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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 �m 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 33�m in
intrinisc diamond layer with minimal surface damage indicated by SEM. Raman
spectra revealed a prominent diamond peak at 1332 cm�1 with FWHM of 7.9
cm�1 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 �A 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 �A, 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 (3H) [19–23], nickel-63 (63Ni) [20, 21, 24–29],
promethium-147 (147Pm) [12], and carbon-14 (14C) [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 (�+) decay
and beta-minus (��) decay, as illustrated in Figure 1.1. In the former, a proton is
converted into a neutron, emitting a positron (�+ 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 (�� particle) and an electron an-
tineutrino.
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(a) Beta Plus Decay (b) Beta Minus Decay

Figure 1.1: Schematic illustrations of two forms of beta particle emission. �+ decay is
depicted in (a) where a proton (red) converts to a neutron (pink) with the emission of
a positron (orange) and neutrino (purple). �� 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, Emax, 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 �� 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
(3H), nickel-63 (63Ni), carbon-14 (14C), and promethium-147 (147Pm)—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



0 5 10 15
Energy / keV

0.0

0.2

0.4

0.6

0.8

1.0
In

ten
sit

y/
a.u

.
Tritium-3

(a) 10 nm

0 20 40 60
Energy / keV

0.0

0.2

0.4

0.6

0.8

1.0

In
ten

sit
y/

a.u
.

Nickel-63

(b) 22.5 nm

0 50 100 150
Energy / keV

0.0

0.2

0.4

0.6

0.8

1.0

In
ten

sit
y/

a.u
.

Carbon-14

(c) 35 nm

0 50 100 150 200
Energy / keV

0.0

0.2

0.4

0.6

0.8

1.0

In
ten

sit
y/

a.u
.

Promethium-63

(d) 40 nm

Figure 1.2: The � 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 5.68 17.43 49.47 61.93

End point energy / keV 18.59 66.95 156.48 224.50

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
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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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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. Evac denotes the vac-
uum level, EC and EV are the conduction and valence band edges, and EF is the Fermi
level (where EF M and EF S correspond to the metal and semiconductor, respectively).
�M and �S are the metal and semiconductor work functions, �b is the Schottky barrier
height, and Vb 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.

Figure 1.4: Schematic of charge generation and collection in a Schottky diode under beta
particle irradiation. Incident � particles generate electron–hole pairs within the deple-
tion region of the semiconductor. The built-in electric field (E) 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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(a) Forward Bias (b) Reverse Bias

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 V b � V f , nar-
rowing the depletion region and facilitating majority carrier transport across the inter-
face. (b) Reverse bias increases the barrier to Vb + V r , widening the depletion region and
suppressing carrier �ow. E C and EV denote the conduction and valence band edges,
EF M is the metal Fermi level, � b is the Schottky barrier height, and V b is the built-in
potential.

1.4.3 Current–Voltage Characteristics

The current–voltage (I–V) characteristics of a Schottky diode re�ect 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 suf�ciently lowers the Schottky barrier, which
increases carrier transport across the metal–semiconductor junction. This is de-
�ned 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 �eld in the depletion region strengthens until it reaches the critical
�eld of the semiconductor. At this point, carriers gain suf�cient 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 recti�cation 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-
fying 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, VTh , 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 suf�ciently high reverse bias, the
current increases sharply at the breakdown voltage, VBD , due to avalanche breakdown.

1.5 Diamond

Although over 90% of modern electronic devices are fabricated from silicon (Si)
[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 �ve 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 �eld permits the application of strong electric �elds
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-�eld device operation more effectively than conventional semiconductors.
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This exceptional combination of properties identi�es diamond as a promising
semiconductor for low-noise, high-ef�ciency 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, EG / eV 1.12 1.43 3.23 3.39 5.45

Thermal Conductivity, � / W cm �1 K �1 150 55 490 130 2200

Breakdown Voltage, E C / 106 V cm �1 0.3 0.4 3 3 10

Electron Mobility, � e / cm2 V �1 s�1 1500 8500 980 1250 1000

Hole Mobility, � h / cm2 V �1 s�1 480 400 100 200 2000

Relative Permittivity, " r 11.8 13.1 9.7 10.4 5.7

Saturated Drift Velocity / 10 7 cm2 s�1 1.0 2.0 2.0 2.2 1.1

Maximal Temperature, T max / 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 signi�cant 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
ef�ciency in electronic applications. The extent to which these drawbacks hinder
radiation detector performance remains insuf�ciently 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 �lms 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 signi�cant 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) con�guration. 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.

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 de�ning 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
in CASINO simulations.

Material Density / g cm �3

Diamond 3.52

Aluminium 2.70

Silver 10.49

Chromium 7.19

Gold 19.32

Platinum 21.45

Table 2.2: Parameters used in the CASINO
simulation software.

Parameter Value

No. simulated trajectories 100,000

Electron beam diameter / nm 1
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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-
�ecting 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 con�ned 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 �m, with the
majority of energy deposition occurring at a depth of approximately 10 �m.

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 de�nes 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 / �m 5 keV 20 keV 50 keV 60 keV

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 12.1
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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-
�ciency. This effect may be minimised by larger-area substrates, which is more
practically achieved with polycrystalline diamond than single crystal.

(a) 5 keV (b) 20 keV

(c) 50 keV (d) 60 keV

Figure 2.1: Simulated electron trajectories in diamond for increasing incident energies:
(a) 5 keV, (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 coef�cient 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 coef�cient, with only 14% of incident electrons
re�ected. In contrast, high-Z metals such as gold and platinum re�ect nearly half
of the incident electrons (0.43% and 0.44% respectively), representing a signi�-

24



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.

Figure 2.2: Backscattering coef�cients of 5 keV beta particles for different metals. Higher
atomic number metals (Au, Pt) exhibit signi�cantly 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 dif�cult
to detect, and thus the most in�uenced 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 �eld 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 ef�ciently
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 signi�cantly 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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(a) 10 nm (b) 22.5 nm

(c) 35 nm (d) 40 nm

Figure 2.3: Energy deposition depth in diamond across varying aluminium thickness:
(a) 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 identi�ed for
fabrication of the diode in this work:

(a) The membrane thickness should be above 19.2 �m 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 coef�cient 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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