths between
2–9 µm are included, with simple rectangular wires providing the effective contacts. As
shown in section 4.2.2, the channel width as measured via topological surveys shows some
error in particular locations. It is important to examine these contacts prior to any LTLM
analysis, due to the potential for significant deviation from the intended device structure.

5.2.1. LTLM Microscopy

Figure 5.15 The LTLM laser written structure as observed via confocal microscopy with a
488 nm light source. Annotated numbers indicate the contact label.

Figure 5.15 shows the laser processed device structure as seen via confocal microscopy,
utilising a 488 nm back-light. The different electrical wires used to form effective contact
regions are labelled 5–1 from left to right. Red capsules are used to highlight corners of
the contacts where it appears that a slight overshoot relative to the vertical wires has
occurred. In the case of the channel between contacts 2-1, this results in what appears to
be a potential overlap at this scale between the contacts in laser written graphitic content.
In the case of the other channels it simply produces a small region at the corners where
visible narrowing occurs. The yellow circle indicates what appears to be a slight mismatch
in the vertical wires at the edges of contact 3 and 2. On contact 3, the wire appears to
fade away to transparent diamond moving upwards and out of this circle, while on contact
2 the wire at the edge of the contact appears to similarly fade into transparency moving
downwards. The net result is a region in the centre of the circle in particular where the
channel appears to have its narrowest point, and significantly wider regions before the
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corners. Finally a white square highlights what appears to be an amorphous blob on the
bottom right corner of contact 4. It is unclear if this is due to the laser writing, or if it is
contamination on the surface of the diamond. A region of small, soot-like contamination
appears in various locations of this image, particularly near contact 5. It is possible that
this is graphitic material due to ablation during the laser processing, which has not been
removed in the subsequent solvent cleaning steps. Other possibilities, such as absorbance
of the back-lighting within the substrate itself, may be considered via examination of other
microscopy imaging utilising a top-down light source.

A final detail included in figure 5.15 is that of the cyan circles on contacts 2 and 1.
These represent the two probe locations which were used for electrical characterisation
across the 2 µm channel. Similar positions were used for the rest of the LTLM channels,
with the right-most probe being located on the upper right corner of the contact structure
and the left-most contact positioned on the lower left corner of the corresponding contact.
This was done to ensure as much consistency as possible with the electrical measurements,
as changing the relative positions of the probes on the contacts beween channels would
change the resistance due to the 10 µm wire resistivity. As previously established, the
10 µm wires demonstrate the highest electrical conductivity, so the voltage drop across
these wires should be minimal in comparison to the phosphorous doped diamond channel.
However, this factor cannot be overlooked and is considered in the analysis of electrical
measurements.

Figure 5.16 The LTLM laser written structure as observed via optical microscopy with a white
light source.

Figure 5.16 shows a tiled image of the LTLM structure, as seen with a standard optical
microscope (air immersion). The resolution of this image is significantly lower than that of
the back-lit microscopy shown in figure 5.15, but it provides another visual comparison of
the LTLM structure. In particular, the concentration of absorbent soot-like contamination
near contact 5 is now visible as a reflective region on the surface of the sample, in contrast
to the other areas which are not reflective.
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5.2 LTLM Structure

Figure 5.17 The LTLM laser written structure as observed via optical microscopy with a back-lit
white light source.

Figure 5.17 provides a white back-lit image of the LTLM devices, using the same optical
microscope as for the top-down white light source imaging in figure 5.16. Similar to that
of the 488 nm back-lit confocal microscopy of figure 5.15, the soot-like contamination
around contact 5 is seen to absorb a fraction of the white light source. It is notable that in
contrast to the complete absorption of 488 nm light, this region does appear to have some
transparency in the visible light range. However, given the significant disparity in optical
resolution with this image, it is still possible that these particles are strongly absorbing
the full visible light range. Regardless, this provides further comparative optical imaging
for a qualitative examination of the device structures.
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Figure 5.18 Contacts 2-1 of the LTLM structure, more closely examined via 488 nm confocal
microscopy.

Figure 5.18 provides a view of contacts 2-1, as viewed via 488 nm confocal microscopy.
At this scale the limit due to diffraction is starting to become evident, since the estimated
limit of spatial resolution for the oil-immersion confocal microscope used is 200 nm with
the 488 nm laser used.

Figure 5.19 Contacts 2-1 of the LTLM structure, at the optical limit via 488 nm confocal
microscopy.
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Figure 5.20 Contacts 2-1 of the LTLM structure, more closely examined via 488 nm confocal
microscopy with 408 nm excited fluorescence.

In figure 5.20, the fluorescence due to an excitation laser of 408 nm is overlaid onto the
488 nm confocal microscope imaging of figure 5.19. While the source of any fluorescence is
speculative, this provides another view of the laser written LTLM electrical contacts.

One noteworthy conclusion that is drawn from these high spatial resolution optical
images of the contacts is that the slight overshoot observed at the corners of each contact
appears to be touching at the bottom of the channel between contacts 2-1. At minimum,
the spatial resolution of 200 nm is insufficient to resolve a clear spacing between the contacts
in this region. As has been previously discussed in this chapter, the exact composition of
laser processed wires and the resulting electrical characteristics could vary quite widely.
While there is a visual "short" between the two contacts, if the dark material seen in this
region is highly resistive, then the effective channel width may well still approach that of
the designed 2 µm. While electrical characteristics indicating an intact semiconducting
channel will help to disprove the existence of any electrical short, it is important to consider
that the material connecting these two contacts may still be a semiconducting allotrope of
carbon, but it may no longer be that of highly phosphorous doped diamond. This may
distort the results if it is less resistive than that of the diamond channel, but still appear
as though it is a semiconducting channel.
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Figure 5.21 Contacts 2-1 of the LTLM structure, viewed as a combination of AFM, optical
microscopy and fluorescence.

In figure 5.21, an overlay of the oil-immersion fluorescent microscopy is fitted to the
AFM characterisation taken for these two LTLM contacts. The fluorescent microscope
imaging has had the transparency adjusted such that the deep blue used for the height
associated with the bottom of the trenches is visible enough to observe the topological
map. Note that while the visual inspection of these contacts reveals a link between the
laser written wires in the lower portion of the channel, the topology reveals a clear lack
of ablation in this region. This may have implications for the relative concentration of
graphitic material present in the channel, as a lack of ablation will correlate with lower
laser power or fluence [7, 13]. While the optically transparent diamond has been altered, a
speculative conclusion may be that this material is unlikely to be highly graphitic, and
hence much more resistive or at least semiconducting in nature. For the AFM topology
only please see figure 4.3.
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5.2.2. 2 Micron Channel IV Characteristics and LTLM Assumptions

Figure 5.22 A linear plot of the averaged IV characteristics across contacts 2-1. Error bars
corresponding to a systematic error of 5% are plotted.

Figure 5.22 shows the results of several trials of IV measurements across the channel
between contacts 2-1. Several qualitative remarks can be made about the relationship
displayed here, particularly in contrast to the previous experiments performed by the
candidate using metal contacts and a LTLM structure in chapter 3. Error bars of 5% are
included to account for the spread of data points observed between repeat attempts, and
are hence a high estimate of systematic error based on the results themselves.
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Figure 5.23 A linear plot of the measured room temperature IV characteristics across the
2.8 µm LTLM channel for sample D (annealed Ti/Pt/Au contacts).

Figure 5.23 provides a visual reference to sample D, which also used a LTLM device
structure for IV characterisation. The phosphorous doped diamond film on sample D
was thinner than sample G’s, at ∼0.3 µm against the laser processed ∼1.2 µm layer. If
the only significant factor at play was the thickness of said phosphorous doped layer,
with the resistivity remaining the same, then it would be expected that the measured
resistance is a factor of 4 lower in the thicker sample. Given that at a bias of 20 V, across
a 2.8µm channel, sample D had a measured current of ∼5 nA and sample G with similar
conditions and a ∼2 µm channel had a measured current of ∼93 mA, there is an obvious
107 magnitude shift in resistance which must be accounted for. There is also a clear
change in behaviour from that of a single Schottky barrier, to what might represent a
double Schottky barrier. As noted in the microscopy of channel 2-1, the observed channel
width may differ from the designed 2 µm. However, even if the effective channel length is
closer to 0.5 µm alongside the known difference in thickness, this presents a geometrical
factor of 16 in the observed resistance. Naturally, it is also possible to consider the
resistivity as measured via CTLM, which presented a value of ∼ 15 Ωcm with constant
current condition of 1 µA. The direct comparative work of Matsumoto et al. [14] gives
a value of ∼ 9×10−3 Ωcm at a constant current condition of 50 µA for similarly doped
material. This methodology hence indicated that the majority of the measured resistance
was due to the metal contacts, agreeing by and large with the two LTLM samples (C
and D). The exact measurements of specific contact resistivity and resistivity do raise
questions regarding the quality of metal contacts and homogeneity of highly phosphorous
doped diamond, but the key concurring factor with metal contacts on phosphorous doped
diamond is that of the extremely high specific contact resistivity that has been observed
over a range of annealing conditions. Hence, while the geometry of this laser processed
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LTLM is largely intended to provide a benchmark for the emitter arrays, a key takeaway
from the comparison of IV characteristics represented by figures 5.22 and 5.23 may be
that the laser written structure is now providing a significantly reduced specific contact
resistivity, even prior to the application of LTLM methodology. There are numerous
assumptions that must be made to apply the quantitative methodology of the LTLM
method in this case, with the channel length, local resistivity, contact wire conductivity
and laser written geometry all factors that may affect the results. Be that as it may, the
application of LTLM methodology was employed to provide a more direct comparison
between metal contacts and laser written contacts.

5.2.3. LTLM

Figure 5.24 A linear plot of the total measured resistance against LTLM channel spacing at
5 V, with a line of best fit. Error bars of ±1.5 Ω are plotted based on the spread of data observed
within each set of IV sweeps, and represent a high estimate of the systematic error.

Figure 5.24 shows the results of several rounds of LTLM experiments. One notable detail
is the usage of slightly different channel spacings (1.5, 4, 6, 8 µm) when compared to the
designed spacings (2, 5, 7, 9 µm respectively). This reduction of channel spacing was
implemented to better reflect the observed topology of laser written devices, but while the
data themselves better match these spacings, this is a difficult measurement to take from
the given characterisation techniques and remains as an assumption to allow for plotting.
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Further to this, the low total resistance observed across all channels is a challenging result
to reconcile with the previous wire measurements. This will be explored further in the
following sections.

Despite the linear fit seen in figure 5.24 having an R2 value of 0.39, the extracted specific
contact resistivity is 5.5×10−5 Ωcm2, representing the lowest specific contact resistivity
to highly phosphorous doped diamond of any devices presented in the literature. It is
important to note the voltage at which this set of data are obtained, 5 V. This is a
reasonable estimate of the linear, forward bias region of one of the two Schottky barriers,
but the linear IV characteristics for all channel spacings reflect the lack of comparison to
that of ohmic contacts around the 0 V region.

5.2.4. Line of Best Fit and LTLM Parameters

Figure 5.25 A linear plot of the total measured resistance against LTLM channel spacing at
10 V, with a line of best fit. Error bars of ±1.5 Ω are plotted based on the spread of data
observed within each set of IV sweeps, and represent a high estimate of the systematic error.

Figure 5.25 shows the LTLM plot for resistance data collected at a potential bias of 10 V.
The line of best fit in this case is very poor, with an R2 value of 0.15. The measured
resistance has been lowered relative to the 5 V measurements for all channel lengths, which
may be due to the voltage-dependent conductivity of laser processed wires.

180



5.2 LTLM Structure

As seen, when the LTLM methodology is applied to differing voltages, the resulting line
of best fit can change quite dramatically in quality relative to the data. However, while
the specific values of the total measured resistance do generally reduce at higher voltages,
the rough trendlines observed in figures 5.24 and 5.25 are still present. It is also worth
noting that any line which passes through the LTLM data presented here will have similar
orders of magnitude for the specific contact resistivity and sheet resistance/resistivity,
regardless of the resulting R2 value.

This allows for some speculative comparison to be made to work such as Valappil et al.
[24, 23], who demonstrated nanocarbon specific contact resistivitys of 1×10−3 Ωcm2 for
the voltage range of 5–10 V. Matsumoto et al [14] demonstrated thermally graphitised
CTLM specific contact resistivitys of 0.9 Ωcm2, notably at around the 2 V mark. Finally,
previous literature values such as that of Kato et al [8] at 2 × 10−3 Ωcm2 may also be
considered, though this publication did not use the constant current condition necessary
for CTLM methodology.

The error present with any linear fit in figure 5.24 prevents any conclusive comparison
to be made with these examples, as a linear fit to these data is speculative at best. A
useful consideration may be the range of linear fits that are possible given this dataset, as
the specific contact resistivity estimation of 1 × 10−5 Ωcm2 is two orders of magnitude
lower to comparable contacts made using nanocarbon or thermally graphitised contacts
on highly phosphorous doped material.

Another consideration is the possibility of the electrical contacts deteriorating over time,
or with consecutive electrical measurements. The data used for figure 5.24 spans multiple
days, with repeat measurements on those days. While a good degree of repeatability
was observed throughout the experimental process, the similarity between total measured
resistances across the range of channels does raise questions concerning the source of any
error. Although data that were likely affected by poor contact placement have already
been discarded, the factor of variable conductivity within the wires themselves, and the
potential impact of this upon the graphite/diamond/graphitic structure formed, is more
difficult to quantify. Finally, the discrepancy between the measured resistance across
LTLM contacts and the wire test structures must be considered.

5.2.5. Missing Resistance

As previously stated in section 5.2.2, the IV characteristics of the LTLM structure were
performed with an observation of repeatability between differing days and across all four
channel spacings. However, testing of emitter structures revealed a significantly lower
base current, of the order of µA. This is in line with the previous electrical measurements
across wire testing structures in section 5.1, and hence the LTLM measurements require
further exploration.

181



Laser Processing for Ohmic Contacts

Figure 5.26 A linear plot of the averaged IV characteristics across all channel spacings with
percentage error bars of 5%.

Figure 5.27 A circuit diagram of the
expected LTLM structure for a 4 µm
channel.

Figure 5.26 shows the full range of IV characteris-
tics for the LTLM structure. Each channel was swept
at least 12 times, ranging from ±1 V, to ±20 V, with
the average data presented in the figure. A simpli-
fied circuit diagram of the structure, as it was tested,
may resemble a series of parallel resistors, along
with the channel resistor. Taking an average value
of resistivity for the 10 µm wires of 0.14 Ωcm, and
estimating the distance via the two conductive paths
from the probe to the LTLM channel as 162 µm,
thickness 0.5 µm, the predicted pair of resistors for
each contact wire are 21 kΩ. Given a channel spac-
ing of 4 µm, with resistivity of phosphorous doped diamond as quantified by CTLM at
15 Ωcm, thickness 1.2 µm and contact width 60 µm, it can be expected for the channel
resistance to be approximately 340 kΩ. This is represented by figure 5.27.

This resistance is not reflected in the LTLM data, despite further experiments on emitter
structures following this expectation well. As this is the case for all LTLM data collected in
this set of experiments, which involved at minimum two days of data collection, it is unclear
why this is the case. The data point towards an unintended conduction channel being
responsible for the observed IV characteristics, despite control experiments ensuring that
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no conductive channel was present without the probes actively in contact with the LTLM
test structure, as is standard practice. Furthermore, the same probes and experimental
setup were used to provide testing data on wire structures, with no issues identified with
any of those electrical sweeps or the data in follow-up analysis. Despite these checks, the
LTLM data presented here must be considered to be affected by a systematic error, due to
the large discrepancy in observed resistance and the resistance of all other test structures.

Finally, with the benefit of additional data through emitter testing and another LTLM
experiment that will be presented in the following sections, a more realistic peak current
value may be expected at the 3 µA level for channel spacings comparable to that of the
LTLM structure. While this is certainly not a full TLM methodology, if the current
observed in all of the LTLM measurements presented here were affected by a factor of 105

shift due to an unknown systematic error, then the actual specific contact resistivity would
be approximately 1 Ωcm2. This is the same order of magnitude that was observed via
thermal graphitisation [14], and would place laser processing firmly among the established
methods of reducing specific contact resistivity to highly phosphorous doped diamond,
even given the lower resistivity previously measured on these samples using CTLM which
will make any ohmic contacts harder to form.

5.3. Second Round Of LTLM

As it was established in section 5.2.5 that the collected LTLM data had an inexplicable
systematic error following measurements of emitter structures, a fresh set of measurements
were taken with new micro-probes and another solvent clean. To ensure that these
data would have a higher reliability, the additional step of taking measurements under
illumination and in complete darkness was undertaken. The intention of this, along with
a more thorough experimental process overall was to ensure that the IV data was both
repeatable and also sensible in the context of phosphorous doped diamond samples.

5.3.0.1. Light/Dark Experimental Setup

In the following experimental analysis, light is used to refer to the condition in which
the sample was illuminated by a 100 lumen LED, positioned directly above the sample
window. Dark is used to refer to the condition of when the sample window was covered by
a blocking cover. While the exact intensity of light at the sample surface was unknown,
this was considered sufficient to test if direct illumination had any effect on the electrical
characteristics.
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5.3.0.2. IV Characteristics (Light/Dark)

Figure 5.28 A linear plot of the averaged IV characteristics across all channel spacings, ±20 V,
under bright illumination or in darkness. The contact width in this experiment was 60 µm.

Figure 5.28 shows the full set of IV characteristics taken during this second run of LTLM
measurements. Each set of scatter points represents 3 datasets, averaged together with 501
data points. The same probe positions as for the previous LTLM measurements were used.
Lighter and darker colours are used to help provide a visual difference between the light
and dark datasets respectively, which diverge in a consistent manner. The reduction of
measured total resistance under illumination provides a clear indication of semiconducting
properties, with the conductive path expected to be within the phosphorous doped diamond
surface layer. The observed current matches the conclusions drawn from the previous
LTLM testing, with the correct order of magnitude as expected for contacts of ∼ 1 Ωcm2

beyond the low voltage region. Note that in contrast to the previous LTLM IV plots which
had 5% error bars to account for the spread of datapoints observed during testing, the data
in this figure were observed to be highly repeatable and the error can instead be presumed
to be close to the limit imposed by that of the B1500 probe station. As calibrated, this is
below 1 nA, approaching 1 pA, and is hence not visible in the plots of currents as error
bars. Please see section 3.4.1.2 for discussion of contact length normalisation, as the data
presented here represents the measured IV properties only.
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Figure 5.29 A linear plot of the averaged IV characteristics across all channel spacings, ±5 V,
under bright illumination or in darkness.

In figure 5.29, the low voltage region in particular is plotted. At this scale, it is
difficult to see the marginal reduction in resistance due to illumination relative to the
dark characteristics. It is also considered that the 501 datapoints used for these sweeps
are adequate to resolve the low voltage region, which may be defined as ±1 V. Further
sampling would provide more certainty for comparisons between channels, but the potential
for error due to micro-probe positioning negates the slight gains in precision that could be
obtained with higher datapoints. Within this bias region, neither of the double Schottky
barriers are sufficiently biased to overcome the Schottky barrier heights. As for figure 5.28,
the channels are ordered in measured resistance as should be expected, 2-1, 3-2, 4-3 and
5-4, in order of ascending channel spacings.
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5.3.1. LTLM Characteristics (Light/Dark)

Figure 5.30 A LTLM plot of the total measured resistance against LTLM channel spacing at
20 V, with lines of best fit for both the illuminated and dark datasets. Uncertainties due to
the error associated with current measurements are not possible to see at this scale, ±0.5 µm
horizontal error bars are plotted.

Parameter Light Dark
R2 0.969 0.966

Rc (kΩ) 915 949
Rs (MW/□]) 35.9 37.7
ρc (Ωcm2) 0.659 0.683
Lt (µm) 1.53 1.51
ρs (Ωcm) 4300 4530

Table 5.9 LTLM Parameters at 20 V for light and dark conditions.

Figure 7.6 shows the results of plotting the total measured resistance at 20 V against
the designed channel spacing (2, 5, 7 and 9 µm), with the data taken both under a
bright light source and also in complete darkness represented. Error bars of ±0.5 µm are
plotted to account for the possible deviation of channel spacing as observed via optical
characterisation. The extracted parameters are summarised in table 5.9.
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Figure 5.31 A LTLM plot of the total measured resistance against LTLM channel spacing
at 5 V, with lines of best fit for both the illuminated and dark datasets. Uncertainties due to
the error associated with current measurements are not possible to see at this scale, ±0.5 µm
horizontal error bars are plotted.

Parameter Light Dark
R2 0.978 0.976

Rc (kΩ) 2244 2268
Rs (MΩ□−1) 49.5 49.9
ρc (Ωcm2) 1.62 1.63
Lt (µm) 2.72 2.73
ρs (Ωcm) 5940 5990

Table 5.10 LTLM Parameters at 5 V for light and dark conditions.

Figure 5.31 shows a LTLM plot for total resistance as measured at an applied bias
of 5 V against the designed channel spacing (2, 5, 7 and 9 µm), with the data taken
under both a bright light source and also in complete darkness represented. Error bars of
±0.5 µm are plotted to account for the possible deviation of channel spacing as observed
via optical characterisation. The extracted parameters are given in table 5.10. The change
in specific contact resistivity is quite natural, as it may be interpreted as mostly being
due to the image force barrier lowering of the forwardly biased Schottky barrier in the
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double Schottky structure [21, 3]. There is the additional factor of greater donor ionisation
under increasing electric field strengths that may also be considered as a factor, since
the majority of substitutional phosphorous dopants are effectively frozen out at room
temperature [9, 5, 4]. The concentration of dopants is a key factor in the formation of
conventional ohmic contacts on semiconductors, and this may hence be visible here.

5.3.2. Voltage Dependent specific contact resistivity

Figure 5.32 A plot of the measured specific contact resistivity as a function of applied voltage,
sampling the full range of IV characteristics.

Finally, figure 5.32 provides a visual representation for the dependence of specific contact
resistivity upon the applied voltage across the device. Notably, even in the very low
voltage region approaching 0 V, the specific contact resistivity remains below 20 Ωcm2.
This is quite unexpected, as the IV characteristics would initially indicate that the low
voltage region has a very high resistance. Instead, it is clear that the double Schottky
structure here allows for a measurable level of leakage current even without either contact
being in the forward bias mode of operation. The difference between measurements taken
under direct illumination and in complete darkness are difficult to pick apart in figure 5.32,
but there is a mean difference between the light and dark data of −0.0228 Ωcm2, with a
variance of 0.0003 Ω2 cm4. The negative mean difference indicates that the dark specific
contact resistivity is higher than that of the well lit measurements, and the variance
is low enough to consider the majority of data in this voltage range to agree with this
mean difference. For a final check, a comparison between all pairs of data-points was
conducted to find any dark values which were less than that of the light measurements.
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All such values are contained within the ±1.08 V range, as could be expected based on
the divergence of IV characteristics beyond 1 V.

Throughout all of the data presented for the second round of LTLM measurements,
the error can be estimated via the previously discussed estimates of error via exact
probe positioning on the laser processed wires. The systematic error present for these
measurements is estimated to be approaching the limit imposed by the B1500 probe
station, which is well below even 1% of the currents measured here.
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Chapter 6. Testing of Laser Written Emitters and Simulations

6.1. Emitter Sharpness

In designing the emitter-type structures, the plausibility of measuring field effect emission
was examined via electrostatic finite element modelling (FEM) in Comsol Multiphysics.
The most critical factor to consider in these simulations was that of the effective cathode
tip. Previous work in Oxford has demonstrated conductive graphite wires going down to
400 nm in diameter [35], however the creation of sharp emitters depends upon the cross-
sectional area presented at the very end of such a wire. Simple electrostatic simulations
were created to estimate the magnitude of the normal electric field experienced by wires
ranging from rectangular in appearance with very sharp corners, to wires with the corners
tapered off to such a degree that the radius of curvature aligns with the wire diameter.
Following these electrostatic models, implementation of Fowler-Nordheim type field-effect
emission with a Murphy-Good approximation was implemented to estimate the emitted
current corresponding to the normal electric field on the cathodes [9, 17, 7].

Figure 6.1 The emitter structures of emitter array C-H, as closely examined as possible via oil
immersion, 488 nm confocal microscopy.

Figure 6.1 shows the laser written emitter structures of interest in emitter structure
C-H. While initial modelling was performed without this characterisation, the composition
of effective conducting material may differ from the optically distinct profiles formed here.
While the diffraction limit is evident on close examination of the emitter structures, further
characterisation via experiments utilising conductive atomic force microscopy, or perhaps
Kelvin probe force microscopy may provide a much sharper view of the as written emitter
tip profiles due to their ability to map the electrical properties that influence field effect
emission [19, 20].
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Figure 6.2 Electrostatic modelling of a surface graphitic wire with diameter 1 µm and corner
radii of 0.01 µm.

Figure 6.2 illustrates the electrostatic profile of a surface graphitic wire of diameter
1 µm, which has very sharp corners which have radii of curvature of 0.01 µm. The 2D
model is performed with a thickness of 1 µm. Note the intensely localised electric field at
the corners of the wire, reaching above 3.5×108 Vm−1, with significantly lower normal
electric fields across the rest of the wire. In this model, the cathode is held at 0 V, while
the anode is held at 100 V. The cathode-anode spacing is 1 µm. The segmented sections
visible (black lines) indicate different regions of meshing, with a very dense mesh used for
the region immediately surrounding the tip of the emitter to better resolve the sharper
features.
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Figure 6.3 Electrostatic modelling of a surface graphitic wire with diameter 1 µm and corner
radii of 0.49 µm.

Figure 6.3 demonstrates the electrostatic profile of a surface graphitic wire of diameter
1 µm, which has corners of radii 0.49 µm. The 2D model is performed with a thickness of
1 µm. Note that in contrast to figure 6.2, the wire in this model has corner radii which are
very close to the radius of the wire, resulting in a nearly semi-circular end to the wire. The
resulting normal electric field is significantly more diffuse than in the low radii example,
with a peak at the very end of the wire corresponding to around 1.5×108 Vm−1. In this
model, the cathode is held at 0 V, while the anode is held at 100 V. The cathode-anode
spacing is 1 µm. The segmented sections that are partially visible (black lines) indicate
different regions of meshing, with a very dense mesh used for the region immediately
surrounding the tip of the emitter to better resolve the sharper features.
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Figure 6.4 Fowler-Nordheim modelling of a surface graphitic wire with diameter 1 µm and
corner radii of 0.01 µm.

In figure 6.4, a 2D simulation of a surface graphitic emitter-type structure is shown.
Following a Fowler-Nordheim type field-effect emission, the resulting electron concentration
can be seen to be heavily emitted from the corners, which have radii of 0.01 µm. Notable
differences from the previous electrostatic modelling include the implementation of n-type
doping corresponding to TLM measurements (exact concentration was what again? maybe
refer to section in which I establish modelling and include the TLM models there) and a
standard thermionic Schottky barrier at the cathode-diamond interface with the addition of
Fowler-Nordheim tunnelling. For more details regarding the computational implementation
of Fowler-Nordheim barriers, please see section (bit on meshing, Schottky barriers, some
more plots of simple devices, etc. also maybe get better plots of these models, all files
still saved no reason why not. normalised colour scale?). The peak electron concentration
for this model was just over 1×1015 cm−3, which is present at the corners, dropping off
rapidly as the peak electric field drops following the electrostatic model of figure 6.2.
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Figure 6.5 Fowler-Nordheim modelling of a surface graphitic wire with diameter 1 µm and
corner radii of 0.49 µm.

In figure 6.5, a 2D simulation of a surface graphitic emitter-type structure is shown.
Contrasting with figure 6.4, this model has corners of radii 0.49 µm, which are very close
to the radius of the wire and hence produce a semi-circular tip. As the Fowler-Norheim
emission is highly sensitive to the normal electric field, the peak electron concentration is
distributed across the peak of the spherical emitter tip, where a significantly wider region
is actively emitting electrons at peak concentration relative to the 0.01 µm radii. The peak
concentration of electrons in this larger radii case is just over 2.5×1013 cm−3, contrasting
with the 1 × 1015 cm−3 of the sharper case. The order of magnitude difference of 100
with only a scale difference in the peak normal electric field of around 2 demonstrates the
drastic geometric enhancement that is possible for field-effect emission.

6.2. Laser Written Emitters - Design

As discussed in section 4.1.3, laser processing with the aim of producing graphitised wires
on the surface or within the bulk of diamond may be used to fabricate devices that rely
upon geometric enhancement and hence field effect emission. Simulations indicated that an
appreciable level of Fowler-Nordheim type tunnelling is feasible with the small dimensions
of laser fabricated wires in diamond [35]. Hence, to test this prediction experimentally,
arrays of sharp emitters were designed in a similar fashion to that of LTLM contacts,
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to provide direct reference data to check for the presence of field effect emission current
contributions.

6.2.1. Microscopy of Emitters Prior to Testing

Figure 6.6 An overview of the emitter array structures via confocal microscopy with 488 nm
laser illumination and 408 nm fluorescence.

In figure 6.6, the fluorescence imaging displays the observed fluorescence of these structures.
Red circles are used to highlight fluorescence which has previously been speculated to be
that of surface contaminants. Please see section 4.2.3 for the full analysis of fluorescence
characterisation.
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Figure 6.7 A cropped view of the CH emission channel, as seen via confocal microscopy with
488 nm laser illumination.

Figure 6.8 A cropped view of the CH emission channel, as seen via confocal microscopy with
488 nm laser illumination and 408 nm fluorescence.
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Figure 6.9 The designed channel of emitter channel CH, with measurements of all features.

Figures 6.7 and 6.8 show the confocal microscopy of the relevant channel, without
and with fluorescence respectively. The emitter tip profiles are observed to follow the
approximations used in modelling, with the exact radius of curvature for the effective
rectangular corners appearing to match that of the expected gaussian beam profile. Due
to the difficulty in interpretation of optical microscopy and the exact conductive tips,
the more exact geometric profile of these emitters remains difficult to quantify. Figure
6.9 shows the designed structure of this channel, with emitter wires of thickness 0.8 µm
chosen in large part due to the enhanced conductivity for slightly wider wire geometries
as demonstrated in previous work by Oxford [35]. Thinner wires may have a significantly
greater geometric enhancement factor. However, it has been observed that the local
resistivity of the written wires is dependent upon the laser fluences used, with natural
knock on effects for the cross sectional area of written wires [35]. This is linked to the
process of photo and thermal graphitisation, with a summary of the theoretical models in
section 2.3.2.3.

As has been discussed in the previous trial wire measurements from section 5.1, some
discrepancy even within wide contact wires has been observed that may indicate a difference
in sp2 conductive carbon allotropes as generated by laser processing on this sample. The
difference in observed emitter profiles hence is not unusual, as the exact profile of laser-
induced change in carbon allotropes may be sensitive to local crystallinity, which is a
factor for the phosphorous-doped surface layer on this sample, as will be examined in
section 6.2.1.1.

Finally, the fluorescence observed in figure 6.8 for emitter array CH has some notable
distinguishing features, which raised comparisons to that of AFM topographical mapping.

Figure 6.10 An overlay of the fluorescence observed in channel CH with the AFM topology.

Figure 6.10 is a visual overlay of the AFM topology with that of the fluorescence
observed. For the AFM topology with no overlay, please see figure 4.10. Red rectangles
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are used to highlight the areas where a high concentration of fluorescence is observed,
while also correlating with an edge of contact H which shows a notable change in topology
compared to the rest of the laser written contact. If this is material which has not fully
undergone thermal graphitisation processes, then it may represent amorphous carbon,
from which fluorescence is linked to surface characteristics [31, 18].

6.2.1.1. Possible Impact of Surface Topology on Emitter Profiles - HIM

Figure 6.11 Helium ion microscopy of sample F, as was used for Ti/Au CTLM measurements.
Performed in collaboration with NEXUS - Surface characterisation facility at Faculty of SAGE.
Inset - picture of sample F with location of HIM marked.
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To further underscore the crystallinity factor of laser processing and how it may impact the
resulting profile of laser induced allotrope changes on the micro-scale, figure 6.11 shows a
sample of helium ion microscopy (HIM) that was performed on sample F following CTLM
characterisation. This figure is of the highly phosphorous doped diamond surface, which
is grown with the same parameters as sample G - the laser processed substrate, with no
metal present on this part of the sample. On the scale of ∼ 200 nm, multiple "islands" of
diamond growth can be seen, corresponding to highly disordered diamond growth with
significant concentrations of twinning defects which are typical for (111) oriented samples
[2, 27, 13, 14, 29].

One might speculate on the possible role of twinning boundaries and the modification
of carbon allotropes via laser processing. Based on the size and shape of these islands,
it seems likely that the exact emitter profile is dependent upon the local microstructure
within the emitter channel. This would align with theoretical work into the origin of
photographitisation processes being primarily defective sites in the diamond lattice [15,
16], but it is unclear on how this may relate to the more recent work on diaphitic allotropes
of carbon [28, 24, 23, 25]. Field effect emission from polycrystalline films are a well studied
portion of diamond electronic devices [33, 39, 40], and in particular the internal boundary
of phosphorous doped polycrystalline diamond emitters has also been studied previously
[34], hence the impact of a relatively polycrystalline surface layer of highly phosphorous
doped diamond may be beneficial in the production of high geometric field enhancement,
despite the difficulty in producing designs that rely upon planar geometries for exact
device properties.
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Figure 6.12 Helium ion microscopy of sample F, as was used for Ti/Au CTLM measurements.
Performed in collaboration with NEXUS - Surface characterisation facility at Faculty of SAGE.

Figure 6.12 provides another HIM image of sample F, for a scan width of 1.5 µm in
comparison to the previous width of 8 µm. Note the marked region on the left is a Ti/AU
contact, while the right side is the uncoated phosphorous doped diamond surface, which
displays a complex surface topology on the scale of tens of nanometres to hundreds of
nanometres.
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6.2.2. Possible Impact of Surface Topology on Emitter Profiles - D-AFM
and NC-AFM

One extra set of topology characterisation data were taken via dynamic-AFM or tapping
mode AFM on an untreated region of sample G, to provide some evidence that the heavily
phosphorous doped surface layer grown on the two samples is similar in crystallinity.
Unfortunately, the cantilevers available were the NC-AFM tips used for the earlier AFM
topologies in section 4.2.2. While the depth resolution for previous scans was suitable
to detect the surface ablation for emitter wires of width 0.8 µm and other such features,
the diamond surface required an order of magnitude improvement. Hence, measurements
were conducted with a wide sweep of the available adjustable parameters for the XE-150
AFM system, in an attempt to achieve the required resolution with cantilevers that are
not suitable for contact-AFM mode characterisation.

(a) D-AFM scan. (b) Finely calibrated NC-AFM scan.

Figure 6.13 Comparison of D-AFM and NC-AFM scans of the phosphorous doped diamond
surface, in a region that was not subject to laser processing.

Figures 6.13a and 6.13b represent topological testing via D-AFM and NC-AFM respec-
tively. Note that the images are slightly offset due to difficulties with scanning precisely
the same region on the diamond sample with no visible surface features. While the HIM
images demonstrate a much greater visual clarity on the nano-scale, D-AFM and NC-AFM
conducted on a part of the phosphorous doped diamond surface for the laser graphitised
sample confirm that there are indeed comparable features with heights of up to around
140 nm. While the resolution of these images is lower in comparison to HIM, with an
effective pixel area of 78 nm2 px−1, the randomly seeded nature of the as-grown diamond
surface seems clear, with some quantification of the difference in height due to these
different islands of diamond growth. Of the two contact methodologies employed, the
tapping D-AFM mode would be expected to provide a marginally more precise topological
map than the NC-AFM mode, however in figure 6.13 it is hard to distinguish the two
methodologies. This may be due to the calibration steps taken to reduce noise to an abso-
lute minimum in the NC-AFM mode. Specifically, an absolute minimum level of z-drive
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was used, with a scan rate of 0.4 Hz for both D-AFM and NC-AFM over a resolution of
256x× 56 pixels corresponding to 78 nm2 px−1. Additionally, several rounds of calibration
were performed to reduce noise due to slight mirror misalignments or other such physical
parameters. The only distinguishing detail in favour of D-AFM may be the observation of
lower average troughs, which should reflect directly on the AFM tip relying on the tipping
point of attractive and repulsive Van der Waals forces to identify the correct local heights.

To conclude, surface features visible via HIM and AFM characterisation on the phos-
phorous doped diamond surface introduce additional complexity into the formation of
laser written graphitic structures. The typical diameter of such surface features is of the
order of 20 to 200 nm, with observed heights of up to 140 nm. The emitter tip profiles
are contingent upon a thin, sharp ending of the laser written wire. Hence, it is possible
that within an emitter array of identical optical profiles, substantial grain boundaries of
random orientation and sharpness may either degrade or improve the devices. While this
is difficult to account for on a larger scale, this could be a crucial factor.

6.3. Emitter Electrical Characteristics

Figure 6.14 An overview of the emitter array structures via confocal microscopy with 488 nm
laser illumination, and the locations of specific probes during IV characterisation of channel CH.
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Figure 6.14 provides a view of the relevant emitter contact structures, and their neighbour-
ing contacts as seen with confocal microscopy. Annotations indicate probe positions 1-4
used for the wire verification data, and positions a-b for the high voltage emitter testing.

In the following sections, the verification trials undertaken to ensure good electrical
contact to the laser processed wires are summarised. In essence, the core trials involved an
IV sweep of a portion of each contact, followed by low voltage sweeps across the emitter
channel to verify reasonable magnitudes.

6.3.0.1. Low-Voltage Wire Testing: 4-3

Figure 6.15 The average electrical characteristics between probe positions 4 and 3.

Voltage (V) Resistance (MΩ) Resistivity (Ωcm) Conductivity (Sm−1)
10 0.166 2.08 48.2

Table 6.1 Extracted wire parameters for wire 4-3, ±10 V measurements.

Figure 6.15 shows the electrical characteristics as measured with probe positions 4-3
on the top of contact C. This essentially a measurement of the wire at the top of contact
C. 401 data points across 3 separate ±10 V sweeps, with assumptions as used in the
characterisation of trial wires in section 5.1 are used to provide estimated wire properties
as summarised in table 6.1.
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6.3.1. Low-Voltage Wire Testing: 2-1

Figure 6.16 The average electrical characteristics between probe positions 2 and 1.

Voltage (V) Resistance (MΩ) Resistivity (Ωcm) Conductivity (Sm−1)
10 0.197 2.46 40.6

Table 6.2 Extracted wire parameters for wire 2-1, ±10 V measurements.

Figure 6.16 provides the electrical characteristics for the wire between probe positions
2-1 on contact H. The extracted parameters are summarised in table 6.2. This wire shows
a slightly higher effective resistivity than the wire between 4-3, but is otherwise reasonably
similar in properties. Both wires are an order of magnitude lower in conductivity than the
10 µm wires tested in section 5.1.4, which indicates some local variation in the diamond
substrate or laser writing affecting the wires between these two regions. The differential
resistance in figure 6.16 is notably scattered over a wider range of values than that of
figure 6.15, but again the rise in resistance around a bias of 0 V is not as pronounced as
in the case of data with a clear Schottky behaviour, and the scatter only shows a slight
deviation from ohmic behaviour for these wires.
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6.3.2. Low-Voltage Emitter Testing: 4-2

Before switching the probe positions to that of a-b, measurements were taken with the 4
probe positions as for the wire testing, which provides a first look at the IV characteristics
of this emitter array.

Figure 6.17 The average electrical characteristics between probe positions 4 and 2.

Voltage (V) Resistance (MΩ) Resistivity (Ωcm) Conductivity (Sm−1)
10 6.86 85.7 1.17

Table 6.3 Extracted wire parameters for "wire" approximation of 4-2, ±10 V measurements.

Figure 6.17 presents the low voltage measurements taken across probe positions 4-2, with
table 6.3 providing estimated values for the resistivity using the 10 µm wire approximation
for direct comparison to previous results. This approximation is useful for comparing
orders of magnitude, but since the channel resistivity will be the dominant factor, the wire
dimensions approximation merely shows that the electrical data reflect the emitter channel
under testing. The IV characteristics here resemble those of the LTLM channels tested
in section 5.3, which is a reassuring comparison, as at this potential bias the expected
maximum electric field norm on emitter tips is of the order of 105 Vm−1. Hence, with a
low applied potential difference, the expectation is for the measured current to be due to
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thermionic emission. Further simulations examining the expected balance between thermal
and field effect emission processes are presented in section 6.4.

6.3.3. Low-Voltage Emitter Testing: a-b Ramp-Up

With the conductivities of laser written contact wires established in the 40–48 Sm−1 region,
electrical characterisation was undertaken with the probes placed as closely as possible to
the middle of the far sides of the contacts, as indicated by positions a and b in figure 6.14.
This was chosen to ensure that the distances between probes and the emitter channel
were close to identical on either side of the contact structures, hence presenting the best
chance of all 10 emitter wires participating in the flow of current across contacts C-H. Brief
electrical checks were performed with an additional probe on adjacent contact structures to
ensure that the path of least resistance was indeed the emitter channel between C-H. This
can be justified with the general observation via optical microscopy that no direct laser
processed wires link either contact to any of the adjacent contacts, instead, there are 3
emitter channels of similar spacing as between C-H. The brief electrical checks ensured that
all of these emitter channels had a similar level of current flow at low voltage, and so it is
possible to focus entirely on the channel between contact C and H in these measurements.

Figure 6.18 The average electrical characteristics between probes a-b representing emitter
structure CH, compared to LTLM measurements across 2 and 5 µm channels.
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Figure 6.18 shows and compares the 20 V IV characteristics of emitter channel CH to
those of the two comparable LTLM channels. CH may be described as a 5 µm LTLM
channel, with the addition of 10 small emitter wires of length 2.5 µm, reducing the actual
channel length by half. Optical characterisation of the 2 µm LTLM channel revealed that
the effective spacing for that structure may be slightly lower, so it is quite natural to see
that in this voltage range, the CH channel presents a slightly lower resistance than the
5 µm LTLM channel, but a significantly higher resistance than the 2 µm channel. Note
that in the case of emitter testing, all electrical characterisation was performed under
direct illumination, hence the LTLM characteristics taken in complete darkness seen in
section 5.3 are not used in this comparison.

Figure 6.19 The average electrical characteristics between probes a-b representing emitter
structure CH, compared to LTLM measurements across 2 and 5 µm channels.

Figure 6.19 provides a closer look at the low voltage region of emitter CH, alongside
the comparable LTLM data. Again, the CH data closely resembles that of the LTLM
structures in this voltage region, presenting as though this is another LTLM channel with
a double Schottky structure making use of thermionic emission across a channel length
between 2 and 5 µm. It is particularly similar to the 5 µm data in this comparison, perhaps
indicating that the thin emitter wires have a significantly higher resistivity.
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6.3.4. High-Voltage Emitter Testing: a-b Ramp-Up

Following confirmation that at low potential differences the CH emitter structure is
dominated by thermionic emission, and is very similar to that of the 5 µm LTLM structure,
higher voltage testing to reach normal electric fields suitable for Fowler-Nordheim type
field effect emission proceeded with the bias region increasing from ±5 to 120 V, mostly in
10 V intervals. All measurements are performed with contact C (the emitter array) held
at ground and a potential bias is applied to contact H (anode).

Figure 6.20 The average electrical characteristics between probes a-b representing emitter
structure CH, from 5–120 V

Figure 6.20 presents a summary of the ramping up of voltage that was performed
with emitter structure CH. The scatter points are overlaid from the highest bias sweep
characteristics to the lowest bias sweep, to allow the closely overlapping scatter points to
be distinctly visible from one another. At the higher voltages, a slight asymmetry begins
to present itself, deviating from the standard double Schottky IV characteristic, however
this is difficult to observe from IV characteristics.
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Figure 6.21 The total and peak asymmetry for emitter CH from 5–120 V

In figure 6.21, the asymmetry observed in the IV characteristics is quantified in two
ways. On the left axis (blue scatter), the sum of all currents measured is plotted. In an
ideal ohmic resistor, this value should be 0, as the magnitude of current drawn in forward
bias is no different to that of the current in reverse bias, and the sum of positive and
negative currents will be zero. Equally, with symmetric back to back Schottky contacts, it
is expected that there is no preference for the direction in current. Differences are due
to differing ideality factors or barrier heights between the two Schottky junctions, but in
this case it is expected that at high voltage a field effect emission current will be present.
Hence, asymmetry due to the total current sum may help identify field effect emission
contributions to current flow.

It was noted during the experimental process that the asymmetry was particularly
pronounced at the absolute maximum and minimum potential biases. The right axis
(red scatter) presents the sum of the 3 highest and 3 lowest measured currents, giving an
indication of asymmetrical peak current. The sum of all currents in figure 6.21 tends to
increase for higher voltages, indicating an overall asymmetry in the positive bias direction.
In contrast, while in agreement to begin with, the sum of the peak 3 currents rises to an
asymmetry of 3 µA at 80 V, before dropping to -3 µA at 120 V. This change is visible in
figure 6.20, as the lines corresponding to 100, 110 and 120 V noticeably diverge from each
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other near their lowest respective negative potential biases. Finally, the asymmetry plot
includes three different sets of measurements at each voltage. For the most part, the sum
of total current and peak currents are very similar between differing sweeps, indicating a
consistent asymmetry.

6.3.5. Emitter Testing: Significant Asymmetry

In addition to the observed asymmetry in the case of single sweeps, dual sweeps in which
the bias applied to probe b ranged from negative-positive-negative were performed at 70 V
to verify that the asymmetry did not depend upon the direction of voltage bias change (i.e.
negative-positive, positive-negative). No significant change was observed, and the observed
difference in peak asymmetry between different sweeps at the same voltage matched that
of figure 6.21. However, after conducting two similar dual sweeps at 120 V, a significant
peak asymmetry of -78 µA emerged during the third trial. Following this, several single
sweeps of ±50 V were conducted to verify that lower voltage sweeps were symmetric, as
previously observed for this device. Within this bias range, no significant asymmetry was
observed.

Figure 6.22 The IV characteristics across emitter CH in which significant asymmetry was
measured for ±100 V.
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Figure 6.22 shows the follow up ±100 V measurements to the asymmetric current
observed while running dual-sweep measurements of slightly higher bias. In the positive
potential bias region, the Schottky curve is visible. However, in negative bias, a significant,
changing asymmetric current was measured. The data are labelled with incrementing
numbers, and the legend represents a color map corresponding to the relative dataset
indices. At first, the magnitude of current with negative applied voltage increased. After
the data indicated by index 5, the current magnitude proceeded to decrease. This trend
is also visible in the forward bias region, though the first few sets of data are closely
overlapping.

Additionally, after IV sweep 3, characterisation was done with a reverse bias sweep, i.e.
the potential bias began at +100 V and swept down to -100 V. This was done to verify
that the observed current in the negative bias was not due to the initial starting bias. After
IV sweep 5, the probe at position b was re-positioned, taking it off the contact and then
placed back. This had no noticeable effect on the IV sweeps. After sweep 9, the probe on
location a was similarly re-positioned, with no noticeable change. The final three sets of
data were taken with a positive bias sweep, again to verify that the observed characteristics
did not change with this change in sweep direction. For clarity, the potential bias was
applied to the anode (contact H), and the emitter structure (contact C) was grounded.
A strong current at negative bias hence implies that electrons are flowing counter to the
intended direction of travel with geometrically enhanced emitter structures.
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Figure 6.23 The observed asymmetry across emitter CH for ±100 V single sweeps. Blue circles
are used for the left y axis, and red crosses are used for the right y axis.

In contrast to figure 6.21, which had relatively small levels of asymmetry across the full
range of data that may be accounted for by a small percentage error estimation, figure
6.23 further underscores the magnitude of asymmetrical current that was observed. The
sum of total positive/negative currents are consistently and significantly negative, with
the sum of 3 peak positive/negative currents following the same trend. Following these
measurements and the observation of changing current over multiple IV sweeps, higher
voltage testing was examined to further pursue the asymmetric behaviour observed.
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Figure 6.24 The IV characteristics across emitter CH in which significant asymmetry was
measured for ±150 V.

Figure 6.24 shows the changing IV characteristics of emitter channel CH with single
potential bias sweeps of ±150 V. The 100 V current matches up with relative sweeps 15
and 16 of the previous set of data. Hence, this continues the same decrease in asymmetry
as previously observed, but with greater potential bias producing a more significant spread
of current in the negative bias region. For this dataset, the number of data points was
raised from 401 to 1001, giving a step size of 0.3 V. The IV sweep direction was negative
to positive.
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Figure 6.25 The observed asymmetry across emitter CH for ±150 V single sweeps. Blue circles
are used for the left y axis, and red crosses are used for the right y axis.

In figure 6.25, the previously used method of quantifying asymmetry was used to evaluate
the ±150 V IV data. As might be expected from the previous sweeps in figure 6.22, the
first 4 IV sweeps show a consistent, negative asymmetry, in both the sum of all currents
(left axis) and the sum of peak 3 currents (right axis). In contrast to figure 6.23, the final
5 datasets plateau much closer to the 0 mark, indicating that the IV sweeps have returned
to near-symmetry.
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Figure 6.26 The IV characteristics across emitter CH after significant asymmetry was observed,
for ±150 V (flipped IV sweep direction).

Figure 6.26 presents the continuation of previous IV sweeps, with another reversal of
IV sweep direction. These data are taken with a bias direction of positive to negative,
and continues to display the same symmetry as seen in the final few sweeps of figure 6.24.
For reference, the first 120 V sweep of this emitter structure is also plotted, to show the
disparity between these measurements. It is clear that a change in the electrical properties
of this device has occurred. While there is still some noticeable spread in the measured
current at peak negative voltages, the data are now generally in agreement for repeated
IV sweeps.
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Figure 6.27 The observed asymmetry across emitter CH for ±150 V single sweeps. Blue circles
are used for the left y axis, and red crosses are used for the right y axis.

In figure 6.27, these late stage IV sweeps are examined with the same asymmetry plot
as previously used. Compared to the sweeps for which significant asymmetry was present,
as for figures ??, the channel now appears to be relatively consistent between positive and
negative biases, at a sum much closer to 0 for both the sum of total currents and the sum
of peak 3 currents. As this now resembles noise, it is reasonable to conclude that the effect
causing significant asymmetry has ceased.
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Figure 6.28 The observed asymmetry across emitter CH for all single sweeps at ±100 V. Blue
circles are used for the left y axis, and red crosses are used for the right y axis.

Figure 6.28 provides a full review of the asymmetry profile presented by emitter CH
during testing. In this figure, data for ±150 V sweeps are limited to ±100 V to provide
direct comparison between these sweeps which were run at differing potential biases. The
data included spans the full range of observed behaviour, from the symmetric Schottky
profile of early sweeps, through the highly chaotic asymmetry, then back to a symmetrical
behaviour for the final sweeps. Further testing with this device did not observe any change
from the final sweeps shown here.
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Figure 6.29 The observed peak currents at -100 V, across all single sweeps.

Finally, figure 7.7 plots the peak current measured for −100 V across all sweeps. The
trend seen here correlates well with that of the two differing methodologies of quantifying
asymmetry, and also provides a quick reference for the peak current values of the IV
sweeps shown in Figures 6.22, 6.24, and 6.26.
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6.3.5.1. Post-Electrical Characterisation Optical Microscopy

Chapter7/Figs/Raster/ch_narrow_pre_testing_esid.png

(a) Pre-emitter testing, as seen via
488 nm confocal microscopy.

(b) Pre-emitter testing, as seen
via back-lit optical microscopy.

(c) Post-emitter testing, as seen
via back-lit optical microscopy.

Figure 6.30 Optical microscopy of emitter structure CH before and after electrical characterisa-
tion.

Figure 6.30 provides three different optical microscopy images of emitter contacts C-H.
In 6.30a, the high resolution pre-emitter testing microscopy is given. Figure 6.30b is an
optical microscope image taken hours before the time of emitter testing. This image is
of lower resolution, but with back lighting, it is qualitatively comparable to that of the
high resolution imaging in terms of laser written material clarity. Finally, 6.30c provides
imaging via the same optical microscopy setup, albeit with better imaging quality due
to a longer exposure time and lower ISO setting compared to 6.30b. This reduced the
visible noise substantially, but has similar issues with resolution of minimum feature sizes
in comparison to the 488 nm confocal microscopy. Regardless, a clear distinguishing
feature within the emitter channel is visible, highlighted with a pair of red arrows. Surface
contaminants can be seen within the rectangular wire contacts of C and H, on the diamond
surface itself, and are visible as small, roundish features. The feature indicated within the
channel is similar to the written emitter wires, spanning the full channel width, and is
narrow and wire-like. Hence, this may represent a tangible change in the emitter channel
itself due to the high voltage testing.
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6.4. Numerical Modelling

Following the observation of a significant negative current flow asymmetry in the testing
of emitter structure CH, further numerical modelling was performed in an attempt to
elucidate the possible physical origin of this transient current at high negative biases. A
particular concern was the mechanism of current injection into the phosphorous doped
diamond channel and the possibility of observing field effect emission due to the sharp
emitters.

6.4.1. Schottky Junctions

The back to back Schottky junction is a challenging device to model accurately. Numerical
methods in this area often rely upon various approximations and boundary conditions to
allow for simulations which provide convergence, with models ranging from earlier works in
which the two Schottky barriers are assumed to have the same heights and ideality factors
[22, 12, 21], to more complete models which allow for variance between the two barriers
[26, 38, 10, 5, 4, 6]. It is worth noting that single Schottky barriers can be challenging
in their own right to model accurately, with significant work in the field of numerical
modelling focused on single barriers, and the application of these barriers within devices
[8, 41, 32]. This is especially true for wide bandgap semiconductors in which significant
Fermi level pinning is observed, such as SiC [1], as well as diamond [37, 11]. For the
purposes of examining predicted current flow due to thermionic and field effect emission,
and identifying the dominant mechanism, simplified models of the emitter were used to
attempt to resolve the origin of the observed asymmetry within the CH emitter structure.

6.4.2. Ideal Schottky Equations Used

The relevant equations which are used to solve for an ideal Schottky contact are given as
outlined by Crowell [3] and Sze [36]. The semiconductor is assumed to be nondegener-
ate, with the contact acting as a source or sink for carriers with surface recombination
mechanism:

Jn ·n= −qvn(n−n0) (6.1)
Jp ·n= qvp(p−p0) (6.2)

where Jn,p are the outward normal electron and hole current densities respectively, n
is the outward normal electron concentration in the semiconducting region, vn,p are the
recombination velocities for electrons and holes and n0,p0 are the quasi-equilibrium carrier
densities of electrons and holes. These quasi-equilibrium carrier densities are determined
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via:

n0 =Nc exp
(

−
Ec −Efm

kBT

)
=Nc exp

(
− ϕB

kBT

)
, (6.3)

p0 =Nv exp
(

−
Efm −Ev

kBT

)
=Nv exp

(
−Eg −ϕB

kBT

)
(6.4)

ϕB = ϕm −χ (6.5)

in which ϕm is the metal work function, χ is the semiconductor electron affinity, Efm is
the metal Fermi level and crucially ϕb is the barrier height for electrons from the metal into
the semiconductor. Also given are Ec,v which are the conduction and valence band energy
levels respectively, Eg is the bandgap energy, Nc,v are the effective density of states in the
conduction and valence band, T is the absolute temperature and kB is the Boltzmann
constant. The recombination velocities in the case of dominant thermionic emission are
determined as [30]:

vn = A∗
nT

2

qNc
(6.6)

vp =
A∗

pT
2

qNv
(6.7)

where A∗
n,p are the effective Richardson’s constants for electrons and holes respectively.

Finally, the boundary condition on voltage is determined as:

V = −(ϕB +χ)− ∆E
q

+V0 (6.8)

where V0 is an applied bias and ∆E is the shift in band edges.

6.4.3. Approximate Model

To computationally simulate emitter structure CH within COMSOL Multiphysics, a few
assumptions are taken to simplify the model for comparison of thermionic and field effect
emission. First and foremost is the usage of an ohmic anode. This is primarily due to
the issues with convergence associated with a diamond double Schottky device, but is a
practical way to focus on the current emission as limited by the cathode side of the emitter
junction. While this approximation may not accurately model the total current that is
measured, it will provide a clear description of current due to the geometrically enhanced
Schottky contact.

A second assumption that resulted from attempts to model diamond based electronic
devices at large is the usage of a totally ionised donor concentration at 4.2×1014 cm−3.
Incomplete ionisation models were implemented in trial models, but the slight variability
in active donor concentration was negligible, especially given the experimental emitter
data taken at room temperature being well within the freeze out area for phosphorous
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doped diamond. The concentration used hence represents the calculated estimate for
active dopant concentration within phosphorous doped diamond at this temperature.

Finally, a Murphy-Good or Good-Müller form of field effect emission is used to approxi-
mate the injected current density due to geometric enhancement of the local magnitude in
electric field norm [9, 17]:

JGM =
aF 2

eff

ϕm
exp

{
−bϕ1.5

m

Feff

}
(6.9)

where a = 1.54 × 10−6 µAeVV−2 and b = 6.83 eV−3/2V/nm are the standard Fowler-
Nordheim constants, Feff is the effective local electric field norm, defined as Feff =√
Ex ·Ex +Ey ·Ey +Ez ·Ez. This may also be referred to as the amplitude of the electric

field, and is defined for each element in the finite mesh used in finite element modelling
(FEM). This form of field effect emission represents one of the simplest approximations of
this class of equations, with more complete derivations providing further precision in an
extended Murphy-Good equation [7]. However, for the purposes of estimating field effect
emission, this highly simplified form of the equation was implemented. Also note that
in the following models a metal work function ϕm = 4.5 eV is utilised, which is another
assumption that can significantly effect the Schottky thermionic emission.

6.4.4. Full Array Electrostatics

To begin with, it is necessary to consider the larger scale situation of an emitter array, as
the non planar geometry may introduce irregularities on the larger scale. In this model,
the electrostatics were calculated, with the electric field norm in particular examined as
this is the driving factor in all forms of field effect emission.

Figure 6.31 The electric field norm of an idealised geometry for emitter array CH.
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Figure 6.32 The peak electric field norm on the cathode structure for ±150 V.

In figures 7.8 and 6.33, the idealised geometry and resulting electric field norm surface
plot is shown for an anode bias (Va) of +150 V. Note that the cathode is held at 0 V. For
an earlier discussion of the emitter tip profile as modelled, please see section 6.1. This
electrostatic model was used for the full ±150 V range, with the resulting electric field
norm maximum for the cathode plotted in figure 7.9. The slight discrepancy between peak
electric field norm in this figure when compared to the full geometry of figure 7.8 can
be attributed to meshing. However, the electric field norm of well over 1×107 Vm−1 is
substantial, and is consistent across the differing emitters in this ideal geometry setup.

Figure 6.33 The electric field norm of an idealised geometry for emitter array CH.

Figure 6.33 shows a closer view of the electrostatic model shown in figure 7.9. At this
scale, the emitters can be seen to have consistent tip electric field norms, with electric
field lines only showing very minor deviations from perfect symmetry between adjacent
emitters.
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6.4.5. Single Emitter Electrostatics

As the emitter array displays a consistent electric field norm across all emitters in the ideal
geometry case, computation of a single emitter utilising an ideal Schottky barrier with
the addition of a simple Murphy-Good field effect emission contribution was implemented.
Additionally, an ionised dopant concentration of 4.2 × 1014 cm−3 was applied to the
diamond channel region.

(a) Linear +100 V. (b) Linear −100 V.

(c) Log +100 V. (d) Log −100 V.

Figure 6.34 Electric field norm on the idealised emitter cathode.

Figure 6.34 presents both the electric field norm at maximum (left column) and minimum
(right column) applied anode biases in a linear (top row) and log (bottom row) scale form
for ease of visual comparison. Streamlines representing the magnitude of the electric field
are included to provide further visualisation of the localisation of electric field on the
emitter tips. Both extremes of potential bias in this model show a reasonably similar
distribution and magnitude of electric field norm, with only a minor deviation seen as an
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increase of the peak cathode electric field norm in the positive bias case, as opposed to
the negatively biased anode case.

6.4.6. Single Emitter Field Emission

(a) Linear +100 V. (b) Linear −100 V.

(c) Log +100 V. (d) Log −100 V.

Figure 6.35 Simple Murphy-Good current density for idealised emitter cathode.

Figure 7.10 shows the results of applying the Murphy-Good field effect emission current
density to the single emitter geometry. As for figure 6.34, the top row shows the linear
scale plot, while the bottom row shows the log scale plot of current density. Overall, it can
be seen that the positive and negative applied anode voltages only have a slight impact
upon the observed field effect emission, with a greater emission in the positive region. The
emission is concentrated quite strongly upon the very apex of the emitter in both cases
too, showing that the exact geometry of these cathode structures may have a large impact
upon the profile of field effect emission. While this is an idealised geometry, it is quite
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evident that an irregular geometry will have a complex field emission profile, and it is
entirely possible that sharper regions at a greater cathode-anode spacing may result in an
appreciable field effect emission contribution.

6.4.7. Comparison of Schottky and Field Emission Current

Figure 6.36 The peak electric field norm on
both the anode and cathode for ±150 V.

With the ideal single emitter model as de-
scribed thus far, the resulting thermionic
and field effect current densities can be anal-
ysed to consider whether this ideal model
represents the experimental data in any ca-
pacity. In figure 6.36, an additional electro-
static comparison of the cathode and anode
is plotted for a bias range of ±100 V. The
cathode has a distinctly increased electric
field norm at all applied potential biases,
albeit around an order of magnitude. This
may indicate that at high potential biases,
the possibility of field effect emission oc-
curring on the anode itself is possible, es-
pecially with geometries that are far from
ideal. Another noteworthy feature of this
plot is the off-centre minima for both elec-

trodes, which is due to charge accumulation on the cathode and anode. This is not reflected
in simpler electrostatic modelling used for the array structure, and presents an ionised
dopant dependency upon the electric field norm. While this model does not implement a
model of band bending, it is an interesting result that surface accumulation is observed to
affect the field effect emission without specifically including approximations to account for
this factor.
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Figure 6.37 The total and field emission current densities from the cathode for anode biases of
-100 to +100 V.

In figure 6.37, the total field effect emission current densities are compared over the
cathode boundary. As modelled, the ideal Schottky barrier appears to present a much
stronger source of current density across the negative bias region, due to the forward bias
producing a strong thermionic emission current, but the field effect emission contribution is
growing in significance at the highest magnitude of negatively applied potential bias. Note
that in the positive region of the plot, the total current density represents the positively
biased field effect emission current density, and the lines overlap exactly. This is due to the
Schottky cathode being in reverse bias in this bias region, hence the effective saturation
current is entirely made up of the field effect contribution.
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Figure 6.38 The total and field emission integrated current from the cathode for anode biases
of -100 to +100 V.

Figure 6.38 presents the integrated effective current over the cathode, with the total
current plotted alongside the current contribution directly from field effect emission. As
this is directly dependent upon the emission current density, it is no surprise that the
integrated current follows a similar trend as for figure 6.37, with a dominant forwardly
biased Schottky barrier in the negative bias region and a relatively minor contribution
from the field emission element in both bias directions.
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Chapter 7. Conclusions and Future Work

7.1. Overview

In this thesis, a wide range of experimental techniques, combined with computational
simulations, have been employed to investigate the practicality and potential improvements
of diamond-based electronic devices. A particular focus has been placed on phosphorous-
doped diamond, owing to its significant promise in a variety of applications. While
boron-doped (p-type) diamond is relatively well-established in 2024, the continuous
advancements in diamond growth techniques suggest a future where devices utilising
phosphorous doping are not merely theoretical concepts. Direct laser writing of graphitic,
or more recently discovered diaphitic allotropes of carbon within diamond substrates,
represents a substantial improvement in the fabrication of phosphorous-doped diamond
devices. The following sections provide a summary of the work presented in the preceding
chapters.

Sample Batch Thickness (µm) Contacts Characterisation
A 1 0.3 None SIMS
B 1 0.3 None SIMS
C 2 0.3 Ti/Pt/Au - 850◦C 30 mins TLM, AFM
D 2 0.3 Ti/Pt/Au - 600◦C 300 mins TLM, AFM
E 3 1.2 None XPS
F 3 1.2 Ti/Au - 500◦C 10 mins TLM, AFM, HIM
G 3 1.2 Laser Graphitised TLM, AFM, FL

Table 7.1 A summary of all {111} samples, which had differing thicknesses of heavily
phosphorous-doped surface layers grown via MPCVD at Evince Technology. The table in-
dicates the various characterisation techniques used to examine the phosphorous-doped diamond
and the resulting electrical contacts in each case. SIMS was performed by an external service
(LSA), while XPS and HIM were conducted by Nexus at Newcastle University, with the candidate
assisting in parametrisation and analysis. TLM electrical testing, FL, and AFM were performed
entirely by the candidate.
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7.2. Laser Writing of Phosphorous-Doped Diamond Significantly Reduces
Contact Resistance

7.2.1. Summary of Linear Metal Contacts

Figure 7.1 Sample C - the channel spacing vs measured total resistance for all temperatures
(±10 V).

T◦C Rsh (Ω/□) ρs (Ω · cm) ρc (Ω · cm2) R2

21 1.10×10+12 1.32×10+08 4.72×10+05 9.95×10−01

50 6.33×10+11 7.60×10+07 2.51×10+05 9.93×10−01

100 2.30×10+11 2.76×10+07 1.88×10+05 9.91×10−01

150 9.44×10+10 1.13×10+07 1.21×10+05 9.49×10−01

200 4.35×10+10 5.22×10+06 5.81×10+04 9.64×10−01

250 2.28×10+10 2.74×10+06 3.06×10+04 9.69×10−01

300 1.16×10+10 1.39×10+06 2.43×10+04 9.28×10−01

Table 7.2 The summarised extracted parameters via LTLM on sample C for a 10 V range.

Table 7.2 presents the summary of LTLM analysis for sample C. At room temperature,
a specific contact resistivity of 472 kΩcm2 is observed, reducing to 24.3 kΩcm2 at 300◦C.
This is paired with a phosphorous-doped diamond resistivity ranging from 132 MΩcm to
1.39 MΩcm.
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Figure 7.2 Sample D - the channel spacing vs measured total resistance for all temperatures
(±10 V).

T◦C Rsh (Ω/□) ρs (Ω · cm) ρc (Ω · cm2) R2

21 4.12×10+12 4.94×10+08 6.91×10+06 9.84×10−01

50 2.53×10+12 3.04×10+08 4.77×10+06 9.89×10−01

100 9.58×10+11 1.15×10+08 1.93×10+06 9.93×10−01

150 3.60×10+11 4.32×10+07 6.55×10+05 9.92×10−01

200 1.50×10+11 1.81×10+07 2.53×10+05 9.92×10−01

250 6.90×10+10 8.28×10+06 1.10×10+05 9.93×10−01

300 2.94×10+10 3.53×10+06 3.42×10+04 9.84×10−01

Table 7.3 The summarised extracted parameters via LTLM on sample D for a 10 V range.

Table 7.3 presents the summary of LTLM analysis for sample D. At room temperature,
a specific contact resistivity of 6910 kΩcm2 is observed, reducing to 34.0 kΩcm2 at 300◦C.
This is paired with a phosphorous-doped diamond resistivity ranging from 132 MΩcm to
1.39 MΩcm.

7.2.2. Summary of Circular Metal Contacts

The literature best-case value for the specific contact resistivity with titanium contacts
is 10−3 Ωcm2 [7]. With similar work exhibiting higher values[4], [9]. For the LTLM
samples in this thesis, specific contact resistivity was measured to be 472 kΩcm2 and
494 kΩcm2, with a resistivity of the phosphorous-doped film of 132 MΩcm and 464 MΩcm
for samples C and D, respectively, at 10 V. For sample F and the CTLM results, at a
constant current condition of -100 nA, a specific contact resistivity of around 2.1 kΩcm2
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and resistivity of around 490 kΩcm was measured. These observations highlight the need
for alternative approaches to form superior ohmic contacts on these samples, ensuring
competitiveness between diamond-based power devices and current best-case values on
standard materials. For example, SiC is able to achieve extremely low resistance ohmic
contacts below 1×10−7 Ωcm2 [8].

Figure 7.3 Comparison of both pre/post annealing d-R data for I0 = −1×10−6 A, across the
selected channels.

Figure 7.3 shows the CTLM plot of constant current condition -1 µA. The negative
current is taken to allow for a constant current magnitude of 1 µA to be taken for all
channels. As can be determined via the IV plots of section 3.5.4.1, this represents the
measurements taken in the voltage region of approximately 150–200 V. At these high
voltages, it is apparent that the data represent a strongly biased double Schottky structure,
with only a slight asymmetry that may be attributable to the differing areas of Schottky
contacts. The data for pre- and post-annealing are both plotted in figure 7.3, as indicated
by the legend. A notable trend is the slight increase in total measured resistance for
the post-anneal data, other than for the lowest channel lengths. It is unclear why the
annealing process has not resulted in a reduction in contact resistance, reducing the total
resistance of all channel lengths. This will be explored further in section 3.5.4.4, as the
trivial expectation of TiC formation through annealing leading to a lower specific contact
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resistivity is well established in boron-doped diamond devices. The R2 value of the pre-
and post-anneal linear fits in figure 7.3 are 0.975 and 0.960, respectively. The calculated
values for the specific contact resistivity ρc are 462 Ωcm2 and 577 Ωcm2 for pre- and
post-annealing. The corresponding sheet resistivities are 186 kΩcm and 182 kΩcm, given
sheet resistivities ρs = Rsht, where t is the thickness of the phosphorous-doped surface
layer, estimated at 1.2 µm. The close agreement of ρs between annealing conditions,
compared to the notable increase in ρc, is intriguing, implying that the methodology is
correctly identifying the change in contacts and unchanging phosphorous-doped channel.
As noted in literature [3], the oxygen terminated surface may be responsible for inhibition
of TiC formation, hence the lack of specific contact resistivity reduction between pre and
post anneling conditions.

Figure 7.4 A full comparison of pre- and post-annealing on the specific contact resistivity and
the observed resistivity of phosphorous-doped diamond.
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Figure 7.4 provides a visual examination of the CTLM data, separating the data for
ease of comparison. In addition to the resistivity and specific contact resistivity plots, a
colour scale based on the corresponding R2 value is used to help indicate the data which
shows a poor linear fit when used for CTLM analysis. One important note is regarding
the clear split between two separate lines of scatter points in figure c, which was initially
believed to be due to oversampling of the electrical data. The potential issue lies in the
usage of 500 evenly spaced data points between 0.1–1000 nA. As the measured current will
most likely differ from any given constant current condition point, an absolute difference
comparison was used to find the closest current values. In the case of figure c, this appears
to result in two adjacent lines. However, subsequent tests of this methodology, using far
fewer data points, reveal much the same double-line formation of scatter points. Hence,
this is an odd pattern to observe within the pre-anneal specific contact resistivity. Further
to this anomaly is the clear asymmetry between positive and negative constant currents.
In particular, there is a sharp bend upwards at the I0 = 750 nA mark in ρc for both the
pre- and post-anneal cases. This trend is also reflected in figures a and b, where a shoulder
is visible at the same current value. While the data is understandably noisy at very close
to 0 A, this is not the case for the 750 nA feature, with consistently high R2 values in
this region. Finally, another small feature is noted in the negative constant current region,
which appears to mirror that of the 750 nA feature. It is possible that this represents a
real physical change in the devices as they are being tested, though it should also be noted
that these features are consistent between the pre- and post-anneal testing.
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7.2.3. Laser-Written LTLM Specific Contact Resistivity Reduction

Figure 7.5 A confocal microscope mapping overview of the laser-written structures as seen
using a backlit 488 nm light source. The green false colour is provided by fluorescence using an
excitation laser of 408 nm.

In section 5.3, it is established that by using an LTLM setup comparable to that of the first
two samples tested, a specific contact resistance of 1.62 Ωcm2 is obtained at 5 V, with an
observed phosphorous-doped resistivity of 6 kΩcm. This represents a drastic drop of five
orders of magnitude in the specific contact resistance when compared to the measurements
of Ti/Au contacts at around 50 V, matching the current best thermal graphitisation and
coaxial arc plasma deposition nanocarbon contacts.
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Figure 7.6 A LTLM plot of the total measured resistance against LTLM channel spacing at
20 V, with lines of best fit for both the illuminated and dark datasets. Uncertainties due to
the error associated with current measurements are not possible to see at this scale; ±0.5 µm
horizontal error bars are plotted.

7.3. Emitter Structures

Emitter structures, as tested, have produced a strong asymmetric current. The practicality
of these device structures remains speculative, in part due to the transient nature of
these emitters. The clear strengths of laser writing for the purpose of tailoring the
allotropes of carbon within solid blocks of diamond are on full display. In this case, it
has made phosphorous-doped diamond, which may not be suitable for conventional bulk
semiconductor-type devices, into a potential emitter substrate.
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7.3.1. Data

Figure 7.7 The observed peak currents at -100 V, across all single sweeps.

Finally, figure 7.7 plots the peak current measured for −100 V across all sweeps. The
trend seen here correlates well with that of the two differing methodologies of quantifying
asymmetry and also provides a quick reference for the peak current values of the IV sweeps
shown in Figures 6.22, 6.24, and 6.26.

7.3.2. Computational Modelling

Of particular value in the computational modelling was the confirmation that field effect
emission may be possible in the experimental setup achieved with laser-written structures
on heavily phosphorous-doped diamond.
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7.3.2.1. Array Electrostatics

Figure 7.8 The electric field norm of an idealised geometry for emitter array CH.

Figure 7.9 The peak electric field norm on the cathode structure for ±150 V.

In figures 7.8 and 6.33, the idealised geometry and resulting electric field norm surface
plot are shown for an anode bias (Va) of +150 V. Note that the cathode is held at 0 V.
For an earlier discussion of the emitter tip profile as modelled, please see section 6.1. This
electrostatic model was used for the full ±150 V range, with the resulting electric field
norm maximum for the cathode plotted in figure 7.9. The slight discrepancy between the
peak electric field norm in this figure when compared to the full geometry of figure 7.8
can be attributed to meshing. However, the electric field norm of well over 1×107 Vm−1

is substantial and is consistent across the differing emitters in this ideal geometry setup.
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7.3.2.2. Single Emitter Field Emission

(a) Linear +100 V. (b) Linear −100 V.

(c) Log +100 V. (d) Log −100 V.

Figure 7.10 Simple Murphy-Good current density for idealised emitter cathode.

Figure 7.10 shows the results of applying the Murphy-Good field effect emission current
density to the single emitter geometry [2]. As for figure 6.34, the top row shows the linear
scale plot, while the bottom row shows the log scale plot of current density. Overall, it can
be seen that the positive and negative applied anode voltages only have a slight impact
upon the observed field effect emission, with greater emission in the positive region. The
emission is concentrated quite strongly upon the very apex of the emitter in both cases,
showing that the exact geometry of these cathode structures may have a large impact
upon the profile of field effect emission. While this is an idealised geometry, it is quite
evident that an irregular geometry will have a complex field emission profile, and it is
entirely possible that sharper regions at a greater cathode-anode spacing may result in an
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appreciable field effect emission contribution. This follows the literature models well [5, 6,
1].

7.4. Summary of Key Findings

To provide a clear overview of the results and their implications, the key findings from
this thesis are summarised in Table 7.4.

Parameter Value
Specific Contact Resistivity (Ti/Pt/Au) 472 (C), 494 (D) kΩcm2

Phosphorous-Diamond Resistivity (Ti/Pt/Au) 132 (C), 464 (D) MΩcm
Specific Contact Resistivity (Ti/Au) 2.1 kΩcm2

Phosphorous-Diamond Resistivity (Ti/Au) 490 MΩcm
Specific Contact Resistivity (Laser Written) 1.62 Ωcm2

Phosphorous-Diamond Resistivity (Laser Written) 6 kΩcm

Table 7.4 Summary of Key Findings - Laser Writing

The literature best-case value for the specific contact resistivity with titanium contacts
is 10−3 Ωcm2 [7]. For the LTLM samples in this thesis, specific contact resistivity was
measured to be 472 kΩcm2 and 494 kΩcm2, with a resistivity of the phosphorous doped
film of 132 MΩcm and 464 MΩcm for samples C and D respectively at 10 V. For sample
F and the CTLM results, at a constant current condition of -100 nA, a specific contact
resistivity of around 2.1 kΩcm2 and resistivity of around 490 kΩcm was measured. Hence,
sample G was used to demonstrate the potential of laser writing, with specific contact
resistivity down to 1.62 Ωcm2 and the observed sheet resistivity of 6 kΩcm drastically
reducing the contact resistance that any device would experience.

7.5. Future Work

It is the opinion of this student that laser writing for the purpose of generating a wide
range of practical power electronic applications is on the near horizon. With the ability to
utilise n-type diamond with a single, simple processing stage, countless studies into the
etching of diamond for the sake of specific contact reduction, and the generation of mesa
steps or sharp emitters can be called into question. Instead, one only needs to design a 3D
structure, perhaps akin to the current generations of 3D GAAFET technology, and then
they can print it within a diamond directly. Diamond power electronics that take advantage
of the possibility of not only writing conductive wires between n- or p-type doped regions
of diamond but also writing semiconducting phases directly within the intrinsic diamond
bulk open multiple avenues of investigation. Perhaps diamond over the next century will
develop from a niche, challenging material into the must-have semiconductor, especially
with brand new methods of growing diamond, such as liquid metal diamond growth.
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