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SiC detectors: A review on the
use of silicon carbide as radiation
detection material

Marzio De Napoli*

Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Catania, Catania, Italy

Silicon Carbide (SiC) is a wide bandgap semiconductor with many excellent
properties that make it one of the most promising and well-studied materials for
radiation particle detection. This review provides an overview of the main
advantages in the use of SiC detectors and the current state of research in
this field. Key aspects related to material properties, growth techniques, doping,
defects, electrical contacts, and characterization methods are summarized,
with particular emphasis on how these can be related to detector performance.
The most recent and significant experimental results on the use of SiC diodes
for the detection of electrons, protons, alpha, ions, UV radiation, x/y-rays, and
neutrons are discussed. The effects of high temperature operation and radiation
damage on detector performance are outlined.
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1 Introduction

Silicon Carbide (SiC) is a semiconductor composed of 50% silicon (Si) and 50%
carbon (C). The first synthesis of a silicon-carbon composite is reported by Berzelius [1].
SiC is rare in nature; its discovery as a natural mineral, named moissanite after its
discoverer, dates back to 1905. SiC as a radiation detector has been demonstrated in as
early as the 1960s [2]. However, it was not until the late 1990s that improvements in SiC
diode fabrication and material quality led to the first doped SiC epitaxial layers of
reasonable quality and renewed interest in this material (for a summary of the history of
SiC synthesis, the reader is referred to [3] and references therein). As a result, there was a
tremendous acceleration of work investigating the performance of SiC detectors for
various types of radiation in the first decade of the new millennium. Progress in SiC
detector fabrication continues today, and with it the diffuse interest of researchers around
the World in evaluating the performance of SiC detectors of increasingly good quality.
There are many reviews on the subject of Silicon Carbide as a radiation detector material,
such as those by [4-8], and Capan in 2022 [9]. The idea behind this review is to give
readers as complete and up-to-date a summary as possible on SiC radiation detectors. The
subject is undoubtedly huge and cannot be covered in detail in a review paper, and that is
not the scope. Rather, the goal of this work is to present the basic concepts and results of
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the field in a manner that is simultaneously introductory for
some aspects and advanced for others. In addition, this review
can serve as repository where the reader who wishes to deepen his
or her knowledge on a particular topic can refer to the cited
references. For this reason, I have tried to include as many
references as possible, even though not all of them can be
accommodated in a single article.

The overview is organized as follows. Section 2 reviews the
electrical and physical properties of silicon carbide relevant to its
use as a radiation detector.

Section 3 summarizes the basic concepts behind the structure
of a SiC detector and the fabrication techniques of its various
parts.

Section 4 reviews the performance of SiC-based devices as
radiation detectors for different types of radiation. Here, an
attempt is made to give a summary of the main results for
each type of radiation, and to mention some of the most
important (at least in my personal opinion) results from the
various published papers. I have tried to include as many papers
as possible, but I apologize in advance for not citing all the
interesting papers that have been published on this topic. For
most of the cited papers, I have tried to summarize what I think is
interesting information that helps focus typical aspects of the
field (e.g., a detector structure, typical detector dimensions,
doping concentrations, efc.) and that helps to understand the
reported results.

Finally, the issue of radiation damage in SiC detectors is
addressed in a separate section (Section 5), dividing the reported
experimental results by the type of radiation used to irradiate the
detectors.

2 Physical and electrical properties
of SiC

The basic cell of SiC consists of one Si atom with 4 C
neighbors and vice versa, forming a tetrahedral structure.
This unit is common to all SiC polytypes, which differ from
each other by variations in stacking order. The more than
200 crystal polymorphs can be classified by lattice symmetry
as cubic (C), hexagonal (H), and rhombohedral (R). The
number given before the symmetry letter indicates the
number of layers in the stacking sequence, as in 4H-SiC.
The different polytypes can be characterized by their
hexagonality fraction fH, where 2H (3C) has fH = I (fH =
0). The other polytypes consist of lattices with different
sequences of hexagonal and cubic stacking layers and can
be listed in order of increasing hexagonal packing: 3C, 8H,
6H, 4H, 2H.

The stability of politypes depends on temperature and thus
affects the ability to grow large ingots. As a result, the most
common and commercially available polytipes are 3C-SiC, 4H-
SiC, and 6H-SiC [3].
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Table 1 reports some properties of the SiC material compared
to Si, diamond (its direct competitor in many areas of radiation
detection), and the other wide bandgap semiconductor GaN.
Some of the reported values make SiC a very interesting material
compared to Si and diamond. Figure 1 highlights the SiC most
interesting properties compared to Si and Diamond in
connection with its use as a radiation detector material.

A brief description of some of the most important
properties of this material, especially with respect to its use
as a radiation detector, is given below. For an overview of this
topic, see [3].

2.1 Thermal conductivity

Thanks to their high thermal conductivity, detectors based
on 4H-SiC can more easily dissipate any heat buildup, which is
known to be responsible for performance degradation. This is
particularly important for the use of SiC-based detectors as X-ray
beam position monitors (XBPMs) in syncrotron facilities, where
interaction with high-intensity beams results in heat loading of
the device. Although the thermal conductivity of SiC is about
four times lower than that of diamond (22 Wcem™'K™), initial
studies of SiC as XBPMs show performance comparable to that of
thin commercial diamonds, as discussed in more detail in
Par. 4.3.2.

In addition, the high thermal conductivity of SiC allows the
temperature to be kept within certain limits during operation,
especially when the readout electronics are in direct contact with
the detector.

Since the radiation hardness of a solid state detector benefits
from the cooling of the device, the good cooling properties of SiC
due to its high thermal conductivity can potentially support the
radiation hardness of SiC.

2.2 Band gap energy

SiC band gap is 2.36 eV for 3C-SiC, 3.02 for 6H-SiC, and
3.26 eV for 4H-SiC. In general, the higher bandgap of 4H-SiC
compared to 6H-SiC and 3C-SiC makes it the first choice for SiC
radiation detectors, since most of the processing methods,
described in Section 2, are roughly equal between the three

polytypes.

The above gap values refer to room temperature, since the
band gap decreases with increasing temperature: Eg — Egg = ‘é‘%

In this semi-empirical formula reported in [3], Eg, is the
band gap at 0° K, T is the absolute temperature, and « (8.2 -
10*eVK™) and f (1.3 - 10°K) are fitting parameters. The band
gap also depends on the doping density, decreasing at high
doping levels (above 10"cm ).

Thanks to the large energy gap, SiC detectors are

characterized by low leakage currents, even at high reverse
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TABLE 1 4H-SiC properties at room temperature compared to Si, diamond and GaN.

Si 4H-SiC Diamond GaN
Atomic number|[Z] 14 14/6 6 31/7
Density [g/cm’] 233 322 3.51 6.15
Relative permittivity — €, 11.9 9.7 5.7 9.6
Energy gap [eV] 1.12 323 5.5 3.39
e — h pair creation energy [eV] 3.6 7.6-8.4 13 8.9
Displacement Energy [eV] 13-15 30-40 43 20
Breakdown electric field [V/cm] 3.10° 3-4-10° 107 4.10°
Electrons mobility u, [cm*/Vs] 1450 800 1800 1000
Holes mobility py, [cm*/Vs] 450 115 1200 30
Saturated electron drift velocity [cm/s) 0.8 - 107 2107 22107 14 - 107
Thermal conductivity [W/Kcm] 1.5 49 24-25 2.5
3,5 14
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FIGURE 1

Some SiC properties relevant for its use as detection material compared to Si (left) and diamond (right). High Schottky/pn barriers, low thermally
generated currents, and visible-light blindness are all results of a wide bandgap (E,). The high critical field (E.) implies: high bias voltage and no guard
rings. High electron saturation velocity (vs) means fast signals, short charge transit time, and low charge trapping probability. An high atom
displacement energy (E4) is synonymous of a potential radiation hardness. Finally, a large number of electon-hole (e-h) pairs produced per unit

of energy/path is a prerequisite for high detector signals.

bias, and are therefore very low noise. At room temperature,
typical commercial 4H SiC Schottky diodes have leakage current
densities as low as 347 pA/cm? at 403 kV/cm [10]. The lowest
leakage current density for a SiC detector reported in the
literature to date is 1 pA/cm?* at 103 kV/cm [11].

Because of the wide bandgap, the intrinsic carrier density
at room temperature is extremely low (0.13 cm™ in 3C-SiC,
5.10%cm ™ in 4H-SiC, 10™°cm ™ in 6H-SiC), allowing the use
of SiC devices at high temperatures with low leakage current.

Finally, the wide band gap makes SiC sensors insensitive to light.
This aspect is particularly important for at least two applications of
SiC detectors: in the detection of UV radiation under conditions
where the signal can be completely obscured by ambient light in the
visible spectrum (paragraph 4.3.1), and when the desired signal from
ionizing particles can be overwhelmed by low-energy X-rays
produced in plasma-generated beams (paragraph 4.5).

Frontiers in Physics 03

2.3 Optical absorption

SiC is an indirect bandgap semiconductor, i.e. maximum-
energy states of the valence-band state and minimum-energy
states of the conductive-band have different momentum. As a
result, a photon with exactly the same energy of the band-gap
cannot generate a direct transition between the two states. The
change of electron momentum can happen only by interactions
with the lattice vibrations or phonons. The extra requirement of a
phonon makes the probability of photon absorption with
energies close to the band gap relatively low. The higher is the
energy of the incident photon with respect to the bandgap, the
higher will be the probability of finding pairs of valence and
conduction band states with the same momentum and separated
by an energy equal to the photon energy. For this reason, the
absorption coefficient of a SiC detector increases as the energy of
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the incident photons increases, and the photon penetration depth
decreases as the wavelengths decrease (Par. 4.3).

The lowest photon energy at which a transition between
conduction and valence band states can occur determines the so-
called absorption edge of SiC. Some numbers that can be used as
reference when characterizing SiC by optical techniques or when
SiC are used as photodetectors are [3]: the penetration depth,
defined as 1/a,,, where a,, is the absorption coefficient, is
145 pym at 365nm (3.397 eV, Hg lamp), 7.4 ym at 325nm
(3493 eV, 3HG Nd-YAG laser), and 0.7uym at 244 nm
(5.082eV, 2HG Ar 4H-SiC  at
temperature. It is worth noting that SiC has about ten times

ion laser) for room
the absorption of diamonds for X-rays of 8 keV, i.e., 650 versus
70 ym attenuation length. Although diamonds are more
transparent in this energy range, the transparency of SiC is
still high enough to allow their use as X-ray beam position
monitors (XBPMs) with an acceptable low interference with

the beam, as discussed in Par. 4.3.2.

2.4 Carrier mobility, lifetime, drift velocity
and ionization rates

The low-fleld electron and hole mobility decreases with
increasing temperature and/or increasing donor and acceptor
density. Comparing the 4H and 6H politypes at a given dopant
density, the hole mobility is only slightly higher in the first
politype, while the electron mobility is almost twice as high. This
property suggests that the 4H-SiC politype is a better choice for
radiation detection, since higher carrier mobility allows more
efficient charge collection and thus larger signals. In 4H-SiC, the
electron mobility along the c-axis is ~1200 cm® V™' s™! at room
temperature and about 20% higher along the perpendicular axis.
6H-SiC exhibits a stronger anisotropy.

Another important property of the material for detection
performance is the lifetime of the carrier. The latter depends
strongly on the type and concentration of defects in the epitaxial
layer, especially at low doping concentrations [12]. Carrier
with
concentration (N), as also observed for Si and Ge with a

lifetime tends to increase increasing  doping
phenomenological 1/N dependence as in Ge [13]. Indeed, the
probability of thermal e-h recombination due to defect levels in
the band gap is higher in heavily doped devices.

The so-called defect engineering represents a promising way
to limit the concentration of recombination defects and thus
increase the carrier lifetime. In this respect, important results
have been published in Refs. [14, 15], where an improvement of
lifetime by a factor of two was achieved by high-temperature
oxidation (~ 1200°C) followed by removal of the oxide layer on
the SiC top layer (~ 50 pum thick).

The drift velocity of charge carriers passes through different
regimes depending on the strength of the applied electric field

(E): at low electric fields, it is proportional to E; as E is increased,
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the drift velocity begins to increase nonlinearly and eventually
becomes saturated. The saturated drift velocity decreases with
increasing temperature. At room temperature, the saturated drift
velocity is 2.2 - 10" cm/s and 1.9 - 107 cm/s for n-type 4H-SiC and
6H-SiC [3], respectively. The high saturation velocity of the
charge carriers (200 ym/ns versus 100 ym/ns for Si) leads to
fast signals and, in general, potentially more efficient charge
collection when defects are present in the lattice (Section 5).

The ionization rate is the number of impact ionization events
initiated by an electron (or hole) per unit length traveled. It is a
strong function of the applied electric field E. Ionization rates for
electrons and holes in 4H-SiC have been measured in Ref. [16]
and can be expressed as [3]:

-9.69 x 10° (Ve ™)\
B 1)

&, (E) = 1.69 x 10° (cm’l)exp<

~1.07 x 107 (Vem ™)\ "'
z ()

a;, (E) = 3.32 x 10° (cm’l)exp<

Two interesting aspects are worth to be underlined. Firstly,
ionization rates in SiC are orders of magnitude below those in Si
at a given field [3]. Secondly, holes have an higher ionization
coefficient than electrons, which has an impact on the design of
SiC-based APD, as discussed in Paragraph 4.3.1. In Silicon, it is
the opposite: a,(E) > a(E). As discussed in Ref. [16], the strong
suppression of impact ionization by electrons in 4H-SiC may
seem quite strange. One should expect electrons to “heat” more
efficiently than holes in high electric fields due to their lower
effective mass and higher mobility. The authors suggest as a
possible explanation the energy bandgap structure of 4H-SiC: the
valence band of 4H-SiC is somewhat more complicated than that
of cubic materials, with the upper valence subbands wide and
continuous. This makes the impact ionization by valence-band
holes much more efficient than by conduction band electrons in
4H-SiC (and 6H-SiC as well) [16].

2.5 Breakdown electric field strength

When the reverse bias in a pn junction or Schottky barrier is
increased, the leakage current increases due to the generation of
e-h pairs and the junction eventually breaks down. The critical
electric field strength (cefs, or breakdown electric field strength)
depends on the doping concentration. The higher this is, the
more the cesf decreases. There are two reasons behind this
behaviour: when the doping concentration increases, the
width of the depleted region becomes small (Section 4) and
thus the distance over which charge carriers can be accelerated
becomes short; at the same time, a higher doping density means a
higher concentration of impurity centers and thus a lower
mobility of charge carriers (Par. 2.4). The cefs of 4H- and
6H-SiC range roughly from 2 - 10°V/cm to 5 - 10° V/cm for
doping densities from about 10"%cm™ to about 10"°cm . These
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Al doped p* 4H-SiC 1um 10%%cm3

n" epitaxial layer 4H-SiC 50pm 10*5cm-3

n" epitaxial layer 4H-SiC 50um 10%cm

Ni (Au|Ti) Ohmic contact 100 nm Ni (Au) Ohmic contact 100 nm

FIGURE 2

Schematic layout of two SiC detectors. The represented
materials, thicknesses, doping type and densities are typical for this
kind of device, though they can vary depending on the specific
case. Left: Scheme of a SiC Schottky diode. The represented
detector has four layers (from bottom to top): a Ni thin layer
(usually prepared by thermal vacuum evaporation) forming the
ohmic back electrode; a n* heavily doped conducting substrate
wafer; a n~ layer of high-quality lightly doped epitaxial material,
usually grown by CVD technology (Par. 3.1.2); and a Ni thin layer
forming the Schottky electrode. Right: Scheme of a standard
n-type 4H-SiC p-n diode where an heavily doped p* layer forms
the junction with the n™ epitaxial layer.

values are about eight times higher than Si for a given doping
density (three/four times higher for 3C-SiC due to its smaller
band gap), making SiC very attractive for power device
applications. In addition, SiC’s cefs allows it to operate at high
reverse bias voltage. This property enables the application of high
electric fields, which reduce the transit time of charge carriers and
thus the probability of trapping. For example, over-biasing of
detectors after radiation damage can increase the CCE
(Paragraph 5.1). To limit the required operating voltage of
SiC detectors, the doping level of the epilayers is kept low,
about two orders of magnitude lower than that of the
substrate, as described in Section 4.

3 SiC detector fabrication

A SiC detector is made of different building blocks. A typical
epitaxial layer design of a SiC detector based on a Schottky
contact is shown in Figure 2 (Left).

It consists of an epitaxial layer, with thicknesses ranging from
a few um up to 250 um, doped with Nitrogen (n-) with typical
concentrations of the order of 10"°cm™ or less [17]. Much higher
dopant concentration, of the order of 10'®cm™>, is present in the
conducting SiC substrate of thicknesses of about 300-350 ym. A
metallic ohmic contact, usually made of Gold, Titanium or
Nickel (or combinations of them) is applied to the substrate
on the back of the detector. The front contact can be directly a
Schottky contact using a suitable metal such as nickel, or a metal
applied to the p* layer in p — n junctions (Figure 2 - Right). The
latter is formed by diffusing or implanting materials such as
aluminum, phosphorus, or boron [18]. p — n structures are
generally more difficult to fabricate and are reported, for
example, in Ref. [19].
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Detailed reviews on the different ingredients of a SiC detector
recipe can be found in Refs. [4,5,9,20-24]. Although a detailed
description of the fabrication techniques of a SiC detector is
behind the scope of this paper, this Section summarizes the main
aspects of the growth/deposition techniques and the properties of
the above-mentioned building blocks.

3.1 SiC growth techniques

3.1.1 Bulk growth

Nowadays, the most common growth technique of SiC wafer
(bulk growth) is the Physical Vapor Transport (PVT) method
[25]. Gaseous species of Si, Si,C and SiC, produced from a
polycrystalline SiC powder condense on a crystalline seed at
temperatures exceeding 2000°C in argon atmosphere at pressures
of 15-50 mbar. The process is basically based on the temperature
gradient between the heated SiC powder and the cooler SiC seed
and allows to reach growth rates of 200-1000 ym/h. Other recent
techniques based on PVT are the Modified PVT (M-PVT) [26]
and the Continuous Feed PVT (CF-PVT) [27].

An alternative method is the High Temperature Chemical
Vapor Deposition (HT-CVD) [28] in which precursor gases,
such as silane (SiH,) and ethylene (C,H,), are used in a more
homogeneous temperature profile (1800-2300°C). This method
takes the advantage of the high purity of the precursor gases and
their continuous supply which gives direct control over the C/Si
ratio and doping incorporation. The Halide CVD (H-CVD) [29]
is a recent growth technique that allows to achieve high purity
SiC with low impurity levels and semi-insulating wafers with
high electrical resistivity.

A technique which is still not at the level of industry but is
rapidly grovwing is the Top Seeded Solution Growth (TSSG) [30,
31]. TSSG is a liquid phase growth that allows to produce high
quality crystal SiC boules. A graphite crucible is used as carbon
source that is dissolved in a Si-based melt and transported by
diffusion and convection towards a SiC seed in Argon gas at
atmosperic pressure, and growth temperatures of 1750-2100°C.
The low solubility of Carbon in the Si melt, even at high
temperature, and the absence of stoichiometric SiC liquid
phase at atmospheric pressure, represent two complications of
this technique.

3.1.2 Epitaxial layer growth

Even the state-of-the-art SiC wafers suffer for the presence of
high defects and doping concentrations. Therefore, they can be
used only as the substrate to support the epitaxial layer, i.e. the
active region of the detector. The most common choice in SiC
detectors is to growth an epitaxial layer of the same politype of
the though of
heteroepitaxially exist (i.e. 3C-SiC on Si substrates).

substrate  (homoepitaxially), examples

Epitaxial growth of SiC can be performed with several
techniques: Chemical Vapour Deposition (CVD), Sublimation
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Epitaxy (SE), Liquid Phase Epitaxy (LPE), Vapor-Liquid-Solid
(VLS) epitaxy and Molecular Beam Epitaxy (MBE).

The most common SiC epitaxial growth process is CVD [32].
In this technique the growth is carried out inside a heated
chamber under a mixture of gases composed of carrier gas
(such as hydrogen, argon) and precursors (such as silicon and
carbon-containing gases). Once heated, the latter decompose
into reactive species that will diffuse onto the substrate where
additional chemical reactions are responsible for the epitaxial
layer growth. Typical SiC-CVD homoepitaxy processes of 4H/
6H-SiC have growth rates ranging from some ym up to ~ 50um
per hour. Typical pressures and temperatures involved are in the
range 1-960 mbar and 1500-1650°C, respectively [5].

SE technique [33] is based on the same principles of CVD
with a reduced distance between the source and the substrate. In
general high growth rates can be achieved (e.g. 200 ym/h) at the
cost of a lack of control on thickness and doping uniformities.

LPE technique [24] usually makes use of a temperature
gradient between the substrate and the melt, and an
additional chemical element to increase solubility of the
silicon melt. Some detectors fabricated with this technique
have been tested with alfa particels as reported in Par. 4.2.

VLS [34] is s relatively new technique based on gas-liquid and
liquid-solid interfaces that works at lower temperatures
(<1400°C) and allows higher aluminum incorporation. The
growth is triggered when a supplied hydrocarbon decomposes
at the liquid-vapor interface and diffuses through the Si melt to
the solid-liquid interface.

In the MBE technique [35] precursors are supplied by
sputtering or solid source heating and the growth happens
under high vacuum conditions. It allows to growth very thin
layers at a reduced growth rate (<1 um/h).

Some of the main properties of the epitaxial layer that affect
the quality of SiC sensors as radiation detectors are the net
doping concentration, thickness uniformity as well as type and
concentration of defects. These properties depends on CVD
C/Si
temperature, carrier gas flow and growth rate. In particular,

growth parameters such as ratio, pressure and
for 4H and 6H-SiC homoepitaxial growth, it is crucial to
control the C/Si ratio in the gas phase and polish the
substrate at an angle (tilt angle) of 8° (6H) and 3.5° (4H) off
the basal plane [5]. Also the optimization of pre-growth
treatments and epitaxial growth initiation strongly affect the
quality of the epitaxial layer [5].

Advances in the grow techniques have led to a continuous
increase of epilayer thickness, improving the capability to detect
more penetrating radiation with SiC detectors. The highest
reported thickness to date is 250 um [17]. This n-type 4H-SiC
epitaxial layer was grown by hot wall CVD on a 350 pm thick 4H-
SiC substrate (100 mm of diameter) with a mean micropipe
density (MPD) of 0.11 cm®. Discussion of the performance of
epitaxial layers of such thickness in Schottky diodes used as

radiation detectors are reported in Par. 4.2.2.
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Moving toward the opposite direction, i.e. towards very thin
SiC sensors, a recent technique has been developed to fabricate
thin epitaxial membranes on 4H-SiC substrates, opening the
possibility of using SiC as X-ray beam position monitors in
syncrotron facilities (Par. 4.3.2) and/or as diagnostic detectors for
flash radioterapy (Par. 4.6). In general SiC is very resistant against
traditional chemical etching methods. The new tecnique consists
in a electrochemical etching (ECE) in hydrofluoric (HF)-based
solutions. ECE is an oxidation/oxide removal process obtained by
dipping SiC samples in HF solution and electrically supplying
holes for the oxidation through the back metal contact [36]. This
process is able to remove selectively the thick highly doped (>1 -
10"8¢m?) substrate, saving the low-doped n-type layers. In this
way it is possible to produce membranes as uniform and thin as
the growth epitaial layer. In particular, an etching selectivity
>1000: 1 can be achieved with respect to low doped 5 - 10"cm’
layers. Using this new technique SiC Schotky diodes and p-n
junctions have been constructed, with thicknesses <1 pm [37].

3.1.3 Dopant in SiC epitaxial layers

Besides having an high quality epitaxial layer, another
crucial parameter in the construction of SiC detectors is the
control of its doping level, which implies the reduction of
unintentional doping. The latter is usually n-type, caused by
nitrogen atoms [5]. Inclusion of dopants in the SiC matrix is
based on their atomic size. Nitrogen or phosphorus are usually
used for n-type doping, with nitrogen substituting at the C
lattice site and phosphorous at the Si lattice site. Aluminum is
commonly used for p-type doping, substituting at the Si lattice
site. Therefore by increasing C/Si ratio in the silane and
propane gases during CVD growing suppress the Nitrogen
incorporation and reduce the net doping
concentration [5, 23].

C/Si is not the only parameter since, in general, dopant
incorporation depends also on other process parameters,
crystal orientation and eventually also the reactor geometry.
For example, the nitrogen incorporation is reduced by
decreasing the system pressure [5].

Tuning the different parameters involved, large range of
doping concentration (10"*-10*°cin ™) can be achieved, though
lower concentrations are preferred when SiC are used as
radiation detectors so to minimize the value of reverse bias
needed to reach a significant depleted thickness, avoiding to
increase the junction leakage current too much and so the device
noise.

The considerable advances made in the last years in controlling
the doping of epitaxial layer led to the following state-of-the-art
values: a 4H-SiC epitaxial layer 70 ym thick, with a uniform

(within 10%) unintentional doping as low as 4 - 10”cm™ [5].

3.1.4 Defects in SiC
Perturbations of crystalline periodicity create potential wells
in which charge carriers can be trapped. The probability that a
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defect will trap a charge carrier is quantified by the so-called
capture cross section [38]. The time an electron or hole spends in
a trap before being re-emitted into the conduction or valence
band depends on how strong the lattice perturbation is. In this
regard, trapping states can be classified as follows: shallow states
(weak perturbations) with O(0.1)eV binding energies and deep
states (strong perturbations) with O(1)eV binding energies [39].
The presence of trapping defects in SiC in the epitaxial layer can
reduce the collection of charges generated by incident radiation
in two ways. On the one hand, continuous trapping and de-
trapping events delay the flow of drifting charges that cannot be
fully collected during the signal integration time; on the other
hand, a trap containing a charge carrier can attract a carrier of the
opposite charge, leading to recombination with multiphonon
emission [38].

Impurities and defects in the crystalline matrix of the SiC
wafers do not propagate into homo-epitaxial layers. An exception
is represented by screw dislocations, like micropipes, whose
presence can result in an early breakdown of the diode [5, 40].

Electrically active deep-level defects arise mainly during
growth of the semiconductor material, but can also form
during processing by ion implantation and/or irradiation of
the detector (Section 5).

Actually, defects in the epitaxial layer are generated by
unoptimized growth conditions, non-ideal wafer surface finish,
or contamination. They are in the form of dislocations and
stacking faults. The latter can be minimized in 4H-SiC
epitaxial layers, not only improving the substrate surface
preparation, but also increasing the growth temperature to
1600°C and lowering the growth rate to about 15 ym/h [5, 41, 42].

Defects in SiC and especially in 4H-SiC have been extensively
studied by many techniques such as electron paramagnetic
resonance (EPR), photoluminescence (PL), deep-level transient
spectroscopy (DLTS), and Laplace DLTS (L-DLTYS) [39, 43, 44].

Donor and acceptor states associated with carbon vacancy
(V.) are referred to as Zj, and EHg;, respectively. They
dominate over other types of defects in the as-grown 4H-SiC
material [9, 17, 45, 46]. The V. defect has a rather low formation
energy of 4.8eV [47] and forms during high temperature
annealing (without irradiation). Typical concentrations of Z;),
in the as-prepared material are 10''~10"cm . The defect appears
as a peak with a maximum at about 320° K in the DLTS spectrum
[9]. A broad peak in the DLTS spectrum at about 650° K is the
signature of the EHy,/; deep level defect[9].

Kleppinger et al [17], studied defects present in very thick
epitaxial layers (250 ym) grown CVD. The two peaks observed by
the authors in the 80 to 790°K range at 0.62 eV and 1.43 eV
correspond to the Z;/, and EHg,; defects, respectively. They had
low concentrations on the order of 10" ¢m™ and small capture
cross sections of 10™"°cm? In particular the small capture cross
sections indicate that the observed defects are, on average, related
to single atom rather than clusters. This is particularly important
for SiC devices where the effect of defect levels on the detector
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performance depends on the so-called trap’s attenuation
constant, a combination of trap concentration and capture
cross section.

Some promising techniques have been explored to control
the concentration of Vi defects. The authors of Refs. [14, 15]
suggested that self-interstitials injected into SiC during oxidation
are able to annihilate V- defects and reduce their concentration
to a level below 10"'¢m™. Annealing of SiC encapsulated in a
carbon-rich pyrolyzed resist film [47, 48], or ion implantation
[49-51], are promising techniques worth to be mentioned.

3.1.5 Material characterization

There are many techniques employed to characterize and
asses the quality of SiC materials. A review can be found in
Ref. [5].

Photoluminescence spectroscopy (PL) is used to determine
impurities and defect types in thick epitaxial layers, even when
they are present with very low concentrations. The material is
illuminated by photons with energy higher than the bandgap at
helium temperature (4.2°K) or below and the luminescence
spectral response is measured.

The X-ray-beam-induced current microscopy (XBIC) uses
x-rays of a few keV energy from a synchrotron source. In this
technique the x-ray induced photocurrent is measured as a
function of the beam spot on the sensor surface with
micrometer resolution.

Thanks to the use of the more penetrating light ion beams (H
or He), the Ion-beam induced charge (IBIC) microscopy
technique allows the investigation of deep active defects. Low
current (less than 1fA) and highly focused (down to 1um)
beams are used. The latter induce a current or a charge in the
sensor that is measured as a function of beam position on the
sensor, allowing the production of charge collection
efficiency maps.

Finally, the characterization of deep level defects is based on
the measurement of the time constants of the thermal emission
transient of current charge carriers. The techniques used are:
thermally stimulated current spectroscopy (TSC), deep-level
transient spectroscopy (DLTS - transients of capacitance to
detect majority carrier traps), photocurrent induced transient
spectroscopy (PICTS - transients of photocurrent to detect

majority and minority carrier traps), and photo-DLTS (P-DLTS).

3.2 SiC contacts and passivation

3.2.1 Ohmic contacts on SiC

Ohmic contacts are used to carry electrical current, ideally
with no parasitic resistance. Several metals deposited on a clean
SiC substrate with high doping concentration form ohmic
contacts in the as-deposited state [22]. Moreover, it is easier
to obtain low resistance contacs on heavily-doped wafers. Thus,
to reduce the ohmic contact resistance, an increase in doping
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concentration in the region near the semiconductor surface
where metal contact is needed. Contacts with lower resistance
are usually obtained on n-type 4H-SiC ~ 107°Qcm? than on
p-type 4H-SiC ~ 10*Qcm? [5]. For contacts of p-type 4H-SiC, a
higher dopant concentration than n-type is required since
practical metals form larger potential barriers for holes than
for electrons and the energy levels of acceptors such as Al
(0.23 eV from the valence band maximum) is much larger
than those of donors such as N (0.06 eV from the conduction
band minimum) [52].

Changing the Ohmic contact metal, changing the annealing
process, and using special surface treatment technologies are all
ways to further reduce Ohmic contact resistance [53]. Annealing,
in particular, causes a metal-carbide/silice reaction to form, which
causes the metal-semiconductor interface to expand and roughen,
increasing conductivity through the contact. For a typical 4H-SiC
detector ohmic contact obtained by depositing Ti/Pt multilayers of
thickness in the range of 500-1500 A, a fast (30 s) heat treatment at
950°C in argon atmosphere is an example [5].

Nickel is also an excellent ohmic-contact metal on 4H-SiC.
Depositing 50-100 nm-thick layers, annealing at ~ 1000°C, for
order of 1-3 min, different research groups obtained specific
contact resistance between 3 and 9 - 10~ Q2 cm? [53]. The authors
of Ref. [53] compared rapid thermal annealing (RTA) and pulsed
laser annealing (PLA). They observed that Ni/SiC interface of the
PLA sample contained more Ni,Si, indicating that more carbon
clusters and carbon vacancies were produced. Carbon clusters
help to increase the conductivity, and carbon vacancies help to
increase the tunneling probability. Works on PLA reported in
Ref. [53] indicate resistances between 1.97 - 10°Qcm?* and 5 -
10°Qcm?* using laser densities of 4.7 J/cm® and 6 J/cm?.

Formation of low resistance contacts to p-type 4H-SiC using
laser doping with an Al thin-film dopant source is reported in
Ref. [52]. Al doping to the concentration as high as 5 - 10*'cm™
have been obtained at room temperature. The contact made of
Ti/Al metallization provides an ohmic contact whose specific
contact resistance is as low as 4 - 10°Qcm” without additional heat

treatment.

3.2.2 Schottky contacts on SiC

Almost all the contacts between unannealed metal and a
lightly doped SiC are rectifiyng, due to the wide bandgap of this
latter. Metals used is SiC detectors are usually Ni or Au [5]. When
using SiC Schottky diodes as radiation detectors, there are two
important factors related to the junction: the quality of the metal-
semiconductor interface and the area of the contact [5]. In the
first case, disuniformities and defects reduces locally the junction
The bad
consequences are an increase of the leakage current, that

barrier, exponentially increasing the current.
ideally should only be due to thermo-generated carriers over
the junction barrier, and a reduction of the breakdown voltage.
(IV) (CV)

measurements allow to extract the value of the barrier height

Current-voltage and  capacitance-voltage
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together with the diode ideality factor. The SiC Schottky junction
barrier height depends weakly on the metal-semiconductor
workfunction difference [5]. More crucial is the role played by
the surface state and process recipy which include heat treatment
processes [54, 55]. Process details are for example described in
Ref. [56] where low reverse currents are obtained in low doped
(= 610 cm?) Schottky diodes at biases much higher than the
full-depletion bias (100 V).

Concerning the Schottky contact area, usually determined by
the opening of the mask used for metal deposition, common
values in SiC detectors are between 1 and 20 mm?[9].

Finally, the use of thin contacts is important for high-
resolution spectroscopy measurements. Energy loss and
straggling due to the Schottky contact need to be evaluated
for energy resolution measurements, especially for Z > 2

ionizing particles, as discussed in Paragraph 4.2.3.

3.2.3 SiC passivation

The majority of the passivation materials utilized in SiC
devices are derived from silicon (Si) technology. SiC has the
distinct benefit of being the only compound semiconductor that
can be thermally oxidized to yield high-quality SiO,. The
following equation describes the thermal oxidation of SiC:

SiC +3/20, — SiO, + CO. (3)

Using the Si density in SiC as a guide, the amount wasted
during thermal oxidation of SiC may be determined to be 46%,
which is similar to the value for thermal oxidation of Si. To grow
100 nm of SiO, on SiC, for example, 46 nm of SiC must be
consumed [3].

Most carbon atoms in SiC are lost during thermal oxidation
and diffuse out as carbon monoxide (CO) molecules, while a tiny
percentage diffuses into the SiC bulk area, reducing carbon-
vacancy-related defects [44]. However, carbon atoms are thought
to persist around the oxide/SiC contact in the thermal oxide,
which is not fully devoid of carbon. In SiC, the oxidation rate
depends on temperature, if it is a wet or dry process, and is greatly
influenced by the crystal face [3].

Al-based passivations have been studied and compared to the
conventional SiO, [57]. A variety of dielectrics were coated on
unterminated 4H-SiC Schottky barrier diodes, including sputter
deposited aluminum nitride (AIN,), hydrogenated aluminum
nitride (AIN,:H), and aluminum oxide (AlO;) with a wide range
of dielectric constants. Because a bigger dielectric constant has a
direct influence on lessening the electric field enhancement at the
Schottky contact corner or peripheral, the effects of increasing
dielectric constant on leakage currents were investigated. Results
show that diodes with a passivation layer consisting of both a
thermal oxide interfacial layer SiO, and a deposited layer of
AlNy:H have a remarkable reduction in leakage currents of more
than two orders of magnitude and an increase in Schottky barrier
height of as much as 0.2 eV. This is due to a reduction in surface
states of more than 30% as a result of the AINy:H passivation.
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FIGURE 3

Thickness of the depleted epitaxial layer as a function of the
applied voltage. Data from Ref. [58] are obtained using SiC
Schottky diodes with three different epitaxial doping
concentrations (reported in the figure). The effect of the

doping concentrations is evident: the lower is the concentration
the lower is the bias needed to deplete the same thickness of the
diode. Lines represent calculations from Eq. 4 obtained using a SiC
static permittivity e, = 9.66¢g and a Schottky barrier height
Vuit—in = 1.5V.

Al traditional ~ SiO,
passivations, reducing leakage current by at least twice as much

based passivations outperform
due to reduced edge associated tunneling leakage currents. Other
benefits of Al-based passivations include improved heat
dissipation and the suppression of surface traps due to high
thermal conductivity. However, diodes with just the deposited
Al based passivation and no interfacial thermal oxide layer, on the
other hand, displayed poorer performance, which was ascribed to
the poor interface, higher leakage through the dielectric as a result
of lower band offset, and sputter-induced surface damage.

4 SiC radiation detectors

The 4H politype produces the majority of SiC-based radiation
detectors, with Schottky contacts being the most common. When a
reverse bias is applied (negative bias) between the Schottky (or p
contact) and the ohmic contact, the region of the epitaxial layer
depleted from charge carriers forms the active layer of the detector.
The thickness (d) of the latter is determined by the applied bias (V)
and doping concentration (N) as follows:

2e (Vbuilt—in + V)
eN

d

n

4)

where e is the electron charge, Vj,i;_i, the junction barrier
height, and e the SiC dielectric constant. It is clear from this
relationship that there are two ways to thicken the active layer.
One is to increase the reverse bias, though this solution might be
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constrained by an upper limit (~ 1000 V) in order to protect the
electronic chain and the bonding wires from discharges. The
other option is to reduce doping levels. Nowadays, the minimum
doping concentration achievable by state-of-the-art SiC epitaxy is
about 10" Nitrogen/cm® [8].

Figure 3 shows the thickness of the depleted region as a
function of square root of the reverse bias for three 4H-SiC
Schottky detectors with different epitaxial layer doping
concentrations. The bias needed to deplete the same thickness
is lower for lower doping concentrations, as expected from Eq. 4.
It is worth noticing that the biases needed are quite high, i.e.
400 V to deplete only 30 um of the lightest doped sensors.

4.1 Detection of electrons

Different works have investigated the response of SiC
detectors to electrons, ie. when used as MIP (Minimum
MIP, the
measurements point to a quantity of produced electro-hole

Ionizing Particle) detectors. For various
pairs (e-h) on the order of 50(e — h)/um.

In Refs. [59, 60] the authors investigated the signals of
2.2 MeV electrons generated into 4H-SiC p-n junctions and
Schottky barrier, respectively, using a *°Sr 8 source. Detectors
based on n-type, 6 - 10°cm’ doped, and 40 ym (nominal) thick
epitaxial layers were used in the latter case. In Ref. [5], the charge
collected as a function of the applied bias is reported in electron
charge units. A bias of ~60 V saturates the collected charge. The
latter is about 2090e corresponding to 55 * 3(e — h)/um.

A consistent value (51 e/h) is found in Ref. [61], which used
semi-insulating 300 ym thick 4H-SiC detectors with ohmic
contacts to test them with a *Sr f source. For a reverse
voltage of 500 V, a response of approximately 2000e has been
measured. Nonetheless, the high density of deep level defects
generates a large number of trapping processes, causing the signal
to decay rapidly to 800e with a decay constant of 14 min.

Bruzzi et al. [62] used a 0.1 mCi *°Sr source to test the charge
response of 4H-SIiC Schottky barriers. Epitaxial layers with an
effective doping concentration and maximum active thickness of
6.1+ 10"cm® and 20.8 pm, respectively, were used, as determined by
C-V analysis. In the range of 0-250 V, the pulse height spectrum is
measured as a function of the reverse voltage. A bias of ~240 V
saturates the collected charge at around 1100e, which corresponds to
51(e — h)/um, which is consistent with the results of the previous
measurements. Minority carriers also contribute to the signal, as
explained in detail in the following paragraph. The minority carrier
diffusion length measured at zero bias is L, ~ 4 um.

4.2 Proton, alfa and heavy ion detection

During the last two decades, SiC Schottky barrier detectors
have been extensively studied as ionizing radiation detectors with
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TABLE 2 The main detector properties, the type of radiation used, and the detector characteristics studied in the works cited in Par. 4.2.

Ref Studies Radiation
[63] Linearity, €g;c p 1-2 MeV
[64] Linearity CCE Energy res. Timing a,2C,'°0 5-18 MeV
(13]
(58]
[65] Linearity o
Energy res 3.27-8.79 MeV
[66] CCE o
Energy res 5.1-5.8 MeV
[5] CCE P
1.52 MeV
[17] CCE o
Energy res 5.486 MeV
[67] CCE o
Energy res 5.486 MeV
[68] Energy res «
3.18-8.38 MeV
[69] Energy res «
4.8-7.7 MeV
[70] Energy res a
5.486 MeV
[71] Energy res o
54, 59 MeV
[72] Timing o
5.486 MeV

Doping [cm™] Thickness Area
1.5, 45 - 10 40 um 1.8 mm? 19.6 mm? circular
1.5 .10 21 um 2 x 2 mm’
7.6 - 10" 37.9 um
210" 43.7 um
45 - 10" 25 um 1 x 1 mm?
2 x 2 mm’
3 x 3 mm®
1-10" 105 um 0.64 mm*
circular
n/a 35 um n/a
0.95-1.85 - 10" 250 um 8 x 8 mm’®
1.34- 10" 20 um 8 x 8 mm?®
1-10" 100 pum 15.9 mm’
28.3 mm®
circular
6-10 - 10™ 26.55 um 1 x 1 mm’
24 - 10" 20 um 11 mm’
circular
7-8 - 10" 25,50,70 pm 3.14 mm?
7 mm’
circular
6.5 10" 115 pm 0.4 x 0.4
mm?®
pixel

Doping and thickness refer to the epitaxial layer. All the detectors are 4H-SiC Schottky, except for Ref. (Chaudhuri et al., 2021) where MOS (metal-oxide-semiconductor) were used.

protons, alphas, and heavy ions. This paragraph summarizes some
of the most important works and outcomes. Despite the fact that
the performance of such devices depend on their design, the
following general conclusions can be drawn from the various
works:

« High degree of linearity between the incident energy of the
radiation and the collected signal.

SiC Schottky diodes can provide 100% Charge Collection
Efficiency (CCE)

« When the particle range in the detector is longer than the

depleted layer, a contribution from minority carriers is
observed in the signal

Excellent timing properties have been proved with time
resolutions as high as 117 ps.

Spectroscopic performances comparable to standard Si
detectors have been observed with energy resolutions
below 0.5% and up to 0.25% (FWHM) for ~5.5 MeV
alpha particles.
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Table 2 summarizes the detector characteristics studied, the
type of radiation used, and the main detector properties for each
cited work.

4.2.1 Linearity

In Ref. [63] the response of the detectors is found to be linear
as a function of the proton energy. The authors also extracted the
average energy € needed to generate e-h pairs The value of € is
related to the energy of the incident particle (E) and the average
number of pair (N,;,) created in the active volume of the detector
via € = N%h E is evaluated considering the energy lost in the
detector entrance window and N, is inferred by measuring the
total collected charge Q = q -N,;,. Using a standard Si detector as
reference and assuming eg; = 3.64 for protons, €g;c for protons is
found to be 7.78 eV.

M. De Napoli et al. investigated the detection of alpha
particles and low-energy '>C and '°O ions using SiC Schottky
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FIGURE 4
CCE of a SiC Shottky diode used to detect 27.7 MeV *2C as a
function of the operating bias. The theoretical values obtained
from Eq. 5 are represented by a solid line. The contribution of
minority carriers diffusing from the undepleted region of the
expitaxial layer is represented by the differences between
experimental points and theoretical predictions of Eq. 5 (empty
squares). This contribution is well fitted using Eq. 6 with an L, =
5 um [13].

diodes [64]. A linear best fit of the pulse height vs. particle energy
(for alphas, °C and '°O) yielded a linear correlation coefficient
R, of 0.998, indicating a strong proportionality between the
collected charge and the energy loss in the active layer.

Recently, Bernat et al. [65] also found an high degree of
linearity as a function of incident energy (R, = 0.99967) up to
6.7 MeV, the maximum energy that allows « to stop within the
thickness of the SiC epitaxial layer.

4.2.2 Charge collection efficiency

M. De Napoli et al. studied the Charge Collection Efficiency
(CCE) as a function of the applied bias [13]. Starting at 0 V and
increasing the bias, the CCE rises as more charges are produced
in increasingly thicker depleted regions (Figure 4), as expected.
CCE saturates at 100% when the latter reaches a thickness equal
to or greater than the '>C range in the detector. The CCE of
charge carriers produced in the depleted (drift) region is
calculated as follows:

CCEgrift = (5)

d
1 (dE
3 P
0
where E, is the incident energy and d the depleted thickness. The
solid line in
Figure 4 represents calculations from Eq. 5. It is evident that
they underestimate the measured CCE. The extra-charge, which
makes the experimental CCE higher than the calculated CCEy5,
result from the collection of minority carriers. The latter are
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generated by the incoming *C in the undepleted region, when
d < "C - Range, which diffuses toward the depleted region,
where they are collected under the effects of the electric field. The
contribution of minority carriers to the CCE is well described by
the equation [73]:

CCEdiffusion = (6)

where D is the thickness of whole epitaxial layer and L, is the
minority carrier diffusion length, i.e. the average distance that a
minority carrier diffuses before it recombines with charge of
opposite sign. CCEgigsion calculations well reproduce the
difference between the experimental CCE and the calculated
CCEyris (Figure 4). In particular, the L, values obtained in Ref.
[13] are 7 + 1 ym and 5 + 1 um for the heavier and lighter doped
SiC, respectively.

A study of the CCE as a function of the reverse bias is also
reported by [5]. The CCE saturation observed corresponds to
bias voltages (60 and 120V for 1.5 and 2MeV protons,
respectively) that are equal to or higher than the value
required to deplete the active layer up to proton range. Hole
diffusion within the drift region contributes to the collected
charge in depleted regions shorter than the proton range. A
hole diffusion length of L, = 7 ym and a hole lifetime of 160 ns
were obtained from a best fit analysis of the CCE.

A CCE = 100% for bias > 50V is also observed in Ref. [66].

SiC detectors with an exceptionally thick epitaxial layer of
250 ym have been recently tested in Ref. [17] using a **'Am
source. The CCEs were measured to be 98-99% and the drift-
diffusion model discussed above, used to fit the CCE vs. bias,
revealed a L, = 10 ym.

Finally, it is worth mentioning the recent work of Ref. [67]

Ni/§iO,/n-4H-SiC MOS
semiconductor). Despite the presence of the oxide layer, the
detectors showed a high CCE of 96% at 40 V (detector depleted
to 18 um, almost equal to the alfa range). The drift-diffusion

on vertical (metal-oxide-

model discussed above gives a L, = 24 um.

4.2.3 Energy resolution

Energy resolution as a function of the applied bias is
measured by M. De Napoli et al. in [58] (Figure 5 - left
panel). Increasing the bias improves the energy resolution
significantly. A plateaou in the resolution is reached for bias
values that are equal to or greater than those required to have a
depleted active region (d) that is deeper than the ions range (R).
The low resolution observed for bias values corresponding to d <
R is caused by two factors: incomplete charge collection and the
collection of minority carriers from the undepleted region (Par.
4.2.2). The latter generates large fluctuations in the collected
charge caused by random recombination of minority carriers
before they are collected, as well as the ballistic defect associated
with their long collection time. The saturated energy resolution
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concentrations. Right: Energy resolution as a function of ?C incident energies, measured in the pulse-height saturation regime. Data are from [58].

for *C of different energies ranges from 5.5% to 1.7% (Figure 5 -
right panel). It varies slightly depending on the doping
concentration, and as expected, less doped SiC detectors have
better resolutions due to a lower defect concentration.

Recently, Bernat et al. [65] obtained similar energy resolution
values: 3% and 3.3% for a of 5.486 MeV (**'Am source) and
3.183 MeV (***Gd source), respectively.

The spectroscopic characteristics of 4H-SiC used to detect
alpha particles are the focus of other two published works
[68, 69].

Authors of Ref. [68] used Schottky diodes with a (9000 A°)
gold/(1000 A°)platinum/(800 A")titanium entrance window.
Factors that influence energy resolution have been thoroughly
assessed. Measurements from a silicon detector equipped with
the same metallic window were used to subtract « straggling due
to the entrance window. After the substraction of the electronic
and statistical broadening too, the authors inferred an inherent
SiC resolution of 0.6% (FWHM of 19.4 keV) for 3.18 MeV alpha
particles of **Gd source.

In Ref. [69] detectors were equipped with a 1000 °A
chromium entrance window. The measured resolution for
5.0-5.5MeV alfas is <20keV (0.34%) compatible with the
value found in Ref. [68], though the straggling caused by the
chromium layer was not taken into account.

Another spectroscopic study using alfa particles from a ***Pu
source have been recently reported in Ref. [71]. At room
temperature, the measured reverse current was <50 pA. For
the three detector thicknesses, C-V measurements revealed
Schottky barrier heights between 1.09 and 1.3 eV, series
resistances between 0.6 and 0.9 kQ), and ideality factors
between 1.33 and 1.55. For alfa at 5.5MeV, high energy
resolution (FWHM) = 0.35-0.4% has been measured for the
three epitaxial layer thicknesses.
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Kleppinger et al. [17] measured an energy resolution lower
than 0.5% at 200 V in their thick detectors.

In Ref. [66] an extremely thin contact of Ni/Au (15 nm) was
used to optimize the spectroscopic performance. Leakage
currents lower than 0.3 nA/cm’ at room temperature were
observed. The best energy resolution measured is 0.25%
(FWHM) for 5.486 MeV alphas at a reverse bias of 200 V.

Chaudhuri et al. [70] obtained another significantly high
energy resolution for a relatively large area detector. The
detectors are made of a 10nm thin Ni Schottky contact
(circular, with an area of ~ 11 mm?). At 90V and room
temperature, a leakage current of 3.5 pA was measured. For
5.486 MeV uncollimated «, an energy resolution of 16.2 keV
(0.29%) was observed. The recipe behind the good energy
resolution achieved consists of the following ingredients: thin
Ni window to minimize energy straggling, high Schottky barrier
(1.6 €V), diode ideality factor ~ 1, low doping epitaxial layer of
high quality (micropipe density <1 c¢m?). The white series noise
dominates the electronic noise. Since the latter is influenced
primarily by the input capacitance, using SiC detectors with a
thicker epitaxial layer (i.e. lower capacitance for the same area)
would allow for even better energy resolutions.

Still Chaudhuri et al. [67] reported the highest energy
resolution ever measured on SiC-based MOS detectors: 0.42%
for 5.48 MeV alpha particles. Although good, in general MOS
detectors do not yet have the same energy resolution as Schottky
barrier detectors. The reason for this is that lifetime killing
defects like Z;, and EHg; typically have a much higher
concentration (at least one order of magnitude).

4.2.4 Time resolution

Among the different studies carried out by De Napoli et al. on
SiC detectors, they measured a signal rise-time from the
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TABLE 3 Properties of the detectors used in the works cited in Par. 4.3.

10.3389/fphy.2022.898833

Ref Rad Det. type Doping [cm™] Thick Area [mm?]
[76] uv PD, 6H n-p 107-10' 1-5 um 1x1
2x2
3x3
[77] uv PD, p-n 1-10" 3.5 um 1x1
[78] uv PD, Schottky 5x5
[79] uv PD, Schottky 2.7 - 107 5.8 um 1x1
interdig. struct
[80] uv APD see text see text from 0.05 x 0.05
to 0.21 x 0.21
[81] uv APD see text see text see text
linear array
[82] X-ray Schottky 1.8 - 10" 30 um 3.14, circular
[83] X-ray Schottky 4.10" 20 um 0.18 x 0.18
0.28 x 0.28
0.38 x 0.38
[84] X-ray Schottky 8. 10" 50 um 8x8
(85]
[86] X-ray Schottky 16.7 - 10" 20 um 0.25 x 0.25
[87] X-ray Schottky <10 25 um 0.5 x 0.5
[11] X-ray Schottky pixel 510" 70 um 0.03, circular
[88] X-ray Schottky 5210 100 pum 32 strips
microstrip 2 mm lenght
25/50 ym width
[37] X-ray p-n junction 5.10" down to 0.5 ym 4x4
ultra-thin
[89] X-ray Schottky 22107 30 um 3.14, circular
[90] X-ray Schottky undoped 115 ym 5, circular

Doping and thickness refer to the epitaxial layer.

preamplifier of 44 ns at 440 V [64]. The measurements were
taken with a 45 mV/MeV gain charge preamplifier and *C ions
at 17.68 MeV.

Nanosecond time resolution were measured with 4H-SiC
Schottky diodes during the detection of laser-accelerated plasma
radiation [74, 75] (Paragraph 4.5). Zhang et al. [72] focused on
the timing performance of a 4 x 4 4H-SiC pixel, with pixel of
400 x 400 pum® separated each other by a distance of 40 ym. The
detector was biased at 300 V, depleting about 70 um, which was
enough to stop alphas from the active volume’s **'Am source.
Electronic noise is negligible due to the ultra-low dark current (in
the range of 2-13 fA at 300 V and room temperature) and the low
capacitance of individual pixels (0.5 pF). Timing measurements
are performed using a thin (20 ym) plasti scintillator optically
coupled to two PMTs. A very good time resolution of 117 + 11 ps
was measured.

Time resolution of SiC is therefore comparable. with that of Si
detectors, ie. O(1/10 nsec) for standard detectors and O(10/
100 psec) for detectors optimized for timing measurements.

Frontiers in Physics

13

4.3 SiC sensors for photons

The type and main properties of the detectors used by the
cited authors who tested SiC devices as photon sensors are
summarized in Table 3. The results of using SiC detectors as
UV photodiodes and X-/y-ray detectors are split into two sub-
paragraphs.

4.3.1 UV photodiodes

Pin photodiodes and avalanche photodiodes (APDs) are the
most common SiC photodetectors. A pin photodiode can have
the following basic structure: the active region is formed by the
growth of an n-doped layer on a n* substrate, which is in
contact with a thin heavily-doped p* layer forming the diode
junction. The p* layer’s metal contacts are spaced apart to allow
light to pass through, and the surface is coated with an anti-
reflective coating. Photogenerated primary carriers are
accelerated in APDs, resulting in secondary ionization and
signal amplification.
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FIGURE 6

Schematic view of a typical APD structure [80]. The reported
example is made up of a n* substrate, a n~ 2 um thick reach-
through layer (used to increase the quantum efficiency of
penetrating UV light), a 0.11 ym n layer, a 0.2 um intrinsic-
region (avalance region), a 0.25 um p layer, and a 0.2 um p* layer.
Doping levels are 4 - 10%°, 1-10%, 1.3 - 10%, and 3 - 10*°cm~* for the
n-, n, p, and p* layers, respectively.

Usually, the choice falls on the further acceleration of holes
instead of electrons due to their higher ionization coefficient (Par.
2.4). For this purpose, an additional thin and heavily doped n layer is
included through the n-collection region to generate a region of high
electric field where accelerated charges produce secondary ionization.
In Figure 6, a sketch of a typical SiC APD structure is shown.

At short wavelengths (=200 nm) the absorption coefficient
of SiC photodiodes is large and few photons reach the charge
(X400 nm) the
absorption coefficient is small since photon energies are not

collection region. At long wavelengths
enough to produce e-h pairsl (Par. 2.3) and photons can be also
absorbed deeper in the not-depleted volume of the detector.
Therefore there is an intermediate wavelength range where
responsivity is maximum.

SiC photodiodes can be of the type described above (with n-
or p-type epitaxial layers), as well as Schottky diodes with metal
silicide thin films [5].

Detectors of the first kind have been investigated by first
author et al. [76]. A heavily N-doped epitaxial layer of 0.2 or
0.3 um thick was used to form the n* — p junction. Responsivity is
measured between 200 and 400 nm at different temperatures
between —50 and 350°C. At room temperature, a responsivity
peak of 175 mA/W is observed at about 270 nm with a quantum
efficiency of about 70%-85%. This is the so-called “external”
quantum efficiency since the responsivity of the device was
measured without correcting for reflection and therefore,
represents the current generated for a watt of photon flux
incident on the device. Very low dark current, even at
elevated temperatures, are reported (10 nA/cm?® for 2 x 2 mm?
devices at 300°C), indicating that SiC photodiodes can have
excellent performance for UV detection even at elevated
temperatures.

p" — n junction photodiodes obtained by aluminum (Al) ion
implantation on low-doped n-type epilayers have been studied as
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UV detectors by Sciuto et al. [77]. The epilayer was grown on a
heavily doped n-type substrate at 1 - 10"cm ™. Al implantation
with a p* region 175nm depth and an activated dopant
concentration of about 1 - 10”cm™ formed the p-n junction.
Dark currents lower than 1 nA/cm* have been measured at 90°C.
The responsivity observed at 280 nm is 110 mA/W which
corresponds to a quantum efficiency of about 50%. Visible
blindness >10° is also observed. The latter is defined as the
ratio between the 280 nm responsivity value and the average
responsivity estimated in the visible range 400-600 nm.

A lower quantum efficiency was found by Yan et al. [78] in
Pt/4H-SiC Schottky photodiodes. 75 A semi-transparent Pt was
deposited on n~ side to form Schottky contact. A gold contact
ring (100 ym) for wire bonding was deposited on the top of the
semi-transparent Pt. Leakage current of 5 x 5 mm® devices were
found to be lower than 107'°A at zero bias and room temperature.
The quantum efficiency measured is over 30% in the range from
240 to 320 nm. Specific detectivity in the range 210-350 nm was
found to be above 10"°cm - Hz'">/W with a peak of 3.6 - 10"°cm -
Hz'?/W at 300 nm.

4H-SiC Schottky photodiodes with a vertical structure have
been considered in Ref. [79]. Semitransparent Schottky contacts
were obtained by defining self-aligned nickel silicide Ni,Si
micrometric interdigit structures. The definition of 4.8 ym
wide Ni,Si stripes (5.4 um spaced) was obtained by using
selective metal etch and standard optical lithography. The
areas directly exposed to the radiation, ie., the “open area,”
was 0.37 mm”. The dark current was about 200 pA at 50 V. In the
pinch-off regime they measured a maximum responsivity of
160 mA/W at 265nm and an UV rejection ratio >7-10°.
The latter is defined as the ratio between the values of the
responsivity at 256 and 405 nm.

Concerning SiC avalance photodiodes, Yan and others
studied the performance of single APD sensors and linear
arrays of APD. In Ref. [80] 4H-SiC APD with intrinsic-region
widths of 0.105 and 0.285 ym (mutiplication regions) have been
investigated using 230-365 nm light using a mercury-xenon
(Hg-Xe) lamp. The APD structure is schetched in Figure 6.
Responsivities of about 130 mA/W have been obtained at
265 nm, corresponding to quantum efficiencies above 60%. A
40 pixel linear array of SiC APD, each with 4.3 - 10~°cim” of area, is
studied in Ref. [81]. The array is 2 mm long, the period of pixels is
50 um and the pixel spacing 15 ym. Pixels are isolated from each
other by 1.5 ym deep mesa. The edge of mesa is passivated by a
40 nm thick high quality thermal oxide and a 1 ym thick LPCVD
oxide. A p* — p—n —n—n— n" APD structure is used. The
doping concentrations and thicknesses from p* to n are: 3 -
10”cm? and 0.2 um, 1.3 - 10" *cm? and 0.25 pm, 5 - 10cm’® and
0.22 pum, 1 - 10"%cm® and 0.11 um, and 4 - 10 cm’ and 2 um,
respectively. The substrate is n* with a doping concentration
close to 10"cm®. The optical gain is about 3 - 10° assuming a
unity quantum efficiency. The linear arrays show uniform
breakdown voltage (120 V for 91% pixels) and low leakage
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current. The responsivity in the 250 and 330 nm range is higher
than 105 mA/W with a visible rejection ratio >100. The
extracted Excess Noise Factor (ENF) varies from about
2-10 for multiplication factor between 5 and 35 with the
corresponding k around 0.1-0.2, depending on the device
under test. This results show the excellent noise performance
of 4H-SiC APDs, indicating that 4H-SiC is an ideal
semiconductor for low noise APD fabrication.

4.3.2 X-/y-ray detection

A large number of studies on the response of SiC detectors to
X- and y-rays have been conducted. Different detector structures
have been investigated depending on the type of application,
ranging from spectroscopy to beam monitoring and dosimetry:
traditional Schottky diodes, microstrips, pixel, and very thin
layers. Some general conclusions can be drawn from this
diversity:

o In terms of x-y adsorption, 4H-SiC Schottky barrier
detectors with active layers as low as 16 ym thick are
sensitive to electromagnetic radiation up to 59.6 keV.

o Energy resolutions as high as ~ 3.6% at 5.9 keV can be
achieved

o SiC detectors can measure high-resolution X-ray spectra at
high temperatures (up to 100°C) and during temperature
changes.

« In terms of transparency, linearity, dynamics, and signal-
to-noise ratio, SiC devices have shown comparable or even
better performance than commercial polycrystalline
diamond as X-ray beam monitors.

o In vivo dosimetry is another field where SiC-based sensors
have comparable performance to commercial diamonds.

A summary of the results of some selected works that
the
presented in the following.

demonstrate above-mentioned SiC performances is

4.3.2.1 Spectroscopic studies at room temperature

The first experimental results of X-ray spectroscopy by
means of SiC Schottky junctions dates back to 2001 [82]. The
detector biased at 500 V was used at room temperature to
measure the X- and y-rays energy spectrum from an **'Am
source. The main peaks in the spectrum are at 13.9, 17.8,
26.3, and 59.5keV, with decreasing intensities due to the
rapid decrease in detection efficiency as energy increases. The
reason for this is the epitaxial layer’s thin thickness, which, when
combined with the relatively large junction area (3 mm?), results
in a high detector capacitance (16 pF) and thus a significant noise
contribution.

In 2007 Lees et al. [83] used a new detector structure, a semi-
transparent SiC diode with an “ultra-thin” (18 nm Ni/Ti)
Schottky contact, deposited using e-beam evaporation, a gold
annular overlayer and a gold corner-contact pad. This new
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architecture has an ideality factor below 1.05, i.e. totally
compatible with those of classic thick structures (1.04-1.06).
A result of the high-quality interface between the SiC and the
contact. Because of the ultra-thin front contact, which minimizes
absorption in the electrode structure, the detection efficiency of
low-energy X-rays (<10keV) is up to 100x higher than in
standard Schottky diodes. Furthermore, X-ray spectra from
*Fe, '”Cd and **'Am radioactive sources show promising
spectroscopic  capability at room temperature (1.47 keV
FWHM at 22 keV, ~ 6.7%). Reduced contact thickness comes
at the cost of a lower Schottky barrier height (1.05 eV), which
means more noise.

An high sensitivity to soft x-rays in the 50 eV to few keV
range, and a better energy resolution of 2.1% for 59.6 keV gamma
rays were found by Mandal et al. [84, 85]. Detectors were tested
with a synchrotron light sourcesat at NSLS (BNL) and using an
*"Am source. A very thin ~10 nm Ni Schottky contact was
deposited with the sputtering technique. Special bonding
technique has been developed to avoid damage on the Ni
contact. The sensitivity to higher-energy photons (starting at
2-3 keV) was limited by the active volume thickness (~ 16 pm at
250 V).

As demonstrated by Lioliou et al. in two papers, optimizing
the readout electronics, such as the amplifier shaping time and
selecting the appropriate preamplifier, is critical for obtaining
good energy resolution. They investigated the performance of
different SiC diodes as X-ray detectors at 30°C in both current
mode and for photon counting X-ray spectroscopy in Ref. [86].
Schottky contacts are made by depositing 3 nm Ti and 12 nm
Ni with e-beam evaporation and then annealed at 600°C. A
Mo-target X-ray tube was used to test the detectors. The
photogenerated current as a function of the applied bias was
calculated by subtracting the leakage current (2 nA/cm® for
200V biasing) from the total current. At reverse biases of up to
100 V, measured photocurrents range from 4 to 8 pA. With diodes
biased at 60 V, the K,, and Kg peaks in the x-ray spectra of the Mo-
target were measured. The measured energy resolution (FWHM at
17.4keV, Mo K,) is ~ 8.5%, ranging from 136 to 1.68keV
depending on the diode. Stray capacitances near the input of
the custom charge preamplifier used are to blame for the low
resolution.

4.3.2.2 Spectroscopic studies at high temperature

The capability of 4H-SiC Schottky photodiodes for high-
temperature photon counting X-ray spectroscopy [87] was
SSFe
X-ray spectra measurements were performed from 0°C to

recently investigated by the same group. In particular,

100°C. The devices exhibited low leakage current densities
(<200 pA cm™ at an applied electric field of 200 kV/cm and
room temperature), a zero band barrier height of 1.358 eV, and
an ideality factor that deviated from unity (= 2.7). At 50V
applied bias, devices were fully depleted (~ 27 uym). At room
temperature, the best energy resolution (FWHM at 5.9 keV) was
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1.29keV, or ~22%. When the custom charge-sensitive
preamplifier is used at the same temperature as the detector,
the energy resolution improves slightly at 0°C (FWHM of
1.20keV) and decreases at 100°C (2.20keV, ie. ~ 37%).
Because dielectric noise was the most common source of
rather than the
responsible for limiting energy resolution.

noise, the preamplifier, detector, was

Bertuccio et al. [11] used a custom ultra low noise CMOS
preamplifier coupled to a 4H-SiC pixel detector in the T =
30-100°C range to detect X-rays from a **Fe (5.9 and 6.5 keV
peaks) and a **' Am (0-28 keV range) source. A bias of 300 V was
used (corresponding to depletion thickness ~ 25 um and
capacitance ~ 1pF). At T = 30°C (~ 3.3%), the measured
59keV line has a width of 196eV FWHM. Only a slight
worsening of the energy resolution is observed at the higher
temperature of T = 100°C (for both detector and preamplifier):
the measured FWHM is 233 eV (~ 3.9%). F = 0.10 has been
calculated as the Fano factor. Finally, during the acquisition of
the energy spectrum, the detector was tested under unsteady
temperature conditions ranging from 30 to 75°C. With a slight
line shift of 0.3 eV and broadening of 6.1 eV at 5.9 keV, the
energy spectrum maintained its quality under such variable
conditions.

Puglisi et al. demonstrated the use of microstrip SiC detectors
as high resolution X-ray detectors in the range 0-60 keV and over
a wide range of operating temperatures in a recent paper [88].
The authors characterized 4H-SiC microstrip detectors with a
very low leakage current, from about 2 fA at 25°C to 620 fA at
107°C, among the best values measured on SiC detectors. The
X-ray spectra in the range 0-60 keV acquired from a **'Am
source showed high stability and spectroscopic resolution, with
voltages between 80 V and 200 V and temperatures between 20°C
and 80°C. Several X-ray lines from Mn, Cu, Np, and Ag, in
particular, can be distinguished with enough energy resolution to
distinguish K and L lines from neighboring elements. Between
the X-ray peak energies and the detector signals, there is a high
degree of linearity. Peak positions do not change significantly as
the detector bias is increased from 10 to 200V, the energy
resolution improves due to lower capacitance, and the photon
rate increases with the square root of the bias due to the wider
active region, as expected. At room temperature, the energy
resolution measured for the conventional Mn K, peak at
59keV is 213 eV (~ 3.6%). Given that Si(Li) and silicon drift
detectors can achieve 130-150 eV FWHM for the same Mn K,
peak, and Ge detectors can even achieve 115 eV FWHM with
liquid-nitrogen cooling, this is an excellent result. Furthermore,
only a minor broadening of the lines is observed at 80°C.

4.3.2.3 Beam monitoring

For beam monitoring, the ability to extract information on
the X-ray position can be used. SiC has recently been proposed as
a promising candidate to replace diamonds in synchrotrons as
(XBPMs).

X-ray beam position monitors To minimize
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interference with the beam, XBPMs must be as thin as
possible. They must also be able to withstand a lot of heat
and absorb a lot of radiation. SiC’s high-temperature stability
and radiation hardness allow it to overcome the last two
4H-SiC  wafers with defect
densities lower than diamond are now available in sizes up to

disadvantages. Furthermore,
six inches in diameter [37]. However, in order to be used in
transmissive mode, devices must be thinner than 10 ym in order
to achieve X-ray transmission greater than 90% for photon
energies greater than 10keV [91]. As we saw in paragraph
3.1.2, a new technique, electrochemical etching in HF-based
solutions, has only recently been developed, enabling the
fabrication of SiC membranes with thicknesses of < 1um [36].

Using an 8 keV X-ray beam at PSI in Switzerland, Nida et al.
[37] investigated the performance of a 1.6 um 4H-SiC p-n
junction with micrometre n-type thin active epitaxial layers.
Results
commercial polycrystalline diamond, which is the solid state

are compared with performance of a 12um
detector of choice for this application due to its excellent
transparency, radiation hardness, and thermal conductivity.
Beam transmission as a function of beam lateral position is
measured to be >95%, which is compatible with that of the
diamond within error bars. At zero bias, the 4H-SiC has a charge
collection efficiency of 100%. In addition, the response of the 4H-
SiC XBPM to variations in photon flux is investigated for
12.4keV photons in the flux range ~ 0.01 — 1000 - 10° ph/sec.
The 4H-SiC XBPM shows a much faster dynamics (in the
microsecond range) compared with pc-diamond (millisecond
range). Furthermore, in terms of linearity, the response to photon
flux is similar to that of a silicon diode, i.e. it is linear over a four-

order-of-magnitude range.

4.3.2.4 Dosimetry

Another interesting application for SiC-based sensors as X-ray
detectors that has been investigated in the past is their potential use
as dosimeters. Indeed, SiC has a better Z match to tissue properties
than Si diodes (the primary semiconductor devices used as in vivo
dosimeters), in addition to the well-known advantages SiC has
over Si diodes (Section 2). In Ref. [89], the feasibility of SiC-based
dosimeters was investigated using 6 MV brehmstrahulng photons
from a 6-MeV electron beam. The current response was measured
vs. photon dose rate in the 2-7 Gy/min range, which is a dose rate
of interest in radiotherapy. With a slope of 3.5 - 107'°A - min/Gy,
the sample polarized at 150 V exhibits high linearity, with the
released charge increasing with the photon dose. A SiC Schottky
diode was also tested as a dosimeter in Ref. [90] using 6 MV
bremsstrahlung photon beams from a 6 MeV electron beam. The
SiC at zero bias was used to measure the collected charge vs.
radiation dose. Results are compared to that obtained with three
standard commercially available silicon dosimeters. A linear, stable
and reproducible response was observed with very low leakage
currents even after the irradiation (of the order of pA/cm of
current density at room temperature). The sensitivity of the
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TABLE 4 A list of some works cited in Par. 4.4 with related detector significantly affect the peak position and the energy

properties. resolution of the '*C(n,a)’Be related peak [105].

Ref Det. type Doping [cm™] Thickness Area [mm?] « 100% neutron-gamma  discrimination has  been
observed [106].

[107]  Schottky n/a 100 um 28.3, circular o A sensitivity of 10 °counts/(n/cm?®) for thermal neutrons

[108] n/a n/a n/a n/a has been reported [97].

[104]  p-n 2-10" 20 um 33, circular

(105] pn 54-10" 209 um 2.13, circular To describe the possible processes of a neutron impinging on

(106] p-n 2. 10" 20 pm 33, circular a SiC detector, as well as the different SiC detector structures

[109]  Schottky 510" 50 um from 4 to 20 involved in neutron detection, two energy regimes can be

[97]  Schottky 4.7-9.1 - 10" 25-270 um I1x1 considered separately: fast neutrons (E, = 10MeV) and

Doping and thickness refer to the epitaxial laer. thermal neutrons (E,, ~ kgT at room temperature).
4.4.1 Fast neutrons
4H-SiC dosimeter was 23 nC/Gy, ie. comparable to those of The most likely interactions for a fast neutron crossing a SiC
commercial silicon dosimeters. detector are elastic and inelastic scattering '*C(n,n’)"*C. C and Si
nuclei can be removed from their sites depending on the amount
of energy transferred in the collision, and the event can then be
4.4 Neutron detection observed as a permanent point defect or by collecting the e-h
pairs created by the recoil atom in the depleted region. Other

Neutrons do not interact with valence electrons and then reactions that may occur with a lower probability include *C(n,
their detection is demanded to reaction products, like y-rays, n')3a, 288i(n,p)**Al, (n, 2n), (n, pn), (n, na), or reactions involving
tritons, alpha and heavier ions. A neutron detector’s most the detector’s less abundant C and Si isotopes [110].
important parameters are sensitivity and linearity. Low
operation bias and y discrimination are two advantages of 4.4.1.1 Fission neutrons
semiconductor detectors over *He, whose availability on The presence of energetic '>C and **Si ions from elastic and
Earth is also limited. inelastic scattering dominate the energy spectrum produced in a

SiC is an intriguing material for the fabrication of neutron SiC detector for fission neutrons, i.e. neutrons with energies less
detectors due to its properties. It is not the only one, either. than 6 MeV (most of them) and average energy of about 2 MeV.
Diamond neutron detectors were made possible by recent The spectrum is generally complex, with no peaks. As a result,
advances in CVD technique [92-95]. information must be extracted through the unfolding of the

Several factors influence the sensitivity of neutron SiC spectrum using neutron transport codes and range calculations
detectors, including the concentration of deep carrier traps for recoil nuclei [96].
during growth, the type and thickness of the conversion layer Wu et al. [108] investigated the performance of 4H-SiC
(discussed below), and the charge collection active volume (larger detectors  for fission neutron measurements. They
volumes are in principle better but they mean bigger capacitances demonstrated that increasing the thickness of the epitaxial
that are detrimental for the noise). layer from 20 to 120 um improves sensitivity to neutron

SiC neutron detectors were reviewed by Franceschini and pulses by 139.8%. Using the proton-recoil method, an
Ruddy in 2011 [96], Coutinho et al. in 2020 [97] and Ruddy et al. additional 11.6% increase is obtained.
in 2021 [98], the latter with a specific focus on their use in harsh
nuclear environments. 4.4.1.2 Mono-energetic neutrons

A list of works cited in this Paragraph is reported in Table 4, A different situation is when monoenergetic fast neutrons
along with related detector properties. impinge on a SiC detector, like for example 14 MeV neutrons

From the several studies conducted on SiC neutron detectors from a Deuterium-Tritium (DT) neutron generator [98]. The
the following conclusions can be extracted: continuum contribution from elastic and inelastic scatteing on Si

and C dominates the spectrum at low energies, but defined peaks

o SiC detectors have a linear response to thermal [99, 100], appear as well. As reported in Ref. [98], the detection of the

epithermal [101, 102], fast [103] and 14-MeV ?C(n,a)’Be reaction products yielded a peak at 8.298 MeV, as
neutrons [102]. well as some peaks from the *Si(n,a)*Mg reaction

o Energy resolution of ~3% has been observed for the corresponding to different levels of the ?*Mg, which

"2C(n,a)’Be related-peak at ~ 9 MeV [104]. dominated the high energy region of the spectrum.

o Neutron detection at high temperature show interesting A fast-neutron SiC detector can gain sensitivity by adding a

results. For example, a temperature of 500°C does not layer of converter material in front of it, which is rich in nuclei
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with large scattering cross-sections for fast neutrons, which can
produce e-h pairs within the depletion region after they recoil.
Fast neutrons have a large scattering reaction cross-section with
hydrogen, and the latter has a large penetration depth into the
semiconductor, so materials with a high density of hydrogen,
such as polyethylene, have two advantages. One disadvantage is
that such materials are difficult to withstand high temperatures
and radiation levels.

Flamming et al. [107] use a polyethylene converter in front of
a SiC detector to detect 2.5 MeV neutrons from a deuterium-
deuterium (D-D) neutron generator. Sensitivity to proton recoil
increases by increasing the thicknesses of the polyethylene layer
up to 100 um, a value basically corresponding to the range of
protons in the converter. As expected, increasing the incidence
angle of a neutron on the detector surface reduces sensitivity
(about half at 45° with respect to perpendicular direction). This
effect is due to the lower 'H(n, p)n cross-section and lower p
recoil energies for larger scattering angles. In theory, this
“directionality” of the response could be used to extract
information on neutron source spatial distribution, location,
and distribution. Two features that are particularly useful in
the field of nuclear reactor fuel characterization and the detection
of hidden fissionable materials.

The response of SiC and diamond for the detection of
14 MeV neutrons at a fluence rate of about 9.4 - 10°cm™ - 57!
is compared in Ref. [104]. The p-n junction is formed by
deposition on the epitaxial layer of a 11 ym-thick p* layer
characterized by an aluminum doping concentration as high
as ~ 10cm™3. In both detectors the peak due to the '*C(n,a)’Be
reaction is observed with a slightly better resolution in the SiC
(260 keV at FWHM corresponding to ~ 3.1%), with respect to
303 keV ~ 3.6% observed in the diamond detector. The count
rate is strongly influenced by the active volume of the detector,
which is why it was found to be higher in this study in the
diamond-based detector.

4.4.1.3 High temperature measurements

Still in the field of fast-neutron detection, Szalkai et al. [105]
report on several tests on SiC detectors performed with 14 MeV
neutrons at various temperatures. The behavior of SiC devices at
high temperatures is fascinating because of their potential
applications in fields such as reactor monitoring, where
neutrons and charged particles must be reliably detected at
high temperatures. As we will see in Paragraph 5.3, it has
significant implications for radiation damage. The structure of
the detector used is the following: on a 350 pm thick n*-type 4H-
SiC substrate a 0.5 um thick buffer n-epitaxial SiC layer
(10"%cm™) was grown; on the top of the buffer layer, a
209 um thick n-type epitaxial (5.4 - 10™cm™) layer was
deposited. To create the pn-junction a 10"cm™ Al-doped,
~ 1 um thick p* layer was then placed above; to create a high
temperature resistant metallic contact, a 300 nm thick nickel
layer was grown on the p* layer with 250 nm thick gold over-
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metallization. The surface of the diode was 2.13 mm®. Due to the
described doping structure, 220 V are required for a complete
depletion of the epitaxial layer. The most prominent structure in
the measured energy spectra, namely the “C(n,)’Be reaction
peak, is clearly visible up to 500°C, with no change in peak
position (9.09 MeV) and only a slight broadening in the energy
resolution (FWHM = 0.22 MeV at T,,,,, and 0.25 MeV at 500°C).
A decrease in the counting rate, from ~130 at T,,,,, down to ~
60 counts/sec at 500°C is observed. It is recommended that
operating voltages be reduced at high temperatures to prevent
the detector from deteriorating due to increased thermal noise.
Finally, epitaxial Silicon Carbide lacks polarization effects due to
temperature increase [98], which are present in diamonds
327°C [111]. the
interference between charge carriers and transient space-

starting at A polarization effect is
charge flelds generated by trapping/detrapping events in
defects [97].

4.4.2 Thermal neutrons

A converter layer is required to detect thermal neutrons, and
the sensitivity of the detector is largely determined by its properties.
The coverter can be applied as a thin layer in front of the SiC sensor,
or it can be directly incorporated using diffusion [112] or ion
implantation [113]. This layer must be rich in isotopes with large
cross-sections for thermal neutrons, such as °Li, '°B, or **U. To
report some numbers, assuming a 0.0253 eV neutron, the
absorption cross sections of **Si and '>C are 0.17 and 0.00353 b,
respectively, much lower than 681, 938, and 3843 b for ***U, °Li and
'°B. Aside from the cross-section, the penetration depth of the
reaction products into the depleted layer is another important
parameter that influences the detector response is the reaction of
interest for °Li, with E, = 2.05MeV and E, = 2.73 MeV. The
presence of “He and *H events dominates the detector response over
the above discussed fast-neutron induced reactions when a °LiF
converter foil is used. One « at 1.47 MeV and one Li at 0.84 MeV
are emitted in the "’B(n,a)’Li reaction. Thus, due to the higher
penetration depth of the tritons, the °Li reaction products have the
potential to be more efficient in the generation of electron-hole pairs
than the B reaction products, despite the fact that the °Li cross-
section is significantly smaller than the '°B cross-section.

SiC diodes used as thermal neutron detectors have shown
general features. The type and thickness (or concentration) of the
conversion layer, which influence the amount of energy released
by a neutron event in the active region of the detector, essentially
determine sensitivity to thermal neutrons. In this way, by
properly tuning the reverse bias, the neutron signal can be
better distinguished from possible accompanying gamma and
X-ray radiation. In SiC detectors, 100% neutron-gamma
discrimination and linear response to the neutron flux have
been reported in Ref. [106].

It has been also observed that at fluences greater than 10'*n/
cm?, the produced fission fragments can damage the device and
reduce the counting rate [97].
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Refs. [106, 109] provide a comparison of SiC and diamonds
for the detection of thermal neutrons. Diamonds, in theory, are
more radiation-resistant than SiC because of their larger atomic
displacement energy (40-50 eV for Diamond, 20-35 eV for SiC).
Diamonds, on the other hand, can exhibit polarization effects, as
mentioned in the previous paragraph. This is also true in cases
where high neutron fluxes, such as those above 10%n/(cm? - s),
result in a high defect density [106].

Coutinho et al. [97] present a review of the use of SiC neutron
detectors, with a focus on social applications such as the
prevention of illicit radiological material trafficking through
cargo screening. The operating bias of the detector in their
study was between 50 and 100 V. Detectors have been tested
at the JSI TRIGA reactor (Ljubljana, Slovenia). At maximum
reactor power (250 kW), neutron fluxes of up to 1.6 - 107n/cm’s
have been used. Conversion layers consisting of '°B and °LiF-
enriched powders deposited onto a plastic film mounted at a
distance of about 2 mm from the SiC surface were used in the
detectors. Regardless of epilayer thickness or converter type, the
detectors showed excellent linearity (counting rate vs. reactor
power). On average a sensitivity of 10~(counts/s)/(n/cm’s) is
found with better performances with °LiF layers. Further
optimized SiC detectors could potentially begin to compete
with BF; and *He detector detector sensitivities [97, 114].

4.5 SiC for laser-generated plasma
radiation

that
necessitate the development and application of dedicated
beam diagnostic detectors. Short pulses (0.1-1 ns), high peak
currents (10'° to 10"* proton/pulse), very high dose rates (10°Gy/

Laser-generated beams have unique properties

min), and the presence of a mixed radiation field per single pulse
shot (visible radiation, UV, X-rays, electrons, protons, and,
[115].  The of
semiconductor detectors, such as SiC, allows for a reduction

eventually, ions) use large-bandgap
in the low-energy electromagnetic spectrum, improving proton/
ion sensitivity. Diamond and silicon carbide detectors, for
example, have low capacitance, radiation hardness, and time/
energy resolutions that make them suitable for time of flight
(TOF) measurements of high-energy laser-driven beams.

V. Scuderi et al. [115] conducted a thorough investigation of
the performance of diamond and SiC detectors as diagnostic
systems for the ELIMAIA (ELI Multidisciplinary Applications of
Laser-Ion Acceleration) beamline at the ELI-Beamlines research
center in the Czech Republic. V. Scuderi et al performed a
sophisticated analysis based on deconvolution of the ToF
signal produced by the cocktail beam to extract the
accelerated species’ energy cut-offs, energy distribution, and
fluence.

A 21 pum thick 2 x 2mm® SiC was placed along the beam

direction at 106 cm from the target (a pure cryogenic hydrogen
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target) in Ref. [74] to detect protons generated by a 2 TW PALS
laser in Prague (600 J energy and 300 ps time pulse). The detector
operated at 150 V corresponding to a depleted region of 5 um. A
mixture of protons with different emission energies appears in
the Volt vs. ToF signal measured during one laser shot. In the
450 KeV-1 MeV range, five different proton populations have
been observed. A rise time of 3 ns was measured, demonstrating
how SiC detectors and the TOF method can be used to diagnose
plasma-accelerated beams.

In Ref. [116] a 4H-SiC detector was used, with an 80 ym thick
undoped epitaxial layer grown on an n-type doped active layer.
The SiC was biased at 400 V and placed at 10° in the backward
position. The detected current signal was sent directly to a
500 MHz 500 Although the
photopeak is not completely cut, the measured current vs.
ToF signal for a laser energy of 600] (at PALS, Check
Republic) and a Si target, shows high sensitivity to fast

oscilloscope’s impedance.

protons and low responsiveness to UV radiation.

In another measurement at PALS, [75] used a circular 4H-
SiC detector with a 5 mm? area and a 115 um thick epitaxial layer,
unintentionally doped at 5 x 10">cm >, and 250 V applied to the
ohmic contact, resulting in an active region 72 ym thick. In this
case, the sensor was also positioned in the backward direction at
15°. Through the 50Q) load resistance of a 1GHz, 5GS/s
oscilloscope, currents up to 1.6 A were measured and
converted into voltage signals (up to 80V). The authors
observed a high signal-to-noise ratio, nanosecond time
resolution, and no degradation of the detector performance
from different Voltage vs. ToF signals measured at laser
energies of 520 J and with different targets.

4.6 SiC for beam-monitoring and
dosimetry in flash radiotherapy

In the last few years, investigation of innovative radiotherapy
strategies has driven the development of novel technologies for
radiation dosimetry and beam monitoring. In particular, the
increasing interest towards the so-called “FLASH radiotherapy,”
which makes use of ultra-high dose-rate (UHDR) beams for
better preserving healthy tissues surrounding the tumor target, is
paving the way for the establishment of alternative radiation
detection approaches. Indeed, the response of currently used
active detectors for dosimetry and beam monitoring, such as
ionization chambers, is strongly affected at these regimes, which
are characterized by dose rates at least three order of magnitudes
larger than the ones used for conventional radiotherapy. Solid
state detectors have been recently investigated, as a valuable
alternative for real-time measurements. In particular, silicon
Carbide (SiC) detectors were never systematically tested in the
past at these regimes.

Recently, the response of novel ultra-thin SiC detectors with
thickness between a few pm and 20 ym was experimentally
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characterized with low energy UHDR electron beams (7 and
9 MeV) accelerated by a LINAC designed for FLASH-RT studies
(SIT-Sordina ElectronFlash accelerator). First promising results
have been obtained in view of possible beam monitoring and
dosimetry of UHDR beams FLASH
applications [117]. The device structures used is made of a

for radio-therapy
thin, highly doped p* layer (10"cm™, 0.3 um), a n~ low doped
layer (either 10 um or 2um, 8 - 10"cm™) on top of a n* thick
substrate (370um, 5 - 10'%cm ™). In their ultra-thin version, i.e. as
“free-standing membrane,” the n* thick substrate can be
selectively removed by means of electrochemical etching (Par.
3.1.2). Doses per pulse up to 10 Gy were delivered with a pulse
duration of 2. Results show a linear trend of the detector
up the
measurements were also carried out up to several hundreds of

response several Gy/pulse. Radiation damage
kGy, for which the response of SiC was found stable. New
geometrical configurations (strip) are being developed and
tested by the same Authors with the aim of providing
accurate dose rate independent 2D beam monitoring
measurements. Moreover, pixelated version are also under
construction with the potential to be used for relative
dosimetry thanks to their high spatial resolution (of the order

of tens um).

4.7 SiC for sub-GeV dark matter

The tiny nuclear recoil energy involved in direct searches for
non-relativistic sub-GeV Dark Matter poses a significant
challenge. This problem is currently being addressed in two
ways. The detection of recoil electrons is one strategy, while
the use of light nuclei, such as those found in SiC, is another. In a
recent work Griffin et al. [118] proposed for the first time the use
of SiC for direct detection of sub-GeV dark matter. As the
authors point out, SiC has some distinct advantages over
Diamond and Si in this research field. To probe a significant
portion of the DM parameter space in a reasonable amount of
time, O(years), detector masses in the kilogram range are
required. Large SiC wafers can be made with current
technology, but single diamond crystals of significant mass are
difficult to come by.

The authors performed detailed calculations on the potential
sensitivity of SiC targets for various types of DM while taking into
account the possibility of collecting charge or heat from SiC. In
terms of the latter, SiC is a promising candidate for phonon
readout due to its high sound speed and long intrinsic phonon
lifetime (which is longer for politypes with smaller unit cells).
The reach calculated by the authors for both DM-nucleon and
DM-phonon interactions is unaffected by the SiC politype used.
The DM-electron scattering channel is dependent on the
politype, changing the potential reach, due to differences in
band-gap (Paraghraph 2.2) between the politypes; better
sensitivities are found for smaller bandgap and larger unit cell
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of H politypes. The authors examine the properties of various
politypes also in the context of potential directional searches.
They notice that 2H-SiC, which has an anisotropic response due
to the different in-plane and out-plane crystallographic axes,
achieves the highest daily modulation. The symmetric 3C cubic
phase, on the other hand, is expected to have no modulation.
Aside from the possibility of directional searches, the authors
suggest SiC as a potentially excellent detector over a wide range of
DM mass ranges, depending on the scattering channel: DM-
nucleon down to O(10 keV), DM-electron down to O(10 MeV),
dark photon and axionlike absorption down to O(10 meV).

5 Radiation hardness studies

Irradiation of the detectors can produce faults in addition to
the as-grown defects discussed in Par. 3.1.4. Bulk damages can be
caused by the non-ionizing energy loss of energetic particles such
y-rays, neutrons, electrons, protons, alphas, and heavy ions. To
remove a C or a Si from their lattice position, energy greater than
21 eV and 35 eV is required, respectively. When a lattice atom is
pushed away from its equilibrium position, vacancies and
interstitial atoms can form. These are the so-called primary
radiation defects. The majority of these primary defects
recombine, whereas the others form deep levels in the energy
gap. In general, increasing the device temperature can anneal out
a certain number of primary defects, but some of them may
interact with each other and impurity atoms, resulting in
secondary radiation defects. Bulk damages refer to both
primary and secondary faults of this nature. At high fluences,
ionizing radiation loss can change the inter-electrode capacitance
(surface damage) and impact the breakdown characteristics and
electronic noise.

Silicon vacancy (Vg;) [119], carbon interstitials(C;) [120], and
carbon antisite-carbon vacancy (CAV) complex [121] are the
most dominant radiation-generated defects in SiC [9]. The two
electrically active defects S1 and S2, produced by epithermal and
rapid neutron irradiation and appearing at about 210°K and
350°K in the DLST spectrum, respectively, are examples of
Vs [9].

As the absorbed radiation dose rises, so does the amount of
generated defects, lowering SiC detector performance. Bulk
damages, whether in the form of point defects or clusters, are
responsible for the following: a decrease in signal amplitude due
to charge carrier trapping; a rise in ohmic resistance due to a
decrease in free carrier concentration; a shortening of carrier
lifetime and diffusion length due to an increase in the
concentration of recombination centers; an increase in the
leakage current due to the formation of charge-donor states;
and a change of effective doping concentration.

The effects of radiation on SiC detectors have been
thoroughly studied [122-125]. A comprehensive review of the
topic for various radiations can be found in Ref. [5]. The majority
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of published papers, such as [18, 60, 126-128], focus on Schottky
structures, while others, such as [59, 129, 130] on pn junction
diodes. The following paragraphs group the findings of
irradiation investigations by irradiation type.

5.1 Irradiation with electrons, protons, and
heavy ions

A significant amount of work has been published on the
subject. Radiation damage is strongly dependent on the device
structure and radiation type/energy, thus a tentative to summarize
and find some general conclusion is hard. Nevertheless an attempt
to ouline some general features is reported in the following:

o Electron and proton-produced defects have similar
structures and capture cross sections.

Electron and proton irradiation starts to significantly
degrade the CCE and the electric rectifying properties of
SiC at around 10"-10"cm™. Some detector have been
reported to work, altghogh with degraded perfoemances,
even at electron and proton fluences of ~ 101 [5, 91].

« Low energy (35 MeV) ion irradiation (*°O) at fluences of
~ 5. 10%cm™? degrades the CCE and the energy resolution
by a factor of 2 and 10, respectively [13].

Irradiation at high temperatures are beneficial in both
electrons and protons irradiaion [131].

Many studies have been carried out on the effects of protons
irradiation over a wide range of energies and fluencies, namely
from 6.5 MeV to 24 GeV and from 10" to 1.4 - 10'p/cm? [5].

One of the first pieces of evidence discovered was that the
proton’s energy has a minor impact on the structure of the defect
created [132, 133]. On the other hand, it determines the rate at
which the deepest induced defects are introduced (defect-
concentration/radiation-fluence). Indeed, the scattering cross
section of protons on Si and C decreases as proton energy
increases, resulting in a lower introduction rate. Aside from
incident energy, radiation fluence is, of course, an important
factor in radiation damage. Deep-level concentration, removal
charge rate, and L, are all strongly influenced by proton fluence.
This is especially true in the case of the CCE. For both the
polytypes 6H-SiC and 4H-SiC, it was discovered that increasing
the proton fluence increases the deep-level concentration and
rate of removed charge carriers, while decreasing the minority
charge carrier diffusion length and CCE [134].

As summarized in Ref. [5], DLTS measurements indicate
that, even at very different energies (6.5 MeV at 3.2 - 10%p/cm®
[135],8 MeV at 2 - 10"°p/cm® [133], and 24 GeV at 1.4 - 10"°p/cm®
[127]) the main effect in the electrical behaviour of SiC Shottcky
diodes is due to a level (identified with the R center) located at
1.1-1.2 eV below the conduction band and charachterized by a
high capture cross section of 2 — =5 - 10™"*cm® [133, 135].
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The results of irradiating 4H-SiC epitaxial diodes with
24 GeV protons are reported in Ref. [5]. With 2.3 MeV beta
particles from a *°Sr source, the CCE as a function of reverse bias
has been measured in particular. Sensors that have not been
irradiated have a CCE of 100%. Diodes were still able to detect
beta particles after irradiation at very high fluences of 1.4 -
10'°pcm™, though with a low response, ie. a CCE between
10 and 25% for a reverse bias around 250 and 700 V, respectively.

Irradiation temperature has recently been shown to play a
significant role in the radiation resistance of SiC detectors.
According to Lebedev et al. [131], as the detector temperature
rises during irradiation, not only are deep acceptor levels partially
annealed out, but their formation probability decreases as well.

Rafietal. [91] recently investigated the effects of electron and
proton irradiation on four-quadrant pn junction diodes made on
epitaxial 4H-SiC substrates with a 30 um thick n-type epilayer
doped at 1.5 x 10" cm ™. Fluences as high as 1 x 10'°¢/cm?® and
2.5 - 10”°p/cm?* have been studied. A **°Pu —**'Am —***Cm tri-a
source is used to investigate the device’s performance as a
radiation detector. At room temperature, the investigated SiC
sensors can work as radiation detectors up to the highest fluences.
However, starting at 1 x 10"e/cm” the loss of the electrical
rectification character of the devices can be seen in the I-V
and C-V electrical characteristics. Leakage currents measured at
400 V are on the order of 1 nA, regardless of the absorbed dose.
There are no significant differences between proton and electron
irradiation, confirming that electron and proton-produced
defects have similar structures and capture cross sections [5].
Around 250 V, CCE reaches saturation. For fluences greater than
1 - 10'%e/cm?, a non-negligible CCE reduction of about 10% is
observed.

SiC detector performances were tested in terms of CCE in
Ref. [136] using **'Am-generated a and 8.2 MeV electron
irradiation at 4.74 - 10%e/cm*® (2 Mrad), 2.37 - 10"e/cm?
(10 Mrad), 4.74 - 10"e/cm® (20 Mrad) and 9.48 - 10'*e/cm?
(40 Mrad). CCE is rapidly degraded at 2 Mrad and continues
to degrade at a slower rate at higher doses. The use of reverse bias
>200V, on the other hand, ensures 100% CCE even at the
highest dose.

Many other studies have been carried out on the effects of
electrons irradiation on SiC, as for example [137-143]. Defects
concentration, formation rates, energies, and capture cross
sections of defects created by electrons with energies ranging
from 1.7 to 4 MeV have also been extensively studied [122,
144-148].

Sciuto et al. [149] irradiated 4H-SiC n-type epitaxial p-n
junction UV detectors fabricated by Al implantation with «
particles at very low energy (600keV). A wide range of
fluences (5 - 10''-5 .
few MGy dose) has been investigated. Optical measurements

10"ions/cm?, i.e. from a few kGy to a
confirmed the photodiodes’ visible blindness even after

irradiation. The optical responsivity drops to ~50% for
fluences of < 10"ions/cm? (~90 kGy), but dark current values
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Left: Percentage of the signal generated by *°O ions after irradiation as a function of the ion fluence. Two SiC detectors with different doping
concentrations are compared. SiC have been irradiated with *°O ions at 32.7 MeV. Right: Variation of the two SiC detectors’ energy resolution as a

function of irradiation fluence. Data are from Ref. [58].

remain stable. Photo-detection
hampered by the formation of complex defecs at higher fluences.
De Napoli et al. [58] irradiated 4H-SiC detectors with '°O

ions at 35.2 MeV to investigate the radiation resistance of SiC

capabilities are severely

detectors to ions and possible dependencies on doping
concentrations. In particular, two SiC detectors with doping
concentrations of 7.6 - 10" and 1.5 - 10"°cm™> were used. The
depleted epitaxial regions were 32.7 and 9.2 ym with a bias of
600 and 400 V, respectively. The fraction of '°O signal observed
after irradiation as a function of accumulated ion fluence is
shown in Figure 7 - left panel. Charge collection became
increasingly inefficient as the latter was increased, shifting the
'°0 energy peak to lower values. At fluences of 6.5 - 10"*ions/cm®
and 4.1 - 10"ions/cm® for the heavier and lower doped SiC,
respectively, CCE is reduced to half its non-irradiated value.

Due to an increase in collected charge fluctuations, also the
energy resolution deteriorates with increasing absorbed doses
(Figure 7 - right panel). The lighter doped SiC shows again the
worst performance. Its resolution becomes a factor 10 worst with
respect to the non-irradiated detector resolution at a fluence of
2.8 - 10"*ions/cm®. The same result is observed in the heavier
doped SiC at the higher fluence of 7.7 - 10*ions/cm>.

Finally, in Ref. [150], studies on SiC Schottky irradiation with
heavier ions (Xe, Kr, Ar, Ne, and N) show that leakage currents

increase linearly as a function of the number of incident ions.
5.2 Irradiation with x-/y-rays

Because their energies are lower than the Si and C dislocation
energies reported at the beginning of this Section, x-rays cannot

Frontiers in Physics

22

cause bulk damage. Nevertheless, SiC detector performance can
degrade at high radiation doses, such as 1 Mrad/s or higher, due
to interface traps [151] and traps created in the dielectric
materials used for isolation and passivation [91].

Many studies on radiation hardness against y, primarily
gammas from nuclear sources, have been published. Some

general conclusion can be drown:

o If irradiated with ps, SiC detectors can be classified as
radiation hard. When compared to charged particles and
fast neutrons, the effects of y-rays on detector response are
minor.

« Even after very high doses (up to 27.72 MGy), high CCE
values ( > 80%) can be achieved if a high enough over bias is
applied.

o In general, the type of metal electrode determines the

increase in leakage current. A

detector with a Ti/Au electrode deposited on the SiC

sensor, for example, showed a fluctuation of only
~ 100nA at 100 V after 5.14 MGy irradiation.

irradiation-induced

Nava et al. [122] found that after y irradiation from a *°Co
source up to 5.4 MGy, the CCE of SiC detectors remains 100% if a
high enough reverse bias is applied.

Ruddy et al. [125, 152] investigated the performance of SiC
Schottky diodes under intense y irradiation in two papers. They
measured the ***Pu « response of a 4H-SiC Schottky diode after
exposure to '*’Cs y-rays. Though energy resolution and peak
position slightly decrease, spectrometry performance is
maintained up to 54 MGy with a CCE of 100%. Even at a
massive dose of 27.72 MGy, the detector continues to work
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with a CCE of 84%. However, these results are obtained at a bias
voltage of —600 V which is significantly higher than the operating
bias (—100 V) of non-irradiated SiC.

In Ref. [153], the role of the metal electrode on the radiation
tolerance of gamma-irradiated SiC was investigated. With
electrode structures of Cr/Au, Ni/Au, and Ti/Au (Cr, Ni, or
Ti of 30 nm thickness deposited by sputtering, plus 200 ym Au
deposited by the thermal evaporator), three detectors were used.
The detectors were exposed to y-rays from *°Co at doses of 2.7,
5.4, and 8.1 MGy, respectively. The detectors equipped with the
Ti/Au electrode show the lowest increase in leakage current, from
0.18 to 0.31 yA at 100 V, while those equipped with the Ni/Au
electrode show the highest increase, with a value of 0.24 yA,
which is a factor 15 higher than the pre-irradiation value. The
CCE measured with ***Pu generated as after 8.1 MGy irradiation
still reached 100%, but for a reverse bias about four times higher
(about 160 V) than that required before irradiation, regardless of
the electrode type [153].

The effects of y-ray irradiation into 6H-SiC diodes has been
also investigated several times. Different groups used **Co y-ray
source exposing the detectors at large doses: at 120 kGy even a
decrease in the leakage current has been observed [124], at
1.080 MGy the y-ray detection efficiency of SiC photodiodes
has been observed to not change [154], and at 2.5 MGy a charge
collection efficiency of 100% in p-n SiC diodes has been
measured [155].

5.3 Neutron irradiation

Neutrons, as well as the charged particles produced in the
converter layer, can cause damage. The latter appears to be more
severe than y damage in SiC detectorts. Several different studies
have been conducted by various groups. Ruddy et al. [98] recently
published a review on the subject. Some of the findings can be
summed up as follows:

o In general, at fluences of the order of 10"'n/cm? SiC
detector performance begins to deteriorate due to
epithermal/fast neutron irradiation [97, 156]. However,
no significant CCE degradation is expected. Radiation
effects become important at fluences greater than about
10"-10"n/cm?, resulting in an acute degradation of the
CCE and a reduction in e and h drift length. However, even
after a fluence of 1.7 x 10"n/cm?* some detectors have been
found to still work [5].

« Cases where SiC becomes semi-insulating at fluences of
4.10"n/cm* have been reported [5]. The effect is caused
by electrons being trapped in radiation-induced deep
level defects.

o SiC UV-photodiodes with drift layer doped less than
1 x 10"%cm ™ preserve their performance up to fluence
of 5 x 10"*(fast — neutrons)/cm>.
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o Elevated temperatures during irradiation attenuate the
effects of the radiation damage on CCE, opening the
possibility of using SiC neutron detectors in high-

temperature environments.

Seshadri et al. [157] performed fast neutron (E>1 MeV)
irradiation studies on 4H-SiC Schottky diodes. The charge
collection efficiency of **Pu was found to degrade in a
systematic manner due to neutron damage-induced defects. In
particular, radiation-induced deep-level traps remove carriers at
arate of 9.7 + 0.7 cm ™" until the self-biased operation is prevented
at an accumulated fluence of 5.7 x 10"cm™.

Radiation damage due to fast neutrons has been also studied
by Dullo et al. [99, 100], on 4H-SiC Schottky diodes used as
thermal neutron detectors with a °LiF converter layer. Between
the converter and the detector, an Al foil was placed to stop
neutron-induced alpha particles €Li(n, 0’ H) and thus minimize
radiation damage. At fluence rates ranging from 1.76 x 10* to
3.59, x, 10"¥%m 27},

within 5% of uncertainty. No variations have been observed

the neutron response was found linear

after irradiation with fast-neutron (E > 1 MeV) at a fluence of
1.3 x 10"cm ™.

Moscatelli et al. [59], irradiated SiC p*n diodes with 1 MeV
neutrons in the range 10'*~10'°n/cm”. They measured the CCE as
a function of neutron fluence using electrons from a **Sr source.
The CCE decreases as the fluece increases, remaining very high
only until some 10"n/cm?.

Wou et al. [128] studied the CCE for 3.5 MeV alpha particles
from a **! Am source in self-biased (i.e. zero external bias) 4H-SiC
Schottky diode irradiated with fast neutrons. They found that the
CCE decreases by increasing the neutron fluence, reaching 1.3%
after an irradiation at 8.26 x 10"*n/cm’.

Nava et al. [158], report results on radiation resistance of 4H-SiC
detectors irradiated with 1 MeV neutrons up to a fluence of 8 x
10"n/cm’. As expected, increasing the neutron fluence causes the
CCE to decrease, but at two different rates. The CCE decreases
monotonically by about 30% in the first regime, from 10" to 10"°n/
cm?. CCE drops from 70% to 20% in the second one, from 10" to
about 10"°n/cm’. Two deep levels were found using Photo Induced
Current Transient Spectroscopy (PICTS), one at 1.18 eV associated
with a carbon vacancy and the other at 1.5 eV associated with a
complex defect of C and Si vacancies. They are cited by the authors
as the source of the CCE reduction.

Higher-energy neutrons (14 MeV) from deuterium-tritium
fusion were used to irradiate SiC detectors with Schottky diode
structures in Ref. [126]. The sensitive volume of detectors is
Imm x 5 mm x 20 ym. The 20 pm thick epitaxial layer, doped at
10"em™, is growth by CVD onto 350 pm thick substrate doped at
10"cm . Detectors have been irradiated at room temperature. At
300V, the CCE measured with alpha from a *°Pu source
decreased by about 7.0% and 22.5% at fluences of 1.31 -
10"n/cm® and 7.29 - 10'*n/cm?, respectively. Despite this CCE
reduction, SiC diodes can still be used as raditaion detectors.
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4H-SiC UV-photodetectors were irradiated with 1 MeV
neutrons at various fluences ranging from 5 x 10"cm > in Ref.
[159]. Detector design is based on full-epitaxial p*-p~-n*
multilayer structures. The 5 x 10"*cm ™ fluence is identified by
the authors as a threshold: below it, SiC photodetectors maintain
their performance, while above it, photosensitivity is reduced.

The effect of
performance was studied by Ruddy et al. [98, 160]. They used
a *Pu a source to test 4H-SiC detectors irradiated with fast

neutrons at two temperatures, 45°C and 230°C. For both

irradiation temperature on detector

temperatures, CCE decreases linearly as a function of neutron
fluence. This linearity suggests that the loss of charge carriers in
the SiC active volume is proportional to the density of fast-
neutron produced traps. The impact of temperature is significant.
The authors discovered that SiC irradiated at 230 °C had a higher
CCE (up to a factor of 2), indicating that high temperatures help
CCE resist radiation damage, opening the possibility of using SiC
neutron detectors in high-temperature environments. In Ref.
[131], similar conclusions about the effects of temperature on
radiation damage were found for electron and proton irradiation.

Finally, large area 4H-SiC Schottky diodes (up to 20 mm?
area, with 50 ym epitaxial layer) equipped with a °LiF converter
(about 100 um thick) were tested as neutron detectors in an
epithermal column devoted to Boron Neutron Capture Therapy
(BNCT) applications in Ref. [161]. At neutron fluences in the
10° — —10"cm ™ range, which are typical for BNCT, a and *H
emitted the °Li(n,a)’H reaction in the converter layer have been
detected. After a fluence of 10"n/cm’, counting rates remain
stable, with only a slight decrease of 3%. This efficiency drop,
according to the authors, is caused by defects produced by
neutron-generated alpha particles.

6 Conclusion

This review describes the current state of SiC-based radiation
detectors, as well as their performance.At the outset, the main
material parameters that influence the performance of SiC
detectors were summarized. Material growth, device construction,
and characterization methods were briefly reviewed. Optimization
studies on existing fabrication processes and the introduction of new
ones during the last several years have resulted in the ability to
produce high-quality SiC substrates and epitaxial layers on the one
hand, and the ability to control the doping concentration of the latter
on the other. These two objectives have resulted in high-quality SiC
detectors that have been proved to be capable of detecting a wide
range of radiations at various energies with good results.

In the future, two detector development directions should be
explored. One is the ability to generate thicker (>300 um),
higher-quality with doping
concentrations (<102cm™). The major reason is that the

epitaxial  layers lower

detector must have a thick active region that can be drained
with a fair amount of reverse bias. This is especially significant for
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detecting low-ionizing particles, increasing sensitivity to high-
energy x-ray photons, improving direct rapid neutron detection,
and decreasing detector capacitance, therefore increasing energy
resolution. The other path of development is toward detectors
with sub-micrometer thicknesses that can be employed for beam
monitoring in synchrotron facilities of flash radiotherapy, for
example.

The results achieved with existing SiC detectors and the
consequences of high irradiation doses were discussed in the
second part of the paper. For various types of radiations, some of
the best results obtained thus far are reported. Based on these findings,
it is obvious that current fabrication technology has matured to the
point where SiC diodes capable of excellent performance when
employed to detect various types of radiation are now possible.

SiC detectors have shown 100% CCE for ionizing radiation
(electron, protons, alphas, and heavy ions) and energy
resolutions that are usually only a few percent but can be as
low as 0.5% percent in some optimized cases, putting SiC
performance in terms of energy resolution not far behind
standard Si detectors, with the advantage of SiC being able to
operate at higher temperatures.

Irradiation of SiC detectors generally reveals that they are
radiation-resistant. This is especially true for electron irradiation.
Irradiation with protons and ions begins to degrade detector
performance at fluences of ~ 10'° p/cm? and ~ 2 - 10"ions/cm?,
though these values are highly dependent on the detector
structure and material starting quality. CCE loss can
sometimes be compensated by over-biasing the detector.

SiC UV detector show high responsitivity in the ~ 250—350 nm
range and are radiation resistance when irradiated with 1 MeV
neutron up a fluence of 5 x 10"n/cm’.

X-ray sensitivity is up to ~ 60keV, with a few percent energy
resolution. With the added benefit of being able to function at
high temperatures without losing performance.

In comparison to charged particles and fast neutrons, the
effects of p-rays on the operational lifetimes of SiC detectors are
minor. Detector degradation begins at fluences greater than
around 10"-10"n/cm” in the latter case.

SiC has begun to compete with diamonds in terms of energy
resolution and sensitivity in fast neutron detection. In thermal
neutron detection, an excellent degree of y discrimination has
been recorded, with ~ 100% sensitivity to neutrons.

All of the qualities found in SiC detectors make them
intriguing devices for usage in a variety of domains, ranging
from nuclear physics to astrophysics, in vivo dosimetry to beam
monitoring, and monitoring hostile nuclear environments. SiC
detectors have been employed for TOF measurements of high
energy laser-driven beams and are proposed as diagnostic
detector in flash radiotherapy. Furthermore, recent theoretical
investigations have suggested that SiC could be useful for light
DM detection.

The
improvements from further technological developments, make

results obtained so far, and possible future
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the use of SiC detectors an exiting topic that will probably reserve,
in the future, many other exiting outcomes in many application
fields.
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