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Abstract
Silicon carbide (SiC)-based detectors offer exceptional radiation hardness and thermal stability,
making them suitable for neutron spectroscopy in fusion reactor environments, which are
characterized by high temperatures and intense neutron fluxes. In this study we demonstrate a
250 µm-thick 4 H-SiC p–n junction detector that maintains stable deuterium–tritium neutron
detection performance across the full temperature range from 25 ◦C to 500 ◦C, thereby
overcoming the limitations commonly encountered with diamond-based detectors. These results
highlight the potential of thick SiC detectors for monitoring neutron flux and performing
neutron spectroscopy in harsh environments, such as the breeding blanket of fusion reactors.
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1. Introduction

The advancement of fusion technologies, driven both by pub-
lic and private initiatives, is generating increasing interest in
neutron diagnostics capable of operating under the extreme
conditions typical of fusion machines. In the view of a fusion
power plant, particular attention is given to the breeding
blanket (BB), designed to produce the tritium required to fuel
the fusion plasma. Tritium is generated through interactions
between plasma-emitted neutrons and lithium isotopes, via
nuclear reactions as ⁶Li(n,α)T or ⁷Li(n,α + n)T. Accurate
monitoring of neutron flux and energy inside the BB is there-
fore crucial for assessing the tritium production rate, validating
numerical models, optimizing the tritium breeding cycle, and
ensuring the safe operation and maintenance of fusion react-
ors. Tomeet these requirements, compact neutron detectors are
needed that can fit within tight geometrical constraints, while
withstanding neutron fluxes up to 1014 n

s·cm2 at operating tem-
peratures of 300 ◦C–500 ◦C [1–3]. Exceptional thermal stabil-
ity and radiation hardness are therefore essential for neutron
detectors in industrial fusion reactors.

Diamond detectors currently represent the state of art for
neutron spectroscopy in fusion-relevant conditions. They fea-
ture solid and compact active volumes with excellent radi-
ation hardness and low sensitivity to gamma radiation, mak-
ing them suitable for neutron measurements in both fusion
and particle physics applications [4, 5]. Their effectiveness as
neutron spectrometers has been demonstrated in deuterium–
tritium (DT)-dominated environments [6–10]. However, dia-
mond detectors suffer from significant performance degrada-
tion at high temperatures (250 ◦C–300 ◦C), primarily due to
thermal effects such as increased leakage current and reduced
charge collection efficiency [11–13], which severely limits
their applicability in high-temperature environments.

In recent years, 4 H silicon carbide (SiC) detectors have
emerged as a promising, cost-effective alternative to diamond
detectors for operations in harsh nuclear environments [4, 5].
This is due to their high displacement threshold energy (20–
35 eV) and wide bandgap (3.27 eV) [14]. Their suitability
as neutron flux monitors has been demonstrated in multiple
experimental campaigns [15–18], and their radiation hardness
has been verified under both heavy ions [19, 20] and neutron
irradiation [21, 22]. SiC detectors have also shown potential
for spectroscopic applications, with successful demonstrations
involving both neutron and other radiation sources [23–28],
including prospective applications on tokamak devices [29].
High temperature operation was also achieved [27, 28, 30–34],
although a loss in detection quality was observed with thin act-
ive volumes (<100 µm).

In a previous work we demonstrated that 250 µm-thick
SiC detectors can maintain stable detection performance up to
250 ◦C [35]. Building on this work, the present study extends
the investigation to evaluate the spectroscopic performance
of a 250 µm-thick 4 H-SiC p–n junction detector, developed
within the framework of the ‘Ettore Majorana’ Eni-CNR Joint
Research Centre, at temperatures up to 500 ◦C.

The paper is structured as follows: section 2 describes the
sensor and experimental setup. DT neutron spectroscopy, car-
ried out at the Frascati neutron generator (FNG) facility, is
detailed in section 3. Final considerations and perspectives on
the application of SiC detectors in harsh environments are dis-
cussed in section 4.

2. Experimental setup

2.1. Sensor design and fabrication process

The 4 H-SiC p+–n− detector considered in this work was
fabricated by the CNR Institute for Microelectronics and
Microsystems [36, 37], as part of the ‘Ettore Majorana’ Eni-
CNR Joint Research Centre. The device structure consists of a
250 µm thick active epitaxial layer grown on a commercially
available, 350 µm-thick, < 0001 > 4◦ off-axis n++ 4 H-SiC
epitaxial wafer. A 5 µm thick n+ buffer layer was included
to mitigate defects originating from the substrate. The low-
doped n-type epilayer has a 250 µm thickness and a doping
concentration of nD = 7 × 1013 cm−3. It was deposited by
chemical vapor deposition using a horizontal hot-wall reactor
(ASM PE106), Ethylene as carbon source, trichlorosilane as
a chlorinated silicon source, and nitrogen as n-type dopant.
The deposition was carried out at a temperature of 1650 ◦C
under a chamber pressure of 100 mbar. The highly doped
(np = 2 × 1018 cm−3) 0.3 µm-thick p+ layer was formed
via ion implantation. The p− and n+ implanted regions were
designed to implement a junction termination extension and
a field stop structure, respectively. Nickel was deposited and
subjected to a silicidation process, forming a nickel silicide
in the contact regions to reduce contact resistance. Unreacted
nickel on the oxide was then removed by etching. The cathode
contact was completed by depositing 1 µm thick aluminum
(Al) layer. A silicon dioxide (SiO2) layer was deposited on
top of the device to provide electrical insulation. Finally, the
device was passivated with a 7 µm thick polyimide layer, cap-
able of withstanding temperatures up to 350 ◦C. A picture of
the devices, along with a technical drawing of its structure, is
reported in figure 1. The device used in this paper had an area
of 25 mm2 and was manufactured from the same wafer as the
device used in [35].

2.2. Electronics and heating system

Neutron spectroscopy was performed adapting the setup ori-
ginally described by Angelone et al [11] and subsequently
employed in [35]. Electrical connection to the SiC device was
achieved via mechanical contact, using a stainless-steel sup-
port to press the detector against a mineral-insulated (MI)
cable, which served both as the high-voltage supply and signal
transmission line. The low-noise MI cable, manufactured by
Thermocoax, was rated for operation up to 1200 ◦C. A schem-
atic of the setupwith pictures of theMI cable, support and oven
are shown in figure 2.
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Figure 1. (Left) macroscopic image of the 4 H-SiC p+–n− detector, fabricated by the CNR institute for microelectronics and microsystems
in the framework of the ‘Ettore Majorana’ Eni-CNR Joint Research Centre The area of the device is 25 mm2.The device is presented with a
reference scale. (Right) Schematic (not-to-scale) technical representation of the sensor structure.

Figure 2. Top: schematic representation of the experimental setup for high temperature spectroscopy. Bottom left: SiC active volume
mounted on the T-shaped support, secured by the tip at the end of the mineral cable. The T-shaped support was connected to the ground
voltage, while the thermistor monitored the temperature inside the oven in figure 2(a). The entire apparatus was enclosed in a copper
envelope to act as a Faraday cage, shielding the SiC detector from electromagnetic noise. A secondary Kapton envelope was used to insulate
the copper envelope from the metallic components of the oven, preventing electrical contact. Bottom right: picture of the cylindrical heating
system. The mineral cable and the thermistor cable are inserted into the opening in the right face of the cylinder. The insulating material is
shown in white.

Neutron irradiations were carried out at the FNG, using a
customized Cividec CX-L preamplifier. The preamplifier fea-
tures an AC coupled bipolar input and a ±1 V output with a
shaping time of 107 ns (FWHM). The amplified signal was
digitized with a 500 MHz, 14-channel CAEN 5730 analog-
to-digital converter. A 200 V voltage was chosen as an input

bias as a compromise between achieving a substantial deple-
tion and avoiding detection instabilities demonstrated at higher
voltages in the past [38], resulting in relatively small currents
(<5 µA) at all temperatures.

Temperature control was provided by an insulated cyl-
indrical ohmic heating system operating in air, equipped with
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Figure 3. Exemplificative calibration process of a PH spectrum. The four most important spectral features are identified in the uncalibrated
spectrum (left image) and fitted with a Gaussian (in the case of 28Si(n,α)25Mg and 12C(n,α)9Be) or a step function convoluted to a Gaussian
(in the case of 12C(n,3α) and elastic scattering on carbon 12C(n,n)12C). The center of the fit is then compared with the expected Ed value,
obtained as a difference between En and the Qvalue of the specific reaction. From the comparison a linear correlation between the PH value
and the correspondent Ed is obtained (right image).

a thermistor and a PID feedback temperature controller, ensur-
ing stability within ±1.0 ◦C throughout the measurements.

3. Experiment: HT neutron irradiation

The effect of temperature on neutron detection properties has
been investigated by performing DT neutron spectroscopy at
the FNG [39]. The DT source produced neutrons on the entire
solid angle with a rate between 5 · 109 and 4 · 1010 n s−1. The
neutron rate was measured by FNG bymeasuring the 3.6MeV
α particle generated by the D(T,α)n fusion reaction, provid-
ing a reading with ±3% uncertainty [40]. The flux of neut-
rons through the detector volume was then estimated by tak-
ing into account the 20 cm distance between the source and
the detector, resulting in a mean intensity between 2.5 · 104
and 105 ns−1. Since the detector was positioned at 30◦ relat-
ive to the deuterium beam, the neutron spectrum was centered
at En = 14.73 MeV with a full width half-maximum (FWHM)
of 0.49 MeV [41]. In order to compare the spectra, the dura-
tion of most irradiations was set to achieve the same number
of neutrons produced by the source (=1013), resulting in irra-
diations being between 10 and 30 min long. Two irradiations
(the one at RT and the one at 500 ◦C) were an exception to this:
to correct this, the number of counts of the two spectra were
multiplied by a normalizing factor equal to the ratio between
the standard fluence (=1013) and the fluence measured by the
alpha detector for the irradiation.

The detector was tested from room temperature (RT) up to
the heating system’s operational limit of 500 ◦C. The detec-
ted events were recorded as pulse height spectra (PHS). Each
PHS was calibrated in energy by identifying the character-
istic peaks of known nuclear reactions on SiC (28Si(n,α)25Mg,
12C(n,α)9Be, 12C(n,n)3α and the elastic scattering on carbon),
as shown in figure 3. This allowed the conversion of PHS into
deposited energy (Ed) spectra [42]. The calibrated spectra are
shown in figure 4.

The stability of the SiC detector’s spectroscopic perform-
ance to 14 MeV neutrons was quantified by evaluating the
variation of its response function (PHS), energy resolution
(ϵ) and efficiency (e). The response function, describing the
relationship between pulse height and deposited energy Ed,
was obtained from the calibration process, while ϵ and e were
derived from the standard deviation (σ) and amplitude of the
12C(n,α)9Be peak modeled with a Gaussian function. The
Gaussian11 fit was performed through a Markov Chain Monte
Carlo (MCMC) method. In particular:

• The response function was monitored via the uncalibrated
centroid position of the Gaussian fitting the 12C(n,α)9Be
peak.

• The energy resolution ϵ was calculated as the ratio between
the FWHM of the fit and the neutron energy En [43]:

ϵ=
FWHM
En

=

√
2 · ln(2) ·σ

En
.

• The efficiency e was derived from the area Af:

Af =
√
2π · a ·σ.

With a being the amplitude of the Gaussian.

For each spectrum, the MCMC Gaussian fits were performed
over a variable channel range centered around the peak data
maximum (Epeak, max), covering all energy-equivalent chan-
nel combinations within the interval (Epeak, max ± 1.5 MeV),

11 The trade-off between data fitting and model complexity, assessed through
AIC and BIC criteria, identified the Gaussian model as the most suitable for
fitting the 12C(n,α)9Be peak. Nevertheless, MCMC fits were also performed
using Lorentzian e Voigt profiles (two commonly adopted alternatives in spec-
troscopy), to ensure the selection of the most appropriate model to capture the
specific characteristics of the experimental peak.
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Figure 4. Calibrated Ed spectra of SiC irradiated at FNG by 14.73 MeV DT neutrons at various temperatures between 25 ◦C and 500 ◦C.
The 12C(n,α)9Be peak is highlighted in figure, along with its Gaussian fit. The amplitude and standard deviation of such fit are then used to
measure the detection properties of the detector in figure 5.

with a step size of 0.1 MeV. The final values of the spec-
troscopic parameters for each temperature were then cal-
culated as weighted means of the results obtained across
all the spectra analyzed in the interval, with weights based
on the statistical significance of each fit. Uncertainties on
the number of counts (N) were estimated as the Poissonian

term √N plus a systematic 3% contribution, accounting
for the intrinsic neutron emission uncertainty of the
FNG facility [41].

The temperature dependence of the SiC detector charac-
teristics, along with their associated uncertainties, is shown
in figure 5. Data were fitted using a linear model, and both
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Figure 5. Analysis of dependence of spectroscopic parameters on the working temperature, obtained by MCMC Gaussian fitting.

1σ and 2σ confidence intervals are reported. As shown in
the figure, both energy resolution and total counts for the
12C(n,α)9Be peak remain constant across the investigated tem-
perature range. This behavior was confirmed by a statistical
hypothesis testing, using the null hypothesis m = 0 (i.e. no
temperature dependence). Some data points measuring the
total number of counts under the peak (more specifically, RT
and 250 ◦C) show significant deviation from the fitting, being
more than 2σ away from the fit value. Such deviations do not
match with the experiment performed in the past [35], thus
suggesting that the source of the deviation is due to an under-
estimation of the setup errors rather than some property of
the SiC itself. More experiment in the future with a different
setup should be conducted to assess the nature and eliminate
the large dispersion in the data.

It should be noted that themeasured energy resolution value
(7%, 3% at RT) is much higher than the energy resolution
achieved in the past on other similar SiC detectors (ranging
from 2% to 3% for 14 MeV neutrons [23, 27, 44]). This is due
to the setup not being optimized for energy resolution: the non-
monochromatic neutron flux at the detector position, the pres-
ence of the oven very near the detector, the absence of welding
and the electrical contacts not optimized for high temperature
all contributing all contributed to worsen the energy resolu-
tion. As such, the value of the energy resolution should not
be interpreted as an accurate prediction of a future SiC spec-
trometer, but rather as a mean to study the dependence of the
energy resolution to temperature.

The centroid position, instead, exhibits a slightly positive
linear trend which is incompatible with the null hypothesis

m= 0, indicating an increase in pulse-height signal with
temperature for a fixed deposited energy. This behavior is
attributed to the temperature-dependent reduction in the aver-
age electron–hole pair creation energy in 4 H-SiC, as previ-
ously reported in [27, 28].

The maximum observed centroid shift, obtained from the
difference between the highest and lowest Gaussian centroid
values (at 450 ◦C and 25 ◦C), corresponds to an Ed vari-
ation of 300 ±35 KeV. This represents 2.0% of the nominal
neutron energy (En = 14.7 MeV), a value comparable to the
best reported SiC detectors energy resolution values (∼2%
@14MeV) [27, 44]. Nevertheless, the linearity of the centroid
shift, together with the characteristic spectral shape, enables
straightforward calibration adjustment to compensate for the
response function drift.

4. Conclusions and outline

This study, conducted within the framework of Eni-CNR
Joint Research Centre ‘Ettore Majorana’, investigated the per-
formance of a 4 H-SiC-based fast neutron detector under
high-temperature conditions, extending previous work [35] to
fusion power plant relevant temperatures up to 500 ◦C.

A 250 µm-thick SiC detector was tested with DT neut-
rons from the FNG across a temperature range of 25 ◦C–
500◦C. The results show that, when coupled with MI cables
and heat-resistant junctions, the detectormaintains stable neut-
ron detection performance up to 500 ◦C. Both the peak area
and energy resolution remain constant with temperature, while
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the response function exhibits a small linear drift (corres-
ponding to a 318 keV shift in the main spectral feature from
RT to 500 ◦C) which can be compensated to preserve detec-
tion accuracy. Data (especially those linked to the number of
counted neutrons) also presents significant dispersions around
the mean, suggesting that the measurement setup should be
improved in the future. In response, an optimized 250 µm 4H-
SiC device is currently under development within the ongoing
research activities at the Eni-CNR Joint Research Centre. The
new design includes improved doping profiles, edge structures
and enhanced high-temperature-compatible components.

The results presented here represent a significant step
forward in high-temperature neutron detection. The robust
observed detection properties indicate that, when coupled
with suitable electronics, SiC detector can operate effect-
ively under harsh thermal conditions, reinforcing the poten-
tial for SiC detectors as a promising solution to fill the current
technological gap in high-temperature neutron spectroscopy.
Applications may include test blanket modules (TBMs) and
future tokamak BBs, where operational temperatures exceed
300 ◦C. Before the SiC could prove to be a definitive solu-
tion for TBMs neutron detection, though, more studied should
be conducted on the SiC-especially for evaluating the per-
formance of the detector under the unprecedentedly high
levels of fast neutron irradiation, which might alter the per-
formance of it due to neutron damage. A comparative study
with diamond detectors and other means of neutron detection
should be performed in the future combining extreme fluen-
cies (1014 n cm−2 and more) and high temperatures (300 ◦C–
500 ◦C) to obtain a final assessment on the performance of the
SiC in fusion near-plasma environments.

Beyond nuclear fusion, SiC detectors may also prove valu-
able in other fields requiring fast particle detection in extreme
environments, such as spent nuclear fuel monitoring [45, 46],
aerospace industry and high-energy physics experiments.
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