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Abstract

In semiconductor neutron detectors with a layered structure, the fundamental

structure consists of a converter layer and a semiconductor layer. It has been shown

in research focused on these detectors that the thicknesses of both the converter

and semiconductor layers crucially impact the efficiency of neutron detection.

However, there is a notable scarcity of studies that determine the optimal

thickness of the converter layer and the corresponding optimal thickness of the

semiconductor layer, especially using direct theoretical formulas for the efficiency of

the converter layer. This lack of research is particularly evident for wide-bandgap

semiconductor materials such as diamond, silicon carbide (SiC), gallium oxide

(Ga2O3), gallium nitride (GaN), and the perovskite material caesium lead bromide

(CsPbBr3).

Herein, on the basis of theoretical studies about the efficiency of layered semi-

conductor detectors, a systematic method has been proposed for calculating the

optimal thicknesses for two types of converter layers. This method has been im-

plemented in computational software. By inputting the macroscopic cross-section
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and the range of secondary charged particles in the converter layer, the software

can quickly determine the optimised thickness for B4C or LiF. Due to the com-

plexity of the theoretical studies, the Monte Carlo method has been innovatively

employed to ascertain the optimal thicknesses of diamond, SiC, Ga2O3, GaN, and

CsPbBr3 for maximising neutron detection efficiency.

Additionally, in anticipation of deploying these detectors in high-radiation en-

vironments, further research has been conducted into the micro-radiation processes

and radiation resistance of the aforementioned materials, encompassing both neu-

tron and γ radiation. This has led to the identification of the materials’ Displace-

ment Per Atom (DPA) values and the maximum growth thickness for γ rays of

various energies.

This research will contribute to guiding the manufacturing of wide-bandgap

semiconductor neutron detectors and enhancing their production efficiency.
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Chapter 1

Introduction

Semiconductor neutron detectors play a crucial role in various fields, including

nuclear energy, homeland security, and medical imaging. The development of

these detectors has been driven by the need to accurately and efficiently detect

neutrons, which are challenging to detect due to their neutral charge and lack

of ionising capability. The use of semiconductor materials in neutron detection

has shown promising results, particularly in the field of neutron imaging, their

small size and thin profile make them convenient for use as pixel points in neutron

imaging systems, and their low noise levels also facilitate easy integration into

circuits.

One crucial factor that affects the detection efficiency of semiconductor neutron

detectors is the thickness of the converter and semiconductor material used. The

impact of the converter layer on detection efficiency is related to the absorption

1



Chapter 1. Introduction 2

cross-section, the thickness of the converter layer, and the maximum allowable

attenuation range of charged particles within the converter layer. This relationship

has been studied, and for a given thickness of the converter layer, the probability

of charged particles entering the active region can be calculated.

Merely obtaining the probability of charged particles entering the detector does

not conveniently yield the optimal thickness of the converter layer. Furthermore,

research on the optimal thickness of the semiconductor layer, especially regarding

the optimal thickness for wide-bandgap semiconductors, is lacking. Additionally,

in practical scenarios, it is unfeasible to determine the exact location of particle

generation or the emission angle of charged particles at the point of their cre-

ation. This complexity also renders the direct application of theoretical formulas

for deducing the optimal thickness of the semiconductor layer, as done for the

converter layer, less straightforward. The growth of semiconductors is time and

energy intensive. For instance, in the Metal-Organic Chemical Vapour Deposition

(MOCVD) technique, depending on different operational parameters, the growth

rate typically ranges from a few hundred nanometers to several micrometres per

hour. Additionally, increasing the growth rate might lead to an increase in lattice

defects, which can negatively impact the charge collection efficiency (CCE) and

detection efficiency of the neutron detector. Therefore, it is crucial to know the

minimum thickness that the semiconductor can achieve under a specific converter
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layer of a certain thickness. This is important for reducing growth time and cost,

as well as for enhancing γ radiation resistance.

Finding the optimised thickness of the semiconductor material requires a thor-

ough understanding of the physical processes involved in neutron detection and

the properties of the semiconductor materials used.

Thermal neutrons mainly react with B and Li in the converter layer materials

B4C and LiF. Their reactions are demonstrated in Eq. 1.1 and Eq. 1.2:

10B + n → α +7 Li+ 2.31 MeV (1.1)

6Li+ n → α +3 H + 4.79 MeV (1.2)

The charged particles generated by the reactions produce ionisation as they

move through the semiconductor material, resulting in the loss of energy of the

charged particles. These charged particles have high energy levels, typically rang-

ing in the MeV region. The process, known as electron or nucleus stopping of the

target material, is affected by the thickness of the semiconductor material.

Initially, the optimised thickness of the semiconductor thin-film layer was as-

sumed to be equal to the range of charged particles, such as α particles in the

semiconductor material. However, upon comparing the calculation results ob-

tained from The Stopping and Range of Ions in Matter (SRIM) software [ZZB10],

it was discovered that the optimised thickness of the semiconductor is greater than

the range of α particles in the semiconductor due to the contribution from other
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charged particles, such as 7Li or 3H. Given the complexity of mathematical mod-

elling resulting from the addition of the converter layer, the Monte Carlo (MC)

method based on statistical calculation can be used to determine the optimised

thickness of the semiconductor in neutron detectors. The development of novel

semiconductor materials and the optimisation of semiconductor thickness can en-

hance detection efficiency and simultaneously reduce fabrication time.

Addressing the aforementioned challenges, this thesis presents several innova-

tive aspects in the field of neutron detection using non-directly detecting semicon-

ductors. These innovations are as follows:

1. A theoretical method has been established to determine the optimal thick-

ness of B4C and LiF converter layers under various low-level discriminator

(LLD) energy, and based on this method, computational software has been

successfully developed.

2. A novel method has been established using the Monte Carlo approach to

predict the optimal thickness of the semiconductor layer under specific con-

ditions and with a particular converter layer. This method has been employed

to predict the optimal thicknesses for five different materials (diamond, SiC,

Ga2O3, GaN, and CsPbBr3). This part of the research, excluding the re-

search relating to CsPbBr3, has been published in Sensors under the title

“Comparison of Neutron Detection Performance of Four Thin-Film Semicon-
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ductor Neutron Detectors Based on Geant4” [ZA21a].

3. Exploration of the threshold displacement energy (TDE) of CsPbBr3 under

various temperatures based on simulation results. A part of this research’s

results has been published in the 2021 IEEE Nuclear Science Symposium and

Medical Imaging Conference (NSS/MIC) proceedings under the title “Sim-

ulation of the Effect of Neutron Radiation on the Caesium Lead Bromide”

[ZA21b].

4. A systematic study of the micro-radiation processes of the aforementioned

five materials, including neutron and γ radiation, has been conducted. The

displacement per atom (DPA) values of these five materials were obtained

to assess their micro-radiation resistance. For different γ-ray energies, the

maximum growth thicknesses that these five materials can achieve for the

optimal neutron-γ signal discrimination were also determined.

In summary, this thesis offers valuable guidance for the design and selection of

radiation-resistant semiconductor neutron detectors. This research will emphasise

the potential for future advances in semiconductor neutron detectors and lay the

theoretical foundation for upcoming research at Lancaster University.



Chapter 2

Background

With the continuous progress in the exploration of micro-particles, the scope of

applications of these diminutive entities is expanding. Neutrons, being one of the

fundamental microscopic particles, have long been the focus of research. Neu-

trons have found diverse applications in fields such as nuclear reactors, medical

treatment, neutron imaging and cosmic ray exploration. The scope of neutron

applications reveals the complexity of the neutron detection environment, which

in turn presents challenges to the development of neutron detectors.

The Fukushima nuclear power plant accident in 2011 brought about a plethora

of issues, including the critical problem of placing a neutron detector inside the

stricken reactor for radiation monitoring to ensure that the reactor will not become

critical again. Moreover, some second-generation nuclear power plant technologies

have been in use for over 60 years, and are currently facing decommissioning.

6
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Hence, there is a need for the development of in-reactor neutron dose detection

technology that is accurate and safe. Apart from nuclear fission technology, the

available deuterium (D) and tritium (T) fusion technology emit a substantial num-

ber of neutrons [Law57], thereby requiring more advanced neutron detection tech-

nology for their detection. Detecting and shielding against cosmic radiation is

crucial for spacecraft development, thereby requiring neutron detectors to be em-

ployed in high-energy outer space radiation fields. Furthermore, the development

of high-resolution neutron imaging systems also necessitates the use of neutron

detectors with a smaller volume.

In summary, there is a pressing need to develop small-sized, low power-consuming,

and robust neutron detectors capable of functioning in extreme environments with

high temperature, high radiation, and high pressure.
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2.1 Neutrons

This part delves into the concept and properties of neutrons, the focus of which

began when Sir Ernest Rutherford, a British physicist, who first introduced the

idea of the neutron in the early 1920s. It was not until 1932, when James Chadwick

bombarded a beryllium target with a source of alpha particles, that the existence

of neutrons was experimentally confirmed. Since then, research on neutrons has

been ongoing, as shown in Fig. 2.1.
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Figure 2.1: Number of papers on neutron research as a function of year, based on
Web of Science data spanning from 1932 to 2020.

The neutron has a mass of 1.674927471(21)× 10−27 kg [MNT16], slightly more

massive than the proton, which has a mass of 1.672621637(83) × 10−27 kg. The

neutron’s spin is 1
2
, and as a free neutron is an unstable particle, it has an average
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lifetime of 877.75 seconds [GFCW+21] and a half-life about 611.0 ± 1.0 seconds.

Neutrons follow the Fermi-Dirac distribution and the Pauli exclusion principle,

similar to other particles. While the neutron was previously classified as a member

of elementary particles, it is now understood, under the current Standard Model

theory, to consist of two down quarks and one up quark, making it a composite

particle.

In order to keep the baryon number conserved within the framework of the

Standard Model, the only possible decay path for a neutron is for one of the

quarks to change its flavour through weak force. The neutron consists of three

quarks; two down quarks (−1
3
e charge) and one up quark (+2

3
e charge). A down

quark can decay into a lighter up quark, releasing a W± boson. Consequently, a

neutron can decay into a proton, releasing an electron and an antineutrino.

Neutrons can exist in an aggregated state in neutron stars, the densest stars

after black holes. When the mass of the star reaches eight to 30 times the mass of

the Sun, a supernova explosion occurs at the end of the star’s evolution, produced

by the collapse of gravity. The star collapses to form a star between a white

dwarf and a black hole, which is many times denser than any matter on Earth.

Besides neutron stars, there is evidence to suggest that neutrons can also exist in

a tetraneutron state [DAG+22]. Figure 2.2 shows the experimental principle for

searching for the tetraneutron.
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Neutrons can be classified according to their energy into supercool neutrons,

cold neutrons, thermal neutrons, epithermal neutrons, and fast neutrons. Super-

cool neutrons have very low energy, with an energy range of less than 0.001 eV ,

typically obtained by slowing them down at extremely low temperatures. Cold

neutrons have an energy range between 0.001 eV and 0.025 eV , usually obtained

using low-temperature materials such as liquid hydrogen or helium to slow them

down. Thermal neutrons are neutrons that have reached thermal equilibrium with

their environment, with an energy of approximately 0.025 eV , corresponding to the

thermal motion energy of gas molecules at room temperature (25oC). Epithermal

neutrons have higher energy than thermal neutrons but lower than fast neutrons,

with an energy range between 0.025 eV and 10 keV . They can be generated in

reactors or accelerator-based neutron sources and are often used in Boron Neu-

tron Capture Therapy (BNCT). Fast neutrons have high energy, with an energy

range greater than 10 keV , and are typically produced in nuclear fission or fusion

processes. They have ionising power and can penetrate deeply into matter. These

classifications help in understanding the behaviour and applications of neutrons in

different physical and engineering contexts.

Neutrons are the only type of matter that can cause radioactive ionising radi-

ation in other substances, known as neutron activation, which is widely used in

medicine, academia, and industry to produce radioactive substances. Fast neu-
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trons can travel very long distances through air, so neutron radiation needs to be

shielded or moderated by substances rich in hydrogen nuclei, such as concrete and

water. Nuclear reactors are a common source of neutron radiation, and water is

used as an effective neutron moderator for a pressurised water reactor (PWR).

Atoms are complex systems composed of negatively charged electrons orbiting

around a positively charged nucleus. Both charged particles (e.g., protons, elec-

trons, or ions) and electromagnetic waves (e.g., γ rays) dissipate energy as they

penetrate matter. Charged particles slow down, and electromagnetic waves are

absorbed by the materials they traverse. However, neutrons are only influenced

by strong or weak interactions when close to the nucleus. This is because, unlike

other subatomic particles, neutrons are uncharged due to the cancellation of the

electric charges of down and up quarks. Consequently, they can penetrate mat-

ter over substantial distances without being affected by external electromagnetic

forces until they collide directly with a nucleus. Since nuclei are small compared

to the atom, the likelihood of such collisions is exceedingly low. Free neutrons

can remain unchanged over extended distances until they collide with a nucleus,

making them highly penetrating and impervious to direct observation. The reac-

tions of free neutrons with atomic nuclei can be classified into elastic and inelastic

scattering. Elastic scattering refers to collisions where the neutron interacts with

the atomic nucleus without causing any changes in the internal structure of the
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nucleus. In this type of collision, the total kinetic energy of the neutron and

the atomic nucleus remains constant, although the direction of the neutron may

change. Inelastic scattering refers to collisions where the neutron interacts with

the atomic nucleus and causes changes in the internal structure of the nucleus.

In this type of collision, the neutron transfers some of its energy to the nucleus,

putting it into an excited state. The excited nucleus then returns to its ground

state by emitting γ rays. Inelastic scattering also includes other nuclear reactions,

such as capture reactions, fission reactions, (n, α) reactions, and (n, p) reactions.

The impossibility of accelerating, decelerating, or binding neutrons with elec-

tromagnetic fields, coupled with the weak magnetic moment of free neutrons,

makes it challenging to control them. The only effective way to control their

motion is by using the nuclear force, which involves placing stacks of nuclei in the

neutron’s path to absorb them. Such a reaction, where neutrons hit the nucleus

of an atom, plays an important role in nuclear reactions.

Based on the introduction above, in contrast to charged particles like α and β

particles, alternative methods must be adopted to detect neutrons. These methods

can primarily be categorised into nuclear reaction, nuclear recoil, neutron activa-

tion, and nuclear fission techniques.

The principle of the nuclear reaction method is that through the nuclear re-

action between neutrons and the nuclei of target materials, secondary charged
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particles are produced. Detectors are then used to detect these secondary charged

particles, thus achieving indirect detection of neutrons. Common thermal neutron

nuclear reaction materials are 6Li, 10B, and 3He. The 6Li(n, α) reaction releases

the most energy among the three reactions, providing the best n/γ discrimination

ratio. However, Li does not have suitable gaseous compounds and can only be

used in solid form. The 10B(n, α) reaction is the most widely used because boron

materials are readily available. To improve detection efficiency, enriched boron is

commonly used in neutron detector fabrication. The 3He(n, p) reaction has the

largest cross-section among the three, but its acquisition cost is relatively high.

The nuclear recoil method utilises the elastic collision between neutrons and

atomic nuclei. The charged atomic nuclei will produce ionisation in the detector,

and the detection of the resulting electric current allows for the capture of neutron

signals. This method is primarily used to detect fast neutrons. According to the

conservation of energy and momentum, the smaller the mass of the recoil nucleus,

the greater the energy it gains. Therefore, H is commonly used as the detection

material in the nuclear recoil method, also known as the recoil proton method.

After scattering, the energy and emission direction of the recoil proton can be

calculated using the conservation of energy and momentum.

The nuclear fission method is similar in principle to the nuclear reaction method.

The difference lies in the utilisation of fission reaction fragments that cause ioni-
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sation within the detector, thereby detecting neutrons through the observation of

nuclear fission fragments. The expression for this method is (n, f). This method

is primarily used to measure neutron flux. Additionally, due to the high energy

of fission fragments, this method can be applied in environments with high γ-ray

backgrounds.

The last method is the neutron activation method, with radiative capture as the

main reaction process. This technique involves irradiating a suitable target with

neutrons, converting the nuclei in the target into excited compound nuclei. The

compound nucleus quickly de-excites to its ground state by emitting one or more

photons. This process of neutron capture and subsequent γ radiation emission is

called radiative capture, denoted as (n, γ). By detecting the radioactivity of the

activated target, neutrons can be indirectly detected.

In summary, the properties of neutrons make neutron detection challenging.

Typical neutron detectors comprise gas detectors, scintillator detectors, and semi-

conductor detectors. The following section covers part of them in detail.
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Figure 2.2: Top: quasi-elastic scattering of the 4He core from a 8He projectile
off a proton target in the laboratory frame. The length of the arrows represents
the momentum per nucleon (the velocity) of the incoming and outgoing particles.
Bottom:the equivalent proton-4He elastic scattering in their centre-of-mass frame.
[DAG+22]
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2.2 Neutron detectors

2.2.1 Gas detectors

Proportional counting tubes

The most commonly used method for measuring neutrons is via boron trifluoride

(BF3) gas-filled proportional counter tubes, which have a similar structure to the

Geiger-Muller (G-M) tube used for measuring γ rays. The tube is able to de-

tect thermal neutrons by generating ion pairs in the counting tube through the

10B(n, α)7Li reaction, and amplifying the output signal through the gas. It can

also record fast neutrons with a paraffin or High-density polyethylene (HDPE)

moderator placed outside the tube to thermalise neutrons before detecting them.

Boron ionisation chamber and fission chambers

Boron ionisation chambers and fission chambers are essential control components

in current reactors. They are used to measure the thermal neutron flux. The

thermal neutron flux in the reactor is directly proportional to the reactor power,

allowing this detector to monitor the start-up and operation of the reactor.

An electrode in the ionisation chamber is coated with a film containing con-

centrated 10B. When a neutron collides with the boron membrane, α particles and

7Li nuclei are generated via the 10B(n, α)7Li reaction. These charged particles

then ionise the gas, and the incident neutron flux is determined by recording the
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ionisation current they produce.

When the electrode of the ionisation chamber is coated with uranium-235

(235U), a fissile material, neutrons can be detected as well by recording the ionisa-

tion of fission fragments.

2.2.2 Scintillator detectors

Prior to the 1950s, gas detectors were predominantly used for neutron detection.

However, with the advent of scintillation technology, scintillator detectors have

become the most commonly used neutron detectors. The reason for this is that

neutron measurements are generally obtained indirectly through nuclear reactions,

and the penetrating power of neutrons is significantly greater than that of charged

particles and γ rays, thereby making it challenging to improve the detection effi-

ciency of neutron detectors. The advantageous features of scintillation detectors,

such as their high efficiency and fast time response, make them very useful for

enhancing the efficiency and increasing the counting rate.

However, the front end of scintillator detectors is typically larger than that of

semiconductor detectors, and their performance in strong mixed radiation fields

and high-temperature environments is less than ideal.
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Zinc sulphide activated with silver

Zinc sulphide activated with silver, ZnS(Ag), has different compositions for detect-

ing fast neutrons and thermal neutrons. The most commonly used fast neutron

scintillator is a mixture of ZnS(Ag) powder and plexiglass that is pressed into a

cylindrical shape at a high temperature. The working principle of this scintillator

is that recoil protons produced by fast neutrons in the plexiglass make ZnS(Ag)

scintillation light, which is transmitted through the plexiglass.

For detecting thermal neutrons, a scintillator made of a mixture of ZnS(Ag),

glycerin, and boric acid is commonly used. This mixture is pressed and sealed in

an aluminium (Al) box with a plexiglass lid. The reaction of 10B(n, α)7Li produces

α particles and 7Li, which make ZnS(Ag) emit light.

Lithium glass scintillators

The lithium (Li) glass scintillator is composed of cerium-activated Li glass, with

a composition of LiO2-2SiO2(Ce). It utilises T and α particles produced by the

6Li(n, α)T reaction to produce scintillation light.

Organic scintillators

All organic scintillators are hydrocarbons and contain a large number of hydrogen

atoms and can be used for fast neutron detection. Fast neutrons hit the hydrogen

nuclei and generate recoil protons by neutron-proton elastic scattering. The recoil
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protons cause the characteristic fluorescence of the scintillator, these photons are

detected via a photomultiplier tube (PMT), which is a sensitive device that de-

tects and amplifies low light levels. Photons enter the PMT and interact with the

photocathode, releasing primary electrons through the photoelectric effect. These

electrons are accelerated towards a series of dynodes, where they generate sec-

ondary electrons through secondary emission. This electron multiplication process

amplifies the initial signal, producing an electrical current at the anode. The gain

of PMT depends on the number of dynodes and applied voltage.

Another common feature of organic scintillators is that the luminescence decay

time is short, so it can be used for high-intensity neutron flux measurements. In

the time-of-flight (TOF) method for producing a fast neutron energy spectrum

measurement, an organic scintillator with a fast light emission time is currently

the only detector available.

The scintillation light output produced by electrons and heavily charged par-

ticles in organic scintillators is different. Appropriate pulse shape discrimination

techniques can be used to distinguish neutron pulses from γ-ray pulses. Therefore,

organic scintillators can measure neutrons in the presence of a strong γ-ray back-

ground. Organic scintillators currently used include anthracene crystals, plastic

scintillators, and liquid scintillators.
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2.2.3 Semiconductor detectors

Semiconductor detectors are characterised by small size, fast response, and high

energy resolution. Thin semiconductors exhibit a low sensitivity to γ rays and can

be optimised to provide an almost 100% intrinsic efficiency for charged particles.

Silicon detectors have been used in this way for decades.

However, it is important to note that most silicon-based (Si) semiconductor

detectors struggle to withstand radiation damage. The performance of Si-based

semiconductor detectors can degrade rapidly when exposed to high γ-ray back-

ground or high-flux neutron detection environments [LZYO19].

In summary, the most commonly used neutron detectors prioritise detection

performance over their ability to tolerate extreme environments. Due to the in-

trinsic properties of Si, ZnS and Li-based glasses, their detection performance will

decrease sharply as the temperature or the radiation intensity increases. These

detectors are not suitable for extreme environments where high temperature, high

pressure and strong radiation fields are prevalent, such as in nuclear reactor cores,

high-energy physics experimental environments, and deep space. New types of

semiconductor neutron detectors should be able to operate in environments with

neutron fluxes of at least 1012 neutrons/cm2 · s without significant performance

degradation.
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2.3 Wide-bandgap semiconductor materials for neu-

tron detection

The development of nuclear fusion, new generation nuclear fission reactors, and

outer space nuclear technology is closely linked to neutron detector research. How-

ever, the extreme and complex environments presented by such scenarios pose sig-

nificant challenges to neutron detectors, including high-intensity radiation fields,

high temperatures, high pressures, and corrosive conditions. To address these

challenges, more advanced neutron detectors are needed that can withstand use

in extreme environments. Several semiconductor materials, such as diamond, SiC

(silicon carbide), Ga2O3 (gallium oxide), and GaN (gallium nitride) are emerg-

ing as potential neutron detection materials due to their wide band gap, high

breakdown voltage, small dark current, fast carrier mobility speed, considerable

carrier drift distance, and higher thermal conductivity. These materials are ex-

cellent candidates for neutron detection in extreme environments. Research on

these materials will help accelerate the production of new semiconductor neutron

detectors to meet the demands of evolving nuclear technologies.
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2.3.1 Diamond

The diamond detector has a wide band gap (5.5 eV ), high melting point (4373◦C

at 127 kbar), strong radiation resistance, and a one hundred-hour service life un-

der high neutron flux [WMBC15, PAM+16]. Most diamond detectors are used

for X-ray detection, fusion neutron flux detection, and space detection technol-

ogy [BTM+01]. In the past, the main problem that limited the application of

diamond detectors was cost. Now, with the continuous maturity of Chemical Va-

por Deposition (CVD) and Metal-Organic Chemical Vapor Deposition (MOCVD)

technology, the cost of detector-grade diamond has dropped, laying the foundation

for the widespread application of diamond detectors.

Radiation resistance studies of CVD diamond, which irradiate the material

with photons, protons, pions, and α particles, demonstrate that its signal collection

properties do not change with photons up to 10 Mrad, protons up to 5×1013 cm−2,

and pions up to 8×1013 cm−2 [BBC+95]. It indicated that diamond detectors could

be used in an extreme environment with a practical service life. A 2006 study

reported a 6LiF-diamond detector with 100% charge collection efficiency (CCE)

and approximately 1.5% energy resolution for alpha particles [MMP+06].

In 2016, a pixelated instrument, consisting of 12 independent Single-crystal

Diamond Detector (SDD) matrices, was developed called the Diamond Vertical

Neutron Spectrometer (DVNS). The process and results of using DVNS to ob-
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tain a 2.5 MeV neutron spectrum in the deuterium plasma of the Joint European

Torus (JET) were also introduced [MGN+16]. Furthermore, compared with Si pho-

todiodes, single-crystal diamond diodes have better fast neutron time resolution

[VVRP+18]. In the same year, the thermal neutron and γ-ray detection perfor-

mance of a diamond detector with a LiF converter layer was studied [LCZ+19],

which further verified the thermal neutron detection capability and γ-ray rejection

capability of the detector. A study of the relationship between the detection per-

formance of diamond and the quality of crystal showed that the CCE of diamond

is affected by the quality of the crystal and the dislocation density [SHZ+21].

A study of the performance of diamond detectors in a high-temperature envi-

ronment showed that diamond can work properly in spectrometric mode at tem-

peratures up to 240◦C with energy resolution (FWHM) of about 3.5% [PAP+16].

In addition to a diamond detector with a LiF converter layer, the thermal neu-

tron detection performance of PIN diamond diodes using a boron nitride (BN)

converter layer was reported [HBK+20]. In recent studies, a real-time thermal

neutron measurement in a nuclear fusion reactor using SDD was reported. They

used a new pulse shape discrimination technology to distinguish thermal neutron

signals from energetic ions and γ-ray signals in nuclear fusion plasma [KAY+20].
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2.3.2 Silicon carbide

SiC has many good characteristics that make it suitable for neutron detection.

What is more, SiC has a similar processing technology to that of Si integrated

circuits and so can be adopted quickly.

Research on using SiC to detect neutrons started in 1999. It demonstrated that

SiC detectors could work properly under high neutron flux [SDR+99]. However,

neutron irradiation will create defects which will affect the CCE of SiC. In 2005,

the CCE of SiC Schottky diode with a β source was studied. The results showed

that SiC has high CCE for β-particles [MSP+05]. There was a study which gave the

performance comparison at room temperature between SiC and diamond under a

14 MeV neutron flux [OOK+18]. This study indicated that diamond had a higher

count rate than SiC. However, it is worth noting that this is not a normalized

comparison, and the active volume of SiC was limited to 21 µm. Simulations on

SiC PN diodes have been reported [MPA+19] and showed that the SiC PN diode

with a B4C converter layer has about 4% neutron detection efficiency.

In 2020, a study of the thermal neutron irradiation influence on structural

and electrical properties of n-4H-SiC and n-Al/n-4H-SiC Schottky contacts was

reported [VSM+20]. This study indicated that the neutron irradiation would af-

fect the electrical properties of the 4H-SiC detector, especially for n-Al/n-4H-SiC

Schottky contacts. Both Schottky and ohmic contacts are used to improve the
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performance of a novel SiC-based strip sensor. The spectrum obtained by the

detector shows clear α-particle events produced by neutron conversion products;

α-particles and tritons can be identified clearly from the spectrum obtained by the

detector [SPP+20]. SiC can be used as near-core neutron flux detectors owing to its

strong radiation resistance capability [KTS+20]. A radiation resistance capability

comparison between Si and 4H-SiC was conducted [HSVM20]. It demonstrated

that due to the lower thickness and high doping level, 4H-SiC is a more reliable

device than Si in a radiation environment.

2.3.3 Gallium oxide

Ga2O3 is a WBG semiconductor material with a band gap of approximately 4.8 eV ,

a theoretical breakdown field strength of 8 MV/cm, and electron mobility of

300 cm2/V · s. The Baliga figure-of-merit of β-Ga2O3 is four times that of GaN,

ten times that of SiC, and 3444 times that of Si. Moreover, large-size β-Ga2O3

with low defect density (103 cm−2 ∼ 104 cm−2) can be obtained by growing it on

a sapphire substrate, thereby lowering the cost of β-Ga2O3 devices as compared

to GaN and SiC devices.

The crystal structure of β-Ga2O3 was studied as early as 1960 [Gel60]. A 2019

study investigated induced defects in β-Ga2O3 Schottky diodes under high-energy

neutron radiation [FCB+19]. The results showed that high-energy neutron irradia-
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tion can reduce the number of carriers and have primary effects on the conduction

band energy (Ec), which increases the concentration of a state at −2.00 eV and

introduces a state at −1.29 eV . In addition, it was found that the neutron de-

tection performance of Ga2O3 can be improved by doping modest concentrations

of boron rather than high concentrations of boron to reduce defects in the mate-

rial [LLR20]. An increase in boron doping in Ga2O3 increases the likelihood that

boron atoms will collide with gallium or oxygen atoms and cause them to leave

the lattice, creating defects. Monte Carlo (MC) simulation results for Ga2O3,

however, show that Ga2O3 with a converter layer has a higher neutron detection

efficiency than boron-doped Ga2O3 [BY20]. The relationship between neutron

irradiation and defect concentrations and the anneal temperature influence on de-

fect distribution in Ga2O3 were presented in a 2020 study on Ga2O3 deep-level

defects [GMK+20]. Such work is essential in controlling the electric properties of

Ga2O3. Finally, a recent study presented a novel thin-film based neutron detector,

comprising CsPbBr3, Ga2O3, and a converter layer, which showed a new research

direction for using Ga2O3 in neutron detection [FIRBM+20].

2.3.4 Gallium nitride

GaN, with the biggest band gap among all commercial semiconductors, is a third-

generation semiconductor material that has shown potential for near-core neutron



Chapter 2. Background 27

detection [WMBC15].

In addition to its aforementioned characteristics, GaN has a very stable chem-

ical property. It can be grown on various substrates such as aluminum nitride

(AlN) [ASM+10], Si [DPR+03], sapphire [PFW+07], and SiC [RFS+00]. In 2014,

a BGaN detector with good α-particle sensitivity and low γ-ray sensitivity was

demonstrated, exhibiting good detection performance under high radiation con-

ditions [AIM+14]. A review of using GaN for ionisation detection was presented

in 2015 [WMBC15], while in 2017, a bulk GaN α-particle detector with improved

energy resolution under a bias of 550 V was reported [XMW+17], indicating that

GaN could have high energy resolution for neutron detection.

The radiation hardness of a PIN GaN-based α-particle detector was tested

under 10 MeV electrons, and the result showed that the detector could be used

for α-particle detection under a high-dose electron flux of up to 200 kGy [ZZT+18].

Furthermore, the high-temperature performance of the same detector was tested

[ZZL+18], revealing that the detector’s working temperature could reach 450 K.

A GaN neutron detector with LiF was fabricated in 2020, exhibiting a neutron

detection efficiency of about 1.9% under a 0 V bias [ZSZ+20]. Studies on using GaN

for fast neutron detectors [SVSN20] and boron neutron capture therapy (BNCT)

monitors [GMMW15, GGMW19] have also been conducted. In the same year,

compared to LiF converter layers, GaN with a B4C converter layer was reported
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to have higher neutron detection efficiency [ZA20].

In addition to layered structures, ion-implanted GaN detectors have been inves-

tigated [SRX+19]. Recent research has explored growing GaN on nitrogen-doped

single layer graphene (n-SLG) substrates [SKRK20], demonstrating that high elec-

tron contents in GaN can be achieved using this approach, which could facilitate

the fabrication of superior GaN devices. The short carrier lifetime in GaN makes

it challenging to measure the CCE accurately. A recent study has reported on

a simplified simulation of GaN CCE using the Hecht equation, as well as on the

effect of carrier lifetime on CCE under neutron irradiation [ZA22].

2.3.5 Summary

Table 2.1 presents the properties of different materials: Diamond, SiC, Ga2O3, and

GaN. It includes key properties such as bandgap, density, melting point, electron

drift velocity, and hole drift velocity.

Table 2.1: Material properties of four semiconductors for radiation detection at
300 K [WMBC15].

Property Diamond 4H-SiC Ga2O3 GaN

Bandgap 5.5 3.23 4.8 3.39
(eV )

Density 3.515 3.211 5.88 6.15
(g/cm3)

Melting point 4373 2857 1725 2500
(oC) (at 125 kbar) (at 35 atm)

Electron mobility 1800∼2200 800∼1000 300 1000
(cm2/V · s)
Hole mobility 1200∼1600 50∼150 1.3 30
(cm2/V · s) (undoped)
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2.4 Converter layer

A semiconductor detector with a layered structure utilises the nuclear reaction

method for detecting atoms. In neutron research, the concept of a reaction cross-

section is often introduced to describe the likelihood of a neutron interacting with

a substance. The unit for the microscopic reaction cross-section is the barn, with

1 barn equating to (10−24 cm2). Common semiconductor materials such as sili-

con, as well as wide-bandgap (WBG) semiconductors like gallium nitride (GaN)

and diamond, have low thermal neutron (0.025 eV ) reaction cross-sections. Con-

sequently, the probability of reactions is minimal, which leads to the challenge of

directly using semiconductors to generate a significant thermal neutron detection

signal. Due to this, a converter layer is incorporated within the layered structure

of the semiconductor detectors. This converter layer consists of materials with

a substantially higher thermal neutron reaction cross-section, such as boron (B),

lithium (Li), gadolinium (Gd), and others.

Once the neutrons are moderated and hit the converter layer, there is a pos-

sibility that they will initiate a nuclear reaction with the atoms within this layer,

resulting in the emission of secondary charged particles. These charged particles

have a certain initial kinetic energy, and if they are emitted in an appropriate

direction, they will enter the semiconductor layer. In the semiconductor layer,

they lose energy through Coulomb scattering, producing a columnar ionisation of
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high-density plasma in the form of electron-hole pairs. The semiconductor de-

tector then operates under a bias voltage, which serves to separate the produced

electron-hole pairs and to move the charges to the corresponding electrodes. As

the charges move within the detector’s electric field, each one induces a charge

in the external circuit. By integrating and measuring this with electronic devices

such as pre-amplifiers and main amplifiers, the relevant information regarding the

neutrons can be obtained.

2.4.1 Materials

As mentioned previously, various materials are used as converter layers in semi-

conductor neutron detectors. However, the converter layer introduces a new issue

for neutron detection. As it absorbs neutrons, the secondary particles can also

undergo ionisation within the converter layer, expending part of their energy. This

reduces the ionisation energy of the secondary particles in the semiconductor layer,

which is detrimental to detecting these charged particles. This issue is particularly

significant when a Low-Level Discriminator (LLD) is introduced to shield against

the energy of γ rays in the environment. Since incident radiation is typically a

mixture of neutrons and γ rays, separating these is crucial for a reliable neutron

detector and using an LLD is one way to achieve this. However, if the converter

layer is too thin, it will not produce a sufficient number of secondary charged
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particles for detection. Therefore, finding a balanced or optimal thickness for the

semiconductor converter layer is important.

In the research presented in this thesis, there is a particular focus on boron

carbide (B4C) and lithium fluoride (LiF) as materials for the neutron converter

layer.

Boron carbide

Boron carbide (B4C) is a ceramic material of exceptional merit, garnering atten-

tion in numerous high-end application domains due to its distinctive properties.

Boron-10 (10B), a stable isotope of boron, accounts for approximately 20% of the

natural abundance of boron and significantly augments the application potential

of boron carbide as a neutron absorber because of its presence.

The density of B4C is around 2.52 g/cm3. This density, along with the high

thermal neutron cross-section of 10B (3848 ± 40 b [SBB60]), bestows upon it su-

perior neutron absorption capability, rendering it an optimal choice for control

rods in nuclear reactors and neutron shielding materials [GVK+22]. The reaction

between 10B and thermal neutrons is shown in Eq. 2.1. It boasts an exceedingly

high melting point of about 2450oC, which ensures that B4C remains stable un-

der extreme temperature conditions, thus becoming a preferred material for the

manufacture of high-temperature furnaces and refractory materials [GVK+22].
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10B + n →



6%: 7Li(1.015MeV) + α(1.777MeV),

Q = 2.792MeV (to ground state)

94%: 7Li∗(840 keV) + α(1.470MeV),

Q = 2.310MeV (1st excited state)

(2.1)

B4C exhibits remarkable chemical stability. It is inert to water and most acids

at room temperature and also demonstrates good resistance to both oxidising

and reducing agents [GVK+22]. This chemical inertness allows B4C to retain its

functionality in chemically aggressive environments, fulfilling the requirements of

specific industrial applications.

Regarding hardness, B4C is among the hardest materials known, ranking just

below diamond. This quality makes it an ideal candidate for the production of

abrasives, cutting tools, and ballistic materials [DRHC11].

In summary, B4C, with its high density, elevated melting point, chemical sta-

bility, exceptional hardness, and superior neutron absorption capacity, plays an

indispensable role across various high-technology fields.

Lithium fluoride

Lithium fluoride (6LiF) is a material that has garnered widespread attention for

its applications in the field of neutron detection. This material exploits the high
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cross-section of the 6Li isotope for thermal neutrons (about 940 ± 4 b [FR16]),

producing α particles and tritium (T) through neutron capture reactions, thereby

enabling effective neutron detection [MAC+22]. The reaction between 6Li and

thermal neutrons is shown in Eq. 2.2.

Due to lithium’s high chemical activity, the stable isotope salt 6LiF is typically

preferred over pure 6Li. For the fabrication of neutron converters, i.e., depositing

thin layers of 6LiF onto an appropriate substrate, vacuum evaporation techniques

are commonly employed. This method, along with a newly developed chemical

deposition process, is detailed in the literature, with the respective advantages

and disadvantages discussed [MAC+22].

6Li + n →3 H(2.73MeV) + α(2.05MeV), Q = 4.78MeV (2.2)

In terms of neutron detection, 6LiF has proven to be an effective material. For

instance, when combined with ZnS(Ag), 6LiF can be used to create a scintillation

counter-based neutron detector, with its detection efficiency and resolution both

simulated and validated [BLT+22]. Additionally, 6LiF can be combined with other

materials such as gadolinium-yttrium-aluminum-gallium garnets (GYAGG) based

phosphors to form composite scintillation screens for neutron detection. This com-

posite material has shown sensitivity and γ ray background rejection comparable

to the widely used ZnS/6LiF screens, but with a response time that is 40 times
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faster [FKA+22].

Recent studies have also developed thermal neutron radiation detectors based

on ZnO-6LiF/polystyrene composite materials. This composite material has demon-

strated a significant response under neutron radiation sources, indicating its po-

tential applications in the field of neutron detection [SPD23].

In summary, 6LiF has attracted attention for its outstanding performance in

the domain of neutron detection, exhibiting high potential both as a pure material

and in combination with other materials.

2.4.2 Optimal thickness

An optimal converter layer thickness was sought to be identified, as previously

mentioned, with the aim of achieving maximum efficiency in semiconductor neu-

tron detection. Research on converter layers primarily composed of 10B was first

conducted in 1996 [MLBO96].

The study was initiated with detectors made of gallium arsenide (GaAs), which

were equipped with a 10B converter layer, and the effect of variations in the con-

verter layer thickness on neutron detection efficiency was examined.

It is illustrated in Fig. 2.3 that there exists a probability for particles to be

emitted in various directions once generated within the converter layer. Hence,

a solid angle problem is presented in the calculation, and it is assumed that the
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Figure 2.3: The probability of the reaction products entering the detector is a
function of the solid angle and the maximum allowable range (L) [MLBO96].

system becomes isotropic after the entry of neutrons into the converter layer.

As the neutron beam penetrates further into the converter layer, a decrease in

its intensity is observed, as depicted in Eq. 2.3 and Fig. 2.4.

I(x) = I0e
−Σ(D−x) (2.3)

Here, I0 represents the intensity of the neutron beam prior to reaching the

converter layer, D denotes the thickness of the converter layer, x indicates the

interaction depth from the contact, and the remaining term corresponds to the

macroscopic absorption cross-section.

The impact of the interaction depth within the converter layer on detection
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Figure 2.4: The initial thermal neutron intensity (I0) is reduced by absorption in
the 10B film thickness is greater than the maximum allowable attenuation range
(L) of either or both particles, the initial beam I0 will be reduced before reaching
the sensitive region. Depicted is the case in which the film is greater than both
the alpha particle attenuation range (Lα) and the Li ion attenuation range (LLi).
Hence the beam intensity is reduced to I ′0 at Lα and I ′′0 at LLi [MLBO96].
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Figure 2.5: Events occurring near the contact have a very high probability that
one of the reaction products will enter the detector. The probability diminishes as
the reactions take place further from the contact [MLBO96].
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sensitivity is demonstrated in Fig. 2.5. With an increase in distance from the

contact surface, a rapid decrease in the solid angle for Li ions is observed, whereas

the initial impact on α particles is less marked. A rapid decline in sensitivity for

one of the reaction products (Li ions) is generally observed as a result. At greater

distances, a reduction to zero in sensitivity for α particles is experienced. The

probability of neutron absorption per unit distance is described by Eq. 2.4.

P (x) = Σe−Σ(D−x)dx (2.4)

Two equations for the sensitivity of the charged particle detection model post-

conversion through the converter layer was provided [MLBO96], which integrated

the neutron conversion model with a 10B converter layer from a thickness of 0 to

D.

For D ≤ L:

S(D) = 0.5[(1 +
1

ΣL
)(1− e−ΣD)− D

L
] (2.5)

For D > L:

S(D) = 0.5e−Σ(D−L)[(1 +
1

ΣL
)(1− e−ΣL)− 1] (2.6)

The changes in detection sensitivity attributable to the two types of charged

particles are directly predictable by Eq. 2.5 and Eq. 2.6. An increase in sensitivity
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Figure 2.6: Calculated sensitivity of 10B coated GaAs Schottky barrier detectors
to thermal neutrons as a function of film thickness. Shown are the sensitivity con-
tributions from the Li ions and α particles as well as the resulting total sensitivity.
The analysis was performed for front side irradiation and a particle minimum en-
ergy requirement of 300 keV [MLBO96].
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is initially observed, as shown in Fig. 2.6, and a peak in sensitivity is reached when

the converter layer thickness attains a certain level. The optimised converter layer

thickness that is sought is represented by this thickness.

The calculation of the optimal thickness by figures, although possible, is ac-

knowledged as inconvenient. In this research, those equations were expanded upon,

and a method for calculating the optimal thickness of a converter layer that yields

dual charged particles was further derived. The details of this method will be elab-

orated in the methodology section, and it forms the foundation for the development

of calculation software.
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2.5 Monte Carlo method

The Monte Carlo (MC) method, also known as the statistical simulation method,

is a numerical calculation method guided by the theory of probability and statistics

that was proposed in the mid-1940s due to the development of science and tech-

nology and the invention of electronic computers. It involves the use of random

numbers (or, more commonly, pseudorandom numbers) to solve a wide range of

computational problems. It was invented in the 1940s by scientists Von Neumann,

Stanislav Ulam, and Nicholas Metropolis at Los Alamos National Laboratory. Its

counterpart is the deterministic algorithm. MC methods are widely used in various

research areas, including financial engineering, macroeconomics, biomedicine, com-

putational physics (e.g., particle transport calculations, quantum thermodynamic

calculations, aerodynamic calculations), and machine learning.

MC methods can be roughly divided into two categories. The first category

includes problems that are inherently stochastic, and their stochastic processes can

be simulated directly using computer. For example, in nuclear physics research, the

transport of neutrons through a reactor can be analysed by MC method. As the

laws of quantum mechanics limit the interaction between neutrons and nuclei, the

probability of their interaction can be identified, but not their accurate positions

when the neutron interacts with the nucleus and the travel speed and direction of

the new neutron produced by fission. Scientists conduct random sampling based
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on their probability to obtain the fission position, speed, and direction. After

simulating the behaviour of a large number of neutrons, the range of neutron

transmission can be obtained through statistics, which can be used as the basis

for reactor design.

The second category is where the problem being solved can be transformed

into the characteristic numbers of random distribution, such as the probability

of the occurrence of a random event or the expected value of a random variable.

Through random sampling, the probability of a random event is estimated in terms

of its frequency of occurrence, or the numerical characteristics of a random variable

are estimated in terms of the numerical characteristics of the sample and used as

the solution to the problem. This method is mainly used for solving complex

multidimensional integration problems.

Suppose there is a task to calculate the area of an irregular graph. The degree

of irregularity of the graph is proportional to the complexity of the analytical

calculation (e.g., integration). The MC method is based on the analogy that if

there is a bag of rice with an area of X per grain, scatter the rice evenly over

the graph and count how many grains are in the graph. This number of grains

multiplied by the average area of the rice is the area of the graph. When there

are smaller grains of rice, the more the rice scatters, the more accurate the result

will be. A computer programme can generate a large number of evenly distributed
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coordinate points. The points within the graph can then be counted, and the area

of the graph can be found by looking at their proportion of the total number of

points and the area of the range of coordinate points generated.

The GEometry ANd Tracking (Geant4) simulation toolkit uses the MC method

to simulate the reaction of particles with matter. When a particle is created in

a particle gun, the energy, momentum, and direction of emission of the particle

are determined within a range of parameters based on the input file. When the

particle touches the geometry, a random number is selected to determine whether

the reaction will take place. The results can be obtained by conducting a large

number of random simulations. More details about Geant4 will be provided in the

following section.
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2.6 Geometry and tracking

Geant4, which stands for GEometry ANd Tracking, is a MC simulation package de-

veloped by the European Organisation for Nuclear Research (CERN) using C++,

an object-oriented programming language, to simulate the physical processes of

particle transport through matter [AAA+03, AAA+16]. Geant4 offers a significant

advantage over commercial software such as Monte Carlo N-Particle Transport

(MCNP) and Electron Gamma Shower (EGS) in that the source code is open

source, allowing users to modify and extend it to suit their needs and broaden the

program’s range of applications.

At its core, Geant4 includes a comprehensive set of physical models that provide

control over particle-matter interactions across a wide range of energies. The source

code has been built with extensive data and expertise gathered from around the

world, making Geant4 a repository for most of the known particle interactions.

Geant4 is written in C++, and its simulation toolkit utilises advanced software

engineering techniques and object-oriented programming to achieve simplicity. For

instance, the way in which reaction cross sections are entered or calculated is sep-

arate from how they are used or accessed. Similarly, the calculation of final states

can be divided into alternative or complementary models depending on the energy

range, particle type, and material. Users can choose from these options to create a

specific application and implement the code in the user-operated classes provided
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by the toolkit. A significant issue with previous simulation codes was the difficulty

in adding new or different physics models, which limited their development due to

their increased size and complexity. In contrast, Geant4’s object-oriented approach

helps manage complexity and limits dependencies by defining a uniform interface

and common organisational principles for all physical models. This framework

makes it easier to identify and understand model functionality, and new models

can be created and added with minimal modification to existing code.

The idea of developing a Geant4 program was first introduced in two indepen-

dent studies completed by CERN and Japan High Energy Accelerator Research

Institute in 1993, with the goal of improving the existing FORTRAN-based Geant3

simulation program using modern computing techniques. These activities merged

in the autumn of 1994, and a collaboration was formed with over 100 scientists

and engineers from dozens of laboratories, universities, and research institutes in

Europe, Russia, Canada, Japan, and the USA, organised by the Probe Research

Committee at CERN. The project, known as RD44, aimed to build a completely

new program using object-oriented programming techniques based on the C++

language. The program was designed to simulate detectors with the necessary

functionality and flexibility to meet the requirements for the next generation of

subatomic physics experiments. It was evident that the tool would also benefit

the atomic nucleus, accelerator, space, and medical physics communities, leading
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to rapid expansion of the initial scope with more people joining from these sci-

entific fields. Initial studies were completed in December 1998, and Geant4 was

released in February 1999. Since then, Geant4 has been continuously developed

and improved with support from users.

The collaboration now benefits from the accumulated experience of many con-

tributors in the field of physical detectors and MC simulations of physical pro-

cesses. Although geographically distributed software development and large-scale

object-oriented systems are no longer new, Geant4 is perhaps the largest project

of its kind in terms of the size and scope of the code and the number of contribu-

tors. Each part of the Geant4 software corresponds to a distributable component

(library), managed separately by a working group of experts. In addition, there

are working groups for testing and quality assurance, software management, and

document management. The release coordinator is responsible for each group.

This distribution of responsibilities between a relatively large number of people

allows for a support structure in which external users can direct questions to the

appropriate experts.

Users can quickly build customised physical models using the tools in the

toolkit. All aspects of the simulation process included in the Geant4 toolkit are as

follows:

• The geometry of the simulated system
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• The material composition of the simulated system

• Particle sources

• Simulation of the main reaction events

• Particle reaction paths

• Physical processes controlling particle reactions

• Response of sensitive areas of the detector

• Customised storage of detection data

• Visualisation of detector geometry and particle paths

Users can build stand-alone applications or applications based on another

object-oriented framework. In either case, the toolkit will support everything

from the initial problem definition to the production of results and graphics for

output. To this end, the toolkit incorporates a user interaction interface, a built-in

console, and command interpreters, all designed to manipulate the various layers

of the simulation in a unified manner.

As depicted in Fig. 2.7, Geant4 is composed of several C++ classes. The

global class (global) comprises the unit, constant, number, and random number

handling systems. Particles and materials incorporate the settings required to

describe particles and materials’ physical properties and simulate particle-matter
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Figure 2.7: The Top Level Category Diagram of the Geant4 toolkit. The open
circle on the joining lines represents a using relationship; the category at the circle
end uses the adjoined category [AAA+03].
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interactions. The geometry module offers the ability to characterise the model’s

geometry. These fundamental classes are employed to construct the desired phys-

ical model. The process classes are invoked by these classes, including stepping,

tracking, event, and run. Stepping and tracking oversee the contributions pro-

duced when the trail’s state changes and provide information in sensitive regions

for inquiries. The event classes comprise the tracking and stepping classes, which

represent all the reactive processes generated by an emitting particle.

Utilising these classes and interfacing with devices external to the toolkit

through abstract interfaces, provide users with visualisation, persistency, and in-

terface capabilities.
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2.7 Molecular dynamics

Molecular dynamics (MD) is a set of molecular simulation methods combining

physics, mathematics and chemistry, originally based on the idea of Newtonian

mechanics for classical systems. The method focuses on the simulation of the

motion of molecular and atomic systems utilising computing power. It is a multi-

body simulation method that takes samples of a system consisting of different

states of the molecular system in order to calculate the conformational integrals of

the system and uses the results of the conformational integrals as a basis for further

calculations of the thermodynamic quantities and other macroscopic properties of

the system.

With the growth of computer processing power, MD has developed rapidly in

the last century. The MD method based on the rigid sphere potential was re-

ported in 1957 [AW57], after which a study on the simulation of the properties

of liquid argon using the Lennard-Jones potential function method was published.

Compared with the rigid spherical potential, this potential energy better describes

the interaction between particles. In 1974, MD methods were used to successfully

simulate the properties of water with molecular cluster behaviour [SR74]. After-

wards, constant pressure [And80], constant temperature [BPVG+84, EH85] and

giant canonical ensemble [CP91] MD methods were developed.

MD method basically consists of four steps: determining the initial configu-
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ration, entering the equilibrium phase, proceeding to the production phase, and

finally calculating the results. To begin with, the starting structure of the molecule

or system to be used in the simulation needs to be obtained, as shown in Fig. 2.8.

The starting structure should have a low energy and be able to remain sta-

ble. The general molecular starting structure is derived from experimental data or

quantum chemical calculations, e.g. first-principle calculations can be used to ob-

tain the corresponding data. Once the starting structure has been determined, the

individual atomic velocities are randomly generated according to the Boltzmann

distribution. The atoms will vibrate within the lattice. The temperature of the

system also tends to be constant. The randomly generated atomic velocities are

adjusted accordingly to the system to ensure that there are no translational shifts

in the system.

After this, the process of equilibrating the system is first carried out by intro-

ducing temperature or pressure. Once it has been determined that the structure

of the system to be simulated is correct and stable, classical Newtonian mechanics

is introduced for the calculation. During this process, the molecules and atoms

in the system will start moving according to the introduced initial velocities and

will attract, repel and collide with each other. The trajectory of each atom of the

system will be calculated according to the given interaction potential between the

atoms. The interaction potential has a significant influence on the results of the
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calculation and it is therefore important to ensure that an accurate interaction

potential is used to describe the interactions of the molecular atoms within the

system before the calculations are carried out. After computational time, the re-

sults of the simulations are calculated and the calculation process will be sampled

according to the time step set by users.

Figure 2.8: A snapshot of the molecular dynamics (MD) simulated system contain-
ing graphene membrane for Trihalomethanes (THMs) separation; (green: chlorine,
black: carbon, yellow: fluorine, red: oxygen and white: hydrogen). [AKJ15].
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2.8 Large-scale atomic/molecular massively parallel sim-

ulator

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is

a MD simulation package developed by the Sandia National Laboratories in the

United States [Pli95]. It can be used to perform MD simulations of solid, liquid and

gaseous particles. LAMMPS itself contains empirical potential functions for vari-

ous elemental atoms, allowing easy modelling of microscopic systems. LAMMPS

uses Message Passing Interface (MPI) as support for parallel operations. The new

version of LAMMPS also supports Open Multi-Processing (OpenMP) for multi-

threaded computing and graphics processing unit (GPU) acceleration. Specifically,

in the process of parallel operation, LAMMPS divides the simulation domain into

small sub-domains with the same computational cost by using the spatial decompo-

sition technique of MPI parallelisation. One of these subdomains will be assigned

to each processor. In addition, multi-threaded parallelisation and GPU accelera-

tion with particle decomposition are available. Early on, LAMMPS was written

in Fortran, but the code architecture has now been completely converted to C++.

LAMMPS uses neighbour lists to keep track of nearby particles. These lists are

optimised for systems with short-range repulsive particles so that the local density

of particles does not become too large. This is in contrast to methods used to
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model plasmas or gravitational bodies (e.g., galaxy formation). In terms of us-

age, users need to compose the LAMMPS input file. Apart from the setting of

boundary conditions and particle types, the input file contains three main parts.

The first section contains model parameters such as crystal structure, number of

atoms, type of atoms, and charge number of charged particles that need to be

calculated. The second part is mainly used to define the interaction force between

particles, that is, the definition of potential function. The third part is to select

the appropriate ensemble for MD calculation. The first two parts can be read di-

rectly from a separate file for the introduction of more complex crystal structures

and potential functions. Open visualisation tool (OVITO) [Stu09] is the software

typically used for visualising LAMMPS results. In addition, the new version of

LAMMPS [TAB+22] also opens the Python interface, which can be used directly

for data processing.



Chapter 3

Methodology

In this chapter, the methodology employed to investigate various aspects of the

research on radiation detection and damage simulations in semiconductors is pre-

sented. The approach encompasses a comprehensive suite of techniques, including

radiation detection simulations, a converter layer thickness calculation program

based on LLD, an automatic thickness optimisation programme based on the

Geant4 toolkit, indirect detection simulations, and radiation damage simulations.

Additionally, the search for threshold displacement energy (TDE) of CsPbBr3.

Each of these methodologies has been carefully chosen and implemented to ad-

dress specific research questions and contribute to a deeper understanding of the

underlying phenomena. In the following sections, a detailed description of each

method is provided, outlining their rationale, and implementation.

55
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3.1 Developed programme

3.1.1 Converter layer thickness calculation programme

In the context of B4C and LiF, two types of charged particles are generated by

the neutron reaction with the converter layer. Hence, by analysing the effects of

the two types of charged particles on the detection efficiency, the optimal guidance

thickness of the converter layer under different LLDs can be directly determined.

Assuming that the secondary particles are emitted at an angle of 180o, meaning

that the two secondary charged particles move along the same line but in opposite

directions during the recoil process, their energies can be calculated using the

conservation of momentum and energy, as well as the reaction Q-value. These

calculated energies are the same as those shown in Eq. 2.1 and Eq. 2.2. These

energies serve as the initial energies of the particles. As an example of the reaction

between 10B and thermal neutrons, the derivation is illustrated as follows:
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∵ pLi = −pα

∴ p2Li = p2α = p2

∵ ELi =
p2

2mLi

and Eα =
p2

2mα

∵ ELi + Eα = Q

∴
p2

2mLi

+
p2

2mα

= Q

∴ p2
(

1

2mLi

+
1

2mα

)
= Q

∴ p2
(
mα +mLi

2mLimα

)
= Q

∴ p2 =
2QmLimα

mα +mLi

∵ ELi =
p2

2mLi

and Eα =
p2

2mα

∴ ELi =
Qmα

mα +mLi

∴ Eα =
QmLi

mα +mLi

Under this assumption, the range L of the particles in the converter layer can

be calculated using their initial energies. For the two different charged particles,

these ranges are denoted as L1 and L2. Therefore, there will be three scenarios

for the optimal thickness D of the converter layer relative to the ranges L1 and

L2 of the two types of charged particles within the converter layer materialise:

D ≤ L1 < L2, L1 < D < L2, and L1 < L2 ≤ D.
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1. For D ≤ L1 < L2, when considering the presence of two types of charged

particles, the following formula is derived from the equations in the last

chapter:

S(D) =0.5[(1 +
1

ΣL1

)(1− e−ΣD)− D

L1

] (3.1)

+ 0.5[(1 +
1

ΣL2

)(1− e−ΣD)− D

L2

]

The first derivative is then calculated to obtain:

S ′(D) = Σe−ΣD +
0.5e−ΣD − 0.5

L1

+
0.5e−ΣD − 0.5

L2

(3.2)

Setting the first derivative equal to zero allows for the determination of the

function’s extremum:

D1 =
ln( 2Σ

1
L1

+ 1
L2

+ 1)

Σ
(3.3)

It is straightforward to ascertain that D1 is greater than zero since both the

numerator and denominator are greater than zero. However, it is challenging

to determine whether it is less than L1. D1 can be calculated using numerical

methods because the values of constants in the equation are known. If D is

less than L1, the value of S(D1) is directly taken as the maximum value of

the interval. If D1 is greater than L1, then further analysis is required.
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The first derivative is inconvenient for making a determination. The second

derivative is subsequently solved for, yielding:

S ′′(D) = −Σ2e−ΣD − 0.5e−ΣD

L1

− 0.5e−ΣD

L2

(3.4)

Observation reveals that the second derivative is continuous and less than

zero throughout the interval [0, L1]. This implies that the first derivative is

monotonically decreasing within this interval. Therefore, S ′(L1) represents

the minimum value of the first derivative in this range. Consequently, by

evaluating whether S ′(L1) is greater than zero, the monotonicity of the func-

tion in this interval can be further analysed. According to assumption, it has

been known that when the D1 is taken, the first derivative is equal to zero,

and D1 is greater than L1. The derivation is illustrated as follows:

∵ S ′(D1) = Σe−ΣD1 +
0.5e−ΣD1 − 0.5

L1

+
0.5e−ΣD1 − 0.5

L2

= 0

∴ e−ΣD1 =
1

1 + 2Σ
1
b
+ 1

c

∵ D1 > L1 > 0 Σ > 0

∴ e−ΣD1 < e−ΣL1

∴ e−ΣL1 >
1

1 + 2Σ
1
b
+ 1

c

∴ S ′(L1) > 0
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From above derivation, S ′(L1) > 0 can be obtained. This indicates that

the function is monotonically increasing within this interval, and thus, the

maximum value of S(D) is attained when D = L1.

2. For L1 < D < L2 ,the formula of S(D) is shown in Eq. 3.5.

S(D) =0.5e−Σ(D−L1)[(1 +
1

ΣL1

)(1− e−ΣL1)− 1] (3.5)

+ 0.5[(1 +
1

ΣL2

)(1− e−ΣD)− D

L2

]

Same to the last condition, the first derivative is then calculated to be ob-

tained in Eq. 3.6:

S ′(D) = Σe−ΣD +
0.5e−ΣD − 0.5

L2

− 0.5e−Σ(D−L1)(−e−ΣL1 + 1)

L1

(3.6)

Setting the first derivative equal to zero allows for the determination of the

function’s extremum, D2:

D2 =
ln(2ΣL1L2+L1+L2(1−eΣL1 )

L1
)

Σ
(3.7)

To ascertain whether the S(D2) is a maximum or a minimum, points imme-

diately to the left and right of D2, denoted as D2L and D2R, are selected for
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evaluation.

∵ D2L < D2 < D2R

∴ S ′(D2L) > S ′(D2) > S ′(D2R)

∵ S ′(D2) = 0

∴ S ′(D2L) > 0 > S ′(D2R)

From the aforementioned derivation, it can be understood that the first

derivative is greater than zero to the left of D2, and less than zero to the

right of D2, indicating that S(D2) is the maximum point within the interval.

3. For L1 < L2 ≤ D, the formula of S(D) is shown in Eq. 3.8.

S(D) =0.5e−Σ(D−L1)[(1 +
1

ΣL1

)(1− e−ΣL1)− 1] (3.8)

+ 0.5e−Σ(D−L2)[(1 +
1

ΣL2

)(1− e−ΣL2)− 1]

Due to the function’s monotonic decrease, the maximum detection efficiency

is approached as D nears L2, hence the calculation is based on L2. S(L2) is

greater than the maximum value in this interval.
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The maximal sensitivities within the three respective intervals are computed

directly. By comparing these three sensitivities, the thickness corresponding to the

greatest sensitivity value is identified as the optimal guidance thickness.

A calculation program for the optimal thickness of boron and lithium-type

converter layers has been developed, with Python serving as the programming

language. The code has been packaged using PyInstaller, resulting in an executable

program. The interface of the program is depicted in Fig. 3.1.

Figure 3.1: The window of the converter layer thickness calculation programme.

In the converter layer material, the ranges of the two types of charged particles

are represented by L1 and L2, and the macroscopic neutron absorption cross-

section of the converter layer is denoted by Σ. This cross-section is determined

by the density of the converter layer material and the content of 10B and 6Li.

In the calculations performed by this program, the different ranges of secondary

charged particles within the converter layer under various LLDs have been taken
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into account.

The particle ranges under different LLDs can be found in Tab. 3.1 and Tab.

3.2. These data are utilised to ascertain the optimal converter layer thicknesses

at various LLD settings. The data were obtained using the SRIM (Stopping and

Range of Ions in Matter) software.

Table 3.1: The ranges of α-particle and 7Li in B4C under LLDs ranging from
100 keV to 900 keV . Q = 2.310 MeV

LLD (keV ) 100 200 300 400 500 600 700 800 900

α (µm) 2.94 2.72 2.51 2.30 2.10 1.90 1.71 1.52 1.34

7Li (µm) 1.49 1.36 1.23 1.09 0.93 0.74 0.51 0.19 0.00

Table 3.2: The ranges of 3H and α-particle in LiF under LLDs ranging from
100 keV to 900 keV . Q = 4.78 MeV

LLD (keV ) 100 200 300 400 500 600 700 800 900

α (µm) 5.52 5.23 4.95 4.67 4.40 4.13 3.87 3.61 3.36

3H (µm) 30.49 28.80 27.15 25.54 23.97 22.44 20.96 19.52 18.12

In the forthcoming version, it is intended that the Bethe-Bloch equation will

be introduced to allow for the direct calculation of the ranges of the two types

of charged particles within the converter layer based on the LLD provided by the

user, thereby enhancing the user experience.
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3.1.2 Search for threshold displacement energy programme

The TDE is the minimum kinetic energy required for an atom to be permanently

displaced from its lattice site to a defect position. It is also known as displacement

threshold energy or displacement energy.

While conducting studies on the neutron radiation resistance of CsPbBr3, lim-

ited TDE studies on CsPbBr3 were found. Therefore, LAMMPS toolkit was used

to obtain the TDE of CsPbBr3 computationally, and based on this, an automatic

TDE search programme for CsPbBr3 with a command line interface was developed

based on Linux scripts.

Since the crystal structure of CsPbBr3 is highly symmetrical, it is not neces-

sary to calculate every angle in space when calculating the TDE. The spherical

coordinate system is used with azimuthal angle (ϕ) uniformly chosen between 0◦

and 90◦, polar angle (θ) between 0◦ and 90◦, and an angle step size of 5◦ for both

ϕ and θ, resulting in a total of 361 directions.

To balance the speed and accuracy of the calculations, a simulation supercell

(10×10×10) containing 5000 atoms was employed. The isothermal-isobaric en-

semble is known as NPT in molecular dynamics (MD) simulations. NPT stands

for an ensemble in which the Number of particles (N), Pressure (P), and Temper-

ature (T) are kept constant during the simulation. It was used to equilibrate the

system until it reached the required temperature. The system was equilibrated at
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specific temperatures of 100 K, 200 K, 300 K, and 400 K. The size of the system

was slightly adjusted during the relaxation process to help the equilibration. After

equilibration, a Langevin thermostat [HLM82], [Eva83] was applied to the system’s

edge, and the microcanonical ensemble, which is known as NVE. NVE stands for

an ensemble in which the Number of particles (N), Volume (V), and Energy (E)

are kept constant during the simulation. It was used for cascade simulations.

For each direction, a Cs, Pb, or Br atom around the central region of the system

was selected as a primary knock-on atom (PKA). The Bisection method was used

to obtain the TDE for each type of atom. If the relationship between the velocity

of the PKA (v) and the number of defects (N) is expressed as f(v) = N , then the

process is illustrated below:

1. Find two velocities, say v1 and v2, such that v1 < v2 and f(v1) = 0 and

f(v2) > 1.

2. Find the midpoint of v1 and v2; say v3.

3. v3 is the final velocity of the given function if f(v3) = 1; else follow the next

step.

4. Divide the interval [v1, v2]. If f(v3) > 1, theres exist a solution between v1

and v3, else if f(v3) = 0, there exists a solution between v3 and v2.

5. Repeat above steps until f(v) = 1. The kinetic energy of an atom with
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velocity v3 is the TDE in this direction.

In order to determine the TDE, the counting of defects is a crucial step. The

Wigner-Seitz (WS) cell method [WS33], implemented in OVITO, is employed to

count the defects.

The last frame from the equilibration simulation is considered as the reference

‘defect-free’ configuration. The centre of a WS cell is defined by each atom site in

the reference frame. Any atom located within the WS cell is deemed to occupy

this site. By counting the number of atoms present in each WS cell, vacancy,

interstitial, and antisite defects can be identified in subsequent frames.

In TDE simulations, the final frame of the cascade simulation is used to study

the number of defects that have occurred. By counting the number of defects

present in this final frame, researchers can determine whether the PKA energy

used in the simulation is equal to or greater than the TDE. As mentioned earlier,

if the number of defects is greater than 1, it indicates that the PKA energy is

greater than the TDE. If the number of defects is equal to 1, it suggests that the

PKA energy is equal to the TDE. If the number of defects is less than 1, it implies

that the PKA energy is less than the TDE. Therefore, the numerical value of the

TDE can be obtained.
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3.1.3 Automatic semiconductor layer thickness optimisation pro-

gramme

When employing the Geant4 toolkit for semiconductor layer thickness optimisa-

tion, it is essential to determine the neutron detection efficiency of the detector at

varying thicknesses. Although the Geant4 toolkit supports changing specific vari-

ables during operation, this method has a disadvantage in that it requires waiting

until a specific thickness calculation is completed before the next calculation can

commence. In cases where the number of simulated neutrons is substantial, the

speed of MC calculation can be prolonged, often spanning tens of hours and detri-

mental to research efficiency. Despite the Geant4 calculation code being deployable

on supercomputers that utilise multiple cores, waiting for the completion of one

thickness calculation before the next calculation can commence is still necessary.

Therefore, this study developed a Linux script-based programme that auto-

matically generates Geant4 source files with varying thicknesses and submits them

for computation to the supercomputer. The programme generates multiple source

files for a list of thicknesses set by users and modifies each source file accordingly.

As a result, the parallel simultaneous calculation of various thicknesses is achieved,

significantly reducing the computation time. Users can also use the serial opera-

tion mode to save storage space, as the program will automatically delete old files,

except for the results of each calculation.
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3.2 Radiation detection simulations

3.2.1 Semiconductor layer thickness optimisation simulations

The detector utilised during the simulations is structured as shown in Fig. 3.2, it

has an active area of 1 cm2. The detector comprises two layers, with the upper

layer being a converter layer containing B4C or LiF and the bottom layer being the

semiconductor layer. During thermal neutron detection, thermal neutrons initially

react with the converter layer, producing charged particles such as α particles or

tritium. These charged particles then generate electron and hole pairs along their

track in the semiconductor. The generated electrons and holes will drift in the

semiconductor material with the aid of an external electric field, which in turn

induces a current in an external circuit that can be detected. This simulation study

did not include a dead layer, nor did it involve ion implantation and doping of the

semiconductor material. Consequently, the detection efficiency can be deemed as

the intrinsic thermal neutron detection efficiency of the material.

Figure 3.2: Schematic structure of the simulated detector.

The research primarily focused on studying the response of detectors to neu-

trons. For the simulations, Geant4 version 10.7 was utilised alongside the FTFP B-
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ERT HP physics list. The FTFP BERT HP physics list employs high precision

neutron models and cross-sections to describe elastic and inelastic scattering, cap-

ture, and fission for neutrons. During simulations, the neutron source was placed

1 cm above the centre of the upper surface of the detector. To reduce uncertainty

while maintaining an acceptable simulation runtime, each simulation incorporated

50 million neutrons. The High-End Computing (HEC) Cluster at Lancaster Uni-

versity was employed to perform these simulations.

NΩ = NTotal ×
Ω

4π
(3.9)

ε =
Pulses

NΩ

(3.10)

The absolute detection efficiency of the detector is calculated using Eq. 3.9 and

Eq. 3.10. NΩ represents the number of neutrons emitted by the source at an angle

Ω (rad), and NTotal is the total number of particles emitted from the neutron. ε

represents the ratio of recorded pulses to the number of particles at angle Ω (NΩ)

obtained from the simulation.

The detection efficiency is expressed as a percentage, with one decimal place

retained. The semiconductor thickness at which the detection efficiency reaches

its maximum is considered the optimal thickness.

To eliminate background counting during the actual detection process, a LLD

was introduced. Following previous studies, LLD from 100 keV to 900 keV were

employed [MHY+03] to evaluate the influence of different LLDs on the detection
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efficiency curve.

For different semiconductor neutron detector materials with the same converter

layer material and LLD, the optimal thickness of the converter layer should be

identical [WMBC15]. Therefore, B4C and LiF were selected as the converter layer

materials. The enrichment levels of 10B in B4C and 6Li in LiF for the simulations

are both 99.99%. This enrichment level for 10B in B4C is not difficult to achieve

and can be purchased from American Elements. For 6Li in LiF, achieving this

enrichment level is possible but remains challenging. However, to test the poten-

tial maximum detection efficiency of a detector with a 6LiF converter layer, an

enrichment level of 99.99% for 6Li is still chosen. LiF with 95% atom mass of 6Li

can be obtained from Merck. For the converter layer thickness, the results with

300 keV LLD were compared with those of other researchers [MHY+03], and the

thicknesses of the two converter layers for different LLD simulations were stud-

ied. In addition, the results obtained from theory were compared with Geant4

simulation results.

In summary, the semiconductor layer thickness was optimised by exploring the

relationship between the semiconductor layer thickness and the detector’s detection

efficiency with fixed converter layer thickness.
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3.2.2 Gamma resistance simulations

The Geant4 configuration for the study of γ-ray rejection capabilities is funda-

mentally similar to that used for neutron irradiation simulations. The primary

distinction lies in the substitution of the radiation source from a neutron source

to a γ source. Furthermore, the energy range of the γ rays is set from 0.5 MeV

to 1.5 MeV . The choice of this energy range is due to many common γ-ray

sources, including radioactive isotopes such as cobalt-60 (60Co) and caesium-137

137Cs, which emit γ-ray energies within this range (1.173 MeV and 1.332 MeV

for 60Co, 0.662 MeV for 137Cs). Therefore, simulating the intrinsic detection effi-

ciency within this energy range can reflect the detector’s performance in practical

applications. Furthermore, selecting a 0.1 MeV energy step is intended to balance

the coverage of the energy range with the simulation duration. Gamma rays of

energy below 0.5 MeV are not considered, as they would be filtered out by the

LLD. The thickness of the semiconductor is increased incrementally from 0 µm to

80 µm.

The γ-ray rejection capability of the detector was evaluated by calculating

the γ-ray detection efficiency of the detector. The γ-ray detection efficiency was

computed using Eq. 3.9 and Eq. 3.10. Using this method, the γ-ray rejection

capability of detectors consisting of different materials was assessed.

The maximum allowable thickness of the semiconductor was determined for
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scenarios where the γ-ray energy range lies between 0.5 MeV to 1.5 MeV , under

a 300 keV LLD, ensuring that the intrinsic γ detection efficiency is less than 10−6.

Ideally, the intrinsic detection efficiency for γ should be zero to guarantee that

no γ exposure can trigger ‘false-positive’ neutron counts. However, the standard

specifications for radiation portal monitors stipulate that the intrinsic detection

efficiency for γ ray should be less than 10−6 [MKM+12].
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3.3 Displacement damage simulations

3.3.1 Molecular dynamics simulations

In 2021, CsPbBr3 was first used for neutron detection with a converter layer

[EBKAA+21]. When neutrons collide elastically with an atom, if the kinetic energy

imparted by the neutrons is greater than the TDE of the lattice site, the atom will

be knocked out of the lattice, creating a vacancy and an interstitial atom. There-

fore, the TDE of a material is an indicator of its radiation resistance. However, to

the best of our knowledge, at the time this thesis was written, there have been no

studies on the TDE of CsPbBr3 using MD simulations or on the effects of neutron

radiation on CsPbBr3 at different temperatures.

In this section, the MD simulations configuration used for TDE search of

CsPbBr3 will be introduced, which includes the crystal structure and potential

information.

The structure of CsPbBr3 used in the MD simulations is illustrated in Fig. 3.3.

The density used in this research is 4.42 g/cm3. The crystal system is cubic. The

Hermann-Mauguin symbol is Pm3̄m[221]. Hall group is −P 4 2 3. The lattice

parameters are a = b = c = 6.017 Å and α = β = γ = 90o [Pro20].

Molecular dynamics utilises a potential model to calculate the interactions be-

tween atoms. The choice of potential model can significantly affect the results of

the simulation. In this research, the Lennard-Jones (LJ) 12-6 potential [Jon24] and
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Figure 3.3: Crystal structure of CsPbBr3 for the molecular dynamics (MD) sim-
ulations performed. It shows green spheres representing Cs atoms, yellow spheres
representing Br atoms, and Pb atoms inside the gray rhombi.

Coulomb potential were used. The general form of the potential model is shown

in Eq. 3.11, Eq. 3.12, and Eq. 3.13.

Vlj(rij) = 4ϵ(
σ12

r12ij
− σ6

r6ij
) (3.11)

Vcoul(rij) =
qiqj

4πϵ0rij
(3.12)

V (rij) = Vlj + Vcoul (3.13)

In Eq. 3.11, Eq. 3.12, and Eq. 3.13, the atom labels i and j represent two

interacting atoms, and rij represents the distance between them. Equation 3.11

describes the LJ 12-6 potential, where ϵ represents the depth of the potential well

and σ is the separation distance where the potential energy is zero. Equation.

3.12 describes the Coulomb potential, where qi and qj represent the charges of

the two interacting ions, and ϵ0 is the permittivity of a vacuum. Equation. 3.13
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combines the LJ 12-6 potential and the Coulomb potential to describe the overall

interaction between the atoms. This potential model was derived and optimised

using density functional theory (DFT) and was successfully employed to predict

the phase transfer of CsPbBr3 [BLF
+20]. The potential model parameters used in

this study are listed in Tab. 3.3.

Table 3.3: Force field parameters for the potential model used in LAMMPS simu-
lations. ϵ represents the depth of the potential well. σ is the separation distance
where the potential energy is zero. q represent the charge of the ions.

ϵ(eV ) σ(Å) q(e)

Cs 0.5784 2.927 0.86

Pb 0.01071 20524 1.03

Br 0.01023 4.129 -0.63

In addition, the Ziegler-Biersack-Littmark (ZBL) [ZZB10], shown in Eq. 3.14,

is applied to the LJ and Coulomb potential in the cascade simulation at small

distances. The ZBL potential is a widely used empirical potential for modeling the

interactions between energetic ions and target atoms in nuclear collision cascades

and ion implantation simulations. The potential is based on the Thomas-Fermi

model and the effective charge concept. It describes the short-range repulsive

forces that dominate when two atomic nuclei come close together. In Eq. 3.14, e

represents the electron charge, ϵ0 denotes the electrical permittivity of a vacuum,

and Zi and Zj correspond to the nuclear charges of the two atoms. It is worth
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noting that the values of Zi and Zj typically equal the atomic numbers of the

respective atom types. ϕ(rij/a) is the universal screening function. It is the key

component of the ZBL potential and used to reproduce the repulsive part of the

screened Coulomb potential for various elements. The factor a in ϕ(rij/a) is a

scaling factor. This factor is introduced to account for the specific atomic species

involved in the interaction, ensuring that the potential is suitable for a variety

of different materials. S(rij) is a switching or screening function that smoothly

transitions the ZBL potential to another potential (often a long-range potential)

at larger interatomic distances. This is done to combine the short-range repulsive

ZBL potential with a more comprehensive potential that also accounts for other

types of atomic interactions, such as covalent bonding and van der Waals forces.

The spline is performed using the atsim.potentials package.

EZBL
ij =

1

4πϵ0

ZiZje
2

rij
ϕ
(rij
a

)
+ S(rij)

a =
0.46850

Z0.23
i + Z0.23

j

ϕ(x) = 0.18175e−3.19980x + 0.50986e−0.94229x

+ 0.28022e−0.40290x + 0.02817e−0.20162x

(3.14)

The potential curves variation with distance are illustrated in Fig. 3.4. Poten-

tial curves represent the potential energy of a molecular system as a function of the
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atomic positions or interatomic distances. They play a crucial role in determining

the forces acting on atoms and the resulting dynamics of the system.
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Figure 3.4: Potential curves for molecular dynamics (MD) simulations.
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3.3.2 Monte Carlo simulations

It is difficult for thermal neutrons to induce cascade collisions among semiconduc-

tor atoms due to their low energy (0.025 eV ). However, the neutron energy in

the environment around the detector could be higher, especially during a nuclear

accident when the reactor core will leak high-energy neutrons. Therefore, the

radiation damage effects of high-energy neutrons on detectors are studied. The

radiation damage effects are mainly ionisation damage and displacement damage.

For neutron irradiation, ionisation damage is negligible; therefore, displacement

damage is studied.

When a high-energy neutron collides elastically with an atom within the semi-

conductor, there is a certain probability that the atom will move and leave the

lattice position. As mentioned in previous sections, an atom that is hit by a neu-

tron and causes it to displace is called a primary knock-out atom (PKA). Since

a PKA has part of the kinetic energy of the neutron, it will continue to collide

elastically with other atoms. Atoms that collide with PKAs and cause further dis-

placements are called Secondary Knock-on Atoms (SKAs). The process is shown

in Fig. 3.5.
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Figure 3.5: The illustrative process of neutron-induced Primary Knock-on Atoms (PKA) and Secondary Knock-on Atoms (SKA) in the
semiconductor material. [ZA21a]
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Material defects can be caused by the accumulation of these displacements.

Therefore, the radiation resistance of the material can be predicted by calculating

the displacement per atom (DPA). In this part of the study, the PKA energy spec-

tra generated by 1 MeV neutron flux were simulated, as this energy represents

the defined energy level for fast neutrons. The thicknesses of the semiconductor

materials were determined through thickness optimisation, and the semiconduc-

tors were irradiated with a converter layer coating. Atomic displacements were

calculated using a model that considered the kinetic energy transfer, as shown in

Eq. 3.15 [NZS+18].

Nd(Td) =



0 Td < Ed

1 Ed ≤ Td <
2Ed

0.8

0.8Td

2Ed

2Ed

0.8
≤ Td < ∞

(3.15)

Where Nd is the predicted number of atom displacements and Td is the damage

energy (eV ) which is the kinetic energy transferred to PKA from a neutron in this

study. Ed is the TDE (eV ). Table 3.4 shows the TDE for diamond, 4H-SiC, Ga2O3

and GaN. The TDE of CsPbBr3 will be obtained in the later chapter. To perform

a qualitative analysis of the radiation hardness of these materials and to simplify

the simulations, the TDE for GaN was set to the average TDE of Ga and N in

GaN, which is 20 eV , and the TDE for SiC was set to 27 eV , which is the average

TDE of Si and C in SiC. A 1 MeV neutron flux was used as the particle source in
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these simulations.

Table 3.4: Threshold displacement energy for diamond, 4H-SiC, Ga2O3 and GaN.
Reference to source is shown in square parentheses.

Diamond 4H-SiC Ga2O3 GaN

TDE (eV ) 35 Si:35 C:20 25 Ga:18 N:22

[WMBC15] [WMBC15] [KPF+19] [WMBC15]

Additionally, the radiation damage prediction model for studying semiconduc-

tor PKA spectra has been successfully employed to conduct energy deposition

analysis of B drug capsules under neutron irradiation [SGF+23]. The simulation

results are in good agreement with the experimental data, which confirms the

effectiveness of the simulation model.
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Results

This chapter presents the results of the simulations and analytical methods covered

in the previous chapter. Advancements in wide-bandgap (WBG) semiconductor

neutron detection materials are explored, focusing on the validation of the MC

simulation model, optimal thickness for converter and semiconductor layer, the

study of TDE of CsPbBr3, microscopic radiation damage, and γ-ray rejection ca-

pabilities. The comparison of alpha-particle range from MC simulation and SRIM

simulation is addressed in the first section, ensuring the accuracy of the Geant4

simulation framework. The second section gives the results of optimal thicknesses

of the converters and indirect detection materials. The TDE of CsPbBr3 is in-

vestigated in the third section, and the results of the third section will be used

in the fourth section, microscopic neutron radiation resistance. Gamma rejection

capabilities, crucial to neutron detectors, are evaluated in the last section.

82
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4.1 Monte Carlo simulation model validation

The primary interaction involving thermal neutrons, with an energy of 0.025 eV ,

and the converter layer (either B4C or LiF) is the reaction of thermal neutrons with

either B or Li. As highlighted in the preceding section, these reactions generate

charged particles, which then deposit energy in the detector. Therefore, it is crucial

to ensure that the MC simulation model correctly reflects the energy loss of charged

particles in the material.

The validation process involves obtaining the range of α-particles in the BN.

The results of the validation are then compared with those calculated by Stopping

and Range of Ions in Matter Software (SRIM). According to the SRIM calculation,

the range of an α-particle in BN with an energy of 5.84 MeV is 25.76 µm (Fig.

4.1). This energy was selected because it is the typical α-particle energy from a

241Am source, which is the source used in α-particle detection experiments.

Figure 4.2 illustrates the detection efficiency of α-particles as a function of BN

thickness obtained using the research model in this study. The data reveal that the

detection efficiency is 99.9667% at 25 µm and 100% at 26 µm, indicating that the

range of the 5.84 MeV α-particle in the BN is between 25 µm and 26 µm. This

outcome aligns with the predictions of SRIM, thereby confirming the precision of

the model’s configuration in estimating the energy dissipation of charged particles

within the material. Additionally, it further confirms the accuracy of the neutron
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detection efficiency obtained through the model.

Figure 4.1: Calculation result of 5.84 MeV α-particle in BN from SRIM.

To further verify the accuracy of the simulation process, the optimal thicknesses

of the two converter layers were compared with the results of previous studies

[MHY+03] as shown in Tab. 4.1.

The thicknesses of the B4C and LiF converter layers were optimised for use

with semiconductors. Figure 4.3 illustrates the thickness and neutron detection

efficiency curves of B4C and LiF on a 30 µm GaN film with 300 keV LLD and

900 keV LLD. The concentrations of 10B and 6Li are both at their natural abun-

dances. As depicted in Fig. 4.3, the neutron detection efficiency of the detector
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Figure 4.2: 5.84 MeV α-particle detection efficiency versus BN thickness.

rises and then falls as the thickness of the converter layer increases. According to

the same figure, the optimmal thicknesses of the B4C converter layer are about

2.6 µm (300 keV LLD) and 1.7 µm (900 keV LLD). For LiF, the optimmal thick-

nesses are about 30.6 µm (300 keV LLD) and 27.0 µm (900 keV LLD).

To facilitate better comparison with the results of other researchers, the enrich-

ment levels of 10B and 6Li were adjusted to 99.99%. Based on that, the optimal

thicknesses for 300 keV are listed in Tab. 4.1 for clarity. These results are con-

sistent with previous studies [MHY+03]. It is verified that the simulation model

can correctly predict the energy loss of charged particles in the material and the

self-absorption effect of the converter layer.
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Figure 4.3: Ratio of pulses and incident neutrons as a function of converter layer
thickness for a 300 keV LLD and 900 keV LLD [ZA20].

Table 4.1: Comparison converter layer thicknesses for B4C and LiF with the results
of Mcgregor et al.[MHY+03].

Converter layer Mcgregor et al.[MHY+03] Zhongming et al.

B4C ≈ 2.4 µm ≈ 2.2 µm

LiF ≈ 26 µm ≈ 26.4 µm
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4.2 Thickness optimisation

4.2.1 Converter layer

Figure 4.4 shows a comparative analysis between theoretical calculations and

Geant4 simulations for the optimal converter layer thickness of semiconductor

neutron detectors with the layered structure for varying LLD thresholds. The

results illustrate a clear inverse correlation between the converter layer thickness

and LLD values, suggesting that a higher LLD threshold permits a reduction in

the converter layer thickness. The theoretical data, denoted by black squares,

exhibits a marginally steeper descent in comparison to the Geant4 simulations,

indicated by red circles, suggesting that the theoretical model predicts a slightly

more pronounced thinning effect of the converter layer with increasing LLD. Both

sets of data converge towards the higher LLD values, indicating a potential area of

agreement between theory and simulation at elevated thresholds. This convergence

could be indicative of a diminishing sensitivity to thickness variations at higher

LLDs or a potential limitation in the differentiation capability of the simulation

at these parameters.

Figure.4.5 furnishes a comparative analysis between theoretical calculations

and Geant4 simulations concerning the LiF converter layer thickness of a semicon-

ductor neutron detector with the layered structure across various LLD thresholds.

Both theoretical and simulated datasets evince a monotonically decreasing trend,
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Figure 4.4: Comparative analysis of B4C converter layer thickness at varying LLD
thresholds: theory versus Geant4 simulations.

underscoring the inverse relationship between the converter layer thickness and the

LLD values.

As the LLD threshold escalates, a notable discrepancy emerges between the

theoretical predictions and the Geant4 simulations concerning the LiF converter

layer thickness. The theoretical curve, delineated by black squares, forecasts a pro-

gressive thinning of the converter layer which becomes markedly more pronounced

than the Geant4 simulation results, represented by red circles, at elevated LLD

values. This divergence suggests that while both the theoretical model and the

simulation align on the general trend of decreasing layer thickness with increas-

ing LLD, they differ in their sensitivity to LLD variations at the higher end of
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the spectrum. This could imply a need to reassess the theoretical assumptions or

the simulation parameters at these higher thresholds, as the increased difference

may affect the practical application and efficiency of the neutron detector design.

Further exploration into the underlying mechanisms contributing to this varia-

tion could yield improvements in the theoretical model and enhance the predictive

accuracy for the optimal converter layer thickness at high LLD values.
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Figure 4.5: Comparative analysis of LiF converter layer thickness at varying LLD
thresholds: theory versus Geant4 simulations.
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4.2.2 Semiconductor layer

Optimising the thickness of the semiconductor layer is crucial to achieve high

detection efficiency while keeping the semiconductor layer thin to reduce costs.

By using the optimal thicknesses of the converter layer and gradually increasing

the thickness of the semiconductor layer, the relationship between the thickness

of various semiconductor materials and the detection efficiency was investigated.

Please refer to the appendix for the related figures and tables.

The provided figures, from Fig. 1 to Fig. 10, illustrate the relationship be-

tween the thickness of five different semiconductor layers beneath B4C or LiF con-

verter layers and the neutron detection efficiency for various LLD settings ranging

from 100 keV to 900 keV . With the simulation configuration as discussed in the

methodology chapter, these results demonstrate the optimal thicknesses of the five

semiconductor layers.

In terms of qualitative analysis, for the five materials with B4C converter layers,

it is observed from the figures that the detection efficiency increases with the

thickness of the semiconductor layer, reaching a stable state at different thicknesses

depending on the LLD settings. However, the rate of efficiency increase varies for

different LLD, with higher LLD resulting in a slower increase.

For the five materials with LiF converter layers, the observed phenomenon is

similar to that with B4C layers. However, for different LLD, with LiF as the
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converter layer, the rate of increase in neutron detection efficiency with increasing

semiconductor thickness is greater than when B4C is the converter layer, especially

for higher LLD energy. Additionally, when the converter layer is LiF, the decay of

maximum detection efficiency with increasing LLD is less pronounced.

It is noteworthy that the maximum detection efficiency is inversely proportional

to the LLD; as the LLD increases, the maximum detection efficiency decreases.

These curves indicate that the efficiency return diminishes with increasing semi-

conductor thickness, especially for high LLD. This suggests that there is an optimal

semiconductor thickness for each LLD setting to achieve maximum detection effi-

ciency, and this optimal thickness increases with the LLD.

To more clearly present the optimal thicknesses for different LLD, detailed

data are displayed from Tab. 1 to Tab. 10. Drawing from these findings, the

quantitative analysis indicates that across both converter layer types and various

LLD settings, diamond invariably presents the minimum optimal thickness among

the five materials. Conversely, CsPbBr3 consistently exhibits the greatest optimal

thickness.
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4.3 Threshold displacement energy of CsPbBr3

For radiation damage caused by neutrons, the main type of damage is displacement

damage. To model displacement damage, it is necessary to determine the TDE of

the material. The TDE has been reported for diamond, SiC, Ga2O3, and GaN.

However, as mentioned in the earlier chapter, at the time of writing, the TDE of

CsPbBr3 has not been reported. Therefore, this section employs the LAMMPS to

find the TDE of CsPbBr3. The average TDE for three atom sites are presented in

Tab. 4.2. Furthermore, the TDE for 361 directions (ϕ from 0o to 90o, θ from 0o

to 90o with a 15o increment each time) under different temperatures are shown in

Fig. 4.6, Fig. 4.7 and Fig. 4.8. The displacement energy ranges from 76.86 eV to

80.69 eV for Cs, from 58.64 eV to 69.84 eV for Pb, and from 70.19 eV to 97.03

eV for Br.

Site

TDE T (K)

100 200 300 400

Cs 76.86 80.69 80.12 76.96

Pb 69.84 68.28 63.24 58.64

Br 70.19 81.25 97.03 90.47

Average 71.45 78.55 86.89 81.40

Table 4.2: Threshold displacement energies (eV ) for each site and different tem-
perature.
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Figure 4.6: Spatial distribution of TDE for Cs site. The unit of the temperature
scale is eV .
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Figure 4.7: Spatial distribution of TDE for Pb site. The unit of the temperature
scale is eV .
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Figure 4.8: Spatial distribution of TDE for Br site. The unit of the temperature
scale is eV .
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4.4 Microscopic neutron radiation resistance

The section concerning radiation displacement damage has already been intro-

duced in the methodology chapter; a brief overview of this can be provided here.

One of the reactions between neutrons and a nucleus is elastic scattering. When

an incident neutron with high energy strikes the nucleus, there is a chance that

the nucleus will be knocked out of the lattice.

Although thermal neutrons comprise the majority of neutrons in nuclear power

plants, moderator leakage could occur in the event of a nuclear accident, leading to

the release of high-energy neutrons from the exposed core. Therefore, if the neu-

tron flux of a nuclear reactor is to be monitored in the event of an accident, the

detector material needs to be radiation-resistant. This section examines the radi-

ation damage and radiation resistance capabilities of indirect detection materials,

diamond, SiC, Ga2O3, GaN and CsPbBr3.

Giving more details, this part presents the simulated PKA energy spectrum

generated by a 1 MeV neutron flux for the five materials that were modelled. The

atomic displacements are then calculated using Eq. 3.15. The DPA is determined

by dividing the atomic displacements by the total number of atoms in the material.

A smaller DPA indicates that the atoms are less likely to leave their lattice posi-

tions, and so can be used as a measure of the radiation hardness of the material.

In reality, there is a possibility that an atom may return to its lattice position after
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being knocked out by a neutron. However, the DPA still has significance for the

qualitative analysis of the radiation hardness of materials performed by this study.

Through Fig. 4.9, Fig. 4.10, Fig. 4.11, Fig. 4.12, and Fig. 4.13, along with

Tab. 4.3, the average PKA energies and the corresponding DPA values for five

different materials can be ascertained. For a neutron beam with an energy of

1 MeV , the converter layers offer limited neutron shielding; hence, the disparity

in DPA values across the five materials with two different types of converter layer

material is not significant.

According to Fig. 4.9, for diamond, the energy distribution of PKAs is rela-

tively even, and the average PKA energy is highest among these materials. The

spectrum for SiC and CsPbBr3, Fig. 4.10 and Fig. 4.13, are very similar, with

a greater number of low-energy PKAs and fewer high-energy PKAs. The energy

spectrum of Ga2O3, as shown in Fig. 4.11, exhibits two distinct peaks, one in the

low-energy region and the other in the high-energy region. This is conjectured to

be due to two different types of PKAs, corresponding to Ga and O atoms. Al-

though Fig. 4.12 does not display two distinct PKA peaks, there is a precipitous

drop in the spectrum at around 50 eV to 60 eV , which is hypothesised to be the

boundary between the PKAs of N and Ga types.
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Figure 4.9: Primary knock-on atoms energy spectrum for diamond. This energy
spectrum was created by ROOT. The X-axis shows the energy of PKA in keV .
The Y-axis shows the count number of PKA. The figure keys show: Entries, the
total number of PKA; Mean, the average PKA energy in keV ; and Std Dev, the
standard deviation of PKA energy (keV ).
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Figure 4.10: Primary knock-on atoms energy spectrum for SiC. This energy spec-
trum was created by ROOT. The X-axis shows the energy of PKA in keV . The
Y-axis shows the count number of PKA. The figure keys show: Entries, the total
number of PKA; Mean, the average PKA energy in keV ; and Std Dev, the stan-
dard deviation of PKA energy (keV ).
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Figure 4.11: Primary knock-on atoms energy spectrum for Ga2O3. This energy
spectrum was created by ROOT. The X-axis shows the energy of PKA in keV .
The Y-axis shows the count number of PKA. The figure keys show: Entries, the
total number of PKA; Mean, the average PKA energy in keV ; and Std Dev, the
standard deviation of PKA energy (keV ).
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Figure 4.12: Primary knock-on atoms energy spectrum for GaN. This energy spec-
trum was created by ROOT. The X-axis shows the energy of PKA in keV . The
Y-axis shows the count number of PKA. The figure keys show: Entries, the total
number of PKA; Mean, the average PKA energy in keV ; and Std Dev, the stan-
dard deviation of PKA energy (keV ).
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Figure 4.13: Primary knock-on atoms energy spectrum for CsPbBr3. This energy
spectrum was created by ROOT. The X-axis shows the energy of PKA in keV .
The Y-axis shows the count number of PKA. The figure keys show: Entries, the
total number of PKA; Mean, the average PKA energy in keV ; and Std Dev, the
standard deviation of PKA energy (keV ).

Table 4.3: Displacements per atom and average primary knock-on atoms energy
of five materials under a 1 MeV neutron flux. (The thicknesses of B4C and LiF
are 2.6 µm and 30.6 µm)

Diamond SiC Ga2O3 GaN CsPbBr3

DPA (×10−20)(B4C) 1.30 4.12 6.83 1.01 0.12

DPA (×10−20)(LiF) 1.29 4.05 6.72 0.99 0.13

Average PKA energy (keV ) 134.30 73.68 92.33 63.28 11.55



Chapter 4. Results 101

4.5 Gamma rejection capability

The γ-ray rejection capability of the five semiconductor materials was investigated

in this study. Figures 4.14, Fig. 4.15, Fig. 4.16, Fig. 4.17 and Fig. 4.18 illustrate

the intrinsic photon detection efficiency versus the semiconductor thickness for

300 keV LLD for the two converter layers with γ-ray energy range from 0.5 MeV

to 1.5 MeV .

As mentioned in the methodology chapter, to avoid any ‘false-positive’ neutron

counts, the intrinsic γ-ray detection efficiency for semiconductor materials should

be less than 10−6 [MKM+12]. The results of the study showed that when the

thicknesses of the five indirect semiconductor materials examined were optimised,

their intrinsic γ-ray detection efficiencies were all less than 10−6. Therefore, all the

studied materials meet the basic requirements for γ-ray rejection, provided they

are used with optimal thicknesses.

To meet the requirement of a γ-ray intrinsic detection efficiency lower than

10−6, the maximum allowable thicknesses of the five semiconductors with two types

of converter layers are presented in Tab. 4.4 and Tab. 4.5. According to the tables,

the maximum allowable thickness of the semiconductor layer tends to decrease as

the energy of the γ ray increases. When examining the effects of different converter

layers, the maximum allowable thickness is greater for B4C compared to LiF. This

is contrary to expectations, as LiF is significantly thicker than B4C and should
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theoretically block some γ rays, potentially leading to an increased maximum

allowable thickness; however, simulation results show the opposite. For different

γ-ray energies, GaN, Ga2O3, and CsPbBr3 exhibit a relative insensitivity to γ-

ray energy, with the maximum allowable thicknesses showing little variation from

0.5 MeV to 1.5 MeV . When sorted by maximum allowable thickness for the same

type of converter layer, the rank from smallest to largest is as follows: Ga2O3,

GaN, CsPbBr3, diamond, and SiC.

Table 4.4: Maximum allowable semiconductor thickness in order to get a γ-ray
intrinsic detection efficiency smaller than 10−6 with 2.32 µm B4C converter layer
for 300 keV LLD with γ-ray range from 0.5 MeV to 1.5 MeV .

Gamma Energy Diamond SiC Ga2O3 GaN CsPbBr3

(MeV ) (µm) (µm) (µm) (µm) (µm)

0.5 63 62 27 29 35

0.6 61 58 28 28 37

0.7 59 59 27 29 37

0.8 58 57 28 29 39

0.9 53 57 28 29 38

1.0 52 54 27 29 38

1.1 54 55 28 28 39

1.2 52 55 28 28 40

1.3 50 51 28 29 39

1.4 47 50 27 28 38

1.5 46 50 26 27 38
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Figure 4.14: Gamma-ray detection efficiency to γ-ray energy range from 0.5 MeV
to 1.5 MeV versus semiconductor thickness for 300 keV LLD with optimal B4C
(top) and LiF (bottom) converter layer thickness for diamond. The optimal thick-
nesses for B4C and LiF converter layer are 2.32 µm and 24.89 µm.
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Figure 4.15: Gamma-ray detection efficiency to γ-ray energy range from 0.5 MeV
to 1.5 MeV versus semiconductor thickness for 300 keV LLD with optimal B4C
(top) and LiF (bottom) converter layer thickness for SiC. The optimal thicknesses
for B4C and LiF converter layer are 2.32 µm and 24.89 µm.
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Figure 4.16: Gamma-ray detection efficiency to γ-ray energy range from 0.5 MeV
to 1.5 MeV versus semiconductor thickness for 300 keV LLD with optimal B4C
(top) and LiF (bottom) converter layer thickness for Ga2O3. The optimal thick-
nesses for B4C and LiF converter layer are 2.32 µm and 24.89 µm.
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Figure 4.17: Gamma-ray detection efficiency to γ-ray energy range from 0.5 MeV
to 1.5 MeV versus semiconductor thickness for 300 keV LLD with optimal B4C
(top) and LiF (bottom) converter layer thickness for GaN. The optimal thicknesses
for B4C and LiF converter layer are 2.32 µm and 24.89 µm.
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Figure 4.18: Gamma-ray detection efficiency to γ-ray energy range from 0.5 MeV
to 1.5 MeV versus semiconductor thickness for 300 keV LLD with optimal B4C
(top) and LiF (bottom) converter layer thickness for CsPbBr3. The optimal thick-
nesses for B4C and LiF converter layer are 2.32 µm and 24.89 µm.
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Table 4.5: Maximum allowable semiconductor thickness in order to get a γ-ray
intrinsic detection efficiency smaller than 10−6 with 24.89 µm LiF converter layer
for 300 keV LLD with γ-ray range from 0.5 MeV to 1.5 MeV .

Gamma Energy Diamond SiC Ga2O3 GaN CsPbBr3

(MeV ) (µm) (µm) (µm) (µm) (µm)

0.5 53 52 25 25 32

0.6 51 49 24 25 34

0.7 47 48 24 25 32

0.8 46 48 25 26 34

0.9 44 47 24 25 35

1.0 40 45 23 25 34

1.1 42 47 24 25 35

1.2 41 46 24 25 34

1.3 41 45 24 25 34

1.4 39 44 23 24 34

1.5 38 44 24 24 32
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Discussion

In this chapter, an analysis and comparison of the optimal thicknesses of certain

converter and semiconductor materials used in neutron detection have been con-

ducted. The primary objective is to delve deeper into discussions and analyses

on the basis of the previous chapter, to explain why the respective results were

obtained. The first part has studied the issue of thickness optimisation, including

the optimisation of converter layer thickness and semiconductor layer thickness.

The second part has further discussed and compared the impact of neutron radi-

ation on five semiconductor materials at the microscopic level. Finally, the γ-ray

rejection capabilities of the five materials have been explored, which can facilitate

the discrimination between neutron and γ signals.

109
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5.1 Thickness optimisation

5.1.1 Converter layer

The trends in optimal thicknesses of the converter layers obtained from theoretical

calculations and Monte Carlo (MC) simulations are consistent, as shown in Fig.

4.5 and Fig. 4.4. For both types of converter materials, an increasing trend in LLD

energy results in a decrease in the optimal thickness, attributed to the essentially

fixed energy of secondary charged particles. As the LLD energy increases, the

secondary charged particles must deposit more energy in the semiconductor layer

to yield a true count. This implies that after their generation, the secondary

charged particles need to deposit less energy in the converter layer, necessitating a

reduction in its thickness. This is because, for detectors aimed at forward detection,

the deeper the neutron beam penetrates into the converter material, the lower its

intensity.

It is observed from the figures that for the B4C converter layer, the optimal

thicknesses obtained from theory and MC simulations closely align. Given the

statistical nature of MC simulations, which inherently contain statistical error,

this result is considered acceptable. However, for the LiF converter layer, while

the theoretical calculations and MC simulations match well at lower LLD energies,

a noticeable gap exists at higher LLDs, particularly above 600 keV . Two main

reasons may have been identified for this discrepancy.
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Firstly, although the range of charged particles in BN was verified in the first

part of the results chapter, where Geant4 and SRIM results were found to be very

close, there are differences in the treatment of the Beth-Block equation by Geant4

and SRIM for high-energy incident charged particles (v > v0Z
2/3, v represents

the velocity of the incident particle, v0 is the Bohr velocity, and Z is the proton

number of the target nucleus). This discrepancy is primarily attributed to the

differences in the correction factors [PLY16]. Thus, at lower LLD energies, the

differences in treatment of charged particle range by Geant4 and SRIM are not

significantly manifested. However, at higher LLD energies, minor differences in

range are magnified, leading to the observed discrepancies.

Secondly, the reaction of thermal neutrons with LiF releases an energy of

4.79 MeV , typically with 3H having an initial kinetic energy of 2.73 MeV and

α particles having an initial kinetic energy of 2.06 MeV [MPA+19]. However, in

reality, the energy distribution may not strictly follow these rules. Hence, 3H or α

particles with different energies in LiF have different ranges, adding errors to the

theoretical calculations.

In summary, the formula for calculating the optimal thickness of the converter

layer, based on theoretical derivation, has performed well in predicting the dual

secondary charged particle mode. However, at higher LLD energies, some dis-

crepancies have been observed between it and the MC simulation results for LiF
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converter layer.

5.1.2 Semiconductor layer

As shown in the results chapter, with the B4C or LiF converter layer, the optimal

thicknesses of five semiconductor neutron detectors with LLD energy range from

100 keV to 900 keV were investigated. Although it was initially assumed that

the optimal thickness corresponded to the range of charged particles, such as α-

particle produced in the nuclear reaction with the converter layer, it was found,

upon comparison with SRIM calculations, that this assumption was not correct.

The range of heavy charged particles in matter

The moderation of charged particles in target materials is entirely the result of

various interactions between the charged particles and the electrons and nuclei of

the target material atoms, predominantly governed by coulomb interactions. When

the energy of the incident charged particles is high, they undergo multiple collisions

with the extranuclear electrons or nuclei of the target material atoms, resulting in

energy transfer. As the energy of the incident charged particles gradually decreases,

charge exchange effects occur. If the target material is sufficiently thick, ultimately,

all the energy of the charged particles will be deposited within the target material.

There are primarily four processes involved:

1. Inelastic collisions with extranuclear electrons.
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2. Elastic collisions with atomic nuclei.

3. Inelastic collisions with atomic nuclei.

4. Elastic collisions with extranuclear electrons.

Inelastic collisions between charged particles and the extranuclear electrons

of target atoms, leading to ionisation or excitation of the atoms, are the primary

means by which charged particles lose kinetic energy when passing through matter.

As the energy of the charged particles decreases, the process of elastic collisions

with atomic nuclei gradually increases.

Incident charged particles may also penetrate the Coulomb barrier of the nu-

cleus and undergo nuclear reactions, but this does not affect the moderation of

charged particles in matter. According to the Beth-Block formula, since in this

study, for each converter layer, the particle energy and type are the same, the main

differences are related to the target material, which is the semiconductor layer, its

density, and atomic number. Materials with high atomic numbers and high den-

sities possess greater stopping power, also implying a lower optimal thickness.

Subsequent analyses are based on this inference.

General discussion

As shown from Fig. 1 to Fig. 10, the detection efficiencies of various indirect-

detection semiconductor materials were observed to have an initial increase fol-
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lowed by an asymptotic approach to a constant efficiency. With a fixed thickness

of the converter layer, the number of charged particles generated and absorbed

could be determined and changes in the detection efficiencies were primarily at-

tributed to variations in the thickness of the semiconductor layer.

When the semiconductor is thin, most charged particles lose some energy and

then escape. As the thickness of the semiconductor layer increases, more energy is

deposited within the material. An optimal thickness is ultimately reached, where

all charged particles deposit all their energy in the semiconductor. Beyond this

optimal thickness, the detection efficiency does not improve any further because

all charged particles have lost all their energy in the semiconductor layer.

As can be seen from Tab. 1 to Tab. 10, when semiconductor materials are

equipped with a B4C converter layer, their optimal thickness is smaller than when

they are equipped with an LiF converter layer. This is mainly due to the larger

energy produced by the reaction between neutrons and Li, as shown in Eq. 1.1

and Eq. 1.2. This causes the charged particles generated by the reaction between

Li and neutrons to have a larger kinetic energy, requiring a thicker semiconductor

layer to allow the charged particles to lose their energy completely.

Regarding the influence of different LLD energies on the maximum detection

efficiency, it is observed that the rate of decay in maximum detection efficiency for

detectors with B4C converter layers is faster than that for detectors with LiF layers
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as the LLD energy increases. Taking diamond detectors as an example, with a B4C

converter layer, the maximum detection efficiency at an LLD energy of 100 keV

is 3.75%, which decays to 1.25% at 900 keV , a reduction of 66.7%. In contrast,

with a LiF layer, the maximum detection efficiency at an LLD energy of 100 keV

is 4.6%, which decreases to 3.5% at 900 keV , a reduction of 23.9%. One possible

reason for this phenomenon is the range of secondary charged particles. For B4C

converter layers, at an LLD energy of 900 keV , all counts are contributed by

alpha particles, whereas for LiF layers, both types of secondary charged particles

still have a significant range. Thus, this leads to a rapid decay in the maximum

detection efficiency of detectors with B4C converter layers as LLD energy changes.

Materials

Based on comparative analysis, it was determined that diamond performed well

as a material for the two converter layer materials, with an optimal thickness that

is relatively small. This result can potentially be attributed to the high electron

density outside the nucleus of the diamond. The distribution of electron density is

a complex quantum mechanical issue, typically requiring advanced computational

methods like Density Functional Theory (DFT) for more precise determination.

Here, it is simply assumed to be proportional to the electron density outside the

nucleus, based on atomic density. Given that diamond possesses the highest atomic

density among these five materials, it can be conjectured that it also has a relatively
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high electron density outside the nucleus. The increased electron density makes

it more likely for charged particles to collide and interact with electrons upon en-

tering the diamond, thereby increasing the likelihood of energy loss. Furthermore,

diamond possesses the lowest relative atomic mass among the five materials, im-

plying that as the energy of charged particles decreases and the number of elastic

collisions with atomic nuclei increases, more energy will be lost by the charged

particles in a single collision. In short, charged particles will quickly lose all their

energy in the diamond, resulting in the smallest optimal thickness among the five

materials.

When a B4C converter layer is combined with GaN, the optimised thickness is

greater than that of diamond. However, when combined with LiF, the optimised

thickness and intrinsic detection efficiency for GaN and diamond are similar. Nev-

ertheless, for the reasons explained above, the detection efficiency of GaN with

a LiF converter layer is nearly 50% lower compared to that of GaN with a B4C

converter layer. Thus, B4C is deemed more suitable as a converter layer for GaN

detectors.

For SiC, regardless of whether the converter layer is B4C or LiF, its optimal

thickness is larger than that of diamond, GaN, and Ga2O3. However, when the

converter layer is B4C, the difference in optimal thickness between SiC and the

aforementioned three materials is not significant. Therefore, if one wishes to use
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thinner SiC for detection, B4C is a better converter layer choice. Furthermore, as

SiC semiconductor devices are more widely manufactured and the processes in-

volved are more mature, a comprehensive study accounting for an external electric

field can provide a better assessment of the suitability and performance of SiC.

Interestingly, when combined with LiF, Ga2O3 exhibits superior performance

with the lowest optimised thickness among the four materials. When the choice of

converter layer is limited to LiF, Ga2O3 would be the best option among these ma-

terials. However, regarding detection efficiency, a B4C converter layer is preferred

for Ga2O3 as it requires a lower semiconductor thickness and has higher detection

efficiency than with the LiF converter layer.

For the two converter layer materials and the two LLD energies, CsPbBr3

has the largest optimal thickness among the five materials. The heavily charged

particles released in the reaction between neutrons and the converter layer are

mostly in the MeV energy range. The heavy charged particles with this energy

level mainly interact with the valence electrons of the semiconductor atoms to

generate ionisation inside the material. According to the relativistic modified

Bethe-Block equation [Bet30], matters with greater density and relative atomic

mass has a stronger ability to block heavy charged particles. The simulation

results show that CsPbBr3 has the highest relative atomic mass among the five

non-directly probed materials, but its neutron-optimised thickness is the largest.
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After careful deliberation, the explanation for this phenomenon is that the density

of CsPbBr3 in the simulations is at 4.42 g/cm3, which is not dense, and the atomic

density of CsPbBr3 is approximately 2.2953 × 1022 atoms/cm3. In contrast, the

atomic density of diamond is 1.7849 × 1023 atoms/cm3. As the atomic density

of CsPbBr3 is smaller than the other four materials, this is likely to result in a

lower electron density outside the nucleus. In addition, it can be deduced that,

as the energy of the incident charged particles decreases and they increasingly

undergo elastic collisions with atomic nuclei, due to the lower atomic density, the

probability of this process occurring is also lower in comparison to other materials.

Moreover, as the three types of atoms in CsPbBr3 have higher atomic numbers, the

energy transferred by the charged particles in a single elastic collision is also lower

than in other materials. Thus, it can be concluded that CsPbBr3 has a weaker

stopping power for heavily charged particles and therefore has a thicker optimal

thickness.
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5.2 Microscopic neutron irradiation damage

5.2.1 Threshold displacement energy of CsPbBr3

Table. 4.2 demonstrates that for both the Cs and Br atom sites, the average TDE

increases with temperature until it reaches 300 K, after which it decreases as the

temperature increases further. However, this trend is not observed in the case of

the Pb atom site. This phenomenon is attributed to the temperature dependence

of the TDE, which is a consequence of the interaction between a neutron and a

PKA. When a neutron imparts kinetic energy to the PKA, the PKA moves and

collides with surrounding atoms, initiating a cascade of atomic collisions that leads

to the formation of numerous Frenkel defect pairs. As illustrated in Fig. 5.1, these

Frenkel defect pairs are not necessarily permanent, and there is a possibility that

the atoms that were dislodged from their sites may be pulled back by interatomic

potentials. This phenomenon results in a higher TDE than the formation energy

of the Frenkel defect.

Additionally, this phenomenon is more likely to occur at higher temperatures,

which is why the TDE increases initially with rising temperature. However, the

TDE decreases beyond a specific temperature because the atom’s thermal motion

is amplified, leading to a balance between the kick-off and recombination stages,

influenced by temperature. Interestingly, in this study, Tab. 4.2 shows that the

average TDE of Pb decreases continuously as the temperature increases. This
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(a) CsPbBr3 crystal in simulation

(b) 4.32 ps (c) 8.32 ps

(d) 12.72 ps (e) 14.99 ps

Figure 5.1: View of simulation model in LAMMPS and view of the spatial distri-
bution of interstitial atoms evolving over time in CsPbBr3. The red ball represents
Br atom, the blue ball represent Pb atom and the yellow ball represents Cs atom.
(a) represents the crystal structure of CsPbBr3 before the simulation, while (b)
to (e) illustrate the spatial distribution of interstitial atoms at a specific moment
following the initiation of a cascade collision.
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observation could be attributed to the fact that Pb has the largest mass among the

three types of atoms considered, making its atomic motion highly inert and prone

to form stable defects. Furthermore, as mentioned earlier, higher temperatures

enhance the thermal motion of Pb, making it difficult to stop a Pb PKA.

5.2.2 Displacement per atom

The materials in ascending DPA order are CsPbBr3, GaN, diamond, SiC and

Ga2O3. This indicates that CsPbBr3 has the best radiation hardness when sub-

jected to a 1 MeV neutron flux. Furthermore, CsPbBr3 has the smallest average

PKA energy, which means CsPbBr3 will have less SKA that cause displacements.

In this research, only the PKA energy spectrum is simulated and the DPA cal-

culated using the PKA. However, PKA will sometimes create SKA that in turn

can cause atomic displacements too. The material with the lowest average PKA

energy, CsPbBr3, would suggest that it has the lowest SKA. However, follow-up

molecular dynamics research would be required to scrutinise this hypothesis.

The DPA of the diamond is lower than that of SiC and Ga2O3, despite the

average PKA energy of diamond being higher than that of SiC and Ga2O3. This

demonstrates that PKA in diamond will create less atomic displacements than SiC

and Ga2O3, but diamond may create more SKA than SiC and Ga2O3.
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5.3 Gamma-ray rejection capability

For intrinsic detection efficiency of γ rays with energies ranging from 0.5 MeV to

1.5 MeV , at the same thickness, the materials ranked from weakest to strongest

as follows: CsPbBr3, SiC, diamond, Ga2O3, and GaN.

CsPbBr3 demonstrates a lower γ-ray detection efficiency when exposed to γ

rays. Although previous reports have highlighted the high photoelectric conver-

sion efficiency of CsPbBr3, which may suggest superior γ-ray detection efficiency,

this study finds a relatively low γ-ray detection efficiency for CsPbBr3, for γ-ray

energies from 0.5 MeV to 1.5 MeV . This phenomenon can be attributed to

the larger molecular mass of CsPbBr3, resulting in the primary reaction between

atoms and photons being Compton scattering. Furthermore, due to the thin film

of CsPbBr3, Compton scattered electrons can easily escape from the film, leav-

ing only a small amount of energy. Together with CsPbBr3’s good resistance to

neutron radiation, CsPbBr3 is a strong candidate for neutron detection materials.

When using a B4C instead of LiF converter layer, the γ-ray intrinsic detection

efficiency of SiC is lower. This suggests that when using a B4C converter layer,

SiC neutron detectors possess better γ-ray resistance. At a low photon energy,

the intrinsic γ-ray detection efficiency of SiC does not increase significantly with

increasing thickness. However, at a high photon energy, especially for 1.5MeV , the

intrinsic γ-ray detection efficiency of SiC increases rapidly relative to lower energy
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γ rays for thicknesses exceeding 11 µm. This suggests that SiC is less sensitive

to lower energy γ rays. However, regardless of other factors, SiC possesses the

greatest maximum allowable semiconductor thickness, indicating its superior γ-

ray rejection capability among the five materials.

Diamond exhibits a similar γ-ray rejection capability as CsPbBr3. Nevertheless,

when employing LiF as the converter layer, the intrinsic γ-ray detection efficiency

of diamond for 1.5 MeV γ rays reaches around 0.75×10−6, which constitutes a

114% increase compared to the efficiency observed with the B4C converter layer.

This shows that the diamond neutron detector using B4C as the converter layer

has better γ-ray rejection capability than diamond using LiF. Furthermore, for

different photon energies, diamond exhibits better γ-ray rejection capability for

lower energy γ rays. However, as the energy of γ ray increases, the γ-ray rejection

capability of diamond decays the fastest among the five materials, as reflected in

the rapid increase in its maximum allowable thickness.

For Ga2O3, the intrinsic γ-ray detection efficiency and growth rate do not

change significantly with increasing thickness for both converter layer materials.

This suggests that the converter layer material has little effect on the maximum

allowable thickness of Ga2O3. Similarly, the γ-ray intrinsic detection efficiency of

Ga2O3 remains relatively unchanged under different γ-ray energies, indicating that

the γ-ray energy has a limited effect on the γ-ray rejection capability of Ga2O3.
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In general, the γ-ray rejection capability of Ga2O3 is minimally affected by the

converter layer material and γ-ray energy.

The very close maximum allowable thicknesses of GaN and Ga2O3 suggest that

their γ-ray rejection capabilities are quite similar. From this, it can be inferred that

for these two materials, the primary interactions with γ rays occur with the Ga

element. The maximum allowable thickness of GaN is also insensitive to changes

in the converter layer material and to variations in γ-ray energies. It possess

a relatively lower maximum allowable thickness. The presence of Ga element

weakens the γ-ray resistance of the material. The growth rate of the intrinsic

γ-ray detection efficiency of GaN as thickness increases is affected by the γ-ray

energy. Higher energy γ rays increase the intrinsic γ-ray detection efficiency of

GaN at lower thicknesses (<10 µm). However, when the GaN thickness exceeds

10 µm, its intrinsic detection efficiency for lower energy γ rays is greater than

that for higher energy γ rays. This is because at low thicknesses, low energy γ

rays can easily escape GaN, while the higher energy γ rays increase the number of

electron pair effects, improving γ-ray detection efficiency in addition to Compton

scattering. Once the GaN thickness is increased to a certain thickness, the low

energy γ rays can deposit more energy in GaN, resulting in increased intrinsic

detection efficiency. In summary, the GaN neutron detector with a B4C converter

layer has better γ-ray rejection capability than with LiF. Furthermore, with the
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B4C converter layer, the optimal thickness of GaN semiconductor layer is less than

3 µm, providing stronger rejection capability for lower energy γ rays.



Chapter 6

Conclusions

This chapter provides a review of all of the findings, achievements and techniques

developed and detailed in this thesis. In summary, this thesis has:

1. A software suite is developed by using Python, based on theoretical methods,

to calculate the optimal thicknesses of B4C and LiF converter layers for

specific energy levels. This software was utilised to ascertain the optimal

thicknesses of these two types of converter materials when the energy range

is between 100 keV , 200 keV , and 300 keV up to 900 keV . The theoretical

method was used for comparison with Monte Carlo (MC) simulation results,

demonstrating consistent trends.

2. Developed an automatic search program for the best thickness of semiconduc-

tor neutron detection based on Geant4 and custom Linux scripts. The pro-

gram was used to demonstrate the optimisation of neutron detection thick-

126
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ness for five non-directly detecting semiconductors: diamond, SiC, Ga2O3,

GaN, and CsPbBr3. The study discusses the performance of semiconduc-

tor neutron detectors under different converter layer materials and different

LLD conditions. It brings great guidance for wideband gap semiconductor

neutron detector fabrication and utilisation.

3. Conducted research that filled a gap in the study of Threshold Displacement

Energy (TDE) for CsPbBr3. Through an automated TDE finding program

developed in this thesis, the average TDE energies of three types of atoms in

CsPbBr3 at 100 K, 200 K, 300 K, and 400 K were obtained. This provides

data for the calculation of Displacement Per Atom (DPA) for CsPbBr3.

4. Studied the radiation resistance of five non-directly detecting semiconduc-

tors: diamond, SiC, Ga2O3, GaN, and CsPbBr3. The radiation resistance of

the materials was primarily evaluated through the study of cascaded colli-

sion PKA spectra and DPA. At the microscopic level, based on a comparison

of DPA values, the study predicts that CsPbBr3 will exhibit the strongest

resistance to displacement damage when subjected to neutron radiation of

the material studied.

5. Used Monte Carlo simulation to simulate the γ-ray rejection capability of

diamond, SiC, Ga2O3, GaN and CsPbBr3, for the γ-ray energy range from

0.5 MeV to 1.5 MeV . Overall, when the thickness of each material is at
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the optimised neutron detection thickness, all simulated materials demon-

strated good γ-ray rejection capability. Additionally, the maximum growth

thicknesses achievable by the five materials at specific γ-ray energies were

determined to achieve a favourable γ rejection ratio.



Chapter 7

Recommendations

In this final chapter, the recommendations for further work are addressed. The

primary focus of future work will include refining the theory for calculating the

thickness of LiF converter layer, developing a simulation model for the charge

detection efficiency (CDE) of GaN, further enhancing the automation of the pro-

gramme, and strengthening the research on direct detection semiconductors.

1. Further research on the theory for calculating the thickness of LiF converter

layer

• When thermal neutrons react with LiF, there may be a new distribution

of the energies of the secondary charged particles. Although the pro-

portion of this new energy distribution is low, it could still be a reason

for the discrepancies observed between the theoretical curves and MC

simulations at high LLD. Therefore, future research will concentrate on

129
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this aspect, with improvements to the theoretical calculation formulas

being undertaken to eliminate the differences between them.

2. Simulation and measurement of the actual charge detection efficiency of GaN

• In the realm of GaN research, a significant shortcoming exists in terms

of detailed CDE measurements. The low carrier lifetime of GaN, which

can be less than 1 µs, renders the measurement of its carrier mobility,

mobility rate and CDE challenging. Conversely, an all-encompassing

simulation method for CDE has yet to emerge. Present-day simula-

tions concentrate on pure charge collection efficiency, typically utilising

finite element methods. However, most of these wide-band semiconduc-

tor materials are artificially constructed thin-film materials. Due to the

limitations of the manufacturing process and technology, defects exist

within both polycrystalline and single-crystalline thin films. Given the

imprecise knowledge of internal defects and their distribution, an accu-

rate simulation of CDE cannot be performed. In the future, a research

avenue may involve the use of finite element methods, molecular dynam-

ics methods and kinetic Monte Carlo methods in tandem to simulate

CDE within defective wide band semiconductors.

3. Further research on programme development
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• The converter layer thickness calculation software will be further re-

fined, taking into account a wider range of emitted particle energies.

Formulas for calculating the range of particles within the converter layer

will be directly incorporated, thereby enhancing the user experience.

• This study presents the development of a custom Linux-based script for

optimising the neutron detection thickness of semiconductors with con-

verter layers. The current progress of this development is in its initial

stage, where the script is only able to support text input of LLD energy

and five semiconductor materials, namely diamond, SiC, GaN, Ga2O3,

and CsPbBr3, for performing optimised thickness simulations under dif-

ferent LLD energies. In the second phase of the programme develop-

ment, additional materials for thickness optimisation and a graphical

user interface with windowing capabilities will be added. The third

phase will focus on machine learning, where a large number of Monte

Carlo optimisation calculations will be used as a training set. In the

final phase, users will be able to define materials, LLD, converter layer

thickness, and material density to obtain optimal thicknesses quickly

through machine learning.

• In this study, the automatic finding of TDE based on a Python script

with LAMMPS molecular dynamics toolkits was developed. The cur-
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rent development is in its infancy and cannot support text input for

custom materials. In the second phase of development, the focus will

be on creating programme input interfaces, adding features such as

defining materials and potential energy.

4. Research on direct detection materials BN and BAs

• Future studies will be carried out on direct detection materials. Sim-

ulation studies on the properties of BN and BAs, including charge de-

tection efficiency, radiation resistance, and TDE, will be conducted.

The growth and synthesis methods of both materials will be further

explored. In terms of experiments, neutron detection experiments will

be conducted on BN detectors. Experimental spectra will be obtained

for comparison with simulated spectra, and methods to improve detec-

tion efficiency will be sought, including but not limited to, the use of

microstructure detectors and other approaches.



Glossary

Al Aluminium

AlN Aluminum nitride

As Arsenic

B Boron

BAs Boron arsenide

B4C Boron carbide

BF3 Boron trifluoride

BN Boron nitride

BNCT Boron Neutron Capture Therapy

c-BAs Cubic boron arsenide

c-BN Cubic boron nitride

CCE Charge Collection Efficiency

CDE Charge Detection Efficiency

CERN Conseil Européen pour la Recherche Nucléaire (French for European Coun-

cil for Nuclear Research)

Co Cobalt
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Cs Caesium

CsPbBr3 Caesium lead bromide

CVD Chemical Vapour Deposition

D Deuterium

DFT Density Functional Theory

DPA Displacement Per Atom

DVNS Diamond Vertical Neutron Spectrometer

EGS Electron Gamma Shower

GaAs Gallium Arsenide

GaN Gallium nitride

Ga2O3 Gallium oxide

Geant4 is a toolkit for the simulation of the passage of particles through matter.

Its areas of application include high energy, nuclear and accelerator physics,

as well as studies in medical and space science

GM Geiger-Müller. A Geiger-Müller tube is the sensing element of a Geiger

counter instrument that can detect a single particle of ionizing radiation,

and typically produce an audible click for each. It was named for Hans

Geiger who invented the device in 1908, and Walther Müller who collabo-

rated with Geiger in developing it further in 1928. It is a type of gaseous

ionisation detector with an operating voltage in the Geiger plateau

GYAGG Gadolinium-yttrium-aluminum-gallium garnets

h-BN Hexagonal boron nitride

HDPE High-density polyethylene
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3He Helium-3

HEC High End Computer

JET Joint European Tours

LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator

Li Lithium

LiF Lithium fluoride

LJ The Lennard-Jones potential describes electronically neutral atoms or molecules

LLD Low-Level Discriminator

LPCVD Low Pressure Chemical Vapor Deposition

MBE Molecular Beam Epitaxy

MC Monte Carlo methods, or Monte Carlo experiments, are a broad class of

computational algorithms that rely on repeated random sampling to obtain

numerical results

MCNP Monte Carlo N-Particle. ‘N’ indicates that the code can simulate the

behaviour of multiple types of particles

MD Molecular Dynamics

MOCVD Metal-Organic Chemical Vapor Deposition

MPI Message Passing Interface

MSM Metal-Semiconductor-Metal

N Nitrogen
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NPT In molecular dynamics simulations, such as those performed in LAMMPS,

the Isothermal-Isobaric ensemble is often referred to as the NPT ensemble.

The abbreviation NPT stands for: N: Number of particles (constant) P:

Pressure (constant) T: Temperature (constant) These three properties are

maintained at constant values in an Isothermal-Isobaric ensemble, hence the

abbreviation NPT

NVE In the context of molecular dynamics simulations, such as those performed

in LAMMPS, the Microcanonical ensemble is often referred to as the NVE

ensemble. The abbreviation NVE stands for: N: Number of particles (con-

stant) V: Volume (constant) E: Energy (constant) These three properties are

conserved in a Microcanonical ensemble, hence the abbreviation NVE

PBN Pyrolytic boron nitride

PKA Primary Knock-out Atom

PMT Photomultiplier Tube

PWR pressurized water reactor

SDD Single-crystal Diamond Detector

Si Silicon

SiC Silicon carbide

SRIM The Stopping and Range of Ions in Matter

SSB Silicon Surface Barrire

T Tritium

TDE Threshold Displacement Energy

TEM Transmission Electron Microscopy
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TOF Time-Of-Flight

235U Uranium-235

WBG Wide-bandgap

WS Wigner-Seitz

XRD X-ray Diffraction

ZnS(Ag) Zinc sulfide with silver activator
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Appendix

Table 1: Optimised semiconductor thickness with optimal B4C converter layer
thickness for diamond with LLD range from 100 keV to 900 keV .

LLD (keV ) 100 200 300 400 500 600 700 800 900

Thickness (µm) 0.2 0.5 0.7 0.8 0.8 1.0 1.1 1.3 1.4
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Figure 1: Neutron detection efficiency versus semiconductor material thickness
with optimal B4C converter layer thickness for diamond with LLD range from
100 keV to 900 keV .
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Table 2: Optimised semiconductor thickness with optimal B4C converter layer
thickness for SiC with LLD range from 100 keV to 900 keV .

LLD (keV ) 100 200 300 400 500 600 700 800 900

Thickness (µm) 0.3 0.7 1.0 1.1 1.1 1.3 1.6 1.8 1.8
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Figure 2: Neutron detection efficiency versus semiconductor material thickness
with optimal B4C converter layer thickness for SiC with LLD range from 100 keV
to 900 keV .



Appendix 149

Table 3: Optimised semiconductor thickness with optimal B4C converter layer
thickness for Ga2O3 with LLD range from 100 keV to 900 keV .

LLD (keV ) 100 200 300 400 500 600 700 800 900

Thickness (µm) 0.3 0.7 1.1 1.2 1.2 1.3 1.5 1.8 1.7
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Figure 3: Neutron detection efficiency versus semiconductor material thickness
with optimal B4C converter layer thickness for Ga2O3 with LLD range from
100 keV to 900 keV .
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Table 4: Optimised semiconductor thickness with optimal B4C converter layer
thickness for GaN with LLD range from 100 keV to 900 keV .

LLD (keV ) 100 200 300 400 500 600 700 800 900

Thickness (µm) 0.3 0.8 1.2 1.3 1.3 1.5 1.7 2.0 1.9
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Figure 4: Neutron detection efficiency versus semiconductor material thickness
with optimal B4C converter layer thickness for GaN with LLD range from 100 keV
to 900 keV .
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Table 5: Optimised semiconductor thickness with optimal B4C converter layer
thickness for CsPbBr3 with LLD range from 100 keV to 900 keV .

LLD (keV ) 100 200 300 400 500 600 700 800 900
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Figure 5: Neutron detection efficiency versus semiconductor material thickness
with optimal B4C converter layer thickness for CsPbBr3 with LLD range from
100 keV to 900 keV .
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Table 6: Optimised semiconductor thickness with optimal LiF converter layer
thickness for diamond with LLD range from 100 keV to 900 keV .

LLD (keV ) 100 200 300 400 500 600 700 800 900

Thickness (µm) 1.5 2.5 3.5 4.5 5.5 6.0 8.0 8.0 9.0
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Figure 6: Neutron detection efficiency versus semiconductor material thickness
with optimal LiF converter layer thickness for diamond with LLD range from
100 keV to 900 keV .
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Table 7: Optimised semiconductor thickness with optimal LiF converter layer
thickness for SiC with LLD range from 100 keV to 900 keV .

LLD (keV ) 100 200 300 400 500 600 700 800 900
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Figure 7: Neutron detection efficiency versus semiconductor material thickness
with optimal LiF converter layer thickness for SiC with LLD range from 100 keV
to 900 keV .
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Table 8: Optimised semiconductor thickness with optimal LiF converter layer
thickness for Ga2O3 with LLD range from 100 keV to 900 keV .

LLD (keV ) 100 200 300 400 500 600 700 800 900
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Figure 8: Neutron detection efficiency versus semiconductor material thickness
with optimal LiF converter layer thickness for Ga2O3 with LLD range from 100 keV
to 900 keV .
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Table 9: Optimised semiconductor thickness with optimal LiF converter layer
thickness for GaN with LLD range from 100 keV to 900 keV .
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Figure 9: Neutron detection efficiency versus semiconductor material thickness
with optimal LiF converter layer thickness for GaN with LLD range from 100 keV
to 900 keV .
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Table 10: Optimised semiconductor thickness with optimal LiF converter layer
thickness for CsPbBr3 with LLD range from 100 keV to 900 keV .

LLD (keV ) 100 200 300 400 500 600 700 800 900
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Figure 10: Neutron detection efficiency versus semiconductor material thickness
with optimal LiF converter layer thickness for CsPbBr3 with LLD range from
100 keV to 900 keV .
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