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ABSTRACT

Reliable detection of 14.1 MeV neutrons from deuterium-tritium (DT) fusion reactions is vital for advancing nuclear energy, bolstering
national security, and managing nuclear waste. Despite their importance, the effective detection of 14.1 MeV neutrons produced from these
reactions remains a significant hurdle for semiconductor detectors, primarily due to their inherently low interaction cross section. We report
here the development of a stacked detector constructed from hexagonal boron nitride (h-BN) quasi-bulk crystals produced by hydride vapor-
phase epitaxy (HVPE) growth. The mean free path (1) of 14.1 MeV fast neutrons in h-BN was determined to be 11.3 cm. By engineering an
effective neutron interaction path length of 1 cm, we have achieved a notable neutron detection efficiency of 5.0% and a charge collection effi-
ciency of 59% when exposed to 14.1 MeV fast neutrons. Furthermore, this stacked h-BN detector exhibits a substantial neutron-generated
direct current, suggesting the feasibility for realizing portable and battery-powered DT neutron sensors. Our findings are a major step for-
ward, with the potential to deliver highly sensitive, compact, scalable, and operationally efficient 4-BN semiconductor fast neutron detectors

that will benefit diverse scientific and industrial applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0296469

[I-nitride wide-bandgap materials, such as GaN, AIN, and BN,
have revolutionized various technologies, including solid-state light-
ing, visible and ultraviolet emitters and detectors, radio frequency
(RF) communications, and high-temperature and high-power elec-
tronics.'"” Among Ill-nitrides, hexagonal boron nitride (h-BN)
stands out with an ultrawide bandgap (UWBG) of approximately
6eV,"" ' a high breakdown electric field of ~12MV/cm,'” and out-
standing in-plane thermal conductivity of ~550 W/m K."® Its layered
crystalline structure also facilitates integration with other 2D and III-
nitride materials, enabling advanced device architectures.'” >’

Beyond traditional II-nitride applications, h-BN is an excellent
material for solid-state neutron detectors by leveraging the '°B(n,«)Li
nuclear reaction for thermal neutron capture.”** The theoretical detec-
tion efficiency (1;) is directly related to detector thickness (d) by 1; =1
— e 9/% where /. is the thermal neutron absorption length (47 um for
B-10 enriched #-BN and 237 um for natural h-BN).”* This relationship
highlights the critical need for the development of thick h-BN epitaxial
layers (or h-BN quasi-bulk crystals). Our group has made significant
strides in this area, achieving a record-high thermal neutron detection
efficiency of 60% by using 100 um thick B-10 enriched h-BN epi-
layers.”"

On the other hand, detecting fast neutrons using compact semi-
conductor detectors is exceptionally difficult due to the extremely low

interaction cross section of fast neutrons with matter, yet ideal. Despite
this difficulty, fast neutron detectors are crucial for diverse applica-
tions, including nuclear security, reactor monitoring, space explora-
tion, and advanced radiation-based medical treatments.”*° A
particularly significant class is 14.1 MeV neutrons produced by the
deuterium-tritium (DT) fusion reaction, which is central to fusion
energy research and neutron source generation. The development of
robust and efficient 14.1 MeV neutron detectors is critical for monitor-
ing and controlling the fusion process, evaluating and mitigating the
impact of neutron radiation on materials, and ensuring the efficient
breeding of tritium fuel.””*° For compact microreactors designed for
remote deployment, DT neutron generators provide a versatile and
controllable neutron source. These generators support diagnostics, in-
core monitoring, and accelerated material testing, thereby contributing
significantly to the development of next-generation compact nuclear
technologies.”” °

Our previous work has demonstrated h-BN’s ability to directly
detect fast neutrons emitted from bare Cf-252 and AmBe neutron
sources.”””*® We report here the growth of 1mm thick h-BN
quasi-bulk crystals by hydride vapor-phase epitaxy (HVPE) and the
development of a stacked detector. By engineering an effective neutron
interaction path length of 1.cm, we have achieved a notable neutron
detection efficiency of 5.0% and a charge collection efficiency of 59%
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The as-grown 1 mm-thick freestanding h-BN wafer was mechani-
cally polished to a reduced thickness of 0.7 mm to improve surface
smoothness. The wafer was subsequently diced into strips of 1.3 mm in
width and 1 cm in length by laser dicing. Lateral detectors were fabri-
cated by depositing metal contacts consisting of a bilayer of Ni
(100 nm)/Au (40 nm) on the two edges of each h-BN strip via electron-
beam evaporation.”* Electrical characterization of the detector revealed
a room temperature resistivity of 8.1 x 10°Qem, indicating excellent
insulating properties. We first conducted photocurrent excitation spec-
troscopy (PES) measurement to assess the optoelectronic properties of
this 1 mm thick freestanding wafer. The inset of Fig. 1(b) is an optical
image of a fabricated device for PES measurements. A laser-driven light
source (LDLS) covering a wavelength range between 190 and 2400 nm
coupled with a triple grating monochromator was used as a variable
wavelength excitation source. A photocurrent excitation spectrum mea-

for 14.1 MeV fast neutrons. Furthermore, a significant direct current
(DC) response to 14.1 MeV fast neutrons has been measured, paving
the way for direct analysis of radiation-induced current using compact
and portable h-BN semiconductor detectors.

The 1mm thick h-BN quasi-bulk wafers were grown on 4”-
diameter c-plane sapphires by HVPE,”**"****! which offers high
growth rates and elimination of carbon impurities by using BCl; as a
precursor for boron and NHj; gas for nitrogen. The layered structure
of h-BN enables a thick h-BN wafer to self-separate from the sapphire
substrate during cooling down upon completion of growth, resulting
in the formation of a freestanding h-BN wafer.”* ******! Figure 1
shows an x-ray diffraction (XRD) spectrum in a 20-@ scan showing
the diffraction peak corresponding to the (002) planes of h-BN, con-
firming that the 1 mm thick h-BN wafer retains a layered crystalline

structure. However, the (002) reflection peak appeared at 20 = 26.53°,
shifted to a smaller angle compared to 26 = 26.72° observed in 100 um
thick freestanding h-BN wafers.””*"~" This shift suggests that the
stacking sequence along the c-direction becomes less ordered with
increasing thickness,” corroborating with our previous results which
conclusively demonstrated that the electronic property assessed by car-
rier mobility-lifetime product enhances as layers of h-BN are succes-
sively removed from the top by polishing.” The full width at half
maximum (FWHM) of the (002) peak of 1 mm thick wafer (~1°) is
also much broader than a value of 0.29° for 100 um thick freestanding

26,2736
wafers.”**"*?

The inset of Fig. 1(a) plots a Raman spectrum exhibiting a mode
at Ac = 1366cm ', corresponding to the E;, vibration mode (in-plane
stretch of B and N atoms), which again confirms a layered crystalline
structure. However, the measured FWHM of about 26 cm™ ! is much
broader than the value of 16 cm™" observed in our 100 um thick free-
standing wafers.” In h-BN, the inclusion of various polytype domains
and structural disorders becomes more prevalent with increasing the
layer thickness during h-BN growth because different stacking sequen-
ces have only a minor effect on the total energy of the layer-structured
BN crystals."”” There remains a need to explore growth and post-
growth processes to further improve the crystalline quality of h-BN
wafers with a thickness exceeding 1 mm.*

sured at 100 V is shown in Fig. 1(b). Peaks in a photocurrent excitation
spectrum represent direct photoexcitation of free carriers from either a
band-to-band or impurity-to-band transition. The spectrum exhibits a
dominant band edge transition peak around 6.2 eV, signifying that the

1 mm thick h-BN wafer produced by HVPE retains UWBG material
properties. The spectrum also shows a weak peak at ~3.2 eV, indicating
the presence of deep level impurities/defects.

By vertically stacking seven lateral detectors, a total detector
thickness of 5mm was achieved along the c-axis of h-BN. A highly
resistive polyimide adhesive was used to mount the detector onto sap-
phire. Wire bonding was subsequently performed to electrically con-
nect the detector strips in parallel through the bonding pads of a
semiconductor device package. Figure 2(a) presents a schematic illus-
tration of the vertically stacked seven-layer h-BN detector, while Figs.
2(b) and 2(c) show optical images of the assembled device. The
14.1 MeV neutrons with a beam size of approximately 1 cm in diame-
ter were generated through the DT fusion reaction (Thermo Scientific
P 385 DT neutron generator). The generator is operated in continuous
mode, and the source effectively functioned as a point source due to
the near-isotropic emission of neutrons.*’

To detect 14.1 MeV fast neutrons, the primary mechanism uti-
lized is elastic scattering between the neutrons and the B and N atoms.

[(b) 2-BN detector (0.7 mm)
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During elastic scattering, 14.1 MeV neutrons collide with a B or N
atom, transferring a portion of their kinetic energy and creating a
vacancy and an interstitial defect. The recoiling nuclei, energized by
this collision, traverse the detector medium and lose energy primarily
through ionization, resulting in the generation of electron-hole pairs.
The subsequent collection of these charge carriers under an applied
electric field serves as the measurable signal for fast neutron detection.
The recoil energy (Eg) of a B or N atom is described by the following
equation:””’

Eg = [4A/(1 + A)*](cos?0;) Ey, (1)

where A is the atomic number, and A = 10, 11, and 14 for B-10 (20%),
B-11 (80%), and N-14 (100%) in natural BN, 0 represents the recoiling
angle of the recoiling element, and Ey represents the neutron energy
(14.1 MeV). The number of electron-hole pairs generated, denoted as
N, =Nj, can be estimated by assuming that approximately 3 E, is
required to generate one electron-hole pair, where E, is the bandgap
energy of h-BN."*" Thus, the number of pairs can be expressed as
N, =Ny =Eg/3E;. According to Eq. (1), the recoil energy (Eg)
imparted to a target nucleus increases as the atomic number A of the
scattering element decreases. B and N possess some of the lowest atomic
numbers among the constituents of inorganic semiconductors, offering
a significant advantage. At a given neutron energy (Ey), fast neutrons
can transfer a greater fraction of their energy to these light nuclei, result-
ing in higher recoil energies (Eg). This, in turn, generates a larger num-
ber of free charge carriers within the BN crystal, thereby enhancing the

(2) (b) 10k
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FIG. 2. (a) Schematic diagrams of the
seven-layer stacked h-BN fast neutron
detector, (b) top view, and (c) side view
of the completed seven-layer stacked
h-BN detector with a total thickness of
5mm and dimensions of 1.3mm (W)
x 10mm (L).

overall detection efficiency. The elastic scattering results in an average
recoiling energy of Eg ~ 1.38 MeV in BN based on Eq. (1).

We first attempted to determine the mean free path of 14.1 MeV
fast neutrons in h-BN, which is necessary for the evaluation of theoret-
ical detection efficiency for a given detector thickness. To do this, we
measured neutron transmission through pyrolytic BN (p-BN) films of
different thicknesses, as we have done for Cf-252 and AmBe neutron
sources.”>” Although p-BN does not support the collection of
neutron-induced charge carriers, its crystal structural properties are
like h-BN. As a result, the transmission behavior of 14.1 MeV fast neu-
trons in p-BN serves as a reliable approximation for that in h-BN
crystals.

Figure 3(a) shows the experimental setup used to measure the
transmission of 14.1 MeV fast neutrons in p-BN. In this setup, we
measured the relative transmission (T) of 14.1 MeV fast neutrons
through p-BN films with varying thicknesses (d) by recording neutron
counts received by the stacked h-BN detector. Figure 3(b) illustrates
the arrangement of the stacked h-BN neutron detector and its position
relative to the 14.1 MeV DT neutron source. In Fig. 3(c), the measured
transmission data are shown as solid squares, indicating the relative
neutron flux successfully passing through p-BN films of different
thicknesses. The measured transmission (T) of 14.1 MeV neutrons
through p-BN can be expressed using the standard absorption/trans-

mission equation
d
T= —— 2
exp < A) : @

C

n
-
|

Loy,

8k

h-BN detector
hickness ~ 0.7 mum

27 cm

Detector

1 6k

R
4k

DT Source — 14.1 Mev

FIG. 3. (a) Schematic of the experimental
setup for neutron transmission measure-
ments using a 14.1MeV DT source.
Pyrolytic BN (p-BN) films were used in
lieu of h-BN, and the relative neutron flux
passing through pyrolytic BN films of vary-
ing thicknesses (d) was recorded, (b) top
view of the 14.1 MeV DT source showing
the position of the stacked fast neutron
detector, and (c) measured 14.1 MeV neu-
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tron transmission (T) as a function of BN
layer thickness. The solid red curve repre-
sents the least squares fit of the data to
Eq. (2).
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where d is the neutron interaction path length, and / is the mean free
path of 14.1 MeV fast neutrons in h-BN. The measured data (solid
squares) can be fitted very well using Eq. (2), yielding a mean free path
(2) of 11.3 cm for 14.1 MeV fast neutrons in /-BN, as shown by the
red curve in Fig. 3(c).

To further validate the measurement result, we can also estimate
the mean free path of 14.1 MeV neutrons in h-BN. The elastic scatter-
ing cross sections of 14.1 MeV neutrons with B-10, B-11, and N-14 are
0.908, 0.794, and 0.969 barns, respec'[ively./ls Natural 4-BN comprises
20% of B-10 and 80% of B-11, and the atomic densities of B-10, B-11,
and N-14 atoms in natural #-BN are 1.1 x 10%, 4.4 x 10?2, and
5.5 x 10** atoms/cm’, respectively. The macroscopic elastic scattering
cross section (X) can be calculated to be [X = No={[(0.908)

x (1.1 X 10%%)] + [(0.794) x (4.4 x 10*%)] + [(0.969) x (5.5 x 10%%)]

x 107**em™"} = 0.09 cm™ '], providing the theoretical mean free path
length of 14.1 MeV neutrons in h-BN to be A= > 1=(0.09cm™ !
=11.1 cm, which is in excellent agreement with the experimentally
measured data of 11.3 cm for 14.1 MeV neutrons.

By knowing 4, the intrinsic detection efficiency of h-BN detec-
tor can be evaluated according to the interaction probability and is
written as

ni:I—T:l—exp(—%) 3)

Based on this relationship, achieving an intrinsic detection efficiency
greater than 63% (where d = /) for 14.1 MeV neutrons would require
an h-BN detector incorporating a neutron interaction path length of
d>113cm. In the case of the seven-layer stacked h-BN neutron
detector with a total thickness of 5 mm used in this study, the expected
intrinsic  detection efficiency for 14.1MeV fast neutrons is
(1 — exp(—0.5/11.3)) = 4.3% if the oncoming neutrons’ path is parallel
to the c-axis. The analysis highlights both the potential and the limita-
tions of the stacked h-BN detector designs for the direct detection of
14.1 MeV neutrons, as well as the need for further scaling the wafer
thickness to achieve higher efficiency.

To evaluate the detection efficiency, the detector was operated in a
particle counting mode utilizing pulse height spectrum (PHS) analysis,
following the methodology previously established for h-BN neutron
detectors.”””” Since h-BN neutron detectors are highly sensitive to ther-
mal neutrons, a 2.1 mm-thick (p-BN) film was placed in front of the DT
source as a thermal neutron shield to eliminate thermal neutron interfer-
ence. For PHS measurements, deuterons were accelerated to 90kV and
directed onto a tritiated titanium target, with a beam current of 50 yA,
providing a neutron emission rate of 1.0 x 10%n/s. The stacked 4-BN
detector was positioned 27 cm away from the neutron source, corre-
sponding to a neutron flux on the detector surface of 1.1 x 10*n/s cm?,
as illustrated in Fig. 3(b). Since the cross section of this stacked detector
is sufficiently large (5 x 1.3 mm), we carried out efficiency measurements
in two configurations to assess the crystal orientation dependence of the
charge collection efficiency: (a) the neutron beam is aligned parallel to
the c-axis, as illustrated in the inset (a) of Fig. 4; and (b) the neutron
beam is aligned parallel to the c-plane, as illustrated in the inset (b) of
Fig. 4. The configuration shown in the inset (b) of Fig. 4 utilizes a longer
neutron interaction path length of 1 cm along the c-plane than that along
the c-axis (which is the total thickness of the stacked detector of 5 mm).

Figure 4 plots the measured PHS of the 4-BN fast neutron detec-
tor in response to 14.1 MeV DT neutrons when the neutron beam is
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FIG. 4. Pulsed height spectra (PHS) acquired by the h-BN stacked detector of
5mm in thickness and 1.cm in length in response to 14.1 MeV fast neutrons parallel
to the c-axis (red curve), parallel to the c-plane (black curve), and in the absence of
any source (blue curve). Measurements were conducted at a bias voltage of 450 V/
and a detector at 27 cm from the 14.1 MeV DT source with a neutron emission rate
of 1.0 x 108 /s, resulting in a neutron flux of 1.1 x 10%n/scm? on the detector. A
2.1mm thick p-BN layer was used to block thermal neutrons from the neutron
source. The insets illustrate the neutron beam directions: (a) parallel to the c-axis
and (b) parallel to the c-plane.

aligned parallel to the c-axis (red curve) and the c-plane (black curve),
along with the background response in the absence of neutron expo-
sure (blue curve). When the neutron beam is aligned parallel to the c-
plane, it traverses across the layered structure of h-BN, resulting in a
longer interaction path of 1cm within the detector and thereby
increasing the probability of neutron interaction. In contrast, align-
ment parallel to the c-axis directs the neutron beam along the stacking
direction of the h-BN layers with a neutron interaction path length of
0.5 cm. By rotating the detector, the effective neutron path length can
be controlled without altering the detector’s physical thickness. This
configuration enables evaluation of the directional dependence of
detection efficiency and provides insight into real-world performance
under varying irradiation geometries. The measurements were per-
formed at a bias voltage of 450 V. Notably, the h-BN detector demon-
strates negligible sensitivity to gamma radiation,”* */7*?72%420
ensuring a clean neutron signal.

When the neutron beam was aligned parallel to the c-plane
(10 mm neutron path length), over a 15 min measurement time period,
the neutron counts acquired by the detector were 32 399, correspond-

ing to a flux of % =553 n/scm” and a detection efficiency

(1) = 3225 = 5.0%. In comparison, the neutron counts registered by

the detector were 19 806 over a 15 min count time, corresponding to a

flux of %:170 n/scm’ and a detection efficiency

(1) = 17257 = 1.5%, when the neutron beam is aligned parallel to the
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c-axis (5mm neutron path length). Based on Eq. (3), the intrinsic
detection efficiencies of 8.4% and 4.3% are derived using 11.3cm as
the mean free path. By defining the charge collection efficiency as the
ratio of the measured efficiency to the intrinsic efficiency, the corre-
sponding charge collection efficiencies are 59.5% and 34.8% for neu-
tron propagation along the c-plane and the c-axis, respectively. The
results suggest that the detection efficiency enhancement in the direc-
tion parallel to the c-plane is not only attributed to an enhanced elastic
scattering interaction probability facilitated by the increased neutron
path length or material volume but also an enhanced charge collection
efficiency, a result most likely related to the layered crystalline structure
of h-BN. The results suggest that utilizing the neutron path parallel to
the c-plane is advantageous over that parallel to the c-axis. More
importantly, in terms of device processing, it is easier to increase the
path length along the c-plane, which is limited by the wafer size,
whereas the neutron path length along the c-axis is currently limited
by our ability of producing thick h-BN wafers. It is worth noting that
elastic scattering between fast neutrons and B and N atoms will not
create a sufficient defect density, which otherwise would affect the per-
formance of BN neutron detectors.””

Additionally, we have investigated the detector’s ability to
operate in a direct current (DC) mode under continuous irradia-
tion to evaluate its real-time operational behavior. DCs were mea-
sured using the configuration of the neutron beam directed along
the c-plane to utilize the 1.0 cm neutron path length, as schemati-
cally shown in the inset of Fig. 5(a). To obtain a more prominent
DC signal, we increased the DT neutron emission rate to
3.4 x10%n/s by accelerating deuterons to 130kV and simulta-
neously decreased the distance between the source and detector to
5cm, providing an incident neutron flux of 1.1 x 10°n/scm” on
the detector’s cross section. The main plot displays the radiation-
induced current as a function of applied bias voltage, demonstrat-
ing a nearly linear dependence below 500V and a nonlinear
increase in current with increasing bias voltage above 500 V. The
transition from linear to nonlinear I-V characteristics may be
accounted for by the effect of electric field-induced lowering of a

Time (hr)

potential energy barrier at a metal-semiconductor interface or
trapping sites. The properties of contacts on highly resistive
UWBG materials represent another very important research topic
for further investigation and understanding.”’

Figure 5(b) provides additional insight into the detector’s DC
response characteristics under controlled neutron irradiation. For
the experimental data shown in Fig. 5(b), the DC is monitored by
an electrometer (Keithley 617) with a slow response time (1s).
The lower panel shows an on/off switching behavior of the DT
neutron source. The upper panel plots the radiation-induced cur-
rent in response to modulated neutron exposure, confirming that
the current is indeed neutron-induced rather than arising from
background noise or thermal drift. At a fixed bias voltage, the
magnitude of neutron-generated current is nearly constant with
irradiation time.

The demonstrated capability of DC operation mode provides sev-
eral advantages. For instance, DC mode allows for the collection of
real-time data without the need for gating or timing circuits as those
required for acquiring the pulsed height spectra shown in Fig. 4, facili-
tating immediate analysis and response, and is ideal for applications
where real-time data are crucial. The output from DC mode is typically
a steady signal proportional to the neutron count rate, which can sim-
plify data processing and analysis compared to the more complex sig-
nal processing required in pulse mode. DC detection systems have
simpler electronic requirements and may consume less power com-
pared to pulse mode detectors, making them more suitable for portable
or battery-operated applications.

In summary, we have fabricated a multi-stacked h-BN neutron
detector from quasi-bulk h-BN wafers grown via HVPE. We deter-
mined the mean free path of 14.1 MeV fast neutrons in h-BN to be
11.3cm and demonstrated the direct detection of 14.1 MeV fast neu-
trons with a detection efficiency of up to 5.0%. Continuous-wave
(CW) measurements validated a clear and reproducible DC response
to modulated neutron flux. The present and previous results position
h-BN quasi-bulk crystals as a highly promising candidate for future
solid-state detectors for both thermal and fast neutrons, offering
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significant advantages in scalability, stability, and operational effi-
ciency. Continued innovation in h-BN crystal quality and advance-
ments in thickness scalability are essential steps to further enhance
detection efficiency and unlock the widespread deployment of these
detectors in critical scientific, industrial, and nuclear security
applications.
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