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Abstract—4H-SiC belongs to the family of the third-
generation semiconductors and features excellent proper-
ties, e.g., high radiation resistance, high charge collection
efficiency (CCE), exceptional thermal stability, and low
sensitivity to γ -rays. These advantages make 4H-SiC suitable
for developing neutron detectors used in intense neutron
fields characteristic of tokamaks. However, 4H-SiC detectors
suffer from performance degradation after neutron irradiation
to high fluence. The knowledge of the degradation evolution
of 4H-SiC detector performance parameters with neutron
fluence in specific situations can not only help optimize
the detector design but also help understand and even
correct experimental data for its better use. The technology
computer-aided design (TCAD) software is used here to
predict the detailed parameters in 4H-SiC bulk underlying
the detector performance degradation resulting from neutron
irradiations in the vicinity of experimental advanced superconducting tokamak (EAST) tokamak, a fusion device, and the
reason for the detector performance degradation caused by neutron irradiation is analyzed. Our 4H-SiC detector damage
analysis model employed in TCAD yields CCE values, which have a reasonable consistency with experimental results
obtained in references for neutron fluences up to 5 × 1015 cm−2. Additionally, at the neutron fluence of 1015 cm−2, the
electric fields within 4H-SiC bulk have significant distortions. Nonetheless, the CCE remains at about 40%, demonstrating
an extremely high tolerance to neutron irradiations. Meanwhile, our study reveals that enhancing carrier transport rates
and strengthening the field within the sensitive region can effectively mitigate the degradation of detector performance,
thereby enhancing the detector’s radiation tolerance.

Index Terms— 4H-SiC detector, charge collection efficiency (CCE), fusion neutron, radiation damage, technology
computer-aided design (TCAD).
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I. INTRODUCTION

IN MAGNETIC confinement fusion plasmas, neutrons
are generated through nuclear reactions D(d, n)3He and

T (d, n)4He. By measuring the number and energy spectrum
of neutrons produced in fusion reactions, different plasma
parameters related to the velocity distribution of fast ions
can be obtained [1], [2], [3]. Accurately obtaining plasma
parameters is of paramount importance for research in plasma
physics and the stable operation of fusion devices [4]. In a
single discharge experiment of tokamak devices, the neutron
yield can exceed 1019 s−1 [5], [6]. Neutron flux can surpass
1011 cm−2

· s−1 at positions several meters away from the
plasma center. The present silicon and scintillation detectors
are only resistant to neutron irradiations at the level of
1012 cm−2 and have difficulty meeting the requirements of
stable operation for long-term use [7], [8]. In addition to
high neutron fluences, the harsh working conditions around
fusion devices consist of strong magnetic fields and high γ -ray
backgrounds. Therefore, the development of neutron-tolerant

1558-1748 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on February 17,2024 at 05:18:03 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0009-0004-1525-7738
https://orcid.org/0000-0003-3320-8142
https://orcid.org/0000-0002-6235-933X
https://orcid.org/0000-0003-3308-0468


SUN et al.: INVESTIGATION OF THE PERFORMANCE DEGRADATION OF 4H-SiC NEUTRON DETECTORS 4433

detectors that can withstand the harsh operating conditions in
fusion experiments has become a crucial issue [4].

4H-SiC material features a wide bandgap (3.27 eV),
a high displacement threshold energy (21.8 eV), and excellent
electrical and thermal properties. Therefore, 4H-SiC detectors
can operate in environments with high temperatures and
intense neutron radiation, making them potential detectors
for fusion neutron measurements [9], [10], [11]. 4H-SiC
is used in p-i-n junction diode or Schottky barrier diode
(SBD) detectors [10]. They can be utilized for direct
neutron energy spectrum measurements through nonelastic and
elastic scattering reactions with 12C nuclei in the detector
bulk [7]. Alternatively, they can be coated with thermal
neutron conversion materials, such as 6LiF and B4C on
their electrode surfaces, to be used as thermal neutron
counters. Placing these counters within moderator materials
like polyethylene can also develop neutron monitors or
broad-energy neutron spectrometers [10]. Research indicates
that 4H-SiC detectors exhibit energy resolution, detection
efficiency, and extremely high charge collection efficiency
(CCE) comparable to diamond detectors [12], [13]. Compared
to silicon, the larger bandgap width of 4H-SiC results in
significantly lower leakage and noise, enabling its stable
operation under high temperature up to 700 ◦C [9]. The high
displacement threshold energy of 4H-SiC also suppresses the
generation of internal defects during irradiation, imparting
exceptional radiation stability to 4H-SiC detectors.

Numerous studies have shown that 4H-SiC detectors
maintain good performance even after exposure to neutrons
exceeding 1014 cm−2 [14], [15]. However, experiments
also revealed that the performance degradation of 4H-SiC
detectors still occurred when the neutron fluence was less
than 1014 cm−2 and the degradation becomes worse with
increasing fluence [14]. The irradiation damage distorts the
electric field in the sensitive region of 4H-SiC detectors,
which influences the charge carrier transport, leading to
the current pulse signal distortion, CCE decrease, energy
resolution deterioration, and even counting rate decrease [12],
[14], [15], [16], [17]. Many experiments have been carried out
to investigate the performance degradation of semiconductor
detectors under neutron irradiations [12], [14]. The superiority
of simulation methods to experiments is the low cost as large
facilities for producing intense neutrons are not needed [18],
[19] and the flexibility in adjusting source parameters
and in constructing detectors with different geometries and
manufacturing processes [20], [21]. The simulation methods
can thus give more detailed performance parameters that it
is hard or impossible to give via experiments, e.g., electric
field distribution in the detector’s sensitive region, carrier drift
and recombination at different positions, and CCE in specific
time or neutron fluence [17], [22]. The parameters predicted
using simulations can be utilized to correct data from detectors
and guide the design optimization of detectors [23], [24], thus
enhancing the accuracy of detector counts and pulse height
spectra used for understanding and controlling fusion burning
plasmas in fusion devices.

The technology computer-aided design (TCAD) simulation
method has already been used in the research of 4H-SiC
detector performance. For instance, Tripathi et al. [18]

utilized TCAD to study the impact of gamma and neutron
irradiation on the electrical performance of 4H-SiC fast
neutron detectors. Siddiqui and Usman [23] conducted a
comparative study using TCAD to investigate the proton
radiation tolerance of both silicon and SiC detectors.
Xiong et al. [24] employed TCAD to analyze the charge
collection characteristics of SiC fast neutron detectors.
Zhang et al. [25] used TCAD to investigate the detector
output characteristics when detecting heavy charged particles
with SiC detectors. The aforementioned work primarily uses
simulation programs to conduct carrier transport simulations
and performance analysis in semiconductor detectors, as well
as to analyze the electrical characteristics, such as I –V and
C–V of 4H-SiC detectors after exposure to neutrons, protons,
and gamma irradiation. However, there is still a lack of
research on the performance degradation evolution for 4H-SiC
detectors after exposure to high neutron fluences.

This study simulated the electric field distortion in the
sensitive region and the performance degradation evolution of
4H-SiC detectors under neutron irradiation in the experimental
advanced superconducting tokamak (EAST) tokamak. First,
Monte Carlo N–Particle Transport Code System 6 (MCNP6)
was used to optimize the design of 4H-SiC neutron
detectors suitable for neutron monitoring in a tokamak fusion
environment. Subsequently, the influence of neutron irradiation
of EAST tokamak on the output performance of 4H-SiC p-
i-n detector is studied in detail by using Silvaco TCAD.
In addition, we analyzed the causes of detector performance
degradation due to neutron irradiation and identified effective
methods to enhance the detector’s radiation tolerance.

II. SIMULATION METHOD

A. Neutron Yield Monitor
Although 4H-SiC detectors can detect fast neutrons

through nonelastic and elastic scattering reactions with
12C and 28Si nuclei [7], their detection efficiency is not
particularly high. To achieve higher detection efficiency and
a flatter neutron response, a neutron fluence monitor can be
constructed by putting a 4H-SiC neutron detector inside a
neutron moderator made from polyethylene materials. The
polyethylene materials can moderate fast neutrons into thermal
neutrons. Subsequently, these thermal neutrons are detected by
a 4H-SiC neutron detector coated with a 6LiF thermal neutron
converter [10]. Here, 4H-SiC is used as a thermal neutron
counter. The 4H-SiC detects thermal neutrons by recording
the charged particles produced by thermal neutrons in the
converter via the 6Li(n, T )α nuclear reaction. Due to the
higher energies and less energy loss in the converter, the tritons
are usually used to count the incident neutrons.

For the neutron monitor, the response is defined as the triton
counts recorded by 4H-SiC per unit incident neutron fluence.
The response at energy E is calculated by using the following
formula [26]:

R(E) = as · N6Li

N∑
i=1

c(E ′

i ) · 8
(
E ′

i
)
· S

(
E ′

i
)
· σn,t

(
E ′

i
)

(1)

where E is the incident neutron energy, E ′

i is represented
as an array, denoting the moderated neutron energies in
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the converter region, N6Li is the 6Li atom number in the
convertor, as is the beam area of incident neutrons, c(E ′

i ) is
the proportion of the number of tritons produced from the
6Li(n, t) reaction and recorded by 4H-SiC detector, 8(E ′

i ) is
the neutron fluence at the i th energy interval with E ′

i as the
center, S(E ′

i ) is the neutron self-shielding factor, and σn,t is
the standard 6Li(n, t) reaction cross section obtained from the
ENDF/B-VII.0 library.

In fusion plasma experiments, it is better to characterize the
damage level of 4H-SiC detector caused by neutron irradiation
at different cumulative neutron yields in plasmas. First, based
on the non ionizing energy loss (NIEL) hypothesis [27],
we use (2) to convert the neutron fluence in the neutron mon-
itor position into standard 1-MeV equivalent neutron fluence
in the SiC crystal volume, as neutrons in the monitor position
have to undergo moderation and absorption process in the
moderator before irradiating the SiC crystal. Second, the trans-
fer coefficient of the source neutrons from plasmas to the neu-
tron monitor position should be considered. Eventually, these
calculations will enable us to determine the standard 1-MeV
neutron fluence level corresponding to each source neutron.

In the simulation, 4H-SiC detector is placed at the center of
a cylindrical polyethylene moderator, and a 5-µm-thick 6LiF
sample used as the thermal neutron converter was deposited on
its contact surface. The surface cross-sectional dimensions of
4H-SiC detector region are 0.4 × 0.4 cm, with a thickness of
400 µm, for the purpose of detecting triton particles generated
by the moderated neutrons in the converter material. In this
study, we place the neutron detector at a distance of 11.0 m
from the center of the tokamak and use the energy distribution
of neutron fluence measured at position one in [28] as the
neutron source. We then convert its fluence values to 1-MeV
equivalent neutron damage fluence by using the following
formula:

81 =
NIEL(EEAST)

NIEL(E1)
· 8EAST = k · 8EAST (2)

where 8EAST is the neutron fluence generated by the
EAST source at the neutron detector location, 81 is the
1-MeV equivalent neutron fluence at the SiC crystal volume,
NIEL(EEAST) and NIEL(E1) are the nonionizing energy loss
values in 4H-SiC crystal for the EAST neutron source and
1-MeV monoenergetic neutron source, respectively, and k is
the fluence conversion coefficient.

B. TCAD Simulation Method
In this study, a 2-D simulation model of 4H-SiC p-i-n

detector is constructed by using Silvaco TCAD to analyze the
changes in the parameters, such as the sensitive region electric
field, current impulse response, and CCE of the detector after
neutron irradiation. The aim of the study is to investigate the
degradation evolution of 4H-SiC detector performance with
neutron fluence to analyze the factors of detector performance
degradation and to find suitable methods that can effectively
improve the irradiation resistance of the detectors.

1) Construction of the Physical Model: The structure of
4H-SiC detector constructed is illustrated in Fig. 1. The
detector primarily consists of three parts: 1) a 350-µm-thick

Fig. 1. Schematic of the 2-D structure of 4H-SiC p-i-n detector.

n+ substrate (doping = 5 × 1018 cm−3), 2) a 50-µm-thick
epitaxial layer in the I -region (doping = 2 × 1014 cm−3),
and 3) a 0.5-µm-thick p+ region formed on the n-type
4H-SiC epitaxial layer by Al ion implantation (doping =

1 × 1019 cm−3), with phosphorus used as the n-type dopant.
The electrodes placed at the bottom of the substrate and the
top of the p+ region are designed as ohmic contacts. In TCAD
simulation studies, modeling and analyzing individual detector
cells is relatively easy. This approach not only ensures a
sufficient grid density to enhance computational accuracy but
also improves simulation efficiency [25]. Therefore, in this
work, the lateral dimensions of the device structure model
are set to 100 µm.

In the simulation process, in addition to considering the
fundamental model, 4H-SiC material properties and basic
physical models are simultaneously defined. The models
used in the simulation include low-field mobility, high-field
saturation, Shockley–Read–Hall (SRH) recombination, Auger
recombination, impact ionization, and incomplete ionization,
among others. The parameters for the models used are
primarily referenced from [18].

2) Device Damage and Particle Incidence Equivalence: In
the simulation, defect characteristic parameters in semiconduc-
tor devices, such as energy levels, concentrations, and capture
cross sections, are extracted by using experimental methods,
such as deep level transient spectroscopy (DLTS), thermally
stimulated current (TSC), transient capacitance (TCAP), and
so on [18]. These parameters are introduced into TCAD
simulations using the Trap statement, and the relationship
between trap density and neutron irradiation fluence is built
through (3). Research indicates that fast neutron damping
is the primary cause of irradiation damage during neutron
detection with the detector [9], [10]. While the interaction of
neutrons with the converter may generate charged particles
that cause defects when they enter the detector, this effect is
secondary. In this work, we primarily employ Z1/Z2 defects
to characterize the damage caused by neutron irradiation to
the detector [29]

N (8) = N0 + kN · 8 (3)

where 8 represents the radiation particle fluence, kN is the
damage constantly defined as the linear relationship between
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Fig. 2. Energy deposition of α and T particles in 4H-SiC material.
(a) 2.05-MeV α particles. (b) 2.75-MeV T particles.

per-unit fluence and the generation of defect quantity, and N0
is the initial defect concentration before irradiation.

The secondary particles, namely, 2.73-MeV tritons and
2.05-MeV α particles, produced by the reactions between
thermal neutrons and 6LiF converter will have a certain energy
loss when they pass through the converter material [18], [26].
Therefore, different energies of α and triton particles will be
incident on the p+ side of 4H-SiC detector. Only charged
particles with maximum energy and vertical impingement
on the detector surface are considered when calculating the
energy deposition distribution within the sensitive region
of the SiC crystal. Additionally, when secondary charged
particles pass through the several 100-nm-thick front contact
electrode, they only lose tens of kiloelectronvolts in energy.
Hence, the influence of the front electrode is neglected. The
energy deposition distribution of α and triton particles in
the SiC crystal is simulated using the SRIM-2013 program,
and the resulting Bragg energy distribution is depicted in
Fig. 2. It is evident that the energy deposition of secondary
particles in 4H-SiC crystal is highly nonuniform. Most of the
particle energy is released at the end of the incident path,
resulting in a sharp Bragg energy peak. Therefore, to better
characterize the spatial distribution of energy deposition by
secondary particles incident on the detector, a “segmentation
method” is employed to describe the energy deposition [25].
For instance, for α particles, each segment is taken as
0.2 µm, and the average linear energy transfer (LET) value

Fig. 3. Response function curves of neutron detectors with different
(a) lengths and (b) diameters of polyethylene moderators.

is calculated for each segment interval and used as an input
for TCAD.

III. RESULTS AND DISCUSSION

A. Neutron Monitor
Monte Carlo simulations were conducted to calculate the

response functions of neutron monitors with different sizes of
cylindrical polyethylene moderators. The results are presented
in Fig. 3. We observed that the overall response values of
4H-SiC detector increase with the diameter of the polyethylene
moderator. Once the diameter reaches a certain threshold, the
influence of polyethylene diameter on the response diminishes.
Besides, an increase in polyethylene length results in the
maximum response shifting toward higher energies. For
D plasma, the neutron energy spectrum around the tokamak
device shows a broad energy range distribution from thermal
neutrons to several megaelectronvolts. Taking the detector’s
detection efficiency and neutron-sensitive region into account,
the optimized dimensions for the polyethylene moderator are
a diameter of 20 cm and a length of 8 cm.

In the EAST fusion plasma experiment, the neutron energy
spectrum measured at a distance of 11.0 m from the tokamak
center [28] is shown in Fig. 4(a). Using it as the neutron
source, the neutron energy spectrum incident on the surface
of the 4H-SiC detector after passing through the designed
detector moderator is depicted in Fig. 4(b). Based on the NIEL
assumption, using (2), the equivalent conversion coefficient k
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Fig. 4. Neutron spectrum in the EAST D plasma experiment. Neutron
energy spectrum at (a) distance of 11 m from the tokamak and
(b) position of the SiC volume of the neutron monitor.

for the neutron fluence 8EAST at this location is determined
to be 0.916. Considering the transmission coefficient from
the source neutrons to the neutron monitor location to be
approximately 1.4 × 10−7 cm−2 per source neutrons [28],
the 1-MeV equivalent neutron damage fluence at the SiC
crystal volume for one source neutrons emitted from plasmas
is determined to be 1.28 × 10−7 cm−2.

B. Characteristics of the Unirradiated 4H-SiC p-i-n
Detector

Silvaco TCAD was utilized to simulate the forward
I –V curves and reverse breakdown voltages of 4H-SiC p-i-n
detector, as depicted in Fig. 5. We observed that the forward
threshold voltage of the detector is approximately 2.7 V, while
the reverse breakdown voltage is around 9000 V.

Further analysis of the relationship between the thickness
of the detector’s sensitive region and the applied operating
bias voltage is presented in the simulation results in Fig. 6.
We observed that there is a positive correlation between the
thickness of the detector’s sensitive region and the operating
bias voltage. The maximum thickness of the sensitive region is
similar to the thickness of the detector’s intrinsic region
(I region). After the thickness of the detector’s sensitive region
reaches its maximum, an increase of operating bias voltage
can merely strengthen the electric field in the sensitive region,
without changing the thickness of the sensitive region. The
simulation results are consistent with the calculations in [25].

Fig. 5. I–V characteristics of 4H-SiC detector before neutron irradiation.
(a) Forward I–V curve. (b) Reverse breakdown voltages.

Fig. 6. Electric field distribution in the sensitive region of 4H-SiC
detector at different operating bias voltages.

Since the drift motion of charge carriers generated by
secondary particles within the sensitive region is the primary
source of the detector’s output signal, it is essential that the
depleted region width is greater than the maximum penetration
range of incoming particles inside the SiC sensitive region.
As shown in Fig. 2(b), the maximum range of 2.73-MeV triton
particles within 4H-SiC detector is approximately 28 µm.
As evident from Fig. 6, when the operating bias voltage
is 200 V, the active layer thickness of 4H-SiC detector is about
33 µm. Therefore, for the subsequent simulation process, the
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Fig. 7. Transient current pulse response of 4H-SiC detector to
2.05-MeV α particles at different operating bias voltages.

operating bias voltage was set to 200 V to ensure an adequate
depletion region thickness.

The influence of operating bias voltage on the detector’s
output characteristics was further analyzed. The simulations
were performed for 2.05-MeV α particles under different
operating bias voltages, and the resulting changes in the
detector’s output current pulse waveform are depicted in
Fig. 7. We observed that the output signal has a width in
the nanosecond range, indicating a fast response in 4H-SiC
detector. This allows it to operate in pulse mode for monitoring
intense neutron fields.

As the operating bias voltage increases, the width of the
detector’s output current pulse waveform decreases, and the
peak position increases. At lower operating bias voltages,
there is a noticeable tailing effect in the detector’s output
current pulse. However, when the operating bias voltage
exceeds 150 V, an increase in the operating bias voltage
results in the detector’s output waveform remaining essentially
unchanged. This is because at lower operating bias voltages,
the depletion layer thickness and field strength in the detector
are relatively small. Besides, as can be seen from Fig. 2, the
range of α particles with an energy of 2.05 MeV is about 5 µm
in the detector. They deposit a significantly greater amount of
energy in the latter half of their trajectory, which is the primary
region for generating charge carriers. Therefore, when the
depletion layer is relatively thin, some of the charge carriers
are generated outside the depletion region. Because there is
virtually no electric field outside the depletion region, these
charge carriers do not contribute to the detector’s output signal.
Additionally, under lower field strengths, the drift velocity
of charge carriers is slower, resulting in a wider pulsewidth.
By increasing the operating voltage, when the depletion layer
thickness is greater than the range of incoming particles,
almost all charge carriers are generated within the depletion
layer. At the same time, there is a high-field saturation
phenomenon in the carrier drift velocity. Therefore, when the
operating bias voltage reaches a certain level, the detector’s
current pulse response remains essentially unchanged.

When choosing a depletion layer thickness that is sufficient,
i.e., with an operating bias of 200 V, the changes in the
output current pulse waveform of 4H-SiC p-i-n detector when

Fig. 8. Transient current pulse response of 4H-SiC detector to α
particles of different energies at 200-V operating bias voltage.

Fig. 9. Electric field distribution in the sensitive region of 4H-SiC
detector at 200-V operating bias voltage for different neutron fluence
levels.

detecting α particles of different energies were investigated,
as shown in Fig. 8. The simulation results indicate that as
the α-particle energy increases, the peak of the transient
current pulse rises, and the pulsewidth can see a slight
increase. This is because the charge carriers generated by
secondary particles are primarily within the sensitive region.
As the energy of incident α particles increases, the number of
charge carriers generated inside the detector also has the same
trend. Furthermore, since charge carriers are predominantly
generated at the end of the particle’s trajectory, and the higher
incident particle energies, the longer the corresponding particle
ranges are, the pulsewidth slightly increases with the increase
of incident particle energy.

C. Characteristics of the Neutron-Irradiated 4H-SiC p-i-n
Detector

Shown in Fig. 9 are the electric field distributions in the
sensitive region of the SiC crystal at 200-V operating bias
voltage after being irradiated with different neutron fluences
of 1 MeV. When the neutron fluence increases, there is a
distortion in the electric field distribution within the detector’s
sensitive region, particularly at both ends of the sensitive
region. This is due to a large number of defects within the
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Fig. 10. I–V characteristics curves of 4H-SiC detector under different
neutron irradiation fluences.

detector due to neutron radiation damage. When the charge
carriers generated by the incident α particles drift within the
sensitive region under the influence of the electric field, these
defects have a certain probability of capturing the charge
carriers, turning them from neutral into charged. This, in turn,
creates an internal electric field and alters the electric field
distribution within the detector’s sensitive region.

Fig. 10 shows the forward I –V characteristics of 4H-SiC
detector irradiated with different amounts of incident neutrons.
The curve tends to shift to the right with increasing neutron
irradiation fluence compared with the unirradiated detector.

This is due to the fact that neutron irradiation produces
defects that change the material properties and junction
characteristics of 4H-SiC detector. The simulated device is
no longer an ideal semiconductor device, and this leads to the
generation of a new leakage mechanism, thereby altering the
conduction mechanism of the device. This change may lead
to increased noise in experimental measurements.

At an operating bias voltage of 200 V, the detector’s
response to 0.5-MeV α particles was further analyzed after
exposure to different fluences of 1-MeV neutrons. The
simulation results are presented in Fig. 11(a). With the
increase in neutron fluence, the peak current of the detector’s
output current pulses decreases, and the peak position also
changes. It is worth noting that at a neutron fluence of
1 × 1012 cm−2, while the current pulse signal experiences
some attenuation (with a CCE of 96%, as shown in Fig. 12)
and waveform distortion, the changes in the detector’s sensitive
region electric field (as shown in Fig. 9) are not very
significant. There are only slight variations in the field strength
at both ends, indicating that the pulse shape is highly sensitive
to changes in the sensitive region’s electric field. Furthermore,
as shown in Fig. 11(b), when the neutron fluence is relatively
high, the output signal pulsewidth becomes narrower. This is
due to the neutron irradiation, as shown in Fig. 9, causing
changes in the sensitive region’s electric field, affecting
the drift velocity of charge carriers, and thereby impacting
the detector’s output current pulse signal. From Fig. 11(a),
we observed that when the neutron fluence is greater than
1 × 1011 cm−2, the current pulse shape changes significantly
with increasing neutron fluence. Therefore, in experimental

Fig. 11. (a) Transient current pulse response and (b) pulsewidth of the
4H-SiC detector to 0.5-MeV α particles at 200-V operating bias after
neutron irradiation under different neutron fluences.

Fig. 12. CCEs of 4H-SiC detector at different operating biases and after
neutron irradiation under different fluences.

measurements, analyzing the shape of the current pulses
from 4H-SiC detector may be used to estimate the levels of
incident neutron fluence and changes in SiC detector property
parameters like CCE.

Next, the impact of operating bias voltage on the radiation
stability of the detector was analyzed. Simulations were
conducted at operating bias voltages of 100, 200, and 300 V.
The detector was used to detect 0.5-MeV α particles
following irradiation with varying neutron fluences, and the
changes in the output current pulse waveforms were observed.
We observed that under nonirradiated conditions, the output
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Fig. 13. Transient current pulse response of 4H-SiC detector to
0.5-MeV α particles at different operating bias voltages after the neutron
irradiation under different fluences.

signals are nearly identical at different operating bias voltages.
After exposure to a certain neutron fluence, the detector’s
output current pulse signals exhibit peak and shape changes
similar to those seen in Fig. 13. At the same time, we observed
that as the operating bias voltage increases, the variations
in the detector’s output waveform show a downward trend,
indicating an enhanced radiation stability in the detector. This
is because higher operating bias voltage intensifies the electric
field in the detector’s sensitive region, leading to the increased
carrier mobility and making it more challenging for carriers to
be captured. Consequently, the internal electric field generated
by defect-captured carriers weakens, reducing the probability
of carrier recombination. Therefore, during detector operation,
maximizing the operating bias voltage is an effective approach
to enhance the detector’s radiation tolerance.

Finally, the impact of neutron irradiation on the CCE of
4H-SiC detector is depicted in Fig. 12. We observed that
simulation results and experimental measurements exhibit
good agreement at neutron fluences below 1 × 1014 cm−2.
In the high neutron fluence region, the simulation results
slightly exceed the experimental values [16]. This is primarily
due to the idealized parameter settings used in the simulation,
resulting in slightly higher simulated CCE values than the
experimental data. From Fig. 12, it is evident that as the
neutron irradiation fluence increases, the CCE of the detector
decreases. For instance, at an operating bias voltage of 200 V,
when the neutron irradiation fluence reaches 1 × 1014 cm−2,
the CCE still has 94%. We also experimentally investigate
the neutron damage of the SiC detector using an accelerator
neutron source. It is observed that the output performance of
the 4H-SiC detector remains almost unchanged at a neutron
irradiation fluence of 1 × 1014 cm−2 [30]. However, with
an irradiation fluence of 1 × 1015 cm−2, the CCE drops
significantly to only 40%. Similarly, as seen in Fig. 12,
increasing the operating voltage of the detector can effectively
mitigate the decrease in the CCE. This further illustrates that
raising the operating voltage of the detector can significantly
offset the effects of its exposure to neutron irradiation.
At an operating voltage of 300 V, even when the neutron
irradiation level reaches 5 × 1014 cm−2, the detector’s
CCE remains at 79%. Therefore, at an operating voltage

of 300 V, even when the neutron yield from the source reaches
3.91 × 1021 neutrons, the designed detector can still be
stably used at a distance of 11 m from the tokamak.
Furthermore, during a typical plasma discharge generated by
neutral beam heating (Shot #101896) at EAST, approximately
1.7 × 1015 neutrons were produced [7].

As a result, it can be concluded that 4H-SiC detectors
in this study are capable of withstanding more than
2.3 × 106 plasma discharge experiments when operating at
an operating bias voltage of 300 V.

However, for fusion experiments with higher neutron yields,
such as the International Thermonuclear Experimental Reactor
(ITER) deuterium-tritium (DT) plasma experiment where
the neutron yield exceeds 1019 s−1 and is ∼five orders
of magnitude higher than that in the EAST D plasma
experiment [6], [7], the neutron radiations might lead to
a significant degradation of 4H-SiC detector performance
after several neutron discharges. Therefore, for higher neutron
fluences (exceeding 1015 cm−2 for example), a comprehensive
analysis of the distortion of the pulse-height spectrum of the
4H-SiC detector due to neutron damage is needed to determine
whether or not the detectors are stable enough for plasma
diagnostics [9], [10], [11], [31]. This will be investigated in
subsequent work.

IV. CONCLUSION AND OUTLOOK

This work optimized a 4H-SiC p-i-n detector-based neutron
monitor for fusion neutron detection using the MCNP
code. Additionally, we utilized Silvaco TCAD simulations to
investigate the output performance of 4H-SiC p-i-n detectors
due to high fluence of neutron damage. The predicted CCE
values are in a good agreement with the experimental results
for neutron fluences up to 5 × 1015 cm−2. The results of
the research indicate that 4H-SiC detectors possess excellent
performance and a strong tolerance to neutron irradiation.
At low neutron fluences, such as 1 × 1012 cm−2, the detector’s
output current pulses show minor fluctuations, but there is
relatively little change in the electric field within the sensitive
region and the CCE. However, when being exposed to a
higher neutron fluence, 4H-SiC detector exhibits performance
degradation similar to that of a diamond detector, with a
noticeable change in the detector’s output signal. At an
operating bias voltage of 200 V and without irradiation,
the detector has a CCE value of 98.5%. After equivalent
1-MeV neutron irradiation at a fluence of 1 × 1014 cm−2,
the CCE value only decreases by 5%, demonstrating excellent
radiation tolerance. However, at a neutron irradiation of
1 × 1015 cm−2, the detector exhibits a substantial degradation
in device performance, with the CCE value dropping to only
40%. Furthermore, the research indicates that the irradiation-
induced degradation of detector performance is primarily
attributed to irradiation defects, which capture space charge,
resulting in a reduced electric field within the sensitive region
and an increase in charge carrier recombination. At the same
time, through simulation studies, it has been observed that
increasing the operating bias voltage to elevate the drift
velocity of charge carriers within the detector can effectively
enhance the detector’s resistance to neutron irradiation.
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The SiC detectors have a higher resistance to neutron
damage than the diamond detectors, which can be used to
develop neutron monitors and neutron spectrometers for fusion
plasma diagnosing [10], [12], [31], [32], [33]. In addition,
when measuring 14-MeV DT fusion neutrons using the SiC
detectors, similar to the diamond detector, in the pulse height
spectra, an isolated peak due to 12C(n, α)9Be reactions is far
away from the background and other complex structures. The
single isolated peak might be well suited for DT plasma diag-
nostic studies like the diamond detectors [31], [34]. Besides,
SiC detectors are far cheaper than diamond detectors [1],
[9]. Therefore, in future research, based on the results of the
present study, we further try to reconstruct the experimental
pulse height spectra of the SiC detectors used in fusion
neutrons detection. Then, we will analyze the influence of the
shape distortion of the pulse height spectra on the neutron yield
monitor and fast ions-related plasma diagnostics in tokamaks.
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