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An overview of wide-bandgap (WBG) semiconductors for radiation detection applications is given. The recent
advancements in the fabrication of high-quality wafers have enabled remarkable WBG semiconductor device applications.
The most common 4H-SiC, GaN, and -Ga,03 devices used for radiation detection are described.

Keywords: wide-bandgap semiconductors ; radiation ; detectors

| 1. Introduction

The need for reliable and efficient radiation detectors for particle physics, space technologies, nuclear power plants,
medicine, and homeland security applications is growing rapidly. The requirements set for radiation detectors are
complex, from exceptional efficiency and energy resolution to extreme radiation tolerance. Among numerous candidates,
semiconductor radiation detectors offer plenty of advantages due to their exceptional material properties. For many
decades, Si-based radiation detectors have been the champions in the radiation detection arena W, However, Si-based
devices are reaching the limit of their performance, and it is dubious that significant improvements will follow in the years
to come. Due to the wider bandgap (compared to Si 1.12 eV, for example) and the recent astonishing progress in material
fabrication, wide-bandgap (WBG) semiconductors are becoming a new driving force for radiation detection.

The list of the most scrutinized WBG semiconductors includes, but is not limited to, silicon carbide (SiC), gallium nitride
(GaN), gallium arsenide (GaAs), cadmium telluride (CdTe), and gallium oxide (Ga,O3). Attention will primarily be focused
on the selected materials, namely, SiC, GaN, and Ga,Osz—more precisely, 4H-SiC and B-Ga,0O3. The reasoning is the
following, the 4H polytype is the preferred material among the best-known SiC polytypes (2C-, 3C-, 4H-, and 6H-SiC) for
electronic components due to the high and isotropic mobility of charge carriers 2],

Figure 1 shows several areas where WBG semiconductors are used. Due to the material properties, WBG
semiconductors are dominantly used for applications in power electronics MEE,  However, the number of new
applications is continuously increasing, and WBG semiconductors are becoming the material of special interest for
quantum technology &8 gas sensing 19, and radiation detection [LLI[12][13][14][15][16]
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Figure 1. Diagram representing areas for the WBG semiconductor devices applications.



| 2. 4H-SiC

Research on SiC dates back to the end of the 19th century when SiC was recognized as a material for an abrasive
powder and refractory bricks 1. In the 1950s, the SiC potential was again recognized, this time for high-temperature
electronic devices 4. Despite certain efforts through the decades that followed, research on SiC began to flourish by the
end of the 20th century. The progress in the fabrication of high-quality 4H-SiC wafers has enabled remarkable 4H-SiC-
based device applications: power electronics =8, quantum sensing B, and radiation detection LUML2MASIA4IS]16] Thig
has influenced the significant increase in the market value. The SiC device market, valued at around USD 2 billion in
2023, is projected to increase from USD 11 billion to USD 14 billion in 2030 7,

There is a whole variety of 4H-SiC-based devices that are currently being used as radiation detectors. The most common
are PiN diodes 18 metal-oxide-semiconductor (MOS) structures 1920 and Schottky barrier diodes (SBDs) [13I[14]115]
Even though the SBD is one of the simplest devices, it has many advantages, and it has been chosen as the preferred
structure in many studies 2. Figure 2a shows a scheme of a typical n-type 4H-SiC SBD. In lots of reported studies, Ni is
a preferred material for Schottky and Ohmic contacts for the n-type SBDs. However, it should be noted that other metals
are also being used. Osvald et al. 22 have recently reported on Ni/Au Schottky contacts and Chen et al. 23 on the
possible benefits of Mo Schottky contacts. Lees et al. 24 have made additional changes and used semi-transparent Cr/Ni
Schottky contacts. Semi-transparent Schottky contacts could improve the efficiency for the detection of low-energy X-rays,
compared to conventional Schottky contacts. More detailed information about the key parameters of 4H-SiC SBDs, such
as the epitaxial layer thickness and Schottky contact area, could be found elsewhere 2. De Napoli 22! and Coutinho et
al. B have provided extensive overviews of crystal growth, material properties, and characterization techniques, with a
dedicated focus on SiC radiation detection applications.
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Figure 2. (a) A scheme of the typical n-type 4H-SiC SBD used for radiation detection and (b) a scheme of 4H-SiC SBD
with the additional thermal neutron converter placed above the Schottky contact. The converter is used for thermal
neutron detection and is usually placed a few mm above the Schottky contact.

2.1. Radiation Response to Alpha Particles and Neutrons

Almost all research on the radiation response starts with laboratory tests using alpha particles from 2**Am source. 4H-
SiC-based devices are not an exception. The early and yet still significant work in the area of 4H-SiC radiation response
to alpha particles was conducted by Ruddy et al. 22, SBDs were fabricated on nitrogen-doped (1 x 10%* cm™3) 4H-SiC
epitaxial layers, 100 um thick. Schottky contacts Au/Pt/Ti were deposited by electron beam evaporation. Using the various
alpha emitters such as 1#8Gd, 238pu, 225Ac, 221y, 217At, and 213Po in the 3.18-8.38 MeV energy range, an excellent
energy resolution was achieved. Through the years, progress in energy resolution and efficiency has been reported by
many authors 2812711281291 Chaudhuri et al. 22 achieved an excellent energy resolution of 0.29% at the full width at half
maximum (FWHM) for 5.48 MeV alpha particles using a 20 um thick 4H-SIiC epitaxial layer. The Schottky contact was
Ni/Au, while the Schottky contacts were 2.9 mm or 3.9 mm in diameter. Additionally, the same group has applied 4H-SiC-
based MOS structures and compared them to 4H-SiC SBDs. They have reported the highest energy resolution ever
measured on SiC-based MOS detectors: 0.42% for 5.48 MeV alpha particles 19,

While most of the radiation tests are performed at room temperature (RT), Bernat et al. BY have recently investigated the
4H-SiC SBDs radiation response to alpha particles at elevated temperatures in a vacuum. They have used n-type 4H-SiC
SBDs with a 25 um thick 4H-SiC epitaxial layer and an active area of 25 mm?2. Figure 3 shows the response to alpha
particles (?**Am source with a characteristic alpha particle maximum of 5.48 MeV) measured at different temperatures
(200-390 K) in a cryostat under a vacuum (<0.1 mbar) B, As seen in Figure 3, the peak maximum is shifted on the x-
scale as the radiation temperature increases. The estimated energy resolution was 2.5% and did not change with the
temperature.
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Figure 3. Radiation response of 4H-SiC SBDs (active area of 25 mm?) to alpha particles (***Am source) in a vacuum at
different temperatures.

Due to their specific material properties, WBG semiconductors are suitable for radiation harsh environments, such as the
International Thermonuclear Experimental Reactor (ITER) BY. The significant advantage of SiC lies in the fact that SiC
can detect and distinguish both thermal and fast neutrons. The detection of thermal and fast neutrons by SiC-based
devices differs, as thermal neutrons could not be directly detected. Thermal neutron presence is obtained from the
detection of ionizing neutron reaction products, such as alpha particles and tritons. In contrast, fast neutrons could be
directly detected due to the elastic scattering of fast neutrons with Si or C atoms, or indirectly using polyethylene-based
converters. Possible neutron-induced reactions with Si and C that could participate in the 4H-SiC detector response are
12¢(n,n)*2C and 28 Si(n,n)?8si B2, The probability of this scattering increases as the detector’s active layer thickness
increases. Currently, the highest layer thickness is 250 um as reported by Kleppinger et al. 4. SBDs with Ni as a
Schottky contact were fabricated on 250 pm thick epitaxial layers. An energy resolution of 0.5% FWHM using a 2**Am
source was achieved. Unfortunately, radiation response to fast neutrons has not been measured. Very thick (>300 pum)
high-quality 4H-SiC epitaxial layers used for fast neutron detection have not yet been reported. It is reasonable to expect
that further advances will be made with an increase in the thicknesses of high-quality epitaxial layers.

The prospect of detecting 14 MeV fast neutrons by 4H-SiC detectors was demonstrated by F.H. Ruddy et al. 3], Fast
neutron response measurements were reported for radiation detectors based on large-volume 4H-SiC SiC pin diodes.
Several reaction peaks associated with 14 MeV neutron reactions with the silicon and carbon nuclides in the pin diode
were observed. Another work also worth mentioning is that by Flamming et al. 28], who measured the radiation response
to fast neutrons using the 100 um thick 4H-SiC SBD with and without polyethylene converters. Fission neutrons were
simulated by using a 2.5 MeV deuterium-deuterium (D-D) neutron generator. As anticipated, better results are achieved
using the polyethylene converters.

Hitherto, 4H-SiC SBDs have mostly been used for thermal neutron detection. As already said, they cannot be directly
measured; therefore, effective thermal neutron converters are needed. The requirement for such converters is that they
are rich in isotopes with a large cross-section for neutrons with energy in the range of kgT at RT (kg is the Boltzmann
constant). The frequently used converters are 6Li and 1°B 4. Figure 2b shows a typical set-up for thermal neutron
detection using the 4H-SiC SBD with the thermal neutron converter placed just above the Schottky contact (a few mm
above). The converter has been horizontally shifted in Figure 2b, for clarity.

The best-reported efficiencies for thermal neutron detection using the 4H-SiC devices are between 4 and 5% [21(36137],
Recently, Bernat et al. 2 have reported on the effects of large-area 4H-SiC SBDs on the radiation response to thermal
neutrons. Two different diode areas were compared: 1 mm? and 25 mm?2. SBDs were fabricated using a 25 um thick 4H-
SiC epitaxial layer and Ni as a Schottky contact. An efficiency of 5.02% with the use of a 26.54 um thick 6LiF thermal
neutron converter layer is reported (Figure 4). Additionally, they have shown that with the increase in the SBD active area,
the detector could register thermal neutrons with a nuclear reactor power as low as 1 kW.
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Figure 4. Radiation response of two 4H-SiC SBDs with different active areas (1 mm? and 25 mm?). The 26.54 pm thick
BLiF thermal neutron converter layer was placed above the SBDs, as already described in the text.

Contrary to the alpha particles and neutrons, the low-energy X-ray and y-ray detection by 4H-SiC devices has not yet
reached the same level of efficiency. However, several attempts have been made, and they should be noted. Puglisi et al.
(28] studied 4H-SiC microstrip detectors for soft X-ray (<20 keV) detection. They achieved an energy resolution of about
700 and 1300 eV FWHM for 1 mm? and 10 mm? detectors measured at RT, respectively. Mandal et al. B2 have achieved
an FWHM of 1.2 keV at 59.6 keV using the 50 um thick 4H-SiC SBDs. Moreover, using the same SBDs, they were able to
detect low-energy X-rays in the energy range of 13.93-26.20 eV. Lees et al. 24 have used a slightly different SBD
structure. They have reduced the thickness of the Schottky contact (Ni/Ti was used), from a typical 50—100 nm down to 18
nm, and prepared so-called semi-transparent SBD. Different X-ray sources were used: 5°Fe and 19°Cd. With 4H-SiC SBD,
an energy resolution of 1.47 keV FWHM at 22 keV at RT was reported. Lioliou et al. 9 fabricated photon-counting
detectors for X-ray and gamma-ray spectroscopy using the 35 um thick 4H-SiC SBDs with Mo as a Schottky contact. An
energy resolution of 1.67 keV FWHM at 5.9 keV and 1.6 keV FWHM at 59.54 keV was achieved.

As demonstrated in different studies on X-ray detection, energy resolution can be increased by additional modifications on
the Schottky contacts (thickness, area, and metal) for 4H-SiC SBDs.
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