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Abstract 

Single photon avalanche diodes (SPADs) are highly sensitive solid-state photon 

detectors, and since their inception in 2003 into complementary metal oxide 

semiconductor (CMOS) technologies, have provided a platform of highly integrated 

and low-cost mass manufacture detectors, capable of rapid detection of single photons. 

The consequent commercial potential has led to the development and availability of a 

range of CMOS SPAD sensors and arrays. 

As a consequence of their mature development in advanced processes, detection 

sensitivity and timing capabilities, CMOS SPADs have found their way into multiple 

applications, most notably biomedical fluorescence lifetime imaging microscopy 

(FLIM), Light Detection and Ranging (LiDAR), Time-of-Flight (ToF) imaging, Single 

Photon Counting (SPC), high speed imaging, biological particle tracking and more 

recently visible light communications. Although, all current applications are 

constrained to the visible and near infrared spectrums. The advances and broad 

applications of CMOS SPADs has led to increased development towards further 

miniaturisation, performance improvements and developing highly integrated 

intelligent sensors. Therefore, the investigation of the application of SPADs in the 

detection of ionising radiation has significant commercial potential as an alternative 

technology to current detectors. 

The goal of this research is to explore the direct detection of ionising radiation with 

CMOS SPADs. The fundamental mechanism for detection is a depleted junction 

operated in Geiger mode, with an induced electric field that allows sensitive detection 

of generated electron-hole pairs as a result of incident radiation. Therefore, based on 

this principle it was hypothesised that SPADs can be applied beyond current photon 

specific detection applications into the detection of ionising radiation. Furthermore, 

high energy physics is transitioning towards CMOS processes with all the 

unprecedented advantages it provides. Therefore, it is believed that with SPAD 

advancement and maturity in CMOS technology, this parallel and continually 

developing technology may lend itself favourably towards progress and application in 

the detection of ionising radiation. 
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This work reports on a 3D-stacked backside illuminated (BSI) CMOS SPAD image 

sensor for the detection of accelerated electrons, pions and X-rays, utilising a scanning 

electron microscope, synchrotron particle accelerators and X-ray tube sources 

respectively. For accelerated electron detection, electron energies from 5 to 30 keV 

were detected, and statistical significance was found that both SPAD excess bias 

voltage and/or incident accelerated electron energy result in a distinct output. 

Furthermore, the SPAD image sensor was able to achieve time-resolved imaging of 

the electron beam raster scan pattern.  

For X-ray detection, X-rays with peak photon energies from 30 to 160 keV were 

detectable using an X-ray tube, and it was found that an increase in either SPAD bias 

voltage, output beam voltage or beam intensity results in higher relative average counts 

per pixel, therefore demonstrating the potential application of SPAD image sensors in 

X-ray imaging. These results are the first demonstration and application of a CMOS 

SPAD in the detection of accelerated electrons and X-rays. Further investigation 

revealed that the attenuation of lower energy photons from an X-ray tube spectrum 

results in approximately 200 % increase in relative average counts. 

Furthermore, The BSI CMOS SPAD image sensor was irradiated with a high energy 

pion beam at 120 GeV, using the Super Proton Synchrotron (SPS) at CERN, and high 

energy electrons at 2.5 GeV, using an electron accelerator at ELSA. For the pion 

irradiation, pions were conclusively detected, and it was found that an increase in 

SPAD bias voltage results in higher relative average counts per pixel.  No conclusive 

detection of higher energy electrons was observed as a result of low beam intensity. 

After the pion irradiation, radiation damage to the SPAD image sensor was observed. 

These results are the first demonstration and application of a CMOS SPAD in the 

detection of high energy charged particles. 
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1. Introduction 

This thesis explores the utilisation of complementary metal oxide silicon (CMOS) 

single photon avalanche diodes (SPADs) for the detection of incident ionising 

radiation. SPADs are highly sensitive single photon (visible spectrum) detectors with 

temporal resolution in picoseconds and quenching detection resolution in 

nanoseconds. Their inherent timing capabilities and single photon sensitivity allows 

SPADs to be utilized in high-speed imaging, single photon counting and time-resolved 

applications. 

This work investigates the use of a 3D-stacked backside illuminated (BSI) CMOS 

SPAD image sensor for the detection of accelerated electrons, pions and X-rays, 

utilising a scanning electron microscope, synchrotron particle accelerators and X-ray 

tube sources respectively. 

1.1 Motivation  

SPAD technology has developed substantially over the past decades and has led to its 

inception in 2003 into CMOS technologies, which has provided a platform of highly 

integrated, miniaturised and low-cost mass manufacture avalanche detectors, capable 

of rapid detection [1], [2]. Furthermore, a consequence of their mature development in 

advanced processes, detection sensitivity, micron sized pixels and timing capabilities, 

CMOS SPADs have found their way into multiple applications. Most notable 

applications include, biomedical fluorescence lifetime imaging microscopy (FLIM), 

Light Detection and Ranging (LiDAR), Time-of-Flight (ToF) imaging, Single Photon 

Counting (SPC), high speed imaging, biological particle tracking and more recently 

visible light communications [3]–[10]. Although, all current applications are 

constrained to the visible and near infrared spectrums (NIR). 

The advances and broad applications of CMOS SPADs has led to increased R&D and 

financial backing as a commercially viable technology. The motivation is towards 

further miniaturisation, performance improvements, 3D-stacking and developing 

highly integrated intelligent sensors with abounding integral capabilities.  
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Consequently, as SPADs operate similarly to silicon-based ionising radiation 

detectors, it is believed that with SPAD advancement and maturity over the past two 

decades in CMOS, this parallel and rapidly developing technology may lend itself 

favourably towards progress and application in the detection of ionising radiation. 

Limited not only in high energy particle physics, but every day commercial 

applications, such as X-ray imaging, beam therapy and electron microscopy, which 

would greatly reduce cost and help advance miniaturisation of current technology, 

improving both availability and mobility. Furthermore, the development of highly 

integrated ionising radiation detectors will allow for the miniaturisation and 

development of intelligent lab-on-chip applications, as well as facilitate the 

development of table-top particle accelerators for both research and potential medical 

therapy [11], [12]. Therefore, the investigation of the application of SPADs in the 

detection of ionising radiation has significant commercial potential as an alternative 

technology to current detectors. 

1.2 Research Aims 

The primary aim of this research is to investigate the direct detection of ionising 

radiation with CMOS SPADs. This includes both ionising photons and high energy 

charged particles. The starting point of this research is to identify a suitable CMOS 

SPAD for the detection of ionising radiation, that may have characteristic radiation 

hardness properties. Thereafter, the identification of suitable ionising radiation sources 

with emphasis on real world applications is required. 

The subsequent aim is to demonstrate CMOS technology with integrated SPAD 

detectors and circuitry, as a viable alternative technology for ionising radiation 

detector applications, with all the associated benefits that assimilating both SPADs and 

CMOS, greatly reducing costs with rapid, high resolution detection and imaging. 

Target applications include, lab-on-chip applications, X-ray imaging, electron 

microscopy and table-top particle accelerators [11].  

1.3 From Visible Light to Ionising Radiation 

A SPAD is a reverse biased pn-junction fabricated on a semiconductor substrate, that 

employs avalanche breakdown to detect single photons. A SPAD is designed to be 
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reverse biased and function beyond its breakdown voltage, referred to as “Geiger” 

operation, wherein runaway avalanche multiplication and impact ionisation allow 

rapid detection of a single incident photon. SPADs operate solely in Geiger mode 

(GM), unlike avalanche photodiodes (APD), which allows for highly sensitive (large 

gain) single photon detection, with picosecond temporal resolutions. The fundamental 

mechanism for detection is the transfer of energy from an incident photon to an atomic 

electron, generating an electron-hole pair, which is accelerated under a large induced 

electric field, which causes impact ionisation and ultimately results in avalanche 

breakdown and a detected pulse.  

Therefore, it is hypothesised that, 

Ionising radiation incident upon a SPAD depletion region will produce 

electron-hole pairs and coupled with Geiger operation, the induced 

electric field and large inherent gain, will generate impact ionisation and 

subsequent avalanche breakdown. Therefore, resulting in the detection of 

incident ionising radiation using SPADs. 

However, one of the integral concerns with using SPADs for the detection of ionising 

radiation is the potential radiation damage to the SPAD detector. 

1.4 Ionising Radiation 

Ionising radiation is radiation that contains enough energy to ionise atoms. Ionising 

radiation propagating through matter interacts with the medium through energy 

transfer with atomic electrons and abides by the law of conservation of energy. 

Thereby, transferring enough energy to an atomic electron, which results in the release 

of that electron. Figure 1.1 provides a simplified illustration of the process of atom 

ionisation.  

The minimum amount of energy to release an electron from an atom is the work 

function, whereas the energy required to release an electron from an atoms outermost 

valence band is the ionisation energy. The work function is the energy difference 

between the atoms Fermi level and electron emission (ionisation). For metals, the work 

function is equal to the ionisation energy, as there is an abundance of electrons, within 
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the valence band, with energy equal to the Fermi level. However, this is not the case 

for semiconductors, where the ionisation energy is larger than the work function. [13] 

 

Figure 1.1. Illustration of ionisation process, where incident ionising radiation transfers enough energy 

to an atomic electron, resulting in its release, therefore ionising the atom. 

There are two types of ionising radiation, ionising photons and high energy charged 

particles. Photons are electromagnetic radiation, and ionising photons are 

electromagnetic radiation on the higher energy end of the electromagnetic spectrum, 

which includes gamma- and X-rays. Ionising photons interact with matter 

predominantly through three processes, namely the emission of electrons through the 

photoelectric effect; Thomson and Compton scattering; and pair production. The 

photoelectric effect is when incident photons transfer enough energy to an atomic 

electron to overcome the atoms work function. Pair production is the creation of 

subatomic particles and their respective antiparticle, which predominantly occurs with 

higher energy photons (MeV range). [14] 

High energy charged particles are accelerated charged particles, which interact with 

matter through coulomb interactions, where energy is transferred principally with 

atomic electrons, which in turn results in electron emission (ionisation). At high 

energies, radiative energy loss effects dominate, where charged particles lose energy 

via Bremsstrahlung producing radiative photon emission. The production of photons 

can generate subsidiary electrons, which in turn can generate further photons, resulting 

in a cascading effect known as electromagnetic cascade. [14] 
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1.5 Ionising Radiation Detectors 

The detection of ionising radiation is achieved through a medium sensitive to ionising 

radiation, where the detection is contingent on the interaction between the medium and 

incident radiation, which generates some form of signal, e.g. light or current [15], [16]. 

There are three principal techniques for relating the generated signal to the incident 

radiation, namely counters, spectrometers and dosimeters [15]. Counters tally the 

number of total interactions that occur, spectrometers generate a signal which is 

proportional to the energy of the incident radiation and dosimeters measure the 

absorbed radiation dose [15]. 

For ionising radiation detectors, the principal mechanisms for detection is either 

ionisation or excitation. The most common ionising radiation detectors employed are, 

gas detectors, scintillation counters, semiconductor detectors, chemical detectors, 

calorimeters, photographic film and thermoluminescent dosimeters [15], [16]. An 

overview of each detector type, detection principles and typical applications are given 

in [15]. Furthermore, an overview of specific ionising radiation detectors and 

subdetectors used in high energy particle physics is given in [17].  

This work mainly focuses on semiconductor detectors, specifically silicon-based 

detectors as a result of their inherent advantages for CMOS integration, high spatial 

resolution and timing capabilities. Additionally, silicon-based detectors are the 

detector of choice for the detection of charged particle and X-rays, particularly high 

energy physics (HEP) [18]. 

1.6 Silicon-Based Particle Detection 

Silicon-based detectors for charged ionising radiation have already been developed for 

HEP in particle accelerator research, such as the state-of-the-art ATLAS hybrid inner 

pixel detector at CERN’s Large Hadron Collider (LHC) [19]–[22]. The ATLAS and 

CMS detectors were used to detect a new elementary particle, which was proposed in 

the 1960s and was found to be consistent with the Higgs Boson in the Standard Model, 

and thus, the Higgs Boson was discovered [23], [24]. Figure 1.2 provides a computer 

generated image of the ATLAS inner detector showing the placement of hybrid pixel 

detectors and trackers [25]. 
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Figure 1.2. Computer generated image of ATLAS inner detector indicating placement of pixel 

detectors and trackers [25]. 

The pixel detector is a hybrid sensor fabricated in float-zone silicon and bump bonded 

to front-end integrated readout circuitry using a laboured process, which ultimately 

affects fabrication integrity, overall expenditure and expediency [26], [27]. At the heart 

of the detector is the sensor, which is simply a pixelated detector array of depleted 

solid-state bipolar diodes, in a high resistivity n-type bulk substrate, used to detect 

ionising radiation [22], [27]. A single pixel is made up of a highly doped p-region (p+) 

and a highly doped n-region (n+) on either side of the substrate and operated in reverse 

bias, depleting the entire active region, approximately 256 µm thickness, which creates 

a depleted ionisation chamber, with a pixel pitch of 55 µm [27], [28]. Figure 1.3 

provides an illustrated cross-section and generic view of a hybrid pixel detector and 

illustrates how transient ionising radiation generates electron-hole pairs within the 

sensor tier, where the induced current is detected through charge collection on the 

electrode [29]–[31]. An extensive overview on hybrid pixel operating principles and 

design specifications are given in [17] and [27] respectively.  

Hybrid pixel detectors work similarly to avalanche photo diodes (APD) and operate 

with limited gain and often at very low temperatures to reduce free charge carriers in 

the large depleted junction to ensure adequate signal-to-noise-ratio (SNR), without 
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breakdown [17]. A detailed explanation about the difference between APDs and 

SPADs is provided in section 2.1.1. A transient particle creates electron-hole pairs 

within the depleted junction, which generates a small current. Therefore, a low noise 

preamplifier with a high gain-bandwidth is required to ensure adequate detection, 

followed by a DC-coupled stage and differential discriminator with a pre-set range 

[22]. When an incident particle is detected within the discriminator threshold, the pixel 

and timing information allows for the calculation of the charge input to the 

preamplifier, proportional to the energy deposited by the incident ionising radiation 

[22].  

 

Figure 1.3. General operation, architecture and cross-section of a hybrid pixel detector, with charge 

carrier generation as a result of a transient charged particle [29]. 

The successful development of hybrid pixel detectors for the detection of ionising 

radiation in HEP has led to the commercialisation of hybrid detectors for SPC, medical 

imaging, space dosimetry and material analysis applications under the Medipix 

collaboration [21], [30], [32]. However, extensive R&D has been put towards the 

development of CMOS based monolithic sensors for the next generation of pixel 

detectors for the high-luminosity LHC upgrade due in 2024. CMOS development 

would allow all the associated benefits of combining both integrated circuitry and 

active pixel sensor within a single commercial process, greatly reducing production 

costs and integration complexity [26], [33]–[35]. The challenge in developing 

monolithic CMOS particle detectors that are additionally radiation hard, is ensuring a 

low capacitance and fully depleted sensor, capable of separating consecutive particle 
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collisions with a bunch spacing of 25 ns, while evading potential charge trapping [26]. 

The junction capacitance of a reverse biased pn-junction is calculated as follows, 

 𝐶 = 𝐴 ·
𝜀

𝑤𝑑
 (1.1) 

where 𝐴 is the cross-sectional area of the diode, 𝜀 the permittivity of the semiconductor 

and 𝑤𝑑 the width of the depletion region. Therefore, for improved noise performance 

the capacitance is reduced by decreasing the cross-sectional area and increasing the 

depth of the depletion region. 

1.7 Silicon Radiation Damage 

There are two predominant areas of radiation damage namely surface and bulk 

damage. Ionising radiation loses energy primarily through ionisation, but a portion is 

lost through non-ionising energy loss (NIEL) [17], [36]. NIEL occurs primarily by 

coulomb interaction of incident ionising radiation with the atomic lattice, resulting in 

sputtering, the displacement of atoms from the original lattice site, which then migrate 

through the lattice structure creating a point defect and subsequent collection defects 

[17], [36]. Alternatively, depending on radiation type and energy, NIEL can also 

produce phonon excitation [37], [38]. An overview of NIEL is given in [17]. 

For surface damage, ionising radiation causes surface damage defects in primarily 

insulator materials such as silicon dioxide (SiO2) by ionisation, where excited electrons 

diffuse and hole charge traps are produced [17]. An accumulation of charge traps 

generates a net positive charge in the oxide, and at an interface with silicon (Si), results 

in charge trapping affecting current-voltage characteristics and thus performance 

degradation [39]–[42]. 

Bulk damage in Si is caused by NIEL, and is the principal form of radiation damage 

that can result in operational failure of the device [17], [36]. The defects produced by 

NIEL cause lattice deformation and distortion of the operational properties of the 

initial device, resulting in increases in charge trapping and leakage currents [36], [43]. 

Furthermore, with lattice deformation, the effective doping concentration of the device 

is altered producing irregular junction performance, eventually resulting in failure of 
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Si pn-junctions [36], [43]. An extensive review of radiation damage in silicon devices 

and silicon pixel detectors is presented in [17] and [36]. 

The measure of absorbed ionising radiation dose is referred to as total ionising dose 

(TID), measured in the SI unit Gray (Gy) or centimetre–gram–second (CGS) unit Rad, 

and is the abortion of radiation energy in joules (J) in a unit mass (kg) of matter. 

Therefore, 1 Gy is equal to the absorption of 1 J of radiation energy in 1 kg of matter. 

 1 Gy =
1 J

1 kg
= 100 rad (1.2) 

1.8 Contributions to Knowledge 

The primary contribution to knowledge of the research covered in this thesis is the 

following; a SPAD pn-junction reverse biased and operated in Geiger mode, can be 

used to detect ionising radiation, which includes both X-rays and high energy charged 

particles. 

The specific types of ionising radiation detection covered in this thesis, including 

respective energy ranges where irradiation was detected, is as follows, 

1. Accelerated electrons with kinetic energies in the range 5 to 30 keV were 

detected using a scanning electron microscope (SEM). The SPAD image 

sensor used, allowed for time-resolved imaging of the respective electron beam 

raster scan pattern across the sensor array. Furthermore, statistical significance 

was found that both SPAD excess bias voltage and/or incident accelerated 

electron energy result in distinct output detection. 

2. Accelerated pions with kinetic energy of 120 GeV using the super proton 

synchrotron at CERN incident upon the SPAD image sensor were detectable, 

showing a definite increase in output counts per pixel during irradiation. 

Additionally, it was found that an increase in SPAD bias voltage results in 

higher relative average counts per pixel. The outcome confirms that a SPAD 

can be used to detect heavy charged particles in high energy physics 

environments. 

3. X-rays with peak photon energies in the range 15 to 160 keV using tungsten 

target X-ray tubes were detectable. The results indicate no permanent radiation 
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damage to the SPAD image sensor after long periods of irradiation, a TID of 

4.8 Mrad, and it was found that an increase in SPAD bias voltage results in 

higher relative average counts per pixel. 

1.9 Thesis Outline 

Chapter 2 presents a literature review of SPADs and their integration into CMOS, 

followed by a literature review on SPAD operating principles, structure and 

performance parameters. Thereafter, an overview of the 3D-Stacked back-side-

illuminated (BSI) CMOS SPAD image sensor used throughout this thesis is presented, 

including operation, architecture, layout and performance. 

Chapter 3 reports the application of a CMOS SPAD image sensor for the detection of 

accelerated electrons with a scanning electron microscope (SEM). The chapter begins 

with a literature review on electrons and their interaction and passage through matter, 

with emphasis on energy loss and total stopping power. An overview on electron 

acceleration and electron microscopy is also presented. Afterwards, the experimental 

method for electron detection is presented, followed by experimental results. Finally, 

a summary and conclusion are presented. 

Chapter 4 is separated into two parts representing two separate experiments. The first 

experiment is the investigation of the detection of high energy pions, and the second 

the investigation of the detection of high energy electrons. The chapter commences 

with a literature review on the standard model of physics and passage of heavy charged 

particles in matter. Additionally, an overview on the respective particle accelerators 

used for the experiments is presented including an overview on the origin of pions. 

Thereafter, the experimental setups are presented followed by experimental results. 

And finally, a summary and conclusion are presented.  

Chapter 5 reports the detection of X-rays, beginning with a literature review on X-ray 

interaction with matter, and the generation thereof using an X-ray tube. Thereafter, the 

experimental set-up is presented followed by experimental results and concluding 

remarks. 
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Chapter 6 is the final chapter of the thesis and presents a summary and concluding 

remarks of the thesis, followed by a view on future work of CMOS SPADs for the 

detection of ionising radiation.  
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2. CMOS Single Photon Avalanche Diodes 

This Chapter presents a brief history of single photon avalanche diodes and their 

inception in CMOS technology. Thereafter, a literature review of SPADs is presented 

with emphasis on SPAD operating principles, structure and performance parameters. 

Finally, an overview of the 3D-Stacked BSI CMOS SPAD image sensor used 

throughout this thesis is presented with emphasis of the image sensor operation, 

architecture, layout and performance. 

2.1 Single Photon Avalanche Diodes 

In the early 1950’s avalanche breakdown of a reverse biased pn-junction was first 

observed, and subsequent research investigated the solid-state physics of this 

phenomenon including localised spots of electroluminescence [44], [45]. Thereafter, 

avalanche breakdown was linked to the effect, avalanche multiplication, where the 

minority carriers in a depleted pn-junction at high electric fields are accelerated across 

the junction, generating additional electron-hole pairs, effectively multiplying the 

number of charge carriers [45]–[49].  

In the 1960’s at Shockley Semiconductor laboratories in California, research on the 

physics of avalanche multiplication inadvertently led to the development of the 

precursor to SPADs, as single photons were detected [50], [51]. To attain single photon 

detection using a reverse biased pn-junction, a guard ring, known as the Goetzberger 

diffused guard ring structure [51], was employed to prevent premature edge 

breakdown, to permit a bias voltage higher than the pn-junctions’ planar breakdown 

voltage [51], [52]. Thereafter, R. H. Haitz, provided a better understanding of the 

fundamentals of avalanche pn-junctions, including elucidations on junction noise and 

afterpulsing [53], as well as the development of the first Geiger detectors for low light 

applications [54]. Further research investigated the application of avalanche 

pn-junctions for photodetectors, the predecessors to APD [55], [56].  

In 1981 researchers from Politecnico di Milano proposed the application of solid-state 

avalanche pn-junctions as a replacement for photomultiplier tubes (PMTs) for 

picosecond single photon counting (SPC), and were the first to introduce the 
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designation “Single Photon Avalanche Diode” [57]. Thereafter in 1983, demonstrating 

picosecond SPC using SPADs, with the measurement of low-light fluorescence 

lifetimes [58]. Subsequent decades of research and development followed, resulting in 

enhanced and varied SPAD structures [8], [59]–[63]. A review of this SPAD 

technology and development can be found in [64] and [65]. 

During the 1950’s and 60’s semiconductor technology and silicon processing was only 

beginning, and so the development of pn-junctions and ultimately avalanche detectors 

in standard processes was not viable, as junction manufacturing resulted in many 

defects and low product yields [1], [2]. However, over the coming decades CMOS 

technology developed for reliable commercial development and up until 2003, SPAD 

devices were only realised in fully customisable processes, which allowed 

manufacturers the freedom of SPAD parameter and structure optimisation, but with 

the disadvantage of only discrete devices [1], [2]. This changed in 2003, when the first 

CMOS SPAD was realised in a 0.8 µm high-voltage CMOS process [66], [67], and 

paved the way for the current era of highly integrated circuitry and SPADs in CMOS 

[68]. For an extensive explanation of SPAD operation, physics, historical development 

and CMOS integration, the reader is redirected to the following references [68] and 

[2]. 

2.1.1 SPAD Operation 

Avalanche breakdown is the phenomenon that APD exploit for photon detection. A 

pn-junction or diode is reverse biased, depleting the junction of majority carriers, 

known as the depletion region, resulting in an electric field across the junction. When 

an electron in the conduction band enters the junction as a minority carrier, the electric 

field accelerates the electron across, if the electric field is large enough the accelerated 

electron acquires enough energy to cause impact ionisation, in which the accelerating 

electron collides with another electron in the valence band, generating a secondary 

electron-hole pair [52], [69], [70]. The secondary electron and initial accelerated 

electron may cause further impact ionisation known as avalanche multiplication [2], 

[47], [52], and if the conditions are favourable may cause runaway avalanche 

multiplication, a continuous avalanche breakdown, known as Geiger breakdown, 

which requires a quench and recharge circuit to recover.   
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For a reverse biased pn-junction there are three modes of operation illustrated in 

Figure 2.1, namely integration, avalanche and Geiger. Photodiodes operate in the 

integration or linear region, APD operate in the avalanche region with limited gain 

10 - 100, below the junction breakdown voltage (VBD) and SPADs operate in the 

Geiger region, above VBD. 

 

Figure 2.1. IV curve for reverse biased pn-junction, indication modes of operation: integration, 

avalanche and Geiger. 

In the integration region, incident photons generate a linearly conforming current as a 

result of electron-hole pair generation, proportional to the light intensity. In the 

avalanche region, avalanche multiplication is larger as a result of impact ionisation, 

resulting in a larger gain, which amplifies the current, thus increasing sensitivity to 

incident photon detection. However, suffering from inherent noise generated by 

avalanche multiplication. Therefore, APDs need to limit operational gain to ensure 

adequate SNR, without breakdown [1], [56]. APDs are capable of single photon 

detection, but with the limited gain and subsequently small current generated by an 

arriving photon, a low noise preamplifier with a high gain-bandwidth is required to 

ensure adequate detection [1]. 

SPADs on the other hand operate in the Geiger region, where the pn-junction is biased 

beyond VBD, allowing quasi-stable operational bias for a limited period beyond 

breakdown. Stability is maintained until a minority carrier enters the depletion region, 

by an arriving photon, and causes runaway avalanche breakdown as a result of 

considerable impact ionisation and avalanche multiplication. This distinction is 
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important to consider, because unlike APD’s which are unsustainable, when light 

irradiation is removed, SPADs require an avalanche quench and recharge once 

breakdown occurs, to allow for additional detection.  

Quenching of the SPAD stops runaway avalanching and is achieved using 

complimentary quenching circuitry to force the bias voltage across the SPAD to below 

VBD, ceasing current flow, followed by a recharge, which returns the bias condition 

above VBD to the initial state of Geiger operation. Figure 2.2 (a) provides a simple 

illustration of a passively (resistive) quenched SPAD detector with the output tied to 

an output inverter. For APDs avalanche multiplication results in a proportional 

increase in junction current, which is amplified for detection, however for SPADs, 

runaway breakdown results in a large pulse of current through the junction as shown 

in Figure 2.2 (b); this rapid pulse of current allows for picosecond detection of a single 

photon. However, an inherent disadvantage of this configuration is the resulting 

detector dead time, the time it takes for the SPAD to quench and recharge over the 

inverter transient threshold voltage (VT), and thus the ‘dead’ or inactive time between 

the detection of single photons. [2], [71] 

  

Figure 2.2. (a) Simplified SPAD circuit with passive quenching resistor RQ, with (b) SPAD output 

waveforms indicating photon arrival pulse, deadtime, quench and recharge and correlating output 

detection signal. 

A detailed explanation and overview of SPAD quenching circuits and their progress 

can be found in [26] and [32]. For quenching circuitry there are two types, passive and 
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active, which are both integrable in CMOS [73]–[75]. Passive quenching is realised 

through a resistor, which reduces the voltage across the SPAD to below VBD while 

conducting, effectively halting avalanche [2], [71]. Active quenching provides more 

control over SPAD performance, and achieves the same result as passive quenching, 

however substantially quicker, by employing complex transistor circuitry to detect 

avalanche breakdown and actively turn the SPAD off (quenching), thereafter actively 

driving the SPAD back on (recharge), to reduce dead time [71], [75]. Though, active 

quenching is also used to reduce SPAD afterpulsing, by introducing a SPAD off-delay 

(controlled increase in dead time) to ensure the release of any unwanted trapped 

charges [76], effectively reducing noise. Furthermore, SPADs developed in CMOS 

processes utilising passive quenching, implement a transistor for resistance instead of 

a dedicated resistor, which reduces required design area [67], [77]. 

2.1.2 SPAD Structures 

As discussed briefly in the preceding section, in order to successfully design and 

produce a SPAD, achieving Geiger-mode operation, a reverse biased pn-junction 

requires a guard ring to prevent premature avalanche breakdown on the periphery of 

the junction. The guard ring ensures the depletion layer formed is uniformly distributed 

along the entire junction interface, allowing bias beyond the planar junction 

breakdown voltage. The implementation of a physical guard ring is illustrated in 

Figure 2.3 and stems from its first proposal by Goetzberger et al. in 1963 [51], 

highlighting the shift in breakdown region with and without a guard ring structure. 

Furthermore, the implementation of a guard ring reduces surface noise effects as a 

result of lattice imperfections, with a shift in the resulting breakdown area [1]. 
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Figure 2.3. p+ to NW SPAD junction, showing resulting change in depletion region, (a) without and 

(b) with an integrated guard ring. 

Numerous guard ring structures have been proposed and implemented in both custom 

and CMOS processes [8], [56], [60]–[63], [78]–[80]. The guard ring implemented in 

Figure 2.3 (b) illustrates the most commonly designed CMOS SPAD and guard ring 

structure, first demonstrated by Rochas in 2003 in a high voltage 0.8 µm CMOS 

process [67]. The junction periphery is surrounded by a lower doped p-well (PW) 

guard ring, to prevent edge breakdown, as the pn-junction comprising the higher doped 

p+ and n-well (NW) under reverse bias has a lower breakdown voltage, due to 

increased doping concentration [81]. Comparable forms of this guard ring structure 

have been successfully implemented in several other advanced CMOS processes 

including 180 and 130 nm processes [82]–[88]. 

For the revolutionary Rochas diffused guard-ring, there is an inherent design 

limitation, when designing in CMOS processes below 130 nm. As the CMOS process 
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feature size decreases, doping concentrations increase to ensure nominal junction 

operation, which causes lower junction breakdown voltages and higher SPAD noise 

as a result of band-to-band tunnelling [89]–[92]. Furthermore, a reduction in feature 

size restricts the scalability of the SPAD to ensure a sufficiently sized implanted guard 

ring, to prevent guard ring depletion region mergence [1].  

Solutions have been proposed and implemented, such as shallow trench isolation (STI) 

available in limited processes [80], [93], able to isolate large electric fields while 

requiring less area to ensure a sufficient guard ring [79], but at the cost of increased 

noise due to injection defects at the junction interface [94]. An alternative method is 

the implementation of a virtual guard ring using a deep n-well (DNW) implant and the 

precise spacing of implant areas, that results in a naturally low doped area between the 

anode and cathode, forming a natural guard ring [95]. Similarly, a retrograde DNW 

can be used to develop a p-type epitaxy between the NWs of the SPAD creating an 

implicit guard ring, realised in both 130 and 150 nm processes respectively [89], [96].  

However, such structures still exhibit high noise as a result of high doping 

concentrations of the diffusion implants within the inherent shallow junctions [1]. In 

2009 a PW to retrograde DNW SPAD structure, based on the previous virtual guard 

ring structure, was developed in a 130 nm process [97], [98], producing a deeper 

depletion junction with an undoped epitaxy guard ring structure between the PW and 

NW, illustrated in Figure 2.4. The SPAD structure results in reduced noise and higher 

breakdown voltage [98]. The PW to retrograde DNW was then demonstrated in a 

90 nm process [99] and subsequently industrialised in both a 130 nm process [100] 

and 40 nm deep submicron technology (DST) process [101].  
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Figure 2.4. PW to retrograde DNW SPAD junction, with undoped epitaxy virtual guard ring structure. 

SPADs developed with virtual guard rings allow for improved scalability and 

implementation of high performance SPADs in advanced processes with lower noise 

levels. This progress has led to the development of SPADs in multiple different CMOS 

processes including, but not limited to, 130 to 40 nm with varying capabilities, 

applications and distinct virtual guard ring structures [62]-[76]. For an extensive 

review on varying SPAD structures and advances, the reader is redirected to [1]. 

SPAD miniaturisation and use of either physical or virtual guard rings does not imply 

optimal performance, instead it provides the designer with a variety of options that 

lends itself to a specific application. Furthermore, the technology is continually 

developing and benefits from the development of already established and advancing 

commercial processes. 

2.1.3 Performance Parameters 

SPADs are quantified on certain performance parameters namely detection 

probability, dark count rate (DCR) and timing resolution. Furthermore, secondary 

performance parameters namely afterpulsing and crosstalk. 

SPAD efficacy is measured by and referred to as photon detection probability (PDP) 

and is the probability of a SPAD to detect an incident photon. The PDP is a weighted 

probability and is the product of both SPAD quantum efficiency and avalanche 

breakdown probability. The internal and external quantum efficiencies of the CMOS 

SPAD structure determine the overall quantum efficiency. Avalanche breakdown 

probability is the probability a generated minority carrier within the multiplication 
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region causes runaway avalanche breakdown, which is directly dependent on the 

applied electric field [116]. Furthermore, photon detection efficiency (PDE) is the PDP 

proportional to the SPAD fill factor, therefore the ratio of SPAD count rate vs the 

number of incident photons over the total area of the SPAD [117]. 

If avalanche is triggered by a carrier not generated by an arriving photon, this is a 

spurious detection, and is referred to as a dark count and is a measure of specious 

counts associated with SPADs. There are three main contributors to DCR that generate 

carriers, namely thermal generation; Shockley-Read-Hall trap-assisted generation 

[118], [119], and band-to-band tunnelling [90], [120]. Furthermore, certain SPADs 

suffer from unwanted DCR instability known as random telegraph signal (RTS) noise, 

where the SPAD DCR fluctuates between different states during operation [121]–

[123]. RTS noise has been attributed to charge trapping at metastable locations within 

the SPAD device as a result of impurities and lattice defects [122]. 

SPAD timing resolution or jitter is measured in picoseconds and is the statistical 

variation in SPAD output pulse rate once an incident photon is detected. Therefore, 

jitter is the variation in the time it takes a photo-generated carrier to generate an output 

pulse. Moreover, jitter is influenced by the origin of the photo-generated carrier and 

its diffusion tail, as there is an inherent delay for the carrier to reach the SPAD 

multiplication region if the carrier originates outside the depleted region [124]. SPAD 

jitter is measured using a pulsed laser and is commonly reported in full width at half 

maximum (FWHM). Theoretical analysis and Monte Carlo simulation of avalanche 

breakdown and jitter are presented in [125] and [126] respectively. 

Afterpulsing is a contributing factor to DCR due to secondary spurious counts after an 

initial photon detection and augments total photon counts, which affects PDE [127]. 

When a photon is detected and the SPAD avalanches, lattice defects and impurities 

allow for carriers to be trapped within the SPAD junction [127]. Thereafter, when the 

subsequent carrier is released, there is a possibility the free carrier causes an after-pulse 

and is thus a false photon detection. 

SPAD array crosstalk is spurious avalanche breakdown in an adjacent SPAD to a 

SPAD which avalanches as a result of an incident detected photon and limits SPAD 
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dynamic range. Crosstalk is caused either electrically or optically. Electrical crosstalk 

is the result of coupling capacitances between SPAD anodes and cathodes, resulting 

in free carrier diffusion into a neighbouring SPAD depletion region [128], [129]. 

Optical crosstalk is the result of hot-carrier electroluminescence during SPAD 

avalanche, which produces a population of energetic (hot) carriers that generate 

secondary photons, and electromagnetic cascading affect [130]–[135]. Such photons 

may indirectly or directly cause avalanching in an adjacent SPAD junction [129]. 

2.2 Backside Illuminated CMOS SPAD 

The SPAD image sensor used for this research, hereinafter referred to as MINI3D, is 

a 120 x 128-pixel CMOS miniature time-resolved SPAD array, and the first presented 

3D-stacked backside illuminated (BSI) silicon sensor capable of both time-resolved 

imaging and single photon counting (SPC) [1], [7]. 3D-stacking technology is driven 

by the demand for increased transistor density and is a key technology in dynamic 

random access memory (DRAM) fabrication and high bandwidth memory interface 

(HBM) technology to improve both bus speeds with shorter bus paths, and reduce 

overall power consumption by reducing RC parasitics [136], [137]. An extensive 

overview on SPAD architectures and 3D-stacking technologies is given in [1].  

2.2.1 MINI3D 3D-Stacked BSI CMOS SPAD Image Sensor 

The MINI3D image sensor pixel comprises of two tiers, connected with a wafer to 

wafer hybrid bonding connection [1], [138]. The SPAD image sensors are 

implemented on the top tier, within an imaging 65 nm CMOS process, without active 

circuitry, for optimised fill factor of 45 % and pixel pitch of 7.83 µm [1].  The bottom 

tier houses all the necessary integrated circuitry and is implemented within a 

complimentary 40 nm process [1]. Figure 2.5 shows an illustration of the cross section 

of the MINI3D 3D stacked image sensor layout, presenting both tiers, connected via a 

vertical stack of metal layers [1]. The stacked wafers are bonded at both the hybrid 

bond (HB) Cu-to-Cu and oxide interfaces using a dual damascene integration [1]. Each 

pixel has a dedicated 12-bit ripple counter providing a binning capacity for 4096 

photon counts [1]. The MINI3D SPAD image sensor structure resembles a hybrid pixel 

detector and is therefore expected to have improved radiation hardness capabilities. 
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The top tier is inverted allowing incident photons to enter the backside of the die, and 

thus the device is referred to as a BSI SPAD image sensor, where the incident material 

is silicon. The backside of the die has been wafer thinned and the thickness is 

undisclosed to author. The SPAD junction is a PW to shared retrograde DNW as 

illustrated in Figure 2.4 with an isolated substrate and NMOS quench transistor. [1] 

 

Figure 2.5. Illustrated cross section of the MINI3D BSI 3D-stacked pixel layout showing with a 1-to-1 

hybrid bond connection between top and bottom tiers [1].  

Figure 2.6 shows a block diagram of the image sensor system architecture and pixel 

array together with a micrograph of the top tier backside with periphery aluminium 

pads. Each trial area is 1.2 × 1.2 mm2 and the die area is approximately 2.4 × 2.4 mm2. 

The operational static controls are performed through column buffers, where gating 

signals and dynamic controls are operated by the clock trees located below the array. 

The bottom serial readout is split between two input/output (IO) pads with a maximum 

frame rate of 500 Hz. The main trial in Figure 2.6 is the only operational image sensor 

on the die with a 128 × 120-pixel array. Each pixel has an effective 12-bit counter, 

which is split into two 6-bit counters and can operate linearly, allowing time-resolved 

measurements for time-of-flight (ToF) and fluorescence lifetime imaging (FLIM). [1]  
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Figure 2.6. (a) MINI3D SPAD image sensor block diagram of the image sensor system architecture 

and pixel array. (b) Micrograph of the die backside top tier. [1] 

Figure 2.7 (a) shows the SPAD DCR as a function of breakdown voltage in counts per 

one millisecond and (b) shows the distribution of the breakdown voltage across the 

SPAD array with a mean breakdown voltage of 11.7 V and standard deviation of 

30 mV. Figure 2.8 shows the median DCR for the SPAD image sensor as a function 

of excess bias voltage, where the curve is exponential in nature, which indicates that 

tunnelling is the dominant contributor to DCR. Figure 2.9 shows the cumulative DCR 

for the SPAD array at varying excess bias voltages, which shows that approximately 

80 % of pixels exhibit a uniform DCR distribution, whereas the remaining 20 % exhibit 

a high non-uniform DCR distribution, which skews the DCR distribution of the array. 

Furthermore, the jitter of the device was measured using two lasers with 0.44 µm and 

0.77 µm wavelengths respectively and a maximum jitter of approximately 230 ps was 

measured, with an impulse response function peak of 17 ns. [1] 

An extensive overview of the MINI3D SPAD architecture, circuitry, performance 

characterisation and comparison to other sensors is provided in [1]. For external 

operation and interface with a computer, all operational, control and supply signals are 

externally generated and connected using a field-programmable gate array (FPGA). 

 

(a)       (b) 
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Figure 2.7. (a) SPAD output counts per 1 ms frame exposure time as a function of breakdown voltage. 

(b) Breakdown voltage distribution across array with calculated mean of 11.7 V and standard 

deviation of 30 mV. [1] 

 

Figure 2.8. MINI3D SPAD image sensor median DCR as a function of excess bias voltage at room 

temperature [1]. 

The pursuit of 3D-stacked CMOS SPAD technology is seen as a key process in 

realising miniature CMOS SPADs with highly integrated circuitry capability, that 

would otherwise be unachievable in monolithic CMOS technology [1]. 3D-stacking 

permits high pixel array fill factors that are scalable, while optimising pixel driver 

circuitry without compromise, by separating the sensor and IC tiers to deliver optimal 

performance and capability [1]. 

(a)                              (b) 
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Figure 2.9. MINI3D SPAD image sensor cumulative DCR as a function of excess bias voltage at 

room temperature [1]. 

2.3 Summary and Conclusion 

The chapter begins with a brief history on the development of SPADs and their 

integration into CMOS technology. Thereafter a literature review on SPAD operating 

principles is presented, with emphasise on Geiger operation and how runaway 

avalanche quenching is achieved. A literature review on various SPAD guard ring 

structures is presented followed by an overview of primary and secondary SPAD 

performance parameters. 

Section 2.2 provides an overview of the MINI3D 3D-stacked BSI CMOS SPAD image 

sensor that was used for the research reported in this thesis, including SPAD operation, 

architecture, layout and performance. The SPAD is BSI and therefore the medium for 

incident ionising radiation will be silicon. The 3D-stacked SPAD image sensor 

structure resembles a hybrid pixel detector and was therefore selected due to its 

potential improved radiation hardness capabilities. 

The pursuit of CMOS 3D-stacked technology for SPADs is an interesting 

development, when compared to Hybrid pixel detectors. Both 3D-stacked CMOS 

SPADs and hybrid detectors are fabricated to separate IC and pixel sensor tiers to 

achieve optimal performance of each respective tier. However, hybrid pixel detectors 
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are not wholly developed in a dedicated CMOS process unlike 3D-stacked CMOS 

SPAD technology. Furthermore, the HEP community is transitioning ionising 

radiation pixel detectors to planar monolithic CMOS with all the associated benefits 

that CMOS provides. Therefore, 3D-stacking CMOS technology may be a 

complimentary technology to hybrid pixel detectors. 

The following chapter reports on the application of the MINI3D CMOS SPAD image 

sensor for the detection of accelerated electrons with a SEM.  
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3. Accelerated Electron Detection using SPADs 

An electron is a negatively charged particle, discovered in 1897 by Sir Joseph John 

Thomson, and was the first subatomic particle to ever be discovered [139]. The 

discovery of the electron transformed our understanding of the atom and the known 

universe. We know that electrons bond to atomic nuclei through the electromagnetic 

force, but are not restricted to bound to atoms, they can be emitted through thermionic 

emission, where electrons, acquire enough energy to overcome the material’s work 

function [140], [141]. Such electrons are commonly used in cathode ray tubes (CRT), 

scanning electron microscopes (SEM), transmission electron microscopes (TEM) and 

high energy particle accelerators. 

This chapter reports the application of CMOS SPADs for the detection of direct 

accelerated electrons within a vacuum, within a SEM. The chapter first provides a 

literature review of the collision effects of accelerated electrons with incident atoms, 

then moves on to a brief overview of a SEM. Thereafter, results of electron detection 

are presented and analysed, followed by conclusions regarding the suitability of 

CMOS SPADs for the detection of accelerated electrons. 

3.1 Passage of Electrons Through Matter 

3.1.1 The Atom 

To understand the passage of an accelerated electrons through matter, it is important 

to understand the environment of which matter is made, atoms. The radii of atoms are 

approximately between 0.05 and 0.25 nm or 0.5 to 2.5 Å, whereas, the charge radius 

of a proton is approximately 0.85 fm. Therefore, for particles passing through matter 

it is important to consider incident cross-sections. For example, the spherical silicon 

atom with atomic number (Z) of 14, has an approximate radius of 0.12 nm and a 

geometrical cross-section of 4.524 × 10-20 m2, whereas, the silicon nucleus has a radius 

of 3.6 fm and a geometrical cross-section of 4.072 × 10-29 m2. Therefore, the 

geometrical probability of an incident particle colliding with the nucleus is 

approximately nine orders magnitude lower than interacting with the surrounding 

electrons. [14], [18], [142], [143] 
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3.1.2 The Electron 

Within the standard model of particle physics an electron is classified as a lepton, with 

an electric charge of negative one. Electrons at rest have an electric field about them 

and are bound to the nuclei by coulomb forces. Coulomb interactions result in the 

exchange of energy with other atomic electrons, which result in either excitation or 

ionisation. For particle trajectory the overall elastic scattering of the particle is subject 

to the mass and charge of the particle, which adheres to the principle of conservation 

of energy. Therefore, for heavy charged particles (protons, alpha particles, heavier ions 

etc.) the interaction with atomic electrons, results in minimal scattering and the overall 

trajectory is not significantly affected. However, as the charge to mass ratio of an 

electron (e/m) is large, accelerated electrons emit electromagnetic radiation and 

experience large accelerations under induced electric fields, thus experiencing 

significant scattering and dramatically different trajectories. [1], [5], [141], [142]   

When an electron traverses matter and strikes an atom, the electron may elastically 

scatter, without the loss of energy, or interact with the atom and lose energy via 

collisional or radiative energy loss. Collisional energy loss involves inelastic 

scattering, where an atomic electron gains energy from the incident accelerated 

electron and is either raised to an excited state (excitation) or is removed from the atom 

(ionisation). Radiative energy loss known as Bremsstrahlung, is when the electron 

loses energy by emitting a photon while scattering from the atom. Elastic scattering 

affects the overall trajectory and mean free path of the electron; whereas collisional 

and radiative energy loss, cause the electron to come to eventual rest, related to the 

total stopping power.[14], [18], [142], [143] 

3.1.3 Energy Loss and Total Stopping Power 

For accelerated electrons passing through and interacting within a given medium the 

rate of energy loss is expressed by the total stopping power and is defined as follows 

 −(
𝑑𝐸

𝑑𝑥
)

𝑡𝑜𝑡𝑎𝑙
= (−

𝑑𝐸

𝑑𝑥
)
𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑎𝑙

+ (−
𝑑𝐸

𝑑𝑥
)

𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒
  (3.1) 

where E, and x are the kinetic energy of the charged electron, and the length traversed 

within the given medium respectively. Furthermore, the total stopping power is the 
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sum of both the collisional and radiative stopping powers. In particle physics it is 

common to express total stopping power in units of MeV·cm2/g as a function of βγ, 

the relative energy of the particle. β is the relativistic speed of the particle and γ is the 

Lorentz factor, expressed in equations 3.2 and 3.3 respectively. [14], [18], [143]–[146] 

 β = 𝑣
𝑐⁄  (3.2) 

 γ =
1

√1 − β2
 

 

(3.3) 

where 𝑣 is the velocity of the particle and 𝑐 the speed of light. For accelerated electrons 

with kinetic energy 𝐸, passing through an incident material with an atomic number Z, 

the collisional stopping power formula for electrons is used and expressed in 

equation 3.4. [146] 

 (−
𝑑𝐸

𝑑𝑥
)
𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑎𝑙

=
𝐾

2
∙
𝑍

𝐴
∙
1

β2

[
 
 
 
 𝑙𝑛

𝑚𝑒𝑐
2β2γ2𝑊𝑚𝑎𝑥

𝐼2
+ (1 − β2) −

2γ − 1

γ2
𝑙𝑛 2 +

1

8
(
γ − 1

γ
)
2

− 𝛿(βγ)
]
 
 
 
 

 

(3.4) 

where 𝑊𝑚𝑎𝑥 is the maximum energy transfer in a single collision [146], and is 

expressed as follows, 

 𝑊𝑚𝑎𝑥 =
𝑚𝑒𝑐

2(γ − 1)

2
 

(3.5) 

A summary and description of constants and variables used in equations 3.4 and 3.5 

are provided in [147]. 
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Table 3.1. Summary of Variables used for Electron Stopping Power. 

Symbol Definition Value and/or units 

𝑒 elementary charge 1.602 176 × 10-19 C 

𝜀0 permittivity of free space 8.854 219 × 10-12 F/m 

𝑚𝑒 electron mass 9.1094 × 10-31 kg 

0.510 999 MeV/c2 

𝑐 speed of light 299 792 458 m/s 

𝑟𝑒 classical electron radius 2.817 940 fm 

𝑁𝐴 Avogadro’s number 6.022 140 857×1023 mol-1 

K = 4πNAre
2mec

2 (−𝑑𝐸 −𝑑𝑥⁄ ) coefficient 0.307075 MeV mol-1 cm2 

𝜌 mass density of stopping medium a g cm-3 

𝑊𝑚𝑎𝑥 maximum energy transfer to an electron MeV 

𝑍 atomic number of stopping medium a  

𝐴 atomic mass of stopping medium a g mol-1 

𝐼 mean excitation energy of stopping medium a MeV 

δ(βγ)

2
 

density-effect correction for ionisation energy 

loss at very high energies 
→ ln(ℏ𝜔𝑝 𝐼⁄ ) + ln(βγ)

− 1 2⁄  

ℏ𝜔𝑝 plasma energy of stopping medium a eV 

       aAtomic and nuclear properties available in [145] 

Other authors also express stopping power in units of MeV/cm, known as the linear 

stopping power, expressed as (-dE/dx)×ρ, where ρ is the density of the stopping 

medium in units of g/cm3. Figure 3.1 shows the contribution of the collisional and 

radiative  stopping powers towards the total stopping power for silicon in MeV·cm2/g, 

for electron energies in the range, 0.01 < E < 1000 MeV [145]. From Figure 3.1 the 

collisional energy loss is the most significant component towards total stopping power, 

for lower energy electrons. This indicates that for electron energies below 10 MeV, 

the energy loss is predominately ionisation, whereas above the critical energy (silicon, 

EC = 40.19 MeV for e-), high energy electrons lose energy in matter primarily by 

radiative energy loss, Bremsstrahlung [145], [146], [148], [149]. The radiative energy 

loss of electrons can be expressed by the product of the electron kinetic energy E, and 

the inverse radiation length X0, in units of g·cm-2 as follows 

 
(−

𝑑𝐸

𝑑𝑥
)
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒

=
𝐸

𝑋0
 (3.6) 

 

 
1

𝑋0
= 4𝛼𝑟𝑒

2 ∙
𝑁𝐴

𝐴
∙ [𝑍2(𝐿𝑟𝑎𝑑 − 𝑓(𝑍)) + 𝑍𝐿𝑟𝑎𝑑

′ ] (3.7) 
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 𝐿𝑟𝑎𝑑 = 𝑙𝑛 (184.15 ∙ 𝑍−
1
3) (3.8) 

 

 𝐿𝑟𝑎𝑑
′ = 𝑙𝑛 (1194 ∙ 𝑍−

2
3) (3.9) 

where 𝛼 is the fine structure constant, 1/137.036, 𝑍 the atomic number of stopping 

medium and 𝑓(𝑍) an infinite sum function, which can be represented by equation 3.10 

for 𝑍 < 92. 

𝑓(𝑍) = 𝑎2 [
1

(1 + 𝑎2)
+ 0.20206 − 0.0369𝑎2 + 0.0083𝑎4 − 0.002𝑎6] (3.10) 

where 𝑎 = 𝛼𝑍.  

 

Figure 3.1. Total stopping power as a function of electron kinetic energy for silicon. Plot data from 

National Institute of Standards and Technology public database [145], [148]. 

Figure 3.2 shows the total stopping power as a function of energy for several elements 

and common process materials used in CMOS. Furthermore, Table 3.2 shows the 

approximate densities of these elements and mediums respectively, allowing the 

calculation of the approximate linear stopping length in cm, as a function of kinetic 

energy, shown in Figure 3.3. 
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Figure 3.2. Total stopping as a function of electron kinetic energy for several stopping mediums [148]. 

From Figure 3.2 it can be seen that, as the atomic mass increases the collisional energy 

losses decrease, whereas the radiative energy losses increase about the critical energy 

point. From Figure 3.3 and Table 3.2 the density of the stopping medium is an 

important parameter in determining the linear stopping length of an incident electron, 

which is discernible that with increased density there will be increased collisional and 

radiative losses. Furthermore, both silicon and aluminium have similar atomic 

numbers and respective densities, which result in comparable total stopping power and 

linear stopping lengths. 

Table 3.2. Mass densities for elements and stopping mediums. 

Medium Symbol Density 𝜌 (g cm-3) a 

Silicon Si 2.329 

Aluminium Al 2.699 

Copper Cu 8.960 

Tungsten W 19.30 

Silicon dioxide SiO2 2.200 

Air (dry, 1 atmosphere) at 20 °C 1.205 × 10-3 

aAtomic and nuclear properties available at [145] 
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Figure 3.3. Linear stopping length as a function of electron kinetic energy for several stopping 

mediums [148].   

3.2 Electron Acceleration 

3.2.1 Electron Beam 

As discussed in the beginning of this chapter, electrons can be discharged from an 

atom through thermal electron emission, in which the electrons acquire the minimum 

required energy to overcome the material’s work function [140], [141]. This is 

achieved by heating up a filament, for example tungsten (within a vacuum). The 

vacuum allows for the formation of an electron cloud or free electrons around the 

heated cathode within a Wehnelt cylinder. Electrons are charged particles and can 

therefore be manipulated using electromagnetic fields. If a voltage is applied across 

the cathode and a suitably placed anode, an electric field is formed, accelerating the 

free electrons toward the positively charged anode, providing the electrons with 

increased kinetic energy. Therefore, an applied voltage (accelerating voltage) across 

the cathode and anode can be used to create an accelerated beam of electrons as shown 

in Figure 3.4, which provides a rudimentary operation of an electron gun in a vacuum 

chamber. Furthermore, the advantage of using a vacuum reduces both inelastic and 

elastic scattering of electrons. 
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Figure 3.4. Simplified schematic of an Electron beam operation, in which the heated filament 

(cathode) creates a cloud of free electrons, which are focussed and accelerated towards the anode. The 

electron kinetic energy is a function of the applied voltage Va. 

The velocity of the accelerated electrons can be calculated from the kinetic energy of 

the electron as a function of the applied voltage Va using equation 3.13. 

 𝐸 = 𝑉𝑎 ∙ 𝑒 = 𝑚𝑐2 = (𝑚𝑟𝑒𝑙 − 𝑚𝑒) ∙ 𝑐2 (3.11) 

where 𝐸 is the electron kinetic energy, 𝑒 the electron charge, 𝑚𝑟𝑒𝑙 the electron 

relativistic mass, 𝑚𝑒 the electron rest mass, c the speed of light. Using equations 3.2 

and 3.3,  

 
𝑚𝑟𝑒𝑙 = γ ∙ 𝑚𝑒 =

𝑚𝑒

√1 −
𝑣2

𝑐2

 
(3.12) 

where γ the Lorenz factor therefore, 

𝑣 = 𝑐 ∙
√

1 −
1

(1 +
𝑉𝑎 ∙ 𝑒

𝑚𝑒 ∙ 𝑐2)
2 

(3.13) 

Figure 3.5 shows the relativistic velocity of an electron as a function of the applied 

voltage, and that the velocity of the accelerated electron converges towards the speed 

of light. Furthermore, if the applied voltage is known, equation 3.13 can be used to 

calculate β in equation 3.2. 
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The development of electron beams led to the application thereof in many branches of 

technology and sciences including biological sciences, medicine, engineering and 

physics [141], [150]–[152]. Most notably in the commercial sector with the 

development of cathode ray tubes, used in e.g. televisions, monitors and 

oscilloscopes [141], [150]–[152]. Furthermore, electron guns are used in electron 

welding, electron microscopy, particle accelerators, etc. [141], [150]–[152]. 

 

Figure 3.5. Relative accelerated electron velocity as a function of applied voltage. 

3.2.2 Electron Microscopy 

The development of the electron microscope (EM) began with the limitations of image 

resolution when using visible-light microscopes, limited by the wavelength of visible 

light. When it was discovered that electrons showed wave-like properties and could be 

accelerated within a vacuum, it was thereafter suggested to use electrons for 

microscopy, as the wavelength is smaller than that of visible light and would result in 

improved image minimum-resolvable distances (resolution) [141], [153]. The 

wavelength of electrons is inversely proportional to the kinetic energy of the electron 

expressed in equation 3.14, considering the relativistic effects. 
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 𝜆 =
ℎ

[2𝑚𝑒𝐸 (1 +
𝐸

2𝑚𝑒𝑐2)]
1 2⁄

 
(3.14) 

where ℎ is Planck’s constant = 6.626 ×10−34 J·s, 𝐸 the electron kinetic energy, 𝑚𝑒 the 

electron mass and 𝑐 the speed of light. For example, if the kinetic energy of an electron 

is 10 keV the wavelength of the electron equals approximately 12.2 pm, which is 

smaller than the size of an atom. However, such resolutions are not yet achievable in 

an EM as a result of the electron lens imperfections, such as spherical and chromatic 

aberrations, and astigmatism [141]. Practically, transmission electron microscopes 

(TEMs) and scanning electron microscopes (SEMs) have minimum resolution 

diameters of approximately 0.2 to 30 nm [141]. 

3.2.3 Electron Beam Damage 

Incident ionising radiation damage is covered in section 1.7. However, A brief 

overview of incident high-energy electron beam damage is presented.  Incident high-

energy electrons on a sample cause inelastic scattering, which are exploited and 

provide useful information, e.g. the detection of secondary electron emissions for SEM 

imaging. However, the electron beam also results in an undesirable side-effect in the 

form of radiation damage of the atomic lattice. The magnitude of radiation damage is 

dependent on the electron kinetic energy and TID. There are three primary forms of 

radiation damage as a result of incident high-energy electrons, namely radiolysis, 

sputtering and heating. Radiolysis is the physical breaking of chemical bonds as a 

result of inelastic scattering effects; sputtering is the atomic lattice displacement of 

atoms and potential discharge of an atom; and atomic lattice heating is the result of 

phonon generation, collective excitation or vibration of atoms. Phonon generation as 

a result of an incident high-energy electron beam causes the medium to heat up and 

induces phonon scattering. [141] 

3.3 Experimental Method 

3.3.1 Scanning Electron Microscope 

For the investigation of the detection of accelerated electrons using CMOS SPADs, it 

was decided to use an electron beam found within an EM, as the electron beam is 
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focusable, and the electron beam kinetic energy is comparatively low, keV range. An 

electron beam with kinetic energies in the keV range was favoured, to minimize 

potential radiation damage to the SPAD. The two most common electron microscope 

types are TEMs and SEMs, and a combination of the two are known as a scanning 

transmission electron microscope (STEM). TEMs are often used for 2D imaging, as 

the image is viewed in transmission, whereas SEMs provide a raster-scanned 3D image 

of the sample surface topography, as the electrons interact with the atoms in the sample 

surface and resulting radiative electrons are detected. [141]  

Figure 3.6 provides a simplified illustration of the interaction of an incident electron 

beam on a sample surface showing the elastic backscattered (BS) electrons, inelastic 

secondary electrons as a result of charge generation and recombination, and radiative 

Bremsstrahlung photons and characteristic X-rays. Characteristic X-rays emission is 

the result of outer-shell electrons filling lower-shell electron vacancies as a result of 

lower-shell electron emission due to inelastic scattering. TEMs have accelerating 

electron energies up to 300 keV, while SEMs limit the range up to 30 keV to prevent 

sample surface damage, particularly for biological samples. [141] 

 

Figure 3.6. Schematic illustration of the interaction of incident accelerated electrons on a sample 

surface for electron microscopy. 
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For the experiment and with the unknown radiation hardness of the MINI3D SPAD 

image sensor it was decided to use a SEM as the primary electron source. The electron 

microscope chosen was the Tescan Vega 3, a tungsten heated filament SEM, intended 

for both high- and low-vacuum microscopy with an electron beam energy range from 

200 eV to 30 keV. The SEM is configured with an XM (extra-large) chamber with a 

5-axis fully motorised x, y, z, rotation and tilting stage, with inner dimensions 13 × 13 

× 10 cm3. The best achievable resolution is 3 nm at an electron beam energy of 30 keV 

in high-vacuum mode with pressure < 9 mPa. An image of the Tescan Vega 3 SEM 

used is shown in Figure 3.7.  

 

Figure 3.7. Tescan Vega 3 SEM showing electron beam column, XM chamber and SPAD image 

sensor with operational circuitry. 

Before testing could begin an electric feedthrough was installed on the SEM and 

provided a 15-way D-Sub connector interface, as shown in Figure 3.8. The MINI3D 

SPAD image sensor FPGA and breakout board were placed inside the SEM vacuum 

chamber, where the SPAD image sensor interfaces using an FPGA, which requires a 

USB 3.0 and DC power connection. Therefore, two complimentary PCB circuits were 

manufactured to interface a computer to the FPGA via the D-Sub connectors to enable 
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data collection. The PCB layouts are shown in Figure 3.9 with the pin D-Sub connector 

on the left and socket D-Sub connector on the right. 

 

Figure 3.8. (a) External 15-way pin D-sub connector. (b) Internal 15-way socket D-sub connector. 

  

Figure 3.9. 15-way D-Sub connector PCB layouts for pin and socket connector, with USB 3.0 socket 

connector and DC power socket. 

3.3.2 SPAD Image Sensor 

From section 2.2 the MINI3D SPAD image sensor was used for the following 

experiments. The SPAD is a 3D-stacked BSI sensor designed for SPC and time 

resolved imaging and comprises a 128 × 120 pixel array with a pixel pitch of 7.83 µm 

and fill factor of 45 %. Each pixel has a dedicated 12-bit ripple counter providing a 

binning capacity for 4096 photon counts [1]. With BSI the incident material for the 

accelerated electrons is silicon, furthermore, the top tier of the SPAD image sensor 

was wafer etched to reduce the amount of bulk silicon required for incident photons to 
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reach the depletion region, however, the finished thickness of the top tier wafer is 

undisclosed to the author. [7] 

For the detection of accelerated electrons, the operation of the detector depends on the 

interaction and transfer of energy to the electrons within the depletion region of the 

SPAD pixel. Therefore, an investigation of accelerated electron energy loss and total 

stopping power is given in section 3.1.3 and the linear stopping lengths for several 

materials including silicon is shown in Figure 3.3. Therefore, as the SEM is limited to 

maximum electron kinetic energy of 30 keV, Table 3.3 provides the approximate linear 

stopping lengths in silicon for accelerated electrons with kinetic energies from 10 to 

30 keV, using the continuous slowing down approximation (CSDA) data in [148] and 

known density of silicon in Table 3.2. From the table the maximum linear stopping 

length is approximately 9.91 µm in silicon at an electron kinetic energy of 30 keV. 

Table 3.3. Approximate Linear Stopping Lengths for Accelerated Electrons Incident 

upon Silicon. 

Kinetic 

Energy (keV) 

Total Stopping 

Power (MeV·cm2/g) 

CSDA Range 

(g/cm2) 

Approximate Linear 

Stopping Length (µm) 

10 16.90 3.461 × 10-4 1.486 

15 12.52 6.946 × 10-4 2.982 

20 10.11 1.142 × 10-3 4.903 

25 8.564 1.682 × 10-3 7.222 

30 7.487 2.308 × 10-3 9.910 

3.4 Experimental Results 

For the operation of the SPAD image sensor, four distinct operational bias voltages 

were selected, namely 12.5, 13, 14 and 15 V. For image capture, 400 frames were 

collected for each electron irradiation, with a constant exposure time of 1 ms. The 

electron beam within the SEM is raster scanned, with an adjustable scanning speed in 

steps from 20 ns to 10 ms per pixel with image size of 1024 × 768 pixels. For all the 

experimentation the scanning speed was set to 3.2 µs/pixel. Figure 3.10 shows a SEM 

image of the SPAD image sensor die at 5 keV mounted within the 68-pin ceramic pin 

grid array (CPGA) package. The SEM used is placed in a class 10 clean room at the 

Scottish Microelectronics Centre (SMC) at The University of Edinburgh, King’s 
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Buildings. The cleanroom has a controlled temperature of 21 (± 1) °C and a relative 

humidity of 40 (± 5) % [154]. 

 

Figure 3.10. SEM image of MINI3D CMOS SPAD image sensor, with die mounted in a 68-pin CPGA 

package with gold wire bonds. 

3.4.1 Time-Resolved Imaging of Accelerated Electron Beam 

The first experiment was time-resolved imaging of the accelerated electron beam over 

the entire SPAD image sensor, with a field of view larger than the image sensor itself. 

The image sensor was irradiated with a range of electron kinetic energies from 5 to 

30 keV (5 keV increments) with both a constant field of view and working distance 

(WD). Figure 3.11 shows a SEM image of the SPAD image sensor die at 20 keV at a 

WD of 58.58 mm and field of view of 1.85 mm, and 4:3 aspect ratio. 
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Figure 3.11. SEM image of MINI3D CMOS SPAD image sensor at electron kinetic energy of 5 keV. 

The experiment provides time resolved imaging, frame by frame imaging to track the 

raster scanned electron beam when incident over the image sensor. Before and after 

irradiation a control measurement is taken, 1000 frames each, for comparison and used 

to identify high dark count rate (HDCR) pixels. Figure 3.12 shows the average DCR 

across the MINI3D SPAD image sensor 128 × 120 pixel array, for each select bias 

voltage, where the HDCR pixels can be identified. Furthermore, it is observed that 

with increasing bias voltage there is increase in HDCR as expected [7]. The measured 

average DCR is approximately 0.285, 3.377, 9.956 and 29.16 counts/pixel (kHz) at 

12.5, 13, 14 and 15 V respectively, over 1000 frames. 
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Figure 3.12. Average DCR across the MINI3D CMOS SPAD image sensor, 128 × 120 pixel array, for 

selected excess bias voltages namely, (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V over 1000 frames at 

a set exposure time of 1 ms per frame. 

With a known pixel pitch of 7.83 µm, field of view of 1.85 mm and raster scan speed 

of 3.2 µs/image-pixel it is determined that with a set exposure time of 1 ms, the raster 

scan should irradiate a width of approximately 565 µm or 72 pixels across. For each 

irradiation 400 frames were taken at each selected bias voltage at varying electron 

kinetic energies from 5 to 30 keV, at 5 keV increments. Therefore, a total of 24 data 

sets were collected. Figure 3.13 shows a select frame for each irradiation with electron 

kinetic energies from 15 to 30 keV at SPAD bias voltage of 12.5 V. Each frame shows 

the detection of the incident accelerated electron beam, confirming the detection of 

accelerated electrons with kinetic energies from, but not limited to, 15 to 30 keV. 

Furthermore, time-resolved imaging of the electron beam and the frames show the 

raster scan pattern of the SEM, with an approximate irradiation exposure length of 70 
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pixels as calculated. However, no discernible detection was found at 5 and 10 keV 

with SPAD bias of 12.5 V. Figure 3.14 to Figure 3.16 show the select frames for each 

irradiation at varying electron kinetic energies from 15 to 30 keV for SPAD bias 

voltage of 13 V, 14 V and 15 V respectively.  

 

Figure 3.13.Time-resolved imaging of the SEM raster scan electron beam incident across the MINI3D 

SPAD image sensor array measured in counts, at SPAD bias voltage of 12.5 V.  Electron beam kinetic 

energy (a) 15 keV, (b) 20 keV, (c) 25 keV and (d) 30 keV respectively. Frame exposure time 1 ms. 
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Time-resolved imaging of electron beam (15 to 30 keV), at VBias = 12.5 V  
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Figure 3.14. Time-resolved imaging of the SEM raster scan electron beam incident across the 

MINI3D SPAD image sensor array measured in counts, at SPAD bias voltage of 13 V.  Electron beam 

kinetic energy (a) 15 keV, (b) 20 keV, (c) 25 keV and (d) 30 keV respectively. 1 ms frame exposure. 
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Time-resolved imaging of electron beam (15 to 30 keV), at VBias = 13 V  
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Figure 3.15. Time-resolved imaging of the SEM raster scan electron beam incident across the 

MINI3D SPAD image sensor array measured in counts, at SPAD bias voltage of 14 V.  Electron beam 

kinetic energy (a) 15 keV, (b) 20 keV, (c) 25 keV and (d) 30 keV respectively. 1 ms frame exposure. 
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Time-resolved imaging of electron beam (15 to 30 keV), at VBias = 14 V  
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Figure 3.16. Time-resolved imaging of the SEM raster scan electron beam incident across the 

MINI3D SPAD image sensor array measured in counts, at SPAD bias voltage of 15 V.  Electron beam 

kinetic energy (a) 15 keV, (b) 20 keV, (c) 25 keV and (d) 30 keV respectively. 1 ms frame exposure. 

For all time-resolved electron irradiations, electrons were only detected with electron 

kinetic energies from 15 to 30 keV for all SPAD bias voltages, except at 10 keV with 

SPAD bias voltage of 15 V, shown in Figure 3.17, where the SEM raster scan electron 

beam can partially be seen. Furthermore, with comparison of Figure 3.13 with 

Figure 3.16 it is observed that an increase in electron kinetic energy, results in an 

increase in surrounding pixel activity because of increased radiative processes. 

(a) E = 15 keV, Frame 28 
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Time-resolved imaging of electron beam (15 to 30 keV), at VBias = 15 V  
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Figure 3.17. Time-resolved image of SEM raster scan electron beam incident across the MINI3D 

SPAD image sensor array measured in counts, at SPAD bias voltage of 15 V with electron beam 

kinetic energy of 10 keV. Frame exposure time of 1 ms used. 

Figure 3.18 shows the distribution of average DCR per pixel across the SPAD image 

sensor over 1000 frames at SPAD bias of 15 V, which shows a positive skew as a result 

of HDCR pixels. Figure 7.1 in the appendix presents a sample of individual pixel DCR 

distributions from the SPAD image sensor, at SPAD bias voltage of 15 V, which shows 

that the DCR for each pixel is normally distributed. The calculated mean from 

Figure 3.12 at SPAD bias voltage of 15 V is 29.16 counts/pixel, however, if you look 

at the average DCR distribution per pixel in Figure 3.18 the HDCR pixels positively 

skew the distribution. Therefore, with the control data sets taken before irradiation, the 

standard deviation and mean for each pixel is calculated, to allow identification and 

removal of HDCR pixels. 
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Figure 3.18.  Histogram distribution of the average DCR for each pixel across the SPAD image sensor 

vs the frequency of total pixels, at SPAD bias voltage of 15 V.  

With the mean and standard deviation of each pixel calculated, the mean and standard 

deviation of the sample means can be calculated. Thereafter, each pixel mean is 

compared to the mean of the sample mean and if the pixel mean does not lie within 

2 standard deviations, a confidence interval of 95 %, the pixel is flagged as a HDCR 

pixel. This allows for the filtering of HDCR pixels and will remove spurious counts 

during analysis of detected accelerated electrons.  

Table 3.4 provides the mean (𝑥̅) of the sample means and standard deviation (𝜎𝑥̅ ) of 

the sample means before and after filtering HDCR pixels for comparison, including 

total HDCR pixels filtered respectively. Figure 3.19 shows the new distribution of 

average DCR per pixel across the SPAD image sensor with removed HDCR pixels at 

SPAD bias voltage of 15 V with reduced bin sizes. From  

Table 3.4 the removal of the identified HDCR pixels greatly reduces the 𝑥̅ and 𝜎𝑥̅  and 

the distribution in Figure 3.19 is more normally distributed. 
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Table 3.4. Mean of the Sample Means (𝑥̅) and Standard Deviation of the Sample 

Means (𝜎𝑥̅ ) before and after filtering HDCR pixels, at SPAD bias voltage of 12.5, 

13, 14 and 15 V. 

 SPAD bias voltage 

Statistical function  

(cps or Hz) 
12.5 V 13 V 14 V 15 V 

𝑥̅  284.7 3377.3 9956.1 29156.8 

𝑥̅ after HDCR pixels 

removed 
162.7 2069.6 6939.7 21186.1 

𝜎𝑥̅  5160.9 47991.7 66227.6 89287.2 

𝜎𝑥̅  after HDCR pixels 

removed 
628.5 6702.6 15009.1 24302.3 

Total HDCR pixels 28 27 103 282 

% of HDCR pixels 0.182 % 0.176 % 0.671 % 1.836 % 

 

Figure 3.19. Sample distribution of the mean DCR for each pixel across the SPAD image sensor vs 

the frequency of total pixels after HDCR pixels filtered. SPAD bias voltage of 15 V. 

For improved analysis and detection integrity during electron beam irradiation a 

confidence interval of 4𝜎 was selected, using the known normal distribution DCR for 

each pixel and their calculated mean and standard deviation. Therefore, during electron 
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beam irradiation for each frame, the pixel count is compared with the pixels’ control 

distribution, and if the count value is larger than 4𝜎 for that respective pixel according 

DCR 𝑥̅ and 𝜎𝑥̅ , the value is retained, else rejected to improve signal contrast. With the 

process of HDCR filtering and 4σ confidence interval processing, the frame in 

Figure 3.17 was processed and the subsequent result is shown in Figure 3.20. With 

comparison to Figure 3.17, there is a clear improvement in frame image integrity with 

a maximum pixel count of 162.5 when compared to 3457 previously, this clearly 

shows the detection of the SEM raster scan electron beam at kinetic energy of 10 keV. 

 

Figure 3.20. Processed time-resolved image of SEM raster scan electron beam incident across the 

MINI3D SPAD image sensor array measured in counts, at SPAD bias voltage of 15 V with electron 

beam kinetic energy of 10 keV. Frame exposure time of 1 ms used. 

Figure 3.21 provides a 3D rendering for comparison of the frame before and after 

processing to emphasise the improvement in the detection of accelerated electrons. 

The following process was repeated for all SPAD bias voltages for electron kinetic 

energies of 5 and 10 keV to discern if detection is possible. Time-resolved images at 

varying SPAD bias voltages for each SEM electron beam irradiation after processing 

is shown in Figure 3.22.  
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Figure 3.21. 3D comparison of time-resolved image before and after HDCR pixels filtering and 4σ 

confidence interval processing. At SPAD bias voltage of 15 V and SEM raster scan electron beam 

energy of 10 keV. Frame exposure time of 1 ms. 
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After processing, accelerated electron energies at 5 keV were only detectable at a 

SPAD bias voltage of 13 V shown in Figure 3.22 (a), whereas, accelerated electron 

energies at 10 keV were detectable at SPAD bias voltages 13 to 15 V. For accelerated 

electron energies of 5 and 10 keV, no discernible detection was found at SPAD bias 

voltage of 12.5 V. 

 

Figure 3.22. Time-resolved imaging of the SEM raster scan electron beam incident across the 

MINI3D SPAD image sensor array measured in counts after HDCR pixels filtering and 4σ confidence 

interval processing. At SPAD bias voltage and electron beam kinetic energy (a) Vbias 13 V and 

E = 5 keV, (b) Vbias 13 V and E = 10 keV, (c) Vbias 14 V and E = 10 keV and (d) Vbias 14 V and 

E = 10 keV respectively. 1 ms frame exposure. 

3.4.2 SPAD Fixed Area Accelerated Electron Irradiation 

The following experiment investigates the relationship of SPAD bias voltage and 

electron kinetic energy on the SPAD output counts per pixel. Therefore, a fixed area 

on the SPAD image sensor was continuously irradiated to calculate the average counts 

(a) E = 5 keV, VBias = 13 V 

128 Pixel 128 Pixel 

128 Pixel 128 Pixel 
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Time-resolved imaging of electron beam after processing   
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per irradiated pixel as a function of both SPAD bias voltage and electron kinetic 

energy. Figure 3.23 shows the specified area size irradiated, 233.36 × 233.36 µm2 (~30 

× 30 pixels), with all the same beam parameters in the previous experiment namely, 

WD 58.58 mm, field of view 1.85 mm, scanning speed of 3.2 µs/pixel. The irradiation 

square was moved for each subsequent increase in electron kinetic energy to minimise 

any damage or temporary change in DCR for irradiated pixels, that would skew the 

results. 

 

Figure 3.23. SEM image of MINI3D SPAD image sensor at electron kinetic energy of 15 keV, 

showing fixed area of accelerated electron beam irradiation. 

For the following irradiation experiments the image sensor exposure time was kept at 

1 ms, and for each irradiation 400 frames were taken at each selected SPAD bias 

voltage with varying electron kinetic energies from 5 to 30 keV, at 5 keV increments. 

Therefore, a total of 24 data sets were collected, and for each irradiation HDCR pixel 

were filtered and 4σ confidence interval processing was used. Figure 3.24 to 3.29 show 

a select frame (frame 200 was selected for all irradiations) for each SPAD bias voltage 

of 12.5 V to 15 V at electron kinetic energies 5, 10, 15, 20, 25 and 30 keV respectively 

during electron beam irradiation. 
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Figure 3.24. Frame 200 of 400 for SPAD bias voltages (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V for 

fixed electron beam raster scan irradiation area, 233.36 × 233.36 µm2 (~30 × 30 pixels), at a fixed 

electron kinetic energy of 5 keV. 

 
Figure 3.25. Frame 200 of 400 for SPAD bias voltages (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V for 

fixed electron beam raster scan irradiation area, 233.36 × 233.36 µm2 (~30 × 30 pixels), at a fixed 

electron kinetic energy of 10 keV. 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure 3.26. Frame 200 of 400 for SPAD bias voltages (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V for 

fixed electron beam raster scan irradiation area, 233.36 × 233.36 µm2 (~30 × 30 pixels), at a fixed 

electron kinetic energy of 15 keV. 

 
Figure 3.27. Frame 200 of 400 for SPAD bias voltages (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V for 

fixed electron beam raster scan irradiation area, 233.36 × 233.36 µm2 (~30 × 30 pixels), at a fixed 

electron kinetic energy of 20 keV. 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure 3.28. Frame 200 of 400 for SPAD bias voltages (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V for 

fixed electron beam raster scan irradiation area, 233.36 × 233.36 µm2 (~30 × 30 pixels), at a fixed 

electron kinetic energy of 25 keV. 

 
Figure 3.29. Frame 200 of 400 for SPAD bias voltages (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V for 

fixed electron beam raster scan irradiation area, 233.36 × 233.36 µm2 (~30 × 30 pixels), at a fixed 

electron kinetic energy of 30 keV. 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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From Figure 3.24 to Figure 3.29, it is evident that the raster scan accelerated electron 

beam is detected, and that a SPAD bias voltage of 13 V results in the highest count 

sensitivity when compared to bias voltages of 12.5, 14 and 15 V respectively. At a 

SPAD bias voltage of 12.5 V, electrons are only detected at kinetic energies 15 keV 

and above. Furthermore, it can be seen in the selected frames that at a SPAD bias 

voltage of 14 and 15 V for all electron kinetic energies 20 to 30 keV, the previous set 

of irradiation experiments, result in temporary pixel hysteresis, where the average 

pixel counts in the previously irradiated area are evidently higher when compared to 

surrounding non-irradiated pixels. The hysteresis was temporary, a control data set 

taken approximately 9 min later, after the final irradiation at 30 keV, showed no 

hysteresis, and no permanent damage was observed. 
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Figure 3.30. Average counts/pixel and standard deviation, for 32 irradiated pixels/frame for 400 

frames, as a function of electron kinetic energy, at SPAD bias voltages 12.5 V to 15 V. 

For this experiment, the constant raster irradiation and fixed area allows for analysis 

of the irradiated pixels, approximately 30 pixels irradiated per frame over 400 frames. 

Figure 3.30 shows the relationship of average counts/irradiated-pixel for each SPAD 

bias voltages from 12.5 V to 15 V, as a function of electron kinetic energies from 5 to 

30 keV, including standard deviation and Table 3.5 provides the respective statistical 

data. From Figure 3.30 it is evident that an increase in incident electron kinetic energies 

results in increased average counts, however, the standard deviations overlap in the 

graph, which means a statistical analysis is required to determine the significance of 

both SPAD bias voltage and electron kinetic energy on average counts.  
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Table 3.5. Statistical data in counts for SPAD fixed area accelerated electron 

irradiation over 400 frames, for varying SPAD bias voltages and varying incident 

electron kinetic energies. 
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To calculate statistical significance between groups the statistical hypothesis student 

t-test is used [155]–[157], and its result will allow for determining whether the 

difference in group average counts is statistically significant or not. Therefore, from 

the results obtained during the fixed area electron irradiation tests, it is hypothesised 

that an increase in accelerated electron kinetic energy or SPAD bias voltage results in 

a greater than 2σ significant difference in SPAD pixel average counts. The null 

hypothesis (H∅) for the independent t-test is that an increase in accelerated electron 

kinetic energy or SPAD bias voltage does not result in a greater than 2σ significant 

difference in SPAD pixel average counts (µx), therefore, for H∅, µ1 = µ2. For an 

independent t-test the following parameters must be true, that the data is normally 

distributed, randomly sampled and the sample size is suitable. Furthermore, it must be 

determined if the data is paired or unpaired; if the variance of the data sets are the 

same; and whether the sample sizes are the same.  

From Table 3.5 it is shown that approximately 6000 data points were collected for each 

irradiation across ~900 pixels. Therefore, there are multiple data readings for multiple 

pixels, which may not be evenly distributed for each irradiation experiment, as the 

irradiation data readings from the SPAD image sensor are influenced by many 

variables, e.g. raster scan pattern, scanning speeds, FPGA read-out speeds and total 

frames taken for each irradiation experiment. Therefore, a sample of independent 

irradiated pixels is required, and as each irradiation area was changed for varying 

electron kinetic energies, the data samples are deemed to be unpaired. Furthermore, 

for the same reasons mentioned for uneven pixel reading distributions, not all 900 

pixels may have irradiation measurements, therefore the sample size for each 

irradiation is assumed uneven. 

From the approximate 6000 data points for each irradiation, a single measurement is 

taken at random for each irradiated pixel, confirmed using the HDCR pixel filtering 

and 4σ confidence interval processing. Thereafter, the sample statistical data is 

calculated and is shown in Table 3.6, where the standard deviations and sample sizes 

compared are dissimilar, and the standard error of the mean (SE) is calculated using 

equation 3.15 as follows 
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𝜎𝑀 =
𝜎

√𝑛
 (3.15) 

where 𝜎𝑀 is the SE, 𝜎 the sample standard deviation and n the sample size. 

Table 3.6. Statistical data for samples of independent irradiated pixels measured in 

counts for SPAD fixed area accelerated electron irradiation, for varying SPAD bias 

voltages and varying incident electron kinetic energies. 
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For each sample their respective distributions are plotted in Figure 3.31, where it is 

shown that the sample distributions are considered normally distributed. Therefore, it 

is concluded that for each sample the data is unpaired, normally distributed and the 

variance and sample sizes are dissimilar. As the variance and sample sizes are 

dissimilar a Welch t-test is required [158], [159].  

 

Figure 3.31. Sample distribution for the single electron irradiated pixel samples for SPAD bias 

voltages from 12 to 15 V and electron kinetic energies from 5 to 30 keV respectively. 

Figure 3.32 and Figure 3.33 show the average counts and SE bar graphs for each data 

set grouped by SPAD bias voltage and electron kinetic energy respectively. It is 
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evident from the graphs that for each SPAD bias voltage, as the electron kinetic energy 

increases the average counts increase, except for SPAD bias voltage of 13 V at electron 

kinetic energy of 20 keV, where the average counts is lower than at 15 keV. 

 

Figure 3.32. Average counts and standard error of the mean bar graph for each data sample, grouped 

by SPAD bias voltages from 12.5 to 15 V as a function of electron kinetic energy. 

 
Figure 3.33. Average counts and standard error of the mean bar graph for each data sample, grouped 

by electron kinetic energies from 5 to 30 keV as a function of SPAD bias voltage. 
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The Welch t-tests were calculated for each relationship to calculate significance and 

the results are provided in Table 3.7 for changes in electron kinetic energy at each 

respective SPAD bias voltage, and in Table 3.8 for changes in SPAD bias voltage at 

each respective electron kinetic energy.  

For all significance tests the null hypothesis can be rejected, with a significance 

> 99.99 %, except for t-test 27 in Table 3.8, which compares the average counts for 

SPAD bias voltage of 12.5 V and 15 V with incident electron energy of 30 keV. The 

t-test accepts the null hypothesis that the means are not significantly different for a 

confidence level of 95 % but is rejected if the confidence level is set to 93.24 %. With 

the results in Table 3.7 and Table 3.8 and Figure 3.32 and Figure 3.33, it can be 

concluded that there is a significant difference in average counts/pixel as a function of 

both SPAD bias voltages at 12.5, 13, 14 and 15 V, and incident accelerated electron 

energies from 5 to 30 keV in 5 keV increments.  

For incident electron energies from 15 to 30 keV, a SPAD bias voltage of 13 V results 

in the highest average counts/pixel. For detection at 5 and 10 keV, a SPAD bias voltage 

of 15 V results in the highest average counts/pixel. Therefore, an increase in SPAD 

bias voltage does not result in an increase in average counts/pixel. Overall, the average 

counts/pixel increase with increasing incident electron kinetic energy at SPAD bias 

voltages of 12 V, 14 V and 15 V respectively. However, there is an exception, at SPAD 

bias voltage of 13 V, where it is shown that incident electron kinetic energy of 20 keV 

results in a lower average counts/pixel when compared to electron kinetic energy of 

15 keV. 

In Figure 3.30 there is a significant increase in average counts between 10 and 15 keV, 

where it is theorised that at 15 keV the approximate linear stopping length of the 

electron beam is directly incident upon the SPAD depletion region. Therefore, it can 

be calculated that the depth of the SPAD depletion region is approximately 3 µm below 

the silicon surface. 
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Table 3.7. T-test results for significant difference in SPAD average counts as a 

function of increasing electron kinetic energy. 
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Table 3.8. T-test results for significant difference in SPAD average counts as a 

function of increasing SPAD bias voltage. 
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electron microscopy is presented. For accelerated electrons with kinetic energies in the 

keV range, collisional energy loss dominates as a result of inelastic scattering. It was 

decided to use a SEM as the primary electron beam source as the electron kinetic 

energy is limited to 30 keV, to limit the radiation damage to the MINI3D CMOS SPAD 

image sensor, as its radiation hardness capabilities are unknown 

The SPAD image sensor is placed within the vacuum chamber of an SEM and 

irradiated with the electron beam at incremental kinetic energies from 5 to 30 keV. 

The SEM beam follows a raster scan pattern, and the first experiment confirms the 

detection of incident accelerated electrons, therefore confirming the initial hypothesis 

of this thesis. Furthermore, the results present the first time-resolved imaging of an 

electron beam raster scanning pattern using a SPAD.  

Further experimentation was conducted, and a technique for the removal of HDCR 

pixels is presented. The results confirm that incident accelerated electrons with 

energies in the range 5 to 30 keV are detectable using a CMOS SPAD. Furthermore, 

statistical analysis shows that a change in SPAD excess bias voltage and/or change in 

electron kinetic energy results in a statistically significant output in average 

counts/pixel but does not show linear regression. For all significance tests the null 

hypothesis can be rejected, with a significance > 99.99 %, except for t-test 27 in 

Table 3.8Table 3.8, where a confidence level of 93.24 % is accepted. The analytical 

results are shown in Figure 3.32 and Figure 3.33, where it is revealed that a SPAD bias 

voltage of 13 V, compared to 12.5, 14 and 15 V, results in the largest average counts 

per pixel during irradiation. An investigation into the non-linear regression is required.  

During accelerated electron irradiation it was observed that previously irradiated 

pixels display hysteresis, especially after higher electron kinetic energy exposure, with 

previously irradiated pixels exhibiting increased DCR. The effect is not permanent and 

after a period of non-exposure the DCR returns to normal. A control data set taken 

approximately 9 minutes after the final irradiation at 30 keV, showed no hysteresis. 

 herefore, it is hypothesised that the cause for the pixel hysteresis or “after-glow” is 

primarily the result of phonon generation. However, long term exposure may lead to 

permanent radiation damage, as discussed in section 3.2.3. Future work should 
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investigate the radiation tolerance of the SPAD image sensors to incident high energy 

electrons, and the use of thermal annealing to reduce long term radiation damage. 

Figure 3.30 presents the average counts per pixel for each operating bias voltage as a 

function of incident electron kinetic energy, where it is observed that there is a surge 

in counts between 10 and 15 keV. It was concluded that the difference in counts is a 

result of the incident electrons reaching the depletion area of the SPAD, as the 

approximate linear stopping length of electrons increases with increasing kinetic 

energy. It was calculated that the depth of the SPAD depletion region is approximately 

3 µm below the silicon surface. Therefore, this technique could be used to determine 

the depth of a SPAD’s depletion region. 

With the discovery that SPADs can detect ionising radiation, it was decided to 

investigate the detection of higher energy electrons as well as heavy charged particles. 

The following chapter reports on the application of the MINI3D CMOS SPAD image 

sensor for the detection of higher energy electrons and pions using particle 

accelerators.  
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4. Detection of Pions and High Energy Electrons using 

SPADs 

With the capability of SPADs to detect photons within the visible spectrum and low 

energy electrons up to 30 keV [160], as reported in chapter 3, the next step was to 

investigate if other forms of ionising radiation detection could be detected, for example 

heavy charged particles, higher energy electrons and higher energy photons (X-rays). 

Chapter 5 reports on the application of the MINI3D CMOS SPAD image sensor for 

the detection of X-rays. 

This chapter reports on the application of CMOS SPADs for detection of pions and 

higher energy electrons using particle accelerators. The chapter first provides a brief 

summary on the standard model of particle physics, followed by a literature review on 

the passage of electrically charged particles through matter at intermediate relative 

energies. Thereafter, an overview of particle accelerators used for the experiments is 

given, followed by a brief overview on pions. Finally, results of pion and higher energy 

electron detection are presented and analysed, and a conclusion regarding CMOS 

SPADs for the detection of high energy particles is provided. 

4.1 The Standard Model of Particle Physics 

The standard model of particle physics provides a consistent quantum theory on the 

fundamental structure of all matter, defines three of the known four fundamental forces 

or interactions, and categorises all known elementary particles. The three forces 

defined by the standard model are the electromagnetic, weak and strong forces. The 

fourth known force outside of the standard model is gravity. The standard model of 

elementary particles is often represented as illustrated in Figure 4.1, which shows the 

principle building blocks of all known matter in the universe. Although, the standard 

model is highly successful in its theoretical predictions and experimental findings, the 

theory is not complete and leaves many questions unanswered.  

There are two types of elementary particles: fermions and bosons. Bosons are force 

carriers and are mediators of the known forces, holding matter together. Photons are 

the force carriers of the electromagnetic force, W± and Z bosons mediate the weak force 

and gluons mediate the strong force. The latest addition to the standard model was the 
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discovery of the Higgs boson in 2012, by the ATLAS and CMS experiments at CERN 

using the Large Hadron Collider (LHC) reported in [24] and [23] respectively. The 

Higgs boson is a scalar boson and is the elementary particle associated with the Higgs 

field. The interaction of elementary particles with the Higgs field provides them with 

mass.  

 

Figure 4.1. Standard model of Particle Physics with all known elementary particles. 

Fermions on the other hand are elementary particles that interact with the known forces 

and are generally associated with matter. There are two types of fermions, quarks and 

leptons, of which there are three generations. Quarks are the fundamental constituents 

of matter, and when combined by the strong force, form composite particles known as 

hadrons, the most notable of which are protons and neutrons. Leptons are elementary 

particles that do not interact with the strong force and there are two types, charged and 

neutral. Charged leptons can combine with composite particles to form atoms, the most 

notable charged lepton is the electron. Charged leptons and quarks interact with the 

electromagnetic force, whereas neutral leptons, known as neutrinos, do not participate 

in the strong and electromagnetic forces, only the weak force. Figure 4.2 provides a 

more comprehensive illustration of the standard model of particle physics with the 
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emphasis on the relation between fermions and bosons with the known forces 

including elementary particle charge, spin and mass [161]. 

 

Figure 4.2. The Standard Model of elementary particles and their interaction with the known forces, 

including elementary particle charge, spin and mass [161]. 
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4.2 Passage of Heavy Charged Particles in Matter 

The discovery of alpha (α) radiation and its passage through matter by Rutherford for 

examining atomic structure, including the formation of quantum mechanical 

principles, led to the development of the Bethe-Bloch formula, which provided an 

expression for the mean energy loss of the interaction of charged particles traversing 

matter [14], [146]. Unlike electrons discussed in Section 3.1, heavy charged particles 

like protons have a significantly larger mass, hence when traversing matter, the 

interaction of heavy charged particles (protons, alpha particles, heavier ions) with 

atomic electrons, the trajectory is negligibly affected, thus reducing elastic scattering 

as briefly discussed in Section 3.1.2. Therefore, the predictability and derivation of 

particle path is easier to determine. 

4.2.1  Mass Stopping Power of Heavy Particles 

Accelerated particles passing through matter interact with the medium through energy 

transfer. The energy loss is predominately through ionisation or excitation of atomic 

electrons. Energy loss through nuclear reactions do occur, however such interactions 

are rare.  

For accelerated charged particles with relative energies in the range of 0.1 < βγ <1000 

passing through a stopping medium, the Bethe-Bloch equation for mediums with 

intermediate atomic numbers, provides the mass stopping power or energy loss over 

traversed length, and is expressed as follows in units of MeV·cm2/g [14], [146]. 

 (−
𝑑𝐸

𝑑𝑥
) = 𝐾𝑧2 ∙

𝑍

𝐴
∙

1

β2
[
1

2
𝑙𝑛

2𝑚𝑒𝑐
2β2γ2𝑊𝑚𝑎𝑥

𝐼2
− 𝛽2 −

𝛿(βγ)

2
] (4.1) 

where 𝐸 is the energy of the accelerated charged particle, and 𝑥 the length traversed 

within the given stopping medium. 𝑊𝑚𝑎𝑥 is the maximum energy transfer in a single 

collision and is expressed as follows 

 𝑊𝑚𝑎𝑥 =
2𝑚𝑒𝑐

2β2γ2

1 + 2γ𝑚𝑒 𝑀⁄ + (𝑚𝑒 𝑀⁄ )2
 (4.2) 

where a summary of constants and variables used in equations 4.1 and 4.2 are provided 

in Table 4.1. 
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Table 4.1. Summary of Variables for Mass Stopping Power. 

Symbol Definition Value and/or units 

𝑒 elementary charge 1.6022 × 10-19 C 

𝜀0 permittivity of free space 8.8542 × 10-12 F/m 

𝑚𝑒 electron mass 0.510999 MeV/c2 

𝑐 speed of light 299 792 458 m/s 

𝑟𝑒 classical electron radius 2.81794 fm 

𝑁𝐴 Avogadro’s number 6.02214 × 1023 mol-1 

K = 4πNAre
2mec

2 (−𝑑𝐸 −𝑑𝑥⁄ ) coefficient 0.307075 MeV mol-1 cm2 

β relativistic speed of incident particle Equation 313.2 

γ Lorentz factor Equation 3.3 

𝜌 mass density of stopping medium  g cm-3* 

𝑊𝑚𝑎𝑥 maximum energy transfer to an electron MeV 

𝑀 incident particle mass MeV/c2 

z incident particle charge number * 

𝑍 atomic number of stopping medium * 

𝐴 atomic mass of stopping medium g mol-1* 

𝐼 mean excitation energy of stopping medium eV* 

δ(βγ)

2
 

density-effect correction for ionisation energy 

loss at very high energies 

→ ln(ℏ𝜔𝑝 𝐼⁄ ) + ln(βγ) − 1 2⁄  

 

ℏ𝜔𝑝 plasma energy of stopping medium eV* 

   

    *Atomic and nuclear properties available at [145] 

As discussed in section 3.1.3, the linear stopping power in units MeV/cm, is derived 

as (-dE/dx)×ρ, where ρ is the density of the stopping medium in units of g/cm3. 

Figure 4.3 provides the mass stopping power for accelerated charged particles incident 

upon different stopping mediums, as a function of intermediate relative energies βγ. 

The mass stopping power is proportional to 1/β2 at low energies and ln(γ) at high 

energies. From the figure the minimum mass stopping power, known as minimum 

ionisation loss, is at βγ ≈ 5, and accelerated charged particles with the same relative 

energy are denoted as minimum ionising particles (MIP). Figure 4.4 provides the total 

stopping power of positive muons (µ+) in copper as a function of βγ = 0.001 to 106 

[146]. The figure provides a comparative example of a charged particles total mass 

stopping power, as a function of relative energy βγ across nine orders of energy 
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magnitude. Furthermore, for βγ > 1000, radiative energy losses dominate. The data 

values for βγ < 0.1 are given in [162] and for βγ > 0.1 are given in [144]. 

 

Figure 4.3. Mass stopping power for several media, common in CMOS, as a function of βγ for 

incident accelerated charged particles. Atomic and nuclear properties available at [145]. 

 

Figure 4.4. Mass stopping power of positive muons (µ+) in copper as a function of βγ = 10-4 to 106 

[146]. 
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4.3 Particle Accelerators 

Particle accelerators use electromagnetic fields to accelerate charged particles to high 

energies and focus the beam of particles. Particle accelerators are used in multiple 

areas including particle physics research, ion implantation for semiconductor device 

fabrication and radiotherapy [152], [163]–[165]. An extensive review on particle 

accelerators is provided in [166]. 

The world’s highest energy particle accelerator is the LHC, completed in 2008, and is 

based at the European Organisation for Nuclear Research (CERN) in Geneva, 

Switzerland [164], [167]. The LHC is a hadron collider with a maximum design beam 

energy of 14 TeV and overall circumference of 27 km. In order to achieve proton 

collisions, several stages of acceleration and particle delivery are required. Figure 4.5 

provides a schematic of the CERN accelerator complex [168].  

 

Figure 4.5. Schematic of the complete accelerator complex at CERN [168]. 
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For proton-proton collisions, the journey begins with hydrogen, which is ionised by an 

electric field to strip off electrons and produce bare protons [169]. The protons are 

separated into bunches and accelerated up to 50 MeV in the linear accelerator 2 

(Linac 2) and delivered to the Proton Synchrotron Booster accelerator. The Booster 

accelerates the protons to 1.4 GeV and injects the protons into the Proton Synchrotron 

(PS) [170], which further accelerates the protons to 26 GeV [171]. In addition to 

protons the PS also accelerates a range of other particles e.g. electrons and helium 

nuclei [171]. The accelerated particles from the PS are injected into the Super Proton 

Synchrotron (SPS), which are accelerated up to 450 GeV and finally injected into the 

LHC for final acceleration and ensuing collision, which create rare processes, allowing 

scientists to investigate particle properties and provide an improved understanding of 

matter [172]. 

4.3.1 The Super Proton Synchrotron and Pion Generation 

For the investigation of heavy charged particle detection using CMOS SPADs, the first 

experiment involved the SPS at CERN and the production of hadrons with the collision 

of accelerated particles and fixed targets [173]. The hadrons are produced by colliding 

protons at 400 GeV from the SPS into a fixed beryllium target plate [174], the hadron 

properties are measured using detectors and then redirected towards north area, where 

the specific hadrons are separated into multiple beam lines using a wobbling station, 

allowing researchers to conduct measurements on select hadron beams and trial new 

detector technology [173]. The heavy charged particle beam line available for detector 

testing at CERN was the pion beam line. 

A pion (π) as stated is a hadron, or more specifically is categorised as a meson, as 

mesons are composite particles made of one quark and one antiquark, bound together 

by the strong force. There are three pion compositions namely positive (π+), negative 

(π-) and neutral (π0), of which the combinations of up, anti-down, anti-up and down 

quarks determine the charge of the pion, illustrated in Figure 4.6. The pion is the 

lightest of mesons and are unstable composite particles and therefore decay. Charged 

pions have a mean lifetime of 26.033 (± 0.005) ns, whereas the neutral pions have a 

mean lifetime of 85.2 (± 1.8) as. The masses of charged and neutral pions are 
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139.57061 (± 0.00024) MeV/c2 and 134.9770 (± 0.0005) MeV/c2 respectively, which 

is approximately 270 times larger than the mass of an electron. [146], [175] 

 

Figure 4.6. All pion compositions, π+, π- and π0. The pions comprise of one up or down quark and one 

anti-up or anti-down quark, which determines the overall charge of the pion. 

4.3.2 Electron Accelerator ELSA 

Chapter 3 reported the detection of lower energy electrons in the range 5 to 30 keV 

with CMOS SPADs and SEM. Therefore, the second experiment was the investigation 

of higher energy electron detection using CMOS SPADs. This was achieved using the 

ELSA electron stretcher-ring accelerator in Bonn, Germany.  

 

Figure 4.7. Schematic of ELSA electron stretcher-ring accelerator complex [176]. 

Similar to the accelerator complex at CERN, electron acceleration is initially achieved 

with a linear accelerator which injects accelerated electrons into the booster 
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synchrotron at a maximum of 26 MeV. Thereafter the booster increases the electron 

energy to a maximum of 1.6 GeV and injects the electrons into the stretcher ring 

accelerator, which accelerates the electrons to a maximum of 3.2 GeV. Finally, the 

accelerated electrons in the range 0.5 to 3.2 GeV are delivered to the measurement and 

test areas. Figure 4.7 provides a schematic of the accelerator complex at ELSA. [176] 

4.4 Experimental Setup 

For both experiments the MINI3D BSI CMOS SPAD image sensor was used [1]. 

However, one of the limitations of the back-end read-out hardware was the delay in 

data output via the FPGA and computer, as the firmware of the FPGA is fixed to 

200 MHz. Initially the delay between frame capture for a 1 ms frame exposure time 

was measured to be approximately 500 ms, but after a software update the frame 

capture delay was reduced and measured to be approximately 71 ms. If the frame 

exposure time is increased, this results in both increased DCR and increased data 

collection, which results in reduced SNR and a proportional delay, therefore a 1 ms 

frame exposure time was selected. In the accelerated electron detection experiments 

reported in chapter 3 the results were taken with the updated FPGA software.  

The delay in subsequent frame captures poses an efficiency problem, unlike the SEM 

used in chapter 3 where the electron beam is assumed constant, particle accelerators 

deliver particles in spills, where each spill is made up of particle bunches with a 

predefined frequency and intensity. Therefore, for a 1 ms frame exposure time and 

subsequent 71 ms delay, the total time detection efficiency is approximately 1.4 %. 

4.4.1 Pion Experiment Parameters 

For the detection of high energy pions, the H6 beam line at CERN’s North Area was 

used, Figure 4.8 provides an image of the test area and Figure 4.9 provides a diagram 

of the north area including targets and respective beam lines. The primary 400 GeV 

proton beam from the SPS is directed onto a fixed beryllium target generating a 

secondary beam which is a mixture of hadrons and electrons, where an incident lead 

absorber is used to remove electrons.[177] 

The pion beam delivered to line H6 is based on priorities of other projects that were 

being conducted at the time, including programs of all facilities served by the SPS and 
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LHC. All of which, result in variability of the beam line spill cycle, spot size, intensity 

and beam energy. Nevertheless, during most pion irradiations the average spill cycle 

was approximately 5 seconds, the spot size resolution 5 × 5 mm2, intensity 

approximately 107 particles per spill, and beam energy = 120 GeV. [177], [178] 

 

Figure 4.8. Image of North Area testing area, with beam lines labelled. The respective beam line used 

was H6. 

 

Figure 4.9. Schematic of the North Area SPS targets and respective beam lines [177]. The pion beam 

line used was H6. 
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With a known time detection efficiency of 1.4 %, the SPAD will be active to detect 

approximately 140 000 pions/spill. Additionally, the spill is assumed to have an even 

distribution of pions, therefore with a spill cycle of approximately 5 seconds and SPAD 

exposure time of 1 ms the SPAD image sensor will be able to capture approximately 

69 frames/spill, and 2000 pions/frame, however, the beam spot size has not been 

considered. The spot size has an approximate rms area of 25 mm2 [178], and the SPAD 

image sensor an active pixel area of 0.94 mm2 [1], therefore the image sensor only 

covers 3.76 % of the beam area and thus the SPAD image sensor is exposed to an 

approximate total of 75 pions/frame (75 kHz) across 15360 pixels. Under optimal 

beam conditions, with a beam intensity of 108 particles per spill, spot size area of 

12.6 mm2 and minimum spill time of 4.8 s, the beam exposure increases to 

approximately 1554 pions/frame (≈1.55 MHz). 

 

 

Figure 4.10. MINI3D BSI CMOS SPAD image sensor mounted to telescope for pion beam irradiation, 

including schematic diagram of the experimental setup. 

The SPAD image sensor and PCB with FPGA was fixed to the Malta plane detector 

telescope [35]. The SPAD image sensors location was aligned to a Malta detector plane 
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and along with the 3D motor stage on the telescope, tolerance 1 mm, the SPAD array 

was positioned within the beam line. A scintillation counter was used to trigger data 

capture during spill cycle and subsequently pause data capture to ensure continuous 

pion detection per frame. Figure 4.10 provides an image of the SPAD image sensor 

within the beam line attached to the Malta plane telescope, with a lead block to reduce 

potential radiation damage to the FPGA, including a schematic diagram of the 

experimental setup [35]. 

 

Figure 4.11. Mass stopping power for several mediums, common in CM S, as a function of βγ for 

incident accelerated pions and electrons. Atomic and nuclear properties available at [125]. 

With a known pion beam momentum of 120 GeV/c, the mass stopping power for 

several stopping mediums as a function of both pion and electron momentum is 

interpolated onto Figure 4.3, and shown in Figure 4.11. Furthermore, Figure 4.12, 

provides the linear stopping power for the same stopping mediums with known 

densities [145], as a function of both pion and electron momentum. The SPAD image 

sensor is BSI and the incident stopping medium is silicon, therefore with pion beam 
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energy of 120 GeV, equation 4.1 and the known density of silicon in Table 3.2 the 

projected linear stopping length is roughly 210 m. From Figure 4.12 the MIP energy 

for a pion is approximately 680 MeV, and comparison with a 120 GeV pion beam, the 

mass stopping power is approximately three times larger. 

 

Figure 4.12. Linear stopping power for several mediums, common in CM S, as a function of βγ for 

incident accelerated pions and electrons. Atomic and nuclear properties available at [125]. 

4.4.2 High Energy Electron Experiment Parameters 

For the detection of high energy electrons, the ELSA electron stretcher-ring accelerator 

was utilised with an accelerated electron energy of 2.5 GeV. A 48-hour session of 

measurements was scheduled, but due to beam technical difficulties and other beam 

priorities approximately only 15 hours were available. During beam operation the 

external beam intensity was at its lowest at approximately 1 pA [176], which translates 

to 6.25 MHz, therefore 6.25 million electrons/second. As a result of the beam technical 

difficulties the beam spot size was limited to 100 mm2. The SPAD image sensor 
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mounting procedure was similar to that of the pion experiment, with mounting to a 

telescope with a 3D motorised stage, and an FE-I4B 2 × 2 cm2 pixel detector plane for 

alignment of SPAD image sensor [179].  

Following the same calculation for the pion experiment in section 4.4.1 the expected 

exposure intensity per frame is approximately 59 electrons (59 kHz) with a frame 

exposure time of 1 ms. Furthermore, with the known electron energy of 2.5 GeV, 

equation 4.1 and the known density of silicon in Table 3.2 the projected linear stopping 

length of the accelerated electrons in silicon is approximately 1388 m. 

4.5 Experimental Results 

For probable detection it is important to determine the average DCR noise floor of the 

SPAD image sensor including respective standard deviation for each pixel. The 

expected exposure intensity for both the pion and high energy electron experiments 

across the entire CMOS SPAD array of 15360 pixels is low, equating to approximately 

4.88 and 3.84 Hz respectively, which equates to 0.0488 pions/pixel and 0.0384 

electrons/pixel per frame. For example, in  

Table 3.4 the measured average DCR for the MINI3D CMOS SPAD image sensor 

used at SPAD bias voltage of 13 V, after filtering HDCR pixels, is approximately 

2070 Hz. The total dark counts across the entire image sensor is approximately 32 

MHz. Therefore, as the DCR of the MINI3D SPAD image sensor is significantly larger 

than the predicted detections/frame as a result of relative low intensities for both the 

pion and high energy electron beams, the detection is not discernible over the inherent 

DCR of the SPAD. Therefore, a significant data sample size is required to reduce the 

standard error of the mean, as the sample means will cluster closer to the true 

population mean allowing potential identification of the incident particles.  

4.5.1 Pion Experiment 

For the pion experiment, there were a total of four irradiation sets of measurements 

taken, named E1, E2, E3 and E4 respectively. The total number of experiments was 

limited by beam availability and approved access. For each irradiation exposure a 

control set of data was taken before irradiation, and HDCR pixels filtered. A total of 
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43500 frames of control data was taken at each SPAD bias voltage. For each irradiation 

the experimental procedure was as follows: 

1. Beam access granted, access to beam line area H6 for set-up.  

2. SPAD image sensor hardware installed and mounted to telescope. 

3. Remote access confirmed and initialisation of SPAD image sensor. 

4. Control data set initiated for SPAD bias voltage of 12.5 V for predetermined 

number of frames, then SPAD bias voltage changed from 12.5 V to 13 V to 

14 V to 15 V in turn, and respective control data sets taken. 

5. SPAD image sensor is reset and predetermined frames per irradiation cycle is 

set. 

6. SPAD frame capture initiated for each pion beam spill and paused after each 

spill. Run and pause was triggered using a scintillator. 

7. Once predefined number of frames captured, the SPAD bias voltage is changed 

from 12.5 V to 13 V to 14 V to 15 V in turn until current cycle complete, then 

a new cycle of measurements is taken and so forth, until beam run has ended. 

8. After irradiation, a control data set is taken. The SPAD image sensor is then 

powered off and hardware removed until beam access is granted once more. 

Table 4.2 provides an overview of each experiment with total frames taken before, 

during and after irradiation including respective start and end dates (dd/mm in 2018). 

Table 4.2. Pion beam experiments total frames taken before, during and after 

irradiation, with respective start and end dates. 

 Experiment 1 Experiment 2 

 
Control 

Before 
Irradiation 

Control 

After 

Control 

Before 
Irradiation 

Control 

After 

Frames 1500 52500 13000 20000 21500 10000 

Date 

(start-end) 
24/10 

24/10 – 

26/10 
26/10 01/11 

01/11 – 

02/11 
02/11 

       

 Experiment 3 Experiment 4 

 
Control 

Before 
Irradiation 

Control 

After 

Control 

Before 
Irradiation 

Control 

After 

Frames 10000 237000 10000 12000 102000 10000 

Date 

(start-end) 
02/11 

02/11 – 

07/11 
07/11 09/11 

09/11 – 

12/11 
12/11 
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To adequately analyse the data and to determine the DCR noise floor of the SPAD 

image sensor, at each respective bias voltage, the average DCR for each experiment 

control frame was calculated and plotted in Figure 4.13. From the figure it is evident 

that the DCR of the SPAD array is not consistent and varies with each control set 

taken. However, what is consistent is the DCR pattern for each bias voltage. Certain 

environmental factors like temperature and surrounding ambient light were not 

controllable.   

 

Figure 4.13. MINI3D DCR (kHz) per frame for each control data set taken before irradiation for each 

experiment, 1 to 4. 

As the control DCR vary between experiments and the low expected total incident 

exposure intensity of the pion beam, the calculated DCR noise floor for each 

experiment must be calculated using the respective control data set taken before each 

experiment for each respective bias voltage. Therefore, a total of four DCR are 

calculated for each experiment, with the calculated mean and standard deviation for 

each pixel. 

Using the cumulative DCR noise floors for each experiment and each respective bias 

voltage, a cumulative HDCR list of pixels for the MINI3D SPAD image sensor used 

was acquired and a total of 2892 pixels were flagged as HDCR pixels and removed for 

any data analysis. This equates to approximately 18.8 % of all pixels, which is below 

the expected 20 % as indicated in Figure 2.9 [1]. A heatmap of flagged HDCR is shown 
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in Figure 4.14, with HDCR pixels indicated in black. For each frame taken during each 

experimental irradiation, all HDCR are removed from analysis, and the average counts 

per pixel (kHz) for each frame is calculated. 

 

Figure 4.14. HDCR pixel heatmap for MINI3D CMOS SPAD image sensor used for pion beam 

experiment. HDCR pixels indicated in black. 

For experiment 1, the average counts/pixel vs frame for before, during and after 

irradiation (separated by vertical dotted lines) is combined for each SPAD bias voltage 

and shown in Figure 4.15. From the figure during pion beam irradiation the average 

counts per pixel increases for all bias voltages, though fluctuating and with a gradual 

increase in base average counts. It is also observed that once irradiation is ended the 

average counts at each bias voltage remains high with reduced variation. The analysis 

is repeated for experiments 2 through to 4 and shown in Figure 4.16 to Figure 4.18 

respectively. For experiment 2 and 3, it is evident that the DCR returns to its original 

state, therefore indicating that the large increase in DCR after irradiation is 

impermanent. However, for experiment 4 the variation of the DCR for all bias voltages 
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is significantly larger, indicating potential radiation damage to the SPAD image sensor 

after irradiation. 

 

Figure 4.15. Pion experiment 1, average counts per pixel vs frame for before, during and after pion 

beam irradiation for each respective SPAD bias voltage with 120 GeV pion beam. Before, during and 

after irradiation separated by vertical dotted lines. 

 

Figure 4.16. Pion experiment 2, average counts per pixel vs frame for before, during and after pion 

beam irradiation for each respective SPAD bias voltage with 120 GeV pion beam. Before, during and 

after irradiation separated by vertical dotted lines. 
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Figure 4.17. Pion experiment 3, average counts per pixel vs frame for before, during and after pion 

beam irradiation for each respective SPAD bias voltage with 120 GeV pion beam. Before, during and 

after irradiation separated by vertical dotted lines. 

 

Figure 4.18. Pion experiment 4, average counts per pixel vs frame for before and during pion beam 

irradiation for each respective SPAD bias voltage with 120 GeV pion beam. Before and during 

irradiation separated by a vertical dotted line. 

For pion experiment 2, the average counts per pixel vs frames is shown in Figure 4.16, 

where there is no apparent increase or change in average counts before, during or after 

irradiation, except for a gradual increase in base average counts. Hence, as 

experiment 2 was conducted 6 days after experiment 1 and beam parameters may have 
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changed e.g. beam spot size, it was assumed the image sensor was misaligned and not 

directly within the pion beam. Therefore, for experiment 3 the 3D motorised stage on 

the telescope was used to move the SPAD image sensor in increments of 1mm until a 

change in average counts was observed. As can be seen in Figure 4.17 at frame 40001, 

there is a distinct increase in average counts across all bias voltages after the image 

sensor position was changed during irradiation to within the beam line.  

For experiment 3 during irradiation, the average counts have a minor increase in 

variation when compared to average counts before irradiation, however this does not 

resemble the response measured in experiment 1 in Figure 4.15, which shows a much 

larger variation during irradiation. Additionally, comparison of average counts for 

experiments 1 and 3 after irradiation, it is shown that for experiment 3 the average 

counts decreases significantly when the pion beam is off but after experiment 1 the 

same behaviour is not observed. 

For pion beam experiment 4, the average counts vs frame for before, during and after 

irradiation are shown in Figure 4.18. Initially the image sensor required the motorised 

stage to align the sensor within the pion beam, indicated by the constant recorded 

operation for SPAD bias voltage of 13 V, until a significant change was observed. 

During irradiation, the average counts increase, however the increase in average counts 

is not consistent, but incrementally increases for each consecutive cycle until the beam 

has ended. This was a pre-set by the main user of the beam. Furthermore, unlike 

experiment 1, both experiment 3 and 4 have slight increases in average count variation 

during irradiation when compared to average counts before irradiation. However, for 

experiment 4 the average count variation after irradiation is significantly larger when 

compared to before irradiation and permanent, indicating radiation damage to the 

SPAD image sensor. 

With the average DCR calculated for every pixel at each respective bias voltage, for 

each experiment, the total number of pions detected for every frame during irradiation 

was calculated. Figure 4.19, Figure 4.20 and Figure 4.21 show the distribution of 

120 GeV pion counts detected/pixel during irradiation and Table 7.1, Table 7.2 and 

Table 7.3 provide the complete statistical results for experiments 1, 3 and 4 

respectively.  



Detection of Ionising Radiation using Single Photon Avalanche Diodes 92 

92                                                              Detection of Pions and High Energy Electrons using SPADs 

 

Figure 4.19. Pion beam experiment 1, frame distribution of average counts per pixel (kHz) during 

pion beam irradiation for SPAD bias voltage (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V. 

 

Figure 4.20. Pion beam experiment 3, frame distribution of average counts per pixel (kHz) during 

pion beam irradiation for SPAD bias voltage (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V. 
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Figure 4.21. Pion beam experiment 4, frame distribution of average counts per pixel (kHz) during 

pion beam irradiation for SPAD bias voltage (a) 12.5 V, (b) 13 V, (c) 14 V and (d) 15 V. 

Table 4.3. Average (𝑥̅) pion counts/frame and standard deviation (𝜎) vs SPAD bias 

voltage for pion experiments. 

 Average Pion Counts/Framea and Standard Deviation (MHz) 

SPAD Bias 

Voltage 

Experiment 1 Experiment 3 Experiment 4 

𝑥̅ 𝜎 𝑥̅ 𝜎 𝑥̅ 𝜎 

12.5 V 8.3 2.3 13.7 1.2 88.7 38.3 

13 V 19.9 4.0 32.9 1.7 170.8 70.8 

14 V 29.2 8.7 82.3 2.7 289.7 100.5 

15 V 39.9 13.9 169.4 5.3 432.1 136.5 
a12468 measured pixels 

With Figure 4.19 to Figure 4.21 and Table 7.1 to Table 7.3, it is evident that the 

measured pion counts/frame are significantly higher than the calculated value of 75 

kHz and optimal value of  1.554 MHz. Furthermore, with increased bias voltage there 

is a distinct increase in counts. Table 4.3 provides the average pion counts/frame (𝑥̅) 

and standard deviation (𝜎) for each pion experiment vs SPAD bias voltage and plotted 

in Figure 4.22. From the figure it is evident that the increase in average counts is linear 

for an increase in SPAD bias voltage. The standard deviation for experiment 4 is 
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significantly larger as a result of the gradual increase in pion beam intensity during 

irradiation. 

 

Figure 4.22. Average pion counts/frame including standard deviation as a function of SPAD bias 

voltage for each respective pion experiment. 

4.5.2 High Energy Electron Experiment 

For the high energy electron experiment only one set of irradiation measurements was 

taken. For the experiment a control set of data was taken before irradiation, and HDCR 

pixels filtered. A total of 5000 frames of control data was taken at each SPAD bias 

voltage, except at 12.5 V. Based on the results in the pion experiment, and the limited 

beam time, it was decided to remove measurements at 12.5 V. The experimental 

procedure was the same as in the pion experiment, once a predefined number of frames 

captured, the SPAD bias voltage was changed from 13 V to 14 V to 15 V in turn until 

cycle complete, followed by a new cycle of measurements and so forth, until beam run 

had ended. Thereafter, a control set of data of 10000 frames was taken. A total of 

26000 frames were taken at 14 V and 15 V, whereas 65000 frames were taken at 13 V. 

With the DCR calculated for each respective bias voltage, a HDCR list of pixels for 

the MINI3D SPAD image sensor used was acquired. A total of 2221 pixels were 

flagged as HDCR pixels and removed from data analysis, which equates to 

approximately 14.5 % of all pixels. A heatmap of the flagged HDCR SPAD image 

sensor array is shown in Figure 4.23, with HDCR pixels indicated in black. 
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Figure 4.23. HDCR pixel heatmap for MINI3D CMOS SPAD image sensor used for high energy 

electron beam experiment. HDCR pixels indicated in black. 

For the high energy electron detection experiment, the average counts/pixel vs frame 

for before, during and after irradiation (separated by vertical dotted lines) is combined 

for each SPAD bias voltage and shown in Figure 4.24. During initial irradiation no 

discernible detection was measured, therefore, a position sweep test was directed using 

the 3D-motorised stage on the telescope to attempt positioning of the SPAD image 

sensor within the beam line. However, during the sweep test at 13 V SPAD bias, no 

apparent detection was observed. Table 4.4 provides a summary of the statistical 

results for the high energy electron beam experiment. From Figure 4.24 and Table 4.4 

with each successive measurement the mean gradually increases, however, the average 

counts/pixel during irradiation measurements lie within 2𝜎 of the controls, therefore, 

no distinct detection of accelerated electrons at 2.5 GeV. Certain environmental factors 

like temperature and surrounding ambient light were not controllable. 
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Figure 4.24. High energy electron detection experiment, average counts per pixel vs frame for before, 

during and after electron beam irradiation for each respective SPAD bias voltage with 2.5 GeV 

electron beam. Before, during and after irradiation separated by vertical dotted lines. 

Table 4.4. Summary of results for high energy electron detection experiment. 

SPAD Bias 

Voltage 

Control Before Irradiation 

Frame 𝑥̅ (Hz) 𝜎 (Hz) Frame 𝑥̅ (Hz) 𝜎 (Hz) 

13 V 5000 497.0 50.7 26000 535.3 11.6 

14 V 5000 2522.0 54.1 26000 2573.2 39.7 

15 V 5000 11460.9 106.8 26000 11653.3 100.1 

       

SPAD Bias 

Voltage 

Position Sweep Control After 

Frame 𝑥̅ (Hz) 𝜎 (Hz) Frame 𝑥̅ (Hz) 𝜎 (Hz) 

13 V 39000.0 566.3 19.7 10000 592.9 15.6 

14 V    10000 2689.4 32.7 

15 V    10000 11907.8 94.9 

4.6 Summary and Conclusion 

Successful pion irradiation of the MINI3D SPAD image sensor was achieved. The 

results presented confirm the detection of high energy pions at 120 GeV using the 

MINI3D BSI 3D-stacked CMOS SPAD image sensor with the SPS accelerator at 

CERN. With a mass approximately 270 times larger than that of an electron, it can be 

concluded that accelerated heavy charged particles are detectable using CMOS 

SPADs.  
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For the pion detection experiments, the measured average counts per frame are 

significantly larger than the calculated range of 75 kHz to 1. 55 MHz, with a minimum 

measured average counts/frame of 8.3 MHz at a SPAD bias voltage of 12.5 V and a 

maximum of 432.1 MHz at 15 V during pion irradiation. Furthermore, there is a 

positive linear correlation between the average counts and increasing SPAD bias 

voltage. 

The increase in counts may be attributed to increased impact ionisation, 

electromagnetic cascade, afterpulsing and crosstalk. Additionally, electron-hole pair 

generation in the silicon bulk may occur, causing secondary free carriers to drift into 

the depletion region resulting in additional spurious counts. Regardless, the exact 

intensity and total number of incident pions per frame is unknown, therefore further 

investigation is required to investigate the particle detection efficiency of the device, 

including other types of heavy charged particles. After pion irradiation, the SPAD 

image sensor DCR was permanently altered as a result of ionising radiation damage. 

For the high energy electron detection experiment, only one set of irradiation 

measurements was taken, and the results are inconclusive. It was disclosed after the 

irradiation that the electron beam intensity was below 6.25 MHz and was measured to 

be approximately 50 kHz with a minimum intensity of 12 kHz, as a result of beam 

faults and technical difficulties. This equates to approximately 470 Hz or 

0.47 electrons/frame. Therefore, coupled with the measured DCR, the probability of 

detection is unfeasible, and further experimentation is required. 

The following chapter reports on the application of the MINI3D CMOS SPAD image 

sensor for the detection of higher energy photons (X-rays) using tungsten target X-ray 

tubes. 
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5.  X-Ray Detection using SPADs 

With the known capability of SPADs to detect photons within the visible spectrum 

[71], accelerated electrons in the keV range [160], and high energy pions, the present 

chapter reports on the application of the MINI3D CMOS SPAD image sensor for the 

detection of higher energy photons, X-rays. 

The chapter first provides an overview of X-rays followed by the production of X-rays 

and its respective spectrum. Thereafter, the set-up for each experiment is given, 

followed by experimental results. And finally, a summary and conclusion of the results 

is provided. 

5.1 Shift in the Electromagnetic Spectrum 

X-rays were discovered in 1895 by Wilhelm Röntgen at the Julius-Maximilians 

University of Würzburg in Bavaria, and united with the discovery of the electron, 

helped develop the modern theory of atomic physics, resulting in significant progresses 

and development in various areas of research, particularly medical research and 

diagnostics, e.g. X-ray imaging, the discovery of the molecular structure of DNA and 

development of computer assisted tomography [180]–[184]. For an extensive 

overview and history on X-rays and the ensuing years of  research and discovery that 

followed, the reader is redirected to [180]. 

X-rays are electromagnetic radiation and have the same characteristics as photons 

within the visible spectrum, however with much shorter wavelengths. The 

wavelengths of X-rays range from approximately 80 nm to 0.01 nm [180]. 

Electromagnetic radiation with short wavelengths  are comparable to the size of atoms, 

0.1 to 0.5 nm, therefore the photon behaves more like a particle than a wave, with the 

particle behaviour dominating with individual atomic structure interactions [14], 

[180], [185]. The electromagnetic radiation energy in eV is related to the frequency or 

wavelength of the photon and is calculated as follows, 

 𝐸 = ℎ𝑣 (5.1) 
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where ℎ is Planck’s constant = 6.626 ×10−34 J·s and 𝑣 the electromagnetic radiation 

frequency. The frequency of a photon is calculated as follows, 

 𝑣 = 𝑐/𝜆 (5.2) 

where 𝑐 is the speed of light and 𝜆 the wavelength. With equations 5.1 and 5.2, the 

electromagnetic radiation can be expressed as a wavelength, frequency or energy. An 

illustrated electromagnetic spectrum and tabulated conversion table between 

wavelength, frequency and energy is shown in Figure 5.1 [186]. With the known 

wavelength of X-rays, the calculated energy range is approximately 15 eV to 124 keV. 

 

Figure 5.1. Electromagnetic spectrum, with conversion table between wavelength frequency and 

energy [186]. 
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An incident photon interacts with matter primarily in one of four processes, namely: 

1. Elastic or coherent Rayleigh scattering, where the incident photon loses no 

energy and the atom gains no energy, but the photon is scattered in an 

alternative direction and the atom remains in its original state. 

2. Inelastic scattering also known as incoherent or Compton scattering, is where 

the incident photon transfers energy to an atomic electron, resulting in removal 

of the electron from the atom (ionisation) and a subsequent secondary photon 

is emitted with lower energy. 

3. Photoelectric absorption is when a photon is completely absorbed, losing all its 

energy to an atomic electron, which is then ejected from the atom (ionisation). 

The vacancy in the shell is filled by a higher energy outer electron resulting in 

either the emission of a photon (fluorescence) or removal of another outer 

electron (Auger electron). 

4. Pair production is when a photon is eliminated, and an electron-positron pair 

is generated. This photon interaction predominantly occurs for photon 

interactions with energies in the MeV range. 

An extensive explanation of photoelectric absorption, coherent Rayleigh scattering, 

Compton scattering, pair production and photon cross-sections is given in [14]. 

Moreover, there are other possible processes for which photons interact with atomic 

electrons and nuclei, however the probability of such processes occurring are 

considered negligible. An overview of these additional interaction processes are also 

provided in [14]. 

5.2 X-Ray Tubes 

5.2.1 Fundamental principles 

For X-ray generation the most common source used is an X-ray tube. In an X-ray tube 

an electron beam is used, as in a SEM, where the electrons produced through 

thermionic emission are accelerated towards a fixed target, where the accelerated 

electrons interact with the target material atoms and lose energy through multiple 

processes [180]. An overview of these processes are already covered in sections 3.2 

and 3.3 and illustrated in Figure 3.6. Nevertheless, the electron interactions of interest 
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for X-ray generations are radiative energy loss, as a result of inelastic scattering of 

electrons, which accounts for approximately 1 % of all accelerated electron energy 

loss [14], [180]. The two predominant forms of radiative energy loss resulting in 

electromagnetic radiation emission are Bremsstrahlung and characteristic X-ray 

production. Figure 5.2 provides an illustration of electromagnetic radiation emission 

in an X-ray tube as a result of accelerated electrons incident upon a fixed tungsten (W) 

target. In section 3.2 an overview on electron accelerations is given, where the applied 

voltage 𝑉𝑎, determines the kinetic energy of the accelerated electrons. 

Illustrated in Figure 5.2 there is a filter placed within the path of the generated X-rays, 

this is done to selectively attenuate certain wavelengths for monochromatic X-rays and 

filter lower energy photons. For medical imaging, lower energy photons do not 

contribute to X-ray imaging as the photons do not pass through the patient soft tissue 

and are thus absorbed, therefore filtering is required to minimise radiation exposure to 

the patient. [180]  

 

Figure 5.2. Illustration of X-ray tube operation with the generation of X-rays as a result of radiative 

energy loss of incident accelerated electrons upon a fixed tungsten (W) target within a vacuum tube. 
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5.2.2 X-ray Mass Attenuation Coefficient 

The X-ray mass attenuation coefficient, 𝜇/𝜌 in cm2/g is used to calculate the 

penetration depth of photons in matter [187]. The mass attenuation coefficients for 

atomic numbers Z = 1 to 92 have already been calculated and are available in [187]. 

The mass attenuation coefficient is calculated as follows, 

 
𝜇 𝜌⁄ =

ln(𝐼𝑜 𝐼⁄ )

𝑥
 (5.3) 

where 𝐼𝑜 is the incident intensity for a narrow beam of monochromatic photons, 𝐼 the 

emerging intensity and x the mass thickness in g/cm2. The mass thickness is the 

product of the incident material density 𝜌, and its thickness 𝑡. With 𝐼𝑜, 𝑡 and 𝜇/𝜌 

known, the emerging photon intensity 𝐼 can be calculated using equation 5.3. 

5.2.3 Continuous X-Ray Spectrum 

Bremsstrahlung which means breaking radiation, occurs as a result of coulomb 

interactions between the accelerated electron and atomic nucleus resulting in inelastic 

scattering and deceleration of the transient electron. This radiative energy loss results 

in electromagnetic radiation emission. Figure 5.3 provides an illustration of 

Bremsstrahlung production. [180] 

 

Figure 5.3. Bremsstrahlung radiation as a result of coulomb interactions between transient electron 

and atomic nucleus, resulting in electromagnetic radiation emission. 
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Figure 5.4. Example of continuous X-ray spectrum, showing relative intensity as a function of photon 

energy (keV) with increasing applied voltage 𝑉𝑎.  

Bremsstrahlung for a given target is a continuous process for the incident electron as 

it experiences continuous inelastic scattering as a result of multiple coulomb 

interactions, resulting in steady loss of energy. This gradual loss of energy results in a 

continuous spectrum of generated photons. The shape of the continuous spectrum 

including intensity and maximum photon energy is dependent on the applied 

voltage 𝑉𝑎. Figure 5.4 illustrates a typical continuous spectrum with increasing 𝑉𝑎, for 

relative intensity vs photon energy in keV, with a 10 keV filter. 

5.2.4 Characteristic X-ray Spectrum 

The second predominant form of radiative energy loss resulting in electromagnetic 

radiation emission is the production of characteristic X-rays. Characteristic X-rays are 

a consequence of electron emission (ionisation) of an inner-shell electron, followed by 

electron relaxation, in which an outer-shell electron fills the lower-shell electron 

vacancy to restore atom stability. The electron shell transition results in the emission 

of an X-ray, with an energy which is distinct of the ionisation energy difference 

between electron shells. Figure 5.5 illustrates the process of characteristic X-ray 

emission in four stages. [180], [188] 
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Figure 5.5. Illustration of characteristic X-ray emission process. Firstly, an incident accelerated 

electron transfers energy to an inner-shell electron. Second, the electron is emitted causing the atom to 

be ionised. Subsequently, an outer-shell electron transitions to the vacancy in the inner-shell to restore 

stability, and finally resulting in characteristic X-ray emission.   
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Figure 5.6. Example X-ray spectrum with superimposed continuous spectrum and characteristic X-ray 

peaks, showing relative intensity as a function of photon energy (keV) with increasing applied 

voltage 𝑉𝑎. 

For every element each subshell has a discrete ionisation energy, therefore the 

difference between ionisation energies is characteristic of that element, a technique 

used in X-ray spectroscopy to determine the elemental properties of a sample [185], 

[189], [190]. Figure 5.6 shows an example X-ray spectrum with characteristic peaks 
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superimposed on the continuous spectrum. A concise document on element X-ray 

properties, including binding and emission energies, fluorescence yield, mass 

absorption coefficients etc. is available in [191]. 

5.3 Experimental Setup 

For the investigation of X-ray detection using the MINI3D CMOS SPAD image 

sensor, two separate X-ray experiments were conducted using two different X-ray 

sources. The need for a second source was a result of the initial X-ray source requiring 

maintenance due to operational failure of the stage. However, both sources generate 

X-rays using a tungsten target with a maximum achievable photon peak energy of 160 

and 100 keV respectively. The two experiments are referred to as experiment A and B 

respectively. The dominant process for photon energy loss is photoelectric absorption 

for photon energies E ≲ 100 keV, and Compton scattering for photon energies 

E ≲ 1 MeV, for elements where the atomic number, Z ≲ 30. 

5.3.1 X-ray Experiment A 

For experiment A, the standard Precision X-ray IR-160 biological irradiator was used. 

The cabinet X-ray irradiator has a large, shielded cabinet with a motorised stage 

(1 cm tolerance), and cabinet port to feed electrical cables within. For all experiments, 

the SPAD was placed as close as possible to the source, approximately 10 cm away 

and the FPGA was shielded using lead blocks. The maximum output voltage of the X-

ray tube is 160 kV at a current of 18.75 mA, with a maximum achievable current of 

25 mA at output voltages up to 120 kV. The X-ray tube has an inherent beryllium filter 

with thickness of 800 µm, and in addition, an aluminium filter slide with thickness of 

100 µm was used for all measurements. [192] 

The mass attenuation coefficients and densities for beryllium and aluminium are given 

in [187] and [145] respectively. With the known filter properties and thicknesses, the 

relative intensity X-ray spectrums for tungsten for increasing output voltage, are 

determined and shown in Figure 5.7, with characteristic peaks labelled at 57.98 keV, 

59.32 keV and 67.24 keV respectively. Table 5.1 provides the photon energies of 

principal K-, L- and M-shell emission lines for tungsten (W) with relative shell 



Detection of Ionising Radiation using Single Photon Avalanche Diodes 107 

X-Ray Detection using SPADs  107 

intensities. From the figure, photons energies ≲ 10keV are filtered from the spectrum 

as a result of the beryllium and aluminium filters. 

 

Figure 5.7. Tungsten X-ray spectrum with relative intensity as a function of photon energy (keV), 

with increasing output voltage. 

Table 5.1. Photon energies in eV, of principal K-, L- and M-shell emission lines for 

tungsten (W) with relative shell intensity. 

Kα1 Kα2 Kβ1 Kβ2 Lα1 

59 318.24 57 981.7 67 244.3 69 067.0 8 397.6 

100 58 22 8 100 

     

Lα2 Lβ1 Lβ2 Lγ1 Mα1 

8 335.2 9 672.35 9 961.5 11 285.9 1 775.4 

11 67 21 13 100 

The X-rays emitted from the X-ray tube will be incident upon silicon, Z = 14, before 

reaching the SPAD depletion region. With the mass attenuation coefficients for silicon 

in [187], and known density of silicon in Table 3.2, the approximate attenuation length 

as a function of photon energies is calculated for 10 to 160 keV and shown in Table 5.2. 

It is evident that all photons with energies E ≥ 10 keV, will propagate through the 

SPAD depletion region. 
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Table 5.2. Approximate Photon Attenuation Lengths in Silicon [187]. 

Kinetic Energy (keV) 
Attenuation Coefficient 

𝜇/𝜌 (cm2/g) 

Approximate Attenuation 

length (mm)a 

10 33.89 0.127 

15 10.34 0.415 

20 4.464 0.962 

30 1.436 2.99 

40 0.7012 6.12 

50 0.4385 9.79 

60 0.3207 13.39 

70 0.2638 16.27 

80 0.2228 19.27 

90 0.2011 21.35 

100 0.1835 23.40 

120 0.1650 26.03 

140 0.1508 28.48 

160 0.1407 30.51 

  a
Silicon density, 2.329 g·cm-3 

5.3.2 X-ray Experiment B 

For experiment B, the GLADD lab-based X-ray tube was used at Glasgow University 

[193], equipped with a tungsten target for X-ray emission, 150 µm thick aluminium 

filter and large shielded cabinet. The X-ray setup has a motorised stage to align any 

sample within the beam path. Alignment is also optimised with a cross laser pointer, 

shown in Figure 5.8, which allows for optimal positioning of the SPAD image sensor 

in the X-ray beam. The X-ray source has an output voltage range of 20 to 100 kV with 

an electron beam current range of 3 to 17 mA, but the maximum beam current for an 

output voltage of 100 kV is 9 mA. 

Furthermore, as in experiment A, the SPAD image sensor was placed approximately 

10 cm from the X-ray source, and Figure 5.9 provides a dose rate map of the incoming 

X-ray beam at 10 cm from the source, with an output voltage of 100 kV, measured 

using a pin diode. From Figure 5.9 the approximate maximum dose rate at 100 kV is 

1.3 Mrad/h, with a nominal dose rate of 1.2 Mrad/h. Figure 5.10 shows the measured 

relative intensity X-ray spectrum for output voltages of 100 kV, with distinct 

characteristic peaks. Both the measurements and data required to develop Figure 5.9 
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and Figure 5.10 were provided by Dr. Dima Maneuski from the University of Glasgow 

[194]. 

  

 

Figure 5.8. MINI3D CMOS SPAD image sensor alignment and positioning using a cross laser pointer, 

within the GLADD X-ray tube chamber for X-ray experiment B.  

 

Figure 5.9. Dose rate map of X-ray emission, measured in Mrad/h, at a distance of 10 cm from the 

GLADD X-ray source at 100 kV output voltage, with 150 µm Al filter.  
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Figure 5.10. Measured X-ray spectrum for GLADD X-ray source at 100 kV output voltage, with 

tungsten target and fixed 150 µm Al filter. 

5.4 Experimental Results 

5.4.1 X-ray Experiment A 

As mentioned supra, the results obtained were limited as a result of required 

maintenance and stage replacement in the X-ray chamber due to operational failure. 

For irradiation the four regularly used SPAD bias voltages were selected, namely 12.5, 

13, 14 and 15 V for comparison, and for all experiments the frame exposure time was 

set to 1 ms. For each SPAD bias voltage a control set of data of 10000 frames was 

taken before irradiation and HDCR pixels identified. 

The first experiment was to investigate if X-rays could be detected. The SPAD image 

sensor was irradiated with X-rays with varying peak photon energies from 15 to 

120 keV, with a fixed beam current of 25 mA. For each irradiation 400 frames were 

taken. An increase in X-ray source output voltage above 120 keV results in a decrease 

in available beam current, therefore omitted from the initial experiment. Figure 5.11 

and Figure 5.12 show the measured average counts/pixel including standard deviation 

at each respective bias voltage as a function of X-ray peak photon energy. From the 

figures it is evident that exposure to X-rays results in an increase in average accounts, 

which confirms X-ray detection. It is observed at 80 keV there is a distinct drop in 
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average counts/pixel measured, discussed further in section 5.4.3. The statistical data 

for Figure 5.11 and Figure 5.12 is summarised in Table 7.4. 
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Figure 5.11. Average counts/pixel and standard deviation at SPAD bias voltage of 12.5 and 13 V as a 

function of peak X-ray photon energies from 0 to 120 keV. 

Peak X-ray photon energy (keV)

A
v
er

ag
e 

co
u
n
ts

/p
ix

el
 (

k
H

z)

0 20 40 60 80 100 120

0

10

20

30

40

15 V

14 V

 

Figure 5.12. Average counts/pixel and standard deviation at SPAD bias voltage of 14 and 15 V as a 

function of peak X-ray photon energies from 0 to 120 keV. 

Figure 5.13 shows the relative increase in average counts/pixel at each SPAD bias 

voltage as a function of increasing peak photon energy. It is observed that an increase 

in SPAD bias voltage, results in higher average counts/pixel, however the standard 



Detection of Ionising Radiation using Single Photon Avalanche Diodes 112 

112                     X-Ray Detection using SPADs 

deviation also increases as expected, which affects the discernible detection of X-rays 

at lower peak photon energies, in this case 15 keV. 
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Figure 5.13. Relative average counts/pixel including standard deviation for SPAD bias voltages 12.5 

to 15 V, as a function of peak X-ray photon energy from 0 to 120 keV. 

The following experiment investigates the average counts/pixel for each respective 

bias voltage, 12.5 to 15 V, for X-ray peak photon energies of 15 and 30 keV for 

comparison. During irradiation 400 frames are captured and the X-ray source is 

switched on for approximately 15 seconds to observe the frame-by-frame response and 

transition during irradiation. Figure 5.14 to Figure 5.17 show the normalised average 

counts/pixel for each respective bias voltage over 400 frames. For SPAD bias voltage 

of 12.5 V the detection of X-rays at 15 keV is evident with a clear increase in average 

counts during irradiation, however when compared to 13 V and above, the inherent 

DCR deviation and RTS noise is too large to conclusively discern detection. Therefore, 

at a SPAD bias voltage of 12.5 V, X-rays with peak photon energy of 15 keV is 

detectable. Figure 5.18 to Figure 5.21 show the normalised average counts/pixel for 

each respective bias voltage over 400 frames for peak photon energies from 30 to 

120 keV, where it is evident that a SPAD bias voltage of 12.5 V provides the best SNR 

for X-ray detection. Two additional irradiation measurements were taken at X-ray 

source output voltages of 140 and 160 kV, and the results are shown in Figure 7.2 and 

Figure 7.3 respectively. 
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Figure 5.14. Normalised average counts/pixel at 12.5 V SPAD bias voltage over 400 frames for peak 

photon energies of 15 and 30 keV. During each irradiation the X-ray tube is turned on for 

approximately 15 seconds. 

 

Figure 5.15. Normalised average counts/pixel at 13 V SPAD bias voltage over 400 frames for X-ray 

irradiation at peak photon energies of 15 and 30 keV. During each irradiation the X-ray tube is turned 

on for approximately 15 seconds.  
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Figure 5.16. Normalised average counts/pixel at 14 V SPAD bias voltage over 400 frames for X-ray 

irradiation at peak photon energies of 15 and 30 keV. During each irradiation the X-ray tube is turned 

on for approximately 15 seconds. 

 

Figure 5.17. Normalised average counts/pixel at 15 V SPAD bias voltage over 400 frames for X-ray 

irradiation at peak photon energies of 15 and 30 keV. During each irradiation the X-ray tube is turned 

on for approximately 15 seconds. 
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Figure 5.18. Normalised average counts/pixel at 12.5 V SPAD bias voltage over 400 frames for X-ray 

irradiation at peak photon energies from 30 and 120 keV. During each irradiation the X-ray tube is 

turned on for approximately 15 seconds. 

 

Figure 5.19. Normalised average counts/pixel at 13 V SPAD bias voltage over 400 frames for X-ray 

irradiation at peak photon energies from 30 and 120 keV. During each irradiation the X-ray tube is 

turned on for approximately 15 seconds. 
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Figure 5.20. Normalised average counts/pixel at 14 V SPAD bias voltage over 400 frames for X-ray 

irradiation at peak photon energies from 30 and 120 keV. During each irradiation the X-ray tube is 

turned on for approximately 15 seconds. 

 

Figure 5.21. Normalised average counts/pixel at 13 V SPAD bias voltage over 400 frames for X-ray 

irradiation at peak photon energies from 30 and 120 keV. During each irradiation the X-ray tube is 

turned on for approximately 15 seconds. 

5.4.2 X-ray Radiation Hardness Experiment A  

After successful detection of X-rays, a radiation hardness experiment was conducted 

to investigate potential DCR degradation [195]. For hybrid pixel detectors the required 

X-ray TID tolerance is 50 Mrad, the total expected amount over a 10 year period of 
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constant radiation at the LHC at CERN, e.g., the ATLAS experiment inner tracker 

detector [28]. For the Precision X-ray IR-160 biological irradiator, the dose rate 

calibration of the X-ray tube has already been calculated and the maximum absorbed 

dose at output voltage of 160 kV and beam current of 18.75 mA is as follows, 

 
𝐷 =

375

𝑥2
 (5.4) 

where 𝐷 is the TID in Mrad/h and 𝑥 the distance of the sample from the source in cm 

[196]. Therefore, with a known SPAD placement distance of 10 cm from the source, 

a nonirradiated SPAD was irradiated for 1 hour, a calculated TID of approximately 

3.75 Mrad or 37.5 kGy. The SPAD DCR was measured before and after irradiation for 

comparison, where 10 000 frames were taken for each SPAD bias voltage, 12.5 to 

15 V. The initial HDCR pixels were removed and the statistical results are presented 

in Table 5.3, furthermore, DCR distributions for each SPAD bias voltage are shown in 

Figure 5.22 to Figure 5.25 with bin centres in average counts/frame. 

Table 5.3. Statistical results for SPAD DCR before and after 3.75 Mrad TID. 

 
SPAD Bias 

Voltage 12.5 V 

SPAD Bias 

Voltage 13 V 

SPAD Bias 

Voltage 14 V 

SPAD Bias 

Voltage 15 V 

 Before After Before After Before After Before After 

Frames 10000 10000 10000 10000 10000 10000 10000 10000 

 Units: Average Counts per Pixel (kHz) 

Minimum 0.1253 0.0647 0.5190 0.3572 3.5600 2.7060 19.510 15.110 

25% 

Percentile 
0.1448 0.0794 0.5553 0.3865 3.9810 3.3150 21.440 17.100 

Median 0.1502 0.0835 0.5661 0.3951 4.1600 3.5320 21.980 17.580 

75% 

Percentile 
0.1555 0.0876 0.5781 0.4029 4.3550 3.8350 22.530 18.090 

Maximum 0.6461 0.2708 1.0760 0.7361 5.6240 5.4190 25.890 20.520 
         

Mean 0.1544 0.0839 0.5920 0.3988 4.1900 3.5940 22.000 17.610 

Std. 

Deviation 
0.0288 0.0105 0.0710 0.0300 0.2988 0.3772 0.8059 0.7315 

         

Lower 

95% CI of 

mean 

0.0968 0.0629 0.4500 0.3388 3.5924 2.8396 20.388 16.147 

Upper 

95% CI of 

mean 

0.2120 0.1048 0.7340 0.4588 4.7876 4.3484 23.611 19.073 
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Figure 5.22. DCR Distributions of average counts/frame for MINI3D CMOS SPAD image sensor for 

before and after 3.75 Mrad TID using Tungsten X-ray tube at SPAD bias voltage of 12.5 V. 

 

Figure 5.23. DCR Distributions of average counts/frame for MINI3D CMOS SPAD image sensor for 

before and after 3.75 Mrad TID using Tungsten X-ray tube at SPAD bias voltage of 13 V. 
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Figure 5.24. DCR Distributions of average counts/frame for MINI3D CMOS SPAD image sensor for 

before and after 3.75 Mrad TID using Tungsten X-ray tube at SPAD bias voltage of 14 V. 

 

Figure 5.25. DCR Distributions of average counts/frame for MINI3D CMOS SPAD image sensor for 

before and after 3.75 Mrad TID using Tungsten X-ray tube at SPAD bias voltage of 15 V. 
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From Table 5.3 and DCR distributions shown in Figure 5.22 to Figure 5.25, the DCR 

decreases for all SPAD bias voltages after a TID of 3.75 Mrad or 37.5 kGy. This 

decrease in DCR was also observed in the pion experimental results in section 4.5 in 

Figure 4.13, where after pion experiment 3 the next set of control data taken before 

experiment 4 showed a lower DCR for all SPAD bias voltages. There is no significant 

increase in operational standard deviation and the SPAD image sensor continued to 

operate typically thereafter, therefore no observed SPAD DCR degradation.  

Further radiation hardness experiments were scheduled, but the X-ray irradiator stage 

required maintenance, therefore experimentation was concluded. 

5.4.3 X-ray Experiment B 

For experiment B the X-ray tube has an operational output voltage range from 20 to 

100 kV, and maximum beam current of 17 mA at 40 and 50 kV, and 9 mA at 100 kV. 

The initial experiment was to investigate the linear regression of the previous 

investigation in experiment A, as well as to investigate the distinct drop in average 

counts/pixel observed at 80 kV. 

The SPAD image sensor was placed 10 cm from the source and irradiated with 

increasing energies from 20 to 100 kV, as well as sweeping the beam current from 3 

to 17 mA to investigate the effect of X-ray tube intensity (proportional to input current) 

and peak photon energy on average counts per frame. Before irradiation a control set 

of data was taken and HDCR identified. Thereafter, 500 frames for each irradiation 

was measured. Figure 5.26 to Figure 5.29 show the measured normalised increase in 

average counts/pixel as a function of peak X-ray photon energy, for SPAD bias 

voltages 12.5 to 15 V respectively, with beam current sweep from 3 to 17 mA. 

Furthermore, for Figure 5.26 to Figure 5.29 a second order polynomial (quadratic) 

regression fitted curve is interpolated for each data set, except for measurements with 

beam current of 17 mA. From the figures it is evident that for all SPAD bias voltages 

an increase in both peak photon energy and/or beam intensity result in an increase in 

average counts. Moreover, the dip at 80 keV is not observed in these measured results, 

which indicates potential error with the measurement above 80 keV in experiment A, 

as a repeat measurement was not possible. The X-ray irradiator used in experiment A 
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did require maintenance on the stage, therefore it is hypothesised that during 

experimentation, the stage level may have lowered due to a technical fault, increasing 

the distance between source and detector, resulting in lower average counts/pixel.   
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Figure 5.26. Normalised increase in average counts/pixel as a function of peak X-ray photon energy 

(keV) for SPAD bias voltage of 12.5 V with beam current sweep from 3 mA to 17 mA. Including 

standard deviation of the sample mean. A second order polynomial (quadratic) regression fitted curve 

is interpolated for each data set, except for measurements with beam current of 17 mA.  
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Figure 5.27. Normalised increase in average counts/pixel as a function of peak X-ray photon energy 

(keV) for SPAD bias voltage of 13 V with beam current sweep from 3 mA to 17 mA. Including 

standard deviation of the sample mean. A second order polynomial (quadratic) regression fitted curve 

is interpolated for each data set, except for measurements with beam current of 17 mA. 
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Figure 5.28. Normalised increase in average counts/pixel as a function of peak X-ray photon energy 

(keV) for SPAD bias voltage of 14 V with beam current sweep from 3 mA to 17 mA. Including 

standard deviation of the sample mean. A second order polynomial (quadratic) regression fitted curve 

is interpolated for each data set, except for measurements with beam current of 17 mA. 
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Figure 5.29. Normalised increase in average counts/pixel as a function of peak X-ray photon energy 

(keV) for SPAD bias voltage of 15 V with beam current sweep from 3 mA to 17 mA. Including 

standard deviation of the sample mean. A second order polynomial (quadratic) regression fitted curve 

is interpolated for each data set, except for measurements with beam current of 17 mA. 
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For comparison of the effect of increasing SPAD bias voltage on average counts, 

Figure 5.30 shows the normalised increase in average counts/pixel as a function of 

peak X-ray photon energy for SPAD bias voltages 12.5 to 15 V with a constant beam 

current of 9 mA. Furthermore, a second order polynomial (quadratic) regression fitted 

curve is interpolated for each data set. From the figure it is evident that an increase in 

SPAD bias voltage results in an increase in average counts, as well as an increase in 

standard deviation of the sample means.  
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Figure 5.30. Normalised increase in average counts/pixel as a function of peak X-ray photon energy 

for SPAD bias voltages from 12.5 to 15 V with fixed beam current of 9mA. Including standard 

deviation of the sample mean. A second order polynomial (quadratic) regression fitted curve is 

interpolated for each data set. 

5.4.4 X-ray Radiation Hardness Experiment B  

The following experiment is further investigation of the radiation hardness of the 

MINI3D CMOS SPAD image sensor. For the experiment, the SPAD was exposed to 

four consecutive sets of X-ray irradiations for 1 hour respectively, at an X-ray output 

voltage of 100 kV and beam current of 9 mA. The SPAD was biased at a constant 13 V 

and placed 10 cm from the X-ray source. From Figure 5.9 the known TID is 

approximately 1.2 Mrad/h, therefore after four hours of irradiation, the calculated TID 

is 4.8 Mrad or 48 kGy. A control measurement was taken before irradiation, named 

C1. After each hour irradiation a control measurement was taken directly after 
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exposure (C2, C4 and C6), and an additional control measurement taken 10 min later 

(C3, C5 and C7) for comparison. After the last irradiation a control measurement is 

taken directly after (C8), but instead of a control set of data taken 10 min later, a final 

control measurement was taken 24 hours later (C9) for comparison. Table 5.4 provides 

the experimental statistical results for each control measurement taken after a 

cumulative TID of 4.8 Mrad. The average counts/frame vs each measured frame for 

each control measurement is shown collectively in Figure 5.31. 

Table 5.4. Statistical results for SPAD DCR before, during and after cumulative 

4.8 Mrad TID. 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 

Frames 1000 1000 1000 1000 1000 1000 1000 1000 2000 

Function 

Control 

Before 

Irr. 

Control 

After 

Irr. 1 

Control 

10 Min 

after 

Irr. 1 

Control 

After 

Irr. 2 

Control 

10 Min 

after 

Irr. 2 

Control 

After 

Irr. 3 

Control 

10 Min 

after 

Irr. 3 

Control 

After 

Irr. 4 

Control 

24 Hrs 

after 

Irr. 4 

          

Cumulative 

TID (Mrad) 
0 1.2 1.2 2.4 2.4 3.6 3.6 4.8 4.8 

Mean 0.2116 0.2331 0.3168 0.3694 0.2684 0.3457 0.2824 0.4029 0.2164 

Std. 

Deviation 
0.0061 0.0078 0.0098 0.0141 0.0081 0.0116 0.0084 0.0374 0.0100 

Lower 95% 

CI of mean 
0.1994 0.2175 0.2972 0.3413 0.2523 0.3226 0.2657 0.3281 0.1964 

Upper 95% 

CI of mean 
0.2237 0.2488 0.3364 0.3975 0.2845 0.3689 0.2991 0.4778 0.2363 

 

From the results it is evident that after irradiation the DCR of the SPAD increases. 

However, it can be observed in C4, C6 and C8 that the DCR is decreasing for each 

following measured frame, and with a complimentary measurement 10 min later as 

seen in C5 and C7, the DCR has significantly decreased, although higher than the 

initial control measurement in C1. The results would initially indicate that the SPAD 

DCR has degraded resulting in permanent increased DCR, but control measurement 

C9 shows that eventually, in this case a measurement taken 24 hours later, the DCR 

had returned to within its original state, with a slight increase in standard deviation of 

the sample mean. Therefore, indicating that DCR degradation in this case has not 

noticeably occurred. Further investigation is required.  
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Figure 5.31. DCR for each measured frame during control measurements C1 to C9 during SPAD 

radiation hardness experiment after a cumulative 4.8 Mrad TID, at SPAD bias of 13 V. 

5.4.5 X-ray Experiment B with Added Aluminium Filter 

The following experiment resulted by chance, in which a measurement was taken with 

the MINI3D CMOS SPAD image sensor, where the plastic protective lid of the die 

package was not removed. The measurements were analysed, and the results showed 

a significant increase in average counts when compared to previous measurements 

taken without the lid. The subsequent experiment investigated this effect with the 

addition of a 150 µm thick aluminium filter between the source and SPAD image 

sensor. First the X-ray spectrum was measured with a 150 and 300 µm thick aluminium 

filter added, and the respective spectrums for comparison are shown in Figure 5.32. 

From Figure 5.32 it is evident that the addition of an aluminium filter results in X-ray 

attenuation, especially lower energy photons. From the previous results it was assumed 

that the added filters would result in a decrease in X-ray intensity and therefore a 

decrease in average counts. Figure 5.33 to Figure 5.36 show the measured average 

counts/pixels for the SPAD image sensor as a result of the added 150 µm thick 

aluminium filter for SPAD bias voltages 12.5 V to 15 V respectively. Furthermore, for 

Figure 5.33 to Figure 5.36 a second order polynomial (quadratic) regression fitted 

curve is interpolated for each data set. 
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Figure 5.32. Measured X-ray spectrum for GLADD X-ray source at 100 kV output voltage, with 

tungsten target and added aluminium filters of 150 and 300 µm thickness respectively. 
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Figure 5.33. Comparison of measured average counts/pixel as a function of peak X-ray photon energy 

with and without 150 µm thick aluminium filter added between X-ray tube at constant beam current of 

9mA and SPAD image sensor biased at 12.5 V. Including standard deviation of the sample mean. A 

second order polynomial (quadratic) regression fitted curve is interpolated for each data set. 
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Figure 5.34. Comparison of measured average counts/pixel as a function of peak X-ray photon energy 

with and without 150 µm thick aluminium filter added between X-ray tube at constant beam current of 

9mA and SPAD image sensor biased at 13 V. Including standard deviation of the sample mean. A 

second order polynomial (quadratic) regression fitted curve is interpolated for each data set. 
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Figure 5.35. Comparison of measured average counts/pixel as a function of peak X-ray photon energy 

with and without 150 µm thick aluminium filter added between X-ray tube at constant beam current of 

9mA and SPAD image sensor biased at 14 V. Including standard deviation of the sample mean. A 

second order polynomial (quadratic) regression fitted curve is interpolated for each data set. 
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Figure 5.36. Comparison of measured average counts/pixel as a function of peak X-ray photon energy 

with and without 150 µm thick aluminium filter added between X-ray tube at constant beam current of 

9mA and SPAD image sensor biased at 15 V. Including standard deviation of the sample mean. A 

second order polynomial (quadratic) regression fitted curve is interpolated for each data set. 

From Figure 5.33 to Figure 5.36, it is evident for SPAD bias voltages 13 to 15 V that 

the addition of the 150 µm thick aluminium filter results in a significant increase in 

average counts/pixel, even though the intensity of the initial X-ray spectrum is 

attenuated. This response is unshared at SPAD bias voltage of 12.5 V. The factor 

change in average counts is tabulated in Table 5.5 to Table 5.8 for SPAD bias voltages 

12.5 to 15 V respectively 

Table 5.5. Factor decrease in average counts with added 150 µm thick Al filter at 

SPAD bias voltage of 12.5 V for varying X-ray peak photon energies and beam 

currents. 

 X-ray Beam current 

X-ray peak 

photon Energy 
3 mA 5 mA 7 mA 9 mA 11 mA 13 mA 15 mA 17 mA 

20 keV 0.458 0.496 0.515 0.536     

30 keV 0.618 0.638 0.652 0.665 0.677 0.689   

40 keV 0.725 0.725 0.726 0.717 0.733 0.726 0.725 0.734 

50 keV 0.823 0.804 0.781 0.781 0.779 0.776 0.778 0.791 

60 keV 0.964 0.891 0.868 0.861 0.855 0.838 0.832  

70 keV 1.005 0.912 0.864 0.872 0.860    

80 keV 1.015 0.937 0.909 0.896 0.894    

90 keV 1.057 0.967 0.956 0.966     

100 keV 1.101 1.009 0.981 1.025     

Average factor decrease in measured average counts with added filter 0.812 -18.8 % 
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Table 5.6. Factor increase in average counts with added 150 µm thick Al filter at 

SPAD bias voltage of 13 V for varying X-ray peak photon energies and beam 

currents. 

 X-ray Beam current 

X-ray peak 

photon Energy 
3 mA 5 mA 7 mA 9 mA 11 mA 13 mA 15 mA 17 mA 

20 keV 4.723 3.075 2.531 2.226     

30 keV 2.658 2.267 2.041 1.991 1.938 1.885   

40 keV 2.662 2.159 2.081 2.025 2.005 2.009 1.995 1.992 

50 keV 2.838 2.378 2.227 2.179 2.150 2.160 2.159 2.160 

60 keV 3.021 2.504 2.382 2.324 2.298 2.298 2.307  

70 keV 3.216 2.656 2.501 2.450 2.433    

80 keV 3.069 2.719 2.602 2.551 2.540    

90 keV 3.204 2.823 2.726 2.664     

100 keV 3.353 2.907 2.808 2.768     

Average factor increase in measured average counts with added filter 2.503 150 % 

Table 5.7. Factor change in average counts with added 150 µm thick Al filter at 

SPAD bias voltage of 14 V for varying X-ray peak photon energies and beam 

currents. 

 X-ray Beam current 

X-ray peak 

photon Energy 
3 mA 5 mA 7 mA 9 mA 11 mA 13 mA 15 mA 17 mA 

20 keV 7.92 3.25 2.41 2.20     

30 keV 2.54 2.46 2.39 2.49 2.44 2.41   

40 keV 2.54 2.41 2.52 2.57 2.63 2.68 2.72 2.75 

50 keV 2.86 2.84 2.80 2.87 2.89 2.94 2.97 3.02 

60 keV 3.38 3.16 3.13 3.12 3.17 3.22 3.26  

70 keV 3.58 3.21 3.27 3.33 3.35    

80 keV 3.68 3.44 3.47 3.53 3.57    

90 keV 3.82 3.65 3.68 3.73     

100 keV 3.86 3.80 3.82 3.91     

Average factor increase in measured average counts with added filter 3.170 217 % 

Table 5.8. Factor change in average counts with added 150 µm thick Al filter at 

SPAD bias voltage of 15 V for varying X-ray peak photon energies and beam 

currents. 

  X-ray Beam current 

X-ray peak 

photon Energy 
3 mA 5 mA 7 mA 9 mA 11 mA 13 mA 15 mA 17 mA 

20 keV 0.42 0.65 0.83 0.97     

30 keV 1.05 1.20 1.45 1.67 1.88 2.02   

40 keV 1.53 1.76 2.05 2.29 2.50 2.73 2.89 3.10 

50 keV 2.21 2.42 2.73 3.00 3.17 3.41 3.62 3.92 

60 keV 2.99 2.93 3.30 3.72 3.86 4.11 4.29  

70 keV 3.66 3.63 3.87 4.12 4.47    
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80 keV 3.76 4.00 4.19 4.46 4.64    

90 keV 3.76 4.16 4.51 4.75     

100 keV 4.11 4.29 4.72 4.92     

Average factor increase in measured average counts with added filter 3.07 207 % 

From the results shown in Table 5.5 to Table 5.8, the average counts/pixel increased 

on average by a factor of 2.5, 3.17 and 3.07 at SPAD bias voltage 13, 14 and 15 V 

respectively. This equates to an average increase of 150 %, 217 % and 207 % 

respectively as a result of the added 150 µm thick aluminium filter, a substantial 

increase. However, for SPAD bias voltage of 12.5 V the average counts/pixel 

decreased on average by 19 %. This phenomenon is discussed further in the following 

section. 

5.5 Summary and Conclusion 

The chapter begins with a brief history on X-rays and an overview of their interaction 

with matter including the generation of continuous and characteristic X-rays and their 

combined spectrums, with the use an accelerated electron beam incident upon a fixed 

target in an X-ray tube.  

The chapter reports the detection of ionising photons, specifically X-rays with X-ray 

tube sources. The investigation was split between two different X-ray tube sources as 

a result of required maintenance on the initial source. Both X-ray tubes use a tungsten 

target to generate X-rays, but their maximum achievable peak photon energies were 

dissimilar, with 160 keV and 100 keV respectively. The initial X-ray experiment, 

experiment A, investigates the detection of X-rays, where a distinct increase in average 

counts is observed for X-ray peak photon energies from 15 to 160 keV, which confirms 

that SPADs can be used to detect X-rays. Furthermore, it was observed that an increase 

in SPAD bias voltage results in higher relative average counts/pixel.  

An additional test was conducted to test the radiation hardness of the MINI3D CMOS 

SPAD image sensor. The SPAD was irradiated for an hour at 160 keV with a calculated 

TID of approximately 3.75 Mrad or 37.5 kGy. For all SPAD bias voltages the DCR 

decreased, and the SPAD did not demonstrate DCR degradation. Moreover, no 

significant change in standard deviation was observed in the DCR distributions. The 

SPAD image sensor continued to operate normally. 
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The second X-ray experiment, termed experiment B, was conducted to investigate the 

effect of X-ray tube intensity (proportional to input current) and peak photon energy 

on average counts per frame. It was observed that an increase in both beam intensity 

(3 to 17 mA) and peak photon energy (20 to 100 keV) results in an increase in average 

counts, as well as an increase in standard deviation of the sample means.  

A second radiation hardness experiment was conducted and the SPAD was exposed to 

a cumulative TID of 4.8 Mrad or 48 kGy. The experiment was conducted in intervals, 

where between X-ray irradiation the DCR was measured. It was observed that directly 

after each irradiation the DCR had increased, but gradually decreases with each 

subsequent measured frame. A complimentary control measurement is taken 10 min 

later which shows that the DCR significantly decreases, although still higher in 

comparison to the initial control measurement. The results would initially indicate that 

the SPAD DCR has degraded resulting in permanent increased DCR, but after the final 

irradiation a DCR measurement is taken 24 hours later and shows the DCR had 

returned to within its original state. Therefore, indicating that DCR degradation in this 

case has not noticeably occurred. Further investigation into radiation hardness is 

required. 

An ancillary experiment during experiment B was conducted where an additional filter 

of 150 µm thick aluminium was placed between the SPAD image sensor and X-ray 

source to further attenuate lower energy photons to observe its effect. It was observed 

that the average counts per pixel did not decrease with decreasing X-ray intensity, but 

increased for SPAD bias voltages of 13 to 15 V with an average increase in average 

counts of approximately 200 %. The added filter attenuates lower energy photons 

incident upon the SPAD. Therefore, it is hypothesised that the abundance of lower 

energy photons incident upon the SPAD image sensor result in the limitation of 

electromagnetic cascade, afterpulsing and crosstalk combined (spurious counts), as the 

probability of a lower energy photon to interact and cause avalanche detection, is larger 

than higher energy photons. Therefore, with the attenuation of lower energy photons, 

the SPAD image sensor is detecting less photons, but experiencing more interactions 

with higher energy photons, which transfer higher energies, and in turn result in 

significantly more spurious counts. Furthermore, with regard to lower average counts 
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detected at SPAD bias voltage of 12.5 V, with the added filter, the SPAD image sensor 

is biased at the avalanche breakdown threshold. Therefore, it is hypothesised that the 

potential for significant spurious counts to occur is limited. However, further 

investigation into this phenomenon is required. 

The following chapter is the final chapter of the thesis, and summarises all the research 

covered in this thesis including conclusions, future work and outlook.  
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6. Summary, Conclusions, Outlook and Future Work 

This is the final chapter of the thesis and provides a summary of all the research and 

results conducted throughout, as well as conclusions reached. Thereafter, future work 

and an outlook on the detection of ionising radiation using SPADs is presented.  

6.1 Summary, Conclusions and Outlook 

The thesis begins with a literature review on ionising radiation and the process thereof, 

where the interaction between atomic electrons and incident ionising radiation results 

in electron emission, thus ionising the atom. There are two types of ionising radiation, 

namely ionising photons, such as X- and gamma-rays, and high energy charged 

particles. The literature review continues with an overview of ionising radiation 

detector types, with emphasis on the mechanism for detection being the generation of 

electron-hole pairs in mediums sensitive to propagating ionising radiation. 

Furthermore, a literature review on silicon radiation damage as a result of incident 

ionising radiation and NIEL is presented, with emphasis on surface and bulk damage 

defects and the measure of TID. 

Current state-of-the-art silicon-based hybrid pixel detectors are the preferred detector 

type used in HEP as a result of their size, pixel resolution, radiation hardness and 

timing capabilities. However, they are fabricated using multiple processes requiring 

bump bonding, which affects expediency, integrity and overall expenditure. Therefore, 

the HEP community are considering CMOS pixel detectors as a favourable future 

alternative with the associated benefits of lower costs, integrated circuitry and mass 

manufacture without the need for post processing. Furthermore, the successful 

development of hybrid pixel detectors has resulted in the commercial application of 

these detectors in SPC, medical imaging, space dosimetry and material analyses under 

the Medipix collaboration [21], [30], [32]. 

Hybrid pixel detectors use a depleted pn-junction, creating an ionisation chamber, to 

detect traversing ionising radiation. Hybrid pixel detectors operate similarly to APDs 

with limited gain to ensure adequate signal-to-noise-ratio (SNR) and require a 

preamplifier for detection. The incident radiation produces electron-hole pairs which 

under an induced electric field generate a current through the junction. This form of 
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detection is referred to as charge collection and allows for calculation of the incident 

radiation energy loss. 

Following the literature review on ionising radiation and current detectors, an 

overview of SPADs is presented. SPADs operate similarly to hybrid pixel detectors 

with a reverse biased pn-junction, however distinctly SPADs operate in Geiger mode, 

where the junction is reverse biased beyond its planar breakdown voltage, wherein 

impact ionisation results in runaway avalanche breakdown and allows rapid detection 

of incident single photons.  

Geiger operation makes SPADs highly sensitive to incident photons (visible spectrum) 

as a result of excess bias and large inherent gain resulting in avalanche breakdown, 

with picosecond temporal resolution. The fundamental mechanism for detection is the 

transfer of energy from an incident photon to an atomic electron, generating an 

electron-hole pair, which is accelerated under a large induced electric field, which 

causes impact ionisation and ultimately results in avalanche breakdown and a detected 

pulse. 

Therefore, it was hypothesised that incident ionising radiation will result in electron-

hole pair generation incident upon a SPAD depletion region, and coupled with Geiger 

operation, the induced electric field and large inherent gain, will generate impact 

ionisation and subsequent avalanche breakdown. Thus, resulting in the detection of 

incident ionising radiation using SPADs. 

Moreover, SPADs have already been integrated into CMOS technologies and with 

their mature development and performance capabilities, are used in multiple 

applications, most notably biomedical FLIM, LiDAR, ToF imaging, SPC, high speed 

imaging etc. [3]–[10]. Although, all current applications are constrained to the visible 

and near infrared spectrums (NIR). The advances and broad applications of CMOS 

SPADs has led to increased R&D and financial backing as a commercially viable 

technology. The motivation is towards further miniaturisation, performance 

improvements, 3D-stacking and developing highly integrated intelligent sensors with 

abounding built-in capabilities.  
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SPADs operate similarly to silicon-based ionising radiation detectors, therefore it is 

believed that with SPAD advancement and maturity in CMOS, this parallel and rapidly 

developing technology may lend itself favourably towards progress and application in 

the detection of ionising radiation. Limited not only in high energy particle physics, 

but every day commercial applications, such as X-ray imaging, beam therapy and 

electron microscopy, which would greatly reduce cost and help advance 

miniaturisation of current technology, improving both availability and mobility. 

Furthermore, the development of highly integrated ionising radiation detectors will 

allow for the ministration and development of intelligent lab on-chip applications, as 

well as facilitate the development of table-top particle accelerators for both research 

and potential medical therapy [41], [42].  

The investigation of the application of SPADs in the detection of ionising radiation 

has significant commercial potential as an alternative technology to current detectors. 

Therefore, the aim of this research was to investigate the direct detection of ionising 

radiation using a CMOS SPAD. 

The subsequent chapter presents a literature review on SPADs beginning with an 

overview of their history and eventual inception into CMOS. Subsequently, a review 

on SPAD operation is presented, including a review on SPAD biasing, quenching, 

guard ring structures and performance parameters. Thereafter, the MINI3D 

3D-stacked BSI CMOS SPAD image sensor used throughout this thesis is presented, 

including operation, architecture, layout and performance. The SPAD was selected as 

the structure resembles a hybrid pixel detector, therefore it was predicted to have 

improved radiation hardness capabilities. 

The first type of ionising radiation to be investigated was accelerated electrons using 

a SEM with a range of electron energies from 5 to 30 keV. First a literature review on 

electron interaction with matter is presented, where electron energy loss and total 

stopping powers are discussed. Additionally, an overview on electron acceleration and 

its application in electron microscopy is presented. For accelerated electrons with 

kinetic energies in the keV range, collisional energy loss dominates as a result of 

inelastic scattering.  
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The SPAD image sensor is placed within the vacuum chamber of an SEM and 

irradiated with the electron beam at incremental kinetic energies from 5 to 30 keV. 

The SEM beam follows a raster scan pattern, and the first experiment confirms the 

detection of incident accelerated electrons, therefore confirming the initial hypothesis 

of this thesis. Furthermore, the results present the first time-resolved imaging of the 

electron beam raster scanning pattern using a SPAD.  

Further experimentation was conducted, and a technique for the removal of HDCR 

pixels is presented. The results confirm that incident accelerated electrons with 

energies in the range 5 to 30 keV are detectable using a CMOS SPAD. Furthermore, 

statistical analysis shows that a change in SPAD excess bias voltage and/or change in 

electron kinetic energy results in a statistically significant output in counts but does 

not show linear regression. The analytical results are shown in Figure 3.32 and 3.33, 

where it is revealed that a SPAD bias voltage of 13 V, compared to 12.5, 14 and 15 V, 

results in the largest average counts per pixel during irradiation. An investigation into 

the non-linear regression is required.  

During accelerated electron irradiation it was observed that pixels display hysteresis, 

especially after higher electron kinetic energy exposure, with previously irradiated 

pixels exhibiting increased DCR. The effect is not permanent and after a period of 

non-exposure the DCR returns to normal. A control data set taken approximately 9 

minutes after the final irradiation at 30 keV, showed no hysteresis. Therefore, it is 

hypothesised that the cause for the pixel hysteresis or “after-glow” is primarily the 

result of phonon generation. However, long term exposure may lead to permanent 

radiation damage, as discussed in section 3.2.3. 

Figure 3.30 presents the average counts per pixel for each operating bias voltage as a 

function of incident electron kinetic energy, where it is observed that there is a surge 

in counts between 10 and 15 keV. It was concluded that the difference in counts is a 

result of the incident electrons reaching the depletion area of the SPAD, as the 

approximate linear stopping length of electrons increases with increasing kinetic 

energy. Therefore, this technique could be used to determine the depth of a SPADs 

depletion region. 
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With the discovery that SPADs can detect ionising radiation, it was decided to 

investigate the detection of higher energy electrons as well as heavy charged particles. 

Chapter 4 reports the detection of 120 GeV pions, and 2.5 GeV electrons, using 

synchrotron particle accelerators at CERN and ELSA respectively. Before the 

experimental results are presented, an overview of the standard model of particle 

physics is given, followed by a literature review on the passage of heavy charged 

particles in matter. Thereafter, an overview of particle accelerators used are presented 

including the pion production, which is a hadron with mass approximately 270 times 

larger than the mass of an electron.  

For the investigation of the detection of pions, the MINI3D CMOS SPAD image 

sensor is fixed to a beam telescope and aligned to the incident pion beam. Beam 

availability allows for 4 irradiation experiments to be taken over a period of 14 days. 

The measured results confirm the detection of 120 GeV incident pions, as the average 

counts per pixel distinctly increase during irradiation. The measured average counts 

per frame are significantly larger than the calculated range of approximately 75 Hz to 

1.55 MHz, with a minimum measured value of approximately 8.3 MHz at a bias 

voltage of 12.5 V and maximum of 432.1 MHz at 15 V. When comparing the measured 

values presented in Figure 4.22, there is a positive linear correlation between the 

average counts per frame and increasing SPAD bias voltage.  

For SPADs an increase in reverse bias voltage results in a proportional increase in 

detection probability, therefore the increase in detected counts during pion irradiation 

may be attributed to increased impact ionisation, electromagnetic cascade, afterpulsing 

and crosstalk. Additionally, electron-hole pair generation in the silicon bulk around 

the depletion region may occur, causing secondary free carriers to drift into the 

depletion region resulting in additional spurious counts. Regardless, the exact intensity 

and total quantity of incident pions per frame is unknown, therefore further 

examination is required to investigate the particle detection efficiency of the device as 

well as calculation of the TID. Furthermore, after pion irradiation, the SPAD image 

sensor DCR was permanently altered as a result of ionising radiation damage, thus 

further investigation into the radiation hardness of the SPAD image sensor is required. 
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For the investigation of detection of 2.5 GeV electrons, one set of irradiation 

measurements were taken due to limited beam availability, and no discernible 

detection was observed. However, due to beam technical difficulties the intensity of 

the incident electron beam was approximately 50 kHz spread over a relatively large 

area, approximately 100 mm2. The calculated electron intensity upon the SPAD was 

calculated to be 470 Hz or 0.47 electrons per frame. Therefore, over the measured 

DCR of the SPAD the result is inconclusive and further investigation is required. 

The final experimental chapter of the thesis reports the detection of ionising photons, 

specifically X-rays with X-ray tube sources. The investigation was split between two 

different X-ray tube sources as a result of required maintenance on the initial source. 

Both X-ray tubes use a tungsten target to generate X-rays, but their maximum 

achievable peak photon energies were dissimilar, with 160 keV and 100 keV 

respectively. A literature review on X-rays and their interaction with matter is 

presented including an overview on the generation of continuous and characteristic 

X-rays and their combined spectrums. The initial X-ray experiment reports the 

detection of X-rays, where a distinct increase in average counts is observed for X-ray 

peak photon energies from 15 to 160 keV, which confirms that SPADs can be used to 

detect X-rays. Furthermore, it was observed that an increase in SPAD bias voltage 

results in higher relative average counts per pixel. An additional test was conducted to 

test the radiation hardness of the MINI3D CMOS SPAD image sensor. The SPAD was 

irradiated for an hour at 160 keV with a calculated TID of approximately 3.75 Mrad 

or 37.5 kGy. For all SPAD bias voltages the DCR did not increase, but decrease, and 

the SPAD did not demonstrate DCR degradation. Moreover, no significant change in 

standard deviation was observed in the DCR distributions. The SPAD image sensor 

continued to operate normally. 

The second X-ray experiment was conducted to investigate the effect of X-ray tube 

intensity (proportional to input current) and peak photon energy on average counts per 

frame. It was observed that an increase in both beam intensity (3 to 17 mA) and peak 

photon energy (20 to 100 keV) results in an increase in average counts, as well as an 

increase in standard deviation of the sample means. 
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A second radiation hardness experiment was conducted and the SPAD was exposed to 

a cumulative TID of 4.8 Mrad or 48 kGy, approximately 10 % of the tested radiation 

hardness of Medipix hybrid pixel detectors used in X-ray imaging [28]. The 

experiment was conducted in intervals, where between X-ray irradiation the DCR was 

measured. It was observed that directly after each irradiation the DCR had increased, 

but gradually decreases with each subsequent measured frame. A complimentary 

control measurement was taken 10 min later which shows that the DCR significantly 

decreases, although still higher in comparison to the initial control measurement. The 

results initially indicate that the SPAD DCR has degraded resulting in permanent 

increased DCR, but after the final irradiation a DCR measurement is taken 24 hours 

later and shows the DCR had returned to within its original state. Therefore, indicating 

that DCR degradation in this case has not noticeably occurred. Further investigation 

into radiation hardness is required, however, initial results are encouraging and 

advocate the application of CMOS SPAD image sensors in X-ray imaging.  

An ancillary experiment was conducted where an additional filter of 150 µm thick 

aluminium was placed between the SPAD image sensor and X-ray source to further 

attenuate lower energy photons to observe its effect. It was observed that the average 

counts per pixel did not decrease as expected with decreasing X-ray intensity but 

increased. For SPAD bias voltages of 13 to 15 V an average increase in average counts 

of approximately 200 % was measured. The added filter attenuates lower energy 

photons incident upon the SPAD. Therefore, it is hypothesised that the abundance of 

lower energy photons incident upon the SPAD image sensor result in the limitation of 

electromagnetic cascade, afterpulsing and crosstalk combined (spurious counts) 

effects to occur, as the probability of a lower energy photon to interact and cause 

avalanche detection, is larger than higher energy photons. Therefore, with the 

attenuation of lower energy photons, the SPAD image sensor is detecting less photons, 

but experiencing more interactions with higher energy photons, which transfer higher 

energies, and in turn result in significantly more spurious counts. Furthermore, with 

regard to lower average counts detected at SPAD bias voltage of 12.5 V, with the 

added filter, the SPAD image sensor is biased at the avalanche breakdown threshold. 

Therefore, it is hypothesised that the potential for significant spurious counts to occur 

is limited. However, further investigation into this phenomenon is required. 
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SPADs operate beyond premature avalanche breakdown and have been robustly 

designed to ensure a uniformly distributed electric field along the junction interface by 

employing guard rings. The use of guard ring structures significantly reduces surface 

noise effects caused by lattice imperfections, as the resulting breakdown area is shifted. 

This key design advantage lends itself favourably towards SPAD radiation tolerance, 

as incident radiation results in increased lattice deformation, which SPADs have been 

inherently optimised for.  urthermore, the operation of SPADs as a “counter” detector, 

and applied pixel discrimination for DCR detection, provides SPADs with an increased 

radiation tolerance longevity in repeated radiation environments, as shown by the 

HDCR pixel discrimination method presented in chapter 3. 

The MINI3D CMOS SPAD image sensor radiation tolerance benefits from a hybrid 

pixel design, which separates the integrated circuitry from pixel array, shown in 

Figure 2.5. The wafer to wafer hybrid bonding combines a substrate, double layer of 

oxide and associated metal and via interconnects, for added protection and improved 

radiation tolerance of the integrated circuitry. Furthermore, with BSI, the incident 

medium is the substrate, which mitigates the generation of charge traps at the oxide 

interface, which in turn reduces performance degradation and results in improved 

radiation tolerance. This configurations radiation tolerance is easily improved, by 

reducing wafer etching and increasing the incident substrate thickness, thereby 

increasing shielding, and reducing radiation damage at the detection medium. 

However, the trade-off for increased thickness, is the limitation in the detection of 

lower energy ionising radiation. 

To conclude, the research covered in this thesis focuses on the detection of ionising 

radiation using a 3D-stacked BSI CMOS SPAD, where it is confirmed that SPADs can 

be used to detect ionising radiation, both ionising photons and high energy charged 

particles. SPADs operate well in environments where the type of radiation source is 

already known and abundant, unlike pixel detectors which can determine the total 

energy loss by incident ionising radiation. Therefore, it is proposed that SPADs are 

suitable for the application in environments with, and the detection of, ionising 

radiation. Combined with CMOS compatibility, mature development, performance 

capabilities (timing and image resolution), commercial viability and the drive towards 
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miniaturisation, 3D-stacking and performance advancements; SPADs are exceedingly 

versatile and highly integrated intelligent optical sensors that will dominate the optical 

sensor market for decades to come. 

The ability to detect ionising radiation and demonstrate radiation hardness capabilities 

unveils novel areas of application. With cost-effective CMOS compatibility, SPADs 

are highly recommended for the application in X-ray detection, e.g., medical and 

biomedical imaging; electronic and material inspection; and most excitingly the 

development of cost-effective lab on chip or hand-held devices, for the use in the field, 

research and outpatient areas. However, as SPADs cannot precisely measure the total 

energy loss by incident ionising radiation, there recommendation in dose measurement 

applications is not recommended. 

The ability to detect accelerated electrons and high energy charged particles, coupled 

with their abundant advantages, makes SPADs an attractive option for the application 

in astrionics; HEP imaging, detection, tracking; and electron microscopy. SPAD 

timing and imaging capabilities, could be applied in time-resolved imaging and 

improve visual perception of nano structures in motion with high refresh rates. As 

SPADs can detect high energy charged particles, it is recommended to investigate the 

use of SPADs in the detection of cosmic ray muons and in the development of table-top 

particle accelerator detectors.  

With the shown technique to measure the depth of the SPADs depletion region, 

discussed in chapter 3, specific materials can be placed in front of the SPAD image 

sensor to determine the range of incident energy. Furthermore, depending on the 

application, individual pixel passivation layers can be etched at varying depths to 

provide an array of detectors sensitive at varying energies, extending SPAD 

application in X-ray fluorescence. 

6.2 Future Work 

Succeeding the research covered in this thesis certain areas necessitate further 

experimental investigation and unveil novel areas of future work, which are 

summarised as follows. 
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1. For SPADs an extensive investigation into the radiation hardness of the sensor 

is required to ensure adequate operation during ionising radiation exposure. 

This includes various SPADs developed in multiple CMOS processes. The 

initial finding in this thesis on BSI CMOS SPAD radiation hardness may be 

limited but their initial capability is encouraging. 

2. For the detection of accelerated electrons, future work is required to determine 

the electron detection efficiency of SPADs. Additionally, an investigation of 

the nonlinear regression on SPAD output counts as a function of reverse bias 

voltage is also required. Furthermore, future work includes investigation on 

temporary pixel hysteresis as a function of TID and the application of SPAD 

image sensors in electron microscopy, including the use of thermal annealing 

to reduce long term radiation damage.  

3. For the application of SPADs in HEP, future work includes the investigation 

of SPADs in particle tracking, detection and imaging, as well as an 

investigation into the detection of other charged particles e.g., cosmic ray 

muons. 

4. With the ability to detect X-rays using a BSI illuminated SPAD image sensor 

future work includes investigating the application of SPAD image sensors for 

X-ray and medical imaging, and comparison thereof with existing detectors. 

Furthermore, an investigation into the phenomenon that results in increased 

SPAD counts as a result of lower photon energy spectrum attenuation. 

5. Future work may investigate improved SPAD designs for improved radiation 

tolerance. Possible design improvements may include 3D-stacking, optimal 

metal shielding and alternative guard ring configurations for improved DCR 

suppression as a result of increased lattice deformation and charge trapping. 
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7. Appendices  

 

 

 

 

Figure 7.1. DCR distribution for a sample of pixels from the MINI3D SPAD image sensor at a SPAD 

bias voltage of 15 V over 1000 frames at a set exposure time of 1 ms. 
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Table 7.1. Tabulated statistical results for pion beam irradiation experiment 1 at 

SPAD bias voltages 12.5, 13, 14 and 15 V respectively. 
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Table 7.2. Tabulated statistical results for pion beam irradiation experiment 3 at 

SPAD bias voltages 12.5, 13, 14 and 15 V respectively. 
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Table 7.3. Tabulated statistical results for pion beam irradiation experiment 4 at 

SPAD bias voltages 12.5, 13, 14 and 15 V respectively. 
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Table 7.4. Statistical data for average counts/pixel and standard deviation at SPAD 

bias voltage of 12.5, 13, 14 and 15 V as a function of peak X-ray photon energies 

from 0 to 120 keV. 

 SPAD Bias Voltage 12.5 V SPAD Bias Voltage 13 V 

Peak X-ray 

photon 

energy (keV) 

Mean 

(counts/ 

pixel) 

Std. dev 

(counts/ 

pixel) 

Frames 

Mean 

(counts/

pixel) 

Std. dev 

(counts/

pixel) 

Frames 

0 0.1544 0.0288 10000 0.5920 0.0710 10000 

15 0.2017 0.0235 400 0.7065 0.0809 400 

30 0.5445 0.0467 400 1.2509 0.0984 400 

40 0.9961 0.0715 400 1.9248 0.1160 400 

50 1.3165 0.0895 400 2.3999 0.1672 400 

60 1.6443 0.1119 400 2.9866 0.2458 400 

70 1.9829 0.1461 400 3.5643 0.2638 400 

80 1.7698 0.1383 400 3.4834 0.3200 400 

100 2.7610 0.2168 400 4.7975 0.4123 400 

120 3.2753 0.2397 400 5.5363 0.4198 400 

 SPAD Bias Voltage 14 V SPAD Bias Voltage 15 V 

Peak X-ray 

photon 

energy (keV) 

Mean 

(counts/ 

pixel) 

Std. dev 

(counts/ 

pixel) 

Frames 

Mean 

(counts/

pixel) 

Std. dev 

(counts/

pixel) 

Frames 

0 4.1900 0.2988 10000 18.1625 0.8288 10000 

15 4.5496 0.2330 400 22.9032 0.5131 400 

30 5.5258 0.3660 400 24.4421 0.7346 400 

40 6.5817 0.4160 400 26.3229 0.9056 400 

50 7.4156 0.4471 400 28.0086 1.0415 400 

60 8.2087 0.4691 400 29.1824 1.0263 400 

70 8.8091 0.4756 400 30.1398 0.9281 400 

80 9.0462 0.5372 400 31.0715 1.2924 400 

100 10.2353 0.5008 400 31.2768 0.9525 400 

120 11.2298 0.4778 400 31.8290 0.7812 400 
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Figure 7.2. Normalised average counts/pixel at SPAD bias voltages 12.5 to 15 V over 400 frames for 

X-ray irradiation at peak photon energy of 140 keV and beam current of 21 mA. During each 

irradiation the X-ray tube is turned on for approximately 15 seconds. 

 

Figure 7.3. Normalised average counts/pixel at SPAD bias voltages 12.5 to 15 V over 400 frames for 

X-ray irradiation at peak photon energy of 160 keV and beam current of 18.75 mA. During each 

irradiation the X-ray tube is turned on for approximately 15 seconds. 
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