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ABSTRACT

Hexagonal boron nitride (h-BN) is a notable member of ultrawide bandgap semiconductors, distinguished by its unique layered crystalline
structure and exceptional electrical and optical properties. One of the established and important device applications of h-BN lies in solid-state
neutron detectors. Achieving high detection efficiency requires thick, high-quality crystals to maximize neutron interactions and charge car-
rier collection. While hydride vapor phase epitaxy (HVPE) excels at growing thick, uniform h-BN films (quasi-bulk wafers), its high growth
rate can compromise crystallinity by introducing structural defects. This study investigates the impact of post-growth high-temperature
annealing (up to 1900°C) on 1 mm thick HVPE-grown h-BN. X-ray diffraction confirmed significant improvements in crystallinity with
higher annealing temperatures, leading to increased resistivity and an enhanced charge carrier mobility-lifetime product. A detector fabri-
cated from h-BN annealed at 1900 °C demonstrated a 0.7% overall detection efficiency and 37% charge collection efficiency for fast neutrons
from an AmBe source. These findings highlight post-growth annealing as a simple yet highly effective method to improve h-BN quality for a
wide range of applications, including direct conversion solid-state neutron detectors, which are becoming increasingly vital in various nuclear
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diagnostic instruments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0260647

The development of III-nitride wide bandgap (WBG) semiconduc-
tor technology has revolutionized applications ranging from lighting
and consumer electronics to power electronics. * Within the nitride
family, hexagonal boron nitride (h-BN) is known for its ultrawide
bandgap (UWBG) of approximately ~6.1eV (Refs. 5 and 6) and high
breakdown field of ~12MV cm ™. Despite its exceptional properties,
h-BN is relatively less explored compared to other materials in the
nitride family. While few-layer h-BN has gained traction as a dielectric
substrate and gate material in two-dimensional electronics” '’ and as
a host for single photon emitters,'' the development of large-diameter
bulk h-BN remains underexplored but is necessary for technologically
significant device applications. Previously, high pressure high temper-
ature (HPHT)*'*'* and catalytic metal flux solution methods'® '
have been successful in producing high-quality millimeter-sized single
crystal bulk h-BN, the long growth hours translate to high costs and
their limitation for fabricating millimeter-sized structures restricts
their practical application in devices based on bulk h-BN crystals.

One distinctive feature of h-BN among nitride semiconductors is
the significant nuclear interaction cross section of approximately 3480

barns between thermal neutrons and its Boron-10 (*°B) isotope con-
stituent.'” This corresponds to a mean free path of 47.3 and 237 um
for thermal neutrons in B-10 enriched (h-'°BN) and natural h-BN,
respectively,”” ** which means that the development of h-'’BN and h-
BN crystals with a thickness greater than 47.3 and 237 pm, respec-
tively, can provide high detection efficiencies for thermal neutrons. A
record high thermal neutron detection efficiency of 60% has been
attained recently by our group by developing 100 um thick h-'°BN
wafers.”””* In contrast, the direct detection of fast neutrons with ener-
gies above 1 MeV occurs through charge carrier generation by the elas-
tic scattering of fast neutrons with B and N atoms, which have an
interaction cross section of only about 1barn, corresponding to a
mean free path in h-BN of 7.6cm (5.2cm) for fast neutrons from
Californium-252 (***Cf) (AmBe) neutron source.”””® So, the detector
thickness requirement for direct detection of fast neutrons is signifi-
cantly larger than for thermal neutrons. Neutron detectors fabricated
from h-BN have the potential to achieve 100% efficiency if the detec-
tor’s thickness is sufficiently large and the material quality is high. The
utilization of h-BN in fast neutron detectors could be groundbreaking,
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as there is currently no technology available on the market for direct
detection of fast neutrons with practical efficiency using semiconduc-
tors. Moreover, the development of a single h-BN material that is sen-
sitive to both thermal and fast neutrons is anticipated to lead to the
creation of innovative neutron detection technologies, offering a prom-
ising avenue for advancing neutron detection capabilities.

While the metal-organic chemical vapor deposition (MOCVD)
method has been utilized for growing h-BN for thermal neutron detec-
tors,”” " its low growth rate, typically limited to below 5 pum/h, poses
significant challenges in producing the required thickness for the direct
detection of fast neutrons. To address these challenges, the hydride
vapor phase epitaxy (HVPE) method appears to be a more viable
option, as the technique has been employed to produce high-quality
AIN quasi-bulk crystals at a growth rate exceeding 100 um/h.””** Our
group has previously produced 100-500 pm thick h-BN wafers using
HVPE at a high growth rate of 15pum/h.”**° It was observed that the
high growth rate of HVPE induces stacking disorders in thick h-BN
due to its layered crystalline structure, leading to a deterioration in
crystalline quality.”® It is crucial to explore post-growth processes, such
as annealing at high temperatures, to enhance material quality and
device performance. Post-growth annealing has been proven to be an
effective technique for further improving the crystalline quality of
h-BN and has been employed to further improve crystalline quality of
MOCVD”’ and molecular beam epitaxy (MBE) grown™ h-BN thin
epilayers. In this work, we carried out studies of the effects of high-
temperature thermal annealing on the crystalline quality and electronic
transport properties of 1 mm thick h-BN quasi-bulk wafers produced
by the HVPE method. As-grown and annealed h-BN wafers are char-
acterized by x-ray diffraction (XRD), I-V characteristics, and carrier
mobility and lifetime. The performance of fast neutron detectors fabri-
cated from the annealed h-BN wafers is also presented.

h-BN wafers were grown on 4 in.-diameter c-plane sapphires of
by HVPE at a growth temperature of 1550 °C using boron trichloride
(BCl;) and ammonia (NHj3) as precursors for B and N, respectively,
and hydrogen (H,) as carrier gas. To grow the 1 mm thick wafer used
in the present study, a growth rate of ~30 um/h was employed. After
growth, the h-BN wafer self-separates from the substrate and becomes
freestanding wafer due to its negative thermal expansion coefficient
(TEC) and layered crystalline structure.’’ The samples were then
annealed under N, gas at temperatures up to 1900 °C for 60 min. An
LF 20-2200 furnace with a refractory metal hot zone (Centorr
Vacuum Industries) was employed to reach this temperature. The fur-
nace consists of a tungsten mesh inductive heating element and a
molybdenum (Mo) stage. The sample was placed in between two pyro-
lytic boron nitride (p-BN) pieces to avoid unintentional doping during
annealing. N, gas was used to prevent decomposition at high tempera-
tures and to minimize the out-diffusion of N atoms from h-BN wafers
during the annealing process. An optical image of a freestanding 1 mm
thick h-BN sample annealed at 1900 °C is shown in the inset of Fig. 1,
and no change in appearance was noticed after thermal annealing.
Figure 1 shows a comparison of XRD 0-20 scans of as-grown and
annealed h-BN wafers using two different annealing temperatures
(1850 and 1900 °C). Previous studies have suggested that a growth
temperature above 1500 °C is needed to obtain h-BN films with proper
h-phase stacking, c-lattice constant, and optical properties.”” **

As observed in Fig. 1, the (002) peak of both the as-grown and
high-temperature thermally annealed h-BN samples is consistently
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FIG. 1. Comparison of XRD patterns in 626 scans among as-grown and annealed
h-BN: As-grown Ty=1550°C (black line), annealed at 1850°C (blue line) and

annealed at 1900 °C (green line), for 60 min in N, gas. The inset is an image of a
1 mm thick h-BN wafer annealed at 1900 °C.
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located at 26.56°, corresponding to a c-lattice constant of 6.7 A.
Compared to the 100 um thick h-BN wafers produced by HVPE by
our group, this value deviates slightly more from the ideal c-lattice con-
stant of h-BN, which is 6.66 A.>**> The results clearly indicate that
structural disorders, such as the incorporation of turbostratic-phase
(t-phase) domains within h-BN, become more prevalent as the layer
thickness increases during h-BN growth. Consequently, this leads to a
shift in the XRD (002) peak toward lower angles from the ideal posi-
tion of 26.74°. However, the XRD spectra of annealed samples clearly
exhibit an enhancement in the (002) peak intensity with increasing
annealing temperature. Since the (002) peak intensity is directly linked
to the crystalline quality, it can be inferred that there is a proportional
improvement in the crystallinity of h-BN with higher annealing
temperatures.

Previous studies on h-BN have indicated the presence of domains
with t-phase or (t-BN) in thick h-BN samples.”*”” The t-phase is char-
acterized by random stacking or rotation of individual layers due to
suboptimal growth conditions. In the XRD spectra presented in Fig. 1,
the as-grown sample displays a tail on the lower angle side of the dom-
inant (002) peak, showing the presence of an additional peak at
approximately 26° due to the inclusion of t-phase domains in the sam-
ple.”” The intensity of the t-phase tail diminishes in the sample
annealed at 1900 °C, indicating that annealing at high temperatures
promotes structural rearrangement of BN layers from t-phase to
h-phase. The full-width at half maximum (FWHM) of the (002) peak
also decreased from 0.7° for the as-grown sample to 0.6° and 0.4° for
the sample annealed at 1850 and 1900 °C, respectively. Lower FWHM
means increased h-phase domain size for samples annealed at higher
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temperatures. It is worth pointing out that the FWHM of the (002)
peak of 100 pum thick h-BN is 0.29°.*" Altogether, the results clearly
demonstrate that the crystalline quality of h-BN improves significantly
after the post-growth annealing process at 1900 °C. However, the
(100) and (101) peaks related to the in-plane crystal structure were not
observable in the XRD patterns. We believe that detecting these peaks,
which are necessary for estimating the in-plane lattice constant via
XRD, would require further enhancement of the long-range structural
order in the c-plane.

Devices were fabricated using the as-grown and annealed h-BN
samples to investigate the impact of post-growth annealing on their
electrical transport properties. The samples were cut into a dimension
of length L=5mm and width W =13 mm using laser dicing and
then put onto a sapphire using insulating polyimide tape. Metal con-
tacts consisting of a bi-layer of Ni (100 nm)/Au (40 nm) were depos-
ited on the two long edges of the diced samples using e-beam
evaporation to form lateral detectors. It is important to note that the
lateral device configuration was chosen to leverage the superior in-
plane transport properties of h-BN over its vertical transport proper-
ties.”” " The electrical characteristics were evaluated by measuring the
I-V curves in both dark conditions and under photoexcitation for the
as-grown and annealed samples. Dark currents, which are indicative of
dark resistivity, are primarily influenced by the background carrier
concentrations in the materials. In applications such as detectors, a
lower dark current or higher electrical resistivity leads to an enhanced
signal-to-noise ratio. The I-V curve depicted in Fig. 2 was used to
calculate dark resistivity, revealing a value of 3.9 x 10'>Qcm for the
as-grown sample (black squares), consistent with previously reported

10

B As-grown T, =1550°C
B Annealed T, =1850°C
H Annealed T, =1900°C
Linear Fit
h-BN (1 mm thick)
Darkcurrent
p=39x 1013 Q.cm
p=12x101%Q.cm
p=24x 1014 0.cm

o

Current (pA)

S = N W A Ot &N O R

0 100 200 300 400 500
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FIG. 2. Dark |-V characteristics of 1 mm thick h-BN wafers: as-grown, annealed at
1850 and 1900 °C.
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resistivity values for HVPE-grown h-BN wafer of 100 um in thick-
ness.”” However, Fig. 2 shows that resistivity increases with increasing
annealing temperature. Specifically, the resistivity of the material
increases by nearly an order of magnitude to 2.4 x 10'*Qcm for the
sample annealed at 1900 °C, as shown in the dark I-V curve in Fig. 2
(green squares). In a previous study, we presented evidence that the
dark resistivity of h-BN produced by HVPE at a growth rate around
15 pm/h is controlled by the presence of boron vacancy and hydrogen
complex (V—H) defects.”” A possible scenario is that annealing drives
the hydrogen out of the material, leading to a reduction in (Vz-H)
complexes and an increase in the electrical resistivity. In the present
study, nitrogen vacancies (Vy) are equally likely to be incorporated
due to the use of an even higher growth rate of ~30 um/h. During
high-temperature annealing under Ny, it is also possible that N, gas
supplies N atoms slightly to fill up a fraction of Vyy inside h-BN.
Overall, the results appear to suggest that high-temperature annealing
under N, reduces the concentrations of native defects, improves the
crystalline quality of the material, and increases the resistivity of h-BN.

The mobility-lifetime (pt) product is a crucial carrier transport
property that plays a significant role in determining the charge collec-
tion efficiency in radiation detectors. In neutron detectors, effective
collection of neutron-generated charge carriers occurs when the carrier
recombination time (7) exceeds the carrier transit time () or when
the drift length of the charge carriers (1tE) is greater than the transit
distance between the electrodes (W), expressed as ptE > W, where E
represents the applied electric field. The value of the put product is
highly dependent on the material’s quality and purity and has a direct
impact on the detector’s performance. To assess the pit product, mea-
surements were conducted on both the as-grown and annealed h-BN
samples by studying the bias voltage dependence of the photocurrent
ranging from 0 to 500 V. A broad UV light source (180-400 nm) was
employed for photoexcitation of charge carriers. Figure 3 plots the bias
voltage dependence of the photocurrent for the detector fabricated
from the fabricated from the as-grown sample (black squares), the
sample thermally annealed at 1850 °C (blue squares), and the sample
thermally annealed at 1900 °C (green squares).

The measured photocurrent characteristics were analyzed using a
modified classical Many’s equation for partial blocking metal contacts,

2

I(V):Iom%{lf’;’—‘z](lfa) (he*if—v)}, 1)
where a is the parameter that measures the ratio of ohmic to blocking
behavior of the metal contacts, where a =0 and a =1 correspond to a
complete blocking contact and an ohmic contact, respectively."’ For
the h-BN devices studied here, the values of a are about 0.1, implying
the contacts are mostly blocking type.

The pt product for the as-grown sample was determined to be
2.4 x 107 cm?/V, which is nearly an order of magnitude lower com-
pared to our previously reported values for 100 pum thick h-BN
wafers.”*”* The pr product measurement results again suggest a degra-
dation in the crystalline quality of h-BN with increasing h-BN thick-
ness. The presence of defects and stacking faults tends to increase in
thicker h-BN samples, where existing defects can propagate and intro-
duce additional defects in subsequent layers, leading to a deterioration
in the crystalline quality of the growth-front than underneath layers.
This interpretation corroborates with the XRD results in Fig. 1, show-
ing the inclusion of t-BN domains in as-grown 1 mm thick h-BN. So,

Appl. Phys. Lett. 126, 202107 (2025); doi: 10.1063/5.0260647
Published under an exclusive license by AIP Publishing

126, 202107-3

L0:€%:91 G20z Ae 82


pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE

200 R B B I I
B As-grown T, = 1550°C
H Annealed T, =1850°C
-+ Annealed T, =1900°C 1
150 [— — Fitting using Eq. (1)

Current (pA)
[
S
S
[

h-BN (1 mm thick)
Photocurrent
pt=2.4x10° em*/V
put=4.0 x 105 em?/V
pt=6.4 x 10° cm*V
P M I I I

0 100 200 300 400 500
Voltage (V)

FIG. 3. |-V characteristics under photoexcitation for 1 mm thick h-BN lateral detec-
tors fabrication using as-grown (black squares), annealed at 1850 °C (blue squares)
and 1900 °C (green squares) samples.

n
—

presently, a trade-off between material quality and thickness must be
considered when utilizing devices that incorporate thick h-BN wafers.
Figure 3 (blue and green squares) show improvement of pt products
through annealing at high temperatures, with a ut product reaching
6.4 x 107>cm?/V for the h-BN sample annealed at 1900°C. The
annealing process contributes to an increase in the pit value of h-BN by
improving crystalline quality through the reduction of t-phase domains
and native defects. This enhancement in material quality leads to a
higher pt value for h-BN, highlighting the significance of the annealing
process in optimizing the performance of devices incorporating thick
h-BN wafers.

Fast neutron detection performance for the fabricated devices
was measured in response to fast neutrons emitted from an AmBe
neutron source. The emission rate of the source at the time of mea-
surement was 6.3 x 10° neutrons/s. The devices were put inside a
metal box with the detection electronics. The detectors were placed
5cm away from the neutron source. So, the neutron flux received at
the detector surface was 2000 neutrons/cm?s. The detectors were oper-
ated in such a way as to perform particle counting and pulse
height spectrum analysis, as we have done for h-BN thermal neutron
detectors.”” *® The detection electronics include a charge-sensitive
pre-amplifier, a current amplifier, and a multi-channel analyzer
(MCA).”" *° Pulse height spectra were measured for the devices biased
at a voltage of V=450 V and are shown in Fig. 4.
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FIG. 4. Pulse height spectra measured at Vg =450V for 1 mm thick h-BN neutron
detectors fabricated using (a) as-grown, annealed at (b) 1850 and (c) 1900 °C sam-
ples. The background signals (pulse height spectra in the absence of neutron
source) are also plotted (purple curves).

The neutron detection efficiency (1) and charge collection effi-
ciency (1) of the samples were then measured for each sample based
on the pulse height spectra. Neutron detection efficiency (1) was
determined by calculating the ratio of the count rate per unit area of
the detector to the neutron flux at the detector position. The mean
free path (1) for neutrons emitted from the AmBe source in h-BN
was measured to be 52cm.”® Utilizing this value, the intrinsic
efficiency of a 1 mm thick h-BN neutron detector was calculated as
1 —exp(—d/A)=1 — exp (—0.1/5.2) =1.9%. The charge collection
efficiency (17.) is derived from the ratio of the measured neutron
detection efficiency to the intrinsic efficiency of a device with a spe-
cific thickness. Therefore, 7. for a neutron detector serves as an indi-
cator of the overall quality of the material used in the devices. The
device constructed using the as-grown h-BN exhibited a charge
collection efficiency (1) value of 26.3%, as depicted in Fig. 4(a).
Figures 4(b) and 4(c) demonstrate notable enhancements in the
charge collection efficiencies for devices fabricated from annealed h-
BN compared to the as-grown sample, with further improvement
observed with increasing annealing temperatures. Specifically, the
measured 17 and 7¢ values were, respectively, 0.6% and 31.6% for the
detector fabricated using the 1850 °C annealed sample, and 0.7% and
36.8% for the detector fabricated using the 1900 °C annealed sample.
The neutron detection performance of h-BN detectors is significantly
improved through thermal annealing, as the annealed samples exhibit
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FIG. 5. Plot of the charge collection efficiency (1) of h-BN fast neutron detectors vs
the pr product.

improved crystalline quality and electronic transport properties, as
evidenced by XRD, I-V characteristics in the dark and under photo-
excitation, and the pt products characterization results.

The prt product, which encompasses information about carrier
mobility and defect density, is a key parameter for determining the
charge collection efficiency. From the measured 7. and pt product
values, Fig. 5 plots the correlation between 7. and pt, which clearly
indicates that the pit product is a significant figure of merit (FOM) for
h-BN detectors. In addition to the pt product, the detector thickness is
the most important parameter for accommodating the large neutron
mean free path in h-BN. This parallels the situation in solar cells,
where the absorption coefficient and pr product are key FOMs that
influence solar cell performance.""”

In summary, 1 mm thick h-BN wafers were grown using HVPE
and subsequently thermally annealed in N, gas at temperatures sur-
passing the growth temperature. XRD analysis revealed an enhance-
ment in crystalline quality following high-temperature thermal
annealing. Neutron detectors were then produced from both the 1 mm
thick as-grown and annealed h-BN samples.

I-V characteristic measurements conducted in the dark condi-
tions and under photoexcitation on devices constructed with annealed
h-BN exhibited enhanced electrical resistivity and transport properties.
Fast neutron detection efficiency measurements using an AmBe source
demonstrated enhanced charge collection efficiencies and overall
detection efficiencies for the annealed samples. While post-growth
annealing is a simpler process compared to optimizing HVPE growth,
our findings suggest its significant role in achieving improved material

pubs.aip.org/aip/apl

quality and enhanced performance in electronic devices and neutron
detectors fabricated from HVPE-grown quasi-bulk h-BN.
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