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 7 

ABSTRACT. Mo/4H-SiC Schottky diodes were investigated as detectors for their suitability 8 

in photon counting X-ray and γ-ray spectroscopy.  The Schottky diodes, with a 35 µm thick 9 

n- epitaxial layer, were treated with a phosphorus pentoxide surface passivation, which had 10 

been previously shown to improve the homogeneity of the metal-semiconductor interface and 11 

supress leakage current.  One device was coupled to a low-noise charge sensitive preamplifier 12 

and standard onwards readout electronics; the resultant spectrometer was used to 13 

accumulated X-ray and γ-ray spectra.  The spectrometer had an energy resolution of 1.67 keV 14 

± 0.08 keV (97 e- rms ± 5 e- rms) at 5.9 keV and 1.6 keV ± 0.1 keV (93 e- rms ± 6 e- rms) at 15 

59.54 keV.  Despite the moderate energy resolution achieved, the results suggested that the 16 

leakage current of the Mo/4H-SiC Schottky diode detector was not the dominant source of 17 

noise limiting the energy resolution of the spectrometer at the optimum operating conditions 18 

at room temperature; lossy dielectrics in close proximity to the input of the preamplifier 19 

(including stray dielectrics) and the relatively large average electron-hole pair creation energy 20 

of 4H-SiC (an inherent property) were the main contributors to the achieved energy 21 

resolution in energy terms.   22 

 23 

Keywords: 4H-SiC; Schottky diodes; Mo Schottky contact; X-ray spectroscopy; γ-ray 24 

spectroscopy. 25 

 26 

1. Introduction 27 

4H-SiC is one of the most mature wide bandgap semiconductor materials.  The advantages of 28 

this SiC polytype over Si have led to the development of high performing 4H-SiC detectors 29 

for X-ray and γ-ray spectroscopy, particularly for harsh environments where instrumentation 30 

is required to operate at high temperature or when exposed to intense radiation.   31 

 32 

Uncooled operation of semiconductor radiation detectors at high temperatures (≥ 20 °C) 33 

requires a wide bandgap.  The bandgap of 4H-SiC, 3.2 eV [1], is almost three times wider 34 

than that of Si, resulting in low thermally generating leakage currents.  Indeed, 4H-SiC based 35 

radiation detectors have been reported with leakage current densities as low as 0.1 pA cm-2 at 36 

25 °C, while typical Si radiation detectors have leakage currents four orders of magnitude 37 

higher (~ 1 nA cm-2) [2].  Another advantage of 4H-SiC is its relatively low electron affinity 38 

(3.17 eV [3]).  This allows Schottky diodes with high barrier height to be fabricated, reducing 39 

the thermionic emission current component.  These intrinsic characteristics minimise the 40 

parallel white noise originating from the 4H-SiC radiation detector, which contribute to the 41 

total noise of the photon counting spectroscopic system.  Additionally, a 4H-SiC detector 42 
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based X-ray and γ-ray spectrometer may also benefit from little or no incomplete charge 43 

collection noise by virtue of the high quality material available, and considering the relatively 44 

high electric field strengths that can be applied to the detector due to the material’s high 45 

breakdown field (3 × 106 V cm-1 to 5 × 106 V cm-1 at 300 K [4]).  The high tolerance of 4H-46 

SiC to radiation damage, a useful attribute of radiation detectors operating in intense radiation 47 

environments (such as certain space environments, civil nuclear applications, and some 48 

nuclear defence situations), further motivates the development and deployment of such 49 

detectors.  4H-SiC radiation detectors have been found to be more radiation hard than Si 50 

detectors [5-7], increasing the life-time of the respective spectrometer, while being subjected 51 

to intense radiation. 52 

  53 

The development of 4H-SiC detector based X-ray and γ-ray spectrometers started by utilizing 54 

Au/4H-SiC Schottky diodes; initially, an energy resolution (Full Width at Half Maximum, 55 

FWHM) poorer than 2.7 keV at 59.54 keV at room temperature was reported [8].  Progress in 56 

4H-SiC epitaxial growth and in ultra-low noise preamplifier electronics resulted in the 57 

advancement of single pixel spectroscopic systems employing Au/4H-SiC Schottky diodes 58 

over the decade which followed, with an energy resolution of 196 eV FWHM at 5.9 keV at 59 

30 °C being reported some ten years later [9].  NiSi/4H-SiC Schottky diodes, in an array 60 

configuration, have also been investigated for their suitability in X-ray photon counting 61 

spectroscopy [10-12].  The best energy resolution achieved with NiSi/4H-SiC Schottky 62 

diodes was 1.36 keV FWHM at 17.4 keV, at 30 °C, which was limited by the stray 63 

capacitances and dielectrics at the input of the preamplifier, rather than the detector itself 64 

[12].  Ni2Si/4H-SiC Schottky diodes were shown to be suitable for X-ray photon counting 65 

spectroscopy, up to 100 °C, with an energy resolution of 1.26 keV FWHM at 5.9 keV at 20 66 

°C; the noise of the spectrometer was greatly limited by stray dielectrics [13].  Commercial-67 

off-the-shelf 4H-SiC UV p-n photodiodes, have been repurposed as detectors for photon 68 

counting X-ray and γ-ray spectroscopy [14-15].  The energy resolution of that spectrometer 69 

operating at 20 °C varied from 1.66 keV ± 0.15 keV at 5.9 keV to 1.83 keV ± 0.15 keV at 70 

59.5 keV [15]. 71 

 72 

The relatively high average electron-hole pair creation energy of 4H-SiC (7.8 eV [9]) places 73 

greater demands (cf. detector materials with smaller electron-hole pair creation energies, 74 

including Si, GaAs, In0.5Ga0.5P, and Al0.52In0.48P) on the charge sensitive preamplifier 75 

employed in a radiation spectrometer.  When both spectrometers have identical equivalent 76 

noise charge (ENC, in units of e- rms), the energy resolution (FWHM) achieved with a 4H-77 

SiC detector based spectrometer is poorer than that achieved with a spectrometer employing a 78 

detector which has a smaller electron-hole pair creation energy, due to the larger average 79 

electron-hole pair creation energy of 4H-SiC.  However, the advantage from using a wider 80 

bandgap detector, such as one made from 4H-SiC, compared to a detector with a narrower 81 

bandgap, comes at high temperatures where the ENC contribution of the narrower bandgap 82 

detector can be greater than that of the wider bandgap detector by a sufficient amount as to 83 

outweigh the larger average electron-hole pair creation energy of the wider bandgap detector.   84 

 85 
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The work function of the metal of the Schottky contact on a 4H-SiC Schottky diode defines 86 

the Schottky barrier height of the diode: in the ideal case, the Schottky barrier height equals 87 

the difference between the metal work function and the electron affinity of the semiconductor 88 

[16].  Achieving high barrier heights, and thus supressed thermionic emission currents, 89 

requires the use of a metal with high work function; work functions of 5.1 eV for Au [17], 4.8 90 

eV for Ni2Si, and 4.5 eV for NiSi [18] have been reported.  Recently, another metal, Mo, has 91 

been considered for the Schottky contact on 4H-SiC Schottky diodes.  Although the work 92 

function of Mo is relatively low, between 4.36 eV and 4.95 eV, depending on its 93 

crystallographic orientation [19], promising results have been reported concerning 94 

overcoming the disadvantage (higher leakage currents) of the relatively low barrier heights of 95 

Mo/4H-SiC Schottky diodes [20].  Surface passivation treatments using phosphorus 96 

pentoxide (P2O5) prior to the metal deposition have been shown to homogenize the Mo/4H-97 

SiC interface, increase the resulting Schottky barrier height, and reduce leakage currents by 98 

up to three orders of magnitude cf. untreated Mo/4H-SiC Schottky diodes [21-22]. 99 

 00 

Here, Mo/4H-SiC Schottky diodes treated by a P2O5 surface passivation are investigated for 01 

their suitability in X-ray and γ-ray photon counting spectroscopy for the first time.  A total of 02 

six diodes were studied.  Initially, the dark current and the capacitance of each diode was 03 

measured at room temperature (≈ 20 °C); one representative device was then characterised at 04 

temperatures, T, -40 °C ≤ T ≤ 140 °C.  In all cases, the important parameters (saturation 05 

current, barrier height, ideality factor, leakage current density, depletion layer width, effective 06 

carrier concentration) of the Schottky didoes were calculated.  One randomly selected device 07 

was then coupled, as a radiation detector, to a low-noise charge sensitive preamplifier and 08 

regular onwards nuclear electronics readout instrumentation to realise a photon counting 09 

radiation spectrometer; subsequently, X-ray and γ-ray spectra were accumulated.  The 10 

spectrometer was operated at room temperature and the detector was directly illuminated by 11 

photons from three radioisotope radiation sources, which provided photons with energies ≤ 12 

88.04 keV.  Shaping time noise analysis of the X-ray and γ-ray spectra accumulated with the 13 

Mo/4H-SiC Schottky diode based spectrometer allowed the identification of the main factors 14 

limiting its energy resolution. 15 

 16 

2. Methods 17 

2. 1. Device structure and fabrication procedure  18 

Mo/SiC Schottky diodes were fabricated using n+ type (nitrogen-doped), 4° off-axis, 4H-SiC 19 

substrates, on which an n- type (1 × 1015 cm-3) 35 µm thick epitaxial layer was grown.  The 20 

resultant wafer was diced into chips; they were cleaned using a standard 21 

RCA1/HF(10%)/RCA2/HF(10%) process.  The surface passivation routine followed: the 22 

samples were mounted on a carrier wafer and placed in front of a silicon diphosphate 23 

(SiP2O7) source wafer; P2O5 was deposited (in a tube furnace at 1000 °C) for 2 hours.  The 24 

wafers were cleaned in dilute HF (10%) to remove the oxide layers.  A 1 µm thick SiO2 layer 25 

was deposited, for insulation, by Low Pressure Chemical Vapor Deposition (LPCVD) using 26 

tetraethyl orthosilicate (TEOS) while a Si precursor covered the active areas before contact 27 

formation.  Ti/Ni (30 nm/100 nm) ohmic contacts were formed on the rear of the samples 28 

after a rapid thermal anneal at 1000 °C for 2 minutes in Ar (5 slm) ambient.  The Schottky 29 
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contacts were then formed by opening a window in the thick SiO2 layer and evaporating 30 

100 nm of Mo before annealing at 500 °C in Ar (5 slm) ambient.  Finally, a 1 µm thick Al 31 

metal overlay, serving as a field plate, was evaporated on top of the die.  A total of six 32 

devices, D1 – D6, on a single die were studied; the six diodes were randomly selected from 33 

those fabricated.  Each device was a stadium shape, which had dimensions of 350 μm 34 

(length) by 136 μm (width) and an area (considering the rounded corners) of 0.0439 mm2.  35 

The gap between adjacent devices was 129 μm and 156 μm in the length and width 36 

dimensions, respectively.  The devices were packaged (mounted using silver-loaded epoxy in 37 

a TO-5 can, and ball-wedge wirebonded) to ease handling.  A schematic diagram showing the 38 

identification numbers of the six devices and their relative locations, is shown in Figure 1. 39 

 40 

 41 
Figure 1.  Schematic diagram showing the investigated six devices on the die along with their 42 

identification numbers. 43 

 44 

Calculations of the devices’ X-ray/γ-ray quantum detection efficiency are presented in 45 

Section 3. 1. Quantum detection efficiency. 46 

 47 

2. 2. Current and capacitance measurements 48 

The dark currents and the capacitances of each of the six Mo/4H-SiC Schottky diodes, D1 – 49 

D6, were measured at room temperature, the characteristics of one representative device, D3, 50 

were also measured at temperatures T, -40 °C ≤ T ≤ 140 °C.  Since every device was 51 

packaged in a TO-5 can, accompanying measurements (dark current and capacitance) were 52 

also performed of the package alone; the contribution of the package to the dark current and 53 

the capacitance was thus separated and the results presented below correspond to the 54 

contribution of each diode itself (i.e. with the packaging contributions subtracted), except 55 

where indicated. 56 

 57 

For characterisation, the devices were installed in an optically-dark and electromagnetically-58 

shielded Al test enclosure.  The enclosure was kept at ≈ 20 °C for the room temperature 59 

measurements of all six diodes.  For the temperature dependent characterisation of the 60 

selected diode, the enclosure was placed in a Temperature Applied Science Ltd Micro LT 61 

climatic cabinet which was used to achieve temperatures across the investigated range, in 20 62 

°C steps.  Any unwanted, humidity-related, effects were eliminated by continually purging 63 

with dry N2 (relative humidity ≤ 5%): for the room temperature measurements, the enclosure 64 

was purged directly and continuously; for the temperature dependent measurements, the 65 

enclosure was initially purged directly, then the climatic cabinet was purged directly and 66 

continuously with the enclosure within it. 67 
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 68 

The measurements of the dark currents as function of applied bias were performed using a 69 

Keithley 6487 Picoammeter/Voltage Source.  The bias applied during the dark current 70 

measurements ranged from 0 V to 200 V in the reverse polarity, in 1 V steps, and from 0 V to 71 

0.9 V in the forward polarity, in 0.05 V steps.  The measurements of capacitance as a 72 

function of applied bias were performed using an HP 4275A Multi Frequency LCR meter 73 

employing a test signal (50 mV rms magnitude; 1 MHz frequency); the biases (from 0 V to 74 

200 V reverse bias, in 1 V steps) for the capacitance measurements were applied using a 75 

Keithley 6487 Picoammeter/Voltage Source. 76 

 77 

The measurements and their interpretation are presented in Section 3. 2. Current 78 

measurements. 79 

 80 

2. 3. X-ray and γ-ray spectroscopy  81 

One randomly selected diode, D2, was then investigated for its X-ray and γ-ray photon 82 

counting spectroscopic performance at room temperature (≈ 20 °C).  X-ray and γ-ray spectra 83 

of three radioisotope radiation sources (an 55Fe radioisotope X-ray source, a 109Cd 84 

radioisotope X-ray and γ-ray source, and an 241Am radioisotope X-ray and γ-ray source) were 85 

accumulated and the performance of the spectrometer was studied.   86 

 87 

The spectrometer comprised the radiation detector, a charge sensitive preamplifier (CSP), a 88 

shaping amplifier (SA), and a multi-channel analyser (MCA) which was connected to a 89 

personal computer.  The detector was coupled to the input of the CSP.  Instead of using 90 

commercially available preamplifier electronics for X-ray and γ-ray spectroscopy, a custom-91 

made CSP with a lower noise level was employed.  The CSP operated with its input 92 

transistor, an NJ26 JFET, slightly forward biased.  This configuration of the CSP eliminated 93 

the feedback resistor and external reset circuity typically found in many CSP designs; it thus 94 

resulted in improved noise performance [23].  The pulse amplification and shaping of the 95 

output of the CSP was achieved with an ORTEC 572A SA; it had a semi-Gaussian pulse 96 

shape with a selectable shaping time (0.5 μs, 1 μs, 2 μs, 3 μs, 6 μs, and 10 μs).  The output of 97 

the SA was then connected to an ORTEC EASYMCA 8k MCA, which performed the 98 

digitalization of the pulses.  Similar to the dark current and capacitance measurements, the 99 

detector was again operated in a dry N2 environment to eliminate any possible humidity-00 

related effects.  The detector was reverse biased using a Keithley 6487 Picoammeter/Voltage 01 

Source. 02 

 03 

Initially, the detector was illuminated by photons from the 55Fe radioisotope X-ray source.  04 
55Fe radioisotope X-ray spectra were accumulated with the detector operated at 50 V, 100 V, 05 

and 150 V applied reverse bias and at all available shaping times.  Studying the performance 06 

of the spectrometer as a function of detector applied reverse bias and shaping time allowed a 07 

better understanding of the different noise contributions to its energy resolution, it also 08 

allowed identification of the optimum operating conditions (i.e. those which gave the best 09 

energy resolution).  Following this, one 109Cd radioisotope X-ray and γ-ray spectrum and one 10 
241Am radioisotope X-ray and γ-ray spectrum were obtained at the optimum available shaping 11 
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time and applied reverse bias, to investigate the performance of the spectrometer at higher 12 

photon energies.  The live time limit of the spectra were 180 s for each 55Fe radioisotope X-13 

ray spectrum, and 43200 s for each of the 109Cd and 241Am radioisotope X-ray and γ-ray 14 

spectra.  Prior preparatory investigation had shown that the systems used were stable over 15 

such durations. 16 

  17 

The 55Fe radioisotope X-ray source, which had an activity of 93 MBq, emitted characteristic 18 

Mn Kα (5.9 keV) and Mn Kβ (6.49 keV) X-rays; the relative emission ratio between the Mn 19 

Kβ and Μn Kα lines was 0.138 [24].  The 109Cd radioisotope X-ray and γ-ray source, which 20 

had an activity of 168 MBq, emitted characteristic Ag Kα1 (22.16 keV), Kα2 (21.99 keV), Kβ 21 

(24.9 keV), Lα (2.98 keV) X-rays, and 88.03 keV γ-rays [25].  The emission ratio between 22 

the Ag Kα and the Ag Kβ was 5.54.  The 241Am X-ray and γ-ray radioisotope source, which 23 

had an activity of 299 MBq, emitted characteristic Np Lα (13.76 keV and 13.95 keV), Lβ 24 

(ranging from 16.11 keV to 17.99 keV), and Lγ (ranging from 20.78 keV to 21.49 keV) X-25 

rays [26], and 26.3 keV, 33.2 keV, 43.4 keV, and 59.54 keV γ-rays [27].  Each radioisotope 26 

radiation source was individually encapsulated in a stainless steel housing with a 250 μm 27 

thick Be X-ray/γ-ray window.   28 

 29 

The spectra and their interpretation are presented in Section 3. 4. X-ray and γ-ray 30 

spectroscopy measurements. 31 

 32 

3. Results 33 

3. 1. Quantum detection efficiency 34 

The quantum detection efficiency, QE, of the Mo/4H-SiC Schottky diode detectors was 35 

calculated for photon energies within the range 1 keV to 100 keV.  The quantum detection 36 

efficiency depends upon the attenuation of photons prior to reaching the active region of the 37 

detector as well as the absorption of photons within the active region.  The active region can 38 

be approximated to the depletion region, a region in which, upon the application of an electric 39 

field, the photogenerated charge carriers are swept towards the respective electrodes; the 40 

movement of the charge carriers results in the production of the signal from the radiation 41 

detection [28-29].  As such, when designing radiation detectors, it is typically preferable that 42 

the attenuation of photons within the front dead layers be reduced whilst seeking to increase 43 

the absorption of photons within the active region.  For the present devices, the quantum 44 

detection efficiency was calculated using the Beer-Lambert law [30].  The linear attenuation 45 

and absorption coefficients, each as functions of photon energy, of the materials comprising 46 

the detectors’ structure (Al, Mo, and 4H-SiC) were extracted from Hubbell and Seltzer [31].  47 

The 1 μm thick Al layer and the 100 nm thick Mo Schottky contact were considered to be 48 

inactive (dead layers) whereas the depleted part of the n- epitaxial layer was considered to be 49 

active.  The results of the QE calculations can be seen in Figure 2.  Two cases were 50 

considered: the QE for a fully depleted n- epitaxial layer (35 µm) and the QE achieved under 51 

the application of 150 V reverse bias (4.6 µm ± 0.6 μm) (see Section 3. 3. Capacitance 52 

measurements).  Based on the effective carrier concentration within the n- epitaxial layer as 53 

determined from the capacitance measurements, full depletion of the epitaxial layer would 54 

have required an applied reverse bias of 8000 V. 55 
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 56 

 57 
Figure 2. Quantum detection efficiency, QE, as functions of photon energy for the detector if 58 

it was fully depleted (···) and when it was reverse biased at 150 V (―). 59 

 60 

As is characteristic for thin radiation detectors made from materials with relatively low linear 61 

attenuation coefficients, the QE reduced significantly as the photon energy increased; QE of 62 

0.6638 at 5.9 keV, 0.0235 at 22.16 keV, 0.0010 at 59.54 keV, and 0.0003 at 88.03 keV were 63 

calculated for the notional case in which the n- epitaxial layer was fully depleted.  However, 64 

for the 150 V bias condition, in which the detector was operated, the QE values at the same 65 

energies were 0.1406, 0.0031, 0.00014, and 0.00004.  Whilst 4H-SiC is a wide bandgap 66 

material, and it can thus operate at higher temperatures than Si detectors, the linear 67 

attenuation coefficients of 4H-SiC are near identical to those of Si.  Si detectors are available 68 

with much thicker active regions than those of any 4H-SiC detector so far reported, as such Si 69 

detectors commonly have higher QE than 4H-SiC detectors.  Many other wide bandgap 70 

semiconductors (e.g. GaAs, In0.5Ga0.5P, and Al0.52In0.48P) have far better linear attenuation 71 

coefficients than 4H-SiC and Si, and hence can achieve the same or better QE values with 72 

thinner epitaxial layers.  73 

 74 

The abrupt discontinuities in present in the QE as shown in Figure 2 are at the characteristic 75 

absorption edges, which occurring at energies equal to the binding energies of the atoms 76 

within the detector; absorption edges at ≈ 1.5 keV (Al K edge), at ≈ 1.7 keV (Si K edge), and 77 

at ≈ 2.4 keV (Mo L edge).   78 

 79 

3. 2. Current measurements 80 

The dark currents of the six Mo/4H-SiC Schottky diodes at room temperature, under reverse 81 

and forward applied bias, are presented in Figure 3.  The leakage currents (dark current 82 

under applied reverse bias, Figure 3 (a)) of D1 – D6 were the same, within uncertainties, at 83 

applied reverse bias ≤ 140 V.  The mean leakage current across all devices was 1.8 × 10-12 A 84 

± 0.3 × 10-12 A (rms deviance) at 140 V applied reverse bias, at room temperature.  However, 85 

the leakage current at > 140 V applied reverse bias differed among different devices.  It 86 

ranged between 31.9 × 10-12 A ± 0.5 × 10-12 A for D4 (the minimum) and 139.9 × 10-12 A ± 87 

0.8 × 10-12 A for D6 (the maximum) at 200 V applied reverse bias.  Although the shape of the 88 

forward current as a function of applied forward bias (Figure 3 (b)) was the same for all 89 

devices, the values of forward current at high applied forward biases differed between 90 

different devices.  For example, it ranged from 0.802 × 10-3 A ± 0.001 × 10-3 A for D5 (the 91 
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minimum) to 2.391 × 10-3 A ± 0.003 × 10-3 A for D2 (the maximum) at 0.9 V applied 92 

forward bias.  The observed differences in the measured currents (at room temperature) of the 93 

devices were attributed to potential slight inhomogeneities from device to device. 94 

 95 

 96 
Figure 3. Dark current as a function of applied (a) reverse (in 10 V steps to improve clarity) 97 

and (b) forward bias at room temperature, of the six Mo/4H-SiC Schottky diodes: D1 (○); D2 98 

(▲); D3 (×); D4 (□); D5 (◇); D6 (─).  The error bars were smaller than the symbol sizes in 99 

(b).  00 

 01 

Assuming that the leakage current of the devices originated in the bulk, the leakage current 02 

density was calculated by dividing the leakage current (Figure 3 (a)) by the total area.  The 03 

calculated leakage current densities at applied reverse biases of: 100 V (corresponding to an 04 

applied electric field strength of ≈ 265 kV cm-1); 150 V (corresponding to an applied electric 05 

field strength of ≈ 330 kV cm-1); and 200 V (corresponding to an applied electric field 06 

strength of ≈ 370 kV cm-1), can be seen in Figure 4.  At 100 V, the leakage current density 07 

was found to be the same for all devices; its mean value was 5 × 10-10 A cm-2 ± 2 × 10-10 A 08 

cm-2 (rms deviance).  However, at 150 V and 200 V, the leakage current density differed 09 

between devices.  At 150 V, the leakage current density ranged from 5.3 × 10-9 A cm-2 ± 0.9 10 

× 10-9 A cm-2 for D4 (the minimum) and 10.0 × 10-9 A cm-2 ± 0.9 × 10-9 A cm-2 for D6 (the 11 

maximum).  At 200 V, the leakage current density ranged from 0.73 × 10-7 A cm-2 ± 0.01 × 12 

10-7 A cm-2 for D4 (again, the minimum) and 3.19 × 10-7 A cm-2 ± 0.02 × 10-7 A cm-2 for D6 13 

(again, the maximum).  It should be noted that such applied electric field strengths were 14 

extremely high for a semiconductor radiation detector [9].   15 

 16 

At room temperature, the leakage current density of all six Mo/4H-SiC Schottky diodes when 17 

operated at an applied electric field strength of 103 kV cm-1 (the field strength at which other 18 

high quality 4H-SiC devices have been reported previously) was below the noise floor of the 19 

measurement system and thus ≤ 84 × 10-12 A cm-2, given the performance of the 20 

instrumentation and the geometry of the detectors.  The ultra-low leakage currents measured 21 

for the Mo/4H-SiC Schottky diodes were in part attributed to the P2O5 surface passivation 22 

[21-22]. 23 

 24 

Ultra-high quality 4H-SiC Schottky diodes of 70 μm epitaxial layer thickness and with 25 

circular Au Schottky contacts (200 μm in diameter) have been reported with leakage current 26 

densities ~ 10-12 A cm-2 at room temperature and the same applied electric field strength as 27 
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above [9].  It is with those devices, and exceptionally low noise CSP electronics, that the best 28 

energy resolutions so far achieved with 4H-SiC radiation detectors have been reported. 29 

 30 

 31 
Figure 4. Leakage current density at room temperature for the six Mo/4H-SiC Schottky 32 

diodes at: 100 V applied reverse bias (corresponding to an applied electric field strength of ≈ 33 

265 kV cm-1) (⚫); 150 V applied reverse bias (corresponding to an applied electric field 34 

strength of ≈ 330 kV cm-1) (◆); and 200 V applied reverse bias (corresponding to an applied 35 

electric field strength of ≈ 370 kV cm-1) (▲).  At each reverse bias, the mean value and the 36 

associated rms deviance is also shown. 37 

   38 

The saturation current, barrier height, and ideality factor were then calculated for each of the 39 

six Mo/4H-SiC Schottky diodes at room temperature.  Current transport in the Schottky 40 

diodes was assumed to be governed by thermionic emission and diffusion (i.e. 41 

recombination-generation current was assumed to be negligible).  Thus, generalized 42 

thermionic-emission-diffusion theory [16] was used to describe the forward current in the 43 

Schottky diodes and to extract the corresponding parameters.  Initially, the saturation current 44 

was calculated from the extrapolation of the linear region of the dark current as a function of 45 

forward bias (Figure 3 (b)) to the point of its interception with the current axis.  The results 46 

can be seen in Figure 5.  The saturation current ranged from 1.22 × 10-18 A ± 0.05 × 10-18 A 47 

for D5 (the minimum) to 9 × 10-18 A ± 1 × 10-18 A for D2 and D3 (the maxima).  The mean 48 

saturation current (across all devices) at room temperature was 5 × 10-18 A ± 3 × 10-18 A (rms 49 

deviance).   50 

 51 

 52 
Figure 5. Saturation current of the six Mo/4H-SiC Schottky diodes at room temperature.  The 53 

mean and rms deviance is also shown. 54 

 55 
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The calculated saturation current of each device was then used to calculate the zero band 56 

barrier height since the latter is a function of only the saturation current and the area of the 57 

Schottky diode at any given temperature [16].  The barrier heights of D1 – D6 are presented 58 

in Figure 6.  All the diodes had the same barrier height at room temperature; a mean value of 59 

1.23 eV ± 0.02 eV (rms deviance) was calculated.  The experimental uncertainties associated 60 

with the measurements were greater than the rms uncertainty, as such it would be more correct to 61 

consider the mean barrier height to have an uncertainty which is better quantified by the 62 

experimental uncertainty of the mean (combining all individual experimental uncertainties), 63 

i.e. ± 0.03 eV.  However, even considering the smaller rms uncertainty, the calculated barrier 64 

height was the same, within uncertainties, as the barrier height measured for previously 65 

reported Mo/4H-SiC Schottky diodes (which had also undergone a P2O5 surface passivation 66 

treatment), i.e. 1.27 eV ± 0.032 eV (standard deviation) [22].  The barrier height, ideally, 67 

equals the difference between the electron affinity of the semiconductor and the metal work 68 

function [16].  The electron affinity of 4H-SiC is 3.17 eV [3] and the work function of Mo is 69 

4.36 eV – 4.95 eV depending on its crystallographic orientation [19].  Thus, the calculated 70 

mean barrier height of the Mo/4H-SiC Schottky diodes was as had been expected. 71 

 72 

 73 
Figure 6. Barrier height of the six Mo/4H-SiC Schottky diodes at room temperature.  The 74 

mean and rms deviance is also shown. 75 

 76 

The ideality factor was then extracted from the measurements of dark current as a function of 77 

forward bias [16].  First, the derivative of the applied forward bias, VAF, with respect to the 78 

forward current, IF, 
𝑑(𝑉𝐴𝐹)

𝑑(𝑙𝑛𝐼𝐹)
, was plotted as a function of the forward current, IF.  Then, the 79 

linear region of this plot was identified quantitatively by linear least squares fitting; the 80 

intercept point of the line of best fit to the 
𝑑(𝑉𝐴𝐹)

𝑑(𝑙𝑛𝐼𝐹)
 axis was used to calculate the ideality factor.  81 

The ideality factor of each device is plotted in Figure 7.  The mean ideality factor (across all 82 

devices) was 1.01 ± 0.01 (rms deviance).  The experimental uncertainties associated with the 83 

ideality factor measurements (± 0.02) were greater than the rms uncertainty; the experimental 84 

uncertainty of the mean (combining all individual experimental uncertainties) was calculated 85 

to be ± 0.01.  Two observations were made from the calculated ideality factor values.  Firstly, 86 

the assumption that the current transport mechanism was governed by thermionic emission 87 

and diffusion, was supported by the demined ideality factors, given that they were = 1.  88 

Secondly, the presently reported devices had the same ideality factor, within uncertainties, as 89 
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previously reported Mo/4H-SiC Schottky diodes which had also undergone a P2O5 surface 90 

passivation treatment (ideality factors of 1.02 eV ± 0.005 eV [22]). 91 

 92 

 93 
Figure 7. Ideality factor of the six Mo/4H-SiC Schottky diodes at room temperature.  The 94 

mean and rms deviance is also shown. 95 

 96 

One representative diode, D3, was then selected which had neither the highest nor the lowest 97 

current (Figure 3 and Figure 4); its current-related applied reverse bias characteristics were 98 

then further investigated as functions of temperature.  Figure 8 shows the detector’s dark 99 

current as functions of applied reverse and forward bias across the temperature range 140 °C 00 

≤ T ≤ -40 °C.  Both the reverse (leakage) and forward current reduced as the temperature was 01 

decreased from 140 °C to -40 °C.  As an example, at 150 V, the leakage current decreased 02 

from 6.21 × 10-10 A ± 0.02 × 10-10 A at 140 °C to 0.3 × 10-12 A ± 0.4 × 10-12 A at -40 °C. 03 

 04 

 05 
Figure 8. (a) Reverse and (b) forward current as a function of applied reverse bias at 06 

temperatures, T, 140 °C ≤ T ≤ -40 °C, for diode D3.  The error bars have been omitted for 07 

clarity. 08 

 09 

Similarly to the calculations of leakage current density at room temperature (Figure 4), the 10 

leakage current density of D3 was calculated as a function of temperature.  The leakage 11 

current density at two selected applied reverse biases (150 V, corresponding to an applied 12 

electric field strength of ≈ 330 kV cm-1; and 200 V, corresponding to an applied electric field 13 

strength of ≈ 370 kV cm-1) can be seen in Figure 9 as functions of temperature.  At 150 V, 14 

the leakage current reduced from 1.415 × 10-6 A cm-2 ± 0.005 × 10-6 A cm-2 at 140 °C to 6 × 15 

10-10 A cm-2 ± 9 × 10-10 A cm-2 at -40 °C.  At 200 V, the leakage current density reduced from 16 
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1.989 × 10-6 A cm-2 ± 0.007 × 10-6 A cm-2 at 140 °C to 2.5 × 10-8 A cm-2 ± 0.1 × 10-8 A cm-2 17 

at -40 °C.   18 

 19 

It is informative to compare these leakage current densities with those reported previously for 20 

Au/4H-SiC Schottky diodes [9].  At a temperature of 100 °C and an applied electric field 21 

strength of 103 kV cm-1, the Au/4H-SiC Schottky diodes had a leakage current density ~ 10-9 22 

A cm-2 [9]; in the same conditions, D3 had a leakage current density of 9.6 × 10-9 A cm-2 ± 23 

0.9 × 10-9 A cm-2. 24 

 25 

 26 
Figure 9. Leakage current density of D3 as a function of temperature, at 150 V applied 27 

reverse bias (corresponding to an applied electric field strength of ≈ 330 kV cm-1) (▲) and 28 

200 V applied reverse bias (corresponding to an applied electric field strength of ≈ 370 kV 29 

cm-1) (■). 30 

 31 

It is known that the presence of an inhomogeneous barrier can be inferred from investigations 32 

of the temperature dependence of the barrier height and the ideality factor [32-33].  Indeed, 33 

the results of previously reported NiSi/4H-SiC Schottky diodes used for X-ray spectroscopy 34 

suggested such an inhomogeneous barrier [12].  The saturation current, barrier height, and 35 

ideality factor of D3 were thus calculated as previously described at each investigated 36 

temperature; the results are presented in Figure 10.  The saturation current of the detector 37 

(Figure 10 (a)) decreased as the temperature was reduced, from 4.17 × 10-11 A ± 0.03 × 10-11 38 

A at 140 °C to 4.9 × 10-22 A ± 0.3 × 10-22 A at -40 °C.  The barrier height and the ideality 39 

factor of the detector were found to be temperature invariant, within the investigated 40 

temperature range.  As shown in Figure 10 (b), the barrier height was 1.18 eV ± 0.01 eV at 41 

140 °C, 1.16 eV ± 0.1 eV at 20 °C, and 1.15 eV ± 0.06 eV at -40 °C, with a mean value of 42 

1.17 eV ± 0.01 eV (rms deviance) across all temperatures.  Since the experimental 43 

uncertainties associated with the measurements across the temperature range 40 °C to -40 °C 44 

were greater than the rms uncertainty, the mean barrier height was considered to have an 45 

uncertainty quantified by the experimental uncertainty of the mean, i.e. ± 0.03 eV.  The 46 

barrier height of D3 at room temperature, as determined in the initial measurements, was 1.2 47 

eV ± 0.1 eV (Figure 6).  The ideality factor (Figure 10 (c)) was 1.04 ± 0.01 at 140 °C, 1.05 ± 48 

0.02 at 20 °C, and 1.04 ± 0.02 at -40 °C, with a mean value of 1.03 ± 0.01 (rms deviance) 49 

across all temperatures.  The uncertainty as quantified by the experimental uncertainty of the 50 

mean of the ideality factor was also calculated to be 0.01.  The ideality factor of D3 at room 51 

temperature was 1.02 ± 0.02 (Figure 7).  Across this temperature range, the barrier height 52 
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and the ideality factor display little variance, suggesting a more homogeneous barrier 53 

compared to previous NiSi/4H-SiC Schottky diodes [12]. 54 

 55 

56 

 57 
Figure 10. The temperature, T, dependence (140 °C ≤ T ≤ -40 °C) of the (a) saturation 58 

current, (b) barrier height, and (c) ideality factor of diode D3. 59 

 60 

3. 3. Capacitance measurements 61 

The capacitances of the six Mo/4H-SiC Schottky diodes at room temperature as functions of 62 

applied reverse applied bias, are presented in Figure 11.  All data are displayed in Figure 11 63 

(a) and then, for clarity, the capacitances of the diodes at no applied reverse bias and at two 64 

selected applied reverse biases (150 V; 200 V), at room temperature, are shown in Figure 11 65 

(b) and Figure 11 (c), respectively.  It should be noted that the reported capacitances 66 

corresponded to the depletion layer capacitance of each Schottky diode; the packaging 67 

capacitance, including an estimate of the additional packaging capacitance from the 68 

bondwires, was subtracted.  The uncertainties associated with the reported depletion layer 69 

capacitances were a combination of the uncertainties related to the: accuracy of the LCR 70 

meter; repeatability; changed interconnections; and uncertainty associated with the packaging 71 

capacitance.  The total uncertainty associated with the reported depletion layer capacitances 72 

was estimated to be ± 0.1 pF.  However, the depletion layer capacitance variations with 73 

temperature and/or applied reverse bias had an estimated relative uncertainty of ± 0.007 pF to 74 

± 0.015 pF, since they resulted from a single set of measurements. 75 

 76 
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77 

 78 
Figure 11. Depletion layer capacitance (a) of the six Mo/4H-SiC Schottky diodes (D1 (○); D2 79 

(▲); D3 (×); D4 (□); D5 (◇); D6 (─)) as a function of applied reverse bias and of the six 80 

Mo/4H-SiC Schottky diodes (b) with no applied bias and (c) at 150 V (●) and 200 V (▲), at 81 

room temperature.  The error bars in (a) were omitted for clarity. 82 

 83 

The depletion layer capacitance of all diodes at room temperature reduced as the applied 84 

reverse bias increased from 0 V to 200 V; it did not saturate up to the maximum investigated 85 

applied reverse bias.  The depletion layer capacitance of all six diodes with no applied bias 86 

ranged between 8.0 pF ± 0.1 pF for D5 (minimum) and 8.3 pF ± 0.1 pF for D3 (maximum), 87 

with a mean value of 8.2 pF ± 0.1 pF (rms deviance).  Although the rms uncertainty was 88 

similar to the experimental uncertainties associated with the measurements (± 0.1 pF), D5 89 

had a slightly smaller capacitance with no applied bias compared to the rest of the diodes (see 90 

Figure 11 (b)), potentially due to slight inhomogeneities between D5 and the other devices; 91 

the rest of the diodes had the same capacitance at no applied bias, within uncertainties.  The 92 

depletion layer capacitance of all six diodes at 150 V and 200 V, at room temperature, was 93 

also the same, within uncertainties.  A mean depletion layer capacitance of 0.80 pF ± 0.05 pF 94 

at 150 V and of 0.67 pF ± 0.05 pF at 200 V applied reverse bias was measured.  Having 95 

established that the capacitance characteristics as a function of applied reverse bias were 96 

uniform across the six diodes, the capacitance characteristics of one representative device 97 

(D3, as per Section 3. 2. Current measurements) were then investigated as a function of 98 

temperature, 140 °C ≤ T ≤ -40 °C. 99 

 00 

Measurements of the depletion layer capacitance of the Schottky diodes were made not only 01 

to allow quantification of part of the noise of the spectrometer, but also to establish the 02 

depletion layer width and effective carrier concentration of the diodes.  The depletion layer 03 
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capacitance of D3 at no applied reverse bias and as a function of temperature is shown in 04 

Figure 12. 05 

 06 

 07 
Figure 12. Depletion layer capacitance of D3 with no applied bias, within the temperature 08 

range 140 °C to -40 °C.  The uncertainties were smaller than the symbol size. 09 

 10 

The depletion layer capacitance of D3 with no applied bias decreased as the temperature was 11 

decreased from 140 °C to -40 °C.  It was 8.95 pF ± 0.02 pF at 140 °C and 8.03 pF ± 0.01 pF 12 

at -40 °C.  However, this was not the case for the depletion layer capacitance of D3 under 13 

applied reverse bias.  A temperature invariant depletion layer capacitance was measured for 14 

D3 when reverse biased at 100 V (e.g. 0.997 pF ± 0.008 pF at 140 °C and 1.007 pF ± 0.008 15 

pF at -40 °C), at 150 V (0.826 pF ± 0.007 pF at 140 °C and 0.812 pF ± 0.007 pF at -40 °C), 16 

and at 200 V (0.697 pF ± 0.007 pF at 140 °C and 0.689 pF ± 0.007 pF at -40 °C).  This 17 

observation was further studied by calculating the depletion layer width and exploring its 18 

variance with applied reverse bias and temperature.  A parallel plate capacitance was 19 

assumed to describe the depletion layer capacitance; the depletion layer width was then 20 

calculated from the depletion layer capacitance [16].  The depletion layer capacitance and the 21 

calculated depletion layer width of D3 as a function of applied reverse bias, at three 22 

temperatures (140 °C; 20 °C; -40 °C) is reported in Figure 13.  The temperature invariance of 23 

the capacitance of D3 under applied reverse biases is shown in Figure 13 (a). 24 

 25 

 26 
Figure 13. (a) Depletion layer capacitance and (b) depletion layer width of D3 as a function 27 

of applied reverse bias, at 140 °C (···), 20 °C (―), and -40 °C (---).  The uncertainties were 28 

smaller than the line width. 29 

 30 
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The depletion layer width of D3 at no applied bias varied with temperature; it increased from 31 

0.420 μm ± 0.001 μm at 140 °C, to 0.454 μm ± 0.001 μm at 20 °C, and to 0.468 μm ± 0.001 32 

μm at -40 °C.  As would be expected from the measured depletion layer capacitances, the 33 

depletion layer width of D3 was temperature invariant when under the application of 34 

significant reverse bias; e.g. at 150 V applied reverse bias, the depletion layer width was 4.6 35 

μm ± 0.6 μm (4.55 μm ± 0.04 μm at 140 °C and 4.62 μm ± 0.04 μm at -40 °C).  The depletion 36 

layer width increased as the applied reverse bias increased and it did not saturate even at the 37 

maximum investigated applied reverse bias.  The maximum depletion layer width of D3 38 

(achieved at 200 V applied reverse bias) and was 5.39 μm ± 0.05 μm at 140 °C and 5.45 μm 39 

± 0.05 μm at -40 °C (i.e. it was temperature invariant). 40 

 41 

The observed dependence of the depletion layer width (and capacitance) at no, and low in 42 

other cases, applied reverse bias on temperature has also been reported for other 4H-SiC 43 

Schottky diodes [12][34].  This may be explained, at least in part, by the progressive 44 

ionization of non-ionized donors with temperature in a thin region around the depletion layer.  45 

At no (and low) applied reverse biases, the width of the depletion layer is relatively thin and 46 

thus comparable to the thickness of the layer with the non-ionized (at low temperatures) 47 

donors.  In contrast, at high applied reverse biases, and as the depletion layer widens, the 48 

contribution of this possible thin layer around the depletion layer becomes less significant. 49 

 50 

The effective carrier concentration within the n- epitaxial layer was then calculated.  The 51 

effective carrier concentration can be approximated to the majority carrier concentration, can 52 

be extracted from the capacitance measurements, with a spatial resolution of the order of a 53 

Debye length (0.05 µm in this case, [16]).  The differential capacitance method, which is 54 

suitable for a non-constant carrier concentration throughout the depletion region [16] was 55 

used.  The results for D3, at three temperatures (140 °C; 20 °C; -40 °C) are presented in 56 

Figure 14.  Although the 35 μm thick n- epitaxial layer of the Mo/4H-SiC Schottky diodes 57 

was thought to be lightly doped at 1 × 1015 cm-3 based on indications from the epitaxy, the 58 

capacitance measurements of D3 suggested a higher effective carrier concentration.  The 59 

effective carrier concentration of D3 at 20 °C at 5.4 μm ± 0.8 μm (at 200 V) below the 60 

Schottky junction was 7 × 1015 cm-3 ± 3 × 1015 cm-3.  The effective carrier concentration as 61 

determined (7 × 1015 cm-3 ± 3 × 1015 cm-3) was higher than expected (1 × 1015 cm-3) given the 62 

specifications quoted by the manufacturer; the difference could be attributable to additional 63 

packaging capacitances which were not subtracted, but the amount of extra stray capacitance 64 

which would be required (0.32 pF) appears to be greater than can be attributed reasonably to 65 

any part of the system.  An alternative explanation would be that the carrier concentration of 66 

the material was indeed greater than that specified by the manufacturer.  The results shown in 67 

Figure 11 (C) (i.e. that the depletion layer capacitance of all six diodes at 150 V and 200 V, 68 

at room temperature, was the same within uncertainties) suggested that the effective carrier 69 

concentration of all six diodes at 20 °C was the same as that extracted for D3. 70 

 71 
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 72 
Figure 14. Carrier concentration within the n- epitaxial layer of D3 as a function of distance 73 

bellow the Schottky junction, at 140 °C (···), 20 °C (―), and -40 °C (---).  Measurements of 74 

the capacitances of all six diodes suggest that all devices had the same effective carrier 75 

concentration at 20 °C. 76 

 77 

The expected depletion layer width at > 200 V applied reverse bias was then calculated, 78 

based on the effective carrier concentration within the n- epitaxial layer (7 × 1015 cm-3 at 5.4 79 

μm below the Schottky junction) as determined from the capacitance measurements [16].  A 80 

depletion layer width of 35 μm at 20 °C was predicted to be achieved at 8000 V applied 81 

reverse bias (2.3 × 106 V cm-1), assuming the carrier concentration at distances ≥ 5.4 μm 82 

below the Schottky junction was as had been determined for shallower depths. 83 

 84 

3. 4. X-ray and γ-ray spectroscopy measurements 85 

An example 55Fe X-ray spectrum accumulated at room temperature using D2 is presented in 86 

Figure 15.  For the spectrum shown, the detector was operated at 150 V applied reverse bias 87 

and the shaping amplifier was operated with a shaping time of 1 μs.  The Mn Kα (at 5.9 keV) 88 

and Mn Kβ (at 6.49 keV) characteristic X-ray emissions of the 55Fe radioisotope X-ray source 89 

were not individually resolved.  Instead, the detected photopeak was their combination.  The 90 

separate contributions of the Mn Kα and Kβ emissions were deconvolved allowing the 91 

quantification of the FWHM at 5.9 keV.  Two Gaussians were computed in each case, one for 92 

Mn Kα and one for Mn Kβ, taking into account the characteristic energies, their relative 93 

emission ratio, and the ratio of the quantum detection efficiencies of the detector at the two 94 

characteristic energies.  The summation of the two Gaussians was then fitted to the combined 95 

photopeak of each spectrum.  The centroid channel number of the ≈ 0 keV noise peak of the 96 

CSP and that of the fitted Mn Kα photopeak, along with their respective energies, were used 97 

to energy calibrate the MCA charge scale of each spectrum.  The Full Width at Half 98 

Maximum, FWHM, of the Mn Kα (5.9 keV) peak was 1.67 keV ± 0.08 keV for the spectrum 99 

presented.  Partial collection of charge created in the non-active layers of the detector resulted 00 

in the low energy tailing at the left hand side of the combined Mn Kα and Mn Kβ X-ray 01 

photopeak, shown in Figure 15.  Having established the position of the CSP noise peak 02 

during the first few (real time) seconds of each spectrum, the MCA low energy cut-off 03 

(threshold) channel number was set at > 0 keV in order to limit the counts of the noise peak; 04 

the right hand side of the tail of the 0 keV noise peak, which was above the MCA low energy 05 

cut-off channel number set, can be seen in combination with counts arising from partial 06 
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charge collection at the low energy side of the Mn Kα and Kβ photopeak, as well as possibly 07 

a combined Ag Lα and Lβ peak (package fluorescence) at ≈ 3 keV (e.g. see Figure 15). 08 

 09 

 10 
Figure 15. 55Fe X-ray spectrum (―) accumulated with the D2 based spectrometer (150 V 11 

applied reverse bias; 1 μs shaping time) at room temperature.  The Gaussian peaks fitted at 12 

the Mn Kα and Kβ lines (---) and their summation (―) are also shown.  The Full Width at 13 

Half Maximum of the Mn Kα (5.9 keV) peak was 1.67 keV ± 0.08 keV. 14 

 15 

The FWHM at 5.9 keV was deduced for each of the accumulated 55Fe radioisotope X-ray 16 

spectra.  The results are provided in Figure 16.  At each investigated applied reverse bias, the 17 

FWHM improved as the shaping time lengthen from 0.5 μs to the optimum shaping time, and 18 

degraded for a further lengthening of the shaping time.  The best FWHM at 5.9 keV was 1.72 19 

keV ± 0.08 keV (2 μs) at 50 V, 1.67 keV ± 0.07 keV (2 μs) at 100 V, and 1.67 keV ± 0.08 20 

keV (1 μs) at 150 V applied reverse bias.  It can thus be concluded that the best achievable 21 

FWHM at 5.9 keV was the same at all three investigated applied reverse biases.  However, it 22 

should be noted that the shaping time to achieve this did vary when considering the 23 

uncertainties of the FWHM associated with the Gaussian fitting; the best achievable FWHM 24 

was obtained at shaping times, τ, 2 μs ≤ τ ≤ 6 μs at 50 V and 1 μs ≤ τ ≤ 3 μs at both 100 V and 25 

150 V.  To provide a better insight into the different noise components contributing to the 26 

observed FWHM at 5.9 keV, an analysis of the noise contributors was conducted for the 27 

system. 28 

 29 

 30 
Figure 16. FWHM at 5.9 keV as a function of shaping time at all three investigated applied 31 

reverse biases: 50 V (⚫); 100 V (+); 150 V (□).  The error bars, ranging from ± 0.07 keV to ± 32 

0.2 keV, were omitted for clarity.  The lines are guide to the eyes only. 33 

 34 
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The broadening of the photopeaks in the detected spectra is due to noises arising in the 35 

detector and the CSP [35].  The three noise components (which are summated in quadrature 36 

to result in the total noise) of a non-avalanche semiconductor detector based X-ray and/or γ-37 

ray spectrometer are the Fano noise, the incomplete charge collection (ICC) noise, and the 38 

electronic noise.  The first two noise components arise exclusively within the detector: the 39 

Fano noise arises due to stochastic fluctuations in the number of electron-hole pairs generated 40 

per unit of photon energy; the ICC noise, if any is present, arises due to trapping and/or 41 

recombination of the generated electrons and holes created, typically at the crystal 42 

imperfections of the detector.  The electronic noise, comprising white parallel (WP) noise, 43 

white series (WS) noise (including the induced gate current noise), 1/f noise, and dielectric 44 

(DL) noise, arises due to the semiconductor detector and the CSP and their coupling.  An 45 

introduction to the electronic noise components is provided by Bertuccio et al. [36] and 46 

Lioliou and Barnett [35]. 47 

 48 

For the present spectrometer, the different noise components vary in different manners with 49 

the operating conditions (the shaping time, the reverse bias of the detector, the temperature, 50 

and the incoming photon energy) of the spectrometer.  It is informative to note the 51 

relationship of each noise component with the shaping time, τ.  The total equivalent noise 52 

charge (ENC), N, measured in e- rms, is expressed as 53 

 54 

 𝑁2 = 𝐴
1

𝜏
+ 𝛣𝜏 + 𝐶         (1) 55 

 56 

where A, B, and C are the parameters representing the white series noise contribution, the 57 

white parallel noise contribution, and the rest of the noise contributions, respectively [37].  58 

Thus, a multidimensional nonlinear least squares fitting of the total measured equivalent 59 

noise charge as a function of shaping time allowed the quantification of the three parameters 60 

of Eq. (1).  The multidimensional least squares fitting of the experimentally measured N(τ) at 61 

the three investigated applied reverse biases can be seen in Figure 17.  The parameter C of 62 

the fitting represented all the noise components that were shaping time invariant, namely: the 63 

Fano noise; 1/f noise; dielectric noise; and incomplete charge collection noise.  The Fano 64 

noise and the 1/f noise were calculated and their combined contribution was subtracted in 65 

quadrature from the total shaping time invariant contribution.  The result was the quadratic 66 

sum of the dielectric and (if any was present) the incomplete charge collection noise, see 67 

Figure 17.  To do this, the Fano noise was calculated, assuming a Fano factor of 0.1 and an 68 

average electron hole pair creation energy of 7.8 eV [9] for 4H-SiC; it was 8.7 e- rms (160 69 

eV) at 5.9 keV.  The 1/f noise contribution was computed using the total capacitance 70 

estimated from the parameter A of the multidimensional nonlinear fitting; it was found to be 71 

< 10 e- rms [35]. 72 

 73 
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74 

 75 

Figure 17. ENC at 5.9 keV (⚫) at: (a) 50 V; (b) 100 V; and (c) 150 V applied reverse bias as 76 

a function of shaping time.  The white series (WS) noise, the white parallel (WP) noise, and 77 

the quadratic sum of the dielectric (DL) and incomplete charge collection (ICC) noise, as 78 

determined from a multidimensional least squares fitting (―) of the experimental data, are 79 

also shown.  80 

 81 

The dominant source of noise at 50 V and 100 V applied reverse bias, and across all the 82 

investigated shaping times, was the quadratic sum of the dielectric noise and (if any) 83 

incomplete charge collection noise.  The dielectric noise arose from all lossy dielectrics in 84 

close proximity to the input of the preamplifier; these were the detector and its packaging; the 85 

feedback capacitance; the passivation, packaging, and dielectrics of the input JFET; and any 86 

stray dielectrics [23][36][38].  The combined contribution of the dielectric noise and the 87 

incomplete charge collection noise was 81 e- rms at both 50 V and 100 V applied reverse 88 

bias.  However, the combined contribution of the dielectric noise and the incomplete charge 89 

collection noise (= 66 e- rms) was the dominant source of noise at 150 V applied reverse bias 90 

only within the shaping time, τ, 0.7 μs ≤ τ ≤ 3.7 μs.  The WS noise dominated at shaping 91 

times < 0.7 μs and the WP noise dominated at shaping times > 3.7 μs, at an applied reverse 92 

bias of 150 V.   93 

 94 

As discussed above, the uncertainties of the FWHM associated with the Gaussian fitting 95 

prevented the identification of a single optimum available shaping time and applied reverse 96 

bias, in terms of achieving the best (lowest) FWHM at 5.9 keV.  Instead, multidimensional 97 

nonlinear least squares fitting of the experimental N(τ) allowed the determination of the 98 

optimum operating conditions (reverse bias applied to the detector and shaping amplifier 99 

shaping time) of the spectrometer at room temperature.  Initially, the parameters A and B as 00 

extracted from the fitting were used to define the optimum shaping time at each applied 01 
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reverse bias.  The FWHM at 5.9 keV is minimised at the shaping time where the WS noise 02 

and the WP noise are equal.  This occurred at 2.4 μs at 50 V, at 1.7 μs at 100 V, and 1.4 μs at 03 

150 V.  The optimum shaping time shortened with increased applied reverse bias.  This was 04 

attributed to the increase of the WP noise contribution of the detector, due to the increase of 05 

its leakage current, while the WS noise contribution of the detector reduced, due to its 06 

reduced capacitance, as the applied reverse bias increased in magnitude (see Figure 4 and 07 

Figure 11).  Then, the lowest ENC (at the optimum shaping time) as determined from the 08 

fitting of Eq. (1) to the experimental N(τ) was used to identify the optimum applied reverse 09 

bias of the detector, among the three values investigated.  This was 95 e- rms at 50 V, 92 e- 10 

rms at 100 V, and 90 e- rms at 150 V.  It was thus concluded that the optimum available 11 

operating conditions of the spectrometer were 150 V applied reverse bias and 1 μs shaping 12 

time; these conditions were used during accumulation of the 109Cd and 241Am radioisotope X-13 

ray and γ-ray spectra which subsequently obtained. 14 

 15 

The number of counts within the Gaussian fitted to the Mn Kα X-ray peak was determined at 16 

the three investigated applied reverse biases (each at 1 μs) in order to investigate any variance 17 

with applied reverse bias.  The number of counts contained within the Gaussian increased 18 

from 215.7 × 103 counts ± 0.6 × 103 counts at 50 V to 265.2 × 103 counts ± 0.8 × 103 counts 19 

at 100 V, and to 300.4 × 103 counts ± 0.9 × 103 counts at 150 V.  The increase in the number 20 

of counts with detector applied reverse bias was consistent with the expected increase of the 21 

QE as the applied reverse bias increased from 50 V to 150 V, thus suggesting that any 22 

improvement of the charge transport (within solely the depletion region present at each 23 

reverse bias) as the applied electric field was increased was insignificant (the applied electric 24 

field strength increased from ≈ 188 kV cm-1 to ≈ 330 kV cm-1); this suggests that any 25 

incomplete charge collection within the depletion region itself was likely to be insignificant.  26 

The QE at 5.9 keV, assuming an active layer thickness equal to the depletion layer width at 27 

each applied reverse bias (Figure 13 (b)), increased from 0.0853 at 50 V, to 0.1177 at 100 V, 28 

and to 0.1406 at 150 V. 29 

 30 

The 109Cd radioisotope X-ray and γ-ray spectrum accumulated using the spectrometer is 31 

presented in Figure 18.  The main characteristic X-ray emissions of the 109Cd radioisotope X-32 

ray and γ-ray source, Ag Kα1 (22.16 keV), Kα2 (21.99 keV), and Kβ (24.9 keV) X-rays, were 33 

identified in the spectrum.  The characteristic Ag Lα (2.98 keV) X-rays were not resolved 34 

from the ≈ 0 keV noise peak of the CSP.  The peak corresponding to the γ-ray emission of the 35 
109Cd radioisotope X-ray and γ-ray source, at 88.03 keV, was not formed in the spectrum 36 

within the set live time due to the low quantum detection efficiency of the detector at this 37 

high photon energy.  The combination of the two X-ray fluorescence peaks from the stainless 38 

steel capsule of the radioisotope source, at Fe Kα (6.4 keV) and Cr Kα (5.4 keV), was 39 

apparent in the spectrum, as was an Au (Lβ1 = 11.4 keV; Lβ2 = 11.6 keV) X-ray fluorescence 40 

peak from the detector’s packaging. 41 

 42 

The main photopeak in the spectrum was the combination of the Ag Kα1 (22.16 keV) and 43 

Kα2 (21.99 keV) emissions.  The separate Ag Kα1 and Kα2 contributions were deconvolved 44 

by fitting the summation of two Gaussian peaks to this combined peak.  The two Gaussians 45 



Journal Pre-proof

7

7

7

7

7

7

7

7

7

7
7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7
 Jo
ur

na
l P

re
-p

ro
of

 
 

22 

 

were calculated considering the characteristic energies, their relative emission ratio, and the 46 

ratio of the quantum detection efficiencies of the detector (Figure 2) at the two characteristic 47 

energies.  Then, the centroid channel number of the ≈ 0 keV noise peak of the CSP and that 48 

of the Gaussian fitted to the Ag Kα1 were used to energy calibrate the MCA charge scale.  49 

Similarly to the 55Fe radioisotope X-ray spectra, the counts of the ≈ 0 keV noise peak of the 50 

CSP were limited by setting the MCA low energy cut-off at an energy > 0 keV (2.6 keV) 51 

once the position of the noise peak had been established.  Finally, the FWHM at 22.16 keV 52 

was recorded; it was 1.7 keV ± 0.1 keV. 53 

 54 

 55 
Figure 18. 109Cd X-ray and γ-ray spectrum accumulated with the spectrometer at room 56 

temperature (150 V reverse bias; 1 μs shaping time; FWHM at 22.16 keV = 1.7 keV ± 0.1 57 

keV; ―).  The major X-ray peaks identified are: (A) Cr Kα and Fe Kα capsule fluorescence; 58 

(B) Au Lβ packaging fluorescence; (C) 109Cd Ag Kα1 and Kα2; (D) 109Cd Ag Kβ.  The 59 

Gaussians fitted representing the Ag Kα1 and Kα2 peaks are also shown (---). 60 

 61 

The 241Am radioisotope X-ray and γ-ray spectrum accumulated using spectrometer is shown 62 

in Figure 19.  The main characteristic emission lines of the 241Am radioisotope X-ray and γ-63 

ray source (Np Lα (13.76 keV and 13.95 keV), Lβ (ranging from 16.11 keV to 17.99 keV), 64 

and Lγ (ranging from 20.78 keV to 21.49 keV) X-rays, and the γ-rays at 26.3 keV and 59.54 65 

keV) were all identified in the spectrum.  The peaks corresponding to the characteristic γ-rays 66 

with the lowest intensities, i.e. at 33.2 keV and 43.4 keV, were not formed sufficiently well 67 

so as to be readily distinguished within the set live time.  A combined peak of the two X-ray 68 

fluorescence peaks from the stainless steel capsule of the radioisotope source (Fe Kα, 6.4 69 

keV; Cr Kα 5.4 keV) was visible in the spectrum.  A peak at 39.5 keV, hypothesised to be 70 

from the detection of K shell photoelectrons (binding energy = 20.0 keV) ejected from the 71 

Mo contact upon absorption of 241Am γ1 γ-rays (59.54 keV) in the contact, was also present; 72 

the corresponding Mo Kα (Kα1 = 17.5 keV, Kα2 = 17.4 keV) and Kβ (19.6 keV) fluorescence 73 

X-rays would have been unresolved from the 241Am Np Lβ and Lγ X-ray peaks, respectively. 74 

 75 

The 241Am 59.54 keV γ-ray peak was fitted with a Gaussian peak.  Energy calibration of the 76 

MCA charge scale was achieved using the centroid channel number of the ≈ 0 keV noise 77 

peak of the CSP and that of the Gaussian fitted to the 241Am 59.54 keV γ-ray peak, along with 78 

their corresponding energies.  Again, the counts of the noise peak were limited by setting the 79 

MCA low energy cut-off at 2.6 keV, after establishing the position of the noise peak.  The 80 

FWHM at 59.54 keV was 1.6 keV ± 0.1 keV. 81 
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 82 

 83 
Figure 19. 241Am radioisotope X-ray and γ-ray spectrum accumulated with the spectrometer 84 

at room temperature (150 V reverse bias; 1 μs shaping time; FWHM at 59.54 keV = 1.6 keV 85 

± 0.1 keV; ―).  The major peaks identified are: (A) Cr Κα and Fe Κα capsule X-ray 86 

fluorescence; (Β) 241Am Np Lα X-ray; (C) 241Am Np Lβ X-ray and Mo Kα contact X-ray 87 

fluorescence; (D) 241Am Np Lγ X-ray and Mo Kβ contact X-ray fluorescence; (E) 241Am 26.3 88 

keV γ-ray; (F) Mo K shell photoelectron peak at 39.5 keV from 241Am γ1 (59.54 keV) 89 

absorption in the Mo contact; (G) 241Am 59.54 keV γ-ray.  The Gaussian fitted at the 59.54 90 

keV γ-ray peak is also shown (---). 91 

 92 

Summarising for the three radioisotope radiation sources presented, the energy resolution 93 

(FWHM) of the spectrometer, operating uncooled at room temperature, was 1.67 keV ± 0.08 94 

keV at 5.9 keV, 1.7 keV ± 0.1 keV at 22.16 keV, and 1.6 keV ± 0.1 keV at 59.54 keV.  These 95 

values corresponded to a total ENC of 97 e- rms ± 5 e- rms at 5.9 keV, 99 e- rms ± 6 e- rms at 96 

22.16 keV, and 93 e- rms ± 6 e- rms at 59.54 keV.  It was thus concluded that the noise 97 

present was constant, within uncertainties, across the investigated photon energy, E, range, 98 

5.9 keV ≤ E ≤ 59.54 keV, even though the Fano noise increased with increasing energy.  The 99 

Fano noise was calculated to be 9 e- rms (160 eV) at 5.9 keV, 17 e- rms (400 eV) at 22.16 00 

keV, and 28 e- rms (508 eV) at 59.54 keV.  The apparent constancy of the FWHM as a 01 

function of energy arises from the size of the uncertainties associated with the measurements 02 

and the relatively high total noise which is far greater than the Fano noise alone.  The absence 03 

of an energy dependence in the achieved FWHM as a function of photon energy indicates 04 

that if there was any ICC noise, its contribution was small compared with the other noise 05 

contributors; nevertheless, it cannot be stated conclusively that the ICC noise was nil.  06 

 07 

To make clear the impact of the average electron-hole pair creation energy, ω, it is 08 

informative to compare the energy resolutions achievable with spectrometers employing 09 

detectors made from different semiconductor materials.  Whilst the total ENC of a 10 

spectrometer depends in part upon the detector itself, it is useful for this purpose to compare 11 

different detector materials assuming a consistent total ENC for their respective 12 

spectrometers.  Assuming an ENC of 97 e- rms ± 5 e- rms (i.e. equal to that measured at 5.9 13 

keV for the reported spectrometer), the FWHM which would be achieved using detectors 14 

made from Si (ω = 3.67 eV [39]) and GaAs (ω = 4.184 eV [40]) would be 0.84 keV ± 0.04 15 

keV and 0.96 keV ± 0.05 keV, respectively.  Thus, developing ultra-low noise preamplifier 16 
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electronics for 4H-SiC detector spectrometers is of a higher importance cf. developing such 17 

electronics for spectrometers using Si detectors.   18 

 19 

However, depending on environmental conditions and detector characteristics, the ENC 20 

contributions of detectors made from different materials can be significantly disparate.  For 21 

example, at high temperatures, large thermally generated leakage currents can lead to the 22 

total spectrometer ENC being dominated by PW noise contributions when using a narrower 23 

bandgap detector; in contrast, the thermally generated leakage current would not be so high if 24 

a wider bandgap detector was used.  The exact physical nature of the relationship between 25 

semiconductor bandgap, Eg, and ω is still subject to study [41-42] but it appears that ω ∝ Eg.  26 

Consequently, even though a wide bandgap detector material (with a large ω) may be at a 27 

disadvantage cf. a narrower bandgap detector (with a small ω) at low temperatures, at high 28 

temperatures the wider bandgap of the detector with the larger ω may be sufficiently 29 

advantageous as to outweigh the larger ω [43].  It should be noted that both Eg and ω are 30 

temperature dependent.  31 

 32 

The energy resolution achieved with the Mo/4H-SiC Schottky diode detector spectrometer is 33 

similar to that achieved with other previously reported 4H-SiC detector spectrometers, 34 

employing similar preamplifier electronics.  Notable examples include: a FWHM at 22 keV 35 

of 1.47 keV at 23 °C achieved with an early semi-transparent NiSi/4H-SiC Schottky diode 36 

[10]; a FWHM at 5.9 keV of 1.5 keV at 20 °C achieved with another generation of NiSi/4H-37 

SiC Schottky diode detector [11]; a FWHM at 17.4 keV of 1.36 keV at 30 °C which was 38 

achieved with another type of NiSi/4H-SiC Schottky diode [12]; a FWHM at 5.9 keV of 1.26 39 

keV at 20 °C achieved with a recent Ni2Si/4H-SiC Schottky diode [13]; and a FWHM at 5.9 40 

keV of 1.66 keV ± 0.15 keV at 20 °C achieved with a commercial UV 4H-SiC p-n 41 

photodiode repurposed for X-ray detection [15].  However, all of these energy resolutions are 42 

substantially poorer than was achieved with a Au/4H-SiC Schottky diode and exceptionally 43 

low-noise preamplifier electronics (3 e- rms ENC, when unloaded, at room temperature): with 44 

this detector, a FWHM at 5.9 keV of 196 eV at 30 °C was reported [9].  Thus, the importance 45 

of employing electronics with minimal noise contribution in 4H-SiC detector based 46 

spectrometers is emphasized again. 47 

 48 

The importance of the (Schottky and Ohmic) contact material, the methods of surface 49 

processing/preparation, and the techniques for contact formation on the performance of X-ray 50 

and γ-ray spectroscopic detectors has been investigated by previous comparative studies on 51 

CdTe detectors, using commercial detector-grade p-like CdTe semiconductor crystals.  TiOx 52 

Schottky contacts and MoOx Ohmic contacts were formed by DC reactive magnetron 53 

sputtering; the resultant TiOx/p-CdTe/MoOx detector based spectrometer had 10.9 keV (18.3 54 

%) FWHM at 59.54 keV, at room temperature [44].  Different Schottky contacts and methods 55 

for contact formation were also investigated; MoOx, TiN, and In were formed on p-CdTe 56 

[45].  The energy resolution of these spectrometers varied from 3 keV (5 %) to 12 keV (20 57 

%) FWHM at 59.54 keV at room temperature, highlighting the importance of developing a 58 

deep understanding of the effects of the contact material, surface processing, and contact 59 
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deposition on the charge carrier transport mechanisms and hence the performance of X-ray 60 

and γ-ray spectroscopic detectors [44] [45]. 61 

 62 

4. Conclusions 63 

For the first time, Mo/4H-SiC Schottky diodes have been investigated for their suitability as 64 

photon counting detectors for X-ray and γ-ray spectroscopy.  The diodes had 35 µm thick n- 65 

type epilayers and were P2O5 passivated.  Measurements and calculations of parameters 66 

relating to the electrical characteristics of diodes were reported for six devices, D1 – D6, at 67 

room temperature, and for one representative device, D3, at temperatures -40 °C ≤ T ≤ 140 68 

°C.  One randomly selected device, D2, was then used to accumulate X-ray and γ-ray spectra 69 

of three radioisotope radiation sources, at room temperature. 70 

 71 

The quantum detection efficiency, QE, of the devices across the energy range of interest was 72 

first explored.  It was computed that when the devices were reverse biased at 150 V, the 73 

depletion width was 4.6 µm.  This indicated QE of 0.1406, 0.0031, 0.00014, and 0.00004 at 74 

5.9 keV, 22.16 keV, 59.54 keV, and 88.03 keV, respectively.  Had the 35 µm thick n- type 75 

epilayer been fully depleted, the QE would have been 0.6638, 0.0235, 0.0010, and 0.0003 at 76 

the same energies. 77 

 78 

Electrical characterization showed that the leakage currents of D1 – D6 were the same, within 79 

uncertainties, up to an applied reverse bias of 140 V, at room temperature.  However, at 80 

applied reverse bias > 140 V, and at applied forward biases, the devices’ current differed.  81 

These reverse biases correspond to extremely high electric field strengths.  The leakage 82 

current densities were calculated.  At 100 V applied reverse bias ( ≈ 265 kV cm-1), they were 83 

found to be the same across all devices, with a mean value of 5 × 10-10 A cm-2 ± 2 × 10-10 A 84 

cm-2 (rms deviance).  However, at 200 V applied reverse bias ( ≈ 370 kV cm-1), it ranged 85 

from 0.73 × 10-7 A cm-2 ± 0.01 × 10-7 A cm-2 for D4 (the minimum) to 3.19 × 10-7 A cm-2 ± 86 

0.02 × 10-7 A cm-2 for D6 (the maximum).  The diodes, D1 – D6, had the same barrier height 87 

(1.23 eV ± 0.03 eV) and ideality factor (1.01 ± 0.01) at room temperature. 88 

 89 

High quality Au/4H-SiC Schottky diodes have been reported previously to have very low 90 

leakage current densities of ~ 10-12 A cm-2 at 103 kV cm-1 at room temperature [9]; the 91 

Mo/4H-SiC devices had comparable leakage current densities ( ≤ 84 × 10-12 A cm-2) under 92 

the same conditions.  The low leakage current densities of the Mo/4H-SiC Schottky diodes 93 

was attributable in part to the P2O5 surface passivation [21-22] as well as to the high quality 94 

epitaxial material.  Mo/4H-SiC detector D3 was characterised at high temperature; it had a 95 

leakage current density of 9.6 × 10-9 A cm-2 ± 0.9 × 10-9 A cm-2 at 100 °C; this was again 96 

comparable to that reported for Au/4H-SiC Schottky detectors operated under the same 97 

conditions (1 × 10-9 A cm-2 at 100 °C).  The electrical characterisation as a function of 98 

temperature showed an absence of a dependency of the barrier height and the ideality factor 99 

upon temperature, thus suggesting an homogeneous barrier.   00 

 01 

The devices were not fully depleted even at the maximum applied reverse bias (200 V), 02 

although they had the same depletion layer capacitance at 150 V and 200 V, within 03 
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uncertainties.  The depletion layer capacitance of D3 at no applied bias decreased as the 04 

temperature was decreased from 140 °C (8.95 pF ± 0.02 pF) to -40 °C (8.03 pF ± 0.01 pF).  05 

However, a temperature invariant depletion layer capacitance was measured for D3 when it 06 

was reverse biased.  The depletion layer width of D3 at 150 V applied reverse bias, at 20 °C, 07 

was 4.6 μm ± 0.6 μm.  The only partial depletion of the n- epitaxial layer, even at high 08 

applied field strengths, was attributed to a relatively high effective carrier concentration in the 09 

material (7 × 1015 cm-3 ± 3 × 1015 cm-3). 10 

 11 

One Mo/4H-SiC detector, D2, was coupled to radiation spectrometer readout electronics.  12 

The detector and readout chain were operated at room temperature.  The detector was 13 

illuminated with 55Fe, 109Cd, and 241Am radioisotope X/γ -ray sources.  FWHM at 5.9 keV of 14 

1.72 keV ± 0.08 keV (2 μs shaping time; 50 V applied reverse bias), 1.67 keV ± 0.07 keV (2 15 

μs; 100 V), and 1.67 keV ± 0.08 keV (1 μs; 150 V) were achieved; by modifying the shaping 16 

time the same energy resolution could be achieved at each of the three detector reverse biases 17 

investigated.  However, the dominant source of noise was a function of both the applied 18 

reverse bias and shaping time.  The dominant source of noise at 50 V and 100 V applied 19 

reverse bias, and across all the investigated shaping times, was the quadratic sum of the 20 

dielectric noise and (if any) incomplete charge collection noise.  The combined contribution 21 

of the dielectric noise and the incomplete charge collection noise (if any) was the dominant 22 

source of noise at 150 V applied reverse bias only within the shaping time, τ, 0.7 μs ≤ τ ≤ 3.7 23 

μs; the WS noise dominated at shaping times < 0.7 μs, and the WP noise dominated at 24 

shaping times > 3.7 μs.  The combined contribution of the dielectric noise and (if any) 25 

incomplete charge collection noise reduced from 81 e- rms at both 50 V and 100 V to 66 e- 26 

rms at 150 V.  The noise analysis suggested that the optimum available operating conditions 27 

of the D2 based spectrometer at room temperature were 150 V applied reverse bias and 1 μs 28 

shaping time.  It should be noted that whilst care has been taken to state that it is possible that 29 

incomplete charge collection noise contributed to the noise, no increase in FWHM as a 30 

function of photon energy was found in the data; this suggested that any incomplete charge 31 

collection noise that was present was insignificant compared to the dielectric noise itself.   32 

 33 
109Cd and 241Am radioisotope X-ray and γ-ray spectra were accumulated using the same 34 

device at room temperature, 150 V applied reverse bias, and 1 μs shaping time.  Energy 35 

resolutions of 1.7 keV ± 0.1 keV FWHM at 22.16 keV (Ag Kα, from 109Cd) and 1.6 keV ± 36 

0.1 keV FWHM at 59.54 keV (241Am γ1) were measured.  Within the limitations of the 37 

achieved energy resolutions, all of the main characteristic X-ray and γ-ray emissions of the 38 

two radioisotope radiation sources were detected except for: the 88.03 keV γ-ray emission of 39 

the 109Cd radioisotope X-ray and γ-ray source (not detected due to low QE of the detector at 40 

this energy); and the 33.2 keV and 43.4 keV γ-ray emissions of the 241Am radioisotope X-ray 41 

and γ-ray source (not detected due to the combination of their low emission rates and the 42 

relatively low QE of the detector).  43 

 44 

In summary, for the first time, it has been demonstrated that Mo/4H-SiC Schottky diodes can 45 

be used for X-ray and γ-ray photon counting spectroscopy.  Until recently, the informed 46 

detector designer may have concluded that Mo/4H-SiC Schottky diodes were likely to be of 47 
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limited applicability for X-ray and γ-ray detection given that their relatively low barrier 48 

heights (a result of the work function of Mo) may have led to high leakage current densities.  49 

However, the devices presented here were P2O5 passivation; a technique suggested to affect 50 

the contact subsurface by homogenising the interface [22].  Indeed, the performance of the 51 

Mo/4H-SiC Schottky diodes for X-ray and γ-ray spectroscopy was found to not be limited by 52 

the leakage current of the detector, apart from at high reverse biases when utilising long 53 

shaping times (> 3.7 μs).  The results open new pathways for the consideration of Mo/4H-SiC 54 

Schottky diodes in X-ray and γ-ray spectroscopy; the suitability of the detectors will be 55 

investigated further and their development pursued and reported in future publications. 56 
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