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Abstract

Accurate detection of low-energy beta emitters, such as tritium, nickel-63, carbon-
14, and promethium-147, is critical for environmental monitoring, nuclear safety,
and fusion systems. Whilst existing semiconductor devices offer compactness
and real-time operation, their sensitivity to low energy beta radiation is limited
by spectral noise. Polycrystalline diamond offers significant advantages in spec-
tral noise reduction, however the effects of grain boundaries and defect states on
device performance remain poorly understood.

This work fabricated and evaluated a polycrystalline diamond Schottky diode
as a low-energy beta detector with a M-I-p™-M configuration. CASINO simu-
lations highlighted that average penetration depth increases with incident beta
energy, with 130 nm depth for tritium and 19.2 um for promethium-147. Alu-
minium exhibited a low backscattering coefficient of 0.14, indicating suitability
as a Schottky contact, however a layer below 35 nm is required for 90% of tritium
beta particle energy to be deposited within the active region of the device. The
fabrication process employed a 532 nm laser to etch a thin membrane of 33um in
intrinisc diamond layer with minimal surface damage indicated by SEM. Raman
spectra revealed a prominent diamond peak at 1332 cm™! with FWHM of 7.9
cm~! characteristic of polycrystalline diamond, however no boron features were
present for boron doped p* diamond.

Beta particle irradiation was conducted using a Kimball Physics EGF-3104
electron gun. Initial testing at 5.7 keV incident energy demonstrated a threshold
voltage of 0 V, a maximum forward current of 1.04 pA and a rectification ratio
of 3.2. A clear hysteresis was observed, indicative of localised carrier trapping at
grain boundaries. Surface damage to the Schottky contact precluded further de-
vice operation, however following acid-based contact removal and re-deposition,
rectification was recovered with a smaller maximum current of 0.58 pA, same
turn on voltage at 0 V and rectification ratio of 3.2. No hysteresis was observed,
attributed to improved junction uniformity following acid cleaning during con-
tact removal.

Current-voltage measurements across 1-20 keV incident electron energy showed
energy-dependent response, with stable operation from 7-20 keV and instability
at 1-6 keV, giving a discrimination limit of 6 keV. No hysteresis was observed
across energies, indicating an intact Schottky barrier. This work demonstrates
the potential of polycrystalline diamond Schottky diodes for low-energy beta
detection, however further optimisation is required to improve performance.
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Chapter 1: Introduction

1.1 Global Relevance

1.1.1 Radioisotope Detection

Nuclear energy is widely considered a low-carbon energy source [3], with nu-
clear fusion attracting particular interest as a future technology [4]. Fusion sys-
tems rely on radioactive tritium as a fuel, while nuclear fission generates radioac-
tive waste streams that must also be monitored and controlled. In both cases,
the detection and discrimination of radioactive isotopes is important for worker
safety, waste management, regulatory compliance [4-9], and protection against
theft or illicit trafficking of radioactive material [10]. This can be achieved via
beta detection, where radionuclides are distinguished through their characteris-
tic beta emission spectra. However, tritium emits very low-energy beta particles
and is therefore notoriously difficult to detect. This has motivated the devel-
opment of detectors with sufficient sensitivity to resolve tritium, in addition to
other low-energy beta-emitting radioisotopes as this enables discrimination be-
tween isotopes.

1.1.2 Betavoltaic Batteries

Betavoltaic cells are small, portable batteries that couple a radioactive beta-emitting
source to a semiconductor junction, converting emitted beta particles into us-
able electrical current. Their long lifetimes depend on the half-life of the ra-
dioisotope used as the beta source [11, 12], making them attractive for applica-
tions where battery recharging is difficult, such as medical implants [13], sen-
sors [13], aviation [14], underwater environments [15], and spacecraft satellites
[16-18]. The radioactive power source is typically a low-energy beta emitter, as
this reduces radiation damage to the semiconductor material. Commonly in-
vestigated sources include tritium (*H) [19-23], nickel-63 (%*Ni) [20, 21, 24-29],
promethium-147 (**"Pm) [12], and carbon-14 (**C) [12]. Although betavoltaic de-
vices are intended for power generation rather than beta spectroscopy, both rely
on efficient charge generation and collection from low-energy beta particles in a
semiconductor junction.

1.2 Beta Spectroscopy

Beta radiation consists of high-speed charged particles emitted during radioac-
tive decay. Beta particles are emitted via two pathways: beta-plus (8) decay
and beta-minus (87) decay, as illustrated in Figure 1.1. In the former, a proton is
converted into a neutron, emitting a positron (5 particle) and an electron neu-
trino. The positron may undergo further decay by annihilating with an electron
to produce two 511 keV gamma photons [30]. In beta-minus decay, a neutron is
converted into a proton, emitting an electron (5~ particle) and an electron an-
tineutrino.
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Positron Electron

/O (B* Particle) /O (B~ Particle)
= K —> O Neutron O = > Q Proton
Proton \ Neutron \
@ Electron Neutrino O Electron Antineutrino
(a) Beta Plus Decay (b) Beta Minus Decay

Figure 1.1: Schematic illustrations of two forms of beta particle emission. 1 decay is
depicted in (a) where a proton (red) converts to a neutron (pink) with the emission of
a positron (orange) and neutrino (purple). 5~ decay is depicted in (b) where a neutron
converts to a proton with the emission of an electron (yellow) and antineutrino (blue).

The kinetic energy of nuclear decay is shared between the beta particle and
the (anti)neutrino in varying proportions: the beta particle may adopt an energy
value between zero and the maximum decay energy, E.«, with the remaining
energy carried by the neutrino [31]. This results in a continuous distribution
of electron energies ranging from zero up to a characteristic endpoint energy,
as opposed to the discrete energies typically observed in alpha or gamma spec-
troscopy [32]. Although this continuous distribution complicates isotope identi-
fication, the characteristic endpoint and average energies of a given radionuclide
still allow identification through analysis of its beta spectrum [2]. While beta
spectroscopy can be applied to both positrons and electrons [30], this work fo-
cuses on 3~ decay, as it is the relevant pathway for the low-energy radionuclides
used in radioisotope detection and betavoltaic applications.

1.2.1 Beta Energy Spectra

The beta energy spectra of the representative isotopes considered in this work—tritium
(*H), nickel-63 (**Ni), carbon-14 (**C), and promethium-147 (**"Pm)—are shown

in Figure 1.2, with data obtained from the International Atomic Energy Agency
(IAEA) database [33]. They display discrete average and end point energies
(Emax), which are summarised in Table 1.1. In particular, the low beta energies

of tritium make it especially challenging to detect. Furthermore, the significant
overlap between the low-energy regions of the beta spectra highlights the need

for a detector with sufficient energy resolution to distinguish between radioiso-
topes.

12
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Figure 1.2: The f3 particle energy spectra of four radioisotopes: (a) Tritium-3, (b) Nickel-
63, (c) Carbon-14 and (d) Promethium-147. Adapted from Ref [2].

Table 1.1: Table displaying typical characteristics of four radioisotopes: Tritium-3,
Nickel-63, Carbon-14 and Promethium-147.

H-3 Ni-63 C-14 Pm-147

Average energy / keV 568 1743 4947 6193
End point energy / keV 18.59 6695 156.48 224.50

1.3 Current Technology

Low-energy beta spectroscopy is primarily carried out using three main detec-
tor classes: liquid scintillation counters (LSCs), gas-filled detectors, and semi-
conductor detectors. Liquid scintillation counters (LSCs) detect beta particles
through light emitted by an excited scintillation medium [34], gas-filled detec-
tors rely on ionisation produced in a gas volume [35, 36], and semiconductor
detectors operate by collecting electron-hole pairs (EHPs) generated within a

13



solid-state material [37]. Each offers a different balance of detection efficiency;,
energy resolution, noise performance, real-time capability, and practical deploy-
ment, which are assessed in the following section.

1.3.1 Efficiency

Defined as the fraction of emitted radiation that is successfully detected, LSCs
have exhibited high efficiencies of 63% [38] and 70% [39] for unquenched, low-
energy tritium samples. However, this decreases to 35% under quenched condi-
tions, where impurities in the sample mixture reduce the scintillation response
[39]. Further, values as low as 5% have been reported for severely quenched sam-
ples [40], highlighting a strong dependence on sample composition. Specialised
gas-filled detectors can achieve moderate efficiencies of 55%—60% for tritium in
air [41]. In contrast, semiconductor devices demonstrate the lowest efficiencies
of up to 45% for tritium at near-zero source—detector separation, but decrease to
30% at a distance of 0.5 mm [42], indicating a strong dependence on device po-
sitioning. Although LSCs can provide the highest efficiencies under ideal con-
ditions, a major drawback is their strong dependence on sample preparation,
whereas semiconductor devices avoid this limitation by providing a solid state
architecture. Thus, a clear advantage of semiconductor detectors is the that they
require minimal sample handling, despite their lower efficiency.

1.3.2 Energy Resolution

Characterised as the ability to distinguish between particles of similar energies,
energy resolution determines the extent to which spectral endpoints are clearly
resolved, therefore enabling unambiguous nuclide identification. Semiconduc-
tor detectors have the highest energy resolution even in the low energy 0-20 keV
region [43, 44] as the low energy required to generate EHPs produces a large
number of charge carriers that generate signals. In contrast, more energy is re-
quired to create electron-ion pairs, and so gas-filled detectors generate fewer
charge carriers and have poorer resolution. The intrinsic energy resolution of
scintillation detectors is limited by the non-proportionality of light yield with
respect to the energy of incident radiation [45]. This makes semiconductor de-
tectors the strongest option where spectroscopic performance is required, as they
provide the clearest route to resolving low-energy beta spectra and distinguish-
ing radioisotopes.

1.3.3 Spectral Noise

Signals not arising from beta particles, or fluctuations in the signal itself con-
tribute to spectrum noise and should be minimised for optimal spectrometer
performance. The noise may originate at the detector itself or at the readout
electronics, or the interconnection between them [46]. In terms of detector noise,
semiconductor devices display noise when thermally energy generates electron-hole
pairs without the presence of beta particles. This forms a leakage current, de-
fined as the current present even in the absence of incident radiation [47]. Gas-
filled detectors exhibit low intrinsic noise due to their high ionisation energies;
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however, this also limits their sensitivity to low-energy beta particles. LSCs dis-
play relatively low background noise but are affected by statistical fluctuations in
photon production, photomultiplier tube noise, and chemical quenching effects,
all of which contribute to spectral broadening [45]. This highlights a key lim-
itation of conventional semiconductor detectors: despite superior spectral res-
olution, their performance can be compromised by thermally generated leak-
age current. However, this may be improved by using a semiconductor with a
wider bandgap than conventional materials, which would retain the advantages
of solid-state detection whilst reducing noise.

1.3.4 Real Time monitoring

Of the discussed technologies, only semiconductor detectors offer continuous,
real time monitoring. Gas-filled detectors can offer near inline monitoring with
short integration times of 90 s reported [48]; however, they rely on gas flow into
the chamber, meaning performance can degrade in stagnant environments, par-
ticularly for low-energy beta emitters with short range in air. LSCs require sam-
ple preparation and do not offer real time monitoring [49]. Semiconductor detec-
tors therefore provide the clearest advantage for applications requiring immedi-
ate, continuous measurement, making them more suitable for autonomous or in
situ monitoring than LSCs or gas-filled systems.

1.3.5 Practicality

Straightforward implementation of a device across multiple platforms is highly
desirable across a wide range of industries. By design semiconductor devices are
portable and compact, and can be used in a variety of location with relative ease.
In contrast, liquid scintillation counters require complex sample preparation, for
which proper sample preparation is crucial, as contamination or improper han-
dling can skew the results significantly. In addition, after the measurements,
the liquid scintillation cocktail is organic radioactive waste that cannot be reused
[50]. Similarly, gaseous detectors may require detector gases that are difficult
to handle. From a practical perspective, semiconductor detectors are the most
versatile of the three technologies, as they combine compactness, ease of inte-
gration, and real-time operation.

1.3.6 Motivation for a Novel Semiconductor Detector

Despite the strengths of these established approaches, current methods do not
simultaneously offer high spectral resolution, real-time operation, low noise, and
straightforward solid-state integration. However, it is clear that semiconductor
detector offer great potential, and would be improved by selecting an appro-
priate architecture optimised for radiation detection. Furthermore, the spectral
noise present in current semiconductor detectors highlight the need for an im-
proved semiconductor material, which may inhibit thermally generated carriers
with a wider band gap. In this work, these requirements are addressed through
the use of diamond as the semiconductor material and a Schottky diode as the
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device architecture.
1.4 Schottky Diodes

A Schottky diode is a semiconductor device containing a metal-semiconductor
junction that exhibits rectifying behaviour due to the formation of a potential
barrier at the interface. Their simple structure and suitability for semiconductor
radiation detection have made Schottky diodes a promising device architecture
for low-energy beta detection ??.

1.4.1 Operational Principles

When a metal is brought into direct contact with a semiconductor, charge redis-
tribution occurs due to the difference in work function and Fermi level between
the two materials [51]. Carriers transfer across the interface until thermal equi-
librium is established and the Fermi levels align. As a result, a depletion re-
gion forms in the semiconductor near the interface, where mobile carriers are re-
moved and a net space charge remains due to ionised dopants. The space-charge
region induces band bending, and establishes a built-in electric field across the
junction. This field creates a potential barrier at the metal-semiconductor inter-
face, known as the Schottky barrier. The Schottky barrier impedes the motion
of charge carriers more strongly in one bias direction than in the other, thus giv-
ing rise to rectifying behaviour. The band alignment before and after contact
formation is shown in Figure 1.3.
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(a) Electrically Isolated (b) Schottky Contact

Figure 1.3: Band structure of a metal/p-type semiconductor Schottky junction (a) before
contact and (b) after contact at thermal equilibrium. Before contact, the metal and semi-
conductor are electrically isolated and have independent Fermi levels and work func-
tions. After contact, charge redistribution leads to Fermi-level alignment, band bending,
and formation of the Schottky barrier at thermal equilibrium. FEy,. denotes the vac-
uum level, Ec and Ey are the conduction and valence band edges, and E is the Fermi
level (where Er)r and Erg correspond to the metal and semiconductor, respectively).
®)s and ®g are the metal and semiconductor work functions, @, is the Schottky barrier
height, and V}, is the built-in potential.
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In beta spectroscopy, incident beta particles deposit energy within the semi-
conductor, generating EHPs through ionisation. If these EHPs are created within
the depletion region, the built-in electric field rapidly separates them: electrons
drift towards the Schottky contact, while holes drift towards the ohmic contact.
This charge separation induces a measurable current in the external circuit. This
process drives the operation of the Schottky diode as a radiation detector and is
illustrated in Figure 1.4.
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Figure 1.4: Schematic of charge generation and collection in a Schottky diode under beta
particle irradiation. Incident 3 particles generate electron-hole pairs within the deple-
tion region of the semiconductor. The built-in electric field (£) separates the carriers,
with electrons drifting towards the Schottky contact and holes towards the ohmic con-
tact.

1.4.2 Biasing

Application of an external bias to a Schottky diode can modify the depletion
width and the potential drop across the junction [52]. Under forward bias, the
potential drop across the depletion region is reduced, so the depletion width
narrows and carrier transport is enhanced. Under reverse bias, the expanded
depletion region increases the volume over which EHPs are generated and col-
lected. Further, the electric field is stronger and enhances carrier drift velocity
and reduces the probability that EHPs recombine and annihilate. The effect of
applied bias on the band structure is illustrated in Figure 1.5.
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Figure 1.5: Energy band diagrams of a metal/p-type semiconductor Schottky junction
under applied bias. (a) Forward bias reduces the effective barrier height by Vj, — V¢, nar-
rowing the depletion region and facilitating majority carrier transport across the inter-
face. (b) Reverse bias increases the barrier to V;, + V., widening the depletion region and
suppressing carrier flow. Ec and Ey denote the conduction and valence band edges,
Ery is the metal Fermi level, @, is the Schottky barrier height, and Vj, is the built-in
potential.

1.4.3 Current=Voltage Characteristics

The current-voltage (I-V) characteristics of a Schottky diode reflect its rectify-
ing behaviour (Figure 1.6), and in this work demonstrate the activity of a device
under irradiation of beta particles. Under forward bias, current increases expo-
nentially once the applied voltage sufficiently lowers the Schottky barrier, which
increases carrier transport across the metal-semiconductor junction. This is de-
fined as the forward voltage threshold. Although the current under reverse bias
is ideally suppressed, in real devices the leakage current is still observed due to
thermionic emission of carriers across the Schottky barrier, and the thermal gen-
eration of EHPs within the depletion region [52]. As the reverse bias increases,
the electric field in the depletion region strengthens until it reaches the critical
field of the semiconductor. At this point, carriers gain sufficient energy between
collisions to generate additional EHPs by impact ionisation, causing a rapid in-
crease in current. This process is known as avalanche breakdown, beyond which
the device can no longer operate reliably.

The ratio of the forward current to the reverse current at the same magnitude
of applied voltage is known as the rectification ratio, which indicates how effec-
tively the diode conducts under forward bias while suppressing current under
reverse bias. It is used in this work to provide a measure of the quality of recti-
tying behaviour.
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Figure 1.6: Idealised current-voltage (I-V') characteristics of a Schottky diode, illustrat-
ing rectifying behaviour. Under forward bias, the current increases exponentially once
the applied voltage exceeds the threshold voltage, Vy, due to reduction of the Schottky
barrier and enhanced carrier transport. Under reverse bias, a small leakage current is
present prior to breakdown, arising from thermionic emission and generation of elec-
tron-hole pairs (EHPs) within the depletion region. At sufficiently high reverse bias, the
current increases sharply at the breakdown voltage, Vsp, due to avalanche breakdown.

1.5 Diamond

Although over 90% of modern electronic devices are fabricated from silicon (5i)
[1], diamond displays properties that are important for low-energy beta detec-
tion, which are discussed below.

1.5.1 Properties

Table 1.2 summarises the key properties of Si, diamond, and other commonly
used semiconductor materials [1]. With a band gap five times greater than Si,
diamond more effectively suppresses thermally generated carriers, which im-
proves the resolution of small charge signals associated with low-energy beta
particles. A high breakdown field permits the application of strong electric fields
without dielectric failure, increasing depletion width and thus EHP charge col-
lection. Like GaAs, diamond has high carrier mobility, enabling rapid current
response, but diamond has the added advantage that it is non-toxic [1]. Addi-
tional properties, such as high temperature tolerance, high saturated drift veloc-
ity, and moderate relative permittivity, indicate that diamond can support stable
high-field device operation more effectively than conventional semiconductors.
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This exceptional combination of properties identifies diamond as a promising
semiconductor for low-noise, high-efficiency beta detection, motivating its inves-
tigation in this work. However, despite these advantages, challenges associated
with material quality, defect density, and fabrication complexity have limited the
widespread adoption of diamond devices.

Table 1.2: Key properties of common semiconductor materials [1].

Si GaAs SiC GaN Diamond

Bandgap, E; / eV 112 143 323 339 545
Thermal Conductivity, \/Wem' K~! 150 55 490 130 2200
Breakdown Voltage, E- /10° V. cm ™! 03 04 3 3 10

Electron Mobility, p. / cm? V-1 s™! 1500 8500 980 1250 1000
Hole Mobility, pj, / cm? V-1 g~! 480 400 100 200 2000
Relative Permittivity, ¢, 11.8 131 97 104 5.7
Saturated Drift Velocity / 10" em*s™* 1.0 2.0 20 22 11
Maximal Temperature, T,,,, / K 140 460 760 800 1350

1.5.2 Limitations of Diamond as a Semiconductor

Despite its exceptional intrinsic properties, the practical implementation of diamond-
based devices remains constrained by small wafer size, historically challenging
manufacture, and complexity with n-type doping.

High-quality, electronic-grade diamond wafers are only available in small
wafer sizes, with production costs substantially higher than those of Si, SiC, and
GaN [1]. Polycrystalline diamond offers a significant advantage due to its re-
duced cost as compared with single-crystal diamond; however, it contains grain
boundaries and associated defect states that can act as charge trapping and re-
combination centres, degrading carrier transport and reducing charge collection
efficiency in electronic applications. The extent to which these drawbacks hinder
radiation detector performance remains insufficiently explored, which motivates
the examination of this material for beta detection in this work.

Furthermore, whilst diamond synthesis has historically posed challenges, the
advances in chemical vapour deposition (CVD) have enabling controlled growth
of diamond films with tunable thickness, reduced porosity, and improved purity
under comparatively moderate conditions [53, 54], and is therefore used in this
work as the chosen method of diamond growth.

Finally, although p-type conductivity can be achieved through boron incor-
poration, controlled n-type doping presently remains a significant challenge. Al-
though n-type doping has been achieved using nitrogen (N) to fabricate devices
such as PIN diodes [55] and P-N diodes [56], limited reproducibility hinders the
applicability of these structure. Accordingly, this work uses a Schottky diode
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architecture, for which intrinsic or lightly p-type doped diamond is typically
preferred [57-60].

1.6 Thesis Aims & Device Concept

The aim of this Thesis is to investigate whether a polycrystalline diamond Schot-
tky diode can effectively detect and resolve low-energy beta particles, focusing
on four representative beta-emitting isotopes — tritium, nickel-63, carbon-14,
and promethium-147 — that are relevant to both radioisotope detection and be-
tavoltaic applications. The intended design is shown in 1.7 and shows a metal-
intrinsic-p-doped-metal (M-I-p*-M) configuration. The p* is comprised of a
BDD layer, that provides a suitable surface for metal deposition, enabling the
formation of a low-resistance ohmic contact on diamond [2]. A thin membrane
is incorporated into this architecture to minimise the distance travelled by EHPs
before collection, thereby improving sensitivity to the small charge generation
associated with low-energy beta particles, such as those emitted by tritium.

Schottky Contact

. — Intrinsic Diamond

Membrane — = =

Boron Doped Diamond

/,»

Ohmic Contact

Figure 1.7: Schematic of the polycrystalline diamond Schottky diode structure fabri-
cated in this work. From top to bottom, the device comprises a Schottky metal contact
(orange), an intrinsic polycrystalline diamond layer containing a locally thinned mem-
brane region (grey), a boron-doped diamond layer (blue), and an ohmic back contact
(purple). The membrane is incorporated to enhance sensitivity to low-energy beta par-
ticles by reducing the charge carrier drift distance to the electrodes.

A secondary aim of this Thesis is to use CASINO simulations to optimise
key parameters of the design, such as membrane thickness and Schottky metal
type, and is discussed in Chapter 2. Subsequently, Chapter 3 describes device
fabrication, Chapter 4 presents the characterisation of the device, and Chapter
5 evaluates device performance under simulated beta irradiation using an elec-
tron gun. Finally, Chapter 6 summarises the principal conclusions and outlines
directions for future work.
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Chapter 2: CASINO Simulations

2.1 Introduction

Developed in Canada at Sherbrooke University, the “monte CArlo SImulation
of electroN trajectory in sOlids” software [61] is an excellent tool to simulate
electron-matter interactions. The main objective of the program is the simula-
tion of a complete electron trajectory through a material. CASINO assumes a
Gaussian-shaped electron beam, where the user can specify the electron-beam
diameter. Electrons are considered to have stopped interacting with matter once
their energy has fallen below 50 eV. If the electron has escaped the surface of
the sample, it is recorded as a backscattered electron. Thus, backscattering and
penetration depth for a certain material can be found. Further, the energy by
position distribution is a tool that displays the amount of energy lost by all the
simulated electron trajectories a cross-sectional view of the energy absorbed in
the sample, allowing the user to view the area of deposited energy in the cross
section of the sample. Further detail is provided in Ref [61].

2.2 Simulation Parameters

The number of regions with different chemical composition and the thickness of
each region were set to construct geometries for the desired simulation. These
simulations included bulk diamond, bulk metals and part Al part diamond for
the device model. The density used for each material are displayed in Table 2.1.
The types of metals were chosen according to commonly used Schottky met-
als in literature [12]. After defining the material, the simulation was performed
using the parameters listed in Table 2.2. Given the continuous energy distribu-
tions of beta particles, the representative energies listed in Table 2.3 were selected
to approximate the average energy four low-energy beta-emitting radioisotopes
considered in this work.

Table 2.1: Densities of the materials used  Table 2.2: Parameters used in the CASINO

in CASINO simulations. simulation software.
Material Density / g cm ™3 Parameter Value
Diamond 3.52 No. simulated trajectories 100,000
Aluminium 2.70 Electron beam diameter / nm 1
Silver 10.49
Chromium 7.19
Gold 19.32
Platinum 21.45
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Table 2.3: Representative energies of low-energy beta-emitting radioisotopes used for
CASINO simulations.

Radioisotope Representative energy / keV
Tritium 5
Nickel-63 20
Carbon-14 50
Promethium-147 60

2.3 Results & Discussion

2.3.1 Beta penetration depth

Table 2.4 summarises the maximum penetration depth, average penetration depth,
and depth of maximum energy deposition for electrons incident on diamond
across the simulated energy range. The depths increase with incident energy, re-
flecting the greater kinetic energy of the incident electrons which allows deeper
penetration before complete energy loss.

For 5 keV incident energy electrons, a maximum penetration depth of 220
nm is reached, however their average penetration depth falls to just 130 nm, and
strikingly, the maximum energy deposition is confined to within only 18 nm of
the surface. Penetration depth increases with increasing incident energy, where
by 60 keV electrons reach a maximum penetration depth of 19.7 um, with the
majority of energy deposition occurring at a depth of approximately 10 pm.

Thus, it is clear that the incident beta particle does not deposit its energy
along its trajectory uniformly. The depth at which energy is deposited is critical,
as it defines the region in which the majority of EHPs are generated, and thus a
membrane should be kept as thin as possible to minimise the distance to the elec-
trodes. However, this idea is balanced by the fact that if the membrane is too thin
relative to the particle range, some electrons may pass through the device with-
out depositing their full energy, causing the measured signal to underestimate
the incident beta energy and reducing the ability to discriminate between differ-
ent beta-emitting isotopes. As such, membrane thickness is optimised based on
the maximum penetration depth to ensure full charge collection, although the
depth distribution of energy deposition remains critical in determining where
the signal is generated.

Table 2.4: Maximum and average penetration depths of simulated electrons in diamond
at different incident energies.

Penetration depth / pm 5keV 20keV 50keV 60keV
Maximum 0.22 2.6 2.8 19.7
Average 0.13 1.7 8.2 12.1
Maximum energy deposition depth  0.13 1.7 8.2 121
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Figure 2.1 visually demonstrates the paths taken by electrons as they traverse
the diamond material. All trajectories exhibit lateral spread, which becomes sub-
stantially more pronounced at higher incident energies, increasing the likelihood
of particle losses at the edges of the device which reduces charge collection ef-
ficiency. This effect may be minimised by larger-area substrates, which is more
practically achieved with polycrystalline diamond than single crystal.
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Figure 2.1: Simulated electron trajectories in diamond for increasing incident energies:
(@) 5keV, (b) 20 keV, (c) 50 keV, and (d) 60 keV. Higher energy electrons exhibit increased
penetration depth and lateral spread, with more extensive scattering pathways. Incident
trajectories are shown in red, while scattered electron paths within the diamond are
shown in blue.

2.3.2 Backscattering

The beta-particle backscattering coefficient for various metals as a function of
incident energy is shown in Figure 2.2. A clear dependence on atomic num-
ber is observed, with backscattering increasing from low-Z to high-Z materials,
consistent with enhanced elastic scattering in heavier elements. Aluminium (Al)
exhibits the lowest backscattering coefficient, with only 14% of incident electrons
reflected. In contrast, high-Z metals such as gold and platinum reflect nearly half
of the incident electrons (0.43% and 0.44% respectively), representing a signifi-
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cant loss mechanism that reduces EHP generation within the diamond. The data
highlights that low-Z metals favour particle transmission which may enhance
signal generation.
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Figure 2.2: Backscattering coefficients of 5 keV beta particles for different metals. Higher
atomic number metals (Au, Pt) exhibit significantly greater backscattering compared to
lower atomic number materials such as Al, indicating reduced electron transmission into
the diamond for high-Z contacts.

2.3.3 Schottky metal thickness

The region of energy deposition is shown in Figure 2.3 with different thickness
of Al layers. The region where 90% of the beta particle energy is deposited is
shaded red. 5 keV is used for all, since this is the energy that is most difficult
to detect, and thus the most influenced by the top layer thickness. When the Al
layer is below 35 nm, 90% energy is deposited in the diamond. This is good be-
cause this is the depletion region, and 90% energy will create the most carriers
in the depletion region which will be swept and contribute to signal. However,
above 35 nm thickness, 90% of the energy begins to deposit in the metal layer,
and over 40 nm the entirety of 90% energy is deposited in the metal layer, where
EHPs will not be swept and have reduced contribution to signal detection. This
suggests that excessive metal thickness can degrade detector performance by dis-
placing EHP generation away from regions where the electric field is strongest,
highlighting the need for thin Schottky contact layers.

The region of energy deposition of 5 keV for varying Al thicknesses is shown
in Figure 2.3, with the depth corresponding to 90% energy deposition high-
lighted in red. 5 keV was used because it represents the most challenging case for
detection. As Al thickness increases from 10 to 22.5 nm, 90% of energy remains
deposited just beneath the surface of diamond, ensuring that EHP generation
occurs predominantly within the depletion region where carriers are efficiently
collected. However, with increasing Al thickness this region shifts closer toward
the metal, where beyond 40 nm 90% of energy is deposited in the metal itself.
With the majority of EHP generation occurring outside the active region, charge
collection is significantly reduced. As such, for an effective beta detector exces-
sive metal thickness should be avoided as it may degrade detector performance.
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Figure 2.3: Energy deposition depth in diamond across varying aluminium thickness:
(@) 10 nm; (b) 22.5 nm; (c) 35 nm; (d) 40 nm. The region where 90% energy is deposited
is shown shaded region in red. The legend in (a) applies to all graphs.

2.4 Concluding Remarks

From the CASINO simulations, the following design criteria were identified for
fabrication of the diode in this work:

(a) The membrane thickness should be above 19.2 um in order to remain
within the penetration range of beta particles emitted by 60 keV elec-
trons, representative of Pm-147 radioisotope.

(b) Aluminium is a suitable choice of Schottky metal, as it exhibits a low
backscattering coefficient at 0.14 and therefore minimises energy loss
due to surface scattering effects at the metal contact.

(c) A 22.5 nm aluminium layer allows approximately 90% of the energy
of 5 keV electrons to be deposited in the diamond, maximising EHP
generation within the depletion region and improving the generated
signal.
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Chapter 3: Fabrication

3.1 Substrate Preparation

3.1.1 Acid pre-treatment

Free standing 10.0 x 10.0 mm PCD diamond substrates (product code: 145-500-
0480) purchased from Element Six, Ltd (Ascot, UK) were immersed in a boiling
mixture of concentrated sulfuric acid with potassium nitrate (6.5 g KNOs in 100
ml of 95% H,SO, for 3h to remove residual contaminants from the polishing
procedure.

3.1.2 Laser cutting

A 10.0 x 10.0 mm PCD diamond substrate was cut into four 3.3 x 6.7 mm PCD
diamond substrates using a diode-pumped nanosecond laser (Nd:YAG) with a
wavelength of 532 nm (Alpha 532, Oxford Lasers Ltd.). The dimensions were
chosen to match those of SCD substrates used in other works which enabled
shared use of equipment required at later stages (Section 3.3.3).

Control panel Control computer

Laser processing and processing software

chamber

Cooling unit Power supply

Figure 3.1: Photograph of the Oxford Lasers Alpha 532 laser micromachining system
used to cut and etch the diamond substrate using programmed scan templates.
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3.2 Diamond Membrane

3.2.1 Laser etching

To fabricate a thin membrane into the substrate, a 2.5 mm x 1.0 mm lozenge-
shaped membrane was constructed in Cimita (Figure 3.2). A cross-hatch scan-
ning pattern was included to maximise material removal and minimise surface
roughness generated by repeated exposure to parallel laser lines.

2.5 mm

Figure 3.2: Representation of the laser scan template used in Cimita software for mem-
brane fabrication, showing a cross-hatched rastering pattern to maximise uniform mate-
rial removal.

To etch the substrate, the stage was positioned 31.5 mm from the laser inci-
dence point along the z-axis (which enabled high laser focus), the power was
set to 25% and a velocity of 2 (units?) was chosen. A focused laser beam dissi-
pated the power to a small area, and low velocity increases contact time between
the laser and the substrate surface. This generated the necessary thermal en-
ergy to induce a phase transition from diamond to graphite. These conditions
were sufficient to vaporise the top graphitic layer while inducing the formation
of a new underlying graphite layer within the same etch pass. The substrates
were then sonicated to remove loosely bound graphite from the substrate sur-
face. Membrane thickness following each pass was measured using the LEXT
Optical Microscope. Each time 50 um of material was removed, the scan tem-
plate was reduced in size by 5% to produce a stepwise sidewall profile to reduce
strain. This step was necessary as strain within the diamond otherwise results in
mechanical fracture of the membrane.
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Table 3.1: Laser machining parameters used for membrane fabrication.

Parameter > 50 pm < 50 pm Graphite
Removal

Power % 25 10 10

Z-axis 31.5 31.5 31.3

Etch speed 2 2 3

Index speed 15 15 15

Etch passes 1 1 1

Sonication time / minutes 3 1 1

Repeats 20 10 20

This process was repeated until the membrane reached >50 um, at which
point the power was reduced to 10% and the velocity was increased to 3 (ma-
chine units). The higher speed reduced the time spent per unit area, reducing
thermal contact time and therefore shortening the interaction length. This leads
to shallower microgrooves which increases surface smoothing. Following each
etch pass, another set of conditions termed ‘Graphite Removal” were used. Laser
focus was reduced to 31.3 mm to allow the thermal energy to dissipate over a
larger area, providing insufficient energy for the phase transition, but sufficient
energy for graphite vaporisation, which removed the surface graphitic layer but
preserved the diamond underneath. This was performed prior to LEXT mea-
surements as incorporation of the surface graphite layer woule lead to over es-
timation of the membrane thickness. Once the two conditions were applied in
sequence, the substrates were sonicated and characteristed via LEXT. These steps
were repeated until the membrane reached 35 microns, at which point 5 passes
of ‘graphite removal” were performed to smoothen and partially clean the sur-
face prior to subsequent processing steps. The laser treatment parameters are
summarised in Table 3.1.

3.2.1.1 Sonication

Prior to sonication the substrate was placed in a 50 ml beaker containing 30 ml
iPa solution, before securing to a clamp stand. Once set up, the sonicator was
turned on and left to sonicate for the period of time listed in table 3.1, which was
shorter for thinner membranes to reflect their increased fragility. Sound waves
propagating through the liquid medium induce vibrations in the device and
force out the contaminants from areas inaccessible with a cotton bud or brush.

3.2.2 H-plasma CVD

Reduction of laser micromachining grooves (microgrooves) and further removal
of graphite was achieved via exposure to hydrogen plasma (H-plasma) which
preferentially etched graphitic carbon over diamond. An Applied Science and
Technology (ASTeX)-type microwave plasma-assisted chemical vapour deposi-
tion (MW-CVD) reactor was used and is shown in Figure 3.3. In brief, a 1.5 kW
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magnetron generated microwaves with a frequency of 2.45 GHz and ionised re-
action gases in the chamber to result in plasma formation in a ball directly above
the substrate. Radicals diffuse from the plasma ball to the substrate and initiate
a series of reactions, dependent on the types and ratios of the gases present. A
full description of the operating principles can be found in Ref [62].
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Figure 3.3: Photograph of the Microwave plasma chemical vapour (MW-CVD) Astek
type reactor used for undoped diamond growth, with key components indicated.

The substrates were mounted onto a molybdenumm disk placed on top of a
Mo spiralled wire with a diameter of 8 mlI on the reactor baseplate. The purpose
Mo spacer wire was to lower the thermal contact between the W disk and the
water-cooled baseplate so that the substrate may reach the higher temperatures
required for CVD. Upon loading the sample, ambient gases were removed from
the chamber by pumping down to 0.2 Torr. H, gas (300 sccm), regulated by a
mass flow controller, was introduced into the chamber and a plasma struck at
15 Torr using 0.65 kW microwave power. Once struck, the pressure and power
were promptly increased to 130 Torr and 1.3 kW respectively so as to introduce
space between the plasma and substrate. This reduced electron bombardment to
the substrate. The reflective power was tuned to 0 kW via linear tuning antenna
at the top of the CVD reactor. The plasma ball remained localised directly above
the sample at the center of the chamber for the duration of the run. The substrate
temperature was measured as 950°C using a single-colour optical pyrometer set
to 0.15 emissivity corresponding to a PCD substrate. At the start of the treat-
ment, the substrate glowed orange which was indicative of non-diamond carbon
removal. The orange glow stopped after 15 minutes, indicating fewer graphitic
impurities were present, and so marked the end of the treatment. Photographs
of the substrates during the CVD process are shown in Figure 3.4.

30



(a) (b)

Figure 3.4: Photograph of the substrate inside the undoped MW-CVD reactor during (a)
start and (b) end of H-plasma treatment.

After 15 minutes, the pressure was reduced to 30 Torr and power was si-
multaneously reduced until the plasma disappeared at 0.22 kW and the power
generator was set to standby. H, gas was allowed to flow over the sample for
2 minutes at 30 Torr and 0 kW to cool the substrate. The following shutdown
procedure was performed; the pressure was set to 0 Torr, gases were switched
off, and the chamber was evacuated of all gases before unloading and retrieving
the substrates. The etch parameters for this procedure are summarised in Table
3.2.

Table 3.2: Hydrogen plasma CVD parameters for graphite etching.

Parameter Value
H, flow / sccm 300
Power / kW 120
Pressure / Torr 120
Temperature / °C 1030
Time / minutes 90
Pyrometer emissivity 0.18
Wire / ml 8

3.3 Ohmic Contact

3.3.1 Boron Doped Diamond CVD

Growth of a conductive BDD layer accomplished using a bespoke (ASTeX)-type
MW-CVD reactor shown in Figure 3.5 which is exclusively used for boron doped
CVD. The operating principles described in section 3.2.2 for the pure (ASTeX)-
type MW-CVD reactor apply to the boron CVD reactor, with the important dis-
tinction that the latter contains residual boron impurities within the chamber,
making it unsuitable for pure diamond or H-plasma CVD but applicable for
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Figure 3.5: Photograph of the Microwave plasma chemical vapour (MW-CVD) Astek
type reactor used for boron-doped diamond growth, with key components indicated.

With the etched membrane facing upward, the substrates were mounted onto
a molybdenum disk and covered with a bespoke molybdenum mask as shown in
Figure 3.6 which specified the area of BDD growth. The mask and disk were in
contact with for unobstructed thermal conduction. This setup was loaded onto
a Mo spacer wire with a diameter of 8 mI aligned centrally in reactor baseplate.

Figure 3.6: Photograph of masked boron doped diamond MW-CVD growth

Upon loading the sample, ambient gases were removed from the chamber
by pumping down to 0.2 Torr, then H, gas (300 sccm) regulated by a mass flow
controller was introduced into the chamber and a plasma struck at 15 Torr and
0.65 kW microwave power. Once struck, the pressure was promptly increased
to 50 Torr and CH,4 gas (12.5 sccm) was introduced. This prevented etching of
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the substrate by the H, gas and present boron impurities. The plasma changed
colour from purple to pale green, indicating the presence of 'swan band’ transi-
tions characteristic of the carbon dimer radical. In quick succession, the pressure
and power were increased to 120 Torr and 1.2 kW respectively, BoHg (0.6 sccm)
was added to the chamber, and the reflective power was tuned to 0 kW. The
plasma ball remained stable and localised directly above the sample throughout
the run. With the mask on the outer surface of the substrate, the emissitivty of
the single-colour optical pyrometer ( = 2.2 pm) was set to 0.18 corresponding to
molybdenum. The power and pressure were marginally adjusted throughout
the run to maintain a temperature of 1030°C. This is expected to be higher than
the actual temperature of diamond substrate beneath due to the different ther-
mal properties of the materials. The growth deposition time was 90 minutes,
after which the substrates were cooled at a pressure and power of 30 Torr and 0
kW for 2 min, before initiating shutdown procedure as described in section 3.2.2.
The BDD growth parameters are summarised in Table 3.3.

Table 3.3: CVD parameters for boron doped diamond growth.

Parameter Value
H, flow / sccm 300
CH, flow / sccm 12.5
B,H; flow / sccm 0.6
Power / kW 120
Pressure / Torr 120
Temperature / °C 1030
Time / minutes 90
Pyrometer emissivity 0.18
Wire / ml 8

3.3.2 H-termination

Although boron CVD yields H-terminated substrates, boron impurities accumu-
late at grain boundaries in PCD diamond materials (ref) and thus the surface
coverage is not pure or uniform which hinders metal adhesion performed in sub-
sequent steps (section 3.3.3). For this reason, the H-termination was amended in
the MP-CVD reactor (Figure 3.3, section 3.2.2) which followed a three step pro-
cess, with each step lasting 2 minutes. Firstly, existing terminations desorbed
from the surface under high pressure and power of 90 Torr and 0.90 kW respec-
tively. Secondly, the diffusion distance between the plasma and substrate was
minimised to facilitate termination. The pressure was decreased to 50 Torr to
lower the plasma ball toward the substrate. The power was reduced to 0.75 kW
to minimise etching and electron bombardment. Finally, to avoid replacement of
H by atmospheric oxygen, the substrates were cooled under H;, gas flow over a
power and pressure of 30 Torr and 0 kW respectively. The H-termination param-
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eters are summarised in Table 3.2.

Table 3.4: Hydrogen plasma CVD parameters for H-termination.

Parameter Desorption Termination Cooling
H, flow / sccm 300 300 300
Power / kKW 120 75 0
Pressure / Torr 120 50 30
Temperature / °C 900 750 n/a
Time / minutes 3 3 3
Pyrometer emissivity 0.15 0.15 0.15
Wire / ml 8 8 8

3.3.3 Pt/Pd Metal Deposition

The freshly H-terminated substrates were enclosed within a shadow mask shown
in Figure 3.7(a) that selectively exposed the BDD surface area for metallisation.

(a) (b)

Figure 3.7: Shadow masks used for metallisation: (a) Pt/Pd deposition mask and (b) Al
deposition mask.

Pt/Pd contacts were deposited onto the exposed region using a high-resolution
sputter coater (AGAR Scientific, AGB7234) (Figure 3.8). The shadow mask con-
taining the substrate was positioned at the base of the chamber and a Pt/Pd
target was placed into the target holder. The chamber was evacuated to a base
pressure of 10~° mbar, the deposition time was set to 120 s, and the process was
initiated. Argon gas entering the chamber ionised to form a plasma through
application of a high voltage which established the metal target as the cathode.
Positive argon ions bombarded the target surface and ejected metal atoms that
deposited onto the interior chamber walls and thus coated the exposed regions
of the substrate.
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Figure 3.8: Photograph of the AGAR Scientific sputter coater used for Pt/Pd deposition,
with key controls indicated.

3.4 Schottky Contact

3.4.1 O-termination

Oxygenated surfaces were obtained using an UVO-cleaner kit (Model 42, Jelight
Company Inc.). A mercury lamp stationed 4 cm above the samples generated UV
light, which supplied photons of 184.9 nm as a source of energy for the conver-
sion of atmospheric oxygen into ozone under room temperature and pressure.
Upon the absorption of 253.7 nm photon wavelengths, the ozone molecule de-
composed into the oxygen radical and oxygen dimer. The oxygen radical reacted
with the surface of the substrate to replace prior termination with oxygen con-
taining surface groups, the specificity of which is discussed in Ref. Both sides
of the substrate were exposed for 35 minutes. Termination of both faces ensured
that no H-termination was present surrounding the edges which would result in
the short circuit of the device during later testing procedures.
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Figure 3.9: Photograph of the Jelight 42 UVO-cleaner equipment used for oxygen termi-
nation, with key components indicated.

3.4.2 Al Deposition

The O-terminated substrates were placed inside the shadow mask shown in Fig-
ure 3.7 (b) with a the large exposed area directly above the membrane. 22.5 nm
of Al was deposited by Prof. Neil Fox using the Balzer system in physics.

Vacuum deposition |
chamber

Control panel

Figure 3.10: Photograph of the Baltzer system in physics used by Prof. Neil Fox to de-
posit 22.5 nm of aluminium onto the sample for the formation of the Schottky contact.
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Chapter 4: Characterisation

4.1 LEXT

4.1.1 Overview

The LEXT OLS5100 microscope is a laser scanning confocal optical system that
enables high-definition imaging and three-dimensional surface characterisation
[63]. It employs a 405 nm laser source and a confocal optical configuration, in
which only light passing through a circular pinhole at the focal plane is de-
tected, while out-of-focus and scattered light is rejected. This significantly re-
duces blur and enhances image contrast compared to conventional optical mi-
croscopy . Height information is obtained by acquiring a series of confocal im-
ages at different focal positions along the z-axis. For each pixel, the detected light
intensity as a function of focus position forms an intensity—depth curve. By com-
bining the peak intensity data across all pixels, an image is produced in which
the entire surface appears in focus. The accumulation of peak positions enables
reconstruction of the sample’s three-dimensional topography. For samples ex-
ceeding the field of view, multiple scans can be stitched together to generate a
larger composite image.

4.1.2 Data Acquisition

The device was placed onto a glass slide, which was cleaned with isopropanol
(IPA) and positioned at the centre of the LEXT stage. A 20 x objective was used
for all measurements. A map of the sample was obtained and saved as an image.
A stitched scan area was selected to cover the full sample. The vertical scan range
was defined by setting the minimum height at the stage surface and the maxi-
mum at the sample surface. The room lights were switched off, and the scan
was performed over the course of approximately 45 minutes to produce three-
dimensional surface data.

During data processing, noise was reduced using the “fill in using neigh-
bours” method, and sample tilt was corrected using the ”“specify the plane de-
fined 3 points or more” method that defined the glass slide as a flat reference
plane. Cross-sectional profiles were extracted using the “depth profile” tool and
exported for further analysis.

4.1.3 Results & Discussion
41.3.1 LEXT Images

Figure 4.1(a) shows an optical image of the completed device, and the relative
positions of the membrane, intrinsic diamond, boron-doped diamond, Pt/Pd
ohmic contact, and Al Schottky contact. The final outcome of the fabrication
process is in accordance with the intended design illustrated in Figure 1.7. The
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corresponding three-dimensional depth image is shown in Figure 4.1(b), where
the membrane topography is visualised using a colour scale to represent height
variation.

22.5 nm Al Schottky contact Membrane

(reverse side)
Pt/Pd Ohmic contact

Intrinsic diamond Boron doped

diamond

(a) Optical image

-

I 2 MM

(b) 3D depth image

Figure 4.1: Completed polycrystalline diamond device. (a) Optical image showing the
membrane region, intrinsic diamond, boron-doped diamond, Pt/Pd ohmic contact, and
the 22.5 nm Al Schottky contact on the reverse side. (b) Three-dimensional depth image
of the membrane region, with the colour scale indicating surface height.

4.1.3.2 Cross-Section Depth Profile

Figure 4.2 shows that the total substrate thickness was approximately 330 um.
Laser processing removed about 297 um of material, leaving a membrane thick-
ness of approximately 33 um. This thickness lies within the range predicted by
CASINO simulations to effectively capture the energy deposited by Pm-147 beta
particles. The membrane sidewalls exhibit a gradual slope with distinct step-like
features, corresponding to transitions between successive template sizes during
laser machining.
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Figure 4.2: The cross section depth profile of the diamond membrane, indicating a final
thickness of 33 um.

4.2 Raman

4.2.1 Overview

Raman spectroscopy is a non-destructive technique that uses laser excitation to
characterise crystalline structure, bonding type, identify atoms and impurities
[64—66].

Raman peak positions reflect the vibrational energies of the system, as de-
termined by the energy shift during inelastic scattering. Photons from the laser
carry an oscillating electric field, which can distort the electron cloud within the
material. A dipole moment is induced through redistribution of charge, and if a
vibrational mode changes the polarisability of the electron cloud, then it will os-
cillate at a frequency different from that of the incident light. This inelastic form
of scattering is known as Raman scattering, where the shift in energy determines
the position of the peak and is characteristic of the species present in the sample.
In contrast, oscillations of the same frequency as incident light do not appear as
shifted features in the Raman spectrum; this scattering is elastic and known as
Rayleigh scattering. Further detail can be found in Ref [66].

The full width at half maximum (FWHM) of the peak is associated with
crystalline quality [64, 67, 68]. High-quality crystals produce narrow peaks and
small FWHM because the regular lattice vibrates uniformly, causing the induced
dipole to oscillate at a well-defined frequency. Disorder, defects, and strain in-
troduce variations in local environments within the lattice, each oscillating at
a slightly different frequency, thus broadening the distribution of Raman shifts
and increasing the FWHM.

Whilst absolute intensity is influenced by experimental conditions, ratios of
peaks within a spectrum highlight the relative contributions of different struc-
tures or bonding environments. Independent of measurement conditions, they
provide insight into relative phase content and assess the degree of disorder in
the material [69, 70].
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4.2.2 Data Acquisition

All Raman spectra were recorded in air and at room temperature in backscat-
tering geometry using a Renishaw 2000 Raman spectrometer. A tunable Ar ion
laser was used as an excitation source to produce a 532 nm (green) laser. The
spectral range center was set to 1332. Spectra were recorded over 10 accumula-
tions with 10 s exposure time at 50% laser power. The Raman scattering spectra
were investigated in the spectral range of 600 to 2000 cm~'. All data collection
were analysed using Renishaw WiRE 2.0 software by curve fitting method, ap-
plying a mix of Lorentzian and Gaussian functions. Data were processed and
presented using python.

4.2.3 Results & Discussion

4.2.3.1 BDD

An prominent peak at 1332 cm ™! was observed both before and after BDD growth
and is identical to that stated in the literature for diamond [64]. The absence of
additional peaks in the spectra indicates a high degree of crystalline quality in
the substrate, as no features associated with sp? hybridisation are observed de-
spite the polycrystalline nature of the substrate. However, the absence of char-
acteristic boron-related features in the doped sample is unexpected. Literature
reports that BDD exhibits a broad peak between 1200 and 1280 cm™! [71], as
well as asymmetry in the diamond peak due to Fano resonance [72, 73] or a blue
shift associated with lattice distortion and tensile stress [74]. The lack of these
features in the BDD spectrum may indicate that the BDD layer is substantially
thin, so that the underlying diamond substrate has dominated the spectrum and
masked signatures of boron incorporation [75].

1332 | 1332
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Raman Shift / cm™! Raman Shift / cm™!
(a) Before BDD (b) After BDD

Figure 4.3: Raman spectra of the membrane surface (a) before and (b) after boron-doped
diamond (BDD) growth. In both cases, a sharp peak at 1332 cm™! is observed, corre-
sponding to the first-order diamond Raman mode.
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The FWHM of single crystal diamond is approximately 1.2 cm™! [64], whereas
the undoped substrate exhibits a broader value of 79 cm™'. The broadening
is expected, since the substrate is polycrystalline thus inherently contains more
structural disorder and a range of local environments, leading to a distribution
of Raman shifts. Following BDD growth, the FWHM increases marginally by 0.2
cm™!, suggesting a small increase in disorder, defects, or lattice strain, which has

been recorded with boron incorporation into the diamond lattice [71].

Table 4.1: Centre position and full width at half maximum (FWHM) of the diamond
Raman peak before and after BDD growth. The small increase in FWHM after BDD
growth suggests a marginal increase in disorder, defect density, or lattice strain.

Sample Peak/cm~' FWHM/cm™!

Pre BDD 1331.75 792
Post BDD 1332.25 8.12

4.2.3.2 Laser Treatment

The G peak, associated with crystalline graphite [65, 75], is typically observed
between 1500 and 1600 cm ™! [64, 76, 77]. In the spectrum, the peak at 1575 cm ™!
corresponds to the G band and is an exact match for that found in literature
[75, 78], with Dychalska et al. describing this feature as highly ordered pyrolytic
graphite [65]. The D peak arises from disordered graphite and is observed be-
tween 1320 and 1360 cm ™! [64, 76, 77]. The observed peak at 1355 cm™' corre-
sponds to the D band and identically matches that reported in literature [65, 79].
This feature has been associated with micro- or nano-crystalline diamond and
disordered carbon phases [80]. Additional peaks have been observed in nano-
crystalline and highly disordered materials, as reduced crystallite size and loss
of long-range order allow more vibrational modes to become Raman active [66].
The peaks at 784 and 944 cm™! may therefore arise from lattice distortions or
defect-related vibrational modes. For example, sp? out-of-plane bending modes
have been reported around 750 cm™" [80].
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Figure 4.4: Raman spectrum of the laser-treated membrane surface prior to BDD growth.
Bands at 1354 and 1554 cm ™! correspond to the D and G bands respectively, indicating
the formation of sp?>-bonded carbon. Broad features at 782 and 980 cm ™! are associated

with amorphous or nano-carbon phases.

The FWHM values are significantly broadened, indicating a high degree of
structural disorder and a wide distribution of vibrational environments. The
largest broadening is observed for the D band at 1354 cm ™!, consistent with sub-
stantial disorder within the sp? carbon phase. This is consistent with the ratio of
the D to G peaks at 0.87, placing the material in the nanocrystalline to moderately
disordered regime. This aligns with laser-induced graphitisation, where small,
defective graphitic clusters are formed rather than well-ordered graphite [69].

Table 4.2: Peak positions and full width at half maximum (FWHM) values obtained
from the Raman spectrum of the laser-treated membrane surface prior to BDD growth.
The broad linewidths indicate a high degree of structural disorder and a distribution of
non-diamond carbon phases across the surface.

Peak/cm~! FWHM/cm™!

782 64.4
980 110.8
1354 162.7
1554 68.9

4.3 SEM

4.3.1 Overview

Scanning Electron Microscopy (SEM) is a high-resolution imaging technique that
uses a focused beam of electrons to probe the surface of a sample, and provides
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significantly greater spatial resolution than optical microscopy.

When the electron beam interacts with the material, incident electrons un-
dergo elastic scattering (producing backscattered electrons) and inelastic scatter-
ing (producing secondary electrons and characteristic X-rays) to generate signals
providing information. Of these, secondary electrons significantly contribute to-
wards the generation of high-resolution imaging of surface features. As the elec-
tron beam is scanned point-by-point across the surface in a raster pattern by elec-
tromagnetic coils, a detector collects these electrons at each beam position and
converts their intensity into pixel brightness, producing an image where brighter
regions correspond to areas emitting more SE. Because SE originate from only
the top few nanometres, SEM images predominantly represent surface topogra-
phy, with features such as edges and grain boundaries appearing enhanced due
to increased electron emission.

4.3.2 Data Acquisition

Carbon tape was placed on a circular disk. Using fine tip plastic tweezers, the
sample was carefully and precisely placed on the centre, with the etched mem-
brane facing upwards. Gentle pressure was applied around the edges of the
chip using flat plastic tweezers to ensure uniform adhesion, avoiding direct con-
tact with the membrane. Ensuring full adhesion prevents unadhered regions
from lifting relative to the adhered regions, which may result in fracture. The
mounted sample was placed inside a JSM-IT300 SEM kit from JEOL and placed
under vacuum. A working distance of 10.8 mm, probe current of 30 A and elec-
tron acceleration voltage of 30.0 kV were used to acquire images.

To dissolve the carbon tape, the ensemble was placed into a 50 ml beaker and
fully immersed in acetone for 10 minutes. Plastic tweezers were then used to
gently nudge the edges of the chip, applying as little pressure as possible, and
whilst ensuring it remained fully wetted with acetone, until the chip slid off the
tape.

4.3.3 Results & Discussion
4.3.3.1 After Laser Treatment and H-Plasma CVD

The SEM images acquired following membrane fabrication are shown in Fig-
ure 4.5. Across the periphery of the membrane surface, the mild microgroove
morphology is observed which is characteristic of the laser scanning process.
In contrast, the central membrane surface retains a well-defined polycrystalline
grain structure, indicating minimal laser-induced damage during laser etching.
This suggests that the combination of low power laser treatment and H-plasma
CVD treatment is most effective in the central region. H-plasma CVD treatment
at the membrane periphery is may be hindered by the surrounding membrane
walls, which limit plasma accessibility to these regions.

The membrane walls appear bright due to enhanced secondary electron emis-
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sion from steep features inclined toward the detector. The stepped profile aris-
ing from sequential laser templates is clearly resolved. They may impede carrier
transport, which may limit the number of EHPs reaching the electrodes. Clear
microgrooves are observed, indicating that neither reduced-power laser process-
ing nor subsequent H-plasma CVD treatment was effective on highly inclined or
vertical surfaces.

e 500 um —— 5() um

(a) Whole membrane (b) Membrane Wall
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(c) Central membrane surface (d) Peripheral membrane surface

Figure 4.5: SEM micrographs of the laser-etched diamond membrane following H-
plasma treatment. (a) Whole membrane, illustrating the stepped profile arising from
sequential laser passes. (b) Wall region showing periodic microgrooves associated with
the laser scan path. (c) Central membrane region, displaying a comparatively smooth
surface indicative of effective post-processing. (d) Periphery of the membrane, where
increased roughness and residual microgrooves from laser etching persist.

4.3.3.2 After BDD Growth

The characteristic microgrooves introduced by laser processing remained clearly
visible after BDD growth as shown in Figure 4.6. The retained surface damage
demonstrates that the newly grown diamond layer conformed to the underly-
ing laser-induced morphology, which may affect the performance of the Schot-
tky diode through increased roughness, structural non-uniformity, and a higher
density of interfacial defects.
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Figure 4.6: SEM micrographs of the laser-etched diamond membrane following boron-
doped diamond (BDD) growth. (a) Membrane wall, where periodic microgrooves and
stepped laser profile remained evident. (b) Peripheral membrane surface, where rough-
ness and laser-induced microgrooves were retained.
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Chapter 5: Device Performance

5.1 Electron Gun

5.1.1 Overview

Simulated beta irradiation was performed using a Kimball Physics EGF-3104
electron gun. This flood beam system provides electrons with energies tunable
from 1 to 20 keV, which were directed onto a substrate that was simultaneously
electrically connected to a Keithley instrument via contact electrodes for in situ
electrical measurements. This configuration enabled device characterisation un-
der both biased and unbiased conditions, while the beam current and incident
electron energy could be independently adjusted to suit the experimental re-
quirements.

Electrons are produced via thermionic emission from a heated filament. The
electron gun is connected to the EGPS-3104 unit containing all power supplies
necessary to generate the voltages required. Of these, The focus element accel-
erates the electrons and causes the electron beam to diverge as it approaches the
anode. The anode focuses the beam into multiple ‘beamlets’ through a mesh
and affects the beam uniformity and divergence that reaches the substrate. The
process is conducted under high vacuum conditions to minimise scattering of
electrons by residual gas molecules, preserving beam energy and spatial resolu-
tion.

5.1.2 Data Acquisition

The sample was mounted in the electron gun holder and placed within the cham-
ber, where it was left to pump down to vacuum overnight. A base pressure of
1 x 107® mbar was achieved prior to measurement.
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Figure 5.1: Electron-beam irradiation setup used for device testing, with key compo-
nents indicated.

Once mounted inside the electron gun system shown in Figure 5.1, bias was
applied to the device using a Keithley 1620 SourceMeter with a voltage range of
+1000 V. Following equipment failure, this was replaced with a Keithley 2401
SourceMeter with a reduced range of £20 V. Data acquisition was automated
using a custom Python script written by Dr Liam Cullingford. The applied volt-
age was swept from a defined start value to a final value, before being reversed
back to the starting voltage. Forward bias is defined here as the polarity for
which the Schottky metal is negative with respect to the back ohmic contact. At
each voltage step, multiple current readings were recorded and averaged after
a fixed settling time, summarised in Table 5.1. The voltage step size and num-
ber of readings per step were kept constant throughout all measurements. Dark
current measurements were acquired prior to electron irradiation. Under irra-
diation, 5.7 keV electrons were first tested to represent the mean beta energy of
tritium and therefore provide the principal assessment of low-energy sensitivity.
This was followed by measurements from 1 to 20 keV in 1 keV intervals.

Table 5.1: Operating parameters of Electron Gun operation

Keithley Value | Electron gun Value
Voltage Range/V ~ £20 | 1st Anode/V 500
Voltage step / V 2 Focus /V 500
No. Readings per V. 5 Emission / mA 0.8
Seconds to settle /s 1 Max current/ ml 1.7
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5.2 Initial Performance

521 5.7 keV

The initial electrical response of the device was evaluated by comparing the dark
current to measurements obtained under 5.7 keV electron irradiation, as shown
in Figure 5.2. It is clear that the leakage current and spectral noise is low enough
to show impact of low energy tritium betas on the device. Under irradiation, the
I-V response under forward bias showed a moderately sharp increase in current
following a threshold voltage of 0 V. Under reverse bias, the magnitude of the
current also increases under irradiation, demonstrating that charge carriers gen-
erated within the depletion region are effectively swept by the electric field. It
is clear that the incident electrons generated a sufficient number of EHPs within
the diamond to induce a measurable signal, confirming the functionality of the
device as a beta detector. Notably, at approximately 1 V the current becomes
negative, corresponding to a transient region where IV < 0. However, this effect
is brief and is attributed to the release of stored charge, rather than steady-state
power generation.
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Figure 5.2: Current-voltage characteristics under dark conditions and under 5.7 keV
electron irradiation. An increase in current is observed under irradiation in both for-
ward and reverse bias, indicating successful generation and collection of charge carriers
within the device.

5.2.1.1 Rectification Ratio

The rectification behaviour of the device was quantified at £20 V, as shown in
Table 5.2. A maximum forward current of 1.04 nA and reverse current of 0.325
u yields a rectification ratio of 3.2. Compared with that recorded in literature,
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it is a low value, as rectification ratios of 10° have been reported for single crys-
tal Schottky diodes at 2 V [81], and 1000 for polycrystalline Schottky diodes [82]
for dark current measurements. Whilst single crystal is expected to outperform
polycrystalline due to its reduced defects, the orders of magnitude between this
device and polycrystalline devices in literature is stark. Whereas a polished sub-
strate was used in this work, Ref. [82] employed an unpolished substrate, avoid-
ing the nanocrystalline damage expected to arise from polishing. As a result,
the diodes in Ref. [82] likely exhibited larger surface crystallites and resulting
Schotty junction with fewer graphitic surface defects, resulting in stronger recti-
fication behaviour. Accordingly, forming the Schottky contact on the as-grown
surface rather than the polished side may help narrow the gap between the rec-
tification ratio obtained in this work and those reported in the literature.

Table 5.2: Rectification behaviour of the device at 20 V

I(+20 V) /pA 1(-20 V) /nA Rectification Ratio

Initial test 1.04 0.325 3.2

5.2.1.2 Hysteresis

An obvious hysteresis was observed, with a lower absolute current on the re-
verse sweep than the forward sweep. Hysteresis have been reported for SiC de-
vices [83-86] and has been attributed arise from electron trapping in interface
states at the metal-semiconductor junction. During the forward sweep, electrons
are stored in traps, however during the reverse sweep, not all traps have emit-
ted their charges because the capture time is longer than the emission time [87].
In this work, the hysteresis is attributed to the graphitic impurities in polycrys-
talline diamond, which introduces defect states into the band gap of diamond
and thus trapping the charge carriers and inducing the hysteresis observed. It
has been reported that the magnitude of the hysteresis effect is shown to decrease
with repeated I-V sweeping measurements [88], a phenomenon attributed to
electron tunneling through the metal-semiconductor interface. Upon saturation
of the interface traps, this "priming” effect reduces further trap filling and is
therefore responsible for the reduced hysteresis.

5.3 Device Failure

Sequential I-V sweeping to examine the priming effect on hysteresis could not
be performed due to the loss of diode characteristics between runs. The diode
was removed from the E-beam chamber, and re-mounted 3 weeks later, where
the dark current fluctuated around the pA range for the applied voltage with
no forward voltage drop (Figure 5.3). This could be evidence of degradation
during the previous run, where the SBH has been modulated due to build up
of a space charge region of interface traps. However, visible scratching of the
aluminium contact was observed, attributed to damage caused by the electron
beam electrodes. This mechanical damage may have disrupted the uniformity of
the interface, disrupting the electric field across the device. To investigate this,
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the aluminium Schottky contact was removed using 5 ml nitrate etchant for 10
mins and subsequently re-deposited under the same fabrication conditions.
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Figure 5.3: Dark current—voltage (I-V) characteristics of the device following degrada-
tion. The absence of rectification and the presence of low, unstable currents indicate
failure of the Schottky junction.

5.4 Device Recovery

Following contact removal and re-deposition, the diode regained rectifying be-
haviour. The restoration of diode-like behaviour demonstrates that the observed
failure originated from degradation of the Schottky contact rather than the dia-
mond substrate. The restored device was subsequently used for energy-dependent
measurements.

5.4.1 5.7 keV

Figure 5.4 compares the electrical response of the device before and after re-
metallisation of the aluminium Schottky contact. The forward voltage drop re-
mained the same at 0 V, however the gradient is significantly less steep and dif-
ference in current magnitude is observed between the two measurements, with
the re-metallised device exhibiting 0.58 pA maximum current at 20 V compared
with 1.04 pA previously. The differing I-V curves may be due to differing the
current transport characteristics introduced by the different spatial inhomogene-
ity of the barrier height across the Schottky contact area of the two depositions.
These results indicate that the electrical performance of polycrystalline diamond
Schottky diodes is highly sensitive to contact quality, and that their reliable use
will depend on reproducible contact fabrication.
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Figure 5.4: Current-voltage characteristics of the device before and after re-metallisation
of the aluminium Schottky contact, under dark conditions and 5.7 keV irradiation. The
restored rectifying behaviour confirms recovery of the Schottky junction following con-
tact re-deposition.

5.4.1.1 Hysteresis

Notably, the reduced hysteresis after re-deposition suggests that the dominant
contribution does not arise from grain-related trapping within the bulk dia-
mond, but rather from traps associated with the surface or metal-semiconductor
interface. The lower hysteresis implies a reduced trap density and therefore a
more uniform Schottky barrier following contact replacement. As an acid clean
was performed prior to oxygen termination and metal deposition to remove the
previous metal contact, it is plausible that this step removed residual surface
contamination not eliminated by oxygen termination, thus resulting in a more
uniform Schottky contact.

5.4.1.2 Rectification Ratio

The rectification behaviour of the device before and after re-metallisation is sum-
marised in Table 5.3. Although the absolute current decreased following contact
re-deposition, the rectification ratio remained largely unchanged, from 3.20 to
3.25. This suggests that re-metallisation altered the overall conductance of the
contact, but preserved the asymmetry between forward and reverse transport.

51



Table 5.3: Rectification behaviour at 20 V of diode before and after re-deposition

I(+20 V) /pA 1(-20 V) /pA Rectification Ratio

Initial test 1.04 0.325 3.20
Second test (.58 0177 3.25
5.4.2 1-20 keV

The current-voltage characteristics across multiple beam energies are shown in
Figure 5.5, and display a clear dependence of device response on incident elec-
tron energy with continued minimal hysteresis observed. As the energy in-
creases from 1 to 20 keV, the measured current increases progressively, partic-
ularly under forward bias, indicating that higher-energy electrons give rise to
greater charge generation within the diamond and hence a larger collected sig-
nal. The trend is not strictly linear, however, as the spacing between neighbour-
ing curves varies across the energy range. In particular, the current at energies
between 1 — 6 keV does not rise in order of increasing beam energy. This may
be attributed to non-ideal transport environment in which grain boundaries, in-
terface states, and local variations in electric field may all influence the fraction
of generated charge contributing to the measured current, thus making the mea-
surements unstable. By contrast, the more monotonic rise at higher energies
indicates increasingly stable diode operation. In terms of application, an associ-
ated output current with a particular energy is crucial for energy resolution, and
thus the non linearity between 1-6 keV indicates unstable diode operation.
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Figure 5.5: Current-voltage characteristics under dark conditions and under electron
irradiation of energies 1-20 keV. An increase in current is observed under irradiation in
both forward and reverse bias, indicating successful generation and collection of charge
carriers within the device.

5.4.2.1 Rectification Ratio

The rectification ratio at each beam energy is shown in Figure 5.6 with exact
values stated in the Appendix. An overall increase is observed across with in-
creasing energy, rising from 2.1 at 2 keV to 22.6 at 20 keV. This indicates that
increasing energy enhances not only the absolute current, but also the asymme-
try between forward and reverse transport. The fluctuations in rectification ratio
for energies between 1-6 keV are consistent with a non-linear increase in current,
indicating that the device is operating near the limit of reliable discrimination.
By contrast, incident energies above demonstrate a monotonic rise in rectifica-
tion ratio, indicating that stable diode operation increases with incident energy
above a discrimination limit of 6 keV.
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Figure 5.6: Rectification ratio measured at £20 V from current-voltage characteristics
recorded under incident electron beam energies of 1-20 keV.
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Chapter 6: Conclusions & Future Work

6.1 Conclusions

A polycrystalline diamond Schottky diode was fabricated in this work with a
membrane thickness of 33 um and a 22.5 nm aluminium Schottky contact. Ra-
man spectroscopy of the device revealed high polycrystalline quality with a promi-
nent diamond peak at 1332 cm™' with a FWHM of 7.9 cm™'. The absence of
boron-related features following BDD growth was unexpected, however a minor
increase in FWHM to 8.1 cm™! suggests a degree of structural disorder, which
has been associated with boron incorporation elsewhere [71]. SEM imaging of
the membrane surface revealed discernible polycrystalline grain structures in
the central region and mild microgrooves in the periphery, indicating that low-
power laser treatment followed by H-plasma CVD was least effective around
the periphery, an effect attributed to limited access due to the membrane walls.
The stepped profile of the walls demonstrated strong microgrooves that were
remained following BDD growth, which may hinder EHP transport during de-
vice operation due to increased surface roughness and higher density of defects.
Overall, this work has established a strong foundation for the laser microma-
chining of diamond membranes and demonstrated that laser micromachining is
a viable fabrication route with clear potential for automation once the key pro-
cessing parameters are optimised.

The device performance was evaluated via simulated beta irradiation using a
EGF-3104 electron gun system across forward and reverse sweeps of applied bias
between -20 and 20V. Initial testing at 5.7 keV revealed a measurable signal with
a threshold voltage of 0 V, demonstrating the success of the diode in responding
to incoming low energy beta radiation. A maximum forward current of 1.04 pA
and reverse current of 0.325 um at 20 V yielded a rectification ratio of 3.2, which
is several orders of magnitude lower than values reported for polycrystalline de-
vices in the literature [82]. The low rectification ratio limits detector sensitivity
and reduces the effectiveness of the device in practical sensing applications, and
thus the device design may require optimisation. The device showed hystere-
sis which was attributed to the graphitic impurities in polycrystalline diamond,
which introduces defect states into the band gap of diamond and thus trapping
the charge carriers and inducing the hysteresis observed.

The device failed to operate following initial testing, an effect attributed to
scratching due to the electron beam electrodes. For a detector eventually en-
visioned for long term deployment, this degradation cannot be written off as
negligible and contact between the e-beam electrodes and metal contact some-
thing. Following contact removal and re-deposition, the diode regained rectify-
ing behaviour, displaying the same turn on voltage of 0 V but reaching a reduced
maximum amplitude of 0.58 pA. Despite this, the rectification ratio remained the
same at 3.2, suggesting that re-metallisation altered the overall conductance of
the contact but preserved the asymmetry between forward and reverse trans-
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port. Notably, the hysteresis reduced, thus indicating that the original hysteresis
observed was due to grain impurities on the surface as oppose to the bulk dia-
mond. This highlights that incorporation of acid cleaning prior to metal deposi-
tion may enhance the Schottky barrier by eliminating impurities on the surface
of the device.

Current-voltage characteristics across multiple beam energies highlight a clear
dependence of device response on incident electron energy. Maximum current
increased stepwise between 7-20 keV. However, at energies between 1-6 keV the
maximum amplitude did not increase linearly with beam energy, an effect ob-
served in the rectification ratio trends, where fluctuations in value between the
energies of 1-6 keV suggested that the device was operating near the limit of re-
liable discrimination. No hysteresis was observed in the varying energy ranges,
indicating that the Schottky barrier remained intact during measurement.

Overall, the device demonstrated real time monitoring, with spectral noise is
low enough to show impact of low energy tritium betas on the device. This was
a goal not accomplished by other devices in literature, and is very good. This
study has demonstrated through good results that polycrystalline has potential
as a cheaper alternative to single crystal for electronic devices. However, careful
fabrication and design is required, as the incorporation of more traps through
design (such as the stepwise membrane) introduces more defects into an already
defected material, to which the EHP transport properties is very sensitive to, so
significantly deteriorate performance.

6.2 Future work

The most significant direction for future work would be to evaluate the device
under exposure to real beta-emitting radioisotopes. In the present work, opera-
tion in current mode measured only the total output current and therefore did
not capture the pulse-based response that would arise from individual beta inter-
actions. Pulse-mode measurements would allow individual events to be resolved
and counted, providing more detailed detector information such as charge col-
lection time. Since the duration of the pulse is determined by the time required
for charge carriers to reach the electrodes, this would give insight into carrier
drift and transport within the device [89]. In addition, integrating the output
current pulse would allow the released charge, and hence the deposited energy,
to be determined. This would provide data more directly relevant to practical
beta detection applications.

Future work should focus on refining the device architecture to improve car-
rier transport. Three improvements are suggested here. Future designs should
replace a stepwise membrane geometry with a smoother crater-like profile, which
would reduce surface roughness and may improve EHP transport through the
device, and may be achieved through use of a single laser template with a pre-
programmed curved edge profile. A second would be to fabricate devices on the
non-polished substrate face, where the larger crystal domains may provide less
interrupted transport pathways, and has been noted to be effective approach in
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other work [82]. In addition, the boron concentration in the present device was
not determined in this work. Secondary ion mass spectrometry (SIMS) could be
used to quantify the boron profile in this device and assess whether the doping
level in the p-type layer was sufficient to produce a low-resistance ohmic contact.
If the boron concentration is found to be below the metallic threshold of 10* cm
~#190, 91], increasing the boron content during fabrication may improve contact
conductivity, reduce series resistance, and enhance charge collection in future
devices. Collectively, these modifications may improve rectification behaviour
and bring device performance closer to that reported in the literature [82].

Whilst CASINO simulations accounted for the full energy range of low en-
ergy betas considered in this study, it was not possible to test energies above 20
keV as the GF-3104 electron gun was not configured for this purpose. Adapting
the instrument to extend the experimental irradiation range to higher electron
energies would allow a more complete validation of the simulated energy depo-
sition behaviour across the full spectrum relevant to the isotopes considered.

A further area for investigation is the time dependence of device performance
after irradiation. Repeated I-V measurements at defined intervals after the ra-
diation source is removed would help determine whether the device returns re-
producibly to its original electrical state, or whether residual charge trapping
influences subsequent measurements. In addition, longer-term monitoring over
extended periods would establish whether the signal output remains stable with
time or exhibits drift. This would be important for assessing device reliability
and repeatability in practical sensing applications.

The effect of temperature on detector performance should also be investi-
gated. Since carrier transport depends on temperature through changes in mo-
bility, trapping, and recombination behaviour, the electrical response of the de-
vice may vary under different operating conditions. Measuring the signal am-
plitude as a function of temperature would therefore provide useful calibration
data and help establish whether temperature-dependent corrections are required
when relating detector output to deposited beta energy.

Finally, since the CASINO simulations indicate that a thin Schottky metal
layer is required, the diamond surface must be sufficiently smooth to enable uni-
form metal deposition. Future work could therefore include quantitative surface
roughness analysis, for example using surface-sensitive techniques at the Na-
noESCA. The influence of surface roughness on metal continuity, interface uni-
formity, and the resulting built-in electric field could then be investigated. This
would help establish whether local topographical variation contributes to non-
uniform contact formation and induces variability in device performance.
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Chapter 7: Appendix

Table 7.1: Rectification ratio at £20 V for energies 1-20 keV

Energy RR | Energy RR | Energy RR | Energy RR
1keV 65| 6keV 57 | 11keV 113 | 16keV 19.8
2keV 21| 7keV 6.0 | 12keV 131 | 17keV 20.2
3keV 47 | 8keV 59 | 13keV 119 | 18keV 20.2
4keV 31| 9keV 65| 14keV 152 | 1I9keV 215
5keV 24| 10keV 79 | 15keV 147 | 20keV 226
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