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Statement of factors that limited project progression

The back reactor was shut down for maintenance and regeneration over the Christmas
holidays with an expected completion date near the start of the second semester.
Difficulties with parts shipping and reactor assembly meant the back reactor was
unfortunately not ready for use until after the conclusion of this project meaning a
notable number of growth runs had to be completed on the front microwave reactor and
the hot filament reactor.

This led to much longer lead times in the development of the chips as the front reactor
was then occupied more frequently and growth runs were more difficult to schedule as a
fair balance had to be struck by the increased volume of users.

In addition, the front reactor suffered numerous faults during its use in the second
semester. This was the result of other work being conducted in the lab that led to large
pressure fluctuations within the chamber. These pressure fluctuations caused unsafe
movement of the plasma in the chamber, in one case leading to the destruction of two
samples and in another causing significant damage. To quantify the damage done by
these two malfunctions alone, approximately 12 hours of work was undone in moments.

Abstract

High-power, high-efficiency diamond-based diodes are generally considered the cutting
edge of current semiconductor technology, especially in the areas of power electronics
and betavoltaics. This project aimed to synthesise and characterise diamond Schottky
diodes using microwave plasma-assisted chemical vapor deposition for betavoltaic
application.

The projectalso focuses on the development and optimisation of a diode structure based
upon a silicon-supported diamond membrane produced by a multi-step etching
procedure after the heteroepitaxial growth of diamond on a silicon wafer.

Two freestanding diamond Schottky diodes were developed via the growth of an intrinsic
polycrystalline diamond layer on an Element Six boron-doped diamond sample and
aluminium metal Schottky and ohmic contacts were applied by vacuum evaporation. The
synthesised diodes were evaluated by conducting current-voltage measurements using
a Keithley 2401 source meter. One of the diodes was subjected electron irradiation while
applying a voltage bias of -200V using a Kimble Physics flood gun to simulate the diode
being exposed to weak beta radiation characteristic of tritium and nickel-63 radioactive
decay. Another sample was tested directly with low activity beta radiation from a
potassium-40 source. Both samples exhibited measurable responses to their
environment providing exciting, early-stage outlooks on future applications of diamond
voltaics.
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1. Introduction

1.1 Diamond and nuclear power context

For centuries, diamond's sole purpose has been a status symbol for the wealthy. Only
recently has it been utilised for purposes outside of jewellery, with common uses in
hardware for tools and computing. However, it is the advances in lab grown diamond
synthesis which could be pivotal over the next century for energy storage and production,
a potential an answer to humanities growing green energy crisis. With the rising concern
of global warming, many scientific critics point towards nuclear energy as an ideal
solution, with immense power outputs and low greenhouse gas emissions’. Global
utilisation of nuclear energy opens the door for a new set of problems; nuclear waste
containment and disposal. This is where synthetic diamond chemistry could prove a
useful commodity by storing and generating power from low level nuclear waste such as
nickel-63, a compound which otherwise would have no use and be disposed of deep into
geological sites?. Advances in nuclear technology such as betavoltaic batteries has
indisputably been slowed as a result of the societal fear of nuclear energy caused by
nuclear weapon proliferation and disasters such as Chernobyl & Fukushima?*4.

1.2 Carbon allotropes

Carbon exists in many allotropes which each offer unique and identifiable
characteristics. Diamond, which forms as a giant covalent lattice of sp® hybridised
carbon, is the most renowned allotrope®. The highly covalent sp? lattice results in a rigid
structure with no free electrons. This gives rise to scarcely rivalled mechanical properties
such as a boiling point of 4830 °C and a hardness of 10 on the Mohs scale.

Carbonis more commonly found as its other allotrope, graphite, a less famous but vastly
more prevalent sibling of diamond. Graphite consists of sheets of sp? hybridised carbon
atoms, leaving a pair of delocalised electrons which give rise to conductivity. Graphite’s
conductivity and chemical inertness make it an ideal electrode material in
electrochemical batteries. In the case of a nuclear micro batteries, which rely on a
semiconductor rather than a fully conductive material, graphite has limited opportunity
for exploitation.
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Figure 1 - The crystal lattices of diamond (a) and graphite (b). Sp® hybridised carbon in diamond
has a bond length of 1.54 A and the sp? hybridised carbon in graphite has an average bond
length of 1.418 A. Diamond has a unit cell dimension of 3.567 A whereas graphite exhibits unit
cell dimensions of 2.46 x 2.46 x 6.71 A°®.



2. Properties of Diamond

2.1 Diamond structure & polycrystalline diamond

The surface orientation of synthetic diamonds can be defined by the Miller Indices (111,
100 and 110). These numbers are related to the intersection of the plane with the main
crystallographic axes and the given identity is significant for understanding surface
properties’.
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Figure 2 - Diagrams of the 3 major surface morphologies of lab grown diamond. Image (a)
depicts the (100) plane while (b) and (c) depict the (110) and (111) planes respectively’.

Most available chemical vapor deposition (CVD) diamond is grown with a (100) surface
and (110) vertices®. Studies by Su et al. show that (100) faceted diamond has better
properties than (111) diamond such as more consistent electrical properties, and a
reflective index closer to that of natural diamond®.

Polycrystalline diamond grows without order and in multiple surface orientations. This
leads to significant grain boundaries which have been shown to contain a higher density
of defects which effect electrical transport. At lower temperatures, electrical
transmission is dominated by grain boundary defects, however at higher temperatures
the crystalline grains contribute to transport — leading to a nonuniform distribution of
current flow™.

2.2 The electrical properties of diamond

Diamond is known for its immense physical properties, often hailed as one of hardest
materials in existence (9x10° kg m™) with a thermal conductivity five times higher than
copper (>2000 Wm'K' vs 100-500 Wm™'K™ )3, High thermal conductivity is a vital
attribute for high power applications and extends device lifespan as degradation is less
likely. These physical properties are of great importance but would ultimately prove
useless with respect to nuclear micro batteries without other key electrical attributes.
The high resistivity (1x10' Qm), carrier mobility, and electric breakdown field are



properties which lend themselves excellently to the use of a semiconductor diode;
however some chemical alteration is necessary to introduce free charge carriers'6. A
high resistivity is imperative for a betavoltaic diode because it enables their fundamental
role as a one-way conductor. Utilising high resistance for rectification purposes in
electrical devices allows device charging, as mains AC can be converted to DC power in
order to charge a battery. In the case of a betavoltaic cells, this rectification is important
for directing charge flow, preventing electron hole recombination, and optimising power
extraction in a nuclear micro battery. In addition, carrier mobility is vital for efficient
charge collection and prevention of electron hole recombination. If carriers are less
mobile in the substrate, they are more likely to recombine before collection at electrodes
thus hampering device efficiency. A high electric breakdown field enables device
operation at high voltages and allows for the use of thinner active layers.

3. Industry and Applications of Diamond

3.1 Battery Technology

Since their theorisation in the 70’s and commercialisation in the 90’s Lithium-ion
batteries have grown into the market where they now have a majority foothold"-'°. Their
most common uses exist in the rapidly progressing electric vehicle market, as well as in
portable electronic devices due to their high levels of adaptability. Lithium-ion cells store
and release energy via the movement of electrons between electrodes.
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Figure 3 - A lithium-ion cell showing the graphite anode®.



Despite possessing high power and energy densities compared to other commercial
batteries (lead acid and alkaline), Lithium-ion technology falls massively short of
betavoltaic batteries when comparing energy density?'. For this reason, beta voltaic
batteries are often used in niche scenarios where a long-lasting energy source is
required; for example outer-space or deep-sea electronics where maintenance and
accessibility are limited. Unlike Lithium-ion batteries, betavoltaics require a
semiconductor. Diamond’s high radiative hardness and ability to be doped during CVD
growth makes it a growing area of interest in betavoltaic chemistry.

1000

100

ctalfair
batteri

—
=
|

&
|

Specific Power (W kg)
n

=
=
|

| I I I
0.01 0.1 1 10 100 1000 10000
Specific Energy (W-h kg)

Figure 4 - A graph of energy density vs power density showing betavoltaic batteries with 10-100x
the energy density of lithium ion batteries?.

3.2 Radiovoltaics

Scientists have been aware of the possibility of using radiation in electrical cells since
the mid-20" century, even testing their effectiveness as a pacemaker power supply?.
Ultimately, concerns of radiation exposure and cheaper alternatives caused a decline in
interest for the radio isotopic battery industry. Modern advances in diamond synthesis,
as well increased efficiency and safety of nuclear-powered batteries, could be the
platform for radiovoltaic energy to become far more prominent. As previously stated,
diamond has an impressive radiative resistance, also proven by its use as a radiation
detector, this means diamond can safely contain a radioisotopic power source?.
Furthermore, diamond exhibits a wide band gap of ~5.5 eV and extreme thermal
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conductivity, giving it superior electrical properties compared to its semiconductor
competitors?® 26,

3.3 Diamond and other semiconductor materials

Among most other common semiconductors, diamond is considered an ultrawide
bandgap (UWBG) material. Even when compared to other UWBG semiconductors such
as gallium nitride (GaN) and silicon carbide (SiC) (~3.4 and 3.26 eV respectively),
diamond’s band gap is more than 60% larger. This, combined with diamond’s high critical
electrical field and charge carrier mobility, means that diamond lends itself excellently
towards use in high-performance, high-power devices, which may be critical for the
progression of scientific technology?’. Amidst the ever-changing landscape of scientific
discovery and computational advancement, one thing remains constant: the necessity
for increasingly powerful and capable hardware. Beyond its use in the production of
betavoltaic batteries and Schottky diodes, diamond has substantial promise to alter the
world of electronics. Quantum and super-computing, high frequency RF devices,
extreme environment applications, and high sensitivity sensors are just a few of the
potentially benefitting sectors.
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Figure 5 - A radar chart comparing different electrical and physical properties of diamond with
other common modern semiconductor technologies?.



4. Diamond Growth Techniques

4.1 CVD and HPHT - Context and Mechanism

There are two main methods for the production of synthetic diamonds: chemical vapour
deposition (CVD), and high pressure high temperature (HPHT).

HPHT, initially achieved by General Electric in 1954, involves the growth of diamond in a
high pressure high temperature environment in an attempt to recreate the natural
process of diamond formation?. To speed up this process, which naturally occurs over
billions of years, scientists have developed specific conditions and procedures providing
a catalytic effect on diamond growth. The generally accepted process today involves
incorporating a high purity carbon source into a molten metal mixture at high
temperatures (~1500 °C), and allowing the precipitation of carbon onto cooler diamond
seeds held in a mechanical press. This process can take weeks or months to achieve the
desired crystal growth®.
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Figure 6 — A detailed schematic of HPHT diamond growth and its mechanism®.

CVD technology predates HPHT, however increased costs and lack of reporting until a
decade later led to a delayed emergence in research and the commercial market. The
two major methods include thermal CVD (usually hot filament) and microwave plasma-
assisted CVD. Thermal CVD is the oldest and simplest of these methods. It involves the
heating of a metal filament to around 700-1000 °C a couple of millimetres above the
surface of the solid substrate, and introducing the desired precursor atmosphere at low
pressure. The solid substrate is also heated electrically from beneath to temperatures
exceeding 2000 °C. The overarching mechanism for CVD is the introduction of gaseous
precursors at elevated temperatures to induce activation leading to the eventual
deposition of carbon on a solid surface.
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Figure 7 - A simplified mechanism for the growth of diamond at the surface in CVD?'.

Hot filament CVD (HFCVD) is mechanically the simplest form of thin film deposition and
can produce high quality films. However, its drawbacks come with the likelihood of
contamination and stability of the process, both of which are a result of filament decay.
Furthermore, HFCVD has limitations on the gas inputs, as oxygen cannot be present due
to oxidation of the tantalum filaments. Despite these limitations, hot filament CVD has
notable virtue in that the potential surface area for deposition is much larger than that of
microwave plasma-assisted CVD (MPCVD). This is because the machine and filament
can be scaled up relatively easily whereas the surface area of deposition in MPCVD is
limited to plasma size.

Over the last decade, the most studied and used method of CVD has been MPCVD, a
method using high energy microwaves to generate a ball of plasma above a substrate.
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The gas phase precursor is introduced into the CVD chamber at low pressure, and the
energy from the plasma induces the reaction between gases (usually CH, and Hy). The
simplest description for the mechanism occurring inside a MPCVD reactor involves high
energy microwaves striking the gas inside the chamber, resulting in ionisation and
radicalisation of the methane and hydrogen. These activated species then have the ability
to interact with the surface of the substrate (e.g. diamond seeds on a manually abraded
silicon surface). Hydrogen radicals can strip surface hydrogen termination on the
substrate, which provides the possibility for a methyl radical to attack.
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Figure 8 - A simplified image of microwave plasma assisted CVD showing the 'activated'ion
cloud above the substrate leading to growth at the surface®.

This process, however, is incredibly slow and occurs over multiple steps, each of which
has a chance of reverting back to its previous state. The fastest growth rate ever recorded
was 930 pm/h using DC plasma jet CVD, a newer and more expensive method of CVD%*.
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Figure 9 - A schematic of (a) hot filament CVD and (b) microwave plasma-assisted CVD *.



A key benefit of CVD over HPHT is it can be carried out at lower temperature and
pressures, thus reducing the cost of production.

The ability to change the composition of the gas precursor gives rise to varying properties
of the deposited material. If the gas phase is made up of entirely hydrogen, carbon, and
oxygen, the growth of diamond can be described by the Bachman triangle. This diagram
outlines whether product growth will be graphitic, diamond, or if growth will cease
altogether.

diamond growth
region

Figure 10 - The Bachman triangle, showcasing the product of CVD dependant on gas precursor
mole fractions of carbon, oxygen and hydrogen®.

Introduction of other compounds, such as nitrogen or diborane, can result in product
doping. Doped diamond exhibits different properties from visual to electronic, for
example boron doping can change diamond from an insulator to a semiconductor; this
specific application is vital for the theory and success of this dissertation. The acceptor
energy level produced by boron in boron doped diamond (BDD) has been experimentally
demonstrated to sit ~0.37eV above the valence band of diamond. Theoretical models
using calculations from first principles have closely predicted the acceptor level as 0.39
eV above the valence band®.
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Figure 11 - A band gap diagram of BDD showing the boron acceptor level theoretically
calculated by Wang and Zunger®.

4.2 Surface Termination

Modification of the surface chemistry of diamond, such as oxygen termination, can alter
diamonds work function, electron affinity, and surface homogeneity. The two methods of
interest for oxygen termination include plasma and UV ozone treatment, each of which
results in different surface coverage and properties®. Plasma oxygen treatment utilises
high energy oxygen species (O, and O) in the gas phase under vacuum, to replace
hydrogen termination via bombardment. This can damage and etch the diamond surface
but also can remove graphitisation and fill vacancies. In addition, O-plasma treatment
has been shown to raise the diamond work function by up to 1.6 eV. This is a result of
surface dipole effects as the presence of electronegative oxygen groups attracts
electrons and lowers electron density around the surface. The positive end of the surface
dipole faces the bulk of the material and the negative end faces outward, this results in
an increased energy barrier for electrons to escape the bulk material into vacuum —thus
raising the work function®:3°, UV ozone treatment on the other hand, incorporates ozone
into air in a contained space at room temperature and pressure under UV light to induce
oxidation of the diamond surface. UV ozone treatment generally results in higher surface
homogeneity and is lower energy, thus reducing surface damage. Similar to O-plasma
treatment, ozone surface termination has been shown to increase the work function by
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approximately 2.1 eV. This can be explained by the increased presence of stable,
electronegative carbonyl group surface termination. Current literature suggests that
relative to a hydrogen terminated diamond, the rise in work function is correlated to the
proportion of surface sites filled by oxygen functional groups due to the increasing
surface dipole3® 3,

After initial desired termination, the surface can be further terminated with metal. This
technique is vital for the formation of Schottky diodes and, like oxygen termination, has
multiple working approaches. The chosen method of deposition for this experiment was
evaporation. This process involves the heating of the chosen metal under vacuum until it
evaporates, it can then be condensed onto the chosen substrate.

5. Growth and Electrical Properties of Boron Doped Diamond

Inclusion of diborane in the gas precursor leads to the growth of BDD. This layer can be
described as a p-layer when grown in MPCVD due to the positive charge effect created by
the introduction of electron holes. Boron, with one less valence electron than carbon,
can relatively easily occupy the same lattice positions as a carbon atom, and has a low
activation energy®’. As a result of this, high doping levels are possible, enabling
conduction and making BDD a focal point in carbon electrochemistry*°.

Figure 12 - A diagram showing the valence electron arrangement in i-diamond (left) and p-

diamond (right). The electron hole present in p-diamond creates a free charge carrier which
converts diamond from an insulator to a semiconductor. Figure adapted from Boylestad and
Nashelsky*'.

The semiconducting nature of BDD alone is not enough to elicit major interest from
electrochemists. It is this property in conjunction with diamond’s ultra-wide bandgap,
high carrier mobility (~2000 cm?/Vs), thermal conductivity (2000 Wm™'K"), resistivity
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(1x10' Qm), and electric breakdown field (>20MV/cm) that make diamond a speculated
holy grail in the world of semiconductors™ 141542,

Wide band-gap materials, like diamond, are generally more radiation hard and have a
higher maximum conversion efficiency compared to lower band-gap materials**44. These
properties set diamond apart from other highly popular semiconductors such as GaAs
and silicon.

6. Betavoltaics; function and properties

6.1 Semiconductor junctions

Betavoltaics fall under the group of radiovoltaics; a device which generates an electrical
current upon excitation by radiation from a radio-isotopic source. While gamma and
alpha voltaic cells have been created, their use is currently limited due to the higher
penetration or energy of the radiation, which causes greater material challenges and
safety concerns* 46,

More recently, some scientists have experimented with liquid materials in an attempt to
harness the power of alphavoltaics, where a semi-ordered liquid semiconductor exhibits
self-healing effects to cope with the highly ionising radiation*’. Despite the promising
power outputs of alphavoltaics, beta cells remain the simplest and most studied form of
radiovoltaic.

Betavoltaic cells, at a fundamental level, operate in the same way as a photovoltaic cell.
Inthe case of betavoltaics, it is a beta particle (high speed electron) emitted from a radio-
isotopic source, which takes the place of a photon to generate a current. When the beta
particle successfully collides with the semiconductor, an electron from the valence band
is excited into the conduction band, creating an electron hole pair. In many
semiconductors, a pn junction can be formed where a p-doped substrate comes into
intimate contact with an n-doped region. For current high performing semiconductor
diodes such as gallium nitride, a p region can be formed by magnesium doping and an n
region can be formed via silicon doping. The combination of these positively and
negatively doped sections of substrate creates the aforementioned pn junction resulting
in a depletion region. When electrons reach the depletion region, they are driven into n
type side of the junction and holes are driven into the p type side, this is a result of the
built-in potential of the junction.

Since the dawn of lab grown diamond techniques, the development of n-type diamond
has been a problem studied meticulously by scientists throughout the field. Two key
elements, nitrogen and phosphorous, have dominated scientific research over the last
decade, however they are limited by deep lying donor levels and lattice structure
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restraints, respectively. To work around these issues, the diamond Schottky barrier diode
has grown in popularity, however it does not come without its own set of limitations and
challenges. Schottky contacts, which are relatively easily and cheaply produced are
made by depositing a Schottky metal onto the diamond surface.

6.2 Metal semiconductor junctions — Schottky diodes

Upon contact formation between a metal and semiconductor, the fermi levels of the two
materials equilibrate. Equilibration results in the formation of a Schottky barrier, which
can be described as a potential energy barrier between the semiconductor and the
metal. For a numerical description, the Schottky barrier height (which is dependent on
the types of metal and semiconductor used), can be described by the Schottky Mott rule
which states that:

OB, = Eg+Xx— Py (1)

Where ©B,, Eg, x and ®., are the barrier height, semiconductor band gap, semiconductor
electron affinity and the metal work function, respectively.

The combination and equilibration of a metal and semiconductor energy bands can be
visualised clearly in an energy band diagram:

Depletion
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P,

VB Erm I -

VB

Figure 13 - Energy band diagrams of metal and a p-type semiconductor (a) before and (b) after
equilibrating in a Schottky junction.

In a Schottky junction, the equilibration of the fermi levels between the metal and
semiconductor leads to band bending in the valence and conduction bands of the
semiconductor. The band bending generates a depletion region, devoid of mobile charge
carriers, which establishes an internal electric field opposing further carrier movement.
The key role of the depletion region is the diffusion of holes from the semiconductor into
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the metal, and conversely the movement of electrons from the metal into the
semiconductor®® %°, This leads to charge separation at the interface, generating an
internal electric field thus inhibiting further charge carrier diffusion after equilibration —
this defines the built-in potential.

When a beta particle reaches the depletion region with significant energy, it can create
an electron-hole pair. The built-in potential of the junction leads to separation and
transportation of the charge carriers, preventing recombination and generating a
measurable current. This is the fundamental mechanism for operation of Schottky barrier
diode betavoltaics.

The most common design of the Schottky diode is a vertical structure as it demonstrates
low series resistance, however expensive fabrication techniques have generally slowed
down the production of this device®. Work by Bormashov et al. has successfully used ion
beam assisted lift off techniques to generate ultra-thin film single crystal diamond
Schottky diodes, this work highlights the cutting edge of diamond Schottky barrier
diodes, and has shown significant early stage success in the series combination of these
diodes to generate a functioning betavoltaic battery**°'.

Under a forward bias, when the Schottky contact is connected to the negative terminal
and the p-diamond is connected to the positive terminal, there is a reduction in the built-
in potential barrier. Application of a forward bias reduces the energy gap between the
metal fermilevel and the semiconductor valence band edge, resulting in decreased band
bending in the valence and conduction band, this allows greater flow of electron holes
from the p-type diamond into the metal thus increasing the current of the device. Reverse
bias has the opposite effect; by swapping the negative and positive terminals the built-in
potential barrier grows and band bending increases as a result of an increased energy
gap between the fermi level and semiconductor valence band edge. The effect of this on
carrier transport is reduced hole flow from p-type diamond to the metal, thus decreasing
the device current.

Many different metals can be used to form a Schottky contact (Al, Pb, Ni, Au etc.), the
effect of altering the metal is a change in barrier height®2. This has been shown to have a
direct impact on device function; increased barrier height leads to a lower leakage
current and greater forward drop voltage®.

Recent works suggest the Schottky barrier height could be the key to improving beta cell
operation, as it is potentially linked to the open circuit voltage of the device which is an
important factor in device efficiency* ®3. To change the Schottky barrier height, the work
function must be changed for either the semiconductor or the metal. As previously
described, this can be done for the metal by changing the chosen metal element
deposited, in the case of diamond the work function can be altered either by changing
surface termination or changing the dopant concentration. Multiple studies have been
conducted attempting to optimise device composition and Schottky barrier height, this
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takes into consideration doping concentration, operating temperatures, Schottky metal,
and operating voltage in order to minimise leakage current (increase efficiency)®.
Aluminium is currently understood to produce the highest Schottky barrier when in
contact with diamond, however it exhibits lower stress resistance and rectification than
other metals such as chromium?5%%7,

Another factor to consider for the power output of a beta voltaic device is the chosen
radioisotope. Different radioactive materials will emit beta particles at varying rates and
energies; for example, nickel-63 at ~18 keV and strontium-90 capable of emitting beta
particles at energies up to 546 keV®® *°. These factors are massively important for
determining device size, scalability, and potential device decay. Nickel-63’s
comparatively low energy beta emissions make it ideal for small scale devices as less
material is needed to absorb the beta particles produced. An additional safety
consideration for the use of radioisotopes in betavoltaics is the decay chain of the given
compound. For example, safe options such as nickel-63, carbon-14, and tritium decay
into stable copper, nitrogen, and helium, respectively. These isotopes will not contribute
to further device degradation or health risk. The same, however, cannot be said for
promethium-147 which decays into samarium-147, an alpha emitting radioisotope which
could potentially degrade the device or pose user health risks.

7. Current State of the Art

The general consensus in modern literature is that a successful, high efficiency diamond
Schottky diode needs a large Schottky barrier height to maximise device efficiency and
limit leakage current®. Recent research has investigated the importance of drift layer
thickness and boron concentration, with theoretical, high breakdown voltage devices
operating with a doping level in the order of 10'* cm™ and a thickness > 30 um. However,
it should be noted this device focuses on a punch through design with minimal ON state
resistance®. Other contrasting experimental research has produced significantly
slimmer drift layers (1-500 nm) with high levels of success, this research credits the
success of thinner devices to the lower defect density in a thinner device®'. Betavoltaic
devices are not limited to diamond-based diodes - in fact other wide band gap
semiconductors are more studied, developed and easier to produce than their diamond
counterparts. For example, the first betavoltaic was reported by Paul Rappaport in 1954
using germanium and silicon, reporting a modest energy conversion 0.2%°%. After 70
years of research and development on betavoltaic devices composing of mainly silicon
and gallium compounds, maximum device efficiency has gradually plateaued in
research. For instance, recent GaN pn junctions have reached a conversion efficiency
greater than 26% which is less than 2% from the devices theoretical maximum®. In
contrast, research in the infancy of diamond betavoltaic devices has surpassed multiple
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areas of electrical properties compared to non-diamond counterparts, such as
conversion efficiency, power outputs and device lifetime. According to the Shockley-
Queisser efficiency limit, a diamond based diode can reach a conversion efficiency of
34%, this provides plenty of scope for development from the current state of the art
diamond pn diode which already resides at an impressive 28%°%. The current commercial
market is dominated by silicon and silicon carbide (SiC) devices over diamond and even
GaN derived products. In the case of gallium nitride, which exhibits far superior qualities
in terms of Baligas figure of merit, production is limited by high quality epitaxy with only a
few reports able to produce low defect high performance devices®. Diamond devices are
similarly stunted due to difficulties in high quality epitaxy; however, it could be argued the
key constraint for diamond diodes and betavoltaic devices is high cost and low demand.
At present, in the commercial market, diamond growth and device fabrication presents
animmensely compromising ‘cost to performance’ ratio, with SiC devices performing too
well to justify major investment for unrequired performance enhancement provided by
diamond.

8. Project Aim

The aim of this projectis to design, fabricate, and characterise a diamond based Schottky
diode by harnessing microwave plasma-assisted CVD and its ability to produce high
quality, controlled, doped layers of diamond. The ability to produce repeatable diamond
based Schottky diodes has been recently documented in literature, however research is
still limited in terms of optimal device structure and composition. This work could stand
as a further benchmark and comparison to other devices, and help with the complex
ongoing work to determine the ideal metal type, dopant concentration, drift layer and
thus Schottky barrier height to make the highest performing Schottky barrier diode
possible.
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9. Method

9.1 Device Architecture

For the purpose of this thesis, two major device architectures were investigated with a
third option noted for further consideration. These are vertical, free-standing vertical, and
pseudo-vertical, respectively. The composition of these devices is as follows:

Schottky/Ohmic contact [ | Silicon Base [/
p-Type Diamond /77 i-Type Diamond |/

(a) (b) (c)

Y tzizzzzzAa V7777777,

Figure 14 - Cross sections of the vertical (a), free-standing vertical (b) and pseudo-
vertical (c) Schottky diode structures.
In the case of structure (a) and (c), a thin sheet of silicon (~700um) acts purely as
mechanical support to limit the fragility of the thin CVD diamond film. To increase the
mechanical strength of device (b), a greater layer thickness is required and that may
affect device efficiency®®©'.

9.1.1 Device fabrication - Architecture (a)

For design (a), an initial silicon substrate was manually abraded using diamond powder.
This process seeded the silicon surface with nanodiamond crystals, and increased the
surface area which provided ideal conditions for heteroepitaxial polycrystalline diamond
growth. The manually abraded silicon surface contains microscopic diamond seeds
implanted in the surface which act as a nucleation site in CVD. Five structures were
produced in an Applied Science and Technology (ASTeX)-type MPCVD reactor following
the device standard operating procedure — for the purpose of this thesis | will refer to this
as the back reactor. The back reactor is dedicated to boron doped diamond growth runs,
as boron is highly contaminating, this means that even with diborane flow off the film will
still have some boron doping. The benefit of this is that another ASTeX type reactor, the
front reactor, can be used for undoped growth allowing higher purity intrinsic diamond
growth. For each growth, a sample was centred on a molybdenum disk, which acts as a
substrate holder, on top of a 0.5 mm spacer wire in the centre of the back reactor. Mass
flow controllers (MFCs) were used to control gas flow rates, and an initial lightly doped
p-layer was grown under the following conditions:
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Table 1 - The growth conditions for an intrinsic/lightly doped p polycrystalline diamond layer on
samples A1-A5, grown separately in the back reactor.

Sample A1-A5
Pressure / Torr 100
Temperature / °C 850-950
Power / kW 1

CH, Flow Rate / sccm 12.5

H, Flow Rate / sccm 300
Emissivity 0.19
Time / Minutes 120-180

A p*-layer was then grown on top of the p-layer by the inclusion of diborane into the
chamber. The flow rate of diborane was 0.7 sccm and the temperature ranged from 918-
990 °C and shorter growth times of 60-130 minutes, the remaining variables were
unchanged'. Aninitial plan of 60-minute boron doped diamond growth time was extended
in hopes of increasing film mechanical strength. Sample A5 was grown with a boron flow
rate of 0.4 sccm to see if lower boron concentration would improve device strength.

Two samples were developed using the front reactor and a bespoke hot filament CVD
reactor. Due to concerns around initial design size impacting mechanical strength, 4 x 9
mm silicon wafers were cut using the Oxford laser and manually abraded with diamond
nano powder to seed the wafer. The wafers were then placed together in the front reactor
and an i-layer was grown under the following conditions:

Table 2 - The growth conditions for a ~15 um intrinsic polycrystalline diamond layer on samples
A6 and A7, grown together in the front reactor.

Sample A6-A7
Pressure / Torr 140
Temperature / °C 998
Power / kW 1.4
CH, Flow Rate / sccm 12.5
H. Flow Rate / sccm 300
Emissivity 0.19
Time / Minutes 305

Due to the back reactor being unavailable for maintenance, the hot filament CVD reactor
was chosen to grow the boron doped layer on samples A6 and A7. Three tantalum
filaments were fitted into the reactor approximately 3 mm above the samples on the
molybdenum growth stage which was isolated using ceramic beads. The chamber was

"It is important to note that diborane used in the experiment is stored as 5% B,Hs in hydrogen.
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secured and evacuated to a base pressure (8.2 x102 Torr) overnight. The base plate was
then pre-heated to ~150°C for 30 minutes to minimise residual gases in the chamber. The
filaments were resistively heated to ~2000°C and MFCs were used to carry out a growth
under the following controlled conditions:

Table 3 - The growth conditions for a boron doped polycrystalline diamond layer on samples A6
and A7 using the bespoke hot filament reactor.

Sample AG6-A7
Pressure / Torr 20
Current/A 4
Temperature / °C 2000
H. Flow Rate / sccm 200
CH, Flow Rate / sccm 2
B.Hs Flow Rate / sccm 0.7
Time / Minutes 300

A necessary step in the fabrication of design (a) was micro-machining using a high-power
laser system (Alpha 532-XYZ-A-U System, Oxford Lasers) equipped with Cimita and
ALPHACAM CAD software. The laser system allowed ultra-precise cutting of samples to
produce diodes of a chosen design and could graphitise diamond surfaces if desired in
order to improve current flow at the wire/surface interface.

A 2.5 x 1.5mm window was etched into the reverse side of the diode, initially with the
Oxford laser followed by a heated wet etching sequence with 5-7M potassium hydroxide
(KOH) and Kapton tape. The chips were laser etched at varying powers and speeds in a
cross hatched pattern to reduce the likelihood of damage and maximise uniformity of the
diamond membrane. A schematic of the laser etching process, along with an image of
one of the samples can be seen below:

(a) o 6.8 mm
» >

3.3 mm

Figure 15 - (a) A diagram of samples A1-A5 showing the mentioned dimensions of the chip and
recess and (b) an image of sample A6 after laser etching showcasing the change in surface
appearance.
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It is important to mention that after each laser etching process the sample was placed
into a beaker containing a 1:1 mix of acetone and isopropyl alcohol and sonicated for 10
minutes. This process ensured clearance of debris built up during the etch.

The etching sequence for sample A3 can be seen below:

Table 4 - Acomprehensive list of the etching sequence, including all necessary settings, used to
laser etch sample A3 in the Oxford laser system.

Etch Number Power /% Number of Passes
30
30
30
40
40
40
40
45

(72
©
(1
o
o
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WP WW W W W[ P>

To wet etch, the chips were masked in Kapton tape and placed in KOH at 80-90 °C to
selectively etch the remaining silicon and expose the intrinsic diamond surface on the
reverse face of the diode. This was repeated as many times as necessary to reveal a
majority diamond surface in the recess, and the Kapton tape was replaced each time the
etch was repeated. The setup for the wet etching process can be seen below:

Figure 16 - Images of the wet etching set up showing (a) the Kapton tape mask applied to the
sample with a selective hole cut to expose the laser etched recess, (b) LEXT imagery of the KOH
etched recess in sample A3 and (c) the etching apparatus made up of a clamp, beaker, wire, 5-7

M KOH and a hot plate heated to 80-90 °C, a magnetic stir bar was also employed at 150 rom

however this is not included in the image.
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For sample 3, the masked diode was submerged in 75 ml, 5 M KOH and heated to 80 °C.
The solution was kept stirred for 1 hour at which point the Kapton mask had begun to
deteriorate. After one hour of stirring, the sample was removed from solution and washed
in deionised water and then acetone before a new mask was applied in the same way.
This process was repeated until LEXT microscopy showed a majority flat diamond surface
in the etched recess, for sample three this took 8 KOH etching sequences. The number
of etching sequences varied for each production and was reduced upon change of
solution from 5 to 7 molar KOH as well as an increase from 80 to 90 °C.

9.1.2 Device Fabrication — Architecture (b)

Structure (b) was the simplest design to manufacture, not only for its lack of surface
preparation but also the fact it needs no major refining steps such as etching for design
(a) or masking for design (c). As design (b) is made up only of freestanding polycrystalline
diamond (i and p type) it requires only one of the free-standing sheets to be premade,
from that point the process requires far fewer steps to reach completion than for design
(a). A starting point of a free-standing Element Six BDD PCD (5.0 x 9.0 mm, boron
concentration ~4 x 102° atoms/cm?), was chosen and a ~5-10 um i-layer was grown across
the whole surface in the front reactor under the following conditions:

Table 5 - The growth conditions for samples B1 and B2 to grow an intrinsic polycrystalline
diamond on top of Element 6 BDD substrates.

Sample B1 B2
Pressure / Torr 130 130
Temperature / °C 958 960
Power / kW 1.3 1.3
CH4 Flow Rate / sccm 12.5 12.5
H2 Flow Rate / sccm 300 300
Emissivity 0.15 0.15
Time / Minutes 90 180

9.1.3 Device Fabrication - Proposed Architecture (c)

Device (c) follows a process somewhat similar to design (a). To allow heteroepitaxial
growth of diamond on silicon, a silicon wafer would be manually abraded using nano
diamond powder. An initial i-layer of approximately 10 pm would then be grown before
the CVD is halted so that a molybdenum mask can be applied. Diamond growth would
then resume with the inclusion of diborane to selectively grow a concentrated p-layer
with the silhouette shown in Figure 14.
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9.2 Surface Termination and Metal Deposition

The following method was only applied to design (b) however the principle is identical for
(a) and only differs by application of a selective mask for design (c).

Initially, the surface was terminated with oxygen using plasma termination. The samples
were loaded into a modified sputter-coater (Edwards S150A) and subjected to O, DC
plasma. This was carried out for 5 minutes at room temperature with a pressure of 1 Torr,
a current of 48 mA, and oxygen flow rate of 10 sccm. This high energy process fills surface
vacancies and removes graphitisation. The diodes were then oxidised via UV ozone
treatment. The samples were exposed to UV light generated by a mercury lamp in the
presence of ozone in a UVO-cleaner (Model 42, Jelight Company Inc.) for 30 minutes. The
decomposition of ozone at room temperature generates reactive oxygen species, which
readily react with the diamond surface to complete an oxygen monolayer.

Figure 17 - The S150A Sputter Coater in the University of Bristol Diamond Lab. This sputter
coater utilises oxygen plasma to terminate the diode surface in preparation for Schottky contact
application.

Aluminium Schottky and ohmic contacts were then deposited onto the surface using
thermal evaporation. Aluminium was evolved from a tungsten dimple boat at a base
pressure of 8 x 10 Torr and heated until evaporation in a physical vapor deposition plant
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(Balzers BA 510 coating plant). The sample was mounted in a calotte plate facing down
approximately 40 cm from the evaporation source, and the aluminium layer thickness
was measured to be ~100 nm with the Agar quartz thickness monitor (Agar AGB7448).

Figure 18 - The Balzers BA 510, a metal deposition machine that operates via vacuum
evaporation®. A Balzers BA 510 can be found in the University of Bristol School of Physics
building and can be used for deposition of a variety of metals, in this case it was used to deposit
aluminium.

9.3 Metal Contact Connection

Silver dag was used to apply nickel-coated copper wires (150 pm diameter) to the
aluminium contacts on the diode as seenin Figure 17. After successful application of the
wire, the silver dag was left to dry overnight at room temperature to ensure the dag had
set and the contacts had maximum stability.

Figure 17 - The front and back face of sample B2, a smaller aluminium Schottky contact is
deposited on the front (intrinsic) diamond and a small amount of silver dag was carefully
applied. The ohmic contact on the boron doped diamond covered a larger surface area and so
silver dag application was a less delicate process.
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After initial |-V readings for sample B2 were weaker than expected, a graphite channel
was etched onto the ohmic contact using the Oxford laser (50% power, etch speed 1
mm/s, 1 pass) in an attempt to increase the device current. The silver dag was reapplied
in the same manner to the ohmic channel.

10. Characterisation Techniques

10.1 LEXT Imaging

Ultra-fast, high quality surface imaging and analysis is made possible by the LEXT
microscope (LEXT OLS5000, Olympus). The LEXT microscope has a focal range from 5x
to 100x zoom, and can take detailed images of the diode surface to assist other
experimental evidence that provide results on surface defects and composition. In
addition, it can accurately measure surface heights allowing for roughness
approximations and layer thickness identification. The LEXT microscope was vital for
etch depth analysis in the fabrication of diode (a) as it could show the height of silicon
left after each laser etching sequence. To take measurements using the LEXT
microscope, it was turned on and allowed to focus before the samples were loaded onto
the stage. Afterthe samples were positioned, a map was taken to aid the viewing process.
In general, the samples were subjected to a 10-20x zoom surface depth analysis, in order
to determine the difference in height between the top of the diode and the recess that
had been etched. This height analysis took advantage of the LEXT’s stitching function in
which multiple areas of ultra-precise measurements could be connected in a continuous
3dimage.

(a)

Figure 18 - (a) The LEXT OLS5000 microscope used to take sample profile measurements and
surface images and (b) a rainbow effect on boron doped diamond caused by rapid cooling of the
Ssubstrate after the back reactor was shut down quickly.
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10.2 Raman Spectroscopy

The Renishaw SM2000 Raman Spectrometer is a useful tool for confirmation of the
device’s chemical composition. The spectrometer measures the inelastic scattering of
light off a chosen sample which results in different energy photons; the change in energy
is associated with the vibrational modes of the compound in the sample, and so each
different structure will provide a unique spectrum. Pure single crystal diamond has a
distinct Raman peak of ~1332 cm™, this value is a helpful benchmark for comparison to
the diodes grown in this project. To take measurements, samples were placed onto the
microscope stage and a green (514 nm) Raman laser was focused onto the surface of the
diode. A spectrum was generated following the set exposure times and the results could
be compared directly to the calibration spectrum produced by a sheet of intrinsic single
crystal diamond.

Figure 19 - The Renishaw SM2000 Raman spectroscope operated at a wavelength 514 nm; the
spectroscopy was a useful tool for substrate analysis.

10.3 Keithley I-V Measurements

The Keithley source meter is an essential tool for measuring the current voltage
characteristics of the diodes produced. The Keithley 2401 source meter has a voltage
range of -20 — 20 V, meaning it allows low voltage diode characteristic tests through
iterative current-voltage measurements. A second Keithley device (Keithley
Electrometer, 6517A) was used for the same purpose but had a voltage testing range of
-100-100 V allowing slightly higher power diode characteristic measurements.
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Figure 20 - The two Keithley devices used in the Diamond Lab. (a) The Keithley 2401, a source
meter with a voltage range of -20 to 20 V used in initial IV tests and (b) the Keithley electrometer
6517A with a much larger voltage range of -100 to 100 V, used for IV measurements during e-
beam tests®” %8,

10.4 E-Beam Measurements

The electron beam system (EGF-3104 and EGPS-3104, Kimball Physics) can be used to
simulate beta irradiation without the need for potentially harmful radioisotope sources.
Electrons can be accelerated to simulate beta particles with energies up to 100 keV, more
than enough to simulate a nickel-63 radioisotope source which emits beta particles with
energy ~18 keV.

The e-beam anatomy is made up of 5 principal components:

- Triode

- Electron emitter

- Electrode and electric fields
- Anode and cathode

- Wehnelt Cylinder

The triode vacuum tube is the three-piece combination of a cathode, anode and grid, itis
responsible for controlling the electron emission. Free electrons are generated at the
cathode, these electrons are accelerated via attraction to the anode and are directed
down the beam. The grid is responsible for controlling emission of the electrons from the
cathode.

The electron emitter, as it sounds, provides the source of electrons in the e-beam and as
previously mentioned, forms the cathode in the triode. The e-beam apparatus supporting
this research uses a tantalum wire as the cathode. A low voltage is applied to heat the
cathode resulting in emission of electrons at the surface, as some electrons reach
sufficiently high energy to be released from the outer atomic orbitals of the cathode.

The electrons emitted from the cathode must then be directed to provide useful function,
this process is controlled by the electric fields. These fields are generated by electrodes,
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which are separate to the anode and cathode, they manipulate the beam trajectory to a
desired point.

The cathode and anode are responsible for the major electric fields generated by the e-
beam. They are operated at a large difference in potential (e.g. -1000 and 0 V), causing
the acceleration of electrons from the cathode in the direction of the anode.

The Wehnelt cylinder is the final major component of the e-beam and sits next to the
cathode. It operates at the most negative potential in the e-beam and aids in direction of
emitted electrons®®.

For current-voltage tests under electron irradiation, the desired sample could be
mounted in the e-beam and connected to the Keithley 6517A. Electrons could then be
accelerated to a specific energy and focused onto the semiconductor whilst the Keithley
applied a bias and took current readings.
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Figure 21 - A detailed schematic of the Kimball Physics electron gun used to simulate beta
irradiation on sample B2%.
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11. Results

11.1 Raman data

The spectra from the Raman spectrometer confirm the presence of diamond, however
generally the peaks are broad and contain a large sp? hybridised region highlighting the
presence of graphitic, high defect areas. This is somewhat expected due to the lower
quality and high grain boundary presence of polycrystalline diamond, however slightly
sharper peaks and lower graphitisation were thought to be possible. The lower quality of
some of the diamond is likely due to the residual concentration of boron within the back
reactor as well as fluctuating temperature during growth.

The Raman spectrometer was also used to confirm the presence of diamond after the
laser and KOH etching sequences.
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Figure 22 - The Raman spectrum for the calibration sample showing a distinct peak at 1334 cm’”

The calibration spectrum shows a small red shift with a peak at 1334 cm™. While this is
slightly shifted from the expected 1332 cm™ it is still a perfectly reasonable calibration
and is likely caused by sample stress or surface impurities. The distinct peakis typical of
the A1 diamond stretching mode, in which all atoms move in phase.
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Figure 23 - A Raman spectrum for intrinsic polycrystalline diamond. This sample was grown
separately from the diode chips whilst attempting to optimise gas flow rates for diamond growth
however it now stands as a secondary useful benchmark for polycrystalline CVD films grown
throughout the project.

The intrinsic diamond film exhibits the expected distinct diamond peak at 1332 cm
however it also now displays a notable peak around 1550 cm™. The new peak at a higher
shift is denoted as the G band, referring to regions of sp? hybridised carbon which is
expected in polycrystalline diamond due to graphitisation, and amorphous carbon
defects found in the grain boundaries.
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Figure 24 - The Raman spectrum of sample A5, a polycrystalline boron doped diamond. The
spectrum has 4 major peaks of interest which tell us about the content of the CVD diamond.
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The introduction of boron into the diamond lattice results in local vibrational modes at
lower Raman shifts. Heavy boron dopingis agreed to be directly responsible for the peaks
observed around 474 cm™ and 1208 cm™, however literature debates the origin of the of
the former peak as it is not definitive of either B-B or B-C bonding’®. The latter of the two
mentioned peaks is more confidently understood to be a C-C vibration. The diamond
Raman line has been noticeably blue shifted and displays an asymmetric peak, this has
been described as the Fano effect. This is an interaction between discrete phonons and
a continuum of electronic states, which results in a Raman peak with asymmetric
character’’. The remaining peak at ~1500 cm™ is symbolic of a graphitic G band.
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Figure 25 - The Raman spectrum of sample A6, showing two distinct peaks, the D and G bands
of graphitised and amorphous carbon.

Samples A6 and A7 showed disappointing (and identical) Raman spectra. Both were
dominated by the presence of a D and G band around 1350 cm™ and 1585 cm”’
respectively. Both samples were grown together with a boron doped layer produced in
the hot filament CVD reactor; however, this spectrum suggests minimal boron presence
and extremely high levels of graphitisation of the substrate.
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11.2 LEXT Microscopy

The LEXT microscope provided precise depth measurements vital for tracking the etching
process of device architecture (a). Typically, ameasurement was taken after each etching
iteration unless it was visibly evident minimal depth change had occurred.

Height profile
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Figure 26 - Profile measurements of sample A3 after (a) the first laser etching sequence, (b) the final
laser etch, (c) the first KOH wet etching sequence and (d) the final wet etching sequence when
sample A3 was determined to be ready for metal contact application.
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Table 6 - A table of etching heights after the initial and final laser and wet etching. The table
directly quantifies the etching values recorded in Figure 26. An approximate etch height was
used to account for loss of silicon after deterioration of the Kapton mask.

Etch Number | Etch Depth/pm | Height to base / um | Approx. Total etch height
/ pm

Laser 1 135.76 585.34 135.76

Laser 8 502.17 216.93 502.17

KOH 1 635.31 69.56 654

KOH 8 634.58 48.81 670

LEXT data evidenced a particularly arduous fabrication aspect of design (a), that being
inconsistent etching rates by either laser or wet etching. The rate of etching was hard to
predict due to the anisotropic arrangement of the silicon wafer. Different crystallographic
orientations (111, 110, 100) exhibit distinct surface atomic densities which directly
impacts etching rates. For wet etching, literature experimental data has confirmed
slower etching rates for (111) planes compared to other orientations. The calculated etch
rates were generally in agreement with the observed variability in our experiments’2.

Along with the varying etch rates caused by different surface orientations, this thesis
proposes that high energy laser ablation of the silicon can in some instances lead to
surface oxidation. This would account for the built up of white, brittle irregular structures
within the etching recess during the procedure that caused further difficulties in the
production of the diamond membrane.

11.3 IV Data

Of the two devices produced, sample B2 showed diode characteristic, whereas B1
appeared to be an insulator within the Keithley voltage range. The recordings measured
by the Keithley source meter were highly changeable based on the application of silver
dag to connect the wires and metal contacts. Because of this, multiple measurements
were taken after repeated removal and reapplication of the silver dag in an attempt to
discover maximum device functionality.
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11.3.1 Diode B1

Measured Current / nA

Measured Voltage / V

Figure 27 - Current-Voltage characteristics of device B1. The device appeared to act as an
insulator, giving no measurable |V characteristics between -20 and 20 V. The varying, low
maghnitude, current readings are simply noise from the Keithley 2401.

After 3 attempts to reapply the silver dag on B1 with recurring unsuccessful results it was
decided to discontinue further IV tests so that diode B2 could be optimised in a short
space of time.

11.3.2 Diode B2
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Figure 28 - Initial current-voltage characteristic readings for sample B2. The near picoamp
maghnitude of current across the voltage range and shape of graph suggests insulator
characteristics.

As previously stated, the diodes gave varying current-voltage responses that appeared
highly sensitive to quality of contact made by the silver dag and wire. Optimising the
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application of silver dag perhaps by the use of more refined equipment would likely
improve consistency and performance of the devices.

Measured Current / nA

Measured Voltage / V

Figure 29 - Current-voltage recordings of sample B2 showing some diode characteristic with
what appears to be a high leakage current and ON voltage.

The IV graph of B2 showed promise with distinct diode characteristics demonstrating an
ON voltage around -7.5 V however reverse leakage current was relatively high leading to
a rectification ratio of approximately 1.67 at 10 V. This rectification value is incredibly low
compared to other diamond Schottky diodes reported in literature and is the result of high
leakage current and low forward current voltage rather than either individually.

11.4 Electron Beam IV Data

Device B2 was measured before, during and after exposure to the E-beam. Whilst in the
e-beam, the diode was subjected to four magnitudes of electron energy: 5.6, 10, 15 and
20 keV. The average energy of a tritium beta particle is 5.6 keV thus the lowest mentioned
energy test on the e-beam is an ideal simulation of tritium decay. During the e-beam run,
the diodes were subjected to a current-voltage test with a magnitude of 100 V using the
Keithley 6517A, this test would simulate the response of the diode to betairradiation from
different radioisotopes.
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Figure 30 — The pre-beam current-voltage measurement for diode B2 between -100 and 100
volts.

After reapplication of silver dag, diode B2 exhibited a lower current between a voltage
range of -100 and 100 volts than it displayed on the shorter range applied by the Keithley
2401. While the reduced current is disappointing the rectification ratio did increase from
~1.6 to ~2.1 suggesting a slightly improved device efficiency.

-1 ——20 keV
— 15 keV
—— 10 keV
3 ——5.6keV

Measured Current/ pA

Measured Voltage /V

Figure 31 -The in-beam current-voltage measurement for diode B2 between -100 and 100 volts.
The diode was irradiated by electrons with varying energies simulating exposure to beta
particles with energies similar to that of tritium and nickel-63 isotopes.

The in-beam measurements showed low variability for <15 keV electron irradiation. The
currentrange across the total bias was approximately 0.6 pA forthe 10 keV test and varied
only slightly for 5.6 and 15 keV runs.
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Conversely to the lower energy tests, irradiation with 20 keV electrons showed significant
performance boosts with a rectification ratio close to 6 at 100V, and a current 3-4 orders
of magnitude larger than that for the pre-beam test.
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Figure 32 — The post-beam current voltage measurement for diode B2 between -100 and 100
volts.

The post beam analysis showed a current an order of magnitude greater than the pre-
beamtest. This apparent activationiis likely the result of residual charge carriers, however
SEM and XPS imaging before and after the tests could have provided further insight into
any structural changes.

11.5 Beta Particle Irradiation Tests

Although device B1 did not present any diode characteristics after initial IV tests using
the Keithley source meter, it was selected to undergo beta irradiation to see if any charge
collection was occurring. When subjected to potassium-40 beta irradiation, which has
an average energy of roughly 0.5 MeV, strong unipolar beta pulses were detected for
individual beta particles using a Cremat-based detector (TDS 210, Tektronix). The
detector elongates the measurable response to the beta particle and shows its unipolar
nature, which is significantly different to the sinusoidal response created by noise.
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Figure 33 - An individual beta pulse recorded by the Tektronix TDS 210 oscilloscope. The reading
shows a unipolar pulse suggesting effective charge collection after a beta particle interacts with
diode B1.

Only one beta pulse test was able to be conducted however these exciting early results
justify further testing on B1 as well as new testing opportunities for B2.

11.6 Device Structural Evaluation

Structure (a) was the initial experiment design and would theoretically provide the
highest level of structural integrity, diamond surface contact, and lowest production
cost. Unfortunately, the silicon base lead to fragility within the diamond membrane
during the etches. Because of this, etching proved to be the major workflow constraintin
the fabrication process as the diamond membrane became very brittle and frequently
broke under low amounts of external pressure.

After many unsuccessful attempts to produce design (a), the remaining two structures
were theorised and considered as alternatives that eliminated the silicon etching step. It
was ultimately decided that design (b) would be the successor to the project as it had the
combined benefit of no etching and no need for masking to get selective layer growth as
seenin (c).

The reliability of the wiring method is also an important topic of discussion. Application
of silver dag formed a fragile connection between the wire and metal contacts on the
diodes. These connections were prone to breakage and had a significant impact on
current-voltage characteristics. For this reason, the method of application of silver dag
and wiring should be a fabrication process considered for optimisation.
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All devices produced were polycrystalline diamond which have significant grain
boundaries, especially compared to single crystal diamond which has no graining. At the
time of writing, heteroepitaxial single crystal diamond growth (as shown by Schrek et al.)
is not a feasible method of fabrication of the betavoltaic device’®. Due to single crystal
diamond’s favourable electrical characteristics, it is a fair hypothesis to suggest such a
device would exhibit lower leakage current and stronger forward current voltage’.

Regardless of electrical results, each of the constructed diodes have structural points of
improvement to be considered. For design (a) the fundamental roadblock to what could
be a highly successful diode is the silicon etching process. If a suitable, repeatable
etching process can be determined through use of current data and further testing, the
device can certainly be scaled up to industry levels of production. In the case of design
(b), this thesis proposes adapting the diode into a pseudo-vertical structure. While this
slightly increases complexity in the initial growth phase, it would make the final step of
wire application easier and more stable, thus better suited to product applications.

12. Conclusion

Spanning two device architectures and nine attempted prototype devices, one device
with measurable diode characteristics was produced. Struggles with fabrication of a
diamond membrane through a silicon base reduced the project scope, however the
process is now better understood.

Multiple current-voltage tests conducted showed that device B2 displayed varying
characteristics with weak PIM, MIM, and Zener diode appearances dependent upon
operation conditions. The IV graphs were non-linear and generally displayed a strong
reverse leakage current in the same order of magnitude as the forward voltage current.
While this characteristic generally inhibits the diodes use in a nuclear micro battery due
to decreased efficiency and lower power output, the device may still have alternative
opportunities for use.

While device B1 did not show diode characteristics in the electrometer readings, further
tests using the oscilloscope showed a successful unipolar beta pulse transmission. This
is vital for the development of a nuclear micro battery; however further optimisations are
necessary to generate useful magnitudes of performance.
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13. Future Work

13.1 Fabrication improvements

In the interest of diode design (a), the clear next step is optimisation of the etching phase
of production. While the unpredictability of silicon etch rates is a clear hindrance to
etching success, it should not be seen as a complete inhibition of progress. Results from
this report provide a foundation of knowledge for further work into the creation of a
diamond membrane. Outside the bounds of time constraints, it is certainly possible to
create arepeatable, efficient etching recipe that leads to production of a highly tuneable
and more cost-effective diamond diode.

By perfecting the fabrication of diode (a), experimentation could be conducted on device
performance as a result of varying dopant concentrations in the p-layer. By eliminating
the need for a pre-grown surface (as seen in diode (b)), the device becomes more
tuneable, and a more effective tool for comparison.

Rectification was shown to be optimizable purely through reapplication of the wiring, this
allows for achievable and low-cost improvement, although the magnitude of
enhancement is likely less significant than what could be possible through other
adjustments. Changing the metal used for contact is a potential avenue for performance
enhancement. Aluminium has been experimentally displayed to form a Schottky barrier
on both oxygen and hydrogen terminated diamond semiconductor surfaces, therefore
this may have limited device performance; swapping the ohmic contact for alternative
metals such as gold could see major improvements.%®

13.2 Further Characterisation

The University of Bristol is home to the NanoESCA facility, housing various state of the art
surface characterisation and analysis techniques. This includes Photoemission Electron
Microscope (PEEM) and high-resolution X-ray Photoelectron Spectroscopy (XPS). A
Scanning Electron Microscope (SEM) Unit is also contained in the School of Chemistry.
PEEM can characterise the diamond surface using electron emission to generate images
over an area as small as 3 pum with a lateral resolution of 13 nm. This non-destructive
characterisation technique would be valuable for visualising semiconductor surface
variations. XPS would be useful for composition analysis of the diodes. By irradiating the
diode with x-rays, electrons can be emitted with an energy proportional to the binding
energy of the compound - this allows determination of the surface makeup in the top 1-
10 nm of the sample. Because of this, XPS would be a useful tool determining dopant
concentration and defect presence. SEM provides high magnification imaging, allowing
for analysis of sample grain size and defect presence. These three characterisation
techniques would all be useful going forward for performance comparison to see what
conditions and device composition give the best diode characteristics.
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13.3 Exploring Device Capabilities

Although the device did not display optimal PIM diode characteristics it is not rendered
useless. The diode has the potential to operate as a sensor, seen by its responsiveness
to 20 keV electrons in the e-beam, this suggests the diode could detect and provide
feedback on radiative environments. An important factor for any device in the field of
betavoltaics is lifespan; measuring device degradation after being subjected to
controlled levels of beta radiation would provide a useful benchmark for device longevity.

13.4 Radioisotope implantation

Recent work, including that by my peer Axel Persson, has investigated the implantation
of deuterium into the diamond lattice. The purpose of this is to determine if significant
degradation occurs and if electrical characteristics such as Schottky barrier height are
affected. Further work in this area could benefit the development of higher size and
power efficiency betavoltaic devices. If implantation is successful with minimal impact
on electrical characteristics, it paves the way for production of diodes in which the
radioisotope is incorporated into the semiconductor bulk. This has the potential to be a
safer, smaller and more efficient device.
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15. Appendix

15.1 The diamond membrane — A comprehensive review

As discussed in this report, a key factor that limited lead times and diode development
was the manufacturing of a successful diamond membrane in the reverse of the silicon
chip used for epitaxy. The entire process involved laser ablation to remove the majority
silicon substrate before a more delicate KOH wet etching procedure.

The most successful sample etching process was A3 which successfully produced a
diamond membrane however the membrane ended up fracturing during cleaning. For
this reason, the process for A3 is described in the most detail however other conditions
are also noted.

15.1.1 Laser Ablation A3

Height profile analysis produced using the LEXT microscope show the change in etch
depth after every laser and KOH etch during the production of sample A3. This provides
the most comprehensive report of the etching process from start to finish.
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Figure 34 - A collation of the eight laser ablation height profile analyses for sample A3.

Figure 34 shows in detail the change in etch depth after each laser etching sequence. The

specific conditions for each pass can be seen below:

Table 7 - The etching conditions and total etch height for each pass in the laser ablation of sample

A3
Etch Number Etch Power/ Number of Etch Speed/ Total Etch
% Passes mm/s Height / pm
1 30 4 135.76
2 30 4 3 193.22
3 30 8 3 241.16
4 40 4 3 265.23
5 40 7 3 293.02
6 40 4 3 417.54
7 40 6 4 492.04
8 45 4 3 502.17
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This was the most successful laser ablation sequence and showed steady etch depth
increases. The lower power and number of passes per etch could potentially have aided
the process due to a lower build up of grainy white solid (thought to be SiO; produced via
etching).

15.1.2 KOH Etching A3

Aside from the application of a Kapton mask, the KOH etching procedure was relatively
straightforward. The masked sample was attached to a fishhook-style wire and
suspended in 75 ml of KOH at the desired concentration and temperature.

Application of the mask was slightly trickier and the method that minimised risk of
damage to the device involved pre-cutting a small hole (approximately 1 x 1 mm) in the
Kapton tape before sealing the device inside with the hole positioned accordingly over
the recess.

Height profile reports for the KOH etching process can be seen below:

Height profile
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Figure 35 - A collation of the eight KOH etches height profile analyses for sample A3.
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Table 8 - A complete list of etch heights during the KOH etching sequence of sample A3. Every
etch was carried out in 5 M KOH at 80 °C for 60 minutes. Inconsistencies in the approximate etch
height are highlighted in red. The approximate etch height is calculated by adding the difference
in the measured height to the initially calculated total height at the start of laser etching, this
accounts for loss of silicon height through Kapton tape degradation.

Etch Number | Etch Depth/pm | Height to base / um | Approx Total etch height
/ pm
1 635.31 69.56 650
2 616.89 98.28 621
3 628.38 93.35 626
4 521.81 55.12 665
5 632.50 25.62 694
6 638.80 65.40 655
7 622.17 47.38 672
8 634.58 48.81 671

Large variations in the etch height measurements are thought to be caused by two key
factors, debris build up in the recess and poor calibration of the LEXT microscope. Debris
may produce smaller etch height measurements while poor calibration can lead to under
or overestimates in etch depth.

15.2 Further Sample Etching Results

While the data from sample A3 appears to provide the best reference point for future
etching attempts, further sample data is included for completeness.

15.2.1 Sample A4

To try and reduce production times, higher power and passes per etch were trialled on
sample A4.

Table 9 - The shorter etching process for sample A4. The increased power and number of passes
reduced processing time for the sample and produced a good diamond membrane which
ultimately ended up breaking in a subsequent, KOH etching step.

Etching Step Etch power/ % Number of Passes | Etch Speed /
mm/s

Laser 1 40 8 3

Laser 2 50 8 3

Laser 3 40 8 3
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After three successful laser etches were completed, sample A4 was subjected to the
standard wet etching procedure with 7 M KOH at 90 °C. On the fourth submersion, a small
hole was made in the membrane meaning it could no longer be used. This was however,
a slightly better result than sample A3 in which the entire membrane broke. Although only
asmall hole formed in the membrane, the lower power, longer etching process of sample
A3 is still favoured. This is because the process is more adjustable over a longer period of
time and has a larger margin for error with more opportunity to end etching early and
analyse the membrane.

15.2.2 Sample A5

After some progress in understanding the laser etching process from the previous
sample, slightly higher power etches were trialled again however inconsistent etch rates
proved to be another source of hindrance.

Table 10 - The etching sequence for sample A5, another promising sequence which ended
prematurely after the entire membrane disconnected from the chip when submerged on the
fourth wet etch.

Etching Etch power | Number of Etch Speed | Timein Solution

Step 1% Passes / mm/s solution/ | Temperature
minutes /°C

Laser 1 40 8 3 - -

Laser2 50 8 3 - -

Laser3 40 8 3 - -

7MKOH1 - - - 60 90

Laser4 45 10 3 - -

Laser5 50 8 3 - -

7 M KOH 2 - - - 60 90

7MKOH 3 - - - 60 90

Laser6 60 1 3 - -

Laser?7 70 3 3 - -

7MKOH 4 Membrane broke after submersion.

The etching sequence for sample A5 highlighted a key issue with the inconsistency of the
etching process. As you can see the sequence operated at a higher laser power, with
more passes than for A4. In addition, the wet etching process was conducted at higher
temperatures and molarities. Despite this, the procedure contained far more steps than
that for sample A4.

51



