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ABSTRACT

The detection of fast neutrons is regarded technically challenging because the interaction probability of fast neutron with matter is extremely
low. Based on our recent development of hexagonal boron nitride (BN) semiconductor thermal neutron detectors with a record high
efficiency of 59%, we report here the feasibility studies of BN detectors for detecting fast neutrons. A BN detector with a detection area of
2.1 cm* was fabricated from a 90 um thick BN epilayer. In the presence of a bare Cf-252 source emitting fast neutrons ranging from 1 to
9MeV, the detection efficiency was estimated to be about 0.1%. The measured mean free path of fast neutron in BN is about 7.6 cm.
Together with the capability of BN for thermal neutron detection, the present results indicate that by incorporating BN with a large thickness,
BN neutron detectors are expected to possess the unique capability of directly detecting thermal to fast neutrons as well as outstanding
features resulting from the ultrawide bandgap of BN. The identification of a single material that is sensitive to both thermal and fast neutrons

is valuable for the development of novel neutron detection technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0093591

Effective neutron detection methods are one of the key technolo-
gies that support safe nuclear power generation based on either fusion
or fission, including monitoring nuclear reactors and identifying
nuclear fuels. More specifically, fast neutron detection technologies
provide a critical means for monitoring the neutron fluxes from fissile
and fusion power generation systems and to assure radiation safety to
the public.' ° Neutron detectors are also needed in various other appli-
cation fields, including application areas of nuclear security, nuclear
waste management, neutron generators, neutron radiography and
scattering, oil field exploration, and life search in space. In many appli-
cation areas, efficient detection of neutrons or neutron sources
requires instruments that can sensitively detect and characterize neu-
trons in a wide range of energies. However, the interaction probability
of fast neutrons with energies above 1 MeV with matter is extremely
low, yielding a typical capture cross section on the order of ~1
Barn.” ® As such, the detection of fast neutrons is still regarded techni-
cally challenging. Many types of neutron detectors have been devel-
oped to detect thermal neutrons (25meV) due to their relatively
large nuclear reaction rates or capture cross sections with *He, °Li,
an d IOB.‘) 25

Most fast neutron detectors in use typically employ a large vol-
ume of neutron conversion material such as a large high-density poly-
ethylene (HDPE) sphere to first convert fast neutrons to thermal

neutrons, and then a >He gas thermal neutron detector is used to
detect the neutron signal. Because the cross section for thermal neu-
trons is more than three orders of magnitude higher than those of fast
neutrons, the detection efficiency and count rate are, in fact, increased
by utilizing this conversion process. The disadvantages of this type of
fast neutron detectors include loss of neutron energy information,
bulky, heavy, nonportable, fixed operation range, and not convenient
to operator. The world is also experiencing a shortage of *He gas
because the demand for *He has been dramatically increased over
the last decade,” not to mention that *He gas itself is a by-product
(or nuclear waste) from nuclear weapons production. Alternative
detector technologies including liquid noble-gas sensors”® > and plas-
tic scintillator materials” > have been successfully developed and
deployed for fission material detection.

Semiconductor neutron detector technology is less developed but
considered the ideal candidate for low-mass, low-power, and harsh
environment applications.” >>**"*' Most developed semiconductor
thermal neutron detectors use a thin neutron conversion layer of °Li
or '%B.” ** The limitation of this approach is that the conversion layer
itself prevents neutron reaction products from depositing all their
energies in the semiconductor detector’s sensitive volume, which limits
the detection efficiency for thermal neutrons.” > While '°B and °Li
filled micro-structured semiconductor neutron detectors (MSND)
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have attained a detection efficiency for thermal neutrons of
30%,719%° this technology, however, is not suitable for fast neutron
detection. Diamond is very useful for detecting 14.6 MeV neutrons by
utilizing the 12C(n,ot)gBe reaction.”” " However, diamond does not
respond to thermal neutrons. The most common approach employed
by the scientific community to partially overcome this shortfall is again
to coat diamond with a neutron conversion layer of °Li or '°B**** with
known limitations already discussed above.” > Other problems limit-
ing widespread use of diamond detectors are their small dimensions
and high costs. For monocrystalline diamond, a typical film is less
than 1 cm? in area and 500 um in thickness and costs over $1500. SiC
has also been investigated for fast neutron detection.”” Similar to dia-
mond, SiC itself is not sensitive to thermal neutrons. Previous studies
have also revealed the usefulness of GaN for « particle detection, sug-
gesting that GaN could be a neutron detection material when coated
with a thin neutron conversion layer."" As of today, a single semicon-
ductor material that is sensitive to both thermal and fast neutrons has
not yet been identified. The development of such solid-state detectors
is expected to provide new functionalities that previously not possible.
Hexagonal boron nitride (h-BN or BN), a member of the III-
nitride wide bandgap semiconductor family, has shown great promises
for neutron detection.”” "' The nuclear reaction between '°B in
BN and thermal neutrons follows '°B+ 'on — “Li (1.015MeV) +a
(1.777 MeV) with 6% probability and '°B 4 'on — "Li* (0.840 MeV)
+ o (1.470 MeV) with 94% probability, which yields a large nuclear
reaction capture cross section of 3480 Barns.”* The density of '°B
atoms in 100% '°B-enriched BN is N(*°B) = 5.5 x 10*?/cm’. This pro-
vides a macroscopic cross section for thermal neutrons of & = No
=55x 102 x 3.84 x 102! = 211.2cm™ " and a mean free path of
J=0"'=47.3 um for thermal neutrons in 100% B-10 enriched BN.
Based on this physics principle for thermal neutron detection, we have
recently realized epitaxial growth of thick BN films by metal organic
chemical vapor deposition (MOCVD).** *' Thermal neutron detectors
incorporating a BN epilayer of about 100 um in thickness have dem-
onstrated a record high detection efficiency (59%) and sensitivity
among solid-state neutron detectors.”” Moreover, BN detectors possess

I e
Film thickn‘ess ~ 90 um

ARTICLE scitation.org/journal/apl

all the outstanding features of ultrawide bandgap semiconductor devi-
ces with abilities to operate in extreme conditions. 9 1n this work, we
report the demonstration of the detection of fast neutrons (with ener-
gies in the range of 1-9 MeV) by a BN semiconductor detector.

The hexagonal BN epilayer used for the neutron detector fabrica-
tion is very similar to those described in previous works.”* "
However, because of the extremely low interaction probability of fast
neutron with matter, it is advantageous for the feasibility demonstra-
tion to fabricate a BN detector with a larger detection area. Briefly, the
'°B enriched (99.9%) hexagonal BN was grown by MOCVD on the
c-plane sapphire substrate at a temperature of ~1500°C. A freestand-
ing BN wafer of 4-in. in diameter was obtained via self-separation
during cooling down after epi-growth, as depicted in Fig. 1(a), owing
to the layer structured BN having a different thermal expansion coeffi-
cient than sapphire substrate. The freestanding wafer was then cut
into strips of ~1.4 mm in width and ~2 cm in length via laser dicing.
A highly resistive adhesive material (polyimide) was used to mount
the detector strips on an insulating sub-mount (sapphire). Metal
contacts consisting of a bi-layer of Ni (100 nm)/Au (40nm) were
deposited on the two edges of each BN strip using e-beam evaporation
via a mask. Wire bonding was then performed to electrically connect
the detector strips in parallel via the bonding pads of a semiconductor
device package to form a detector with a total detection area of about
2.1 cm? as shown in Fig. 1(b), which is two times larger than our
previously reported 1cm? BN thermal detector.”” A schematic show-
ing a more detailed scheme of combining multiple detector strips can
be found elsewhere.” The BN neutron detector architecture has been
evolved from vertical thin film planar type’®”” to lateral detector
strips.”® * The strip detector geometry takes the advantage of the out-
standing lateral transport properties of hexagonal BN"' to support a
high charge collection efficency under a moderate bais voltage as well
as to reduce the device capacitance by more than 230 times compared
to a planar detector of the same detection area. The dark current—
voltage charateristic of this detector is shown in Fig. 1(c), which reveals
a room temperature resistivity of >10">Qcm. A bare Californium-
252 (Cf-252) source (without the use of HDPE moderator) was
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FIG. 1. Optical images of (a) a 90 um thick freestanding hexagonal BN 1/s-wafer and (b) a neutron detector fabricated from this BN freestanding wafer by combining multiple
detector strips of ~1.4 mm in width and ~2 cm in length, providing a total detection area of ~2.1 cm?. (c) Current-voltage characteristic of this detector measured in the dark.
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employed as a fast neutron source, which covers the neutron energy
range from 1 to 9 MeV."

In utilizing BN for fast neutron detection, the physics principle is
based on charge carrier generation via recoil B and N ions upon elastic
scattering by incoming fast neutrons and the subsequent collection of
these charge carriers. The dominant elastic scattering cross sections of
fast neutrons in the energy range between 0.5 and 20 MeV for log g
and "N are around 1.3 Barns on average.”* Using this cross section
value and the B and N atomic densities in hexagonal BN of [N(B)
= N(*N)=5.5 x 10%*/cm®], the macroscopic cross section for fast
neutrons in BN can, thus, be estimated as

o=No=55x%x102x2x13x10"2*=0.143cm™!, (1)
which yields a mean free path of
A=0o'= 7cm. 2)

To verify this calculated mean free path of fast neutrons in BN shown
in Eq. (2), we have measured the transmission of fast neutrons in pyro-
lytic BN films. Pyrolytic BN films have a similar structural property as
hexagonal BN semiconductors, except that they do not possess the
necessary electronic properties to support the collection of neutron-
generated charge carriers as the BN semiconductors do. Thus, the
results of fast neutron transmission measured in pyrolytic BN repre-
sent those in BN semiconductors. Figure 2(a) is a schematic setup for
monitoring fast neutrons from a bare Cf-252 source (without the use
of HDPE moderator) transmitting through pyrolytic BN films. The
relative fast neutron fluxes (T) passing through pyrolytic BN films of
different thicknesses (d) were then recorded using the BN neutron
detector shown in Fig. 1(b). The measured T is shown in Fig. 2(b) and
follows the relation of

T ~ e /7, (3)

where / is the mean free path of fast neutrons in BN. The fitting
between the measured data and Eq. (3) yields a value of 4 ~ 7.6.cm,
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which agrees well with the expected value of 7 cm calculated from the
cross section of fast neutrons and atomic density of B and N atoms in
hexagonal BN semiconductors of Eq. (2). Note that the measured
mean free path of 1 =7.6 cm for fast neutrons is (a) averaged over the
energy range of Cf-252 source, which covers from 1 to 9 MeV; (b)
averaged over B-10, B-11, and N-14 atoms; (c) averaged over different
scattering angles of elastic scattering between incoming fast neutrons
and B and N atoms; and (d) including neutron absorption, inelastic
scattering, and elastic scattering processes, whereas elastic scattering is
the dominant process in this energy range.

Based on the experimental results of Fig. 2, the layer thickness (d)
dependence of the intrinsic efficiency of the BN detector for fast neu-
trons in the energy range between 1 and 9 MeV can be estimated by
using the following equation:

n(d) =1—e % (4)

Equation (4) is plotted in Fig. 3, which establishes that a thickness of
several centimeters is required to obtain a highly efficient BN detector
for detecting fast neutrons. In the plot, A="7.6cm is used based on
experimental measurement results of Fig. 2. To demonstrate the feasi-
bility of BN detectors for fast neutrons detection, the fabricated
2.1 cm” BN detector shown in Fig. 1(b) was used to directly detect fast
neutrons emitted from a bare Cf-252 source (without a HDPE moder-
ator). Figure 4 shows the pulsed height spectra obtained with and
without the Cf-252 neutron source under a bias voltage of 300 V. The
average counts acquired by the detector was 1937 over a 15-min
counting time with the BN detector placed at 3cm from the bare
Cf-252 neutron source. Based on the known neutron flux at 3 cm from
the bare Cf-252 neutron source and the measured count rate, a detec-
tion efficiency for fast neutrons from the **2Cf source is estimated to
be nearly 0.1% for a 90 um thick BN detector. This measured result is
within the expected intrinsic detection efficiency of #; ~0.12%
deduced from Eq. (4), considering the overall detection efficiency (1)
is determined by both the intrinsic efficiency, #,(d), and charge
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FIG. 2. (a) Schematic setup for measuring fast neutron transmission in BN from a bare Californium-252 (Cf-252) source. Pyrolytic BN films are used in-lieu-of BN, and the
relative neutron fluxes passing through pyrolytic BN films of varying thicknesses (d) were recorded using the BN semiconductor neutron detector shown in Fig. 1(b). Pyrolytic
BN films have a similar crystalline structural property as hexagonal BN except that they do not possess the necessary electronic properties to support the collection of neutron-
generated charge carriers as the BN semiconductors do. (b) Relative fast neutron transmission (T) as a function of BN layer thickness (d). Dots represent experimental data,

and solid curve represents a fit with Eq. (3).
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FIG. 3. Plot of Eq. (4)—the layer thickness dependence of the intrinsic efficiency
(17;) of BN detectors for fast neutrons.

collection efficiency (1), # = n,(d)-n., whereas . is expected to be less
than 100%.

It is useful to point out that the detection efficiencies of BN detec-
tors for fast neutrons are comparable regardless of whether they are
constructed from B-10 enriched BN or from natural BN (where the
element B exists as two main isotopes, '8 and ''B, in a natural abun-
dance of approximately 20% and 80%, respectively) because the elastic
scattering cross sections of B-10 and B-11 in the neutron energy range
of 1-10 MeV are very comparable. The mean free path of thermal neu-
trons in natural BN is 237 um. With further development, once BN
films with a thickness exceeding 237 um are realized, natural BN
detectors are expected to provide the ability for directly detecting ther-
mal to fast neutrons with a good efficiency. It is also important to note
that BN detectors exhibit no response to gamma photons when
directly exposed to a Caesium-137 source. This is because BN is com-
posed of low atomic number elements.”®*” However, Caesium-137
only has a single energy near 662keV. For potential applications in
nuclear reactor monitoring, it will be desirable to test the sensitivities
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FIG. 4. Pulse height spectra of the BN semiconductor detector shown in Fig. 1(b)
in response to fast neutrons from a bare 252Cf source without the use of a HDPE
moderator, covering the energy range from 1 to 9 MeV (red curve) and in the pres-
ence without any source (blue curve), all measured at 300 V.
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of BN detectors to low energy (tens to hundreds of keV) gamma
photons.

While the highest interaction probability of fast neutron (above
1 MeV) with matter is via elastic scattering, the BN neutron detector
demonstrated here is sensitive to both thermal and fast neutrons via
nuclear reactions or recoil interactions. The detection of thermal neu-
trons by BN semiconductor detectors has already been demon-
strated.” "' For fast neutron detection, after elastic scattering of fast
neutrons with B or N atoms, the energy transferred from fast neutrons
to recoil B or N ions will generate charge carriers. The collection of
these charge carriers signifies the detection of fast neutrons as well as
the energy of the recoil atoms, Eg, as described by

Er = [4A/(1 + A)Z] (cos? 0) Ex, (5)

where A is the atomic weight, and A = 10 for B-10 atoms, A =11 for
B-11 atoms, and A = 14 for N-14 atoms in BN. 6, denotes the scatter-
ing angle and Ey the neutron energy. The recoil energy Er decreases
with an increase in the atomic weight. Since both boron and nitrogen
atoms possess lowest atomic weight among all semiconductors, Eq. (5)
reveals an important advantage of BN as a fast neutron detection
material. A larger Eg value naturally translates to a larger number of
charge carrier generation in BN and so a higher detection efficiency.
The total number of free electrons (N.) and holes (Nj), where
N, = N},, generated from recoil energy Er can be written as

N = Ny = Er/3E,, (6)

where E, is the energy bandgap of BN (~6eV). Guided by the result
shown in Fig. 3 and Eq. (4), the required thickness of BN for attaining
a practical detection efficiency for fast neutrons is several centimeters
(cm). However, currently, it is not feasible to grow hexagonal BN epi-
layers with a few cm in thickness. Even if one can grow BN films with
a few cm in thickness, it is impractical to supply the electric field on
the order of 10° to 10* V/cm needed for charge collection. However, it is
feasible to construct a stacked BN detector to provide an effective large
thickness and area to provide a practical detection efficiency and sensi-
tive for fast neutrons at a moderated bias voltage. It is worth mentioning
that the energy transferred to the recoiled nucleus for the large scattering
angle collisions may be below the threshold of detectable signals. As
such, Eq. (4) represents an up limit theoretical efficiency for a thickness
of d. An estimation of the expected detection efficiency and the energy
threshold of the detector based on Monte Carlo simulation will be very
valuable to guide the development of BN neutron detectors.

In the absence of any radiation, the variation of BN detector per-
formance with time can be neglected because of the inherent stability
of BN material itself in the air. Under neutron irradiation, B and N
atoms will be displaced after each elastic scattering, a process that ends
up generating two defects: one vacancy and one interstitial in BN. If a
total count of 10° is needed to confirm a detection signal (the number
of defects generated from each detection will be ~10°) and assuming
our 2 cm? detector will have a thickness of 500 um in the near future,
the estimate density of defects created in the detector can be estimated
to be 10*/0.1 cm® = 10* cm . If we target for a maximum 10% detec-
tion cycles during the lifetime of the detector (corresponding to a max-
imum rate capability of 10'"), the total density of defects generated
will be on the order of 102 cm ™3, which is four orders lower than the
level of a typical impurity concentration (of greater than 10'®cm ™)
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needed to have any effects on the conductivity (or leakage current) of a
semiconductor detector. Therefore, elastic scattering between fast neu-
trons and B and N atoms will not create a sufficient defect density,
which otherwise would affect the performance of BN neutron detectors.

In summary, the feasibility of BN semiconductor detectors for
detecting fast neutrons has been demonstrated by utilizing a 90 um
thick BN detector in response to a bare Cf-252 source emitting fast
neutrons ranging from 1 to 9 MeV. The measured mean free path of
fast neutrons with energies ranging from 1 to 9 MeV in BN is about
7.6 cm, which is consistent with the value deduced from the dominant
interaction mechanism of elastic scattering and the atomic density of
B or N atoms in BN. The present results together with our prior dem-
onstrated results of BN thermal neutron detectors” ** suggest that by
incorporating films with a sufficient thickness, it is feasible to realize
high efficiency BN detectors, which are capable to directly detect both
thermal and fast neutrons. With other outstanding features of an ultra-
wide bandgap semiconductor, the development of BN semiconductor
neutron detectors has the potential to replace *He gas tube-based
detectors currently deployed in various application areas.
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