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

9 in photon counting X-ray and y-ray spectroscopy. The Schottky diodes, with a 35 um thick
10 n" epitaxial layer, were treated with a phosphorus pentoxide surface passivation, which had
11  been previously shown to improve the homogeneity of the metal-semiconductor interface and
12 supress leakage current. One device was coupled to a low-noise charge sensitive preamplifier
13 and standard onwards readout electronics; the resultant spectrometer was used to
14 accumulated X-ray and y-ray spectra. The spectrometer had an energy resolution of 1.67 keV
15 +0.08keV (97 e rms+5e rms)at5.9 keV and 1.6 keV + 0.1 keV (93 & rms + 6 € rms) at
16  59.54 keV. Despite the moderate energy resolution achieved, the results suggested that the
17  leakage current of the Mo/4H-SiC Schottky diode detector was not the dominant source of
18 noise limiting the energy resolution of the spectrometer at the optimum operating conditions
19  at room temperature; lossy dielectrics in close proximity to the input of the preamplifier
20  (including stray dielectrics) and the relatively large average electron-hole pair creation energy
21 of 4H-SiC (an inherent property) were the main contributors to the achieved energy
22 resolution in energy terms.
23
24 Keywords: 4H-SiC; Schottky diodes; Mo Schottky contact; X-ray spectroscopy; y-ray
25 spectroscopy.
26
27 1. Introduction
28  4H-SiC is one of the most mature wide bandgap semiconductor materials. The advantages of
29  this SiC polytype over Si have led to the development of high performing 4H-SiC detectors
30 for X-ray and y-ray spectroscopy, particularly for harsh environments where instrumentation
31 isrequired to operate at high temperature or when exposed to intense radiation.
32
33 Uncooled operation of semiconductor radiation detectors at high temperatures (> 20 °C)
34 requires a wide bandgap. The bandgap of 4H-SiC, 3.2 eV [1], is almost three times wider
35  than that of Si, resulting in low thermally generating leakage currents. Indeed, 4H-SiC based
36 radiation detectors have been reported with leakage current densities as low as 0.1 pA cm2 at
37 25 °C, while typical Si radiation detectors have leakage currents four orders of magnitude
38  higher (~ 1 nA cm™) [2]. Another advantage of 4H-SiC is its relatively low electron affinity
39 (3.17 eV [3]). This allows Schottky diodes with high barrier height to be fabricated, reducing
40  the thermionic emission current component. These intrinsic characteristics minimise the
41  parallel white noise originating from the 4H-SiC radiation detector, which contribute to the
42  total noise of the photon counting spectroscopic system. Additionally, a 4H-SiC detector
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based X-ray and y-ray spectrometer may also benefit from little or no incomplete charge
collection noise by virtue of the high quality material available, and considering the relatively
high electric field strengths that can be applied to the detector due to the material’s high
breakdown field (3 x 106 V cm™ to 5 x 105 V cm™ at 300 K [4]). The high tolerance of 4H-
SiC to radiation damage, a useful attribute of radiation detectors operating in intense radiation
environments (such as certain space environments, civil nuclear applications, and some
nuclear defence situations), further motivates the development and deployment of such
detectors. 4H-SiC radiation detectors have been found to be more radiation hard than Si
detectors [5-7], increasing the life-time of the respective spectrometer, while being subjected
to intense radiation.

The development of 4H-SiC detector based X-ray and y-ray spectrometers started by utilizing
Au/4H-SiC Schottky diodes; initially, an energy resolution (Full Width at Half Maximum,
FWHM) poorer than 2.7 keV at 59.54 keV at room temperature was reported [8]. Progress in
4H-SiC epitaxial growth and in ultra-low noise preamplifier electronics resulted in the
advancement of single pixel spectroscopic systems employing Au/4H-SiC Schottky diodes
over the decade which followed, with an energy resolution of 196 eV FWHM at 5.9 keV at
30 °C being reported some ten years later [9]. NiSi/4H-SiC Schottky diodes, in an array
configuration, have also been investigated for their suitability in X-ray photon counting
spectroscopy [10-12]. The best energy resolution achieved with NiSi/4H-SiC Schottky
diodes was 1.36 keV FWHM at 17.4 keV, at 30 °C, which was limited by the stray
capacitances and dielectrics at the input of the preamplifier, rather than the detector itself
[12]. Ni2Si/4H-SiC Schottky diodes were shown to be suitable for X-ray photon counting
spectroscopy, up to 100 °C, with an energy resolution of 1.26 keV FWHM at 5.9 keV at 20
°C,; the noise of the spectrometer was greatly limited by stray dielectrics [13]. Commercial-
off-the-shelf 4H-SiC UV p-n photodiodes, have been repurposed as detectors for photon
counting X-ray and y-ray spectroscopy [14-15]. The energy resolution of that spectrometer
operating at 20 °C varied from 1.66 keV +0.15 keV at 5.9 keV to 1.83 keV + 0.15 keV at
59.5 keV [15].

The relatively high average electron-hole pair creation energy of 4H-SiC (7.8 eV [9]) places
greater demands (cf. detector materials with smaller electron-hole pair creation energies,
including Si, GaAs, InosGaosP, and Alosz21no.4sP) on the charge sensitive preamplifier
employed in a radiation spectrometer. When both spectrometers have identical equivalent
noise charge (ENC, in units of " rms), the energy resolution (FWHM) achieved with a 4H-
SiC detector based spectrometer is poorer than that achieved with a spectrometer employing a
detector which has a smaller electron-hole pair creation energy, due to the larger average
electron-hole pair creation energy of 4H-SiC. However, the advantage from using a wider
bandgap detector, such as one made from 4H-SiC, compared to a detector with a narrower
bandgap, comes at high temperatures where the ENC contribution of the narrower bandgap
detector can be greater than that of the wider bandgap detector by a sufficient amount as to
outweigh the larger average electron-hole pair creation energy of the wider bandgap detector.
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The work function of the metal of the Schottky contact on a 4H-SiC Schottky diode defines
the Schottky barrier height of the diode: in the ideal case, the Schottky barrier height equals
the difference between the metal work function and the electron affinity of the semiconductor
[16]. Achieving high barrier heights, and thus supressed thermionic emission currents,
requires the use of a metal with high work function; work functions of 5.1 eV for Au [17], 4.8
eV for Ni2Si, and 4.5 eV for NiSi [18] have been reported. Recently, another metal, Mo, has
been considered for the Schottky contact on 4H-SiC Schottky diodes. Although the work
function of Mo is relatively low, between 4.36 eV and 4.95 eV, depending on its
crystallographic orientation [19], promising results have been reported concerning
overcoming the disadvantage (higher leakage currents) of the relatively low barrier heights of
Mo/4H-SiC Schottky diodes [20]. Surface passivation treatments using phosphorus
pentoxide (P2Os) prior to the metal deposition have been shown to homogenize the Mo/4H-
SiC interface, increase the resulting Schottky barrier height, and reduce leakage currents by
up to three orders of magnitude cf. untreated Mo/4H-SiC Schottky diodes [21-22].

Here, Mo/4H-SiC Schottky diodes treated by a P2Os surface passivation are investigated for
their suitability in X-ray and y-ray photon counting spectroscopy for the first time. A total of
six diodes were studied. Initially, the dark current and the capacitance of each diode was
measured at room temperature (= 20 °C); one representative device was then characterised at
temperatures, T, -40 °C < T < 140 °C. In all cases, the important parameters (saturation
current, barrier height, ideality factor, leakage current density, depletion layer width, effective
carrier concentration) of the Schottky didoes were calculated. One randomly selected device
was then coupled, as a radiation detector, to a low-noise charge sensitive preamplifier and
regular onwards nuclear electronics readout instrumentation to realise a photon counting
radiation spectrometer; subsequently, X-ray and y-ray spectra were accumulated. The
spectrometer was operated at room temperature and the detector was directly illuminated by
photons from three radioisotope radiation sources, which provided photons with energies <
88.04 keV. Shaping time noise analysis of the X-ray and y-ray spectra accumulated with the
Mo/4H-SiC Schottky diode based spectrometer allowed the identification of the main factors
limiting its energy resolution.

2. Methods

2. 1. Device structure and fabrication procedure

Mo/SiC Schottky diodes were fabricated using n* type (nitrogen-doped), 4° off-axis, 4H-SiC
substrates, on which an n type (1 x 10> cm®) 35 pum thick epitaxial layer was grown. The
resultant wafer was diced into chips; they were cleaned using a standard
RCA1/HF(10%)/RCA2/HF(10%) process. The surface passivation routine followed: the
samples were mounted on a carrier wafer and placed in front of a silicon diphosphate
(SiP207) source wafer; P20s was deposited (in a tube furnace at 1000 °C) for 2 hours. The
wafers were cleaned in dilute HF (10%) to remove the oxide layers. A 1 um thick SiOz layer
was deposited, for insulation, by Low Pressure Chemical Vapor Deposition (LPCVD) using
tetraethyl orthosilicate (TEOS) while a Si precursor covered the active areas before contact
formation. Ti/Ni (30 nm/100 nm) ohmic contacts were formed on the rear of the samples
after a rapid thermal anneal at 1000 °C for 2 minutes in Ar (5 sim) ambient. The Schottky
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contacts were then formed by opening a window in the thick SiO2 layer and evaporating

100 nm of Mo before annealing at 500 °C in Ar (5 sim) ambient. Finally, a 1 um thick Al
metal overlay, serving as a field plate, was evaporated on top of the die. A total of six
devices, D1 — D6, on a single die were studied; the six diodes were randomly selected from
those fabricated. Each device was a stadium shape, which had dimensions of 350 pm
(length) by 136 um (width) and an area (considering the rounded corners) of 0.0439 mm?.
The gap between adjacent devices was 129 um and 156 um in the length and width
dimensions, respectively. The devices were packaged (mounted using silver-loaded epoxy in
a TO-5 can, and ball-wedge wirebonded) to ease handling. A schematic diagram showing the
identification numbers of the six devices and their relative locations, is shown in Figure 1.

D5 D6

4

N

D3

Figure 1. Schematic diagram showing the investigated six devices on the die along with their
identification numbers.

Calculations of the devices’ X-ray/y-ray quantum detection efficiency are presented in
Section 3. 1. Quantum detection efficiency.

2. 2. Current and capacitance measurements

The dark currents and the capacitances of each of the six Mo/4H-SiC Schottky diodes, D1 —
D6, were measured at room temperature, the characteristics of one representative device, D3,
were also measured at temperatures T, -40 °C < T < 140 °C. Since every device was
packaged in a TO-5 can, accompanying measurements (dark current and capacitance) were
also performed of the package alone; the contribution of the package to the dark current and
the capacitance was thus separated and the results presented below correspond to the
contribution of each diode itself (i.e. with the packaging contributions subtracted), except
where indicated.

For characterisation, the devices were installed in an optically-dark and electromagnetically-
shielded Al test enclosure. The enclosure was kept at =~ 20 °C for the room temperature
measurements of all six diodes. For the temperature dependent characterisation of the
selected diode, the enclosure was placed in a Temperature Applied Science Ltd Micro LT
climatic cabinet which was used to achieve temperatures across the investigated range, in 20
°C steps. Any unwanted, humidity-related, effects were eliminated by continually purging
with dry N2 (relative humidity < 5%): for the room temperature measurements, the enclosure
was purged directly and continuously; for the temperature dependent measurements, the
enclosure was initially purged directly, then the climatic cabinet was purged directly and
continuously with the enclosure within it.
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The measurements of the dark currents as function of applied bias were performed using a
Keithley 6487 Picoammeter/Voltage Source. The bias applied during the dark current
measurements ranged from 0 V to 200 V in the reverse polarity, in 1 V steps, and from 0 V to
0.9 V in the forward polarity, in 0.05 V steps. The measurements of capacitance as a
function of applied bias were performed using an HP 4275A Multi Frequency LCR meter
employing a test signal (50 mV rms magnitude; 1 MHz frequency); the biases (from 0 V to
200 V reverse bias, in 1 V steps) for the capacitance measurements were applied using a
Keithley 6487 Picoammeter/Voltage Source.

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

2. 3. X-ray and y-ray spectroscopy

One randomly selected diode, D2, was then investigated for its X-ray and y-ray photon
counting spectroscopic performance at room temperature (= 20 °C). X-ray and y-ray spectra
of three radioisotope radiation sources (an *°Fe radioisotope X-ray source, a 1*Cd
radioisotope X-ray and y-ray source, and an 2*!Am radioisotope X-ray and y-ray source) were
accumulated and the performance of the spectrometer was studied.

The spectrometer comprised the radiation detector, a charge sensitive preamplifier (CSP), a
shaping amplifier (SA), and a multi-channel analyser (MCA) which was connected to a
personal computer. The detector was coupled to the input of the CSP. Instead of using
commercially available preamplifier electronics for X-ray and y-ray spectroscopy, a custom-
made CSP with a lower noise level was employed. The CSP operated with its input
transistor, an NJ26 JFET, slightly forward biased. This configuration of the CSP eliminated
the feedback resistor and external reset circuity typically found in many CSP designs; it thus
resulted in improved noise performance [23]. The pulse amplification and shaping of the
output of the CSP was achieved with an ORTEC 572A SA, it had a semi-Gaussian pulse
shape with a selectable shaping time (0.5 ps, 1 ps, 2 ps, 3 us, 6 ps, and 10 ps). The output of
the SA was then connected to an ORTEC EASYMCA 8k MCA, which performed the
digitalization of the pulses. Similar to the dark current and capacitance measurements, the
detector was again operated in a dry N2 environment to eliminate any possible humidity-
related effects. The detector was reverse biased using a Keithley 6487 Picoammeter/Voltage
Source.

Initially, the detector was illuminated by photons from the %Fe radioisotope X-ray source.
5Fe radioisotope X-ray spectra were accumulated with the detector operated at 50 V, 100 V,
and 150 V applied reverse bias and at all available shaping times. Studying the performance
of the spectrometer as a function of detector applied reverse bias and shaping time allowed a
better understanding of the different noise contributions to its energy resolution, it also
allowed identification of the optimum operating conditions (i.e. those which gave the best
energy resolution). Following this, one 1%°Cd radioisotope X-ray and y-ray spectrum and one
241Am radioisotope X-ray and y-ray spectrum were obtained at the optimum available shaping
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time and applied reverse bias, to investigate the performance of the spectrometer at higher
photon energies. The live time limit of the spectra were 180 s for each *Fe radioisotope X-
ray spectrum, and 43200 s for each of the 1°°Cd and ?**Am radioisotope X-ray and y-ray
spectra. Prior preparatory investigation had shown that the systems used were stable over
such durations.

The %°Fe radioisotope X-ray source, which had an activity of 93 MBgq, emitted characteristic
Mn Ko (5.9 keV) and Mn K (6.49 keV) X-rays; the relative emission ratio between the Mn
KB and Mn Ka lines was 0.138 [24]. The °°Cd radioisotope X-ray and y-ray source, which
had an activity of 168 MBq, emitted characteristic Ag Kas (22.16 keV), Koz (21.99 keV), KB
(24.9 keV), La (2.98 keV) X-rays, and 88.03 keV y-rays [25]. The emission ratio between
the Ag Ka and the Ag KB was 5.54. The 2*!Am X-ray and y-ray radioisotope source, which
had an activity of 299 MBgq, emitted characteristic Np Lo (13.76 keV and 13.95 keV), L
(ranging from 16.11 keV to 17.99 keV), and Ly (ranging from 20.78 keV to 21.49 keV) X-
rays [26], and 26.3 keV, 33.2 keV, 43.4 keV, and 59.54 keV y-rays [27]. Each radioisotope
radiation source was individually encapsulated in a stainless steel housing with a 250 pm
thick Be X-ray/y-ray window.

The spectra and their interpretation are presented in Section 3. 4. X-ray and y-ray
spectroscopy measurements.

3. Results

3. 1. Quantum detection efficiency

The quantum detection efficiency, QE, of the Mo/4H-SiC Schottky diode detectors was
calculated for photon energies within the range 1 keV to 100 keV. The quantum detection
efficiency depends upon the attenuation of photons prior to reaching the active region of the
detector as well as the absorption of photons within the active region. The active region can
be approximated to the depletion region, a region in which, upon the application of an electric
field, the photogenerated charge carriers are swept towards the respective electrodes; the
movement of the charge carriers results in the production of the signal from the radiation
detection [28-29]. As such, when designing radiation detectors, it is typically preferable that
the attenuation of photons within the front dead layers be reduced whilst seeking to increase
the absorption of photons within the active region. For the present devices, the quantum
detection efficiency was calculated using the Beer-Lambert law [30]. The linear attenuation
and absorption coefficients, each as functions of photon energy, of the materials comprising
the detectors’ structure (Al, Mo, and 4H-SiC) were extracted from Hubbell and Seltzer [31].
The 1 um thick Al layer and the 100 nm thick Mo Schottky contact were considered to be
inactive (dead layers) whereas the depleted part of the n” epitaxial layer was considered to be
active. The results of the QE calculations can be seen in Figure 2. Two cases were
considered: the QE for a fully depleted n™ epitaxial layer (35 um) and the QE achieved under
the application of 150 V reverse bias (4.6 um + 0.6 um) (see Section 3. 3. Capacitance
measurements). Based on the effective carrier concentration within the n” epitaxial layer as
determined from the capacitance measurements, full depletion of the epitaxial layer would
have required an applied reverse bias of 8000 V.

6



256

257
258

259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291

100

10" E 3
< 102 3
S

103 . 1

1o+ [ 35 pm. full depletion

—4.6 pm, 150 V
10 — . =
1 10 100
Energy (keV)

Figure 2. Quantum detection efficiency, QE, as functions of photon energy for the detector if
it was fully depleted (---) and when it was reverse biased at 150 V (—).

As is characteristic for thin radiation detectors made from materials with relatively low linear
attenuation coefficients, the QE reduced significantly as the photon energy increased; QE of
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
calculated for the notional case in which the n™ epitaxial layer was fully depleted. However,
for the 150 V bias condition, in which the detector was operated, the QE values at the same
energies were 0.1406, 0.0031, 0.00014, and 0.00004. Whilst 4H-SiC is a wide bandgap
material, and it can thus operate at higher temperatures than Si detectors, the linear
attenuation coefficients of 4H-SiC are near identical to those of Si. Si detectors are available
with much thicker active regions than those of any 4H-SiC detector so far reported, as such Si
detectors commonly have higher QE than 4H-SiC detectors. Many other wide bandgap
semiconductors (e.g. GaAs, InosGaosP, and Alos2Ine.4sP) have far better linear attenuation
coefficients than 4H-SiC and Si, and hence can achieve the same or better QE values with
thinner epitaxial layers.

The abrupt discontinuities in present in the QE as shown in Figure 2 are at the characteristic
absorption edges, which occurring at energies equal to the binding energies of the atoms
within the detector; absorption edges at ~ 1.5 keV (Al K edge), at = 1.7 keV (Si K edge), and
at~ 2.4 keV (Mo L edge).

3. 2. Current measurements

The dark currents of the six Mo/4H-SiC Schottky diodes at room temperature, under reverse
and forward applied bias, are presented in Figure 3. The leakage currents (dark current
under applied reverse bias, Figure 3 (a)) of D1 — D6 were the same, within uncertainties, at
applied reverse bias < 140 V. The mean leakage current across all devices was 1.8 x 102 A
+0.3 x 102 A (rms deviance) at 140 V applied reverse bias, at room temperature. However,
the leakage current at > 140 V applied reverse bias differed among different devices. It
ranged between 31.9 x 102 A + 0.5 x 10™? A for D4 (the minimum) and 139.9 x 102 A +
0.8 x 10"*2 A for D6 (the maximum) at 200 V applied reverse bias. Although the shape of the
forward current as a function of applied forward bias (Figure 3 (b)) was the same for all
devices, the values of forward current at high applied forward biases differed between
different devices. For example, it ranged from 0.802 x 10 A +0.001 x 103 A for D5 (the
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minimum) to 2.391 x 10 A + 0.003 x 10 A for D2 (the maximum) at 0.9 V applied
forward bias. The observed differences in the measured currents (at room temperature) of the
devices were attributed to potential slight inhomogeneities from device to device.

10° . — T é
- 10°
NS 100 | _ 7 g 8
= . ? 2 105 BQ
e 10-1 | i LI - %0
= i £ 107 | §°
g ' | ] g 5o
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0 20 40 60 80 100120 140160180200 0 0.1020304050.6070809 1
Reverse bias (V) Forward bias (V)

(a) (b)
Figure 3. Dark current as a function of applied (a) reverse (in 10 V steps to improve clarity)
and (b) forward bias at room temperature, of the six Mo/4H-SiC Schottky diodes: D1 (o); D2
(A); D3 (x); D4 (o); D5 (<); D6 (—). The error bars were smaller than the symbol sizes in

(b).

Assuming that the leakage current of the devices originated in the bulk, the leakage current
density was calculated by dividing the leakage current (Figure 3 (a)) by the total area. The
calculated leakage current densities at applied reverse biases of: 100 V (corresponding to an
applied electric field strength of ~ 265 kV cm™); 150 V (corresponding to an applied electric
field strength of ~ 330 kV cm™); and 200 V (corresponding to an applied electric field
strength of ~ 370 kV cmY), can be seen in Figure 4. At 100 V, the leakage current density
was found to be the same for all devices; its mean value was 5 x 1010 Acm2 £ 2 x 1010 A
cm (rms deviance). However, at 150 V and 200 V, the leakage current density differed
between devices. At 150 V, the leakage current density ranged from 5.3 x 10° A cm + 0.9
x 10° A cm for D4 (the minimum) and 10.0 x 10° A cm™ % 0.9 x 10° A cm™2 for D6 (the
maximum). At 200 V, the leakage current density ranged from 0.73 x 107 A cm™ + 0.01 x
107 A cm™ for D4 (again, the minimum) and 3.19 x 107 A cm? + 0.02 x 107 A cm for D6
(again, the maximum). It should be noted that such applied electric field strengths were
extremely high for a semiconductor radiation detector [9].

At room temperature, the leakage current density of all six Mo/4H-SiC Schottky diodes when
operated at an applied electric field strength of 103 kV cm™ (the field strength at which other
high quality 4H-SiC devices have been reported previously) was below the noise floor of the
measurement system and thus < 84 x 102 A cm, given the performance of the
instrumentation and the geometry of the detectors. The ultra-low leakage currents measured
for the Mo/4H-SiC Schottky diodes were in part attributed to the P2Os surface passivation
[21-22].

Ultra-high quality 4H-SiC Schottky diodes of 70 um epitaxial layer thickness and with
circular Au Schottky contacts (200 um in diameter) have been reported with leakage current
densities ~ 1022 A cm at room temperature and the same applied electric field strength as

8



328  above [9]. Itis with those devices, and exceptionally low noise CSP electronics, that the best
329  energy resolutions so far achieved with 4H-SiC radiation detectors have been reported.
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332 Figure 4. Leakage current density at room temperature for the six Mo/4H-SiC Schottky
333  diodes at: 100 V applied reverse bias (corresponding to an applied electric field strength of ~
334 265 kV cm™) (®@); 150 V applied reverse bias (corresponding to an applied electric field
335  strength of ~ 330 kV cm™®) (#); and 200 V applied reverse bias (corresponding to an applied
336 electric field strength of ~ 370 kV cm™) (A). At each reverse bias, the mean value and the
337 associated rms deviance is also shown.

338

339  The saturation current, barrier height, and ideality factor were then calculated for each of the
340  six Mo/4H-SiC Schottky diodes at room temperature. Current transport in the Schottky

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

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

343  thermionic-emission-diffusion theory [16] was used to describe the forward current in the
344  Schottky diodes and to extract the corresponding parameters. Initially, the saturation current
345  was calculated from the extrapolation of the linear region of the dark current as a function of
346  forward bias (Figure 3 (b)) to the point of its interception with the current axis. The results
347  can be seen in Figure 5. The saturation current ranged from 1.22 x 1018 A £ 0.05 x 1018 A
348  for D5 (the minimum) to 9 x 108 A + 1 x 108 A for D2 and D3 (the maxima). The mean
349  saturation current (across all devices) at room temperature was 5 x 108 A +3 x 108 A (rms
350  deviance).
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353  Figure 5. Saturation current of the six Mo/4H-SiC Schottky diodes at room temperature. The
354 mean and rms deviance is also shown.
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The calculated saturation current of each device was then used to calculate the zero band
barrier height since the latter is a function of only the saturation current and the area of the
Schottky diode at any given temperature [16]. The barrier heights of D1 — D6 are presented
in Figure 6. All the diodes had the same barrier height at room temperature; a mean value of
1.23 eV £ 0.02 eV (rms deviance) was calculated. The experimental uncertainties associated
with the measurements were greater than the rms uncertainty, as such it would be more correct to
consider the mean barrier height to have an uncertainty which is better quantified by the
experimental uncertainty of the mean (combining all individual experimental uncertainties),
i.e. £0.03 eV. However, even considering the smaller rms uncertainty, the calculated barrier
height was the same, within uncertainties, as the barrier height measured for previously
reported Mo/4H-SiC Schottky diodes (which had also undergone a P2Os surface passivation
treatment), i.e. 1.27 eV + 0.032 eV (standard deviation) [22]. The barrier height, ideally,
equals the difference between the electron affinity of the semiconductor and the metal work
function [16]. The electron affinity of 4H-SiC is 3.17 eV [3] and the work function of Mo is
4.36 eV — 4.95 eV depending on its crystallographic orientation [19]. Thus, the calculated
mean barrier height of the Mo/4H-SiC Schottky diodes was as had been expected.

1.4

T

1.1

—.—

Barrier height (eV)

1.0

1 2 3 4 5 6
Diode number s

ean

Figure 6. Barrier height of the six Mo/4H-SiC Schottky diodes at room temperature. The
mean and rms deviance is also shown.

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

forward bias [16]. First, the derivative of the applied forward bias, Var, with respect to the
a(Var)
d(Inlg)’

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

intercept point of the line of best fit to the 247
d(Ilnlg)

The ideality factor of each device is plotted in Figure 7. The mean ideality factor (across all
devices) was 1.01 + 0.01 (rms deviance). The experimental uncertainties associated with the
ideality factor measurements (+ 0.02) were greater than the rms uncertainty; the experimental
uncertainty of the mean (combining all individual experimental uncertainties) was calculated
to be £ 0.01. Two observations were made from the calculated ideality factor values. Firstly,
the assumption that the current transport mechanism was governed by thermionic emission
and diffusion, was supported by the demined ideality factors, given that they were = 1.
Secondly, the presently reported devices had the same ideality factor, within uncertainties, as

forward current, I,

was plotted as a function of the forward current, Ir. Then, the

axis was used to calculate the ideality factor.
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previously reported Mo/4H-SiC Schottky diodes which had also undergone a P.Os surface
passivation treatment (ideality factors of 1.02 eV £ 0.005 eV [22]).

Ideality factor
-
=3
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Figure 7. ldeality factor of the six Mo/4H-SiC Schottky diodes at room temperature. The
mean and rms deviance is also shown.

One representative diode, D3, was then selected which had neither the highest nor the lowest
current (Figure 3 and Figure 4); its current-related applied reverse bias characteristics were
then further investigated as functions of temperature. Figure 8 shows the detector’s dark
current as functions of applied reverse and forward bias across the temperature range 140 °C
< T <-40 °C. Both the reverse (leakage) and forward current reduced as the temperature was
decreased from 140 °C to -40 °C. As an example, at 150 V, the leakage current decreased
from 6.21 x 101 A +0.02 x 10%° A at 140 °C t0 0.3 x 10*2 A + 0.4 x 10*2 A at -40 °C.

10-97 — T T T 1001

= ) ) IR
2 10w | 103 140°C igggg!'
< 10 F - 05 | .3§°+;f'
S w0 z si§oiic-
£ 10T T 1007 | L3iisNgxe
s 101 § E eomAO+OX® "
S . 0w | ,riEiocoxe
& 10 5 [efaiecigxe-
Z 100 O 10T el trex, 1T 40°C
S 10 103 §832ee” -
10715 10-15 . . . . .
0 02 04 06 08 1 1.2
Reverse bias (V) Forward bias (V)

@) (b)
Figure 8. (a) Reverse and (b) forward current as a function of applied reverse bias at
temperatures, T, 140 °C < T <-40 °C, for diode D3. The error bars have been omitted for
clarity.

Similarly to the calculations of leakage current density at room temperature (Figure 4), the
leakage current density of D3 was calculated as a function of temperature. The leakage
current density at two selected applied reverse biases (150 V, corresponding to an applied
electric field strength of = 330 kV cm™; and 200 V, corresponding to an applied electric field
strength of ~ 370 kV cm?) can be seen in Figure 9 as functions of temperature. At 150 V,
the leakage current reduced from 1.415 x 106 A cm + 0.005 x 10 A cm™ at 140 °C to 6 x
10 Acm?2+9x 10 A cm2at -40 °C. At 200 V, the leakage current density reduced from
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1.989 x 10% A cm? + 0.007 x 10% A cm?at 140 °Ct0 2.5 x 108 Acm?+ 0.1 x 108 A cm?
at -40 °C.

It is informative to compare these leakage current densities with those reported previously for
Au/4H-SiC Schottky diodes [9]. At a temperature of 100 °C and an applied electric field
strength of 103 kV cm?, the Au/4H-SiC Schottky diodes had a leakage current density ~ 10°
A cm [9]; in the same conditions, D3 had a leakage current density of 9.6 x 10° A cm? +
0.9x10° Acm?

1095

Z
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5 109
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S 100 | P
5 ; - = " .

°Z 104 ¢ Lt

o0 4

2 100 t 1 T f =200V |
g 4150V
= 1010 :

-20 20 60 100 140
Temperature (°C)

Figure 9. Leakage current density of D3 as a function of temperature, at 150 V applied
reverse bias (corresponding to an applied electric field strength of ~ 330 kV cm™) (A) and
200 V applied reverse bias (corresponding to an applied electric field strength of = 370 kV

cm?) (m).

It is known that the presence of an inhomogeneous barrier can be inferred from investigations
of the temperature dependence of the barrier height and the ideality factor [32-33]. Indeed,
the results of previously reported NiSi/4H-SiC Schottky diodes used for X-ray spectroscopy
suggested such an inhomogeneous barrier [12]. The saturation current, barrier height, and
ideality factor of D3 were thus calculated as previously described at each investigated
temperature; the results are presented in Figure 10. The saturation current of the detector
(Figure 10 (a)) decreased as the temperature was reduced, from 4.17 x 10"** A +0.03 x 10!
Aat 140 °C 10 4.9 x 10?2 A £ 0.3 x 102? A at -40 °C. The barrier height and the ideality
factor of the detector were found to be temperature invariant, within the investigated
temperature range. As shown in Figure 10 (b), the barrier height was 1.18 eV £ 0.01 eV at
140°C,1.16 eV £0.1eV at 20 °C, and 1.15 eV + 0.06 eV at -40 °C, with a mean value of
1.17 eV £ 0.01 eV (rms deviance) across all temperatures. Since the experimental
uncertainties associated with the measurements across the temperature range 40 °C to -40 °C
were greater than the rms uncertainty, the mean barrier height was considered to have an
uncertainty quantified by the experimental uncertainty of the mean, i.e. £ 0.03 eV. The
barrier height of D3 at room temperature, as determined in the initial measurements, was 1.2
eV £ 0.1 eV (Figure 6). The ideality factor (Figure 10 (c)) was 1.04 + 0.01 at 140 °C, 1.05 +
0.02 at 20 °C, and 1.04 £ 0.02 at -40 °C, with a mean value of 1.03 + 0.01 (rms deviance)
across all temperatures. The uncertainty as quantified by the experimental uncertainty of the
mean of the ideality factor was also calculated to be 0.01. The ideality factor of D3 at room
temperature was 1.02 + 0.02 (Figure 7). Across this temperature range, the barrier height
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and the ideality factor display little variance, suggesting a more homogeneous barrier
compared to previous NiSi/4H-SiC Schottky diodes [12].
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Figure 10. The temperature, T, dependence (140 °C < T < -40 °C) of the (a) saturation
current, (b) barrier height, and (c) ideality factor of diode D3.

3. 3. Capacitance measurements

The capacitances of the six Mo/4H-SiC Schottky diodes at room temperature as functions of
applied reverse applied bias, are presented in Figure 11. All data are displayed in Figure 11
(a) and then, for clarity, the capacitances of the diodes at no applied reverse bias and at two
selected applied reverse biases (150 V; 200 V), at room temperature, are shown in Figure 11
(b) and Figure 11 (c), respectively. It should be noted that the reported capacitances
corresponded to the depletion layer capacitance of each Schottky diode; the packaging
capacitance, including an estimate of the additional packaging capacitance from the
bondwires, was subtracted. The uncertainties associated with the reported depletion layer
capacitances were a combination of the uncertainties related to the: accuracy of the LCR
meter; repeatability; changed interconnections; and uncertainty associated with the packaging
capacitance. The total uncertainty associated with the reported depletion layer capacitances
was estimated to be + 0.1 pF. However, the depletion layer capacitance variations with
temperature and/or applied reverse bias had an estimated relative uncertainty of + 0.007 pF to
+ 0.015 pF, since they resulted from a single set of measurements.
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Figure 11. Depletion layer capacitance (a) of the six Mo/4H-SiC Schottky diodes (D1 (o); D2
(A); D3 (x); D4 (o); D5 (<); D6 (—)) as a function of applied reverse bias and of the six
Mo/4H-SiC Schottky diodes (b) with no applied bias and (c) at 150 V (e) and 200 VV (A), at

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

Mean |

The depletion layer capacitance of all diodes at room temperature reduced as the applied
reverse bias increased from 0 V to 200 V; it did not saturate up to the maximum investigated
applied reverse bias. The depletion layer capacitance of all six diodes with no applied bias
ranged between 8.0 pF + 0.1 pF for D5 (minimum) and 8.3 pF + 0.1 pF for D3 (maximum),
with a mean value of 8.2 pF + 0.1 pF (rms deviance). Although the rms uncertainty was
similar to the experimental uncertainties associated with the measurements (+ 0.1 pF), D5
had a slightly smaller capacitance with no applied bias compared to the rest of the diodes (see
Figure 11 (b)), potentially due to slight inhomogeneities between D5 and the other devices;
the rest of the diodes had the same capacitance at no applied bias, within uncertainties. The
depletion layer capacitance of all six diodes at 150 V and 200 V, at room temperature, was
also the same, within uncertainties. A mean depletion layer capacitance of 0.80 pF + 0.05 pF
at 150 V and of 0.67 pF £ 0.05 pF at 200 V applied reverse bias was measured. Having
established that the capacitance characteristics as a function of applied reverse bias were
uniform across the six diodes, the capacitance characteristics of one representative device
(D3, as per Section 3. 2. Current measurements) were then investigated as a function of
temperature, 140 °C < T <-40 °C.

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

to allow quantification of part of the noise of the spectrometer, but also to establish the
depletion layer width and effective carrier concentration of the diodes. The depletion layer
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capacitance of D3 at no applied reverse bias and as a function of temperature is shown in
Figure 12.
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Figure 12. Depletion layer capacitance of D3 with no applied bias, within the temperature
range 140 °C to -40 °C. The uncertainties were smaller than the symbol size.

The depletion layer capacitance of D3 with no applied bias decreased as the temperature was
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
at -40 °C. However, this was not the case for the depletion layer capacitance of D3 under
applied reverse bias. A temperature invariant depletion layer capacitance was measured for
D3 when reverse biased at 100 V (e.g. 0.997 pF + 0.008 pF at 140 °C and 1.007 pF + 0.008
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),
and at 200 V (0.697 pF £ 0.007 pF at 140 °C and 0.689 pF + 0.007 pF at -40 °C). This
observation was further studied by calculating the depletion layer width and exploring its
variance with applied reverse bias and temperature. A parallel plate capacitance was
assumed to describe the depletion layer capacitance; the depletion layer width was then
calculated from the depletion layer capacitance [16]. The depletion layer capacitance and the
calculated depletion layer width of D3 as a function of applied reverse bias, at three
temperatures (140 °C; 20 °C; -40 °C) is reported in Figure 13. The temperature invariance of
the capacitance of D3 under applied reverse biases is shown in Figure 13 (a).
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Figure 13. (a) Depletion layer capacitance and (b) depletion layer width of D3 as a function
of applied reverse bias, at 140 °C (---), 20 °C (—), and -40 °C (---). The uncertainties were
smaller than the line width.

15



531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571

The depletion layer width of D3 at no applied bias varied with temperature; it increased from
0.420 um + 0.001 um at 140 °C, to 0.454 pm + 0.001 pum at 20 °C, and to 0.468 um + 0.001
um at -40 °C. As would be expected from the measured depletion layer capacitances, the
depletion layer width of D3 was temperature invariant when under the application of
significant reverse bias; e.g. at 150 V applied reverse bias, the depletion layer width was 4.6
um = 0.6 pm (4.55 um £ 0.04 um at 140 °C and 4.62 um + 0.04 um at -40 °C). The depletion
layer width increased as the applied reverse bias increased and it did not saturate even at the
maximum investigated applied reverse bias. The maximum depletion layer width of D3
(achieved at 200 V applied reverse bias) and was 5.39 um £ 0.05 um at 140 °C and 5.45 pm
+0.05 pm at -40 °C (i.e. it was temperature invariant).

The observed dependence of the depletion layer width (and capacitance) at no, and low in
other cases, applied reverse bias on temperature has also been reported for other 4H-SiC
Schottky diodes [12][34]. This may be explained, at least in part, by the progressive
ionization of non-ionized donors with temperature in a thin region around the depletion layer.
At no (and low) applied reverse biases, the width of the depletion layer is relatively thin and
thus comparable to the thickness of the layer with the non-ionized (at low temperatures)
donors. In contrast, at high applied reverse biases, and as the depletion layer widens, the
contribution of this possible thin layer around the depletion layer becomes less significant.

The effective carrier concentration within the n” epitaxial layer was then calculated. The
effective carrier concentration can be approximated to the majority carrier concentration, can
be extracted from the capacitance measurements, with a spatial resolution of the order of a
Debye length (0.05 um in this case, [16]). The differential capacitance method, which is
suitable for a non-constant carrier concentration throughout the depletion region [16] was
used. The results for D3, at three temperatures (140 °C; 20 °C; -40 °C) are presented in
Figure 14. Although the 35 pm thick n" epitaxial layer of the Mo/4H-SiC Schottky diodes
was thought to be lightly doped at 1 x 10 cm based on indications from the epitaxy, the
capacitance measurements of D3 suggested a higher effective carrier concentration. The
effective carrier concentration of D3 at 20 °C at 5.4 um + 0.8 um (at 200 V) below the
Schottky junction was 7 x 105 cm™ + 3 x 10'® cm™. The effective carrier concentration as
determined (7 x 10 cm + 3 x 10 cm®) was higher than expected (1 x 10*° cm®) given the
specifications quoted by the manufacturer; the difference could be attributable to additional
packaging capacitances which were not subtracted, but the amount of extra stray capacitance
which would be required (0.32 pF) appears to be greater than can be attributed reasonably to
any part of the system. An alternative explanation would be that the carrier concentration of
the material was indeed greater than that specified by the manufacturer. The results shown in
Figure 11 (C) (i.e. that the depletion layer capacitance of all six diodes at 150 V and 200 V,
at room temperature, was the same within uncertainties) suggested that the effective carrier
concentration of all six diodes at 20 °C was the same as that extracted for D3.
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Figure 14. Carrier concentration within the n” epitaxial layer of D3 as a function of distance
bellow the Schottky junction, at 140 °C (--*), 20 °C (—), and -40 °C (---). Measurements of
the capacitances of all six diodes suggest that all devices had the same effective carrier

concentration at 20 °C.

The expected depletion layer width at > 200 V applied reverse bias was then calculated,
based on the effective carrier concentration within the n- epitaxial layer (7 x 101> cm? at 5.4
um below the Schottky junction) as determined from the capacitance measurements [16]. A
depletion layer width of 35 um at 20 °C was predicted to be achieved at 8000 V applied
reverse bias (2.3 x 10° V cm™), assuming the carrier concentration at distances > 5.4 um
below the Schottky junction was as had been determined for shallower depths.

3. 4. X-ray and y-ray spectroscopy measurements

An example °Fe X-ray spectrum accumulated at room temperature using D2 is presented in
Figure 15. For the spectrum shown, the detector was operated at 150 V applied reverse bias
and the shaping amplifier was operated with a shaping time of 1 us. The Mn Ko, (at 5.9 keV)
and Mn KB (at 6.49 keV) characteristic X-ray emissions of the *Fe radioisotope X-ray source
were not individually resolved. Instead, the detected photopeak was their combination. The
separate contributions of the Mn Ka and Kf emissions were deconvolved allowing the
quantification of the FWHM at 5.9 keV. Two Gaussians were computed in each case, one for
Mn Ko and one for Mn Kf, taking into account the characteristic energies, their relative
emission ratio, and the ratio of the quantum detection efficiencies of the detector at the two
characteristic energies. The summation of the two Gaussians was then fitted to the combined
photopeak of each spectrum. The centroid channel number of the ~ 0 keV noise peak of the
CSP and that of the fitted Mn Ko photopeak, along with their respective energies, were used
to energy calibrate the MCA charge scale of each spectrum. The Full Width at Half
Maximum, FWHM, of the Mn Ka (5.9 keV) peak was 1.67 keV £ 0.08 keV for the spectrum
presented. Partial collection of charge created in the non-active layers of the detector resulted
in the low energy tailing at the left hand side of the combined Mn Ka and Mn Kf X-ray
photopeak, shown in Figure 15. Having established the position of the CSP noise peak
during the first few (real time) seconds of each spectrum, the MCA low energy cut-off
(threshold) channel number was set at > 0 keV in order to limit the counts of the noise peak;
the right hand side of the tail of the 0 keV noise peak, which was above the MCA low energy
cut-off channel number set, can be seen in combination with counts arising from partial
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charge collection at the low energy side of the Mn Ko and K photopeak, as well as possibly
a combined Ag Lo and L peak (package fluorescence) at =~ 3 keV (e.g. see Figure 15).
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Figure 15. %5Fe X-ray spectrum (—) accumulated with the D2 based spectrometer (150 V

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

the Mn Ka and Kp lines (---) and their summation (—) are also shown. The Full Width at

Half Maximum of the Mn Ka (5.9 keV) peak was 1.67 keV £ 0.08 ke V.

The FWHM at 5.9 keV was deduced for each of the accumulated 5°Fe radioisotope X-ray
spectra. The results are provided in Figure 16. At each investigated applied reverse bias, the
FWHM improved as the shaping time lengthen from 0.5 pus to the optimum shaping time, and
degraded for a further lengthening of the shaping time. The best FWHM at 5.9 keV was 1.72
keV £ 0.08 keV (2 ps) at 50 V, 1.67 keV £ 0.07 keV (2 ps) at 100 V, and 1.67 keV + 0.08
keV (1 ps) at 150 V applied reverse bias. It can thus be concluded that the best achievable
FWHM at 5.9 keV was the same at all three investigated applied reverse biases. However, it
should be noted that the shaping time to achieve this did vary when considering the
uncertainties of the FWHM associated with the Gaussian fitting; the best achievable FWHM
was obtained at shaping times, 7, 2 us <z <6 usat 50 V and 1 pus <7< 3 ps at both 100 V and
150 V. To provide a better insight into the different noise components contributing to the
observed FWHM at 5.9 keV, an analysis of the noise contributors was conducted for the
system.

FWHM @ 5.9 keV (keV)

0.1 1 10
Shaping time (pus)
Figure 16. FWHM at 5.9 keV as a function of shaping time at all three investigated applied
reverse biases: 50 V (®); 100 V (+); 150 V (o). The error bars, ranging from + 0.07 keV to +

0.2 keV, were omitted for clarity. The lines are guide to the eyes only.
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The broadening of the photopeaks in the detected spectra is due to noises arising in the
detector and the CSP [35]. The three noise components (which are summated in quadrature
to result in the total noise) of a non-avalanche semiconductor detector based X-ray and/or y-
ray spectrometer are the Fano noise, the incomplete charge collection (ICC) noise, and the
electronic noise. The first two noise components arise exclusively within the detector: the
Fano noise arises due to stochastic fluctuations in the number of electron-hole pairs generated
per unit of photon energy; the ICC noise, if any is present, arises due to trapping and/or
recombination of the generated electrons and holes created, typically at the crystal
imperfections of the detector. The electronic noise, comprising white parallel (WP) noise,
white series (WS) noise (including the induced gate current noise), 1/f noise, and dielectric
(DL) noise, arises due to the semiconductor detector and the CSP and their coupling. An
introduction to the electronic noise components is provided by Bertuccio et al. [36] and
Lioliou and Barnett [35].

For the present spectrometer, the different noise components vary in different manners with
the operating conditions (the shaping time, the reverse bias of the detector, the temperature,
and the incoming photon energy) of the spectrometer. It is informative to note the
relationship of each noise component with the shaping time, z. The total equivalent noise
charge (ENC), N, measured in e” rms, is expressed as

N2=A 4Br+cC 1)
T

where A, B, and C are the parameters representing the white series noise contribution, the
white parallel noise contribution, and the rest of the noise contributions, respectively [37].
Thus, a multidimensional nonlinear least squares fitting of the total measured equivalent
noise charge as a function of shaping time allowed the quantification of the three parameters
of Eq. (1). The multidimensional least squares fitting of the experimentally measured N(z) at
the three investigated applied reverse biases can be seen in Figure 17. The parameter C of
the fitting represented all the noise components that were shaping time invariant, namely: the
Fano noise; 1/f noise; dielectric noise; and incomplete charge collection noise. The Fano
noise and the 1/f noise were calculated and their combined contribution was subtracted in
quadrature from the total shaping time invariant contribution. The result was the quadratic
sum of the dielectric and (if any was present) the incomplete charge collection noise, see
Figure 17. To do this, the Fano noise was calculated, assuming a Fano factor of 0.1 and an
average electron hole pair creation energy of 7.8 eV [9] for 4H-SiC; it was 8.7 " rms (160
eV) at 5.9 keV. The 1/f noise contribution was computed using the total capacitance
estimated from the parameter A of the multidimensional nonlinear fitting; it was found to be
<10 e rms [35].
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Figure 17. ENC at 5.9 keV (@) at: (a) 50 V; (b) 100 V; and (c) 150 V applied reverse bias as
a function of shaping time. The white series (WS) noise, the white parallel (WP) noise, and
the quadratic sum of the dielectric (DL) and incomplete charge collection (ICC) noise, as
determined from a multidimensional least squares fitting (—) of the experimental data, are
also shown.

The dominant source of noise at 50 V and 100 V applied reverse bias, and across all the
investigated shaping times, was the quadratic sum of the dielectric noise and (if any)
incomplete charge collection noise. The dielectric noise arose from all lossy dielectrics in
close proximity to the input of the preamplifier; these were the detector and its packaging; the
feedback capacitance; the passivation, packaging, and dielectrics of the input JFET; and any
stray dielectrics [23][36][38]. The combined contribution of the dielectric noise and the
incomplete charge collection noise was 81 e” rms at both 50 V and 100 V applied reverse
bias. However, the combined contribution of the dielectric noise and the incomplete charge
collection noise (= 66 e" rms) was the dominant source of noise at 150 V applied reverse bias
only within the shaping time, 7, 0.7 pus <7< 3.7 pus. The WS noise dominated at shaping
times < 0.7 ps and the WP noise dominated at shaping times > 3.7 ps, at an applied reverse
bias of 150 V.

As discussed above, the uncertainties of the FWHM associated with the Gaussian fitting
prevented the identification of a single optimum available shaping time and applied reverse
bias, in terms of achieving the best (lowest) FWHM at 5.9 keV. Instead, multidimensional
nonlinear least squares fitting of the experimental N(t) allowed the determination of the
optimum operating conditions (reverse bias applied to the detector and shaping amplifier
shaping time) of the spectrometer at room temperature. Initially, the parameters A and B as
extracted from the fitting were used to define the optimum shaping time at each applied
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reverse bias. The FWHM at 5.9 keV is minimised at the shaping time where the WS noise
and the WP noise are equal. This occurred at 2.4 pus at 50 V, at 1.7 us at 100 V, and 1.4 ps at
150 V. The optimum shaping time shortened with increased applied reverse bias. This was
attributed to the increase of the WP noise contribution of the detector, due to the increase of
its leakage current, while the WS noise contribution of the detector reduced, due to its
reduced capacitance, as the applied reverse bias increased in magnitude (see Figure 4 and
Figure 11). Then, the lowest ENC (at the optimum shaping time) as determined from the
fitting of Eq. (1) to the experimental N(z) was used to identify the optimum applied reverse
bias of the detector, among the three values investigated. This was 95 e rms at50 V, 92 e
rms at 100 V, and 90 e" rms at 150 V. It was thus concluded that the optimum available
operating conditions of the spectrometer were 150 V applied reverse bias and 1 pus shaping
time; these conditions were used during accumulation of the 1®Cd and 2**Am radioisotope X-
ray and y-ray spectra which subsequently obtained.

The number of counts within the Gaussian fitted to the Mn Ko X-ray peak was determined at
the three investigated applied reverse biases (each at 1 ps) in order to investigate any variance
with applied reverse bias. The number of counts contained within the Gaussian increased
from 215.7 x 10° counts + 0.6 x 10° counts at 50 V to 265.2 x 10° counts + 0.8 x 10° counts
at 100 V, and to 300.4 x 10° counts + 0.9 x 10° counts at 150 V. The increase in the number
of counts with detector applied reverse bias was consistent with the expected increase of the
QE as the applied reverse bias increased from 50 V to 150 V, thus suggesting that any
improvement of the charge transport (within solely the depletion region present at each
reverse bias) as the applied electric field was increased was insignificant (the applied electric
field strength increased from ~ 188 kV cm™ to =~ 330 kV cm™); this suggests that any
incomplete charge collection within the depletion region itself was likely to be insignificant.
The QE at 5.9 keV, assuming an active layer thickness equal to the depletion layer width at
each applied reverse bias (Figure 13 (b)), increased from 0.0853 at 50 V, to 0.1177 at 100 V,
and to 0.1406 at 150 V.

The °°Cd radioisotope X-ray and y-ray spectrum accumulated using the spectrometer is
presented in Figure 18. The main characteristic X-ray emissions of the 1®Cd radioisotope X-
ray and y-ray source, Ag Koz (22.16 keV), Koz (21.99 keV), and Kf (24.9 keV) X-rays, were
identified in the spectrum. The characteristic Ag Lo (2.98 keV) X-rays were not resolved
from the ~ 0 keV noise peak of the CSP. The peak corresponding to the y-ray emission of the
199Cd radioisotope X-ray and y-ray source, at 88.03 keV, was not formed in the spectrum
within the set live time due to the low quantum detection efficiency of the detector at this
high photon energy. The combination of the two X-ray fluorescence peaks from the stainless
steel capsule of the radioisotope source, at Fe Ka (6.4 keV) and Cr Ko, (5.4 keV), was
apparent in the spectrum, as was an Au (Lp1 = 11.4 keV; LBz = 11.6 keV) X-ray fluorescence
peak from the detector’s packaging.

The main photopeak in the spectrum was the combination of the Ag Ko (22.16 keV) and
Koz (21.99 keV) emissions. The separate Ag Ko and Kaz contributions were deconvolved
by fitting the summation of two Gaussian peaks to this combined peak. The two Gaussians
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were calculated considering the characteristic energies, their relative emission ratio, and the
ratio of the quantum detection efficiencies of the detector (Figure 2) at the two characteristic
energies. Then, the centroid channel number of the ~ 0 keV noise peak of the CSP and that
of the Gaussian fitted to the Ag Ko were used to energy calibrate the MCA charge scale.
Similarly to the %Fe radioisotope X-ray spectra, the counts of the ~ 0 keV noise peak of the
CSP were limited by setting the MCA low energy cut-off at an energy > 0 keV (2.6 keV)
once the position of the noise peak had been established. Finally, the FWHM at 22.16 keV
was recorded; it was 1.7 keV + 0.1 keV.

10¢
105
104 |
10° |
102 +
10"
10°

Counts channel!

/
!
[
0 10 20 30 40

Energy (keV)

Figure 18. 1°Cd X-ray and y-ray spectrum accumulated with the spectrometer at room
temperature (150 V reverse bias; 1 ps shaping time; FWHM at 22.16 keV = 1.7 keV + 0.1
keV; —). The major X-ray peaks identified are: (A) Cr Ko and Fe Ka capsule fluorescence;
(B) Au LB packaging fluorescence; (C) 1°Cd Ag Koa and Koz; (D) *°Cd Ag K. The
Gaussians fitted representing the Ag Kas and Koz peaks are also shown (---).

The ?*Am radioisotope X-ray and y-ray spectrum accumulated using spectrometer is shown
in Figure 19. The main characteristic emission lines of the >**Am radioisotope X-ray and y-
ray source (Np Lo (13.76 keV and 13.95 keV), L (ranging from 16.11 keV to 17.99 keV),
and Ly (ranging from 20.78 keV to 21.49 keV) X-rays, and the y-rays at 26.3 keV and 59.54
keV) were all identified in the spectrum. The peaks corresponding to the characteristic y-rays
with the lowest intensities, i.e. at 33.2 keV and 43.4 keV, were not formed sufficiently well
s0 as to be readily distinguished within the set live time. A combined peak of the two X-ray
fluorescence peaks from the stainless steel capsule of the radioisotope source (Fe Ka, 6.4
keV; Cr Ko 5.4 keV) was visible in the spectrum. A peak at 39.5 keV, hypothesised to be
from the detection of K shell photoelectrons (binding energy = 20.0 keV) ejected from the
Mo contact upon absorption of 2! Am vy1 y-rays (59.54 keV) in the contact, was also present;
the corresponding Mo Ka (Kag = 17.5 keV, Kaz = 17.4 keV) and Kf (19.6 keV) fluorescence
X-rays would have been unresolved from the 2*Am Np Lp and Ly X-ray peaks, respectively.

The *Am 59.54 keV y-ray peak was fitted with a Gaussian peak. Energy calibration of the
MCA charge scale was achieved using the centroid channel number of the ~ 0 keV noise
peak of the CSP and that of the Gaussian fitted to the 2**!Am 59.54 keV y-ray peak, along with
their corresponding energies. Again, the counts of the noise peak were limited by setting the
MCA low energy cut-off at 2.6 keV, after establishing the position of the noise peak. The
FWHM at 59.54 keV was 1.6 keV + 0.1 keV.
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Figure 19.2**Am radioisotope X-ray and y-ray spectrum accumulated with the spectrometer
at room temperature (150 V reverse bias; 1 us shaping time; FWHM at 59.54 keV = 1.6 keV
+ 0.1 keV; —). The major peaks identified are: (A) Cr Ka and Fe Ka capsule X-ray
fluorescence; (B) **Am Np Lo X-ray; (C) ?**Am Np LB X-ray and Mo Ka contact X-ray
fluorescence; (D) 2“Am Np Ly X-ray and Mo K contact X-ray fluorescence; (E) 2**Am 26.3
keV y-ray; (F) Mo K shell photoelectron peak at 39.5 keV from 2*!Am y1 (59.54 keV)
absorption in the Mo contact; (G) ?*!Am 59.54 keV y-ray. The Gaussian fitted at the 59.54
keV y-ray peak is also shown (---).

Summarising for the three radioisotope radiation sources presented, the energy resolution
(FWHM) of the spectrometer, operating uncooled at room temperature, was 1.67 keV * 0.08
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
values corresponded to a total ENC of 97 e rms+5 e rmsat 5.9 keV, 99 e rms + 6 " rms at
22.16 keV, and 93 e rms + 6 e  rms at 59.54 keV. It was thus concluded that the noise
present was constant, within uncertainties, across the investigated photon energy, E, range,
5.9 keV < E <59.54 keV, even though the Fano noise increased with increasing energy. The
Fano noise was calculated to be 9 " rms (160 eV) at 5.9 keV, 17 " rms (400 eV) at 22.16
keV, and 28 e" rms (508 eV) at 59.54 keV. The apparent constancy of the FWHM as a
function of energy arises from the size of the uncertainties associated with the measurements
and the relatively high total noise which is far greater than the Fano noise alone. The absence
of an energy dependence in the achieved FWHM as a function of photon energy indicates
that if there was any ICC noise, its contribution was small compared with the other noise
contributors; nevertheless, it cannot be stated conclusively that the ICC noise was nil.

To make clear the impact of the average electron-hole pair creation energy, w, it is
informative to compare the energy resolutions achievable with spectrometers employing
detectors made from different semiconductor materials. Whilst the total ENC of a
spectrometer depends in part upon the detector itself, it is useful for this purpose to compare
different detector materials assuming a consistent total ENC for their respective
spectrometers. Assuming an ENC of 97 e rms £ 5 e rms (i.e. equal to that measured at 5.9
keV for the reported spectrometer), the FWHM which would be achieved using detectors
made from Si (e = 3.67 eV [39]) and GaAs (w = 4.184 eV [40]) would be 0.84 keV + 0.04
keV and 0.96 keV + 0.05 keV, respectively. Thus, developing ultra-low noise preamplifier

23



817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859

electronics for 4H-SiC detector spectrometers is of a higher importance cf. developing such
electronics for spectrometers using Si detectors.

However, depending on environmental conditions and detector characteristics, the ENC
contributions of detectors made from different materials can be significantly disparate. For
example, at high temperatures, large thermally generated leakage currents can lead to the
total spectrometer ENC being dominated by PW noise contributions when using a narrower
bandgap detector; in contrast, the thermally generated leakage current would not be so high if
a wider bandgap detector was used. The exact physical nature of the relationship between
semiconductor bandgap, Eg, and  is still subject to study [41-42] but it appears that w o E.
Consequently, even though a wide bandgap detector material (with a large w) may be at a
disadvantage cf. a narrower bandgap detector (with a small ) at low temperatures, at high
temperatures the wider bandgap of the detector with the larger « may be sufficiently
advantageous as to outweigh the larger w [43]. It should be noted that both Eq and w are
temperature dependent.

The energy resolution achieved with the Mo/4H-SiC Schottky diode detector spectrometer is
similar to that achieved with other previously reported 4H-SiC detector spectrometers,
employing similar preamplifier electronics. Notable examples include: a FWHM at 22 keV
of 1.47 keV at 23 °C achieved with an early semi-transparent NiSi/4H-SiC Schottky diode
[10]; a FWHM at 5.9 keV of 1.5 keV at 20 °C achieved with another generation of NiSi/4H-
SiC Schottky diode detector [11]; a FWHM at 17.4 keV of 1.36 keV at 30 °C which was
achieved with another type of NiSi/4H-SiC Schottky diode [12]; a FWHM at 5.9 keV of 1.26
keV at 20 °C achieved with a recent Ni»Si/4H-SiC Schottky diode [13]; and a FWHM at 5.9
keV of 1.66 keV + 0.15 keV at 20 °C achieved with a commercial UV 4H-SiC p-n
photodiode repurposed for X-ray detection [15]. However, all of these energy resolutions are
substantially poorer than was achieved with a Au/4H-SiC Schottky diode and exceptionally
low-noise preamplifier electronics (3 e rms ENC, when unloaded, at room temperature): with
this detector, a FWHM at 5.9 keV of 196 eV at 30 °C was reported [9]. Thus, the importance
of employing electronics with minimal noise contribution in 4H-SiC detector based
spectrometers is emphasized again.

The importance of the (Schottky and Ohmic) contact material, the methods of surface
processing/preparation, and the techniques for contact formation on the performance of X-ray
and y-ray spectroscopic detectors has been investigated by previous comparative studies on
CdTe detectors, using commercial detector-grade p-like CdTe semiconductor crystals. TiOx
Schottky contacts and MoOx Ohmic contacts were formed by DC reactive magnetron
sputtering; the resultant TiOx/p-CdTe/MoOx detector based spectrometer had 10.9 keV (18.3
%) FWHM at 59.54 keV, at room temperature [44]. Different Schottky contacts and methods
for contact formation were also investigated; MoOy, TiN, and In were formed on p-CdTe
[45]. The energy resolution of these spectrometers varied from 3 keV (5 %) to 12 keV (20
%) FWHM at 59.54 keV at room temperature, highlighting the importance of developing a
deep understanding of the effects of the contact material, surface processing, and contact

24



860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903

deposition on the charge carrier transport mechanisms and hence the performance of X-ray
and y-ray spectroscopic detectors [44] [45].

4. Conclusions

For the first time, Mo/4H-SiC Schottky diodes have been investigated for their suitability as
photon counting detectors for X-ray and y-ray spectroscopy. The diodes had 35 um thick n-
type epilayers and were P2Os passivated. Measurements and calculations of parameters
relating to the electrical characteristics of diodes were reported for six devices, D1 — D6, at
room temperature, and for one representative device, D3, at temperatures -40 °C < T < 140
°C. One randomly selected device, D2, was then used to accumulate X-ray and y-ray spectra
of three radioisotope radiation sources, at room temperature.

The quantum detection efficiency, QE, of the devices across the energy range of interest was
first explored. It was computed that when the devices were reverse biased at 150 V, the
depletion width was 4.6 um. This indicated QE of 0.1406, 0.0031, 0.00014, and 0.00004 at
5.9 keV, 22.16 keV, 59.54 keV, and 88.03 keV, respectively. Had the 35 um thick n- type
epilayer been fully depleted, the QE would have been 0.6638, 0.0235, 0.0010, and 0.0003 at
the same energies.

Electrical characterization showed that the leakage currents of D1 — D6 were the same, within
uncertainties, up to an applied reverse bias of 140 V, at room temperature. However, at
applied reverse bias > 140 V, and at applied forward biases, the devices’ current differed.
These reverse biases correspond to extremely high electric field strengths. The leakage
current densities were calculated. At 100 V applied reverse bias ( = 265 kV cm™®), they were
found to be the same across all devices, with a mean value of 5 x 102° Acm?2 +2 x 100 A
cm? (rms deviance). However, at 200 V applied reverse bias (= 370 kV cm™), it ranged
from 0.73 x 107 A cm2 +0.01 x 107 A cm™ for D4 (the minimum) to 3.19 x 107 Acm?2 +
0.02 x 107 A cm™ for D6 (the maximum). The diodes, D1 — D6, had the same barrier height
(1.23 eV £ 0.03 eV) and ideality factor (1.01 £ 0.01) at room temperature.

High quality Au/4H-SiC Schottky diodes have been reported previously to have very low
leakage current densities of ~ 1022 A cm at 103 kV cm™ at room temperature [9]; the
Mo/4H-SiC devices had comparable leakage current densities ( < 84 x 102 A cm) under
the same conditions. The low leakage current densities of the Mo/4H-SiC Schottky diodes
was attributable in part to the P2Os surface passivation [21-22] as well as to the high quality
epitaxial material. Mo/4H-SiC detector D3 was characterised at high temperature; it had a
leakage current density of 9.6 x 10° A cm? + 0.9 x 10° A cm™ at 100 °C; this was again
comparable to that reported for Au/4H-SiC Schottky detectors operated under the same
conditions (1 x 10°° A cm at 100 °C). The electrical characterisation as a function of
temperature showed an absence of a dependency of the barrier height and the ideality factor
upon temperature, thus suggesting an homogeneous barrier.

The devices were not fully depleted even at the maximum applied reverse bias (200 V),
although they had the same depletion layer capacitance at 150 V and 200 V, within
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uncertainties. The depletion layer capacitance of D3 at no applied bias decreased as the
temperature was decreased from 140 °C (8.95 pF £ 0.02 pF) to -40 °C (8.03 pF + 0.01 pF).
However, a temperature invariant depletion layer capacitance was measured for D3 when it
was reverse biased. The depletion layer width of D3 at 150 V applied reverse bias, at 20 °C,
was 4.6 um £ 0.6 um. The only partial depletion of the n- epitaxial layer, even at high
applied field strengths, was attributed to a relatively high effective carrier concentration in the
material (7 x 10'® cm™ + 3 x 10'® cm®).

One Mo/4H-SiC detector, D2, was coupled to radiation spectrometer readout electronics.
The detector and readout chain were operated at room temperature. The detector was
illuminated with 55Fe, 1%°Cd, and 2**Am radioisotope X/y -ray sources. FWHM at 5.9 keV of
1.72 keV % 0.08 keV (2 ps shaping time; 50 V applied reverse bias), 1.67 keV + 0.07 keV (2
us; 100 V), and 1.67 keV + 0.08 keV (1 ps; 150 V) were achieved; by modifying the shaping
time the same energy resolution could be achieved at each of the three detector reverse biases
investigated. However, the dominant source of noise was a function of both the applied
reverse bias and shaping time. The dominant source of noise at 50 V and 100 V applied
reverse bias, and across all the investigated shaping times, was the quadratic sum of the
dielectric noise and (if any) incomplete charge collection noise. The combined contribution
of the dielectric noise and the incomplete charge collection noise (if any) was the dominant
source of noise at 150 V applied reverse bias only within the shaping time, 7, 0.7 us <7< 3.7
us; the WS noise dominated at shaping times < 0.7 ps, and the WP noise dominated at
shaping times > 3.7 us. The combined contribution of the dielectric noise and (if any)
incomplete charge collection noise reduced from 81 e rms at both 50 V and 100 V to 66 €
rms at 150 V. The noise analysis suggested that the optimum available operating conditions
of the D2 based spectrometer at room temperature were 150 V applied reverse bias and 1 ps
shaping time. It should be noted that whilst care has been taken to state that it is possible that
incomplete charge collection noise contributed to the noise, no increase in FWHM as a
function of photon energy was found in the data; this suggested that any incomplete charge
collection noise that was present was insignificant compared to the dielectric noise itself.

199Cd and 2**Am radioisotope X-ray and y-ray spectra were accumulated using the same
device at room temperature, 150 V applied reverse bias, and 1 ps shaping time. Energy
resolutions of 1.7 keV = 0.1 keV FWHM at 22.16 keV (Ag Ka, from %°Cd) and 1.6 keV +
0.1 keV FWHM at 59.54 keV (***Am y1) were measured. Within the limitations of the
achieved energy resolutions, all of the main characteristic X-ray and y-ray emissions of the
two radioisotope radiation sources were detected except for: the 88.03 keV y-ray emission of
the 1°Cd radioisotope X-ray and y-ray source (not detected due to low QE of the detector at
this energy); and the 33.2 keV and 43.4 keV y-ray emissions of the **Am radioisotope X-ray
and y-ray source (not detected due to the combination of their low emission rates and the
relatively low QE of the detector).

In summary, for the first time, it has been demonstrated that Mo/4H-SiC Schottky diodes can
be used for X-ray and y-ray photon counting spectroscopy. Until recently, the informed
detector designer may have concluded that Mo/4H-SiC Schottky diodes were likely to be of
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limited applicability for X-ray and y-ray detection given that their relatively low barrier
heights (a result of the work function of Mo) may have led to high leakage current densities.
However, the devices presented here were P2Os passivation; a technique suggested to affect
the contact subsurface by homogenising the interface [22]. Indeed, the performance of the
Mo/4H-SiC Schottky diodes for X-ray and y-ray spectroscopy was found to not be limited by
the leakage current of the detector, apart from at high reverse biases when utilising long
shaping times (> 3.7 ps). The results open new pathways for the consideration of Mo/4H-SiC
Schottky diodes in X-ray and y-ray spectroscopy; the suitability of the detectors will be
investigated further and their development pursued and reported in future publications.

ACKNOWLEDGEMENTS

This work was supported, in part, by Science and Technology Facilities Council, UK,
through grants ST/R000247/1 and ST/T000910/1 (University of Sussex, A.M.B., PI).

A.M.B. acknowledges funding from the Leverhulme Trust, United Kingdom, in the form of a
2016 Philip Leverhulme Prize. Development of the devices was supported by Engineering
and Physical Sciences Research Council, UK, through grant EP/R00448X/1 (University of
Warwick, P.M.G., PI). Fabrication of the devices was supported, in part, by Engineering and
Physical Sciences Research Council, UK, through grant EP/P017363/1 (University of
Warwick, V.A.S., PI).

DATA AVAILABILITY
All data that support the findings of this study are included within the article.

REFERENCES

[1] O. Madelung, Semiconductors: Group IV Elements and I11-V Compounds, Springer,
Berlin, 1991.

[2] G. Bertuccio, D. Puglisi, D. Macera, R. Di Liberto, M. Lamborizio, L. Mantovani, Silicon
Carbide Detectors for in vivo Dosimetry, IEEE Transactions on Nuclear Science, 61 (2014)
961-966.

[3] S. Yu. Davydov, On the Electron Affinity of Silicon Carbide Polytypes,

Semiconductors, 41 (2007)696-698.

[4] M.E. Levinshtein, S.L. Rumyantsev, M.S. Shur, Properties of Advanced Semiconductor
Materials: GaN, AIN, InN, BN, SiC, SiGe, John Wiley & Sons, Chichester, 2001.

[5] A.A. Lebedev, V.V. Kozlovski, N.B. Strokan, D.V. Davydov, A.M. Ivanov, A.M.
Strel’chuk, R. Yakimova, Radiation hardness of wide-gap semiconductors (using the example
of silicon carbide), Semiconductors, 36 (2002) 1270-1275.

[6] L. Liu, A. Liu, S. Bai, L. Lv, P. Jin, X. Ouyang, Radiation Resistance of Silicon Carbide
Schottky Diode Detectors in D-T Fusion Neutron Detection, Scientific Reports, 7 (2017)
13376.

[7] L. Hrubgin, Y.B. Gurov, B. Zatko, O.M. lvanov, S.V. Mitrofanov, S.V. Rozov, V.G.
Sandukovsky, V.A. Semin, V.A. Skuratov, A Study of the Radiation Hardness of Si and SiC
Detectors Using a Xe lon Beam, Instruments and Experimental Techniques, 61 (2018) 769-
771.

27



991

992

993

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032

[8] G. Bertuccio, R. Casiraghi, F. Nava, Epitaxial Silicon Carbide for X-ray Detection, IEEE
Transactions on Nuclear Science, 48 (2001) 232-233.

[9] G. Bertuccio, S. Caccia, D. Puglisi, D. Macera, Advances in Silicon Carbide X-ray
Detectors, Nuclear Instruments and Methods in Physics Research A, 652, (2011) 193-196.
[10] J.E. Lees, D.J. Bassford, G.W. Fraser, A.B. Horsfall, K.V. Vassilevski, N.G. Wright, A.
Owens, Semi-transparent SiC Schottky diodes for X-ray spectroscopy, Nuclear Instruments
and Methods A, 578, (2007) 226-234.

[11] A.M. Barnett, Wide Band Gap Compound Semiconductor Detectors for X-ray
Spectroscopy in Harsh Environments, PhD Thesis, University of Leicester, Department of
Physics and Astronomy, 2011.

[12] G. Lioliou, H.K. Chan, T. Gohil, K.V. Vassilevski, N.G. Wright, A.B. Horsfall, A.M.
Barnett, 4H-SiC Schottky Diode Arrays for X-ray Detection, Nuclear Instruments and
Methods in Physics Research A, 840 (2016) 145-152.

[13] G. Lioliou, N.R. Gemmell, M. Mazzillo, A. Sciuto, A.M. Barnett, 4H-SiC Schottky
diodes with Ni2Si contacts for X-ray detection, Nuclear Instruments and Methods in Physics
Research A, 940 (2019) 328-336.

[14] S. Zhao, G. Lioliou, A.M. Barnett, Temperature dependence of commercial 4H-SiC UV
Schottky photodiodes for X-ray detection and spectroscopy, Nuclear Instruments and
Methods in Physics Research A, 859 (2017) 76-82.

[15] C.S. Bodie, G. Lioliou, A.M. Barnett, Hard X-ray and y-ray spectroscopy at high
temperatures using a COTS SiC photodiode, Nuclear Instruments and Methods in Physics
Research A, 985 (2021) 164663.

[16] S.M. Sze, K.K. Ng, Physics of Semiconductor Devices, 3rd ed., John Wiley & Sons,
New Jersey, 2007.

[17] H.B. Michaelson, Relation between an Atomic Electronegativity Scale and the Work
Function, IBM Journal of Research and Development, 22 (1978) 72-80.

[18] J.A. Kittl, M.A. Pawlak, A. Lauwers, C. Demeurisse, K. Opsomer, K.G. Anil,

C. Vrancken, M.J.H. van Dal, A. Veloso, S. Kubicek, P. Absil, K. Maex, S. Biesemans, Work
function of Ni Silicide Phases on HfSION and SiO2: NiSi, Ni2Si, Niz1Si12, and NisSi fully
Silicided Gates, IEEE Electron Device Letters, 27 (2006) 34-36.

[19] H.B. Michaelson, The work function of the elements and its periodicity, Journal of
Applied Physics, 48 (1977) 4729-4733.

[20] R. Rupp, R. Elpelt, R. Gerlach, R. Schdmer, M. Draghici, A new SiC diode with
significantly reduced threshold voltage, 2017 29th International Symposium on Power
Semiconductor Devices and IC's (ISPSD) (2017) 355-358.

[21] A.B. Renz, V.A. Shah, O. Vavasour, Y. Bonyadi, G. Baker, F. Li, T. Dai, M. Walker,
P.A. Mawby, P.M. Gammon, Surface effects of passivation within Mo/4H-SiC Schottky
diodes through MOS analysis, Materials Science Forum, 963 (2019) 511-515.

[22] A.B. Renz, V.A. Shah, O.J. Vavasour, Y. Bonyadi, F. Li, T. Dai, G.W.C. Baker, S.
Hindmarsh, Y. Han, M. Walker, Y. Sharma, Y. Liu, B. Raghothamachar, M. Dudley, P.A.
Mawby, P.M. Gammon, The improvement of Mo/4H-SiC Schottky diodes via a P2Os surface
passivation treatment, Journal of Applied Physics, 127 (2020) 025704.

28



1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075

[23] G. Bertuccio, P. Rehak, D. Xi, A Novel Charge Sensitive Preamplifier without the
Feedback Resistor, Nuclear Instruments and Methods in Physics Research A, 326 (1993) 71-
76.

[24] U. Schétzig, Half-Life and X-ray Emission Probabilities of *°Fe, Applied Radiation and
Isotopes, 53 (2000) 469-472.

[25] H. Xiaolong, Y. Shenggui, D. Chunsheng, Evaluation of the decay data of 1°°Cd,

Nuclear Instruments and Methods in Physics Research A, 621 (2010) 443-446.

[26] H.R. Verma, Measurements of M and L X-ray energies and relative intensities
emanating from 2**Am source, Applied Radiation and Isotopes, 122 (2017) 41-46.

[27] M.-M. B¢, V. Chiste, C. Dulieu, X. Mougeot, E. Browne, V. Chechev, N. Kuzmenko, F.
Kondev, A. Luca, M. Galan, A.L. Nichols, A. Arinc, X. Huang, Table of Radionuclides
(A=22 to A=244) Bureau International des Poids et Mesures, Sevres, 2010.

[28] W. Shockley, Currents to conductors induced by a moving point charge, Journal of
Applied Physics, 9 (1938) 635-636.

[29] S. Ramo, Currents induced by electron motion, Proceedings of the IRE, 27 (1939) 584-
585.

[30] J.H. Hubbell, Review of photon interaction cross section data in the medical and
biological context, Physics in Medicine and Biology, 44 (1999) R1-R22.

[31] J.H. Hubbell, S.M. Seltzer, Tables of X-Ray Mass Attenuation Coefficients and Mass
Energy-Absorption Coefficients (Version 1.4), National Institute of Standards and
Technology, Gaithersburg, 2004.

[32] P.M. Gammon, A. Pérez-Tomas, V.A. Shah, O. Vavasour, E. Donchev, J.S. Pang, M.
Myronov, C.A. Fisher, M.R. Jennings, D.R. Leadley, P.A. Mawby, Modelling the
inhomogeneous SiC Schottky interface, Journal of Applied Physics, 114 (2013) 223704.

[33] F. Roccaforte, G. Brezeanu, P.M. Gammon, F. Giannazzo, S. Rascuna, M. Saggio,
Schottky Contacts to Silicon Carbide: Physics, Technology and Applications, in Advancing
Silicon Carbide Electronics Technology I, Materials Research Forum LLC, Millersville,
2018.

[34] M. Mazzillo, A. Sciuto, G. Catania, F. Roccaforte, V. Raineri, Temperature and Light
Induced Effects on the Capacitance of 4H-SiC Schottky Photodiodes, IEEE Sensors

Journal, 12 (2012) 1127-1130.

[35] G. Lioliou, G., A.M. Barnett, Electronic Noise in Charge Sensitive Preamplifiers for
X-ray Spectroscopy and the Benefits of a SiC Input JFET, Nuclear Instruments and Methods
in Physics Research A, 801 (2015) 63-72.

[36] G. Bertuccio, A. Pullia, G. De Geronimo, Criteria of Choice of the Front-End Transistor
for Low-Noise Preamplification of Detector Signals at Sub-Microsecond Shaping Times for
X- and y-ray Spectroscopy, Nuclear Instruments and Methods in Physics Research A, 380
(1996) 301-307.

[37] G. Bertuccio, A. and Pullia, A Method for the Determination of the Noise Parameters in
Preamplifying Systems for Semiconductor Radiation Detectors, Review of Scientific
Instruments, 64, (1993) 3294-3298.

[38] G. Bertuccio, R. Casiraghi, Study of Silicon Carbide for X-ray Detection and
Spectroscopy, IEEE Transactions on Nuclear Science, 50 (2003) 175-185.

29



1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092

[39] R.H. Pehl, F.S. Goulding, D.A. Landis, M. Lenzlinger, Accurate determination of the
ionization energy in semiconductor detectors, Nuclear Instruments and Methods, 59 (1968)
45-55.

[40] G. Bertuccio, D. Maiocchi, Electron-Hole Pair Generation Energy in Gallium Arsenide by
x and y Photons, Journal of Applied Physics, 92 (2002) 1248-1255.

[41] A. Owens, Semiconductor Radiation Detectors, CRC Press, Boca Raton, 2019.

[42] M.D.C. Whitaker, G. Lioliou, A.B. Krysa, A.M. Barnett, Alo.sGao.sAs X-ray avalanche
photodiodes for spectroscopy, Semiconductor Science and Technology, 35 (2020) 095026.
[43] A.D.T. Short, An Evaluation of Gallium Arsenide for Detector Applications in X-ray
Astronomy, PhD Thesis, Department of Physics and Astronomy, University of Leicester,
Leicester, UK, 1997.

[44] O. Maslyanchuk, M. Solovan, V. Brus, P. Maryanchuk, E. Maistruk, I. Fodchuk, V.
Gnatyuk, Charge transport features of CdTe-based X- and y-ray detectors with Ti and TiOx
Schottky contacts, Nuclear Instruments and Methods in Physics Research A, 988 (2021)
163920.

[45] V. Gnatyuk, O. Maslyanchuk, M. Solovan, V. Brus, T. Aoki, CdTe X/y-ray detectors
with different contact materials, Sensors, 21 (2021) 3518.

30



G. Lioliou: Methodology, Validation, Formal analysis, Investigation, Data Curation, Writing
- original draft, Writing - Review & Editing, Visualization. A.B. Renz: Methodology,
Validation, Investigation, Data Curation. V.A. Shah: Conceptualization, Investigation,
Resources, Data Curation, Writing - Review & Editing, Supervision, Project administration,
Funding acquisition. P.M. Gammon: Conceptualization, Investigation, Resources, Data
Curation, Writing - Review & Editing, Supervision, Project administration, Funding
acquisition. A.M. Barnett: Conceptualization, Methodology, Validation, Formal analysis,
Investigation, Resources, Data Curation, Writing - Original Draft, Writing - Review &
Editing, Visualization, Supervision, Project administration, Funding acquisition.



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

OThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




