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Abstract 

SiC and Al0.52In0.48P photodiodes were experimentally investigated for their suitability as 

radiation detectors for use in high temperature (≥ 20 °C) environments applications. 

Commercial-off-the-shelf (COTS) 4H-SiC UV p-n photodiodes were repurposed for use as X-ray 

detectors.  Custom-made Al0.52In0.48P p+-i-n+ mesa X-ray photodiodes were also studied.  The 

measurements used an 55Fe radioisotope X-ray source.  The electrical characterisation of the 

commercial 4H-SiC UV p-n photodiodes and the Al0.52In0.48P p+-i-n+ mesa X-ray photodiodes 

were investigated at temperatures up to 140 °C and 100 °C, respectively.  The photocurrent of the 

commercial 4H-SiC UV p-n photodiodes were also investigated at temperatures up to 80 °C.  The 

temperature dependences of the energy resolution (FWHM at 5.9 keV) of photon counting 

spectrometers employing these two different kinds of photodiodes are reported, along with 

shaping time noise analysis. 

One of the commercial 4H-SiC UV p-n photodiodes was subsequently characterised under 

illumination from X-rays of energy 4.95 keV to 21.17 keV, generated by fluorescing high purity 

metal foils with X-rays from a Mo target X-ray tube.  These measurements were conducted at a 

temperature of 33 °C.  The investigation included measurements of spectrometer energy 

resolution, energy response linearity, and flux linearity measurements. 

One of the commercial 4H-SiC UV p-n photodiodes was further studied as a direct electron 

detector of soft (< 66 keV) electrons (β- particles) at temperatures up to 100 °C.  In addition to 

experimental measurements, Monte Carlo simulations were conducted and compared with the 

spectrometer’s response. 

Results of the research presented in this thesis indicates the commercial 4H-SiC UV photodiodes 

and the Al0.52In0.48P X-ray photodiodes can be used for high temperature X-rays spectroscopy.  

Moreover, the results also show that the commercial 4H-SiC UV photodiode can be used for high 

temperature electron spectroscopy.  The work with the 4H-SiC UV photodiodes shows that they 

can be repurposed for use in low cost X-ray spectroscopy missions, such as CubeSat 

instrumentation to monitor solar X-rays.  The work with the Al0.52In0.48P X-ray photodiodes shows 

the current state of the art of custom compound semiconductor X-ray detectors specifically 

designed for such environments.  
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Chapter 1 Introduction 

Chapter 1 Introduction 

 

1.1 Background 

Proportional counters are a type of gas-filled radiation detector, which produce an output signal 

proportional to the incident radiation energy.  They were intensively studied in the early age of 

X-ray astronomy and widely used in X-ray astronomy missions (e.g. EXOSAT, HEAO-2, and 

ROSAT).  Proportional counters include a windowed gas cell and electrodes.  The electrodes are 

used to provide a number of low and high electric field regions.  The electrodes are also used to 

collect the generated charges by the created electron-ions pairs through the radiation ionisation of 

gas molecules.  Compared to gas-filled detectors, two of the chief benefits of semiconductor 

radiation detectors are better energy resolutions and smaller volumes.  In part, the former is due 

to the smaller average electron-hole pair creation energy in semiconductors (e.g. 3.62 eV in Si 

(Bertuccio & Casiraghi, 2003)) cf. the larger electron-ion pair production energy in gas-filled 

detectors (e.g. ~22 eV in Xe gas at ~1 atm with 5.9 keV X-rays (Borges & Conde, 1996)).  The 

latter is due to the greater density of solid state semiconductors (e.g. 2.33 g/cm3 for Si at room 

temperature (Bertuccio & Casiraghi, 2003)) compared with gaseous detector media (e.g. 

0.0059 g/cm3 for Xe gas at 0 °C and 1 atm (Greenwood & Earnshaw, 1997)) which enables higher 

quantum detection efficiencies in semiconductor detectors even with smaller detector volumes.  

As such, semiconductor radiation detector systems have been used widely in numerous 

applications, including in space science (Tavendale & Ewan, 1963) (McKenzie, 1979) (Hassler et 

al., 2012).  Moreover, in order to meet different requirements of different applications, many other 

radiation detection techniques have been developed, such as flat-panel (Spahn et al., 2000), 

microchannel plates (MCP) (Ladislas Wiza, 1979), and photostimulated luminescence (PSL) 

(Miyahara et al., 1986). 

At the time of writing, Si is the most commonly used material for semiconductor X-ray detectors.  

However, its relatively narrow bandgap (Eg = 1.1 eV (Bertuccio & Casiraghi, 2003) at room 

temperature) means that Si detectors must be cooled (e.g. to -120 °C (Abbey et al., 2003)) in order 

to achieve sufficiently low thermal noise for optimum operation in photon counting X-ray 

spectrometers (see Section 2.7).  For many applications including space science, the introduction 

of cooling systems is undesirable since it increases the volume, mass, and power consumption of 

the instrumentation.  As such, significant international effort has been dedicated to developing 

new semiconductor radiation detectors that can operate uncooled at temperatures ≥  20 °C.  

Further impetus to develop new semiconductor detectors is given by the drive for detectors which 

can resist radiation damage and thus continue to function for longer periods or in harsher radiation 
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environments than current Si detectors.  Radiation hardness characterisation of semiconductor 

detectors is beyond the scope of this thesis but a relatively recent review is given by 

Sellin & Vaitkus (2006). 

In the quest to produce high temperature tolerant solid state radiation detectors, work has 

concentrated on wide bandgap semiconductor materials (McGregor & Hermon, 1997) (Sellin, 

2003) (Owens & Peacock, 2004) (Zaletin & Varvaritsa, 2011) (Owens, 2012) because of the 

lower leakage currents detectors made from such materials can possess (see Section 1.6). 

 

1.2 Motivation 

Narrow bandgap semiconductors detectors, e.g. Si and Ge, require cooling apparatus in order to 

maintain the optimum operating condition in a high temperature environment.  The work 

presented in this thesis investigates the suitability of two different kinds of wide bandgap 

semiconductor (4H-SiC and Al0.52In0.48P) radiation detectors operating at high temperatures 

without cooling.  If these wide bandgap semiconductor detectors can be used to detect X-rays or 

electrons, they have the potential to benefit many space science applications that experience 

restrictions in cost, mass, volume, or energy.  Such detectors may be good candidates for radiation 

spectrometers for future space missions, e.g. investigation of the surface of Mercury.  The 

commercial-of-the-shelf 4H-SiC detectors may be a good choice for budget-limited university-led 

CubeSat missions, e.g. monitoring solar X-ray activity from Earth orbit.  In addition to space 

applications, radiation detectors can also be used in other potential applications, such as oil 

condition monitoring, geochemical prospecting (e.g. ocean mining), archaeological provenancing, 

medical diagnosis, gas detection, nuclear decommissioning, and detection and interdiction of 

contraband nuclear materials. 

 

1.3 Requirements for space applications 

It is essential to consider the mass, volume, power consumption, financial, and environmental 

restrictions when deploying instruments on board spacecraft.  Particularly so for radiation 

spectrometers that are designed to be deployed on landers or rovers for in situ planetary analysis.  

The environments in which space instruments have to operate can be extreme in both temperature 

and radiation dose rate.  For example, the two spacecraft comprising the BepiColombo mission 

to Mercury will have to endured temperatures as high as 400 °C (Benkhoff et al., 2010); a 

spacecraft visiting Jupiter’s moon Europa would have to endure a radiation doses of 20 krad/day 
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at the surface of Europa (Kolawa et al., 2007).  Of course, such instruments must not only survive 

such extreme conditions; they must also have adequate performance (e.g. in energy resolution and 

count rate performance) to fulfil their scientific objectives.  As such, in order to enable operation 

of space instruments in such extreme environments, two design approaches exist: use 

conventional technology and try to protect the instruments (e.g. with radiation shielding and 

cooling systems) or redesign the instruments to use materials and technologies which are 

inherently more tolerant of high temperatures and intense radiation. 

 

1.4 X-ray spectroscopy in space science 

1.4.1 X-ray spectroscopy in planetary science 

X-ray spectrometers play a critical role in the planetary science since they can be used to 

determine the elemental composition of planetary surfaces through X-ray fluorescence 

spectroscopy. 

X-ray fluorescence spectrometers built for in situ planetary analysis includes the Alpha Particle 

X-ray Spectrometer (APXS), which was on board Mars Science Laboratory rover 

(Grotzinger et al., 2012) (landed on Mars in 2012).  It was used to measure the chemical 

composition of Martian soil and rocks to explore the habitability of Mars.  A Si drift detector (area 

of 10 mm2) was used to detect the fluorescent X-ray energies from ~700 eV to ~25 keV, moreover, 

a good energy resolution (~140 eV FWHM at 5.9 keV) can be achieved when the detector was 

cooled down to a low temperature (< ~-20 °C) (Gellert et al., 2009). 

From a British space science perspective, another important X-ray fluorescence spectrometer was 

included on the Beagle 2 Mars lander (with which communication was lost during decent to the 

Martian surface) (Sims et al., 1999).  The Beagle 2 X-ray fluorescence spectrometer contained a 

Si drift detector.  The spectrometer was able to detect X-ray photons with energy up to ~15 keV 

and had an energy resolution (full width at half maximum, FWHM) of ≈160 eV at 5.9 keV 

(Fraser, 2008) (Talboys et al., 2009).  In order to achieve the optimum operation of the 

spectrometer, cooling apparatus was used to achieve the operating temperature of -23 °C 

(Talboys et al., 2009).  The Beagle 2 X-ray fluorescence spectrometer had a mass of 0.34 kg and 

a power consumption of 5 W (Fraser, 2008). 

Both of the above X-ray fluorescence spectrometers used internal radioisotope sources to 

fluoresce their samples.  However, remote sensing X-ray fluorescence spectroscopy is also 

possible; for example, as will be performed by the Mercury Imaging X-ray Spectrometer (MIXS) 
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that is on board the BepiColombo Mercury Planetary Orbiter (Fraser et al., 2010) (launched on 

October 2018).  By using solar X-rays and solar wind electrons and protons that are incident on 

the Mercury’s surface, MIXS is expected to measure the surface elemental composition of the 

Mercury to help to address various outstanding questions regarding that planet, e.g. surface 

evolution processes (Benkhoff et al., 2010).  The MIXS detectors can be used to measure the 

fluorescent X-rays with energies from 0.5 keV – 7.5 keV (with an energy resolution (FWHM) of 

100 eV at 1 keV) (Fraser et al., 2010). 

1.4.2 X-ray spectroscopy in heliophysics 

Many heliophysics phenomena can be studied with X-ray spectroscopy. 

In the mid-1980s, a solar observatory satellite (Yohkoh) was launched to study plasma heating 

and particle acceleration processes during solar flares (Ogawara et al., 1991).  The main 

instruments for this on board the satellite included Solar X-ray Telescope (SXT) (Tsuneta et al., 

1991), Wide Band Spectrometer (WBS) (Yoshimori et al., 1991), Hard X-ray Telescope (HXT) 

(Kosugi et al., 1991), and Bragg Crystal Spectrometer (BCS) (Culhane et al., 1991).  The WBS 

contained a soft X-ray spectrometer (two gas proportional detectors), a hard X-ray spectrometer 

(a NaI scintillation detector), and a γ-ray spectrometer (two bismuth germinate (BGO) 

scintillation detectors) to detect of X-rays and γ-rays.  The soft X-ray spectrometer had an energy 

resolution (FWHM) of 1.18 keV at 5.9 keV and covered the energy range of 2 keV to 30 keV 

(Yoshimori et al., 1991).  Later, in 2002, the Reuven Ramaty High-Energy Solar Spectroscopic 

Imager (RHESSI) was launched to investigate the processes of particle acceleration and impulsive 

energy release during solar flares (Lin et al., 2002).  A high energy resolution (~1 keV FWHM at 

3 keV; ~5 keV FWHM at 5 MeV) spectrometer was included as part of the RHESSI mission, it 

contained 9 Ge detectors which were used to detect X-ray and γ-ray photons with energies 

between 3 keV and 17 MeV; it operated at low temperature (72 K – 76 K) (Lin et al., 2002) 

(Smith et al., 2002). 

A future heliophysics facility will include the ability to stereoscopically map solar flare X-rays 

by observing the solar flare from two different locations on orbit using Solar Orbiter (Müller et al., 

2013) and the Micro Solar-Flare Apparatus (MiSolFA) (Casadei et al., 2017).  Both satellites are 

expected to be launched in 2020.  The X-ray imaging spectrometer (Spectrometer/Telescope for 

Imaging X-rays, STIX) on board Solar Orbiter will be used to study the interaction between the 

Sun and the heliosphere by imaging the X-ray emission from Bremsstrahlung processes in the 

near Sun environment (Krucker et al., 2013).  STIX and MiSolFA will both use CdTe X-ray 

detectors (Krucker et al, 2013) (Casadei, 2014) (Grimm et al., 2015).  STIX will contain 32 CdTe 

X-ray detectors providing detection capability for X-rays of energy from 4 keV to 150 keV with 
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an energy dependent energy resolution (FWHM) of 1 keV – 15 keV (Benz et al., 2012). 

1.4.3 X-ray spectroscopy in ‘general’ astronomy  

X-ray spectroscopy is a key tool within astronomy today; it can be used to measure the X-rays 

emitted from astronomical objects and cosmic phenomena, including γ-ray bursts, active galactic 

nuclei (AGN), stellar coronae, and black holes (Fraser, 1989) (Costa et al., 1997) (Baganoff et al., 

2001) (Seward & Charles, 2010).  The influence of X-ray astronomy has been and continues to 

be wide and varied across many areas of astronomical research including stellar evolution, 

cosmology, and the structure and activity of supernova remnants. 

With the discovery of the first extrasolar X-ray source (Sco X-1) in 1962, X-ray astronomy as a 

distinct field came into being, with many more missions following, including ANS, Ariel V, 

HEAO-1, ROSAT, and EXOSAT (Elvis et al., 1975) (Trümper, 1982) (Seward & Charles, 2010) 

(Santangelo & Madonia, 2014).  In 1999, the Chandra X-ray Observatory and XMM-Newton 

were launched as general and complementary X-ray observatories (Jansen et al., 2001) (Schwartz, 

2014).  The Advanced CCD Imaging Spectrometer (using high-purity Si wafers) is on board 

Chandra (Garmire et al., 2002), it has a sub-arcsecond angular spatial resolution covering the 

energy range 0.08 keV to 10 keV (Weisskopf et al., 2002).  XMM-Newton uses Si pn-CCDs in 

its imaging X-ray spectrometer which simultaneously provides X-ray imaging and spectroscopy 

at energies up to 15 keV (Strüder et al., 2001).  Both X-ray space observatories have collected 

many useful data including details of X-ray emission from black holes and active galactic nuclei 

(Baganoff et al., 2001) (Weisskopf et al., 2002) (Hameury et al., 2003) (Comerford et al., 2011) 

(Guainazzi, 2013). 

A more specialised X-ray space telescope, the Swift γ-ray explorer was launched in 2004, 

containing both the Burst Alert Telescope (BAT) and X-ray Telescope (XRT) (Gehrels et al., 

2004).  BAT was used to detect γ-ray bursts and determine the position of these events, such that 

the spacecraft could be rapidly oriented to observe these phenomena.  In addition, it was also used 

for hard X-rays observation.  BAT includes CdZnTe detectors providing a total detecting area of 

5240 cm2 (through multiple 4 × 4 mm2 devices), it covers the energy range 15 keV – 150 keV 

with an energy resolution (FWHM) of 6.2 keV at 122 keV (Barthelmy et al., 2005).  Following 

determination of the bust location with BAT, spectra can be collected using the XRT 

(Burrows et al., 2005).  The XRT has an effective area > 120 cm2 at 1.5 keV and detects photons 

of energy 0.2 keV to 10 keV with an energy resolution (FWHM at 5.9 keV) of 140 eV. 

Notable upcoming X-ray astronomy missions include the Large Observatory For X-ray Timing 

(LOFT) (scheduled for launch in 2022) (Feroci et al., 2012) and Athena (not yet approved, but 
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anticipated to launch around 2030) (Fioretti et al., 2018). 

LOFT is designed to measure rapidly varying X-ray fluxes and spectra to help understand the 

properties of, and processes at work in, neutron star and black holes (Feroci et al., 2012).  In order 

to meet the scientific requirements of LOFT, the Large Area Detector (LAD) and Wide Field 

Monitor (WFM) instruments are included in the mission and both use Si Drift Detectors.  LAD is 

designed to have an energy resolution < 260 eV FWHM at 6 keV and be able to detect photons in 

the energy range 2 keV to 30 keV (also be able to extend up to 50 keV).  The WFM is expected 

to have an energy resolution (FWHM) of ~300 eV at 5.9 keV and cover the energy range 2 keV 

to 50 keV.  Both instruments are expected to operate at temperatures between -30 °C and 0 °C. 

Athena will be equipped with the Wide Field Imager (WFI) (Meidinger et al., 2016) to explore 

many X-ray related phenomena, e.g. the assemble and formation of baryonic matter and the 

history of black holes (Barcons et al., 2015).  WFI is expected to a have a large field of view 

(40 arcmin × 40 arcmin), high count-rate capability (≥ 1 Crab), and cover energies from 0.2 keV 

to 15 keV.  DEPFET active pixel detectors will be used (proving energy resolutions ≤ 170 eV 

FWHM at 7 keV) and operating at temperatures between -80 °C to -60 °C (Meidinger et al., 2016). 

 

1.5 Electron spectroscopy in planetary science 

Electron spectrometers play a key role in planetary and solar system where they are used to 

measure energetic electron particle distributions in order to study planetary magnetospheres and 

plasma environments. 

In 1989, the Galileo spacecraft was launched, in 1995 it became the first spacecraft to orbit Jupiter 

(Johnson et al., 1992) (Williams et al., 1992).  The Energetic Particle Detector (EPD) instrument 

was on board Galileo to measure the particle population in the Jovian magnetosphere.  The mass 

of EPD was 10.5 kg which including the two bi-directional solid-state detector telescopes, Low 

Energy Magnetospheric Measurement System (LEMMS), and the Composition Measurement 

System (CMS) (Williams et al., 1992).  The power consumption of EPD was 10 W (6 W for the 

electronics and 4 W for the heaters).  Detection of electrons with energies from 15 keV to 11 MeV 

was achieved with LEMMS which had 8 Si solid state surface barrier detectors.  The LEMMS 

was operated at temperatures between -18 °C to -20 °C. 

More recently at Jupiter, the Juno spacecraft has been measuring the distributions of energetic 

electrons as part of efforts to understand plasma processes in Jovian magnetosphere (Bolton et al., 

2017).  The measurements are enabled by the Jovian Auroral Distributions Experiment (JADE) 
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and the Jupiter Energetic Particle Detector Instrument (JEDI).  Three identical electron sensors 

(JADE-Es) of the JADE instrument are for the electrons detection.  The JADE-E has a total mass 

of 5.24 kg (the mass is including radiation shielding) and a total power consumption of 1 W which 

can measure electrons with energies between ~0.1 keV to ~100 keV (McComas et al., 2017).  The 

Jupiter Energetic Particle Detector Instrument (JEDI), which uses Si drift detectors, is sensitive 

to electrons of energy 25 keV to 1 MeV.  The JEDI has a total mass of 6.4 kg which taking into 

account the mass of the box structure for shielding (~5 kg), and the operational power for the 

instrument is 3.1 W (Mauk et al., 2017). 

Electron spectroscopy is also of interest in the outer solar system: the Pluto Energetic Particle 

Spectrometer Science Investigation (PEPSSI) was flown aboard the New Horizons spacecraft to 

measure energetic particles in the near-Pluto environment (McNutt et al., 2008).  The total mass 

and the power consumption of PEPSSI were 1.475 kg and 2.49 W, respectively.  PEPSSI used a 

solid state Si detector (CCD) array; it enabled detection of energetic electrons with energies from 

25 keV to 500 keV, with energy resolution (FWHM) of < 5 keV across the interested energy range 

(McNutt et al., 2008). 

 

1.6 Wide bandgap semiconductors for radiation detection 

In this thesis, wide bandgap (WBG) semiconductors are considered to be those with a bandgap 

energy, Eg ≥ 1.4 eV at room temperature (Owens, 2012).  Semiconductors with Eg < 1.4 eV are 

considered to be narrow bandgap (NBG) materials.  Some parameters of the most commonly used 

NBG semiconductor material (Si) along with the two WBG semiconductor materials use in this 

thesis (4H-SiC and Al0.52In0.48P) are shown in Table 1.1. 

  



- 18 - 

Chapter 1 Introduction 

Parameter Si 4H-SiC Al0.52In0.48P 

Bandgap (eV) 1.12 3.27 2.31 

Density (g/cm3) 2.33 3.21 3.66 

Electron-hole pair creation energy (eV) 3.62 7.8 5.34 

Fano factor 0.116 0.10 0.12 

Table 1.1.  Key parameters of Si, 4H-SiC, and Al0.52In0.48P at room temperature 

(Bertuccio & Casiraghi, 2003) (Bertuccio et al., 2011) (Seyller, 2006) (Cheong et al., 2014) 

(Butera et al., 2018b).  The experimental Fano factor of Al0.52In0.48P has not yet been reported 

and a conservation assumption Fano factor of the Al0.52In0.48P has been used (Butera et al, 

2016a).  The density of Al0.52In0.48P was calculated by three steps: 1. Calculation of the 

compound lattice parameter by using the mixing rule according to Vegard’s law (Vegard, 1921) 

and the Adachi (2005) data.  2. Calculation of the mass of the unit cell of the compound using 

the mixing rule (Kotz et al., 2008) and the Lide (2003) data.  3. Division of the mass of the unit 

cell of the compound by the corresponding volume. 

NBG semiconductor materials have been widely used in the X-ray spectroscopy applications 

(Lowe & Sareen, 2013).  Si semiconductor technology and instrument readout electronics have 

advanced sufficiently over the past two decades that the energy resolution (FWHM) of cooled Si 

X-ray detectors now approaches the theoretical limit (i.e. the Fano-limited energy resolution, see 

Equation 2.11) (Nakajima et al., 2005).  However, at high temperatures (> 20 °C) the relatively 

high leakage currents of NBG detectors limit the achievable energy resolution.  This is one 

motivating factor for the development of WBG detectors.  The intrinsic carrier concentration of 

detector’s material, ni (in units of cm-3), plays a critical role in the detector’s leakage current (see 

Equations 2.4 and 2.5), and it is related to the bandgap energy of the material, Eg (in units of eV), 

the Boltzmann constant, k, 1.38 × 10-23 JK-1, and the operating temperature, T (in units of K), 

where 

𝑛i ∝ 𝑒
−𝐸g

2k𝑇 .          (1.1) 

NBG semiconductor materials have high intrinsic carrier concentrations (e.g. ni = 1.4 × 1010 cm-3 
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for Si at room temperature (Bertuccio & Casiraghi, 2003)) which result in high leakage currents, 

which degrade the performance of such detectors.  Therefore, NBG semiconductor detectors 

require a low temperature operation environment in order to achieve lower intrinsic carrier 

concentration.  In addition, radiation shielding for NBG semiconductor detectors is often required 

in space applications, as they are easily damaged from radiation and degrade their performance 

(Lindström, 2003) (Hall & Holland, 2010).  Clearly, a radiation detector must be exposed to the 

radiation which it is required to measure, and as such detectors which are damaged by the 

radiation they are trying to measure are undesirable in most circumstances. 

WBG semiconductor detectors have a lower intrinsic carrier concentration (e.g. 8.2 × 10-9 cm-3 

for 4H-SiC at room temperature (Bertuccio & Casiraghi, 2003)), which results in lower thermally 

generated leakage currents even at high operating temperatures (> 20 °C). 

However, there are three main limitations that have historically been considered to degrade the 

performance of the WBG semiconductor detectors.  Firstly, many WBG semiconductors have a 

poorer charge carrier transport properties (e.g. carrier mobility and lifetime) compared to the NBG 

semiconductors.  For example, Si has an electron and hole mobilities of 1400 cm2V-1s and 

1900 cm2V-1s, respectively, whilst 4H-SiC has electron and hole mobilities of 1000 cm2V-1s and 

115 cm2V-1s, respectively.  In addition, Si has electron and hole lifetimes ~10-3 s whilst those of 

4H-SiC are ~10-7 s (Owens & Peacock, 2004).  The second historical limitation has been the 

quality of the WBG semiconductors detectors, poor crystalline quality can lead to charge trapping 

within the detector with the consequence of degraded energy resolution and unstable performance.  

The third limitation is the degradation in Fano-limited energy resolution which occurs as the 

bandgap increases (Butera et al., 2018a) as a consequence of increased electron-hole pair creation 

energy.  Additionally, larger electron-hole pair creation energies place more stringent demands 

on the readout electronics since fewer electron-hole pairs are produced upon absorption of an 

X-ray of given energy. 

However, despite these problems, the motivation to develop WGB detectors is strong because of 

their utility at high temperature and in environments of intense radiation, and indeed many WBG 

semiconductor materials have been studied as part of efforts to develop such detectors, e.g. GaAs 

(Owens et al., 2002) (Lioliou & Barnett, 2016), AlGaAs (Barnett et al., 2015) (Whitaker et al., 

2016), SiC (Bertuccio et al., 2004) (Bertuccio et al., 2011), Al0.52In0.48P (Auckloo et al., 2016) 

(Butera et al., 2016a) (Butera et al., 2016b), GaN (Owens et al., 2012) (Gohil et al., 2016), 

CdZnTe (Owens, 2012) (Hansson et al., 2014), and In0.5Ga0.5P (Butera et al., 2017). 

This thesis reports work on devices made from two WBG materials, 4H-SiC and Al0.52In0.48P, 

with a view to increasing their readiness for use in future space science missions which require 
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soft X-ray (< 25 keV) and soft electron (< 100 keV) spectrometers.  For 4H-SiC, work 

concentrated on repurpose using two different active area (0.06 mm2 and 0.5 mm2) commercial 

4H-SiC p-n UV photodiodes as radiation detectors for soft X-ray and soft electron (β- particle) 

detection (see Chapters 3 and 4).  Such work is particularly valuable for cost-sensitive 

applications such as university-led CubeSat space missions which may require high temperature 

or radiation tolerant radiation detectors but that cannot afford, or do not have the capability to 

produce, custom made WBG radiation detectors.  For Al0.52In0.48P, investigations focused on using 

custom-made 6 µm i layer thick Al0.52In0.48P p+-i-n+ photodiodes for photon counting 

spectroscopic detection of soft X-rays (see Chapter 5).  In contrast to the commercially available 

SiC devices, these Al0.52In0.48P detectors represent some of the most leading edge custom-made 

WBG detectors available today.  For both types of devices, the high temperature performance was 

investigated.  The devices’ structures are presented in Section 1.9. 

 

1.7 SiC radiation detectors 

SiC has excellent physical properties, such as large bandgap (e.g. 4H-SiC (Eg = 3.27 eV (Seyller, 

2006)) cf. Si (Eg = 1.12 eV (Owens, 2012))) yielding low thermally generated currents, large 

breakdown voltages (e.g. 4H-SiC’s breakdown voltage is about three times larger than Si 

(Bertuccio & Casiraghi, 2003)) which provides good visible-blind performance and stable 

operation.  4H-SiC also had excellent radiation hardness (Nava et al., 2003) (Bertuccio, 2010) 

(Bertuccio et al., 2013a) (Torrisi et al., 2015) although detailed discussion of this is beyond the 

scope of this thesis.  As such, SiC is a good candidate for radiation detection.  The first report of 

the use of SiC as a particle detector was in 1999; detectors made from a 310 μm thick 

semi-insulating 4H-SiC substrate and with different sizes of circular Ohmic contacts (1 mm to 

3 mm diameter) were illuminated with a 90Sr β- particle source (Rogalla et al., 1999).  Since then, 

SiC has been studied intensively for particle detection.  SiC particle detectors can have high 

charge collection efficiencies (Bruzzi et al., 2003) (Nava et al., 2004), good linear energy response, 

and excellent energy resolution (Ruddy et al., 2006) (Zat'ko et al., 2015).  SiC particle detectors 

have also shown stability for extended periods and suitability for operation over a wide range of 

temperatures (27 °C to 227 °C) (Abubakar et al., 2015). 

Outside of particle detection, significant work developing SiC for photon counting X-ray 

spectroscopy has been conducted and reported with superb results.  The first experimental report 

of X-ray spectroscopy with SiC was in 2001; Np L X-rays and the 59.5 keV γ-ray emissions from 

an 241Am radioisotope γ-ray source were detected using a heavily n doped 4H-SiC device with a 

Schottky contact (Bertuccio et al., 2001).  SiC was first shown to be suitable for X-ray detection 
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and spectroscopy at high temperatures (100 °C) in 2002 (Bertuccio et al., 2003), a more detailed 

study with improved results was subsequently reported in 2004 (Bertuccio et al., 2004).  Moreover, 

the ultra-low leakage current achievable with SiC detectors has stimulated the development of 

ultra-low-noise charge-sensitive preamplifiers (Bertuccio & Caccia, 2007).  SiC detectors coupled 

to ultra-low-noise preamplifier electronics have been demonstrated with excellent energy 

resolution (233 eV FWHM at 5.9 keV) even at high temperatures (100 °C) (Bertuccio et al., 2011). 

In summary, SiC brings benefits of low leakage currents across a wide range temperatures and 

high radiation tolerance.  Thus, SiC detectors are attractive options for space missions and 

terrestrial applications that have mass, power, and volume restrictions, since the requirements for 

cooling and shielding for SiC detectors can be less onerous than for silicon detectors.  Within 

space science and astronomy, SiC detectors may find applicability for in situ and remote X-ray 

fluorescence (XRF) spectrometry of planetary surfaces in high temperature or intense radiation 

environments (Fraser, 2008) (Seward & Charles, 2010) (Duvet et al., 2014), as well as for 

investigation of planetary radiation environments, and near sun heliophysics and X-ray 

astrophysics.  Recently, SiC p-n photodiodes intended for UV detection have become widely 

commercially available.  With well-developed fabrication technology and high-quality material, 

low cost Commercial Off The Shelf (COTS) SiC detectors open the possibility of using SiC 

detectors for applications such as low cost space science (e.g. as X-ray spectrometers to measure 

the solar X-rays in low earth orbit or as electron spectrometers to measure the energy and particle 

density of electrons in low earth orbit and elsewhere).  Whilst larger space missions (those 

comparable to ESA Cosmic Vision S-, M-, and L- Class missions) are likely to continue to use 

custom-detectors for the foreseeable future, mass-produced COTS SiC detectors may be of value 

to groups developing CubeSat space science missions at universities and other organisations. 

 

1.8 AlInP radiation detectors 

AlyIn1-yP (0 < y < 1) is a III-V WBG ternary compound semiconductor, which has wide range of 

bandgap energies (1.3 eV < Eg < 3.8 eV at room temperature (Abdollahi et al., 2016)).  It is near 

lattice-matched with GaAs when y = 0.52, enabling it to be epitaxially grown on GaAs substrates.  

Therefore, it has been used in different applications including multi-junction solar cells 

(Yamaguchi et al., 2006) and undersea optical communications (Cheong et al., 2015). 

In the recent years, Al0.52In0.48P, which has an indirect bandgap of 2.31 eV at room temperature 

(Cheong et al., 2014), has attracted interest because of its ability to operate as photon counting 

X-ray detector.  One benefit of Al0.52In0.48P over many of the other wide bandgap materials so far 
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demonstrated for photon counting X-ray detection is its high X-ray linear attenuation coefficients, 

µ (in units of cm-1).  For example, at 5.9 keV, Al0.52In0.48P has a substantially higher linear 

absorption coefficient (µ5.9keV = 1302 cm-1) than 4H-SiC (µ5.9keV = 346 cm-1), Al0.8Ga0.2As 

(µ5.9keV = 640 cm-1), and GaAs (µ5.9keV = 837 cm-1) (Henke et al., 1993).  This leads to a higher 

quantum detection efficiency for a given detector thickness.  The first reported Al0.52In0.48P X-ray 

detectors were avalanche photodiodes with an avalanche region of 1 µm (Auckloo et al., 2016).  

Lately, Butera et al. have first reported an energy resolution (FWHM at 5.9 keV) of 1.57 keV 

using an Al0.52In0.48P (2 μm thick i layer) non-avalanche X-ray photodiode at 100 °C (Butera et 

al., 2016b).  Hence, Al0.52In0.48P has started to emerge as a promising material for use in high 

temperature (> 20 °C) X-ray detectors for space science applications, e.g. in situ planetary/comet 

analysis, planetary remote sensing, and observations of solar activity. 

 

1.9 Device Structures 

1.9.1 4H-SiC UV p-n photodiodes 

Four SiC UV p-n photodiodes of two different active areas (0.06 mm2 and 0.5 mm2) manufactured 

by sglux SolGel Technologies GmbH, Berlin, Germany (SGlux SolGel Technologies GmbH, 

SG01S-18) (SGlux SolGel Technologies GmbH, SG01D-18), were purchased from a standard 

electronics retailer.  The photodiodes were supplied mounted in TO-18 packages.  The 

UV-transparent windows of the TO-18 packages were removed as shown in Figure 1.1 so that 

the devices could be directly illuminated with X-rays and β- particles (electrons).  The 4H-SiC 

structure had an epitaxial layer consisting of a 0.15 μm thick p type layer and a ~5 μm thick n 

type layer on top of a 4H-SiC substrate.  The geometry of the devices can be found in Prasai et al. 

(2013). 

  
         (a)              (b) 

Figure 1.1.  Photograph of one of the packaged (a) 0.06 mm2 and (b) 0.5 mm2 4H-SiC UV p-n 

photodiodes with UV window removed. 
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1.9.2 Al0.52In0.48P mesa p+-i-n+ photodiodes 

Al0.52In0.48P p+-i-n+ epilayers were grown lattice matched on a commercial (100) GaAs n+ 

substrates by metalorganic vapour phase epitaxy (MOVPE) at the EPSRC National Epitaxy 

Facility, Sheffield, UK.  The details of the epilayer are summarised in Table 1.2.  Device 

fabrication occurred at University of Sheffield under contract to University of Sussex.  Chemical 

etching techniques were used to fabricate circular mesa photodiodes of two different sizes 

(≈ 200 µm and ≈ 400 µm).  Initially, the etching was started using a 1:1:1 H3PO4:H2O2:H2O 

solution.  However, because of the slow vertical etch rate achieved, the etching recipe was 

modified.  Thereafter, a 1:1:1 K2Cr2O7:HBr:CH3COOH solution followed by 10 s in a 1:8:80 

H2SO4:H2O2:H2O solution was used.  The diameters of the devices were measured after 

fabrication to be 217 µm ± 15 µm and 409 µm ± 28 µm, respectively.  The stated uncertainties 

reflect the accuracy of the optical microscope calibration rather than variation of diameter 

between devices intended to be of the same size. 

Top Ohmic annular contacts, Ti/Au (20 nm / 200 nm), were evaporated onto the GaAs p+ layer 

of each device.  The areas covered by the top contacts were 0.014 mm2 and 0.041 mm2 on the 

217 µm and 409 µm diameter photodiodes, respectively.  An optical microscope photograph 

showing the geometry of the top contacts is presented in Figure 1.2.  The rear Ohmic contact, 

InGe/Au (20 nm / 200 nm), was evaporated onto the reverse of the GaAs n+ substrate.  The 

detectors were all packaged in a TO-5 can. 

 

Figure 1.2.  Photograph of the Al0.5In0.48P photodiodes showing the geometry of the top 

contacts.  The photodiodes at the bottom of the figure are the 409 µm diameter devices; the 

photodiodes at the top are the 217 µm diameter devices. 
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Layer Material Thickness 

(μm) 

Dopant Dopant 

Type 

Doping density 

(cm-3) 

1 GaAs 0.01 Zn p+ 1 × 1019 

2 Al0.52In0.48P 0.2 Zn p+ 5 × 1017 

3 Al0.52In0.48P 6 undoped   

4 Al0.52In0.48P 0.1 Si n+ 2 × 1018 

5 Substrate n+ GaAs     

Table 1.2.  Layer details of the Al0.52In0.48P structure. 

 

1.10 Thesis organisation 

In Chapter 2, a review of relevant semiconductor detector physics is given along with an 

introduction to the experimental methods used.  Chapter 3 presents initial work on the electrical 

characterisation of commercially available 4H-SiC p-n UV photodiodes and their utility as soft 

X-ray detectors in spectrometers at temperatures from 0 °C to 100 °C.  Chapter 4 reports further 

work on one of the photodiodes from Chapter 3; here the photodiode was investigated as X-ray 

detector at X-ray energies from 4.95 keV to 21.17 keV at 33 °C, moreover, the photodiode was 

further studied as a detector for soft electron spectroscopy at temperatures from 20 °C to 100 °C.  

Chapter 5, provides results from work with custom-made Al0.52In0.48P p+-i-n+ photodiodes; the 

devices were electrically characterised and X-ray spectroscopy is reported at temperatures 

between 0 °C and 100 °C.  Chapter 6 provides a summary of the work, draws overarching 

conclusions, and suggests possible future directors for research in these areas. 

  



- 25 - 

Chapter 2 Semiconductor Detector Physics and Experimental Methods 

 

Chapter 2 Semiconductor Detector Physics and Experimental 

Methods 

 

2.1 Introduction 

This chapter introduces the physical mechanisms by which X-rays and electrons (β- particles) 

interact with detectors for the relatively soft radiation energies used in the experiments conducted 

and reported.  Photodiodes, both p-n and p+-i-n+ junction varieties, are briefly introduced.  A short 

discussion about the radiation sources used in the experiments is included.  A review of the basics 

of radiation spectroscopy is presented; it contains consideration of detection efficiency, charge 

generation, and spectrometer noise.  The experimental methods used in the thesis are also 

discussed. 

 

2.2 Interactions of soft X-rays with matter 

When X-ray photons interact with matter, the energy of the incident photons can be lost through 

one or more interaction mechanisms depending on the energy of the incident photon and the 

atomic number of the material with which it is interacting.  These mechanisms are the 

photoelectric effect, Compton scattering, and pair production (Knoll, 2010) (Owens, 2012) 

(Leroy & Rancoita, 2016).  In this thesis, detectors made from two different semiconductor 

materials (4H-SiC and Al0.52In0.48P) were investigated using relatively soft X-rays (energy < 

25 keV); details of the X-rays sources used in the experiments can be found in Section 2.10.1.  At 

such energies, the photoelectric effect is the dominant interaction mechanism.  The relatively low 

energy photons interact with the electrons in the shells of the atoms.  The energy of the incident 

photon is transferred to the atom, ejecting a photoelectron (of energy equal to the incident photon 

less than binding energy) from the shell, resulting in the creation of a vacancy in that shell (Knoll, 

2010) (Leroy & Rancoita, 2016).  The vacancy is shortly filled by, for example, rearrangement of 

the higher energy shells of the atom.  When an atom undergoes such shell rearrangement, an X-ray 

fluorescence photon of material specific characteristic energy can be produced (Knoll, 2010) 

(Leroy & Rancoita, 2016).  A full review of X-ray interaction mechanisms is given in Knoll 

(2010). 

X-rays are attenuated (or absorbed) through matter in accordance to the Beer-Lambert Law 

(Jenkins et al., 1995).  The residual intensity, Ir, of a monoenergetic collimated X-ray photon 
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beam of initial intensity, I0, passing through a medium of thickness, x (in units of cm), can be 

calculated by the Beer-Lambert law, 

𝐼r = 𝐼0𝑒
−𝜇0𝑥         (2.1) 

where μ0 (in units of cm-1) is the linear attenuation coefficient of the absorber (Lowe & Sareen, 

2013).  The linear attenuation coefficient is given by the product of the absorber’s mass 

attenuation coefficient and density.  It should be noted that the attenuation coefficient may be 

substituted for the absorption coefficient when it is desired to find the fraction of the beam 

absorbed in the medium rather than attenuated by absorption and other processes. 

The linear attenuation coefficients as a function of X-ray energy for Al0.52In0.48P, 4H-SiC, and Si 

are shown in Figure 2.1 as calculated from the Henke et al. (1993) data.  The values for 

Al0.52In0.48P and 4H-SiC were calculated using the mixing rule (Jenkins et al., 1995) and the 

Henke et al. (1993) elemental data.  The discontinuities are the absorption edges.  These edges 

occur in the linear attenuation (and absorption) coefficient plots at energies equal to the binding 

energies of the electrons of the atoms present in the medium.  At absorption edges, a slightly 

higher energy photon has a higher probability of being absorbed by the material than the slightly 

low energy photon; this is because a photon with sufficient energy can not only liberate the 

electrons in the current shell but also the electrons in the higher energy shell. 

 

Figure 2.1.  Linear attenuation coefficient as a function of X-ray energy for Al0.52In0.48P (blue 

line), 4H-SiC (black line), and Si (red dash line) Henke et al. (1993).  The corresponding 

absorption edges are also shown. 
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2.3 Interactions of soft β- particles with matter 

In the work reported in this thesis, a 63Ni radioisotope β- particle source was used to investigate 

the response of a 4H-SiC detector to illumination with soft β- particles (energy < 66 keV).  Details 

of the β- particle source are given in Section 2.10.2.  It should be noted that β- particles are charged 

particles (energetic electrons) and the interaction mechanism is not identical to that for X-rays. 

Whilst a soft X-ray is commonly considered to lose all of its energy in a single localised 

interaction, the same is not necessarily true for β- particles.  As a β- particle travels through a 

medium, the particle’s energy is lost along the length of its path.  The three main interaction 

mechanisms for β- particles are: ionisation and excitation; elastic scattering; and bremsstrahlung 

radiation (Knoll, 2010) (Owens, 2012) (Leroy & Rancoita, 2016).  At the β- particle energies 

(< 66 keV) of interest in this thesis, ionisation and excitation is the dominant interaction 

mechanism.  A fast-moving charged particle may transfer its energy to the atomic electrons with 

the consequence of atomic ionisation.  With sufficient energy transfer, an atom may eject an 

electron.  If the ejected electron has sufficient energy, it can cause the next ionisation.  Eventually, 

the β- particles lose all their energy (Nikjoo et al., 2012) (Owens, 2012).  It should be noted that 

when β- particles are incident upon matter there is the possibility of backscattering.  In such a case 

only a small portion of the backscattered electrons’ energy will be absorbed by the interacted 

matter.  As such, when this occurs at the interface of a detector, little or no energy is deposited in 

the detector thus preventing efficient detection (Knoll, 2010). 

 

2.4 p-n and p+-i-n+ photodiodes in X-ray and β- particle detection 

The research in this thesis concerns p-n and p+-i-n+ photodiodes (4H-SiC p-n photodiodes, and 

Al0.52In0.48P p+-i-n+ photodiodes).  Compared to p-n photodiode, p+-i-n+ photodiode has an 

intrinsic layer (i region) between the p+ layer (acceptor doped semiconductor with a large fraction 

of positive charged holes in the valence band) and the n+ layer (donor doped with a large fraction 

of negative charged electrons in the conduction band).  Whilst using these kinds of photodiodes 

for X-ray or β- particle detection, they are normally reverse biased in order to have a lower 

capacitance (see Equation 2.2).   This can reduce the series white noise (see Section 2.7.3) and 

the 1/f series noise (see Section 2.7.4).  It also provides a larger depletion region (if the photodiode 

is not fully depleted by its internal bias) to allow a larger fraction of the incident X-rays or 

β- particles to be absorbed usefully, this increases the photodiode’s quantum efficiency (see 

Equation 2.9).  Moreover, the electric field strength within the photodiode is increased by reverse 

biasing the photodiode, which can bring the benefit of the improvement in charge transport.  This 
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can be important to ensure optimal operation of the detector.  In this section, a review of the 

fundamental physics of the operation of p-n (p+-i-n+) photodiodes under reverse bias is presented. 

Under thermal diffusion, holes diffuse from the p side into the n side and leaving the negative 

acceptor ions at the junction, meanwhile, electrons diffuse from the n side into the p side and 

leave thing positive donor ions at the junction.  It should be noted that the i layer of p+-i-n+ 

photodiode is an intrinsic region, which is a notionally pure semiconductor with ideally no doping.  

However, some residual unintentional doping will always be present.  Electrons and holes can 

easy travel in this region.  Therefore, a mobile carrier free region is formed; such a region is called 

the depletion region or depletion layer.  At thermal equilibrium, a potential barrier is formed 

between the p side and n side, limiting the diffusion of charge.  When the photodiode is reverse 

biased, the potential barrier is increased (electron and hole concentrations reduced) along with the 

increased depletion width.  The mobile carriers within the depletion region are swept towards the 

electrodes, under the influence of the electric field created by the applied reverse bias.  Moreover, 

with the increased reverse bias, the depletion region will increase possibly enabling the 

photodiode to be fully depleted (i.e. depletion width = i layer width) before the breakdown voltage 

of the photodiode is reached.  A high electric field strength in the i layer leads to improvement in 

charge transport (Spieler, 2005) (Sze & Ng, 2007). 

When a p-n or p+-i-n+ photodiode is connected in a reverse bias condition, the capacitance of the 

p-n and p+-i-n+ photodiode can be considered to arise from the depletion region capacitance, Cd, 

as shown (Schroder, 2006) (Sze & Ng, 2007), 

𝐶d = 𝐴d√
qε0𝜀r𝑁D

2(𝑉bi−𝑉R−
k𝑇

q
)
        (2.2)  

where ε0 is the permittivity of free space, εr is the relative permittivity of the detector material (9.3 

for 4H-SiC (Patrick & Choyke, 1970); 11.25 for Al0.52In0.48P (Ong et al., 2011)), Ad is the area of 

the photodiode, Vbi is the built-in voltage, VR is the applied reverse bias voltage, ND is the doping 

concentration in the depletion region, q is the elementary charge. 

The depletion region thickness, W, is inversely proportional to the depletion region capacitance, 

and can be expressed as (Schroder, 2006), 

𝑊 =
ε0𝜀r𝐴d

𝐶d
         (2.3) 

The total reverse leakage current of a p-n or p+-i-n+ junction consists the diffusion and generation 

currents (Sze & Ng, 2007).  The diffusion current is predominant at high temperatures, whereas 
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the generation current becomes dominant at low temperatures.  The diffusion current, Idiff, is 

related to the area of the photodiode, the intrinsic carrier concentration, and determined by the 

acceptor and donor concentrations, Na, and Nd, the diffusion coefficient and the diffusion length 

of the electrons in the p layer, Dn and Ln, and the diffusion coefficient and the diffusion length of 

the holes in the n layer, Dp and Lp, as shown, 

𝐼diff = q𝐴d𝑛i
2 (

𝐷p

𝑁d𝐿p
+

𝐷n

𝑁a𝐿n
)       (2.4) 

The generation current, Igen, is proportional to the area of the photodiode, the intrinsic carrier 

concentration, and the thickness of the depletion region.  It is also inversely proportional to the 

generation lifetime, τg, as expressed by, 

𝐼gen =
q𝐴d𝑛i𝑊

2𝜏g
 .         (2.5) 

When a significant high reverse direction electric field is applied to the p-n or p+-i-n+ photodiode, 

it may induce junction breakdown which can result in a large current passing through the 

photodiode.  The photodiodes used in this research were operated in such conditions as to prevent 

junction breakdown; breakdown can irreparably damage the performance of a radiation detector 

and should be avoided except for detectors specifically designed to operate in the breakdown 

region.  Two main mechanisms of junction breakdown include the tunnelling effect and avalanche 

multiplication.  The tunnelling effect occurs when a large reverse bias is applied to a high doping 

concentration p-n junction; electrons in the valance band penetrate through the energy bandgap 

into the conduction band.  Avalanche multiplication (also known as impact ionisation) may occur 

in a moderately doped p-n or p+-i-n+ junction under a large enough reverse bias.  Electrons in the 

depletion region may acquire sufficient energy from the applied electric field and interact with 

atoms, consequently generating further electron-hole pairs.  Those electron-hole pairs may then 

themselves gain sufficient energy to create more electron-hole pairs, with the consequence of a 

‘snowballing’ or avalanche of charge creation (Sze & Ng, 2007). 

When X-ray photons or energetic electrons are absorbed by a semiconductor detector, a number 

of electron-hole pairs will be created (a more detailed discussion can be found in Section 2.6), 

and the generated charge carriers will contribute to the device’s current.  Such photon (or particle) 

generated current, Iphoton and electron generated current, Ielectron, can be calculated using 

Equations 2.6 and 2.7, respectively. 

𝐼photon =
𝐴Fe

2

𝐴d

𝐴sourc𝑒
(𝐸𝑚Kα𝑇Kα𝑄𝐸Kα

5900

𝜔ehp
+ 𝐸𝑚Kβ𝑇Kβ𝑄𝐸Kβ

6500

𝜔ehp
) q  (2.6) 

and 
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 𝐼electron = ∑
𝐴Ni

2
𝐸𝑚𝑖

𝐴d

𝐴source
𝐷𝐸𝑖

𝑖

𝜔𝑒ℎ𝑝

𝑒𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 = 66 (keV)
𝑖=𝑠𝑡𝑎𝑟𝑡 𝑝𝑜𝑖𝑛𝑡 𝑒𝑛𝑒𝑟𝑔𝑦=1 (keV) q  (2.7). 

In Equation 2.6, AFe is the activity of the 55Fe radioisotope X-ray source, Asource  is the active area 

of the radioisotope source, EmKα and EmKβ are the dimensionless emission probabilities of the Mn 

Kα and Mn Kβ X-rays from the 55Fe radioisotope X-ray source, TKα and TKβ are the dimensionless 

transmission probabilities of the Mn Kα and Mn Kβ X-rays through the radioisotope source’s Be 

window, and the QEKα and QEKβ are the dimensionless quantum efficient of the detector at 

5.9 keV and 6.5 keV which can be calculated using Equation 2.9, ωehp (in units of eV) is the 

average electron-hole pair creation energy which is related to the bandgap of the semiconductor 

material (Butera et al., 2018a).  Details of the 55Fe radioisotope X-ray source can be found in 

Section 2.10.1. 

In Equation 2.7, ANi is the apparent activity of the 63Ni radioisotope β- particle source thus 

including consideration of self-absorption (Alam & Pierson, 2016), Emi (a dimensionless quantity) 

is the emission probability of the 63Ni radioisotope β- particle source adjusted for self-absorption 

(Liu et al., 2015), DEi (a dimensionless quantity) is the percentage of each electron energy 

deposited in the active region of the detector, considering the losses before the β- particles reach 

the active region of the detector (e.g. losses in the protective overlayer of the source, and the 

atmosphere between the source and detector) and the quantum efficiency of the detector which 

may be calculated from Equation 2.8.  Details of the 63Ni radioisotope β- particle source can be 

found in Section 2.10.2. 

 

2.5 Quantum Detection efficiency 

The quantum detection efficiency (QE) of a radiation semiconductor detector can be defined as 

𝑄𝐸 =
𝑁deposited  

𝑁incident
         (2.8) 

where Ndeposited is the number of radiation quanta deposited in the active region, Nincident is the 

number of radiation quanta incident on the detector.  Since the incoming X-ray photons or 

β- particles may need to go through some dead layers (depending on the detector’s structure) 

before they reach the detector’s active region (considered to be the entire epitaxial layer for the 

SiC p-n photodiodes, but solely the i layer for the Al0.52In0.48P p+-i-n+ photodiodes).  Therefore, 

the quantum detection efficiency of a semiconductor detector is expressed more usefully as  

𝑄𝐸 = (∏ 𝑒−𝜇𝑚𝑡𝑚)(1 − 𝑒−𝜇𝑠𝑑)𝑚       (2.9) 
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where the first term is the linear attenuation coefficient of the mth dead layer, μm (in units of µm-1), 

and the thickness of the mth dead layer, tm; the second term is the linear attenuation coefficient of 

the active layer, μs, and the thickness of the active layer, d (Fraser, 1989). 

 

2.6 Charge generation 

In this thesis, the soft X-ray photons are absorbed in semiconductor photodiode by the 

photoelectric effect.  The process by which β- particles are absorbed in the semiconductor 

photodiode is slightly different.  However, the consequence of both processes is the same: a 

number of charge carriers (electron-hole pairs) are created.  The average number of generated 

electron-hole pairs, Ngen, is given by, 

𝑁gen =
𝐸

𝜔ehp
         (2.10) 

where E is the absorbed energy and ωehp is the material’s characteristic electron-hole pair creation 

energy, which is considered here to be photon energy invariant across the photon and electron 

energies used in this thesis (Fraser et al., 1994). 

However, the process of charge creation is probabilistic.  As such, variation in the number of 

electron-hole pairs created from one absorption event to the next is expected, even when the same 

amount of energy is deposited (Owens, 2012).  If the charge generation process was Poissonian, 

the statistical fluctuation in the total number of the created charge carriers would be √𝑁gen .  

However, the observed variation in the number of created charge carriers is not Poissonian; this 

is because the creation of each electron-hole pair in the multitude of electron-hole pairs is not 

independent.  Therefore, a dimensionless factor (the Fano factor, F, (Fano, 1947)) is defined, 

𝐹 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒

𝑃𝑜𝑖𝑠𝑠𝑜𝑛𝑖𝑎𝑛 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒
 .      (2.11) 

The Fano factor is necessarily between 0 and 1.  For semiconductors F ≈ 0.1 (0.116 for Si 

(Bertuccio & Casiraghi, 2003); 0.10 for 4H-SiC (Bertuccio et al., 2011); and, as yet, unmeasured 

for Al0.52In0.48P, but commonly assumed to be ≈ 0.12). 

Such statistical fluctuation in the number of created charge carriers sets a fundamental limit to the 

best energy resolution possible with radiation spectrometers made of each material.  The Fano 

noise (the ultimately achievable energy resolution, if all other noise sources are nil) is given by 

𝐹𝑊𝐻𝑀Fano[eV] = 2.355 √𝐹𝐸𝜔ehp      (2.12) 
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where all terms have been defined previously. 

 

2.7 Non-Fano noises in non-avalanche semiconductor X-ray and 

β- particles photodiode spectrometers 

2.7.1 Introduction 

The energy resolution of a non-avalanche semiconductor detector spectrometer is broadened not 

only by the Fano noise, but also other noise sources, namely electronic noise and incomplete 

charge collection noise, such that Equation. 2.12 becomes, 

𝐹𝑊𝐻𝑀 [eV] = 2.355√𝐹𝐸𝜔ehp +𝑀2 + 𝑎𝐸𝑏     (2.13) 

where M is equivalent noise charge of the electronic noise (in units of eV), aEb is the equivalent 

noise charge of the incomplete charge collection noise (in units of eV), a and b are dimensionless 

parameters which are treated as semi-empirical constants determined by best-fitting (Owens, 

2012).  The electronic noise arises from the detector and the preamplifier system (Bertuccio et al., 

1996).  The incomplete charge collection noise arises from charge losses as the carriers are swept 

to the contacts; it depends on the detector’s charge diffusion and collection properties, and the 

trap density distribution (Owens, 2012).  The electronic noise includes parallel white noise, series 

white noise, 1/f series noise, dielectric noise, and induced gate current noise.  Each of which are 

summarised below. 

2.7.2 Parallel white noise 

The shot noise of the leakage current of the detector, ILD, and the input JFET gate current of the 

preamplifier, ILT, are the main noise contributors to the parallel white noise contributors 

(Bertuccio et al., 1996).  If there is a feedback resistor in the preamplifier, Rf, the shot noise of it 

also contributes to the parallel white noise (Bertuccio et al., 1996).  The parallel white noise power 

spectral density can be expressed as 

𝑆WP[V2/Hz] = 2q𝛼(𝐼LD + 𝐼LT) +
4k𝑇

𝑅f
      (2.14) 

where α is a dimensionless constant parameter, (α = 1 in the case of the total leakage current = 

ILD  + ILT).  The contribution of parallel white noise’s equivalent noise charge, ENCWP, is 
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𝐸𝑁𝐶WP[e-rms] =
1

q
√
𝐴3

2
𝑆WP𝜏       (2.15) 

where A3 is a dimensionless constant factor (0.5 to 3.6) and depending on the type of the 

implemented shaping amplifier (A3 = 1.85 for the RC-CR shaping amplifier), and τ is the shaping 

time of the shaping amplifier (Gatti et al., 1990) (Bertuccio et al., 1996).  Because the parallel 

white noise is related to the leakage current of the detector and the shaping time, when the detector 

has a large leakage current, shorter shaping times are typically used to minimise the parallel white 

noise. 

2.7.3 Series white noise 

The thermal noise in the preamplifier’s input JFET’s drain current is the dominant noise 

contributor to the series white noise (Bertuccio et al., 1996).  The series white noise power spectral 

density, SWS, is proportional to a dimensionless parameter, γ, and inversely proportional to the 

JFET transconductance, gm.  The parameter γ is determined by the JFET bias condition and the 

gate length (Klaassen, 1971).  The series white noise power spectral density is given by, 

𝑆WS[V2/Hz] = 𝛾
4k𝑇

𝑔𝑚
.        (2.16) 

The series white noise equivalent noise charge, it is also dependent on the total capacitance at the 

preamplifier input, CT, and the shaping time of the shaping amplifier.  It can be expressed by, 

𝐸𝑁𝐶WS[e- rms] =
1

q
√
𝐴1

2
𝑆WS𝐶T

2 1

𝜏
      (2.17) 

where A1 is a dimensionless constant (ranging from 0.5 to 4) determined by the type of the shaping 

amplifier, e.g. A1 = 1.85 for an RC-CR shaping amplifier (Gatti et al., 1990).  When a radiation 

detector has a large capacitance, a longer shaping time may be selected to minimise the series 

white noise. 

2.7.4 1/f series noise 

The 1/f series noise arises from noise in drain current of the preamplifier’s input JFET 

(Lioliou & Barnett, 2015).  The 1/f series noise is shaping time independent and increases with 

greater total capacitance at the preamplifier’s input.  The 1/f series noise equivalent noise charge, 

ENC1/f, can be expressed as 

𝐸𝑁𝐶1/𝑓[e-rms] =
1

q
√𝐴2𝜋𝐴𝑓𝐶T

2       (2.18) 
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where A2 is a dimensionless constant (0.64 to 2) determined by the type of shaping amplifier 

(A2 = 1.18 for the RC-CR shaping amplifier) (Gatti et al., 1990) (Bertuccio et al., 1996), and Af  is 

a dimensionless characteristic constant of the preamplifier’s input JFET (Lioliou & Barnett, 2015). 

2.7.5 Dielectric noise 

Thermal fluctuations in insulators in close proximity to the preamplifier’s input cause dielectric 

noise (Bertuccio et al., 1996).  Contributions from the feedback capacitance, test capacitance, as 

well as the input JFET and detector themselves along with the packaging materials of these 

components all increase the dielectric noise (Pullia & Bertuccio, 1996).  The dielectric noise’s 

equivalent noise charge, ENCD, is given by 

𝐸𝑁𝐶D[e-rms] =
1

q
√𝐴22k𝑇𝐷𝐶die      (2.19) 

where D is the dielectric dissipation factor, and Cdie is the capacitance of the lossy dielectrics, 

(Bertuccio et al., 1996).  It should be noted that the dielectric noise is shaping time independent.  

Directly wire bonding the detector to the gate of the input JFET can reduce the quantity of lossy 

dielectric material in proximity to the gate of the preamplifier by elimination of packaging 

materials and can thus reduce dielectric noise (Bertuccio et al., 1995).  Based on that concept, 

Depleted Field Effect Transistor detectors (DEPFETs) were designed and can achieve very good 

energy resolutions (e.g. 191 eV FWHM at 5.9 keV) (Zhang et al., 2006). 

2.7.6 Induced gate current noise 

The induced gate current noise is due to fluctuations in the drain current (see Section 2.7.3); the 

gate and the channel of the JFET are capacitively coupled (Lioliou & Barnett, 2015).  As such, 

the induced gate current noise is correlated with the series white noise, SWS, and a dimensionless 

correction factor, GC, (commonly taken such that √𝐺C  ≈ 0.8 (Bertuccio et al., 1996)).  The 

induced gate noise power spectral density taking in to account the series white noise can be 

expressed as 

𝑆WSC[V2/Hz] = 𝑆WS𝐺C.        (2.20) 

The corresponding equivalent noise charge, ENCWSC, is given by 

𝐸𝑁𝐶WSC[e- rms] = 𝐸𝑁𝐶WS√𝐺C.      (2.21) 

2.7.7 Incomplete charge collection noise 

Incomplete charge collection noise arises as a consequence of either the trapping or recombination 



- 35 - 

Chapter 2 Semiconductor Detector Physics and Experimental Methods 

 

of radiation-created charge carriers in the detector (Owens, 2012).  This results in those charge 

carriers not being able to induce their complete charge on the contacts of the detector, with a 

subsequent reduction of the energy position at which the corresponding count occurs in the 

spectrum.  To some extent, a reduction in trapping noise, when it is present, can be achieved by 

increasing the electric field applied to the detector to increase carrier drift length.  A universally 

applicable physical model of charge trapping noise does not exist. 

 

2.8 Method of measurements of photodiodes’ currents as functions of 

applied reverse bias 

In this thesis, the currents of the photodiodes were measured as functions of applied reverse bias 

using a Keithley 6487 Picoammeter/Voltage source.  The picoammeter can supply voltages from 

±200 µV to ±505 V, and has a current measurement range from ±10 fA to ±21 mA.  The 

uncertainty associated with the current reading was related to the selected current range; for the 

2 nA current range used in this thesis, the uncertainty was 0.3% of the current reading + 400 fA, 

while the current reading was within the current range of 2 nA (Keithley Instruments, 2011). 

In order to measure the leakage current of an investigated photodiode, the investigated photodiode 

was installed in a light-tight aluminium box.  The voltage source output and the current input of 

the Keithley 6487 were connected to the cathode and the anode of the photodiode, respectively.  

The photodiode was reverse bias by applying a positive voltage.  Because the measurement cables 

(for current input to picoammeter) themselves may have non-zero leakage currents and contribute 

charge to the measurement through the tribocharging of their insulators both which can affect the 

measurements at low signal levels, custom high quality triaxial cables were used providing signal, 

guard, and shield conductors (Keithley Instruments, 2013). 

The voltage source output of the Keithley 6487 used two standard banana sockets, they were 

connected to the signal and shield conductors of a high quality PTFE insulated SMA coaxial cable 

through a dual banana to BNC adapter and then a BNC to SMA adaptor, the Output High and the 

Output Low were connected to the signal and shield line of the coaxial cable, respectively. 

The light-tight aluminium box had two connectors (triaxial socket and SMA socket), the guard 

and the shield of the triax connector were connected to the aluminium box, the shield of the SMA 

connector was connected to the aluminium box as well.  Hence, the aluminium box was served 

as the ground of the measurement system as the Output Low of the Voltage source of the 

Keithley 6487, and the Input Low and the Chassis ground of the Current Input of the Keithley 
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6487 were all connected to the aluminium box. 

Whilst measuring the radiation generated current of an investigated photodiode, the investigated 

photodiode along with a PTFE radiation source’s holder were installed in the light-tight 

aluminium box.  The investigated detector was positioned central to the aperture of the source’s 

holder.  The radiation generated current measurement was completed in two steps.  Firstly, the 

current of the investigated detector was measured without any radiation illumination in the 

light-tight aluminium box.  Secondly, the current of the investigated detector was measured under 

illumination of the 55Fe radioisotope X-ray source or the 63Ni radioisotope β- particles source in 

the light-tight aluminium box.  It should be noted that a better set up for this kind of measurement 

could be been achieved in principle using a chopper wheel and lock-in amplifier to avoid any 

disturbance from placing the radioisotope source or time variation of the detector’s leakage 

current. 

When measuring the leakage current of the investigated photodiode at different temperatures, the 

light-tight aluminium box which contained the investigated detector was installed in a TAS Micro 

MT climatic cabinet for temperature control. 

National Instruments Labview software was used to automate the current measurements reported 

in this thesis. 

 

2.9 Method of measurements of photodiodes’ capacitances as 

functions of applied reverse bias 

In this thesis, the measurements of the investigated photodiodes’ capacitances as functions of 

applied reverse bias were made using an HP 4275A Multi frequency LCR meter (Hewlett Packard, 

1979) and a Keithley 6487 Picoammeter/Voltage Source (Keithley Instruments, 2011) as the 

external voltage supply.  The Voltage Source Output of the Keithley 6487 was connected to the 

EXT ± 200V of the LCR meter through a high-quality PTFE insulated SMA coaxial cable.  The 

HP 4275A LCR meter had a capacitance measurement range from 1000 fF to 100 μF.  The 

uncertainty in the capacitance reading were related to the value of the capacitance reading (e.g. 

0.1% of reading + 3 counts), and the accuracy multiple factor which was related to the AC test 

signal (e.g. an accuracy multiple factor of 1.17 corresponded to an AC test signal of 60 mV rms).  

The LCR meter was used in its four terminal capacitance measurement mode.  Further details of 

the HP 4275A LCR meter can be found in its manual (Hewlett Packard, 1979). 

In order to eliminate adverse effects from light and electromagnetic interference, each 
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investigated photodiode was mounted in a custom-made light-tight aluminium box.  The 

custom-made light-tight aluminium box had two connectors (SMA sockets), they were connected 

to a custom-made adapter which was attached to the HCUR, HPOT, LPOT, and LCUR of the 

LCR meter by two SMA coaxial cables through two dual banana to BNC adapters and then two 

BNC to SMA adaptors.  The shield of the SMA connectors was connected to the aluminium box 

and the box was served as the ground of the measurement.  The zero offset adjustment was used 

before each capacitance measurement to automatically normalise the readout offset due to the 

residuals inherent stray capacitance, residual inductances and resistances from the test fixture, 

attached cables and wires.  The zero offset adjustment was completed in two steps, 1. Zero Open 

check (without connecting anything to the test wires) by setting the AC test voltage signal 

magnitude and frequency to 1 V rms and 1 MHz; 2. Zero Short check by shorting the test wires.  

After completed the zero offset adjustment, the investigated photodiode was connected to the test 

wires with setting the magnitude AC test voltage signal to 60 mV rms. 

When measuring the photodiodes’ capacitance at varying temperature, the zero offset adjustment 

was completed inside the cabinet at 20 °C.  National Instruments Labview software was used to 

automate the measurements. 

 

2.10 Radiation sources 

Two difference X-ray sources (Eckert and Ziegler 3204-encapsulated 55Fe radioisotope X-ray 

source; LD Didactic X-ray apparatus with a Mo X-ray tube), and one β- particle source 

(custom-made Eckert and Ziegler 63Ni radioisotope β- particle source) were used to study the 

radiation response of the investigated photodiodes.  The sources are briefly discussed in this 

section. 

2.10.1 X-ray sources 

An Eckert and Ziegler 3204-encapsulated 55Fe radioisotope X-ray source was used to investigate 

the response of the 4H-SiC photodiodes (see Sections 3.3 and 3.5) and Al0.52In0.48P photodiodes 

(see Sections 5.3.1 and 5.5.1).  The 55Fe was electrodeposited as iron metal on the face of a copper 

disc, sealed in a welded Monel capsule with brazed 0.25 mm thick Be window.  The active area 

of the source was 28.27 mm2.  The original activity of the 55Fe radioisotope source was 370 MBq, 

and its activity at the time of the specific measurements is given where those measurements are 

reported. 55Fe decays by electron capture producing characteristic Mn Kα and Kβ X-ray lines 

(5.9 keV and 6.49 keV).  The relative emission probabilities of these lines are: Mn Kα 

5.9 keV = 0.245; Mn Kβ 6.49 keV = 0.0338 (Schötzig, 2000).  The transmission probabilities of 
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the Mn Kα and Mn Kβ X-rays through the source’s Be window were calculated to be 0.576 and 

0.667, respectively (Cromer & Liberman, 1970) (Hubbell, 1982). 

Investigation of the X-ray energy dependent response of the photodiodes was performed by using 

an LD Didactic X-ray apparatus (part number 554 800) along with a Mo X-ray tube (part number 

554 861) (Mo Kα = 17.4 keV; Kβ = 19.6 keV) and with eight high-purity metal foils (see 

Section 4.3).  The Mo cathode X-ray tube was used to fluorescence the foils to produce 

characteristic X-ray emission lines (X-ray energies from 4.95 keV to 21.17 keV) (see Table 2.1) 

with which to characterise the instrument.  The X-ray tube had a voltage range from 0.0 kV to 

35.0 kV with step width of 0.1 kV.  The X-ray tube emission current was adjustable from 0.00 mA 

– 1.00 mA with step width of 0.01 mA.  For all the measurements reported the tube was operated 

at 35.0 kV.  An LD Didactic goniometer (part number 554 831) and target stand were used to 

position the spectrometer and fluorescence foils respectively (LD Didactic GmbH, N.D.). 

Material Kα1 line energy (keV) Kβ1 line energy (keV) 

V 4.95 5.42 

Cr 5.41 5.94 

Mn 5.89 6.49 

Cu 8.04 8.90 

Zn 8.63 9.57 

Ge 9.88 10.98 

Nb 16.61 18.62 

Pd 21.17 23.81 

Table 2.1.  The high-purity (≥ 98.7%) metal foils used, together with the two primary X-ray 

emission line energies used.  The emission line energies were drawn from 

Sánchez del Rio et al. (2003). 

2.10.2 Radioisotope β- particle source 

A custom-made Eckert and Ziegler 63Ni radioisotope β- particle source (63Ni endpoint energy 

= 66 keV) was used to investigating the response of one of the 4H-SiC photodiodes to soft 

β- particles (see Sections 4.4.2 and 4.4.3).  The 63Ni radioisotope β- particle source had an active 
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face area of 49 mm2 with an original activity of 185 MBq.  The activity of the source at the time 

of the measurements is detailed where those measurements are reported.  It consisted of a 3 μm 

thick 63Ni layer electroplated onto a ~50 μm thick inactive Ni foil substrate and then covered with 

a protective 1 μm thick inactive electroplated Ni overlayer.  The emission probability of the 63Ni 

radioisotope β- particle source adjusted for self-absorption taking into account its thickness but 

excluding attenuation due to the protective Ni overlayer is shown in Figure 2.2.  

 

Figure 2.2.  The emission probability of the 63Ni radioisotope β- particle source adjusted for 

self-absorption (based on Liu et al., (2015)). 

 

2.11 Photon counting X-ray and particle counting β- spectroscopy 

In this thesis, the investigated photodiodes were each in turn connected to two different 

custom-made low-noise charge-sensitive preamplifiers and operated as spectrometers.  Both 

preamplifiers were of feedback resistorless design similar to Bertuccio et al. (1993).  The 

elimination of the feedback resistor in the preamplifier circuit is achieved with an additional 

feedback loop for stabilising the working point of the preamplifier and utilising a slightly forward 

bias n type JFET, as a path for the feedback capacitor discharge (Bertuccio et al., 1993).  One of 

the preamplifiers had a wire-ended packaged 2N4416A Si JFET (capacitance = 2 pF) (Siliconix, 

2001) as the input transistor and was used in spectrum accumulation mode to obtain spectra of 

the 55Fe radioisotope X-ray source and the 63Ni radioisotope β- particle source.  The other 

preamplifier contained a wire-ended packaged 2N4416 Si JFET (capacitance = 2 pF) (Siliconix, 

2001) as the input transistor and was used in the accumulation of the fluoresced X-ray spectra 

inside the LD Didactic X-ray apparatus.  The performance of the preamplifiers was sufficiently 

similar that they can be considered as identical for the purposes of measurements reported. 
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A Keithley 6487 Picoammeter/Voltage source was used as a voltage source to reverse bias the 

investigated photodiodes.  Each of investigated photodiode was only biased while accumulating 

the radiation spectra.  Both preamplifiers were biased constantly through the spectra accumulation 

measurement by a TTi PL303QMD-P power supply.  In all cases, the output of the preamplifier 

was connected to an ORTEC 572A shaping amplifier.  The output of the shaping amplifier was 

connected to an ORTEC EASY-MCA 8k multi-channel analyser (MCA) for digitisation.  A block 

diagram of the connection of the instruments can be found in Figure 2.3. 

When X-ray photons or β- particles were usefully absorbed in the semiconductor detector, the 

electron-hole pairs which were created were swept out of the detector by virtue of the applied 

reverse bias.  The movement of the electron-hole pairs induced charge on the contacts of the 

detector in accordance with Schockley-Ramo theorem (He, 2001).  The charge-sensitive 

preamplifier converted this charge pulse to a proportionally-sized voltage pulse.  A pulse 

generator can be used to simulate a detector by charging a capacitor within the preamplifier which 

then deposits that charge at the input of the preamplifier similarly to as would occur with a 

detector.  The voltage tail pulse from the output of the preamplifier was further processed by the 

shaping amplifier to improve the signal-to-noise ratio and facilitate onwards digitisation.  The 

output of the shaping amplifier was connected to the MCA which digitised the pulses and binned 

them in such a way as to form a histogram which is the spectrum. 

When obtaining the spectra from the 55Fe radioisotope X-ray source (Mn Kα = 5.9 keV; Mn 

Kβ = 6.49 keV) and the 63Ni radioisotope β- particle source (63Ni endpoint energy = 66 keV), each 

radioisotope source was positioned above the photodiode upon a custom-made PTFE source 

holder.  For the temperature dependence X-ray spectra accumulation, the investigated 

photodiodes along with the preamplifier were installed in the TAS Micro MT climatic cabinet for 

temperature control but the shaping amplifier and the MCA remained outside of the cabinet and 

were operated at room temperature.  In order to ensure thermal equilibrium of the photodiodes 

and preamplifier with the atmosphere of the chamber at each temperature, the spectrometers were 

allowed to stabilise for 30 min before the spectra accumulation at each temperature. 

While accumulating the spectra of the fluoresced X-ray foil targets using the LD Didactic X-ray 

apparatus, the spectrometers were positioned within radiation chamber of the apparatus.  The 

sample stand was positioned at 45° with respect to the collimator.  The spectrometer was 

positioned at 135° with respect to the collimator, with the detector facing towards the focus of the 

circle of rotation.  Custom-made Al collimators (lined with PTFE to absorb all fluorescence of 

the Al, and of two different central open diameters, 8 mm and 20 mm) were used to collimate the 

X-ray emissions from the tube when condition measurements with the LD Didactic X-ray 

apparatus. 
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Figure 2.3.  Block diagram of the spectrometer system.  
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Chapter 3 Soft X-ray Detection with Commercial 4H-SiC UV 

Photodiodes 

 

3.1 Introduction 

The performance of SiC photodiode X-ray detectors has been investigated extensively over the 

past 15 years; high energy resolutions (Full Width at Half Maximum) have been achieved with 

SiC photodiode X-ray detectors, across a wide range of temperatures e.g. FWHM at 5.9 keV of 

196 eV and 233 eV, at 30 °C and 100 °C, respectively (Bertuccio et al., 2011).  Nevertheless, 

such detectors are still very specialist items not available to all researchers or those who wish to 

implement such technologies either on low cost space missions or for terrestrial purposes.  

However, SiC UV photodiodes have been readily commercially available from standard 

electronic component retailers for some years, if these devices could be repurposing as low cost 

SiC X-ray detectors they may find use in such applications, even if their performance was not as 

good as custom detectors. 

In this chapter, the results of the electrical characterisation and X-ray detection measurements of 

two different active area (0.06 mm2 and 0.5 mm2) commercial 4H-SiC p-n UV photodiodes at 

room temperature are presented (see Sections 3.2 and 3.3).  One of the 0.06 mm2 photodiodes 

and one of the 0.5 mm2 photodiodes were selected for further electrical characterisation and then 

investigated for its response to illumination with soft X-rays when operated at high temperature 

(see Sections 3.4 and 3.5). 

 

3.2 Electrical characterisation at room temperature 

3.2.1 Capacitance-voltage measurements 

The capacitances of all four 4H-SiC photodiodes were measured as functions of applied reverse 

bias at room temperature (24 °C) up to 150 V in 1 V steps using an HP 4275A Multi Frequency 

LCR meter and a Keithley 6487 Picoammeter/Voltage Source as the external voltage supply (see 

Section 2.9).  The AC test voltage signal magnitude and frequency of the LCR meter were set at 

60 mV rms and 1 MHz, respectively.  National Instruments Labview software was used to 

automate the capacitance measurements.  In order to extract the capacitances of the photodiodes 

themselves, the bond wires of sacrificial devices of the same type were removed to measure 
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packaging capacitances.  The capacitance of each photodiode was calculated by subtracting the 

capacitances of packages (0.67 pF ± 0.07 pF for the 0.06 mm2 photodiodes and 0.65 pF ± 0.07 pF 

for 0.5 mm2 photodiodes) from the total capacitances of the packaged devices.  The measured 

capacitances and the calculated depletion width of each photodiode as functions of applied reverse 

bias are shown in Figures 3.1 and 3.2, respectively.  The photodiodes were fully depleted at an 

applied reverse bias of 120 V and 150 V for the 0.06 mm2 and 0.5 mm2 devices, respectively.  The 

thickness of the depletion widths of the 0.06 mm2 and 0.5 mm2 photodiodes were determined to 

be 2.5 µm ± 0.04 µm and 4.5 µm ± 0.03 µm at 150 V reverse bias, respectively.  The uncertainties 

associated with the calculated depletion widths were computed taking into account the 

uncertainties in the capacitance measurements and the Debye length.  In comparison to other 

previously reported wide bandgap X-ray detectors, they are thinner than previously reported 

custom GaAs X-ray detectors (7 µm) (Lioliou et al., 2016a) and custom SiC X-ray detectors 

(25 µm) (Bertuccio et al., 2011) but comparable to custom AlGaAs X-ray detectors (1.7 µm) 

(Barnett et al., 2015). 

 

Figure 3.1.  Measured capacitances of two 0.06 mm2 (+ symbols and open squares) and two 

0.5 mm2 (× symbols and open circles) photodiodes as functions of applied reverse bias. 
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Figure 3.2.  Calculated depletion widths of the 0.06 mm2 (+ symbols and open squares) and 

0.5 mm2 (× symbols and open circles) photodiodes as functions of applied reverse bias. 

Assuming the efficiency of these photodiodes is determined by the absorption in the depletion 

width, their efficiencies can be estimated from Equation 2.9.  Figure 3.3 shows the quantum 

efficiency for these photodiodes at their maximum depletion widths (150 V reverse bias) at X-ray 

energies up to 10 keV.  The quantum efficiencies of the devices at 5.9 keV (µ5.9keV = 348 cm-1; 

µ6.49keV = 263 cm-1 (Cromer & Liberman, 1970)) were 0.085 and 0.145, for the 0.06 mm2 and 

0.5 mm2 photodiodes, respectively. 

 

Figure 3.3.  The calculated quantum efficiencies of the 4H-SiC 0.06 mm2 photodiodes depletion 

layer thickness = 2.5 µm (solid line), and 0.5 mm2 photodiodes depletion layer thickness 

= 4.5 µm (dash line) at 150 V reverse bias with varying X-ray energy.  The discontinuity at 

1.8 keV is the Si K absorption edge. 
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3.2.2 Current-voltage measurements 

The leakage currents of the four photodiodes were measured as functions of applied reverse bias 

from 0 V to 100 V at room temperature (24 °C) with 1 V per step using a Keithley 6487 

Picoammeter/Voltage Source (see Section 2.8).  The results are presented in Figure 3.4.  National 

Instruments Labview software was used to automate the measurements.  The photodiodes had 

low leakage currents (< 10 pA) at high reverse bias (corresponding to leakage current densities of 

937 pA/cm2 and 347 pA/cm2 at electric fields of 403 kV/cm for the 0.06 mm2 photodiodes; and 

1.4 nA/cm2 and 1.18 nA/cm2 at electric fields of 227 kV/cm for the 0.5 mm2 photodiodes).  These 

are greater than some previously reported SiC X-ray detectors (1 pA/cm2 with mean electric fields 

of 53 and 103 kV/cm at room temperature) (Bertuccio et al., 2011), but better than semi-insulating 

SiC X-ray photodiodes (from 2.6 nA/cm2 to 65 nA/cm2 with internal electric fields from 7 kV/cm 

to 28 kV/cm) (Bertuccio et al., 2013b) and GaAs X-ray photodiodes (e.g. 17.4 nA/cm2 with 

internal electric field 22 kV/cm) (Lioliou et al., 2016a). 

 

Figure 3.4.  Leakage currents as functions of applied bias for the 0.06 mm2 (+ symbols and 

open squares) and 0.5 mm2 (× symbols and open circles) photodiodes. 

 

3.3 X-ray detection at room temperature 

3.3.1 Current mode X-ray detection 

In order to characterise the response of the diodes to illumination with soft X-rays, an 55Fe 

radioisotope X-ray source (Mn Kα = 5.9 keV; Mn Kβ = 6.49 keV; activity = 260 MBq; active 

area = 28.27 mm2) was placed 2 mm above the photodiodes (see Section 2.8).  The reverse bias 

was increased from 0 V to 100 V in 1 V steps.  The measured photocurrent (the current measured 
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with the devices illuminated with the previously measured leakage current subtracted) are 

presented for the 0.06 mm2 and 0.5 mm2 devices in Figure 3.5. 

Given the quantum efficiencies of the devices computed from the calculated depletion widths at 

100 V reverse bias (2.48 µm and 4.4 µm, for the 0.06 mm2 and 0.5 mm2 devices, respectively), 

the activity geometry of the 55Fe radioisotope X-ray source, and the relative emission probabilities 

(Mn Kα 5.9 keV = 0.245; Mn Kβ = 6.49 keV = 0.0338 (Schötzig, 2000)), using Equation 2.6, 

the calculated expected photocurrents at 100 V reverse bias of 0.06 mm2 photodiodes (0.44 pA) 

and 0.5 mm2 photodiodes (6.3 pA), assuming only charge created in the depletion width 

contributed to the signal and 100% charge collection efficiency (Sze, 1985), were much smaller 

than the measured photocurrents of the 0.06 mm2 photodiodes (4.6 pA) and 0.5 mm2 photodiodes 

(18 pA) at 100 V reverse bias.  The greater than expected photocurrent suggests that there may 

have been significant contributions to the signal from charge created outside of the depletion 

region by photons absorbed there.  Furthermore, one 0.5 mm2 photodiode showed an exponential 

trend in photocurrent at reverse biases > 60 V indicative of avalanche multiplication even though 

the electric field strength, assuming a uniform electric field across the depletion layer, was lower 

than that at which significant impact ionisation has been previously observed to occur (Loh et al., 

2008).  It was hypothesised that this may have been due to defects in the material of the detector 

leading to localised regions of high electric field strength. 

 

Figure 3.5.  Photocurrent as a function of applied reverse bias for the 0.06 mm2 (+ symbols and 

open squares) and 0.5 mm2 (× symbols and open circles) photodiodes.  Expected photocurrent 

for the 0.06 mm2 photodiodes (dash line) and 0.5 mm2 photodiodes (solid line). 
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3.3.2 X-ray spectroscopy and noise analysis 

3.3.2.1 Photon counting spectroscopy with an 55Fe radioisotope X-ray source  

The photodiodes were each in turn connected to a custom-made low-noise charge-sensitive 

preamplifier with a 2N4416A silicon input JFET (capacitance = 2 pF).  An ORTEC 572A shaping 

amplifier and a multi-channel analyser (MCA) were connected to the preamplifier (see 

Section 2.11).  Spectra were accumulated using the 55Fe radioisotope X-ray source.  The 55Fe 

radioisotope X-ray source was placed 2 mm above the photodiodes.  Spectra were accumulated 

at reverse biases from 0 V to 100 V in 10 V steps.  The temperature of the detector and 

preamplifier was 22 °C.  The live time limit for each spectrum was 60 s. 

Because of the large capacitances and low leakage currents of these devices, the longest shaping 

time available (10 µs) was selected (Bertuccio et al., 1996) (Barnett et al., 2012).  The resulting 

spectra were calibrated in energy terms by using the position of the zero energy noise peak and 

the position of the fitted Mn Kα at 5.9 keV for each spectrum as points of known energy on 

MCA’s charge scale and assuming a linear variation of detected charge with energy.  The energy 

resolution of the devices as quantified by the full width at half maximum (FWHM) of the 5.9 keV 

peak is presented in Figure 3.6 as a function of applied reverse bias.  A photopeak could not be 

resolved with the 0.5 mm2 photodiodes at reverse biases below 50 V due to the large capacitance 

of the devices.  For both sizes of device (0.06 mm2 and 0.5 mm2) the best energy resolutions, 

1.8 keV FWHM and 3.3 keV FWHM, were obtained at the maximum investigated reverse bias 

(100 V).  The 55Fe X-ray spectrum obtained at 100 V with one of the 0.06 mm2 photodiodes is 

presented in Figure 3.7; two Gaussians were fitted to the observed photopeak to represent the Mn 

Kα (5.9 keV) and Mn Kβ (6.49 keV) emissions from the radioisotope X-ray source in the accepted 

ratio (Schötzig, 2000).  The MCA’s low energy threshold was set at 2.85 keV as a compromise 

between minimising the number of noise counts from the tails of the zero energy noise peak and 

maintaining the low energy response of the spectrometer.  The energy resolutions at 5.9 keV were 

not as good as some wide bandgap devices specifically designed for X-ray detection e.g. GaAs 

mesa photodiodes (840 eV, area of 0.03 mm2; and 1.07 keV, area of 0.13 mm2) (Barnett, 2014), 

AlGaAs X-ray detectors (1.1 keV, area of 0.03 mm2 (Barnett et al., 2010); and 1.27 keV, area of 

0.13 mm2 (Barnett et al., 2015)), and the best result of SiC X-ray detectors (196 eV at 30 °C, area 

of 0.4 mm2) (Bertuccio et al., 2011).  However, the FWHM of the 0.06 mm2 area diode was better 

than some larger area AlGaAs photodiodes (0.13 mm2) (1.95 keV) (Barnett et al., 2013a). 
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Figure 3.6.  Measured FWHM at 5.9 keV of 0.06 mm2 (+ symbols and open squares) and 

0.5 mm2 (× symbols and open circles) photodiodes as functions of applied reverse bias. 

 

Figure 3.7.  55Fe X-ray spectrum obtained one of the 0.06 mm2 photodiodes at 100 V reverse 

bias.  The dashed lines are the fitted Mn Kα and Kβ peaks. 

3.3.2.2 Noise analysis 

The fundamental ‘Fano-limited’ energy resolution (FWHMFano) of a non-avalanche photodiode is 

given by Equation 2.12.  However, the energy resolution of a photodiode spectrometer is further 

influenced by noise from incomplete charge collection and electronic noise from the connection 

of the detector to the preamplifier, such that as the electronic noise arises not only from the shot 

noise of the detector but also the noise from the amplification system as described in 

Equation 2.13. 

The expected Fano limited energy resolution, FWHMFano in SiC is 160 eV FWHM at 5.9 keV 

(Bertuccio et al., 2011).  Therefore, it is essential to consider the other noise sources contributing 

to the measured energy resolution of the system.  The electronic noise of this system consists of 
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five contributors: series white noise, parallel white noise, 1/ƒ series noise, dielectric noise and the 

induced gate drain current noise.  A detailed explanation of the origin of each electronic 

contributors can be found in Section 2.7.  The total electronic noise contribution was measured 

for the system with the 0.06 mm2 devices by injecting a delta test pulse signal into the preamplifier 

with the detector connected but unilluminated (American National standards Institute, 1976) 

(Bertuccio et al., 1996) (Barnett et al., 2012). 

The dielectric noise (and series white noise from unknown stray capacitances (Barnett et al., 2015)) 

can be calculated by the subtraction of the calculated series white noise including induced gate 

drain current noise, parallel white noise, and 1/f series noise in quadrature from the measured total 

electronic noise (Lioliou & Barnett, 2015).  The other noise components were calculated as per 

Section 2.7.  The calculated electronic noise components are presented as a function of reverse 

bias in Figure 3.8.  As is the case for other detectors connected to similar charge-sensitive 

preamplifiers, the dielectric noise (and noise from stray capacitances) is the most significant noise 

component (Barnett et al., 2015) (Lioliou & Barnett, 2015).  Such noise is thought to arise from 

dielectric materials of the capacitances and packages (Bertuccio et al., 1996).  The presently 

reported preamplifier used a wire-end input JFET for convenience; a bare die JFET directly 

wire-bonded to the detector would be expected to significantly reduce the noise.  If this noise 

could be eliminated entirely, an energy resolution (FWHM at 5.9 keV) of 1.1 keV could be 

achieved with the 0.06 mm2 photodiode. 

 

Figure 3.8.  Calculated electronic noise contributions for one 0.06 mm2 photodiode, connected 

to the custom low-noise charge-sensitive preamplifier, at varied reverse bias.  Measured 

electronic noise (open squares), computed dielectric noise and series white noise from unknown 

stray capacitances (open circles), series white noise including induced gate current noise (square 

dot line), parallel white noise (dash line), and 1/f series noise (round dot line). 
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Incomplete charge collection noise is related to the detector’s charge diffusion and collection 

properties as well as to the trap density distribution in the detector (Owens, 2012).  In this system, 

the incomplete charge collection noise can be calculated by subtracting in quadrature the predicted 

Fano noise and the total electronic noise from the measured energy resolution at 5.9 keV.  The 

calculated contributions from incomplete charge collection for the 0.06 mm2 photodiode are 

shown in Figure 3.9.  Interestingly, the incomplete charge collection noise was independent of 

applied electric field.  This supports the hypothesis introduced in Section 3.3.1 to explain the 

greater than expected photocurrent that significant amounts of charge created outside of the 

depletion region (by photons absorbed in those positions) contributed to the detected signal.  Since 

the applied bias mainly resulted in an electric field across the epilayer/depletion region, the field 

strength in the volume below the depletion region remained low, regardless of applied bias.  Thus 

the incomplete charge collection noise, which probably arose from recombination of electrons 

and holes in the low field region remained constant.  The data and explanation are consistent high 

quality material close to top contact exhibiting comparatively little charge trapping and a volume 

of material with consistently low electric field strength below it showing moderate amounts 

(≈ 58 e- rms equivalent noise charge) of incomplete charge collection noise. 

 

Figure 3.9.  Computed noise contributions of one of the 0.06 mm2 photodiodes at varied reverse 

bias.  Total FWHM measured at 5.9 keV (stars), electronic noise (open squares), incomplete 

charge collection noise (× symbols), and the Fano noise (+ symbols). 

 

3.4 Electrical characterisation at high temperatures 

3.4.1 Capacitance-voltage measurements 

The capacitance of one of the 0.06 mm2 photodiodes and one of the 0.5 mm2 photodiodes were 
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measured as functions of applied reverse bias across the temperature range 0 °C to 140 °C.  In 

turn, each photodiode was installed in a TAS Micro MT climatic cabinet for temperature control.  

The capacitance measurements were made using an HP 4275A Multi Frequency LCR meter with 

an AC test signal of 60 mV rms magnitude and 1 MHz frequency; a Keithley 6487 

Picoammeter/Voltage source was used as the external voltage supply.  Measurements of the 

devices’ capacitances as functions of temperature were made from 140 °C to 0 °C, with a 

decrement step size of 20 °C.  To ensure thermal equilibrium, the devices were allowed to stabilise 

at each temperature for 30 min before measurements were started at each temperature (see 

Section 2.9).  The devices were reverse biased from 0 V to 120 V, in 1 V increments.  National 

Instruments Labview software was used to automate the measurements. 

The capacitances of the packages with the dice still mounted in each package, but the bond wires 

removed, were measured across the temperature range using the same procedure as was outlined 

above.  The capacitances of the packages were independent of applied bias but dependent on 

temperature.  The results are presented in Figure 3.10. 

 

Figure 3.10.  Measured capacitances of the detectors’ packages as functions of temperature for 

the 0.06 mm2 photodiode (open squares) and 0.5 mm2 photodiode (open circles). 

To determine the capacitances of the photodiodes themselves, the package capacitances 

(presented in Figure 3.10) were subtracted from the capacitances measured with the photodiodes 

wire-bonded.  The device capacitances as subsequently determined, and the depletion width of 

each diode implied by those capacitances are shown in Figure 3.11, for the 0.06 mm2 and the 

0.5 mm2 photodiodes at the temperature of 20 °C and 100 °C, respectively.  Figure 3.11 showed 

the 0.06 mm2 photodiode was fully depleted (2.30 µm ± 0.04 µm) at more than 90 V reverse bias 

and the 0.5 mm2 photodiode has been fully depleted (4.49 µm ± 0.03 µm) at the reverse bias of 

more than 110 V.  The uncertainties associated with the calculated depletion widths were 
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computed taking into account the uncertainties in the capacitance measurements and the Debye 

length.  Two contributors can explain the recorded increases in the capacitances of these devices 

with increased temperature.  One is an increase in charge density in the depletion layer with 

increased temperature; a similar effect was previously found in abrupt p+-n diodes and attributed 

to an effect where the trap density with an energy level near the centre of the bandgap contributed 

to a measured increase in capacitance with temperature.  Thus, there may have been an increase 

in the excess donor concentration with temperature, with the capacitance of the device at each 

temperature (see Equation 2.2).  The other contributor is the progressive ionisation of previously 

non-ionised donors in a thin region around the depletion layer with increasing temperature 

(Mazzillo et al., 2012). 

 

 

Figure 3.11.  (a) Measured capacitances of 0.5 mm2 (open circles 100 °C and solid circles 

20 °C) and 0.06 mm2 (open squares 100 °C and solid squares 20 °C) photodiode as functions of 

applied reverse bias. (b) Calculated depletion width of 0.5 mm2 (open circles 100 °C and solid 

circles 20 °C) and 0.06 mm2 (open squares 100 °C and solid squares 20 °C) photodiode as 

functions of applied reverse bias. 

The temperature dependence of each diode's capacitance and depletion width became less 
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significant at high reverse biases (> 20 V), as shown in Figures 3.12 and 3.13.  This may be 

explained by the lower the ratio between the thickness of the thin region near the depletion layer 

with non-ionised donors, and the thickness of the depletion layer at high reverse biases 

(Mazzillo et al., 2012).  The capacitance temperature coefficient (from 0 °C to 140 °C) was found 

to be 0.3 fF·°C-1 and 0.1 fF·°C-1 for the 0.06 mm2 photodiode and the 0.5 mm2 photodiode by the 

measured capacitances at 120 V reverse bias.  The thicknesses of the depletion widths of the 

0.06 mm2 and 0.5 mm2 photodiodes were found to be 2.34 µm ± 0.04 µm and 4.47 µm ± 0.03 µm, 

respectively, both at 120 V reverse bias and 140 °C. 

 

Figure 3.12.  Capacitance as a function of temperature for (a) the 0.06 mm2 photodiode and (b) 

the 0.5 mm2 photodiode in the temperature range of 0 °C to 140 °C at varying reverse biases, 

0 V (× symbols), 1 V (grey circles), 2 V (dark squares), 3 V (dark triangles), 4 V (+ symbols), 

5 V (stars), 10 V (short dashes), 15 V (dark diamonds), 20 V (open squares), 40 V (open 

diamonds), 60 V (dashes), 80 V (black circles), 100 V (open triangles), 120 V (open circles).  
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Figure 3.13.  Calculated depletion width as a function of temperature for (a) 0.06 mm2 

photodiode and (b) 0.5 mm2 photodiode in the temperature range of 0 °C to 140 °C at seven 

reverse biases 0 V (× symbols), 20 V (open squares), 40 V (open diamonds), 60 V (dashes), 

80 V (dark circles), 100 V (open triangles), 120 V (open circles). 

3.4.2 Current-voltage measurements 

The ultra-low leakage currents of SiC junctions are one of key beneficial features of SiC detectors 

(Bertuccio et al., 2006).  The leakage currents of the two photodiodes were measured each in turn 

as functions of applied reverse bias from 0 V to 120 V in 1 V increments, at temperatures from 

140 °C to 40 °C, in steps of 20 °C.  The devices were installed in a TAS Micro MT climatic 

cabinet for temperature control.  A Keithley 6487 Picoammeter/Voltage Source was used to bias 

the devices.  National Instruments Labview software was used to automate the measurements.  To 

ensure thermal equilibrium, each device was allowed 30 min to stabilise at each temperature 

before measurements began (see Section 2.8). 

The results showed that the dark current was increased at high temperatures for all applied bias, 

as shown in Figure 3.14.  The dark currents of both devices at the same reverse bias and 
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temperature were similar because the packages of the diodes (rather than the semiconductor 

junctions) are the dominant source of leakage current in the system.  The dark currents of the 

0.06 mm2 photodiode and the 0.5 mm2 photodiode at 120 V reverse bias were both found to be 

0.2 pA ± 0.4 pA at 40 °C, and 1.454 nA ± 0.005 nA and 1.537 nA ± 0.005 nA, respectively, at 

140 °C.  At temperatures < 40 °C, the leakage currents of the devices were too small to measure 

with the experimental apparatus used.  It is interesting to compare the high temperature leakage 

currents of the present devices with high-quality custom-made X-ray photodiodes.  The leakage 

current densities of the 0.06 mm2 and 0.5 mm2 photodiodes at 100 °C were 

7.9 nA/cm2 ± 0.7 nA/cm2 and 2.6 nA/cm2 ± 0.1 nA/cm2, respectively, at applied electric fields of 

101 kV/cm.  These are comparable to previously reported custom-made SiC X-ray detectors of 

high quality (e.g. 1 nA/cm2 with mean electric field of 103 kV/cm at 107 °C (Bertuccio et al., 

2011)), and better than some custom-made GaAs X-ray photodiodes at 100 °C (e.g. 20 µA/cm2 

with an electric field of 21.4 kV/cm (Lioliou et al., 2016b)). 

 

Figure 3.14.  Leakage current as a function of temperature for (a) 0.06 mm2 photodiode and (b) 

0.5 mm2 photodiode in the range of 40 °C to 140 °C at varying reverse biases. 
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3.5 X-ray detection at high temperatures 

3.5.1 Current mode X-ray detection 

An 55Fe radioisotope X-ray source (Mn Kα = 5.9 keV; Mn Kβ = 6.49 keV; activity = 231 MBq; 

active area = 28.27 mm2) was placed 2 mm above the photodiodes to investigate the soft X-ray 

response of the photodiodes at varying temperatures (see Section 2.8).  The measured 

photocurrents (the illuminated current with the previously measured dark current subtracted) as 

functions of applied reverse bias for the 0.06 mm2 and 0.5 mm2 devices are presented in 

Figure 3.15, at temperatures from 40 °C to 80 °C.  At temperatures above 80 °C, the 

photocurrents of both devices could not be measured due to the high dark currents of the devices 

at temperatures > 80 °C relative to the comparatively small photocurrent, and the sensitivity of 

the Keithley 6487 Picoammeter/Voltage Source.  The photocurrents of the 0.06 mm2 photodiode 

and the 0.5 mm2 photodiodes were found to be 4.2 pA ± 0.2 pA and 28.4 pA ± 1.3 pA at 80 °C 

and 120 V reverse bias, respectively. 

 

Figure 3.15.  Photocurrent as a function of applied reverse bias for the 0.06 mm2 (80 °C, open 

squares; 60 °C, + symbols; 40 °C, dashes) and 0.5 mm2 (80 °C, open circles; 60 °C, open 

diamonds; 40 °C, open triangles) photodiode.  Expected photocurrents for the 0.06 mm2 

photodiode (dash line), and 0.5 mm2 photodiode (solid line) at 40 °C. 

In order to calculate the expected photocurrents for these photodiodes, assuming an electron-hole 

pair creation energy for 4H-SiC = 7.8 eV (Bertuccio & Casiraghi, 2003), and given the quantum 

efficiencies of the devices computed from the calculated depletion widths at 120 V reverse bias 

(2.4 µm for 0.06 mm2 photodiode; 4.5 µm for 0.5 mm2 photodiode) at 40 °C, as well as the 

activity geometry of the 55Fe radioisotope X-ray source, and its relative X-ray emission 

probabilities (Mn Kα 5.9 keV = 0.245; Mn Kβ 6.49 keV = 0.0338 (Schötzig, 2000)), by using 
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Equation 2.6, the calculated expected photocurrents at 120 V reverse bias of the 0.06 mm2 

photodiode and 0.5 mm2 photodiode were 0.41 pA and 6.17 pA, respectively.  These values 

assume that only charge created in the depletion region contributed to the signal and that there 

was 100 % charge collection efficiency (Sze, 1985) (Nava et al., 2008). 

Interestingly, the expected photocurrents were much smaller than the measured photocurrents of 

the 0.06 mm2 photodiode and 0.5 mm2 photodiode at 120 V and 40 °C.  The largest measured 

photocurrents of the 0.06 mm2 photodiode 4.23 pA ± 0.41 pA and 0.5 mm2 photodiode 

28.41 pA ± 0.49 pA were obtained at 120 V reverse bias and 80 °C. 

The apparent greater than expected photocurrents are possibly due to several factors.  Firstly, 

contribution from electron-hole pairs generated around the edge of the depletion region leading 

to collection of charge carriers from a greater volume than assumed will have augmented the 

signal (i.e. at least some carriers generated outside of the depletion region contributed to the 

detected signal).  If this was the sole influencing effect, the detected photocurrents imply that the 

active thicknesses of the detectors were 8.1 µm for the 0.5 mm2 photodiode (i.e. 3.6 µm beyond 

the depletion region, which is conceivable), and 34.5 µm for the 0.06 mm2 photodiode (which is 

too large to be reasonable).  Secondly, there may also have been some contribution from impact 

ionisation (Loh et al., 2008); however, it should be noted that the devices were operated at a lower 

electric field strength (0.5 MV/cm, assuming a uniform field across the depletion layer) than that 

at which avalanche multiplication in 4H-SiC has been previously reported to start to play a role 

in current generation (0.9 MV/cm (Loh et al., 2008)).  Thus, it is hypothesized that if there was 

impact ionisation, it would have been due to localised material defects in the detector leading to 

localised regions of high electric field strength, rather than multiplication across the whole of the 

depletion layer.  The electric field-dependence of the photocurrent of the 0.5 mm2 photodiode 

became significant at high reverse bias (> 60 V) which is consistent with increased avalanche 

multiplication, which is also field-dependent.  However, the effects were found to be more 

significant at higher temperatures.  Since the temperature dependences of the impact ionisation 

coefficients have previously been reported to be such that avalanche multiplication is reduced at 

higher temperatures as a result of increased phonon scattering (Raghunathan & Baliga, 1999) 

(Niwa et al., 2014), if an explanation of a contribution from impact ionisation is correct, the 

mechanism or mechanisms causing the increased localised high electric field strength would have 

implied a stronger positive temperature coefficient than the negative temperature coefficient of 

the impact ionisation coefficients.  Thus, the exact nature of any contribution from impact 

ionisation, if there was any, is still to be determined.  A third explanation for the increasing 

photocurrent seen at high temperatures and reverse biases may be that under these conditions, the 

electron-hole pairs created by the X-ray photons increased the conductivity of the material such 
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that a greater current from the bias supply could flow as a result of that decreased resistivity; this 

is thought to be unlikely given the relatively small amount of charge being created in the detectors 

by the X-ray photons per unit time.  A final alternative explanation, is that the leakage current of 

the detectors may have been increased (relative to the prior leakage current measurements) if the 

detectors were disturbed when the 55Fe radioisotope X-ray source was positioned above each of 

them.  However, the utmost care was taken to avoid such disturbance.  Use of a chopper wheel 

and lock-in amplifier may have enabled this influence to be quantified or discounted, but our 

laboratory does not have such equipment at present. 

3.5.2 X-ray spectroscopy and noise analysis 

3.5.2.1 Photon counting spectroscopy with an 55Fe radioisotope X-ray source 

The 0.06 mm2 photodiode was connected to a custom-made low-noise charge-sensitive 

preamplifier with a wire-ended packaged 2N4416A silicon input JFET (capacitance = 2 pF) and 

installed in a TAS Micro MT climatic cabinet for temperature control.  The leg of the detector 

was directly soldered to the gate leg of the packaged JFET.  An ORTEC 572A shaping amplifier 

and an ORTEC EASY-MCA 8k multi-channel analyser (MCA) were connected to the 

preamplifier (see Section 2.11).  The photodiode was illuminated with the 55Fe radioisotope X-ray 

source, which was placed 2 mm above the photodiode.  The system was investigated at different 

shaping times (0.5 μs, 1 μs, 2 μs, 3 μs, 6 μs, and 10 μs) at each temperature (from 100 °C to 0 °C, 

with 20 °C steps) with the photodiode reverse biased at 100 V.  Each spectrum had a live time 

limit of 60 s.  The resulting spectra were calibrated in energy terms by using the position of the 

zero energy noise peak and the position of the fitted Kα at 5.9 keV for each spectrum as points of 

known energy on MCA's charge scale and assuming a linear variation of detected charge with 

energy.  The energy resolution of the system at temperatures from 100 °C to 0 °C as quantified 

by the full width at half maximum (FWHM) of the 5.9 keV peak as functions of shaping time is 

shown in Figure 3.16.  
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Figure 3.16.  Measured FWHM at 5.9 keV of the system as functions of applied shaping time at 

100 V reverse bias. 

At 100 °C, the photopeak could not be resolved from the zero energy noise peak at shaping times 

longer than 3 μs due to the large leakage current of the device (50 pA).  At this temperature, the 

photopeak was also unresolved from the zero energy noise peak at a shaping time of 0.5 μs, due 

to the capacitance of the detector.  However, a photopeak was resolved with the system at this 

temperature for shaping times of 1 μs (FWHM = 2.68 keV), 2 μs (FWHM = 2.62 keV), and 3 μs 

(FWHM = 2.68 keV).  The best energy resolution achieved with the system at each temperature 

is shown in Figure 3.17.  The energy resolutions at 5.9 keV at high temperature were not as good 

as some wide bandgap devices specifically designed for X-ray detection, e.g. GaAs mesa 

photodiodes (1.5 keV at 80 °C, area of 0.03 mm2 (Barnett et al., 2011); 840 eV at 60 °C, area of 

0.03 mm2 (Lioliou et al., 2016b) and the best results obtained with custom-made SiC X-ray 

detectors (233 eV at 100 °C, area of 0.4 mm2) (Bertuccio et al., 2011), however, the FWHM of 

the device was comparable to Al0.8Ga0.2As X-ray detectors at 80 °C (2.0 keV, area of 0.03 mm2) 

(Barnett et al., 2010).  Example spectra obtained with the present system at 0 °C and 60 °C are 

shown in Figure 3.18.  
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Figure 3.17.  The measured best energy resolution of the 0.06 mm2 photodiode as a function of 

temperature at 100 V reverse bias.  The shaping time which gave the best energy resolution at 

each temperature, τopt is indicated. 

 

Figure 3.18.  55Fe X-ray spectrum obtained with 0.06 mm2 photodiode at 100 V reverse bias at 

0 °C and 60 °C. 

3.5.2.2 Noise analysis 

The energy resolution (FWHM) of a photodiode X-ray spectrometer is generally limited by the 

electronic noise of the detector and preamplifier, by the incomplete charge collection noise, and 

by the Fano noise (Owens, 2012).  The Fano noise is determined by the statistical fluctuations in 

the number of the electron-hole pairs created in the process of photon absorption (Owens, 2012).  

The expected Fano-limited resolution (FWHMFano) of the devices examined here can be calculated 

as 160 eV at 5.9 keV, assuming the average energy consumed in the generation an electron-hole 

pair was 7.8 eV (Bertuccio & Casiraghi, 2003), and the Fano factor was 0.1 (Bertuccio et al., 

2011).  Clearly, the Fano noise was not the dominant noise contributor in the energy resolution 
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of the system presented, rather the energy resolution was degraded by other noise sources. 

The electronic noise arises from the series white noise including induced gate current noise, 

parallel white noise, 1/f series noise, and the dielectric noise.  A detailed explanation of the origin 

of each electronic noise can be found in Bertuccio & Pullia (1993) and Lioliou & Barnett (2015).  

The series white noise is proportional to the total capacitance at the preamplifier input (including 

the capacitances of the photodiode, input JFET of the preamplifier, feedback capacitor, and stray 

capacitances), it is inversely proportional to the shaping time.  The parallel white noise is 

proportional to the leakage current of the photodiode and the input JFET, and it is proportional to 

the shaping time.  The 1/f series noise is proportional to the total capacitance at the preamplifier 

input (including the capacitances of the photodiode, input JFET of the preamplifier, feedback 

capacitor, and stray capacitances), it is independent of the shaping time.  Using the method given 

by Bertuccio & Pullia (1993), the capacitance and the leakage current of the input JFET can be 

estimated across the temperature range.  A constant dielectric dissipation factor (dielectric loss 

tangent) of 4H-SiC (3.4 × 10-5 (Jung et al., 2014)) and Si (0.2 × 10-3 (Lowe & Sareen, 2013)) 

through the temperature range was assumed (Hartnett et al., 2011) (Jung et al., 2014).  According 

to the estimated the leakage current and the capacitance of the input JFET and the measured 

leakage current and capacitance of the detector, parts of the electronic noise can be calculated 

(parallel white noise, series white noise, 1/f series noise, and the known (i.e. readily calculable) 

dielectric noises of the 4H-SiC photodiode and the Si input JFET) at different temperatures.  The 

calculated Fano noise, series white noise including induced gate current noise, parallel white noise 

and the 1/f series noise, the quadratic sum of known dielectric noise of the detector and the input 

JFET, and the quadratic sum of unknown dielectric noise and incomplete charge collection noise 

of the system are as shown in Figure 3.19.  
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Figure 3.19.  Calculated components of noise contribution for the 0.06 mm2 photodiode 

connected to the custom low-noise charge-sensitive preamplifier, at the optimal shaping time at 

each temperature.  Measured FWHM at 5.9 keV (open circles), computed quadratic sum of 

known dielectric noise (4H-SiC photodiode and Si input JFET) (+ symbols), computed 

quadratic sum of unknown dielectric noise and incomplete charge collection noise (open 

squares), parallel white noise (open triangles), series white noise including induced gate drain 

current noise (open diamonds), Fano noise (solid line), and 1/f series noise (× symbols). 

The unknown dielectric noise (and series white noise from unknown stray capacitances (Owens, 

2012)) and any possible contribution from the incomplete charge collection noise cannot be 

directly calculated in this case.  However, it is clear that the combined contributions of the 

unknown dielectric noise, noise from any unknown stray capacitances, and from any incomplete 

charge collection noise (where incomplete charge collection arises solely from carriers created in 

the substrate, not the epitaxial layers) are in combination the dominant noise for this system.  The 

dielectric noise (and noise from stray capacitances) is thought to arise from dielectric materials 

of the capacitances and packages, by using a bare die JFET directly wire-bonded to the detector 

could be expected to descent the noise significantly (Bertuccio et al., 1996).  The incomplete 

charge collection noise is related to the detector's charge diffusion and collection properties as 

well as to the trap density distribution in the detector (Owens, 2012). 

The variation with temperature of the capacitance and the leakage current of the device in part 

determines the series white noise, 1/f series noise, parallel white noise at each temperature.  By 

changing the shaping time, the optimal energy resolution (within the limits of the range of shaping 

times available with the shaping amplifier used), that could be achieved at each temperature 

(Bertuccio et al., 1996) (Barnett et al., 2012) was obtained.  As shown in Figure 3.17, the longest 

shaping time (τ = 10 µs) was selected to achieve the optimal energy resolution (FWHM at 5.9 keV) 

at low temperature (< 20 °C) because the leakage current (and hence parallel white noise) was 
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small compared with the series white noise.  On the contrary, shorter shaping times resulted in 

better energy resolutions at high temperature (> 40 °C) as the leakage current increased and the 

balance between the parallel white noise and series white noise changed. 

 

3.6 Conclusions and discussion 

Measurements characterising four commercial 4H-SiC photodiodes of two different areas 

(0.06 mm2 and 0.5 mm2) as well as the performance of these devices as X-ray detectors operated 

in a current mode and a photon counting spectroscopic mode at room temperature (24 °C) have 

been presented.  Moreover, one of the 0.06 mm2 photodiodes and one of the 0.5 mm2 photodiodes 

were selected to investigate their electrical performance and the response to the soft X-ray source 

at high temperatures. 

The measurements of capacitance as functions of applied reverse bias showed consistent 

characteristics between photodiodes of the same active area at room temperature.  The depletion 

widths (2.5 µm and 4.5 µm, respectively) of the devices were calculated based on the capacitance 

measurements.  The photodiodes were found to be fully depleted at ≥ 120 V reverse bias at room 

temperature.  The results of measurements of the capacitance of one of the 0.06 mm2 photodiodes 

and one of the 0.5 mm2 photodiodes as functions of applied reverse bias at different temperatures 

showed the consistent capacitance in the investigated range of temperature at high reverse bias 

(≥ 100 V) for both photodiodes.  The depletion widths for both devices were found to be 2.34 µm 

± 0.03 µm and 4.47 µm ± 0.02 µm at the maximum investigated bias of 120 V at a temperature 

of 140 °C.  At room temperature, measurements of leakage current as a function of applied reverse 

bias showed low leakage currents among these photodiodes (< 10 pA) at 100 V reverse bias; the 

current densities were found between 300 pA/cm2 and 900 pA/cm2 with the 0.06 mm2 

photodiodes (at electric field strengths of 403 kV/cm) and 1.2 nA/cm2 to 1.4 nA/cm2 with 0.5 mm2 

photodiodes (at electric field strengths of 227 kV/cm).  Measurements of leakage current as 

functions of applied reverse bias at varying temperature showed the low leakage currents among 

these devices (< 10 pA) at 120 V reverse bias at the temperatures lower than 60 °C.  The measured 

leakage currents of both devices were found to be < 2 nA at 120 V reverse bias (electric field 

strengths of 514 kV/cm and 269 kV/cm for 0.06 mm2 photodiode and 0.5 mm2 photodiode, 

respectively) at the highest investigated temperature (140 °C). 

The performance of the four 4H-SiC photodiodes as X-ray detectors was investigated by the 

measuring the photocurrent generated when the devices were illuminated by an 55Fe radioisotope 
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X-ray source, and by connecting the photodiodes to a custom low-noise charge-sensitive 

preamplifier and investigating their performance as detectors for photon counting X-ray 

spectroscopy.  The photocurrents were found to be 5 pA with the 0.06 mm2 photodiodes and 

7 pA – 19 pA with 0.5 mm2 photodiodes at room temperature.  Besides, the largest photocurrents 

were found to be 4 pA with one of the 0.06 mm2 photodiodes and 28 pA with one of the 0.5 mm2 

photodiodes at the highest investigated temperature (80 °C) and reverse bias (120 V).  Four 

detectors functioned as photon counting spectroscopic X-rays detectors with modest energy 

resolution (the FWHM at 5.9 keV of the 0.06 mm2 and 0.5 mm2 photodiodes were 1.8 keV and 

3.3 keV at 100 V reverse bias, respectively).  Although the energy resolutions were not as good 

as many custom X-ray detectors, the results indicated these photodiodes can be used for photon 

counting X-ray spectroscopy at room temperature albeit with modest energy resolution.  Noise 

analysis of this system was also presented.  It showed that dielectric noise and series white noise 

from stray capacitances were the dominant noise sources in the system.  If the noise, which was 

a consequence of the non-optimal design of the connection of the detectors to the preamplifier, 

could be entirely eliminated the energy resolution would be expected to improve to 1.1 keV.  One 

of the 0.06 mm2 detectors functioned as photon counting spectroscopic X-rays detector with 

modest energy resolution (the FWHM at 5.9 keV was 2.6 keV at 100 V reverse bias) at 100 °C.  

Although the energy resolution was not as good as many custom X-ray detectors, the results 

showed that the commercial off-the-shelf photodiode could be used for photon counting X-ray 

spectroscopy at high temperature.  Noise analysis of the system was also presented.  It showed 

that the dielectric noise and possible partial charge collection from the substrate were the 

dominant noise sources in the system in the investigated range of temperatures. 

The results presented here indicated these devices achieved a modest spectral resolution which 

can be a potential attractive option for future low-cost high temperature (> room temperature) 

X-ray detection applications such as university-led CubeSat missions. 
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Chapter 4 Further X-ray Spectroscopy and Electron Spectroscopy 

with a Commercial 4H-SiC UV Photodiode 

 

4.1 Introduction 

Whilst significant work developing SiC for photon counting X-ray spectroscopy has been 

conducted and reported with superb results (Bertuccio et al., 2004) (Bertuccio et al., 2011).  SiC 

has also reported much attention as a particle detector with excellent results, including good 

properties such as 100% charge collection efficiency (Nava et al., 2004), and high energy 

resolution (e.g. 0.25% FWHM for 5.486 MeV of 241Am (Zat'ko et al., 2015)).  However, most 

work on SiC X-ray and particle detectors has concentrated on custom-made devices, as has 

already been discussed. 

The previous chapter demonstrated that commercial 4H-SiC UV photodiodes could be used for 

X-ray detection at high temperature (> room temperature) without cooling, thus paving the way 

for these devices to be used for space science and other applications in future.  In this chapter, 

one of the 0.06 mm2 4H-SiC photodiodes has been further characterised across the energy range 

from 4.95 keV to 21.17 keV, using eight different high-purity metal foils fluoresced by an X-ray 

tube with a Mo cathode at a temperature of 33 °C (see Section 4.3).  Moreover, the performance 

of this photodiode as a detector for electrons (β- particles) detection over the temperature range 

100 °C to 20 °C is also presented (see Section 4.4).  Use of such detectors for electron 

spectroscopy extends their usefulness beyond X-ray astronomy and planetary science and into 

space plasma physics. 

 

4.2 Electrical characterisation at 33 °C 

4.2.1 Capacitance-voltage measurements 

Measurements of the photodiode’s capacitance as a function of applied reverse bias have been 

reported at temperatures from 140 °C to 0 °C, in 20 °C steps in Section 3.4.  However, since the 

new X-ray characterisation reported in Section 4.3 of the present chapter was conducted at 33 °C 

(a temperature at which capacitance measurements have not been previously reported for this 

photodiode), for completeness, the capacitance of the packaged 0.06 mm2 4H-SiC UV photodiode 

was measured as a function of applied reverse bias at 33 °C.  As per previous work, an HP 4275A 
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Multi Frequency LCR meter was used, in conjunction with a Keithley 6487 Picoammeter/Voltage 

Source to bias the device, and a TAS Micro MT climatic cabinet for temperature control (see 

Section 2.9).  The device was installed inside the cabinet and left to stabilise at 33 °C for 30 min 

before starting the measurement.  The AC test voltage signal magnitude and frequency of the 

LCR meter were set at 60 mV rms and 1 MHz, respectively.  National Instruments Labview 

software was used to automate the capacitance measurements. 

In order to extract the capacitance of the photodiode itself, and separate it from the capacitance 

of the package (the photodiode and package were considered to be connected in parallel), a 

sacrificial device of the same type but with its bond wires removed was also measured to yield 

the packaging capacitance.  The capacitance of the photodiode was calculated by subtracting the 

packaging capacitance (0.75 pF ± 0.01 pF) from the measured total capacitance of the packaged 

device.  The depletion width of the photodiode can be calculated based on the Equation 2.3.  The 

measured capacitance, the calculated depletion width and the C-2 of the photodiode as functions 

of applied reverse bias at 33 °C are shown in Figure 2.1, respectively.  The photodiode appeared 

to be fully depleted at reverse biases ≥ 100 V, with the implied thickness of the depletion width 

= 2.69 μm ± 0.05 μm at 100 V reverse bias.  The uncertainties associated with the calculated 

depletion widths were computed taking into account the uncertainties in the capacitance 

measurements and the Debye length.  
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Figure 4.1.  The measured capacitance, C, (a), calculated apparent depletion width (b), and C-2 

(c) of the 0.06 mm2 4H-SiC photodiode as functions of applied reverse bias at 33 °C.  The line 

of best fit was found from 0 V to 75 V as determined by linear least squares fitting is also 

presented. 

Whilst a depletion layer thickness of only 2.69 μm suggests that the quantum efficiency of such 

a detector would be very low at X-ray energies, previous investigation of these devices showed 

substantially greater photocurrents than would be expected if the active region of the photodiodes 
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was simply limited to the apparent depletion width (see Sections 3.3.1 and 3.5.1).  Previous 

photocurrent measurements using an 55Fe radioisotope X-ray source to illuminate the detector 

suggested that the thickness of the active region was 34.5 μm (see Section 3.5.1).  In addition to 

the epitaxial layer, part of the substrate was also considered to constitute the active region of the 

device; the larger than expected photocurrent that was previously measured may be attributed to 

the collection of the charge carriers generated around the edge of the depletion region (see 

Section 3.5.1).  Because the contact of the photodiode has an optical window, and assuming the 

top layer of the photodiode was active, the quantum detection efficiency, assuming complete 

collection of the charge created by the X-rays absorbed in the active region, (i.e. active region 

thicknesses of 2.69 μm and 34.5 μm) was computed using Equation 2.9.  The calculated quantum 

detection efficiencies of different thickness of the active regions of the diode are presented in 

Figure 4.2 at X-ray energies up to 24 keV. 

 

Figure 4.2.  The calculated quantum detection efficiencies of the 0.06 mm2 4H-SiC photodiode 

based on two different thicknesses of active layer (2.69 μm, dashed line; 34.5 μm solid line) as a 

function of X-ray energy.  The discontinuity at 1.8 keV is the Si K absorption edge. 

4.2.2 Current-voltage measurements 

Previous measurements of the device’s current-voltage characteristics showed that its leakage 

current at temperatures < 40 °C was too small to be measured with the available experimental set 

up, even when the detector was operated at high reverse bias (100 V) (see Section 3.4.2).  

However, because the new X-ray measurements reported in Sections 4.3 of this chapter used long 

accumulation times (14,000 s and 6 h, respectively) with the device kept reverse biased for these 

periods, measurements were conducted to determine the time stability of the leakage current.  

Using a Keithley 6487 Picoammeter/Voltage Source, a TAS Micro MT climatic cabinet, and 

National Instruments Labview software to automate the measurements (see Section 2.8), the 
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photodiode’s leakage current was measured as a function of time when reverse biased at 100 V 

for 6 h at 33 °C (the temperature at which the X-ray measurements were conducted).  The 

measurements showed that the leakage current remained constant and low (< 0.2 pA) throughout 

the 6 h period. 

 

4.3 X-ray energy calibration at 33 °C 

4.3.1 X-ray fluorescence measurements 

In order to accumulate X-ray fluorescence spectra for the eight different high-purity (≥ 98.7%) 

metal foils (the details of which are shown in Table 2.1), the photodiode was connected to a 

custom-made low-noise charge-sensitive preamplifier with a 2N4416 Si input JFET (capacitance 

= 2 pF).  The detector and preamplifier were housed in a light-tight die cast box, with a 4 μm thick 

Al X-ray window.  The detector was well centred in the middle of the window.  An ORTEC 572A 

shaping amplifier and an ORTEC EASY-MCA 8k multi-channel analyser (MCA) were connected 

to the preamplifier.  The preamplifier and photodiode were installed within a LD Didactic X-ray 

apparatus (LD Didactic 554 800) with a Mo X-ray tube (LD Didactic 554 861) and a sample stand 

goniometer (LD Didactic 554 831) which was used to hold each high-purity foil in turn.  A 

custom-made aluminium-PTFE collimator (20 mm central open diameter) was used to collimate 

the X-rays from the X-ray tube.  The sample stand goniometer was set at 45 ° with respect to the 

collimator.  The detector was positioned at 135 ° with respect to the collimator, with the detector 

facing towards the focus of the circle of rotation (see Section 2.11).  The distance between the 

centre of the Mo target tube and the collimator was 40 mm ± 3 mm, the length of the collimator 

was 105.00 mm ± 0.02 mm, the distance between the collimator and the target stand goniometer 

was 43 mm ± 1 mm, the distance between the target stand goniometer and the spectrometer was 

57 mm ± 1 mm, and the solid angle subtended by the detector from the position of the target stand 

goniometer was 0.015 π sr ± 0.001 π sr.  This geometry minimised the detection of X-rays directly 

from the tube whilst ensuring good detection of the fluorescence X-rays from the foils.  The PTFE 

inner of the collimator ensured complete absorption of any fluorescence X-rays from the 

aluminium of the collimator.  In order to eliminate any influence of humidity effects upon the 

detector, dry N2 gas was flowed through the detector-preamplifier assembly throughout the 

accumulation of the spectra.  The preamplifier was powered continuously throughout the 

accumulation of the spectra of the foils.  The photodiode was reverse biased at 100 V to 

accumulate each spectrum and was only powered off when the high-purity fluorescence foil was 

changed.  The shaping time of the shaping amplifier was set to the longest available (10 μs) due 
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to the large capacitance and low leakage current of the detector in order to minimise total 

electronic noise and thus achieve better energy resolution (Bertuccio et al., 1996) (Barnett et al., 

2012). 

Each foil was fluoresced by X-rays from the Mo X-ray tube, which was operated at a potential 

difference of 35 kV and a current of 1 mA.  X-ray fluorescence spectra were accumulated for each 

foil using the SiC detector.  The accumulation time for each spectrum was 14,000 s.  To ensure 

the temperatures of the detector, preamplifier, and X-ray tube were constant, the X-ray tube was 

switched on and allowed to warm up for three hours prior to the start of spectrum accumulation 

in each case; this brought the environment of the detector and preamplifier to a constant 

temperature of 33 °C (Barnett et al., 2013b).  The MCA’s charge scale was energy calibrated 

using the measurement described in Section 4.3.3; the equation relating photon energy to MCA 

channel number is given as Equation 4.1 in Section 4.3.3. 

4.3.2 Spectrometer energy resolution 

The Fano-limited energy resolution as quantified by the full width at half maximum of a 

photopeak (FWHMFano) of a non-avalanche photodiode X-ray spectrometer is given by the 

Equation 2.12.  However, the energy resolution of a photodiode spectrometer is further affected 

by noise from incomplete charge collection and electronic noise (including parallel white, series 

white, 1/f series, and dielectric noise) from the detector and preamplifier system, and the shaping 

amplifier characteristics.  Thus the total noise limiting the energy resolution of the spectrometer 

arises not only from the Fano noise of the detector but also these other sources (see 

Equation 2.13).  aEb is the incomplete charge collection noise (see Equation 2.13) from the 

detector with a and b being semi-empirical constants determined by best-fitting (Owens, 2012).  

A detailed electronic noise analysis for the detector at room temperature was presented in 

Section 3.3.2.2. 

For each foil X-ray spectrum obtained, the FWHM of the foil’s primary X-ray fluorescence line 

was measured and is shown in Figure 4.3.  An example X-ray fluorescence spectrum obtained 

with the Ge (Kα = 9.88 keV and Kβ = 10.98 keV (Sánchez del Rio et al., 2003)) foil is presented 

in Figure 4.4.  The expected Fano-limited FWHM at 9.88 keV for a SiC detector is 207 eV. 
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Figure 4.3.  Measured FWHM of the primary X-ray fluorescence lines of eight different 

materials with the detector operated at 100 V reverse bias (VR) and using a 10 μs shaping time 

(τ).  The expected FWHM from Equation 2.13 model is also presented. 

 

Figure 4.4.  Ge X-ray fluorescence spectrum accumulated with the 0.06 mm2 4H-SiC 

photodiode at 100 V reverse bias.  The dotted line is the obtained Ge spectrum, the dashed lines 

are the fitted Ge Kα and Kβ peaks, and the solid line is the combination of the fitted Ge Kα and 

Kβ peaks. 

The results in Figure 4.3 show that a FWHM of 1.6 keV – 1.8 keV was achieved across the energy 

range 4.95 keV – 21.17 keV.   In each case, the FWHM was substantially larger than the expected 

FWHMFano due to the influence of the additional noise components in Equation 2.13 cf. 

Equation 2.12.  At the softest investigated energy V Kα1 (4.95 keV), the low energy tail of the 

photopeak was also partly overlapped by the tail of the zero energy noise peak which broadened 

the apparent FWHM of the V Kα photopeak. 

Excluding V, the measured FWHM of the primary fluorescence line of each foil was found to be 
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a function of photon energy.  Interestingly, even though the FWHMFano was calculated to increase 

with increasing photon energy, the experimentally observed FWHM increase could not be 

explained solely by the increasing Fano noise.  The greater than anticipated increase in the 

measured FWHM with increased photon energy may be attributable to incomplete charge 

collection noise; electronic noise is independent of photon energy but incomplete charge 

collection noise is energy dependent (Owens et al., 2001).  As discussed in Section 4.2.1, it 

appeared that the active region of the photodiode was not restricted to the apparent depletion layer 

thickness (i.e. the epilayer) but more likely also included a portion of the device’s substrate.  

Charge transport in high-quality 4H-SiC epilayers is such that significant incomplete charge 

collection is improbable in such an epilayer, especially at the field strengths investigated.  

However, the same is not necessarily true for the substrate on which the epilayer was grown, 

particularly because the substrate will have a lower electric field strength within it compared to 

the epilayer, even when the photodiode is operated at high reverse bias.  Given this, it is 

hypothesised that any apparent incomplete charge collection noise from the detector results from 

charge carriers created in the substrate as a result of photons absorbed there, rather than from 

charge carriers created by photons absorbed in the epilayer (see Section 3.5.1).  Furthermore, 

generally speaking, lower energy X-ray photons have larger linear attenuation coefficients than 

higher energy X-ray photons.  Thus, given the relative thinness of the detector’s epilayer, the 

energy dependence of the apparent incomplete charge collection noise may have been further 

enhanced by positional effects: proportionally more photons of higher energy (cf. those of lower 

energy) will have been absorbed in the possibly lossy substrate compared with the high-quality 

epilayer.  Thus, the significance of incomplete charge collection noise from the substrate may 

have been augmented by this at higher photon energies.  The claim of a 34.5 µm active layer was 

based on the assumption of the active region of the substrate having the same quantum efficiency 

as the epilayer.  The thickness of the active layer may be different if the quantum efficiency of 

the substrate deviates significantly from that of the epilayer as a result of charge trapping or other 

loss mechanisms in the substrate. 

The apparent contribution to the measured FWHM from incomplete charge collection noise was 

calculated by fitting the data at energies ≥ 5.41 keV (Cr Kα1) and assuming a form aEb (as per 

Equation 2.13).  It was found that a = 0.03 and b = 1, with the electronic noise (M in 

Equation 2.13) = 1650 eV ± 15 eV.  The incomplete charge collection noise of the detector at Cr 

Kα1 (5.41 keV) was found to be 162 eV.  At the highest investigated energy (Pd Kα1 = 21.17 keV) 

the incomplete charge collection noise was 635 eV.  These apparent noise contributions were 

larger than the Fano noise at each energy (e.g. 153 eV at 5.41 keV; 303 eV at 21.17 keV) but 

much smaller than the electronic noise. 
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The energy resolutions achieved were modest compared with the highest quality custom SiC 

X-ray photodiodes (FWHM = 196 eV at 5.9 keV (Bertuccio et al., 2011)) and high quality GaAs 

X-ray photodiodes (FWHM = 625 eV at 5.9 keV (Lioliou & Barnett, 2016); and FWHM = 380 eV 

at 5.9 keV (Owens et al., 2002)).  However, they were comparable to some custom SiC X-ray 

detectors (FWHM = 1.6 keV at 5.9 keV (Barnett, 2011) and FWHM = 1.36 keV to 1.68 keV at 

17.4 keV (Lioliou et al., 2016c)) and better than has been achieved using other SiC UV 

photodiodes repurposed as X-ray detectors (FWHM = 3 keV at 5.9 keV (Lees et al., 2012)). 

4.3.3 Energy response linearity 

In addition to other characteristics, such as energy resolution and quantum efficiency, an 

important characteristic of detectors for X-ray spectrometers for photon counting spectroscopy is 

their energy response linearity; this is the degree to which the charge output by the detector is 

linearly proportional to the energy of the incident photon.  It has been previously shown that high 

energy linearity is achievable with compound semiconductor detectors (Bertuccio et al., 1997).  

Good understanding of the detector’s performance in this regard is essential in order to achieve 

accurate calibration of the energy scale of X-ray spectra obtained with the device.  The energy 

response linearity of an X-ray photodiode is influenced by factors including polarization effects, 

charge trapping, and charge collection efficiency (Knoll, 2010).  In order to characterise the 

energy linearity of the SiC detector X-ray spectrometer, the spectra obtained of the eight 

high-purity fluorescence foils were fitted with Gaussians in order to determine in each case the 

multi-channel analyser (MCA) channel number at which the centroid of the primary X-ray 

fluorescence peak (see Table 2.1) was located.  The positions of the photopeak centroids in terms 

of MCA channel number were then plotted as a function of photopeak energy in order to produce 

Figure 4.5.  In cases of multiple overlapping peaks (e.g. for the Kα and Kβ peaks of Ge, as shown 

in Figure 4.4) the primary emission line peak was deconvolved from the detected combined 

photopeak to enable the position and energy of the primary photopeak to be used. 

Linear least squares fitting showed that the relationship between the incident photon energy, E (in 

units of keV), and the MCA channel number, Y (in units of adu), was represented by the equation, 

𝑌 = (32.55 ± 0.04)𝐸 + (2.07 ± 0.45).      (4.1) 

The fitting error bars (± 0.61 channels) associated with each data point were determined using the 

gradient and the y-axis intercept of the linear least squares fitting, which can be expressed as 
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where, n is the number of data points, Ei (in units of keV) is the photon energy, and Yi (in units of 

adu) is the MCA channel number, of the ith data point.  This error bar was smaller than the 

analytical uncertainty associated with the determination of the centroid for each peak, and thus 

the data in Figure 4.5 were appropriately fitted by a linear equation.  The results show that despite 

the possible presence of some incomplete charge collection from photons absorbed in the device’s 

substrate, the spectrometer’s energy scale is still linear over the investigated range. 

 

Figure 4.5.  The energy response linearity of the 0.06 mm2 4H-SiC photodiode over the range 

5 keV - 21 keV.  To determine the relationship between the incident photon energy, E, and the 

MCA channel number, Y, the positions of the centroids of the primary X-ray emission lines of 

the obtained spectra (in term of MCA channel number) were plotted as a function of the 

accepted energies of these emissions.  The linearity error (evaluated by residuals of the fit in 

percentage terms) was found to be less than ± 0.7%. 

4.3.4 X-ray intensity measurements 

Even the brightest cosmic X-ray sources provide relatively low X-ray fluxes at the Earth’s orbit 

(e.g. 150 photons cm-2 s-1 for Sco X-1 (Paradijs & Bleeker, 1999)).  Consequently, detectors for 

such applications have to be high efficiency and are commonly accompanied by X-ray optics to 

improve detected count rates.  However, the Sun is a significantly brighter X-ray source, and there 

is the opportunity to make interesting X-ray heliophysics observations using simple and compact 

X-ray instrumentation carried on board CubeSats which do not benefit from X-ray optics 
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(Woods et al., 2017).  X-ray observations of solar flares are one such area of interest, not least 

due to the significant impact solar flares can have on the geospace environment, including 

disrupting communications and navigation technologies, and damaging space hardware.  As 

instrumentation which would be exposed to solar flares, the use of SiC rather than Si detectors in 

solar flare monitoring spacecraft is of interest due to the improved radiation-hardness of SiC.  

Solar flares can give rise to typical X-ray fluxes at the Earth’s orbit of ~105 to 

106 photons s-1 cm-2 keV-1 at X-ray photon energies ≲ 10 keV (Benz et al., 2012), and reduced, 

but still significant, fluxes at harder energies.  For a 0.06 mm2 detector as characterised in this 

article, this suggests detector incident fluxes ~60 to 600 photons s-1 keV-1 at energies ≲ 10 keV. 

In order to investigate the detector’s response to illumination with different intensities (fluxes) of 

X-rays, the count rate of the detector was investigated by fluorescing the Ge (Kα = 9.88 keV and 

Kβ = 10.98 keV) foil sample at five different X-ray tube currents from 0.2 mA to 1.0 mA, in 

0.2 mA steps.  The potential difference of the X-ray tube was kept at 35 kV throughout the 

measurements.  To extend the range of fluxes investigated, the experiment was conducted using 

two custom Al-PTFE X-ray collimators of different internal open diameters (8 mm ± 0.02 mm 

and 20 mm ± 0.02 mm) at each X-ray tube current, in turn.  The collimators were designed such 

that all X-ray fluorescence from the Al cladding of the collimators was absorbed by the PTFE 

inners.  The live time limit for the accumulation of each spectrum was 6 hours.  The equipment 

was otherwise configured as per Section 4.3.2.  The results of X-ray intensity measurements are 

shown in Figure 4.6.  To verify that the X-ray tube’s emission flux was linearly proportional to 

the X-ray tube’s current, the X-ray tube’s emissions were measured at each investigated tube 

current with a reference Si detector (LD Didactic 559 938) prior to the measurements of the Ge 

X-ray fluorescence with the SiC detector.  The measurements with the Si reference detector 

confirmed the X-ray tube’s linear proportionality. 

A linear relationship was found between X-ray tube current and the SiC photodiode’s detected 

count rate, ρ, (as defined by the number of counts contained within the Gaussian fitted to the 

deconvolved Ge Kα peak for each tube current and collimator combination, divided by the 

spectrum’s live limit accumulation time i.e. 6 hours).  By linear least squares fitting, the 

relationships were found to be described by the equations, 

𝜌8mm = (6.50 ± 0.09)𝐼 + (0.09 ± 0.06)     (4.3) 

and 

𝜌20mm = (31.98 ± 0.37)𝐼 − (0.07 ± 0.25),     (4.4) 
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where ρ8mm and ρ20mm are the number of counts per second that contributed to the detected Ge Kα 

peak when the 8 mm and 20 mm collimators were used respectively, and I is the X-ray tube 

current in units of mA.  The error bars associated with each data point as determined by 

Equation 4.2 were ± 0.06 counts s-1 and ± 0.24 counts s-1, respectively.  This is smaller than the 

analytical uncertainty associated with the determination of the number of counts in each fitted 

Gaussian and thus confirmed the appropriateness of a linear fit and hence that the response of the 

SiC spectrometer was linear at detected count rates from 1.4 counts s-1 to 31.7 counts s-1 at 

9.88 keV.  If the quantum efficiency of the detector at this energy was 0.02 (i.e. assuming a 

2.69 µm active layer), these detected count rates correspond to incident 9.88 keV photon fluxes 

of 70 photons s-1 to 1585 photons s-1 on the detector.  If the quantum efficiency of the detector 

was 0.23 (i.e. assuming a 34.5 µm active layer) the count rates correspond to incident 9.88 keV 

photon fluxes of 6 photons s-1 to 138 photons s-1 on the detector.  Whilst it should be noted that 

solar flare X-ray spectra are not monochromatic, and thus the total energy deposited per second 

in a detector of this type when monitoring a flare will be greater than that investigated here, the 

results do provide an initial indication of the detector’s potential suitability for this application in 

terms of count rate linearity near 10 keV. 

 

Figure 4.6.  X-ray intensity response of the 0.06 mm2 photodiode, showing the number of 

detected counts per second (defined as the number of counts contained within the Gaussian 

fitted to the Ge Kα X-ray fluorescence peak divided by the spectrum accumulation time) as a 

function of X-ray tube current.  Count rates are shown when using collimators with 8 mm (open 

circles) and 20 mm (open triangles) diameter apertures.  The linearity error (evaluated by 

residuals of the fit in percentage terms) was less than ± 2%. 
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4.4  Electron spectroscopy experiments 

4.4.1 Leakage currents as functions of applied reverse bias measurement 

The leakage current of the photodiode was measured as a function of applied reverse bias from 

0 V to 100 V in 1 V increments, at temperatures from 100 °C to 20 °C in steps of 20 °C.  To do 

this, the detector was installed inside a light-tight electromagnetically-shielded box inside a TAS 

Micro MT Environmental Test Chamber.  A dry N2 environment (relative humidity < 5%) was 

maintained inside the chamber in order to eliminate any humidity related effects.  A Keithley 

6487 Picoammeter/Voltage Source was used to bias the detector.  National Instruments Labview 

software was used to automate the measurements (see Section 2.8).  To ensure thermal 

equilibrium, the detector was allowed 30 min to stabilise at each temperature before 

measurements were started.  The results are presented in Figure 4.7.  The leakage current of the 

detector at 100 V reverse bias and the highest investigated temperature (100 °C) was found to be 

44.9 pA ± 0.5 pA (corresponding to leakage current density of 74.9 nA/cm2 ± 0.9 nA/cm2).  The 

leakage currents of the device were < 1 pA at temperatures ≤ 40 °C.  It should be emphasised that 

the measured currents include the leakage current of the TO-18 can.  The Keithley 6487 

Picoammeter/Voltage Source had a measurement uncertainty of ± 0.4 pA; as such, the 

measurements at 40 °C and 20 °C shown in Figure 4.7 are considered to be below the noise floor 

of the picoammeter. 

 

Figure 4.7.  Leakage currents as functions of applied reverse bias for the 0.06 mm2 photodiode 

in the range of temperature from 100 °C to 20 °C. 

4.4.2 Current mode β- particle measurements 

A 63Ni radioisotope β- particle source (consisting of a 3 µm thick 63Ni layer electroplated onto an 

~50 µm thick inactive Ni foil substrate and then covered with a protective 1 µm thick inactive 
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electroplated Ni overlayer) was placed 4.5 mm ± 1.0 mm above the photodiode to investigate the 

β- particle response of the photodiode (see Section 2.8).  The 63Ni radioisotope β- particle source 

had an active face area of 49 mm2 and an apparent activity of 136 MBq.  The resultant current 

was measured using the same method as was used for the leakage current measurements (see 

Section 2.8).  The apparent measured β- particle created current (i.e. the current measured with 

each device illuminated with the 63Ni radioisotope β- particle source with the previously measured 

leakage current subtracted) as a function of applied reverse bias for the device at temperatures 

from 100 °C to 20 °C is presented in Figure 4.8. 

 

Figure 4.8.  Measured apparent β- particle created currents as functions of reverse bias for the 

0.06 mm2 photodiode in the range of temperature from 100 °C to 20 °C. 

Previous X-ray measurements with the photodiode suggested that despite the detector having a 

stated epilayer thickness of 5.15 µm (see Section 1.9.1) and a depletion region thickness of 

2.37 µm (assuming a parallel plate capacitance) (see Section 3.4.1), collection of charge carriers 

created by X-rays absorbed substrate may have contributed significantly to the detected signal.  

These previous measurements suggested that the detector appeared to have an active region which 

was 34.5 µm thick (see Section 3.5.1).  Therefore, to compare with the experimental results, 

calculations were performed to predict the β- particle created current expected to be detected under 

the circumstances that the active region thickness was (a) 5.15 µm, (b) 2.37 µm, and (c) 34.5 µm.  

The expected β- particle created current was calculated using Equation 2.7. 

The predicted β- particle created current of the 0.06 mm2 photodiode at room temperature was 

calculated to be 12.5 pA assuming a 5.15 µm thick active region, 9.2 pA assuming a 2.37 µm 

active region, and 13.8 pA assuming a 34.5 µm thick active region.  However, the experimentally 

measured β- particle created current of the 0.06 mm2 photodiode was found to be 92 pA ± 1 pA 

at 100 V reverse bias and 20 °C. 
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The explanation of the difference in the predicted β- particle created currents and the experimental 

β- particle created currents of the 0.06 mm2 photodiode is still not known with absolute certainty.  

However, the experimentally measured β- particle created currents were found to be greater at 

higher temperatures (see Figure 4.8).  In part, this may be explained by the average energy 

consumed in the generation of an electron-hole pair (the quantity commonly called the 

electron-hole pair creation energy) reducing with increasing temperature (Alig & Bloom, 1975) 

(Levinshtein et al., 2001).  Assuming Si, GaAs, and 4H-SiC have a linear relationship between 

the electron-hole pair creation energy and the bandgap energy at 100 °C, the electron-hole pair 

creation energy of 4H-SiC at this temperature can be estimated to be 7.24 eV.  Therefore, at 

100 °C, the predicted β- particle created current for the 0.06 mm2 photodiode (active region 

thickness = 5.15 µm) would increase to 13.5 pA from 12.5 pA at 20 °C.  However, the apparent 

β- particle created currents in the detector showed a much more significant increase at reverse 

biases > 60 V at temperatures > 40 °C.  As such, this effect may be due to the variation of the 

leakage component of the current which may have varied between measurement in dark condition 

and measurement when illuminated with the 63Ni radioisotope β- particle source.  If the leakage 

component of the current was greater in the measurement with the device illuminated than when 

the device was measured in a dark condition it would have produced an apparently (but not truly) 

greater β- particle created current.  However, a variation in leakage current of such size would be 

surprising.  Use of a chopper wheel and lock-in amplifier apparatus to measure the response of 

the photodiode in both dark and illuminated condition within one experiment would have 

eliminated any effects from this, but as mentioned previously, we do not possess such equipment 

at our laboratory at present. 

4.4.3 63Ni β- particle spectroscopy 

The detector was connected to a custom-made low-noise charge-sensitive preamplifier with a 

wire-ended packaged 2N4416A silicon input JFET (capacitance = 2 pF) and installed in a TAS 

Micro MT climatic cabinet for temperature control as per the current-mode measurements.  The 

preamplifier was of feedback resistorless design similar to Bertuccio et al. (1993).  An ORTEC 

572A shaping amplifier and an ORTEC EASY-MCA 8k multi-channel analyser (MCA) were 

connected to the preamplifier’s output (see Section 2.11). 

The distance between the 63Ni radioisotope β- particle source and the photodiode’s top surface 

was 4.5 mm ± 1.0 mm.  The accumulation live time for each 63Ni β- particle spectrum was 720 s.  

The β- particle spectra were accumulated at the temperatures from 100 °C to 20 °C with 20 °C 

decrements.  Since the accumulated spectra at each temperature were relatively similar, for clarity 

only the spectra accumulated at 100 °C and 20 °C are presented in Figure 4.9.  The shaping time 
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of the shaping amplifier was set at 1 μs for the spectrum accumulated at 100 °C and at 2 μs for 

20 °C.  The results demonstrated that these detectors can be used as detectors for particle counting 

β- (electron) spectroscopy at temperatures up to 100 °C. 

 

Figure 4.9.  63Ni β- spectra obtained with the 0.06 mm2 photodiode at 100 V reverse bias at 

20 °C (grey line) and 100 °C (black line). 

Effects such as the change in electron-hole pair creation energy with temperature, and the change 

in preamplifier conversion factor with temperature will have been responsible in part for the 

change in apparent end point channel between temperatures.  A degradation in the energy 

resolution of the spectrometer at higher temperatures (as was reported for the devices when used 

for photon counting X-ray spectroscopy (see Section 3.5.2.1), will have blurred the end point 

channel more at higher temperatures than at lower temperatures.  Furthermore, changing the 

shaping time of the shaping amplifier will have also effectively changed the width of the MCA 

channels in terms of eV per channel.  The variation with temperature of the densities of the 63Ni 

radioisotope β- particle source, the N2 atmosphere, and the detector will also have had some small 

effects (e.g. the lower density of the N2 atmosphere at higher temperatures will have resulted in 

reduced energy losses in the N2) but they are expected to have been less significant in effect than 

the changes in the other aspects outlined above. 

In Section 4.6, the experimentally obtained 63Ni β- particle spectrum at 20 °C is compared with 

the spectrum predicted from the Monte Carlo modelling in Section 4.5. 

 

4.5 CASINO simulations 

The trajectories of electrons (β- particles) passing through materials can be simulated using the 
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CASINO computer program (Drouin et al., 1997) (Hovington et al., 1997).  Such simulations can 

be used to give an indication of how the structure of the photodiode (e.g. thickness of dead layers 

and active layers) affected the total energy deposited in the active layer of the device and hence 

what charge was detected.  Electron energy losses in the photodiode’s contact were negligible 

because it had an optical window.  However, the β- particles did lose energy as they travelled 

between the atom from which they were emitted and the photodiode.  These energy losses 

occurred through self-absorption in the 63Ni radioisotope β- particle source (Sims & Juhnke, 1967), 

in the 1 μm thick protective inactive nickel overlayer of the source (density = 8.908 g/cm3 at room 

temperature (Greenwood & Earnshaw, 1997)), and in the dry N2 atmosphere (density 

= 0.0012 g/cm3 at room temperature (Younglove & Olien, 1985)).  Simulations were conducted 

to model these effects. 

The aims of the simulations were to predict (a) the electron spectrum incident on the photodiode 

(i.e. taking into account energy losses from self-absorption, the inactive Ni overlayer, and the dry 

N2 atmosphere), and (b) the electron spectrum detected by the photodiode to account for the fact 

that the remaining energy of the electrons may not have been fully absorbed by the relatively thin 

photodiode.  The simulations tracked the path of each simulated electron through the various 

media and recorded the quantities and locations of the deposited energy along each track.  The 

simulations were parallelised across 10 computers with Intel Core i7-6700 CPUs.  Each computer 

had 32 GB of random access memory.  As per Section 4.4.2, since there was doubt about the 

thickness of the detector’s active region simulations were conducted to model three different 

active region thickness: (a) 5.15 μm, (b) 2.37 μm, and (c) 34.5 μm. 

The simulations were conducted in three stages.  Firstly, the electron (β- particle) quantum 

efficiency of the photodiode in each case was computed.  Secondly, the electron (β- particle) 

spectrum expected to reach the detector was computed.  Thirdly, the first and second stages were 

combined to predict the detected spectrum (excluding the noise processes known to broaden the 

energy resolution of photodiode radiation detectors i.e. Fano noise, electronic noise, and 

incomplete charge collection noise (Owens, 2012). 

In the first stage, for electron energies from 1 keV to 66 keV, in 1 keV steps, 4000 electrons at 

each energy were simulated to be incident on the face of the photodiode.  The quantum efficiency 

of the photodiode at each energy, defined as the ratio between the energy deposited in the active 

region and the energy incident on the photodiode, was computed.  The results are presented in 

Figure 4.10 for the active region thicknesses outlined above.  The quantum efficiency in each 

case was found to be similar at energies < 20 keV.  At these energies, the quantum efficiency in 

all three cases was > 90%.  At energies > 20 keV and > 30 keV, the quantum efficiencies 
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associated with the 2.37 µm and 5.15 µm active region thicknesses, respectively, were reduced. 

 

Figure 4.10.  Electron (β- particle) quantum efficiency computed for the detector assuming 

active region thicknesses of 34.5 μm (filled circles), 5.15 μm (open squares), and 2.37 μm (open 

circles). 

In the second stage, the spectrum of electron energies incident on the detector from the 63Ni 

radioisotope β- particle source was simulated.  Electrons were simulated to be emitted from the 

63Ni at energies from 1 keV to 66 keV in 1 keV steps in the relative emission ratios for 63Ni and 

taking account of self-absorption (Liu et al., 2015).  A total of 1.84 × 107 electrons were simulated 

to be emitted.  Passage of the electrons through the 1 µm thick inactive Ni overlayer and the 

4.5 mm thick N2 atmosphere was simulated.  For every electron which was not entirely absorbed 

in the Ni overlayer or the N2 atmosphere, the energy remaining after the transmission was stored 

in the computer.  The dataset was then binned into energy channels of 1 keV width to produce a 

histogram showing the distribution of remaining electron energies.  This histogram is the 

spectrum of electron energies predicted to be incident on the detector.  It is shown in Figure 4.11 

together with the 63Ni emission spectrum taking into account the self-absorption of the source.  
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Figure 4.11.  Comparison between the β- particle spectra emitted from the 63Ni radioisotope 

β- particle source including self-absorption but excluding attenuation in the 1 µm inactive 

overlayer (+ symbols) and incident on the top of the photodiode taking into account losses in the 

1 µm inactive overlayer and the N2 atmosphere (open circles). 

In the third (and final) stage, the results of the first two stages were combined to produce the 

spectra predicted to be detected by the spectrometer for each simulated photodiode active layer 

thicknesses.  The predicted spectra exclude effects such as pulse pile-up, noise processes, and 

detector edge effects.  The spectra are shown in Figure 4.12. 

 

Figure 4.12.  Comparison of the β- particle spectra predicted to be detected by the spectrometer 

in the case that the detectors active region thickness is 34.5 μm (open triangles), 5.15 μm 

(× symbols), and 2.37 μm (open circles).  The spectra do not include effects such as pulse 

pile-up, noise processes, and detector edge effects. 

For the simulations of the 34.5 µm and 5.15 µm active region thickness, the spectra had smooth 

shapes at detected energies up to 59 keV.  However, the 2.37 µm active region thickness 
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simulations predicted an increased number of counts around 5 keV.  This is a consequence of the 

thinner active region detecting only a portion of the energy of electrons with greater total energy; 

that is to say that there is an increased likelihood that the β- particles in this case deposit only 

~5 keV in the detector before leaving the active region in this case.  A further interesting feature 

of the spectra corresponding to the 34.5 µm and 5.15 µm cases is the rapid decrease in detected 

counts at energies > 59 keV.  Whilst the emission spectrum of 63Ni does rapidly reduce at energies 

close to its endpoint energy, a further effect is at work in the spectra shown in Figure 4.12.  Here, 

the natural rapid drop is enhanced by the low and compounding probabilities of electrons retaining 

such large amounts of energy after their passage through the source’s inactive overlayer and the 

4.5 mm thick N2 layer, and then depositing such large amounts of energy in the detector. 

 

4.6 Comparison of simulation and experimental results 

The simulated detected β- spectrum was then compared with the experimentally accumulated 

spectrum at 20 °C.  The heights of the simulated spectra have been normalised to the experimental 

spectrum by the same factor to take account of the accumulation time of the experimental 

spectrum and the 63Ni radioisotope β- particle source’s activity.  The comparison is presented in 

Figure 4.13. 

 

Figure 4.13.  Comparison between the experimentally detected 63Ni β- particle spectrum at 

20 °C (grey solid line), and the simulated spectra assuming active region thicknesses of: 

34.5 μm (open triangles), 5.15 μm (× symbols), and 2.37 μm (open circles). 

Comparing the shapes of the β- spectra simulated using the CASINO simulations and the spectrum 

experimentally obtained at a temperature of 20 °C, it can be seen that the simulation using an 

active region thickness of 5.15 µm produces a good agreement with experimental β- particle 
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spectrum.  In contrast, the simulations using active region thicknesses of 2.37 µm and 34.5 µm 

do not match the experimental spectrum.  As such, this is an indication that the thickness of the 

active region of the detector was 5.15 µm, which is the thickness of the epilayer as stated by the 

manufacturer.  The few detected counts seen in the spectrum above 57 keV may be due to the 

statistical effects of pulse pile-up and other noise contributions. 

 

4.7 Conclusions and discussion 

A 0.06 mm2 commercial 4H-SiC UV p-n photodiode has been investigated for its performance as 

a detector for photon counting X-ray spectroscopy at photon energies from 4.95 keV to 21.17 keV.  

This photodiode was also investigated as current mode and pulse mode detector of β- particles 

over the temperature range 100 °C to 20 °C. 

The X-ray performance of the detector when connected to a custom-made low-noise 

charge-sensitive preamplifier was investigated by illuminating the detector with fluorescence 

X-rays (of energy 4.95 keV - 21.17 keV) from eight different high-purity metal foils which were 

fluoresced by a Mo cathode X-ray tube operated at 35 kV and 1 mA.  The detector and 

preamplifier were operated uncooled at a temperature of 33 °C.  The results showed that the 

spectrometer had an energy resolution (FWHM) of 1.6 keV - 1.8 keV across the energy range 

when operated at +33 °C.  The charge detected (and hence the spectrometer’s output) was found 

to be a linear function of the photon energy, despite some possible incomplete charge collection 

noise from photons absorbed in the substrate of the detector.  The number of counts per second 

detected by the spectrometer was also found to be linearly dependent on the incident X-ray flux 

over the count rate range investigated.  Although the energy resolutions achieved with this 

detector were not as good as some custom X-ray detectors (Bertuccio et al., 2011), its low cost 

and wide commercial availability, together with its ability to operate uncooled, and the visible 

blindness and radiation hardness of SiC, make it an interesting and potentially useful detector for 

numerous applications, including solar flare monitoring on board CubeSats. 

The performance of the device as temperature tolerant electron detector was investigated by 

measuring the β- generated current whilst the device was illuminated by a 63Ni radioisotope 

β- particle source.  At the highest investigated reverse bias (100 V), the apparent β- particle 

generated current in the 0.06 mm2 photodiode was found to be 92 pA ± 1 pA at a temperature of 

20 °C.  However, doubt exists whether the extra current measured with the photodiode illuminated 

can be entirely attributed to the β- particles, or if there was some increase in the leakage current 

component as well.  The photodiode was connected to a custom-made low-noise charge-sensitive 
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preamplifier and found to function as electron spectrometer under the illumination of a 63Ni 

radioisotope β- particle source across the temperature range of 100 °C to 20 °C.  The CASINO 

computer program was used to calculate the quantum efficiency of the photodiode assuming three 

different active region thicknesses (5.15 μm, 2.37 μm, and 34.5 μm).  CASINO was also used to 

simulate the β- particle spectra incident upon, and detected by, the photodiode.  Agreement was 

found between the experimentally measured and simulated 63Ni β- particle spectra when a detector 

active region thickness of 5.15 μm was simulated.  This suggests that the entire 5.15 µm thick 

epilayer is sensitive to β- particles, but that β- particles absorbed in the substrate are lost. 

The results demonstrate that this type of low-cost COTS SiC photodiode can be coupled to a 

low-noise charge-sensitive preamplifier and standard signal processing electronics (a shaping 

amplifier and an MCA), to produce spectrometer which can detect electrons of energy up to 

57 keV.  This lays the foundations for university groups and other cost-sensitive organisations to 

use such devices as detectors for CubeSat space plasma physics missions. 
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Chapter 5 Soft X-ray Detection with Al0.52In0.48P Mesa p+-i-n+ 

Photodiodes 

 

5.1 Introduction 

Chapters 3 and 4 demonstrated the capability of the commercially available 4H-SiC UV 

photodiodes repurposed as X-ray detectors.  However, the limitations of this kind of COTS 

4H-SiC UV photodiode repurposed as X-ray detectors are clear: they are thin (~5.15 μm epitaxial 

layer), 4H-SiC has relatively poor linear absorption coefficients, a relatively large electron-hole 

pair creation energy, and are only available as single pixels.  As such, for space missions which 

have more financial and technical resources than are typically available for CubeSats, custom 

made detectors are desirable.  Indeed, detectors better than those reported in Chapters 3 and 4, 

are not just desirable but necessary to achieve the science objective of some space missions, e.g. 

monitoring cosmic X-ray sources which with low X-ray fluxes (even the very bright X-ray source 

Sco X-1 provides only 150 photons cm-2 s-1 at the Earth’s orbit (Paradijs & Bleeker, 1999)), and 

cutting-edge planetary geology performed via X-ray fluorescence spectroscopy (which can 

require energy resolutions ≈ 160 eV FWHM at 5.9 keV (Fraser, 2008)). 

Recently, the wide bandgap semiconductor Al0.52In0.48P (Eg = 2.31 eV at room temperature 

(Cheong et al., 2014)) has started to receive interest for use in X-ray spectroscopy.  Auckloo et al. 

(2016) first reported using Al0.52In0.48P avalanche photodiodes (1 µm thick avalanche layer) for 

soft X-ray spectroscopy and achieved an energy resolution (FWHM at 5.9 keV) of 682 eV at room 

temperature.  A non-avalanche Al0.52In0.48P detector (2 µm thick i layer) photon counting X-ray 

spectrometer was reported at room temperature soon after (Butera et al., 2016a), and then across 

the temperature range 100 °C to -20 °C (Butera et al., 2016a).  Energy resolutions (FWHM at 

5.9 keV) of 0.90 keV at 20°C and 1.57 keV at 100 °C were achieved with the non-avalanche 

detectors.  Prior to the work reported in this thesis these 2 µm thick detectors were the thickest 

Al0.52In0.48P structures reported for X-ray spectroscopy. 

In this chapter, in contrast to the high technology readiness level 4H-SiC detectors investigated 

in Chapters 3 and 4, new work is reported from the very cutting-edge of semiconductor materials 

development for future X-ray detectors.  For four Al0.52In0.48P mesa p+-i-n+ photodiodes with i 

layer thicknesses of 6 µm and diameters of 217 µm ± 15 µm (D1 and D2) and 409 µm ± 28 µm 

(D3 and D4) (see Sections 5.2 and 5.3) at room temperature.  The detectors were electrically 

characterised and then investigated for their soft X-ray detection performance.  One of the 
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217 µm ± 15 µm diameter photodiodes (D2) and one of the 409 µm ± 28 µm diameter 

photodiodes (D4) were then further characterised at the temperatures up to 100 °C (see 

Sections 5.4 and 5.5). 

Whilst it is of lower technology readiness level than 4H-SiC, Al0.52In0.48P has a higher quantum 

detection efficiency for a given detector thickness due to its greater linear absorption coefficients 

(e.g. 1302 cm-1 for Al0.52In0.48P cf. 346 cm-1 for 4H-SiC, at 5.9 keV) and an ultimately better 

Fano-limited energy resolution (see Equation 2.12) as a consequence of its smaller electron-hole 

pair creation energy (5.34 eV for Al0.52In0.48P cf. 7.8 eV for 4H-SiC, at room temperature) 

(Bertuccio et al., 2011) (Butera et al., 2018b).  The lower electron-hole pair creation energy also 

places less stringent demands on the spectrometer charge-sensitive preamplifier electronics 

because the average signal charge for a photon of given X-ray energy will be greater in 

Al0.52In0.48P than 4H-SiC (e.g. 1104 electron-hole pairs in Al0.52In0.48P cf. 756 electron-hole pairs 

in 4H-SiC, for a 5.9 keV X-ray).  Furthermore, since the Al0.52In0.48P photodiodes are 

custom-made, in principle the thickness of the epilayers can also be increased as material 

technology improves, and monolithic pixel arrays can also be produced. 

 

5.2 Electrical characterisation at room temperature 

5.2.1 Capacitance-voltage measurements 

The capacitances of Al0.52In0.48P photodiodes D1 and D2 (217 µm ± 15 µm diameter) and D3 and 

D4 (409 µm ± 28 µm diameter) were measured in a dry N2 environment (relative humidity < 5%) 

at room temperature (24 °C) (see Section 2.9).  Each photodiode was reverse biased up to 100 V, 

with increments of 1 V.  The capacitance of the device’s package was estimated by measuring the 

capacitances between the empty pins on the package (pins without photodiodes connected to them) 

and the common pin of the package, it was found to be 0.84 pF ± 0.05 pF.  In order to find the 

capacitance of the device itself, the capacitance of the device’s package was subtracted from the 

measured capacitance of the packaged device.  The depletion width of each photodiode was 

considered to be given by Equation 2.3. 

The capacitances and the associated depletion widths of the photodiodes as functions of applied 

reverse bias are shown in Figures 5.1 and 5.2, respectively.  The capacitance densities of these 

photodiodes were found to be similar across the investigated biases and to become relatively 

constant (5 pF/mm2 ± 1 pF/mm2) at high reverse biases (> 80 V).  At 100 V reverse bias, the 

capacitances of the 217 µm diameter photodiodes (D1 and D2) were found to be 0.71 pF ± 0.07 pF 
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and 0.66 pF ± 0.07 pF, respectively; and the capacitances of the 409 µm diameter photodiodes 

(D3 and D4) were found to be 2.48 pF ± 0.09 pF and 2.49 pF ± 0.09 pF, respectively. 

 

Figure 5.1.  Measured capacitances of the Al0.52In0.48P p+-i-n+ mesa photodiodes, 217 µm 

diameter photodiode (D1, + symbols; D2, × symbols); 409 µm diameter photodiode (D3, open 

circles; D4, open squares), as functions of applied reverse bias at room temperature (24 °C). 

 

Figure 5.2.  Calculated depletion width of the Al0.52In0.48P p+-i-n+ mesa photodiodes as 

functions of applied reverse bias at room temperature (24 °C).  217 µm diameter photodiode D2 

(× symbols); 409 µm diameter photodiode D4 (open squares).  For clarity, only data for one 

photodiode of each size are shown, but comparable results were obtained for the other devices. 

At the highest investigated reverse bias (100 V), the calculated depletion widths and associated 

uncertainties (including the error in the diameter of these photodiodes, the uncertainties in the 

capacitance measurements, and the Debye length) of the photodiodes were found to be 

5.13 µm ± 0.87 µm and 5.57 µm ± 0.98 µm for the 217 µm diameter photodiodes (D1 and D2), 

and 5.26 µm ± 0.75 µm and 5.26 µm ± 0.75 µm for the 409 µm diameter photodiodes (D3 and 
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D4).  Reduction of capacitance with increasing reverse bias became insignificant at reverse 

biases > 80 V.  These devices have a thicker depletion region than previously reported Al0.52In0.48P 

X-ray detectors which had i layer thicknesses of 0.5 µm with an avalanche layer thickness of 1 µm 

(Auckloo et al., 2016), and i layer thicknesses of 2 µm (Butera et al., 2016a). 

Since the surfaces of the photodiodes were partially covered by the Ohmic annular contacts (see 

Section 1.9.2), the weighted quantum efficiency (considering the areas covered and uncovered 

by the contacts) for the devices were calculated using the Beer-Lambert law, and assuming 100% 

charge collection in the epitaxial p and i layers.  The weighted quantum efficiencies as functions 

of incident X-ray energy for D1 and D2 (217 µm diameter photodiodes) and D3 and D4 (409 µm 

diameter photodiodes) are presented in Figure 5.3.  The weighted quantum efficiencies of the 

photodiodes were calculated to be 0.529 at 5.9 keV and 0.450 at 6.49 keV for D1 and D2, and 

0.535 at 5.9 keV and 0.454 at 6.49 keV for D3 and D4. 

 

Figure 5.3.  Calculated weighted quantum efficiencies of the Al0.52In0.48P p+-i-n+ mesa 

photodiodes as functions of X-ray photon energy: D1 and D2 (217 µm diameter photodiodes, 

dashed line); D3 and D4 (409 µm diameter photodiodes, solid line).  The discontinuities are the 

Al K, P K, and In L X-ray absorption edges. 

5.2.2 Current-voltage measurements 

Leakage currents as functions of applied reverse bias for D1 – D4 were measured in dark condition 

in a dry N2 environment (relative humidity < 5%) at room temperature (24 °C) (see Section 2.8).  

Each photodiode was reverse biased from 0 V to 100 V, in increments of 1 V.  Low leakage 

currents (< 3.0 pA ± 0.4 pA) (including the package’s leakage current) were found for all the 

photodiodes even at high reverse bias (100 V), as shown in Figure 5.4.  The leakage current 

associated with the package itself was estimated by measuring the leakage current of an empty 
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pin on the same package and common pin of the package.  The package’s leakage current was 

found to be less than the picoammeter’s uncertainty (0.4 pA).  Hence, the package’s leakage 

current was considered to be negligible. 

 

Figure 5.4.  Leakage currents as functions of applied reverse bias for the Al0.52In0.48P p+-i-n+ 

mesa photodiodes, 217 µm diameter photodiodes (D1, + symbols; D2, × symbols); 409 µm 

diameter photodiodes (D3, open circles; D4, open squares), at room temperature (24 °C). 

At 40 V reverse bias (electric field strength ≈ 105 kV/cm), the leakage current densities of the 

Al0.52In0.48P photodiodes (217 µm diameter devices, D1 = 0.34 nA/cm2, D2 = 0.24 nA/cm2; 

409 µm diameter devices, D3 = 0.03 nA/cm2
,
 D4 = 0.08 nA/cm2) were greater than has been 

reported with custom-made SiC X-ray detectors (e.g. 1 pA/cm2 at an electric field strength of 

103 kV/cm at room temperature (Bertuccio et al., 2011) but comparable to the leakage current 

densities reported with commercially available SiC UV detectors (1.2 nA/cm2 at electric field 

strength of 227 kV/cm at room temperature (see Section 3.2.2).  In contrast, the leakage currents 

of the Al0.52In0.48P photodiodes were lower than has been reported for semi-insulating SiC X-ray 

photodiodes (65 nA/cm2 with internal electric field of 28 kV/cm at room temperature 

(Bertuccio et al., 2013b)) and Al0.8Ga0.2As photodiodes (4.72 nA/cm2 with an electric field of 

29 kV/cm at room temperature (Barnett et al., 2015). 

 

5.3 X-ray spectroscopy and noise analysis at room temperature 

5.3.1 Photon counting spectroscopy with 55Fe radioisotope X-ray source 

The photodiodes D1 – D4 were each in turn soldered to a wire-ended packaged silicon input JFET 

(2N4416A, capacitance = 2 pF) which was the first transistor of a custom-made low-noise 
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charge-sensitive preamplifier of feedback resistorless design (Bertuccio et al., 1993).  An ORTEC 

572A shaping amplifier and an ORTEC EASY-MCA 8k multi-channel analyser (MCA) were 

connected to the preamplifier (see Section 2.11).  The photodiodes were each in turn illuminated 

with an 55Fe radioisotope X-ray source (Mn Kα = 5.9 keV; Mn Kβ = 6.49 keV; activity 

= 175 MBq).  The 55Fe radioisotope X-ray source was placed 4 mm above the 217 µm diameter 

photodiodes and 10 mm above the 409 µm diameter photodiodes.  In each case, the system was 

investigated at six different shaping times (0.5 µs, 1 µs, 2 µs, 3 µs, 6 µs, and 10 µs) with each 

photodiode reverse biased at 0 V, 10 V, 20 V, 30 V, 40 V, 60 V, 80 V, and 100 V.  Each spectrum 

was accumulated for 240 s.  The photodiodes and the preamplifier were operated at room 

temperature (24 °C) in a dry N2 environment (relative humidity < 5%). 

The resulting spectra were calibrated in energy terms by using the positions of the zero energy 

noise peak and the fitted Mn Kα peak at 5.9 keV for each spectrum as points of known energies 

on MCA’s charge scale, and assuming a linear variation of detected charge with energy.  The 

energy resolutions (FWHM at 5.9 keV) of the systems as functions of shaping times are shown 

for a detector reverse bias of 100 V in Figure 5.5.  The best energy resolutions of the 217 µm 

diameter photodiode (D2) and 409 µm diameter photodiodes (D4) at each reverse bias are 

presented in Figure 5.6.  FWHM at 5.9 keV as good as 0.89 keV ± 0.04 keV and 

1.05 keV ± 0.08 keV were found for the 217 µm diameter photodiode (D2) and the 409 µm 

diameter photodiode (D4), respectively, at 100 V reverse bias.  Figure 5.7 shows the spectra 

obtained with each photodiode at the best shaping time when reverse biased 10 V, 20 V, 40 V, 

and 100 V.  
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Figure 5.5.  Measured FWHM at 5.9 keV as a function of shaping time when the photodiodes 

were operated at an applied reverse bias of 100 V: 217 µm diameter photodiodes D1 

(+ symbols) and D2 (× symbols); 409 µm diameter photodiodes D3 (open circles) and D4 (open 

squares). 

 

Figure 5.6.  Measured FWHM at 5.9 keV of one of the 217 µm diameter photodiodes (D2, 

× symbols), and one of the 409 µm diameter photodiodes (D4, open squares), as functions of 

applied reverse bias at the optimum shaping time. 
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Figure 5.7.  55Fe X-ray spectra obtained with (a) one of 217 µm diameter photodiodes (D2), (b) 

one of 409 µm diameter photodiodes (D4), at varying reverse biases (for clarity only 10 V, dash 

line; 20 V, dot line; 40 V, dash dot line; 100 V, solid line, are shown).  The shaping time which 

gave the best energy resolution was selected at each reverse bias.  The FWHM at 5.9 keV of D2 

were 0.89 keV, 0.91 keV, 0.93 keV, and 0.97 keV at the reverse bias of 100 V, 40 V, 20 V, and 

10 V, respectively.  The FWHM at 5.9 keV of D4 were 1.05 keV, 1.11 keV, 1.19 keV, and 

1.36 keV at the reverse bias of 100 V, 40 V, 20 V, and 10 V, respectively. 

The energy resolutions obtained (0.89 keV and 1.05 keV at 5.9 keV, for the 217 µm and 409 µm 

diameter detectors, respectively) were not as good as some of those obtained using other wide 

bandgap X-ray photodiodes at room temperature.  For example, a 200 µm diameter GaAs mesa 

photodiode spectrometer had a FWHM at 5.9 keV of 745 eV (Lioliou et al., 2016a), and a 

200 µm × 200 µm SiC X-ray pixel detector had a FHWM at 5.9 keV of 196 eV at 30 °C when 

coupled to lower noise readout electronics (Bertuccio et al., 2011).  However, the energy 

resolutions achieved with these AlInP devices are better than those previously reported for 2 µm 

i layer AlInP mesa devices (0.93 keV for a 200 µm diameter photodiode; 1.2 keV for a 400 µm 

diameter photodiodes (Butera et al., 2016a).  They are also better than has been reported with 



- 95 - 

Chapter 5 Soft X-ray Detection with Al0.52In0.48P Mesa p+-i-n+ Photodiodes 

 

some other custom wide bandgap photodiodes, e.g. AlGaAs (1.07 keV at 20 °C for a 200 µm 

diameter diode (Barnett et al., 2010), 1.06 keV at 20 °C for a 200 µm diameter photodiode 

(Whitaker et al., 2017)).  A shaping time noise analysis is presented in Section 5.3.2. 

The valley-to-peak (V/P) ratio (as defined as the ratio between the number of counts at 4.1 keV 

and 5.9 keV) at the optimum shaping time and the greatest investigated reverse bias (100 V) were 

0.048 and 0.058 for the 217 µm diameter photodiode (D2) and the 409 µm diameter photodiode 

(D4), respectively.  These are not as good as those reported for cooled silicon DEPFET detectors 

(V/P = ~0.0001) (Lutz, 2006) and GaAs detectors (V/P = 0.03) (Lioliou & Barnett, 2016), but 

better than those of some AlGaAs photodiodes (V/P = 0.08 (Barnett et al., 2015) (Whitaker et al., 

2017)).  The low energy tail of the photopeak which gives rise to the valley is a consequence of 

the partial collection of charge created by X-ray photons absorbed in the semiconductor layers 

often assumed to be inactive (e.g. substrate) (Barnett et al., 2015).  The V/P ratio is therefore 

expected to improve as AlInP detectors with thicker i layers are grown. 

Figure 5.8 shows how the number of counts in the 5.9 keV photopeak changed as the reverse bias 

was increased.  The number of counts was found to increase from 5.79 × 106 at 0 V reverse bias 

to 5.94 × 107 at 100 V reverse bias for the 217 µm diameter photodiode (D2), and from 3.40 × 106 

at 0 V reverse bias to 4.39 × 107 at 100 V reverse bias for the 409 µm diameter photodiode (D4).  
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Figure 5.8.  Number of counts in the 5.9 keV photopeak for one of 217 µm diameter 

photodiodes (D2, × symbols) and one of 409 µm diameter photodiodes (D4, open squares) at 

different reverse biases as a function of reverse bias, and at the optimum shaping time in each 

case.  Also shown are the predicted numbers of counts expected to be detected where that 

prediction is based on the measured width of the deletion region as a function of applied bias 

and the implied relative detection efficiency compared to that at 100 V (D2, dashed line; D4, 

solid line). 

The relative number of counts predicted to be detected at each applied reverse bias (as defined by 

the number of counts in the 5.9 keV photopeak, and relative to the number of counts 

experimentally detected in the peak at an applied reverse bias of 100 V) was calculated for both 

photodiodes, in order to explore the cause of the observed change in the number of detected counts 

as a function of applied reverse bias (see Figure 5.8).  The predictions of numbers of detected 

counts were made assuming that there was complete charge collection across the bias range, and 

that the measured variation in the thickness of each photodiode’s depletion region as function of 

reverse bias was the sole contributing factor to variation in numbers of detected counts for that 

photodiode.  The results of this work can be seen in Figure 5.8 where the predictions are presented 

for comparison with the experimental data.  The uncertainties (error bars) in the predictions shown 

in the figure reflect the uncertainties in the photodiodes’ calculated depletion widths at each 

reverse bias.  Agreement was found between the experimental and predicted numbers of counts 

at high reverse biases (≥ 10 V for D2; ≥ 60 V for D4).  Therefore, it is interpreted from this that 

at these reverse biases, the change in number of experimentally detected counts as a function of 

applied bias for each photodiode was a result of the changes in the depletion width as a function 

of reverse bias.  At low reverse biases (< 10 V for D2 and < 60 V for D4), the disagreement 

between the experimental and predicted numbers of counts may be due to incomplete charge 

collection as a consequence of the low internal electric fields present in these bias conditions. 



- 97 - 

Chapter 5 Soft X-ray Detection with Al0.52In0.48P Mesa p+-i-n+ Photodiodes 

 

5.3.2 Noise analysis 

The energy resolution of a photodiode X-ray spectrometer is the result of contributions from three 

noise components: Fano noise; electronic noise from the detector and the preamplifier; and 

incomplete charge collection noise (Owens, 2012).  The Fano noise is determined by the statistical 

fluctuations in the number of the electron-hole pairs created in the process of photon absorption 

(Owens, 2012).  The expected Fano-limited resolution (FWHMFano) of the Al0.52In0.48P photodiode 

can be estimated to be 145 eV at 5.9 keV, assuming an electron-hole pair creation energy of 

5.34 eV (Butera et al., 2018b), and a Fano factor of 0.12 (it should be noted that there has been 

no reported measurement of the Fano factor in Al0.52In0.48P to date).  The electronic noise includes 

the series white noise, induced gate drain current noise, parallel white noise, 1/f series noise, and 

dielectric noise (Owens, 2012); explanations of the origin of each electronic noise component can 

be found in Bertuccio et al. (1996) and Lioliou & Barnett (2015).  The noise components were 

calculated as per Bertuccio et al. (1996).  Incomplete charge collection is related to the trap 

density distribution and the charge diffusion and collection properties of the detector (Owens, 

2012). 

The series white noise including induced gate current noise, 1/f series noise, and dielectric noise 

are related to the total capacitance at the input of the preamplifier.  The parallel white noise is 

related to the leakage current of the detector and the leakage current of the input JFET.  A longer 

shaping time can reduce the series white noise including induced gate current noise and increase 

the parallel white noise.  The 1/f series noise and dielectric noise are independent of shaping time 

(Bertuccio et al., 1996).  The quadratic sum of the dielectric noise and incomplete charge 

collection noise can be estimated by subtracting (in quadrature) the calculated series white noise 

(including induced gate current noise), parallel white noise, 1/f series noise, and the predicted 

Fano noise in quadrature from the measured FWHM at 5.9 keV.  The calculated noise 

contributions for one of the 217 µm diameter devices (D2) and one of the 409 µm diameter 

devices (D4) as functions of shaping time at 100 V reverse bias are shown in Figure 5.9.  

Figure 5.9 also shows the quadratic sum of the dielectric noise and incomplete charge collection 

noise; this combination is the dominant contributor to the total noise of the systems, and it is 

relatively constant at all the investigated shaping times.  At 100 V reverse bias, the best FWHM 

for the 217 µm diameter photodiode (D2) and the 409 µm diameter photodiode (D4) were found 

at with shaping time of 2 µs and 3 µs, respectively.  For the 217 µm diameter photodiodes, the 

series white noise dominates all other noise components except the combination of the dielectric 

and incomplete charge collection noise; at shaping time > 2 µs the same can be said for the parallel 

white noise.  For the 409 µm photodiodes, 3 µs is the shaping time at which dominance shifts 
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between the white series and white parallel noise components. 

 

Figure 5.9.  Equivalent noise charge at 5.9 keV for (a) a 217 μm diameter photodiode (D2) and 

(b) a 409 μm diameter photodiode (D4) as a function of shaping time at 100 V reverse bias at 

24 °C.  The measured FWHM at 5.9 keV (circles), the quadratic sum of the dielectric noise and 

incomplete charge collection noise ( symbols), the series white noise including induced gate 

current noise (squares), the parallel white noise (triangles), the Fano noise (dash line), and the 

1/f series noise (diamonds).  The dotted lines are guides for the eyes only. 

It is interesting to further consider the dielectric noise and the incomplete charge collection noise 

such that their respective contributions can be established.  As such, the quadratic sum of 

dielectric noise and incomplete charge collection noise of a 217 µm diameter device (D2) and a 

409 µm diameter device (D4) were analysed as a function of applied reverse bias at a fixed 

shaping time of 3 μs, as shown in Figure 5.10.  A reduction in this equivalent noise charge with 

increased detector bias can be due to the either a reduction of the system capacitance or a reduction 

in the incomplete charge collection noise as a consequence of improved charge transport at higher 

electric field, or both. 
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Figure 5.10.  Computed quadratic sum of dielectric noise and incomplete charge collection 

noise for the 217 μm diameter photodiode spectrometer D2 (× symbol) and the 409 μm diameter 

photodiode spectrometer (D4) (open squares) as functions of applied reverse bias at a shaping 

time of 3 μs. 

At high reverse biases (≥ 80 V), the change in the capacitances and the associated depletion widths 

of these devices were insignificant (see Figures 5.1 and 5.2), hence, the dielectric noise of each 

device is expected to be constant since the dielectric noise is related to the capacitance (see 

Equation 2.19).  From Figure 5.10, the constant equivalent noise charge at ≥ 80 V demonstrates 

that was no significant contribution from incomplete charge collection noise in this bias condition 

because there was no reduction in the combination as the bias was increased beyond 80 V.  As 

such, the quadratic sum in these conditions can be said to be solely composed of dielectric noise, 

which is independent of bias and shaping time. 

Given these statements, for each spectrometer separately, it is possible to consider any small 

apparent variations in dielectric noise which may occur with varied shaping time, as arising from 

repetition in measurement of the same physical quantity rather than real physical differences in 

dielectric noise – so long as each detector is reverse biased at ≥ 80 V.  This then provides six 

measurements at each reverse bias ≥ 80 V of the same dielectric noise for each spectrometer.  

There are six measurements because six shaping times were used.  These six measurements, the 

computed dielectric noises, for a 217 µm diameter photodiode spectrometer (D2) and a 409 µm 

diameter photodiode spectrometer (D4) at reverse bias of 80 V and 100 V, respectively, are shown 

in Figure 5.11. 
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Figure 5.11.  Computed dielectric noises as a function of shaping time for the 217 µm diameter 

photodiode spectrometer D2 (solid triangles and open triangles at reverse bias of 100 V and 

80 V, respectively) and 409 µm diameter photodiode spectrometer D4 (solid squares and open 

squares at reverse bias of 100 V and 80 V, respectively). 

Since the dielectric noises of D2 spectrometer, ENCDT217, and D4 spectrometer, ENCDT409, each 

consists of the dielectric noises of their respective detectors (ENCD217 for 217 µm diameter 

photodiode and ENCD409 for 409 µm diameter photodiode), and some other system dielectric noise 

which is common between both spectrometers, the dielectric dissipation factor (see 

Equation 2.19) of Al0.52In0.48P can be estimated.  First the common system dielectric noise, 

ENCDx, must be considered, it is given by, 

 𝐸𝑁𝐶Dx
2 = 𝐸𝑁𝐶DT217

2 − 𝐸𝑁𝐶D217
2 = 𝐸𝑁𝐶DT409

2 − 𝐸𝑁𝐶D409
2  (5.1) 

where all terms have been previously defined. 

Following this, since the variation in the dielectric noise between the detectors themselves is 

solely due to the difference in their capacitances (Equation 2.19), the relationship between 

ENCD217 and ENCD409 can be expressed as, 

𝐸𝑁𝐶D217

𝐸𝑁𝐶D409
= √

𝐶217

𝐶409
        (5.2) 

where C217 and C409 are the capacitances of the 217 µm diameter photodiode (0.72 pF and 0.67 pF 

at reverse bias of 80 V and 100 V, respectively) and 409 µm diameter photodiode (2.68 pF and 

2.50 pF at reverse bias of 80 V and 100 V, respectively). 

Thus, by combining Equation 2.19, Equation 5.1, and Equation 5.2, and considering all the data 

at 80 V and 100 V, the dielectric dissipation factor of Al0.52In0.48P was estimated to be 
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(2.2 ± 1.1) × 10-3.  This value is smaller than that reported for In0.5Ga0.5P (6.5 × 10-3) (Butera et al., 

2017) but larger than Si (0.8 × 10-3) (Bertuccio & Casiraghi, 2003), GaAs (0.1 × 10-3) 

(Krupka et al., 2008), and 4H-SiC (3.4 × 10-5) (Jung et al., 2014). 

In a feedback resistorless charge-sensitive preamplifier the current of the detector in part sets the 

bias of the forward biased input JFET (Bertuccio et al., 1993), which in turn influences the JFET’s 

capacitance.  The above determination is predicated on the assumption that the variation in 

detector leakage current between the 217 µm and 409 µm diameter photodiodes and in operating 

the detectors at biases of 80 V and 100 V, is sufficiently small that the capacitance of the JFET is 

not substantially changed.  Given the low leakage currents of the detectors (< 3 pA), it is believed 

that the assumption is valid. 

 

5.4 Electrical characterisation at high temperature 

5.4.1 Capacitance-voltage measurements 

The capacitances of D2 (217 µm diameter) and D4 (409 µm diameter) as functions of applied 

reverse were measured at different temperatures, using an HP 4275A Multi Frequency LCR meter 

and a Keithley 6487 Picoammeter/Voltage Source (see Section 2.9).  Before starting the 

measurements at each temperature, each device was allowed to stabilise for 30 min to achieve 

thermal equilibrium.  The devices’ capacitances as functions of applied reverse bias were 

measured from 100 °C to 0 °C, with a decrement step of 20 °C.  Because the photodiodes were 

packaged in a TO-5 can, the capacitance between an empty pin on the package (a pin without a 

wire-bonded device) and the common pin of the package was used to estimate the capacitance 

contribution of the packaging.  The package capacitance was found to be temperature independent 

within the investigated temperature range.  The capacitance of each photodiode was calculated 

by subtracting the capacitance of the package (0.80 pF ± 0.05 pF) from the total measured 

capacitance of the packaged device.  The devices’ capacitances (packaging subtracted), and the 

calculated depletion widths of the photodiodes as functions of applied reverse bias at 100 °C and 

0 °C, are presented in Figure 5.12.  At the highest investigated temperature (100 °C) and reverse 

bias (100 V), the capacitances of D2 (217 µm diameter) and D4 (409 µm diameter) were found 

to be 0.67 pF ± 0.07 pF (corresponding capacitance density of 2.2 nF/cm2 ± 0.3 nF/cm2) and 

2.54 pF ± 0.09 pF (corresponding capacitance density of 1.9 nF/cm2 ± 0.2 nF/cm2), respectively.  

The uncertainties reflect an experimental repeatability uncertainty (± 0.07 pF) and the 

measurement uncertainty (~0.1%) of the LCR meter.  At high reverse biases (≥ 80 V), the 
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reduction in the capacitance with increased applied reverse bias was found to be negligible within 

the uncertainties.  Therefore, the photodiodes were considered to be fully depleted at 80 V reverse 

bias.  The calculated depletion widths of the 217 µm diameter photodiode at 100 V reverse bias 

were found to be 5.5 µm ± 0.7 µm at 100 °C and 5.7 µm ± 0.8 µm at 0 °C, respectively.  At 100 V 

reverse bias, the calculated depletion widths of the 409 µm diameter photodiode were respectively 

found to be 5.1 µm ± 0.5 µm at 100 °C and 5.2 µm ± 0.5 µm at 0 °C.  The uncertainties in the 

depletion widths were calculated by taking into account the uncertainties in the diameters, the 

uncertainties in the capacitance measurements, and the Debye length (Sze & Ng, 2007).  The 

capacitances of each photodiode as functions of temperature at different reverse biases (0 V, 1 V, 

2 V, 3 V, 4 V, 5 V, 10 V, 20 V, 40 V, 60 V, and 100 V) are presented in Figure 5.13.  This figure 

shows that the temperature dependence of each photodiode’s capacitance became insignificant at 

reverse biases > 5 V. 

 

Figure 5.12.  (a) Measured capacitances and (b) calculated depletion widths as functions of 

applied reverse bias for D2 (217 µm diameter photodiode) (100 °C, black open circles; 0 °C, 

black open triangles) and D4 (409 µm diameter photodiode) (100 °C, grey open circles; 0 °C, 

grey open triangles).  
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Figure 5.13.  Capacitances as functions of temperature for (a) D2 (217 µm diameter 

photodiode) and (b) D4 (409 µm diameter photodiode) in the temperature range of 0 °C to 

100 °C at varying applied reverse biases, 0 V (dark squares), 1 V (dark circles), 2 V (open 

triangles), 3 V (open diamonds), 4 V (+ symbols), 5 V (× symbols), 10 V (dark diamonds), 20 V 

(dark triangles), 40 V (dashes), 60 V (open circles), 100 V (open squares).  The lines between 

the experimental data points (dotted lines) are guides for the eyes only. 

5.4.2 Current-voltage measurements 

The leakage currents of the two detectors were measured as functions of applied reverse bias 

across the temperatures range 100 °C to 0 °C using the same climatic procedure as was employed 

for the capacitance measurements.  A Keithley 6487 Picoammeter/Voltage Source was used to 

reverse bias the devices from 0 V to 100 V, in steps of 1 V, and measure the resultant current (see 

Section 2.8).  The leakage current of the package, i.e. the leakage current between an empty pin 

(a pin without a wire-bonded device) and the common pin of the package, was also measured.  

The results showed that the leakage currents of the package itself and the packaged devices 

(including the leakage current of the package and the photodiodes) increased with increasing 
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temperature, as presented in Figure 5.14.  The leakage current of the package was found to be the 

dominant contributor to the leakage currents for both packaged devices.  As such, comparable 

leakage currents were measured for both devices, at each applied reverse bias and temperature.  

At the highest investigated temperature (100 °C) and 100 V reverse bias (electric field strength 

= 167 kV/cm), the leakage currents of the packaged 217 µm diameter device, D2, (including 

package leakage), and the packaged 409 µm diameter device, D4, (including package leakage) 

were found to be 8.3 pA ± 0.4 pA and 10.5 pA ± 0.4 pA, respectively.  The leakage current 

contribution to these values from the package was 6.1 pA ± 0.4 pA.  At temperatures < 60 °C the 

leakage currents were smaller than the uncertainty of the measuring system (± 0.4 pA).  
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Figure 5.14.  Leakage currents as functions of reverse bias for (a) packaged 217 µm diameter 

detector, D2, (including package leakage), (b) packaged 409 µm diameter detector, D4, 

(including package leakage), and (c) the measured leakage current contribution in (a) and (b) 

from the package itself (as measured using a package pin without a wire bonded device).  In 

each case the measurements are shown at temperatures of 100 °C, 80 °C, and 60 °C.  At 

temperatures < 60 °C, the currents were too small to be reliable measured using the available 

experimental set up. 
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5.5 X-ray spectroscopy and noise analysis at high temperature 

5.5.1 Photon counting spectroscopy with an 55Fe radioisotope X-ray source 

To characterise the detectors’ responses to illumination with X-rays, each of the detectors was in 

turn coupled to a custom-made low-noise charge-sensitive feedback resistorless preamplifier 

(similar to that reported in Bertuccio et al. (1993)) and illuminated with an 55Fe radioisotope X-ray 

source (Mn Kα = 5.9 keV; Mn Kβ = 6.49 keV; activity = 171 MBq; active area = 28.27 mm2) (see 

Section 2.11).  The 55Fe radioisotope X-ray source was placed on a PTFE custom holder 5 mm 

above the detectors.  To reduce the count rate seen with the 409 µm diameter photodiode so that 

it was approximately equal to that seen with the 217 µm diameter photodiode, a 0.23 mm thick 

polytetrafluoroethylene (PTFE) attenuator was inserted into the 5 mm gap for those 

measurements.  In order to ensure thermal equilibrium at each temperature, the systems were 

allowed to stabilise for 30 min at each temperature prior to commencing accumulation of the 

spectra.  Different shaping times (0.5 µs, 1 µs, 2 µs, 3 µs, 6 µs, and 10 µs) and reverse biases (0 V, 

20 V, 40 V, 60 V, and 100 V) were used across the temperature range (100 °C to 0 °C), to 

investigate the performances of the systems.  Each spectrum had a live time limit of 240 s. 

The obtained spectra were energy calibrated using the position of the zero energy noise peak and 

the centroid channel number of the fitted Mn Kα at 5.9 keV for each spectrum, as points of known 

energies on MCA’s charge scale.  The energy resolution (as quantified by the FWHM at 5.9 keV) 

of the system as a function of applied reverse bias, at the highest (100 °C) and lowest (0 °C) 

investigated temperatures is shown in Figure 5.15.  The 55Fe X-ray photopeak of the spectrum 

accumulated using D4 (the 409 µm diameter photodiode) could not be resolved from the zero 

noise peak, at 100 °C, due to the relatively large capacitance of the photodiode, when no reverse 

bias was applied (15 pF at 0 V at 100 °C).  The FWHM at 5.9 keV of both spectrometers were 

found to be decreased with increasing reverse bias.  This may be explained due to the reduced 

capacitance of the photodiodes (see Figure 5.12) and the improved charge collection, with 

increasing reverse bias.  At the highest investigated reverse bias (100 V) and the highest 

investigated temperature (100 °C), the best energy resolutions achieved with D2 (217 µm 

diameter photodiode) (active area of 0.04 mm2) and D4 (409 µm diameter photodiode) (active 

area of 0.13 mm2) were found to be 1.31 keV ± 0.04 keV and 1.64 keV ± 0.08 keV, respectively.  
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Figure 5.15.  Measured best energy resolution (FWHM at 5.9 keV) achieved using (a) D2 

(217 µm diameter photodiode) and (b) D4 (409 µm diameter photodiode) as functions of 

applied reverse bias at each investigated temperature and at the optimum shaping time, 100 °C 

(open circles), and 0 °C (× symbols). 

The spectra obtained with the spectrometers at 100 °C and 0 °C, with the detectors reverse biased 

at the 100 V are shown in Figure 5.16.  The number of counts is not comparable between the 

different diameter photodiodes on an area normalised basis because of the presence of the 

0.23 mm thick PTFE absorber in the case of the 409 µm diameter photodiode.  The energy 

resolutions (FWHM at 5.9 keV) achieved with these Al0.52In0.48P detector X-ray spectrometers 

were not as good as those achieved using high-quality 4H-SiC detectors (70 µm thick epitaxial 

layer; area of 0.04 mm2) and ultra-low-noise preamplifier electronics (233 eV FWHM at 5.9 keV 

at 100 °C) (Bertuccio et al., 2011).  However, they are better than has been previously reported at 

100 °C with other Al0.52In0.48P detectors (comparing the 217 µm diameter detector with a 

previously reported 2 μm thick 200 µm diameter Al0.52In0.48P device) (1.31 keV cf. 1.57 keV 

FWHM at 5.9 keV) (Butera et al., 2016a), and comparable to the results obtained with In0.5Ga0.5P 

photodiodes at 100 °C (5 μm thick i layer; 200 µm diameter; 1.27 keV FWHM at 5.9 keV) 
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(Butera et al., 2018a).  They also have better energy resolution than the best reported Al0.8Ga0.2As 

photodiodes (1 μm thick i layer; 200 µm diameter; 2.2 keV FWHM at 5.9 keV) at 90 °C 

(Barnett et al., 2010). 

 

Figure 5.16.  55Fe X-ray spectrum obtained with (a) 217 µm diameter photodiode, D2, and (b) 

409 µm diameter photodiode, D4, based X-ray spectrometers at 100 V reverse bias, at a 

temperature of 100 °C (solid line) and 0 °C (dashed line), at the optimum shaping time. 

5.5.2 Noise analysis 

The measured FWHM at 5.9 keV of the Al0.52In0.48P X-ray spectrometers as functions of shaping 

time at each investigated temperature at 100 V reverse bias, are shown in Figure 5.17.  In this 

figure, an improvement can be seen in FWHM at 5.9 keV for both X-ray spectrometers at each 

investigated shaping time when the temperature decreased from 100 °C to 40 °C.  The 

improvement in FWHM for both X-ray spectrometers was comparatively slight when the 

temperature decreased from 40 °C to 0 °C. 
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In order to achieve the best energy resolution at each investigated temperature, it was necessary 

to select different shaping times at different temperatures.  For the spectrometer with D2 (217 μm 

diameter detector), the best available shaping times were 2 μs for temperatures of 0 °C to 40 °C, 

and 1 μs for 60 °C to 100 °C.  For the spectrometer with D4 (409 μm diameter detector), the best 

available shaping times were 10 μs for temperatures of 0 °C and 20 °C, 3 μs for 40 °C, 2 μs for 

60 °C, and 1 μs for 80 °C and 100 °C. 

 

Figure 5.17.  Measured FWHM at 5.9 keV as functions of shaping time for the Al0.52In0.48P 

photodiodes based spectrometers (a) 217 μm diameter photodiode, D2, (b) 409 μm diameter 

photodiode, D4, based spectrometers across the temperature range of 100 °C to 0 °C.  The 

dotted lines are guides for the eyes only. 

At each investigated temperature, the total leakage current and the total capacitance at the input 

of the preamplifier can be estimated by applying a multidimensional unconstrained nonlinear 

minimisation to the measured FWHM at 5.9 keV as a function of shaping time for both X-ray 

spectrometer at 100 V reverse bias (see Figure 5.17), the details are described in 

Bertuccio & Pullia (1993).  The series white noise (including induced gate current), parallel white 
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noise, and 1/f series noise were calculated as described in Lioliou & Barnett (2015) using the 

estimated total leakage current and the total capacitance at the input of the preamplifier at each 

temperature.  The calculated noise contributions of the series white noise (including induced gate 

current), parallel white noise, 1/f series noise, along with the estimated Fano noise as functions of 

shaping time for both X-ray spectrometers, at 100 V reverse bias, at the highest investigated 

temperature (100 °C) and the lowest investigated temperature (0 °C), are shown in Figures 5.18 

and 5.19. 

 

Figure 5.18.  Equivalent noise charge as a function of shaping time for the 217 μm diameter 

Al0.52In0.48P photodiode (D2) connected to the custom low-noise charge-sensitive preamplifier at 

100 V reverse bias, at (a)100 °C and (b) 0 °C.  Series white noise including induced gate current 

noise (open squares), parallel white noise (open triangles), Fano noise (dash line), and 1/f series 

noise (open diamonds).  The dotted lines are guides for the eyes only. 
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Figure 5.19.  Equivalent noise charge as a function of shaping time for the 409 µm diameter 

Al0.52In0.48P photodiode (D4) connected to the custom low-noise charge-sensitive preamplifier at 

100 V reverse bias, (a)100 °C and (b) 0 °C.  Series white noise including induced gate current 

noise (open squares), parallel white noise (open triangles), Fano noise (dash line), and 1/f series 

noise (open diamonds).  The dotted lines are guides for the eyes only. 

At the highest investigated bias (100 V), at the available optimum shaping time at each 

temperature, the energy resolutions of both photodiodes spectrometers were found to be improved 

with decreasing temperature (see Figure 5.17), e.g. FWHM at 5.9 keV of 1.31 keV at 100 °C cf. 

0.82 keV at 0 °C for the 217 μm diameter photodiode spectrometer; FWHM at 5.9 keV of 

1.64 keV at 100 °C cf. 0.95 keV at 0 °C for the 409 μm diameter photodiode spectrometer.  

Comparing 100 °C with 0 °C, the parallel white noise was significantly reduced, as shown in 

Figures 5.18 and 5.19.  Therefore, much of the improvement in energy resolution at low 

temperatures stemmed from the reduced parallel white noise (e.g. 93 e- rms at 100 °C cf. 35 e- rms 

at 0 °C for 217 μm diameter photodiode spectrometer at a shaping time of 10 μs; compared with 

96 e- rms at 100 °C and 1 e- rms at 0 °C for 409 μm diameter photodiode spectrometer at the same 

shaping time).  The majority of the parallel white noise at high temperature came from the leakage 
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current of the preamplifier input JFET (88 e- rms, at 100 °C) rather than the detectors.  This 

emphasises the importance of developing new high temperature tolerant preamplifier electronics 

based on wide bandgap semiconductors Lioliou & Barnett (2015). 

The energy resolution of a photodiode X-ray spectrometer may also be affected by incomplete 

charge collection noise.  However, according to results reported in Section 5.3.2, the incomplete 

charge collection noise of these particular photodiodes was negligible at high reverse biases 

(≥ 80 V).  Therefore, at such detector reverse biases, the dielectric noise of the spectrometer can 

be calculated by subtracting in quadrature the calculated series white noise (including induced 

gate current noise), parallel white noise, 1/f series noise, and the predicted Fano noise, from the 

measured FWHM at 5.9 keV.  This calculation was performed and the results are presented in 

Figure 5.20.  
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Figure 5.20.  Equivalent noise charge of dielectric noise as a function of shaping time for 

Al0.52In0.48P photodiodes based X-ray spectrometers, (a) D2, 217 μm and (b) D4, 409 μm 

diameter photodiodes, at 100 V reverse bias, at different temperatures (100 °C, open triangles); 

(80 °C, open diamonds); (60 °C, open squares); (40 °C, × symbols); (20 °C, open circles); 

(0 °C, dark triangles).  The dotted lines are guides for the eyes only. 

The dielectric noise’s equivalent noise charge is given by Equation 2.19.  Each lossy dielectric 

in close proximity to the input of the preamplifier has its own dielectric noise which is dependent 

on its own dielectric dissipation factor and capacitance, but it is common to combine all the 

dielectric noise sources and state an apparent overall dielectric dissipation factor and capacitance.  

Nevertheless, assuming that the overall dielectric noises for the two spectrometers were identical 

except for the different contributions from the photodiodes themselves (i.e. arising from their 

different capacitances) the dielectric dissipation factor of Al0.52In0.48P itself can be estimated using 

Equation 2.19 and the procedure as described in Section 5.3.2.  As such, the dielectric dissipation 

factor of Al0.52In0.48P was estimated at different temperatures for the first time, and is presented in 

Figure 5.21.  The uncertainties (error bars) in the dielectric dissipation factor shown in 
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Figure 5.21 reflect the uncertainties in the capacitances of the detectors and the uncertainties in 

the dielectric noise which were propagated from the uncertainties in the energy resolution. 

At 100 °C, the dielectric dissipation factor of the Al0.52In0.48P was estimated to be 5.4 × 10-3 

± 0.8 × 10-3.  At 0 °C was 2.4 × 10-3 ± 0.5 × 10-3.  The dielectric dissipation factor at 20 °C 

(2.5 × 10-3 ± 0.5 × 10-3) was found to be similar to the previously reported measurement of the 

Al0.52In0.48P dielectric dissipation factor of at room temperature (2.2 × 10-3 ± 1.1 × 10-3) (see 

Section 5.3.2). 

 

Figure 5.21.  The estimated dielectric dissipation factor of Al0.52In0.48P over the temperature 

range of 0 °C to 100 °C. 

 

5.6 Conclusions and discussion 

The results of the electrical characterisation of four custom-made Al0.52In0.48P mesa p+-i-n+ X-ray 

photodiodes (D1 – D4) with 6 μm thick i layers and two different diameters (217 μm ± 15 μm for 

D1 and D2; 409 μm ± 28 μm for D3 and D4) have been reported.  The detectors are the thickest 

Al0.52In0.48P photodiodes so far reported for X-ray spectroscopy. 

The photodiodes were initially operated at room temperature (24 °C).  Measurements of 

capacitance as functions of applied reverse bias showed similar capacitances between 

photodiodes of the same diameter.  The capacitances of the four photodiodes were found 

decreased with the increased applied reverse bias.  At the highest investigated bias (100 V), the 

capacitances of the 217 μm diameter photodiodes (D1 and D2) and the 409 μm diameter 

photodiodes (D3 and D4) were found to be 0.7 pF and 2.5 pF, respectively.  The measured leakage 

currents of both diameters’ photodiodes were found to be < 3 pA (corresponding to leakage 
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current densities < 2 nA/cm2) at 100 V reverse bias (corresponding to electric field strengths of 

167 kV/cm).  The performance of these photodiodes as photon counting spectroscopic X-ray 

detectors was investigated by connecting the photodiodes to a custom-made low-noise 

charge-sensitive preamplifier and illuminating them with an 55Fe radioisotope X-ray source.  The 

best energy resolutions (FWHM at 5.9 keV) obtained with the 217 μm diameter device (D2) and 

409 μm diameter device (D4) were 0.89 keV and 1.05 keV, respectively.  To achieve this both 

detectors were reverse biased at 100 V.  The detectors and readout electronics were operated at 

room temperature.  The noise contribution from the incomplete charge collection noise was found 

insignificant when the detectors were reverse biased ≥ 80 V.  At the highest investigated reverse 

bias (100 V), the limiting noise source affecting in the energy resolution of both spectrometers 

was mainly due to the dielectric noise.  Assuming the difference in the dielectric noise between 

the two spectrometers was solely due to the different capacitances of the photodiodes, the 

dielectric dissipation factor of Al0.52In0.48P was estimated for the first time; a value of 2.2 × 10-3 ± 

1.1 × 10-3 was found. 

Following the room temperature measurements, the electrical characteristics and photon counting 

spectroscopic X-ray detection performance of two of the detectors (D2, 217 µm ± 15 µm diameter; 

D4, 409 µm ± 28 µm diameter) were studied as functions of temperature, T (0 °C ≤ T ≤ 100 °C).  

Thus, these detectors became the thickest Al0.52In0.48P X-ray photodiodes to be characterised for 

their high temperature (> 24 °C) performance so far. 

Measurements of the detectors’ capacitances as functions of applied reverse bias and temperature 

showed that the capacitances of both photodiodes were broadly consistent across the investigated 

temperature range when the detectors were reverse biased at > 5 V.  Measurements of the 

detectors’ leakage current as functions of applied reverse bias and temperature showed that the 

devices had low leakage currents (< 5 pA) even at the maximum investigated reverse bias (100 V) 

and temperature (100 °C). 

With the detectors connected to a custom-made low-noise charge-sensitive preamplifier, 55Fe 

radioisotope X-ray source spectra were accumulated across the temperature range.  At the highest 

investigated temperature (100 °C) and greatest reverse bias (100 V), the best energy resolutions 

(FWHM at 5.9 keV) achieved with the 217 µm diameter detector (D2) and 409 µm diameter 

detector (D4) were 1.31 keV and 1.64 keV, respectively.  At the lowest investigated temperature 

(0 °C), the energy resolution of 217 µm diameter detector (D2) and 409 µm diameter detector 

(D4) had improved to 0.82 keV and 0.95 keV, respectively.  The different noise contributors to 

the energy resolutions (FWHM at 5.9 keV) were computed as functions of shaping time and 

temperature.  The improvement in energy resolution as the temperature was reduced was largely 
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due to decreased leakage current of the spectrometers with reduced temperatures; the leakage 

current of the Si JFET is a significant contributor at high temperatures.  For the first time, the 

temperature dependence of dielectric dissipation factor of Al0.52In0.48P was estimated, a value of 

5.4 × 10-3 ± 0.8 × 10-3 was found at 100 °C. 

The work presented here shows the current state of art for custom compound semiconductor X-ray 

detectors specifically designed for soft X-ray spectroscopy in high temperature environments.  

Compared with other 200 µm diameter Al0.52In0.48P X-ray photodiodes (2 µm thick i layer) that 

were reported previously (Butera et al., 2016a) (Butera et al., 2016b), the 217 µm diameter 

Al0.52In0.48P X-ray photodiodes reported in this thesis have a thicker i layer which results in a 

higher quantum efficiency at a given energy (e.g. 0.56 for the 6 µm thick devices cf. 0.26 for the 

2 µm thick devices, at 5.9 keV).  The 217 µm diameter Al0.52In0.48P X-ray photodiode reported 

here had a comparable leakage current (e.g. at 100 °C, 2.1 pA for the 6 µm thick device cf. ~1 pA 

for the 2 µm thick device) and a lower capacitance (e.g. at 100 °C, 0.7 pF for the 6 µm thick 

device cf. 1.4 pF for the 2 µm thick device), which results in a slightly improvement in energy 

resolution (FWHM at 5.9 keV) when both devices coupled to a similar preamplifier electronics 

(e.g. 1.31 keV for the 6 µm i layer Al0.52In0.48P device cf. 1.57 keV for 2 µm i layer Al0.52In0.48P 

device, at 100 °C) (Butera et al., 2016b). 

Even though the commercial 4H-SiC photodiodes (Chapters 3 and 4) were able to be operated 

as photon counting spectroscopy detectors of soft X-ray at high temperature (> room temperature) 

without cooling, the limitations of these devices (e.g. relatively low quantum efficiency and 

relatively poor energy resolution), limits their utility for some space science applications.  Thus 

motivating the development of custom detectors. 

Compared with the commercial 4H-SiC photodiodes (epitaxial layer thickness = ~5.15 μm) 

reported in Chapters 3 and 4, the Al0.52In0.48P X-ray photodiodes (i layer thickness = 6 µm) 

reported here have a much higher quantum efficiency (e.g. 0.56 for the Al0.52In0.48P devices cf. 

0.16 for the 4H-SiC devices, at 5.9 keV) mainly as a result of the larger linear absorption 

coefficient of Al0.52In0.48P (1302 cm-1 at 5.9 keV) cf. 4H-SiC (346 cm-1 at 5.9 keV). 

Whilst the custom-made Al0.52In0.48P devices reported here had a smaller area (0.13 mm2 for the 

largest device) than the commercial 4H-SiC devices (0.5 mm2 for the largest device), larger 

custom Al0.52In0.48P detectors could be fabricated.  However, for the currently reported 

photodiodes, it should be noted that for 5.9 keV X-ray photons, despite the better quantum 

efficiency of the Al0.52In0.48P detectors (0.56) cf. the 4H-SiC detectors (0.16), assuming a uniform 

illumination, more photons would be detected per second with the 0.5 mm2 4H-SiC detector than 
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the 0.13 mm2 Al0.52In0.48P detector (the product of the area and quantum efficiency is greater for 

the 4H-SiC device (0.08) than the Al0.52In0.48P device (0.07)). 

Al0.52In0.48P has a better expected Fano-limited energy resolution than 4H-SiC due to the smaller 

electron-hole pair creation energy of Al0.52In0.48P (FWHMFano = 145 eV for Al0.52In0.48P assuming 

F = 0.12, cf. FWHMFano = 160 eV for 4H-SiC, at 5.9 keV, both at room temperature) (see 

Table 1.1) (see Equation 2.12).  The incomplete charge collection noise of the custom-made 

Al0.52In0.48P devices was negligible at high reverse biases (≥ 80 V) at 5.9 keV, thus indicating that 

if the detectors were connected to ultra-low noise readout electronics with negligible noise, the 

Fano noise would dominate in Al0.52In0.48P, and thus the practically achievable energy resolution 

would be better with Al0.52In0.48P than 4H-SiC. 

In the currently reported measurements, the custom-made Al0.52In0.48P photodiode (area of 

0.04 mm2) had a better energy resolution (FWHM at 5.9 keV) than the commercial 4H-SiC 

photodiode (area of 0.06 mm2) when both devices coupled to a similar preamplifier electronics 

(e.g. FWHM at 5.9 keV = 1.3 keV for the Al0.52In0.48P detector cf. 2.6 keV for the commercial 

4H-SiC detector, at 100 °C).  In both cases a significant contribution to the noise at high 

temperatures came from the Si input JFET of the charge sensitive preamplifier.  Use of a SiC 

input JFET (Lioliou & Barnett, 2015) would substantially improve the achievable 

high-temperature energy resolutions.  With such an improvement made, the instrumentation 

would be highly attractive for use in missions to the surfaces of the planets and comets close to 

the Sun (e.g. temperatures of 70 °C at the polar region of Mercury (Novara, 2001); ~87 °C at the 

surface of comet Halley at 0.8 AU (Emerich et al., 1988)), where it could be used for X-ray 

fluorescence spectroscopy of the surface materials. 
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6.1 Conclusions and discussion 

Commercial-off-the-shelf (COTS) 4H-SiC and custom-made Al0.52In0.48P photodiodes have been 

studied for their suitability as radiation detectors at high temperature. 

Commercial 4H-SiC UV p-n photodiodes with two different active areas (0.06 mm2 and 0.5 mm2) 

have been demonstrated to function as X-ray photon counting spectroscopy detectors, with a 

modest energy resolution (FWHM at 5.9 keV) (1.8 keV for 0.06 mm2 photodiodes; 3.3 keV for 

0.5 mm2 photodiodes) at room temperature (24 °C).  The dielectric noise and series white noise 

were found to be the dominant noise sources in the system (see Figure 3.8).  One of the 0.06 mm2 

detectors was selected to be further investigated across the temperature range 100 °C to 0 °C.  At 

the highest investigate temperature (100 °C), the measured energy resolution (FWHM at 5.9 keV) 

was found to be 2.6 keV.  The dielectric noise and possibly incomplete charge collection noise 

(from charge created in the substrate) were found be to the dominant noise contributors to the 

system across the investigated range of temperatures (see Figure 3.19).  The X-ray 

characterisation of the selected 0.06 mm2 detector was then extended with study of its response 

to higher energy (< 25 keV) X-rays, the energy resolutions (FWHM) achieved with the detector 

were 1.6 keV – 1.8 keV across the investigated energy range.  The energy-charge linearity and 

the count rate linearity were investigated and found to be linear (see Figures 4.5 and 4.6). 

The 0.06 mm2 4H-SiC detector was then further investigated as an electron (β- particle) detector 

experimentally using a 63Ni radioisotope β- particle source at temperatures from 20 °C to 100 °C, 

and theoretically via Monte Carlo simulations produced using the CASINO computer program.  

Comparison between the experimentally detected and simulated 63Ni β- particle spectra showed 

that the commercial 4H-SiC photodiode based spectrometer produced agreement, and resolved 

the outstanding question as to the thickness of the active region in the detectors, which arose in 

the measurements made with X-rays.  The detectors were thus demonstrated to be capable of 

electron (β- particle) spectroscopy. 

Following extensive investigation of the COTS 4H-SiC detectors, custom-made Al0.52In0.48P mesa 

p+-i-n+ X-ray photodiodes with 6 µm thick i layers and two different diameters (217 µm ± 15 µm 

and 409 µm ± 28 µm) were investigated as soft X-ray photon counting spectroscopy detectors at 

different temperatures, 0 °C ≤ T ≤ 100 °C.  Al0.52In0.48P is a new material for this application 
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and such detectors are at the very cutting edge of modern X-ray detector research.  At room 

temperature (24 °C), the best energy resolutions (FWHM at 5.9 keV) achieved with the 217 µm 

diameter photodiodes (D1 and D2) and the 409 µm diameter photodiodes (D3 and D4) were 

0.9 keV and 1.1 keV, respectively.  At the highest investigated temperature (100 °C), the best 

energy resolutions (FWHM at 5.9 keV) of one of the 217 µm diameter photodiodes (D2) and one 

of the 409 µm diameter photodiodes (D4) were respectively found to be 1.31 keV and 1.64 keV.  

Dielectric noise was found to be the dominant noise type in the system (see Figure 5.9).  The 

measurements with Al0.52In0.48P also enabled estimation of the material’s dielectric dissipation 

factor for the first time; 2.2 × 10-3 ± 1.1 × 10-3 at room temperature (24 °C), 5.4 × 10-3 ± 0.8 × 10-3 

at 100 °C. 

The work presented in this thesis contains electrical characterisation of detectors made from two 

different materials (4H-SiC and Al0.52In0.48P) at different operating conditions (bias, temperature).  

All devices were studied under the illumination of an 55Fe radioisotope X-ray source.  Moreover, 

one of the commercial 4H-SiC photodiodes was further studied under the illumination of higher 

X-ray energies as well as 63Ni radioisotope β- particle source.  The work was supported with 

calculations, simulations, and comparisons of the results with previously published works.  The 

work conducted with the commercial 4H-SiC UV p-n photodiodes and custom-made Al0.52In0.48P 

p+-i-n+ mesa photodiodes show the current state of the art for both commercial photodiodes and 

the custom-made compound semiconductor X-ray detectors for use at high temperatures.  In both 

cases, the devices have been demonstrated to function as soft X-ray detectors at high temperatures.  

In addition, the commercial 4H-SiC photodiodes have been shown to operate as soft electron 

detectors for electron counting spectroscopy at high temperatures.  The systematic study advances 

knowledge of compound semiconductor radiation spectrometers and improves understanding of 

these devices with a view to using them in future space missions. 

For both types of detector, the X-ray energy resolutions (FWHM at 5.9 keV) reported with the 

detectors coupled to the present preamplifier electronics are currently not as good as with some 

other custom X-ray detectors, e.g. Si drift detectors (148 eV at 30 °C) (Bertuccio et al., 2015); 

In0.5Ga0.5P p+-i-n+ mesa photodiodes (0.77 keV at 20 °C; 1.27 keV at 100 °C) (Butera et al., 

2018a); custom 4H-SiC Schottky X-ray detectors (196 eV at 30 °C; 233 eV at 100 °C) 

(Bertuccio et al., 2011). 

The In0.5Ga0.5P devices derive their comparatively better energy resolution mainly as a 

consequence of that material’s lower electron-hole pair creation energy (4.94 eV (Butera et al., 

2018a) at 20 °C) cf. 4H-SiC and Al0.52In0.48P; those detectors were coupled to a preamplifier 

comparable to that used for the measurements reported in this thesis.  The Si drift detector and 
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custom 4H-SiC Schottky X-ray detectors were coupled to ultra-low-noise readout electronics and 

the excellent energy resolutions reported reflect this.  One significant technique used to reduce 

dielectric noise in such electronics is to directly wire-bond the detector to the gate of the input 

transistor.  Whist this could be used for the custom Al0.52In0.48P (and In0.5Ga0.5P) detectors since 

control over their packaging is possible, the COTS 4H-SiC detectors cannot benefit from this as 

they are supplied already packaged. 

A further feature of the Al0.52In0.48P devices which could be improved, but that cannot be changed 

for the COTS 4H-SiC devices, is their quantum efficiency.  This could be improved by growing 

thicker absorption layers.  The same is true for the detector areas; different area Al0.52In0.48P 

devices could be fabricated, but areas of the COTS devices are fixed by the manufacturer.  This 

exposes the inherent dichotomy between COTS and custom devices; custom devices can be 

tailored to improve performance or meet specific requirements, whereas COTS devices cannot. 

Different space missions have different requirements for their associated space instruments; for 

example, the priority can be placed on low cost (suggesting COTS devices) or high performance 

(suggesting custom devices), hence a trade-off must be made in the design of instrumentation 

appropriate for the application. 

Even with the limitations inherent to the commercial 4H-SiC detector, its benefits of low cost, 

commercial availability, ability to operate at uncooled at high temperature, visible blindness, and 

likely radiation hardness, make it an interesting and potentially useful detector for numerous 

cost-sensitive space applications.  They could be used as X-ray detectors on CubeSats for 

heliophysics research, e.g. understanding the influences of solar soft X-rays on the ionosphere of 

Earth (Avakyan, 2008) (Richards, 2013) (Hayes et al., 2017).  They could also be used to monitor 

the soft electron distribution in the near-Earth environment, or elsewhere in the solar system, for 

space plasma phenomenon research, e.g. understanding the mechanisms of sudden changes of 

electron fluxes in the outer radiation belt (Boynton et al., 2016).  For missions with greater budgets, 

the use of custom made detectors is still expected. 

Al0.52In0.48P is one of the most interesting materials for X-ray detectors to have emerged in recent 

times.   The work reported in this thesis follows on from the earlier proof of principle research 

that was conducted with thin (2 µm) layers.  The performance demands placed on custom devices 

is typically greater than for COTS devices, in order to justify the increased financial costs 

associated with development.  With refinements to the photodiode packaging and preamplifier 

electronics to improve the spectral resolution, along with the improvements in detection quantum 

efficiencies of the detectors brought by growing thicker absorption layer devices, the 
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custom-made Al0.52In0.48P based spectrometers reported here are likely to find use in many future 

space applications, e.g. in situ/remote planetary X-ray fluorescence spectrometry in high 

temperature environments such as at Mercury and at comets close to the Sun.  Moreover, since 

there can be control over the fabrication process, the opportunity exists to fabricate monolithic 

pixel arrays with Al0.52In0.48P, thus opening the possibility of imaging X-ray spectrometers. 

 

6.2 Future work 

Considering the results and the discussions reported in the thesis, there are many possibilities for 

future research both directly concerning the devices investigated, and in their application in space 

research.  Here discussion is limited solely to the instrumentation rather than its applications. 

With respect to work on the devices themselves, one critical aspect to investigate is their radiation 

hardness.  Radiation doses in space environments can be substantial (e.g. 20 krad/day at the 

surface of Europa (Kolawa et al., 2007)), and the progressive changes in detector performance 

which occur as the cumulative dose increases must be understood in order to be able to understand 

changes in the detectors’ performance over mission lifetimes.  The effects of detector temperature 

and operating condition on radiation damaged experienced should be investigated as part of this.  

Characterisation of the detectors at higher energies is also interesting and should be conducted.  

Investigation of the performance of the detectors as spectrometers for higher energy X-rays and 

γ-rays (e.g. from 241Am and 109Cd radioisotope X/γ-ray sources) would enable further study of 

energy dependent phenomena such as charge trapping and incomplete charge collection noise.  It 

would also open up the possibility of using the detectors in nuclear research by virtue of 

demonstrating their potential for the detection of these high energy photons (e.g. 59.5 keV from 

241Am; 88 keV from 109Cd). 

For the 4H-SiC detectors, dark/illuminated current measurements made using a chopper wheel 

and lock-in amplifier would be beneficial to eliminate any effects from varying leakage currents 

(see Sections 3.3.1, 3.5.1, and 4.4.2).  This may further clarify the origin of the apparently greater 

than expected illuminated currents observed with the detectors, if in fact the origin of such 

currents is a consequence of increased leakage rather than greater than expected photocurrents. 

Future work on Al0.52In0.48P photodiodes/spectrometers may include growing structures with 

thicker i layers to improve the quantum efficiency at high energies, and fabricating larger area 

devices.  Systematic device fabrication studies should be carried out to optimise these processes; 
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the importance of this is evidenced by the change in etchant which was required for the 6 µm 

thick devices reported here in order to achieve an adequate vertical etch rate (see Section 1.9.2).   

Even for the existing Al0.52In0.48P structures, it would be of immediate benefit to redesign the 

front-end of the preamplifier and its interface with the detector (e.g. using a bare die JFET directly 

wire-bonded to the detector) (Bertuccio et al., 1995).  This would reduce the dielectric noise and 

improve the achievable energy resolution.  Development of a suitable preamplifier input JFET 

made from a wide bandgap material (e.g. SiC) (Lioliou & Barnett, 2015) would also be beneficial, 

particularly at high temperature, where the performance of the current spectrometers is limited 

more by the leakage current of the input JFET than the leakage currents of the detectors 

themselves. 
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