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ABSTRACT

Ultrawide bandgap (UWBG) semiconductors have the potential for superior performance and are
poised to make a huge impact in electronic and photonic devices. In the IlI-nitride family, the
crystal growth and use of hexagonal BN (4-BN) with a bandgap around 6 eV, remain relatively
underdeveloped. Drawing parallels to GaN technology, advancing crystal growth techniques to
produce thick epitaxial films or quasi-bulk crystals in larger wafer sizes with high crystalline
quality is essential for propelling #-BN as a viable material for UWBG electronic and photonic
devices. In this overview, we summarize recent advancements in synthesizing large-diameter
wafers of 4-BN quasi-bulk crystals, achieved through hydride vapor phase epitaxy (HVPE),
resulting in epitaxial layers exceeding hundreds of microns (100s’ pm) in thickness. Notably, our
group has attained high-efficiency direct conversion neutron detectors, demonstrating a record
detection efficiency of 60% for thermal neutrons and 2.2% for fast neutrons. These significant
developments represent a crucial steppingstone toward further enhancing crystal growth
technologies to produce electronic-grade #-BN. This material has the potential to serve as both an
active host and substrate for diverse applications, including photonics, power electronics, neutron
detection, and quantum information technology.

Keywords: Ultrawide bandgap (UWBG) semiconductors, hexagonal BN, epitaxial growth, quasi-bulk crystal growth,
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1. INTRODUCTION

It is well recognized that the performance metrics of semiconductor electronic devices are
intricately linked to the material's energy bandgap (Eg) in a highly non-linear fashion. IlI-nitride
wide bandgap semiconductor light-emitting diodes (LEDs) and power electronic devices have
revolutionized the energy sector by providing brighter, more energy-efficient, and reliable lighting
solutions as well as power conversion systems [1-9]. These innovations have significantly lowered
energy consumption and reduce environmental impacts. Our invention of IlI-nitride microLED
technology made over two decades ago [10-13] has given rise to the microLED display industry,
spurring research into microLED microdisplays for applications in augmented reality, virtual
reality, and three-dimensional (AR/VR/3D) displays [10-14].

While high In-content InGaN and Al-content AlGaN alloy-based photonic devices are
advancing the capabilities of full-spectrum solar energy [15-17], sterilization, and UV curing
technologies [18,19], the application of hexagonal boron nitride (2-BN) as an ultrawide bandgap
(UWBG) semiconductor is still significantly underexplored. This is despite #-BN's remarkable
physical properties, which include an UWBG of around 6 eV at room temperature [20-24], a high
breakdown field of 13 MV/cm [25,26], and impressive in-plane thermal conductivity of about 550
W/m-K [27]. Much of the existing research on #-BN has concentrated on monolayers or few-layer
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structures for the construction of 2D based heterostructures [28] and for optically stable single
photon emitters [29], typically produced through exfoliation techniques that depend on millimeter-
sized bulk crystals grown using high-pressure, high-temperature (HPHT) methods [21, 24-26] and
metal flux solution approaches [23,27]. However, these methods face significant challenges when
scaling larger wafer and device sizes.

Notably, #-BN is exceptionally well-suited to produce direct conversion solid-state neutron
detectors [30-38]. This distinctive capability is largely due to the presence of boron-10 (B-10), one
of the few isotopes that have a favorable nuclear capture cross-section for thermal neutrons,
measuring 3840 barns [39, 40]. As a result, the absorption length for thermal neutrons in B-10
enriched #-BN (h-'°BN) is 47 um, while it reaches 237 pum in natural 2-BN [30-39]. These
substantial absorption lengths underscore the urgent need for the development of large-area, thick
h-BN epitaxial films or quasi-bulk wafers. We present a brief overview of recent advancements in
the production of large-diameter £-BN quasi-bulk wafers with thicknesses in the hundreds of
micrometers, utilizing hydride vapor phase epitaxy (HVPE), a well-established growth technique
for growing GaN and AIN quasi-bulk crystals with high growth rates reaching 100s of pum per
hour [41, 42]. The first active devices that require the use of #-BN quasi-bulk crystals that we have
successfully demonstrated include thermal neutron detectors with a record high efficiency and fast
neutron detectors with practical efficiency, the results of which will be discussed.

2. EXPERIMENT, RESULTS AND DISCUSSIONS

The HVPE growth processes for producing high quality #-BN possess similar challenges as for
AIN [41, 42], which also require the abilities to support high growth temperatures typically above
1300 °C and mitigate the issue of parasitic reactions in the gas phase. To grow A-BN wafers, BCls
and NH3 gases were used as precursors [43-46]. The growth was conducted on c-plane sapphire.
At a growth temperature of 1450 °C, the growth rate was about 15 pm/h. As illustrated in Fig. 1(a),
h-BN has a layered crystalline structure and a close lattice-match to graphite and hence to graphene,
with the spacing between the stacked layers in the c-direction of 3.33 A, giving a c-lattice constant
of c=6.66 A. Due to its layered crystalline structure, 4-BN self-separates from sapphire to form a
freestanding and flexible wafer during cooling process after growth [33-38, 43-46]. This self-
separation phenomenon offers several benefits, including easier wafer dicing, reusing sapphire
substrates, and fabrication of devices in flexible forms (e.g., in stacked or curved configurations).

In Figure 1(b), a cross-sectional view of transmission electron microscope (TEM) image is
shown for a freestanding #-BN quasi-bulk wafer of 100 um in thickness produced by HVPE by
authors’ group [39], which directly reveals that the spacing between the stacked planes in the c-
direction to be 3.33 A. Figures 1(c) plots a Raman spectrum of a freestanding 4-BN quasi-bulk
wafer [39]. The observed mode at Ag = 1366 cm’! is related to the E, g Vvibration mode (in-plane
stretch of B and N atoms) and corresponds well with the expected Raman peak of bulk #-BN [39],
suggesting that these freestanding HVPE wafers are strain free. Figures 1(d) shows XRD pattern
in 20 — w scan of the sample in a large angle range, revealing the #-BN (002) peak position
(diffraction from stacked planes in the c-axis direction) centered at 2 6 = 26.72° [45],
corresponding to a c-lattice constant of nearly 6.66 A, corroborating the TEM measurements
results shown in Fig. 1(b). Diffraction peaks from 4-BN (002), (004), and (006) planes (stacked
planes in the c-axis direction) were clearly observable, which indicates that these #-BN quasi-bulk
crystals have a very good long-range order in the direction of c-axis.
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Figure 1. (a) Schematic of crystalline structure of #-BN showing a c-lattice constant of c=6.66 A and spacing
between stacked layers in the c-axis direction of 3.33 A. (b) Cross-sectional view of TEM image of a 100 pm thick
freestanding 4-BN quasi-bulk wafer produced by HVPE, measuring a spacing of 3.33 A between the stacked layers
in the c-axis direction. (¢) Room temperature Raman spectrum of a 100 pm thick 4-BN quasi-bulk wafer produced
by HVPE. The inset shows a photo of a 4”-diameter freestanding #-BN quasi-bulk wafer. (a)-(c) Figures
reproduced from Ref. 39 under the terms of the Creative Commons Attribution 4.0 license, N. K. Hossain, A.
Tingsuwatit, Z. Alemoush, M. Almohammad, J. Li, J. Y. Lin, and H. X. Jiang, “Probing room temperature indirect
and minimum direct band gaps of #-BN,” Appl. Phys. Express 17, 091001 (2024). (d) XRD pattern obtained in a
20-o scan in a large angle range. Figure reproduced from Ref. 45 under the terms of the Creative Commons CC
BY license, Z. Alemoush, A. Tingsuwatit, A. Maity, J. Li,J. Y. Lin and H. X. Jiang, “Status of #-BN quasi-bulk
crystals and high efficiency neutron detectors,” J. Appl. Phys. 135, 175704 (2024).

The TEM, XRD and Raman results shown in Fig. 1 all indicate that HVPE grown quasi-bulk
crystals have a pure 4-phase (layered structure). Since the Raman mode shown in Fig. 1(c) results
from the in-plane stretch of B and N atoms, its FWHM directly correlates with the structural
ordering in the c-plane. The observed FWHM of the E,, vibration mode in h-BN quasi-bulk
wafers of 16 cm™ is broader than those in samples grown by HTHP of typically 8-10 cm™ [46].

A high efficiency #-BN thermal neuron detector must have a large layer thickness to ensure a

sufficient thermal neutron absorption (high intrinsic efficiency), followingn; = 1 — e_d/ 1, where
A (h-1°BN) = 47 um and A (A-BN) = 237 um. Moreover, to ensure an effective collection of the
radiation-generated charge carriers by the electrodes, the recombination or capture lifetime (1) of
radiation-generated charge carriers must exceed the transit time (tt), meaning t = 1t. The transit
time of the charge carriers can be expressed as the transit distance divided by the velocity (4E) of
the charge carriers. Thus, the charge collection condition can also be written as utE >> W, or
equivalently %‘: >> 1, where E (V) denotes the applied electric field (bias voltage) and I is the

width (thickness) of a #-BN lateral (vertical) device. Electrical transport characterization results
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indicated that the ut products in the c-plane are about 2 orders of magnitude larger than those align
the c-axis [35, 47, 48]. As such, we have developed lateral detector architecture by taking
advantage of 4#-BN’s superior lateral transport properties [35-38, 45]. The typical lateral ur
products of these quasi-bulk materials are in the order of 1 x 10 cm?/V [43]. This means that the
detector’s width should be designed to be smaller than 4 mm, W <4 mm, for an operating voltage
of 450 V. As shown schematically in the inset (1) of Fig. 2(a), by connecting multiple narrow
lateral detectors in parallel, large area detectors can be constructed. Each narrow detector strip
within the large detector has metal contacts covering the entire vertical edges of the detector of
100 um in thickness to ensure that the electric field is uniformly applied in the c-plane through the
bulk of the h-BN detector. An optical image of a finished 1 cm? area detector fabricated by
combining 6 detector lateral strips fabricated from a 4-'°BN quasi-bulk wafer (100 pum thick) is
shown in the inset (2) of Fig. 2(a).

A Californium-252 (>Cf) source in conjunction with a cube made of high-density
polyethylene (HDPE) moderate was to serve as a thermal neutron source [31-37]. The thermal
neutron detection efficiencies were measured by placing the detectors at 30 cm from the HDPE
block front face and side by side with a SLiF filled micro-structured semiconductor neutron
detector (MSND) with a known detection area (4 cm?) and detection efficiency (30%). By
measuring the counts against that of the MSND detector, the detection efficiencies of 4-'"BN
detectors can be obtained. The sensitivity of 4-'°BN to gamma photons was tested by measuring
the pulsed height spectra (PHS) of 4-'°BN detector in the presence of a 662 keV '*’Cs source and
the results indicated that the sensitivity of #-'°BN detectors to gamma photons from 662 keV '*’Cs
source is at the background level [31, 36, 45]. This is because BN is composed of low atomic
elements B and N.

Figure 2(a) plots the measured detector efficiency (7) as a function of the applied voltage (and
electric field) [45], which shows that at a bias voltage of 450 V, this 1 cm? area detector delivers a
record high detection efficiency for thermal neutrons of 60%. By defining the charge collection
efficiency (7¢) as the ratio of the measured efficiency to theoretical efficiency of n; = 1 —

e_d/ 4, Fig. 2(a) also plots 7 as a function of the applied voltage, yielding a maximum collection
efficiency of 68%. The value of 7. is also a good measure of #-BN material quality, and the ideal
value of 7 1s 100%.

On the other hand, the interaction cross-section between fast neutrons (neutrons with energies >
1 MeV) and matter is extremely low. To detect fast neutrons with energy larger than 1 MeV, the
process of elastic scattering of fast neutrons with detector’s constituent elements is utilized, which
typically has a cross-section in the order of ~ 2 Barn [49-51]. Consequently, the detection of fast
neutrons is regarded technically challenging. The measured mean free paths in #-BN for neutrons
emitted from bare >2Cf and AmBe neutron sources are 7.6 cm and 5.2 cm, respectively [38, 53].
This means that detectors with a thickness d > 7.6 cm (or 5.2 cm) are needed to achieve 4-BN fast
neutron detectors with an intrinsic detection efficiency exceeding 63% (=1-e’') for fast neutrons
with a comparable average energy as those emitted from 2>>Cf (or AmBe) source.

Recently, we have successfully produced 0.4 mm thick freestanding #-BN 4”-diameter wafers
[52]. The 400 um thick freestanding wafer was subjected to mecahnical polish to thin down to
about 350 um in thickness to improve the surface smoothness and then cut into strips of 1.3 mm
in width and 7.5 mm in length via laser dicing. By stacking 4 such layers together, a total thickness
of 1.4 mm was achieved. A schametic illustration of a 4-layer vertical stacked #-BN detectors is
shown in inset (1) of Fig. 2(b). The optical image of a finished 4-layer vertical stacked 4-BN fast
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Figure 2. (a) Plot of measured detection efficiency (1) and effective charge collection efficiency (1) as functions
of the applied voltage of a 1 cm? area h-BN thermal neutron detector fabricated from a 100 um thick 4-'"BN
wafer. Inset (1) Schematic illustration of a multi-strip detector constructed by connecting multiple narrow
detector strips in parallel to form a large area detector. Inset (2) Optical image of a finished 1 cm? area thermal
neutron detector formed by connecting in parallel 6 detector strips fabricated from a 100 pm thick A-'°BN wafer.
Figures reproduced from Ref. 45 under the terms of the Creative Commons CC BY license, Z. Alemoush, A.
Tingsuwatit, A. Maity, J. Li,J. Y. Linand H. X. Jiang, “Status of #-BN quasi-bulk crystals and high efficiency
neutron detectors,” J. Appl. Phys. 135, 175704 (2024). (b) Pulsed height spectra (PHS) acquired by a 1.4 mm
thick 4#-BN fast neutron detector (constructed by staking four 350 um thick detectors) in response to fast neutrons
from bare 2>2Cf source (red curve) and AmBe source (blue curves) without the use of a HDPE moderator and in
absence of any source (black curve), all measured at a bias voltage Vz=500 V with detector located at 10 cm from
the sources. A pyrolytic BN (p-BN) film of 2.1 mm in thickness is used to block any thermal neutrons from these
two neutron sources. Schematic illustration of forming a thick detector by stacking multiple layered detectors is
shown in inset (1). Optical image of a finished 1.4 mm thick fast neutron detector is depicted in inset (2). Figures
reproduced from Ref. 52 under the terms of the Creative Commons CC BY license, J. Li, A. Tingsuwatit, Z.
Alemoush, J. Y. Lin, and H. X. Jiang, “Ultrawide bandgap semiconductor #-BN for direct detection of fast
neutrons,” APL Materials 13, 011101 (2025).

neutron detector is shown in inset (2) of Fig. 2(b). For AmBe source, the measured detection
efficiency of this 1.4 mm thick detector is 2.2% [52], corresponding to a charge collection
efficiency of 81% calculated by using the intrinsic efficiency value of 2.7% based on a mean free
path of 5.2 cm in 4-BN for fast neutrons from AmBe source. For *>Cf source, the measurement
results yielded a detection efficiency of 0.51% [52]. To the best of our knowledge, this is the first
demonstration of a semiconductor detector that can detect fast neutrons directly with a measured
efficiency of more than 2%.

Detectors that are capable of sensing both thermal and fast neutrons have many important
applications in critical and emerging areas of technologies, including nuclear and fusion reactors

Proc. of SPIE Vol. 13376 133760A-5



power and safety monitoring, nuclear security, nuclear waste management, oil field exploration,
neutron imaging and therapy, fundamental research in nuclear and particle, plasma and materials
sciences, and life search beyond earth.

3. SUMMARY

We presented a concise overview of the current status of 42-BN quasi-bulk wafer development.
Structural characterization results indicate that #-BN quasi-bulk wafers, with a thickness of 100
um, exhibit a favorable stacking sequence and long-range order along the c-axis. Thermal neutron
detectors with a detection area of 1 cm?, designed in a lateral geometry from 100 pm thick boron-
10 enriched #-BN wafers, have achieved a record thermal neutron detection efficiency of 60% at
a bias voltage of 450 V. Furthermore, direct detection of fast neutrons using #-BN UWBG
semiconductor detectors has been successfully demonstrated, with a detection efficiency of up to
2.2% achieved by a stacked detector with a total thickness of 1.4 mm in response to neutrons
emitted from a bare AmBe neutron source. 4-BN is increasingly recognized as an important
UWBG material for various applications, including deep ultraviolet (UV) photonics, substrates for
two-dimensional devices, hyperbolic dispersion devices with innovative uses, single-photon
emitters, and qubits. These applications stand to benefit significantly from the availability of high-
quality, large-diameter quasi-bulk wafers. Consequently, the development of large-diameter #2-BN
quasi-bulk materials is vital to serve as active medium or substrate for these advanced
technologies.
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