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4H-SiC features excellent properties such as wide bandgap and fast carrier drift velocity, making it a good
semiconductor candidate for developing neutron detectors with hard resistance, fast response, high charge
collection efficiency and excellent thermal stability. However, to date there remains a scarcity of comprehensive
studies on the performance of 4H-SiC based neutron detectors working in the neutron field of an accelerator-
based Boron Neutron Capture Therapy (AB-BNCT) facility. In our work, a °LiF thermal neutron convertor was
coated with the 4H-SiC detector to enhance the sensitivity to thermal neutrons by employing the °Li (n, @) T
nuclear reaction. The 4H-SiC detector yields a pulse height spectrum which has a clear Triton peak isolated from
other structures, demonstrating its good background rejection ability. Good performance is also revealed by the
excellent linear relationship between count rates of the detector and beam intensities of the AB-BNCT acceler-
ator, consistency between the detector and a standard neutron yield monitor of the AB-BNCT in their time-
dependent count rates, and long-time stability in both the count rate and the pulse height spectrum shape.
Based on the TCAD simulations, the 4H-SiC detectors were found to have high resistance to neutron radiation in
BNCT, with charge collection efficiencies exceeding 95 % even at neutron fluences up to 10*® cm™2. Due to the
compact volume, the 4H-SiC detectors have the potential to develop high-performance neutron fluence and
spectrum monitoring instruments for AB-BNCT facilities.

deviate to some extent from the real values due to the difficulties in
adequately describing the geometry dimensions, material contents and

1. Introduction

High energy neutrons in an accelerator-based BNCT (AB-BNCT) are
generated by bombarding targets with charged particles provided by an
accelerator. These neutrons are then moderated by a beam shaping as-
sembly (BSA) to thermal or epithermal energies for cancer treatment
[1-3]. AB-BNCT eliminates reliance on nuclear reactors, thereby
bypassing their regulatory constraints and enabling scalable deployment
in cancer therapy [4]. The BSA is generally designed using the Monte
Carlo simulations. However, the predicted neutron spectra and spatial
distributions of neutron flux at the beam exit of an AB-BNCT might

mass densities of components of the BSA. The large size of the BSA
makes the predictions of neutron flux and spectrum with high reliability
even harder. Additionally, the presence of instabilities in the charged
particle beam caused by internal malfunctions and space charge effects
in the accelerator [5,6], as well as long-term irradiation-induced
degradation and blistering of targets [7,8] would lead to changes in the
therapeutic neutron beams and cause bias in the neutron dose delivered
to the patient. Therefore, experimental verification of the calculated
neutron fluence distribution and energy spectrum at the beam exit, in
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conjunction with online monitoring of neutron beams are crucial to
guarantee the efficacy of BNCT treatment.

The 4H-SiC material features a wide bandgap (3.27 eV) and a high
atomic displacement threshold energy (21 eV for carbon, 35 eV for sil-
icon), which endows the detector with excellent signal-to-noise ratio
under low leakage current conditions and outstanding radiation resis-
tance [9-11], and exhibits excellent performance in intense neutron
field measurements. For instance, in a D-T fusion neutron irradiation
experiment, the charge collection efficiency (CCE) decreased by only 7
9% when the neutron fluence reached 1.31 x 10'* em~2 [12]. A neutron
flux monitor based on the 4H-SiC detector has a good linear response
over a neutron yield range of 10'2-10'° per discharge in the EAST
tokamak [13]. Additionally, the maximum breakdown electric field of
4H-SiC is eight times that of silicon, allowing for higher drift velocity
and more efficient charge collection under higher bias voltages. Studies
have demonstrated that a 4H-SiC detector with the sensitive region
thickness of 50 pm had a current signal width of <2 ns [14].

Given the favorable characteristics of 4H-SiC detectors, they are
well-suited for developing high-performance neutron fluence and
spectrum monitoring instruments for AB-BNCT facilities. The typical
neutron field of an AB-BNCT facility has a large-area with a diameter of
several tens of centimeters and a high neutron flux of approximately 10°
cm~2s7! at the beam exit [15]. To enable neutron fluence and spectrum
monitoring in AB-BNCT, the key challenge lies in fabricating thermal
neutron counters with superior performance using 4H-SiC detectors.
The electrode surface of a 4H-SiC detector can be coated with thermal
neutron-sensitive materials such as °LiF or B4C to make thermal neutron
counters, which can count thermal neutrons by recording the charged
particles produced in neutron convertors via neutron capture reaction
[16]. Furthermore, the flux monitoring of epithermal and fast neutrons
in an AB-BNCT can be realized by surrounding the 4H-SiC
detector-based thermal neutron counter with a well-designed moder-
ator. 4H-SiC belongs to semiconductor material and therefore can be
fabricated into a large area 2-D array of pixelated detectors working as
neutron flux monitors with good spatial resolution [17,18]. A neutron
spectrometer with high energy resolution can be developed by embed-
ding several 4H-SiC detector-based thermal neutron counters at
different depths within a neutron moderator for neutron spectrum
characterization and neutron field validation prior to each AB-BNCT
treatment [19]. In addition, despite the excellent radiation resistance
of 4H-SiC, prolonged exposure to intense neutron fields induces lattice
damage that would trigger polarization effect, thereby degrading pulse
height spectra and possibly affecting the count rate accuracy of the
detector [14,20].

To address the above issues, the performance of a 4H-SiC detector-
based thermal neutron counter is investigated when working in an AB-
BNCT neutron field. Firstly, measurements with an a particle source
for optimizing operation parameters were presented in Section 2. Sub-
sequently, response linearity tests are conducted at different beam in-
tensities of an AB-BNCT facility, followed by irradiation stability tests
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under continuous operation at the maximum beam intensity. The impact
of AB-BNCT neutron irradiation on the output performance of the
4H-SiC detector is analyzed by using the TCAD simulations. Further-
more, comparing with the standard neutron yield monitor (a BF3 gas
thermal neutron counter) currently used at the AB-BNCT facility in
Xiamen Humanity BNCT Center, the stability of the 4H-SiC detector is
further verified.

2. Measurement with an a source

Fig. 1 shows the 2D schematic diagram of the 4H-SiC detector used
in the experiment. The detector was based on a PIN diode with a sen-
sitive area of 1 cm?. A 30 pm epitaxial layer (doping = 2 x 10'* cm™3),
used as the sensitive volume, is grown on a 360 pm n-type 4H-SiC
substrate (doping = 5 x 10'® em™3). A 0.5 pm thick p + region (doping
=1 x 10'° em™3) formed on the n-type 4H-SiC epitaxial layer. Ohmic
contacts are formed using Ti/Ni metal stack for both the bottom sub-
strate and the top p + region electrode. The detector is housed in a
rectangular box made from aluminum with a circular hole facing the
sensitive area. Deposited on the inner face of the lid for covering the hole
isa 5 pm thick and 7 mm diameter’s LiF thermal neutron convertor with
an enrichment of Li to 90 %. The air gap between the convertor and
detector contact is 2 mm. Thermal neutrons can react with °Li in the
convertor by emitting in opposite direction 2.73 MeV tritons and 2.05
MeV « particles which can be recorded by the 4H-SiC detector [21].

A 5.48 MeV 2! Am standard « source at the China Spallation Neutron
Source was used to determine the suitable bias voltage of the 4H-SiC
detector. The detector and a-source were located in a metal vacuum
chamber, where a high vacuum of 0.1 Pa was maintained using a mo-
lecular pump. A charge amplifier CIVIDEC Cx-L was connected to the
detector via an adapter in the vacuum chamber wall. The output signals
from the amplifier were recorded by a CAEN DT5751 waveform digitizer
(10 bit, 1 GS/s).

Bias voltages of 50, 100, 150, 200, 250, and 300 V were applied, and
approximately 30,000 particles were collected over 120 s at a count rate
of about 250 cps. The peak positions and energy resolutions at these bias
voltages are shown in Fig. 2(a). The peak positions are stable when
increasing the bias voltages between 50 V and 300 V. Peak position
corresponds to the collected charges that are deposited by incidents
particles in the sensitive volume. The 5.48 MeV « particles have a range
of 18.3 pm in the SiC material. As shown in Fig. 3, when the voltages are
below 100 V, the sensitive region thickness is narrower than the range of
incident a particles and not all deposited charges can be collected by the
detector, which could explain the slight increase of peak positions when
increasing voltages from 50 V to 100 V. The full width at half maximum
(FWHM) decreases rapidly when increasing the voltages to 150 V and
becomes stable, reflecting that electric field strength plays a critical role
in enhancing the energy resolution [22]. For example, at 100 V even
though the sensitive region is thicker than the range of incident a par-
ticles, at the end of range the electric field strength is insufficient to

(b)

Neutron convertor

Fig. 1. (a) Schematic of the 2D structure of the 4H-SiC detector; (b) physical view of the 4H-SiC detector.
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Fig. 2. (a) The peak position, FWHM, and energy resolution of the 4H-SiC detector measured at different bias voltages; (b) a pulse height spectrum of the 4H-SiC

detector irradiated with a>*'Am o-source at the bias voltage of 150 V.
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Fig. 3. Electric field distribution in the epitaxial layer of the 4H-SiC detector at
different bias voltages.

efficiently collect the deposited charges concentrated at the Bragg peak
where the highest density of ionized charges accumulates. We can also
find that too high electric field strength will lead to the FWHM increase
and peak position reduce because of the leakage current increase,
resulting in energy resolution deterioration. The combined effects
analyzed above makes the 4H-SiC detector have the best energy reso-
lution at ~150 V.

At the optimal bias voltage of 150 V, the pulse height spectrum (PHS)
is depicted in Fig. 2(b) yielding the energy resolution of 2.05 %. The
energy resolution uncertainties are less than 0.1 % and obtained from
the Gaussian fitting process. The total counts under the PHS peaks are
about 30000. This resolution is worse than the best result of 0.29 % for a
4H-SiC detector claimed in reference [23] and close to the best result
achieved with a single crystal diamond detector (1.80 %) under the same
experimental setup[24], demonstrating the good energy resolving
capability of the 4H-SiC detector to charged particles.

Owing to the constraints of crystal fabrication processes, detectors
inherently exhibit a certain degree of defects, and prolonged irradiation
may lead to severe polarization effects [25,26], thereby deteriorating
the energy resolution of the detectors. Therefore, a 3 h stability test of
the 4H-SiC detector was conducted at a bias voltage of 150 V. A PHS was
acquired every 20 min and the variation of energy resolution with time
is shown in Fig. 4. It is revealed that the 4H-SiC detector maintained
outstanding energy resolutions varying between 2.05 % and 2.43 %
throughout the irradiation period. A slow increase of the energy reso-
lution should be due to the polarization effect. As the polarization effect
arises from charge accumulation in the bulk volume, a shorter stabili-
zation time is expected at higher charged particle count rate.
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Fig. 4. Variation of the energy resolution with time for about 3 h. Error bars
are smaller than the symbol size (<0.01 %) and thus not visible.

In the subsequent neutron experiment, the 4H-SiC detector is used as
a thermal neutron counter to detect tritons and o particles with a
continuous energy spectrum ranging from 2.73 MeV down to zero [24,
27]. The maximum range of these particles in 4H-SiC material is
approximately 28 pm, corresponding to 2.73 MeV tritons. At the bias
voltage of 150 V, the sensitive region of the 4H-SiC detector is 30 pm,
which is sufficient for full charge collection. Based on these test results,
the bias voltage of 150 V was chosen for the following neutron
experiments.

3. Neutron field experiments in BNCT

The neutron experiments of the 4H-SiC detector were conducted in
the neutron field of an AB-BNCT. The neutron spectrum of the field is
based on data from Ref. [28], most of the neutrons are in the epithermal
region between 0.5 eV and 10 keV. The neutron flux at the beam-exit can
be higher than 1 x 10° em™2 57, Fig. 5 shows the experiment setup. The
4H-SiC detector was enclosed in a polyethylene moderator center to
enhance the sensitivity to epithermal neutrons. The moderator is a cube
with a side length of 12 cm and its front face is 180 cm away from the
neutron beam-exit surface. A bias voltage of 150 V was applied using a
high-voltage supply (ORTEC 556). The detector signals were
pre-amplified using a charge amplifier (CIVIDEC C6) and further
amplified using a filter amplifier (ORTEC 474). The signals were
recorded by the DT5751 digitizer for subsequent analysis.
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Fig. 5. Experimental setup of the 4H-SiC detector in an AB-BNCT neutron field.

3.1. Response of the 4H-SiC neutron detector

Here, the C6 amplifier replaced the previously used Cx-L amplifier in
the o source measurement due to its fast response. The typical signal of
an « particle or low-energy Triton is shown in Fig. 6(a), with the FWHM
of ~25 ns. Fig. 6(b) shows the PHS accumulated over the 90 s of the
stabilization period of the accelerator with 10 mA proton beam in-
tensity. A distinct peak and continuous distribution are observed at
around 1700 channel and between 400 and 1100 channels, respectively.
In order to interpret the PHS contributions, the energy distributions of
tritons and o particles arriving at the SiC surface were calculated and
then fitted to the PHS with Gaussian broadening to reconstruct the PHS,
as shown in Fig. 7. The tritons and « particles produced in the convertor
respectively have the primary energies of 2.73 MeV and 2.05 MeV.
Before being detected by the SiC crystal, they have to undergo energy
loss in the convertor. The 2.73 MeV tritons have the range of 33.9 pm in
the LiF convertor which is much larger than the convertor thickness of 5
pm. Therefore, the tritons will only lose a slight energy before being
detected by the SiC crystal and contributes an obvious peak in the PHS
[24,27].

As seen in Fig. 7, the low energy tail of the tritons is ascribed to the
tritons incident at steep angles on the SiC surface, as the longer travel
distance in the convertor leads to more energy loss. For the 2.05 MeV o
particles, they have the range in the convertor of 5.6 pm which is close to
the convertor thickness and will lose a lot of energy, resulting in a flat
energy distribution. Therefore, the continuous distribution in the PHS is
contributed by a particles and the low energy tail of tritons.

The distinct peak of tritons is isolated in the PHS and far away from
the background contributions, indicating a good y background rejection
capability of the 4H-SiC detector used as a thermal neutron counter.
Based on the reconstructed PHS in Fig. 7, the energy threshold for tritons
is determined to be 1.54 MeV, corresponding to approximately the
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Fig. 7. Simulated pulse height spectrum with Gaussian broadening fitted to the
measurement result.

950th channel. Therefore, a suitable threshold can be set at this position
to effectively count most tritons and a small portion of « particles for
obtaining the responses to exposed neutron fields.

3.2. Linear response of the 4H-SiC neutron detector

Fig. 8(a) shows the correlation between the SiC detector count rate
and the neutron yield reflected by the beam current. There are two runs
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Fig. 6. (a) Output signal of the 4H-SiC detector with a FWHM of ~25 ns under 150 V bias voltage; (b) measured pulse height spectrum.
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Fig. 8. (a) Correlation between count rates of the 4H-SiC detector and beam currents of the accelerator. Error bars are smaller than the symbol size. (b) Normalized
ratio between count rates of a neutron yield monitor of AB-BNCT and 4H-SiC detector.

of measurements. In the first run, the accelerator beam current was
ramped up from 5 mA to 10 mA in 1 mA increments. At each beam
current, the accelerator was operated for about 3 min, after 90 s the
neutron yield was stable and used for data analysis. In the second run,
the beam current was adjusted downward to 5 mA under analogous
operational conditions. It can be seen that there is a strong correlation
between two sets of data (linear correlation coefficient R? = 0.99984),
and no obvious difference between the two runs was found. The
normalized ratio between the count rates of the neutron yield monitor
and the 4H-SiC detector is also given in Fig. 8(b) for comparison.

The correlation between the count rates of the 4H-SiC detector and
the beam currents is comparable to that of the neutron yield monitor,
demonstrating that the 4H-SiC detector has a good dynamic range in
neutron yield measurement. This feature is mainly ascribed to the fast
response of the 4H-SiC detector. The typical drifting time of carriers is
far less than 10 ns for the 4H-SiC detector with a sensitive layer of 30 pm
[14]. When using the fast charge amplifier C6, the pulse width of the
detector is about 25 ns, reflecting a high count rate of up to 4 x 10° s~!
with only 1 % count loss. In this test, the maximum count rate is about
2.3 x 10%s7L, far less than the allowed value. It means that even moving
closer to the beam exit of AB-BNCT, good linear result can still be
obtained.

3.3. Response stability of the 4H-SiC neutron detector

The inevitable polarization effect in 4H-SiC detectors is caused by
the long-term trapping of charge carriers by defects in the material. The
traps gradually fill over time, leading to the accumulation of space
charge, which in turn changes the electric field distribution inside the
detector and deteriorates the CCE and signal output [29].

During the irradiation at a beam current of 10 mA, the 4H-SiC de-
tector exhibited an average count rate of 25546.44 s~*, with a relative

| () —— 56655
800 ——646-655 s
600 |
(2]
k=
3 400}
()
200}
0

MCA channel

0 500 1000 1500 2000 2500

standard uncertainty of 0.8 % and a maximum deviation of 7.45 % over
the 600 s stable period. In Fig. 9(a), the PHSs accumulated over 10s
during the initial and final phases of the stable period are also compared
and no shape difference is found. The sustained stability of both the
count rate and PHS shape demonstrates that polarization effects did not
occur in the 4H-SiC detector over the entire 600 s period. During this
period, the accumulated counts of the 4H-SiC detector are 1.53 x 107,
and the corresponding fluence of charged particles is 1.53 x 10° mm™2,
This fluence is 200 higher than the 7.0 x 10°> mm ™2 « particles, beyond
which the polarization effect-induced rapid decrease in count rate has
been documented in a diamond detector [30]. This comparison revealed
the good quality of the 4H-SiC detector used in this work.

Fig. 9(b) presents the time trace of the normalized count rate ratio
between the 4H-SiC detector and the standard monitor, with the relative
standard uncertainty of 0.955 %, demonstrating a good consistency. The
4H-SiC detector provides a quick response to variations in the neutron
fluence rate with a minimum counting period of 0.1 s. It demonstrates
the stable operation of the 4H-SiC neutron detectors in neutron field
measurements, highlighting their potential advantages for clinical BNCT
neutron detection applications.

The technology computer-aided design (TCAD) simulation method
was used to evaluate the neutron radiation induced CCE variations,
electric field distribution in the sensitive region, and transient current
pulse response as a function of neutron fluence at a bias voltage of 150 V
[14]. The ratio of 1 MeV equivalent neutron fluence to the neutron
fluence in AB-BNCT is determined to be 1.9 x 102 In this simulation,
the data for the displacement damage function and the neutron spec-
trum at a beam exit of an AB-BNCT are obtained from these references
[28,31]. The simulation results are shown in Fig. 10. The 4H-SiC de-
tector exhibits high resistance to neutron radiation in BNCT, as shown in
Fig. 10(b), with CCEs exceeding 95 % even at neutron fluences up to
10'6 cm~2. As the neutron fluence is beyond 10'® cm ™2, the CCE of the
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Fig. 9. (a) PHSs accumulated over 10 s during the initial (56-65 s) and final (646-655 s) phases of the stable period; (b) normalized data of the ratio of count rates

between the 4H-SiC detector and the standard monitor.
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Fig. 10. (a) TCAD model of the 4H-SiC detector; (b) charge collection efficiency of the 4H-SiC detector after neutron irradiation under a 150 V bias voltage; (c)
electric field distribution in the sensitive region; (d) transient current pulse response.

detector gradually decreases. It indicates that the 4H-SiC detector
should have not obvious CCE degradation for working 107 s even when
putting the detector at the beam exit position (neutron flux ~10° cm ™2
s_l).

Shown in Fig. 10(c) and (d) are the electric field distributions and
transient current pulse response in the sensitive region of the SiC crystal
after being irradiated with different neutron fluences. As the neutron
fluence gradually increases, neutron irradiation introduces defects into
the SiC detector, which act as traps and recombination centers [14].
With increasing fluence, these defects have a possibility to capture
charge carriers which will reduce the life time of carriers and create an
internal electric field. Finally, deteriorations are observed in the electric
field within the sensitive region and the transient current pulses, along
with a reduction in the CCE.

4. Conclusion

In this paper the performance of a 4H-SiC detector-based thermal
neutron counter was systematically investigated in detail in an AB-BNCT
neutron field. Experimental results show that the 4H-SiC detector ex-
hibits a high energy resolution of 2.05 %-5.48 MeV «a particles. In AB-
BNCT neutron field experiments, the count rate has a strong linear
correlation with proton beam intensity (R> = 0.9998), indicating
excellent neutron linear response characteristics. During stability tests,
the detector maintains a stable count rate, with the relative standard
uncertainty of only 0.955 % compared to the standard monitor,
demonstrating outstanding radiation resistance. The exceptional linear
response and radiation resistance stability of the 4H-SiC detector in AB-
BNCT neutron field highlight its potential for neutron beam monitoring
as a thermal neutron counter. Future research will focus on designing
high spatial resolution neutron flux monitors or high energy resolution
neutron spectrometers using 4H-SiC detectors for precisely and effi-
ciently AB-BNCT neutron beam monitoring, providing reliable technical
support for clinical treatment.
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