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ABSTRACT

III-nitrides have fomented a revolution in the lighting industry and are poised to make a huge impact in the field of power electronics. In
the III-nitride family, the crystal growth and use of hexagonal BN (h-BN) as an ultrawide bandgap (UWBG) semiconductor are much less
developed. Bulk crystals of h-BN produced by the high-temperature/high-pressure and the metal flux solution methods possess very high
crystalline and optical qualities but are impractical to serve as substrates or for device implementation as their sizes are typically in millime-
ters. The development of crystal growth technologies for producing thick epitaxial films (or quasi-bulk or semi-bulk crystals) in large wafer
sizes with high crystalline quality is a prerequisite for utilizing h-BN as an UWBG electronic material. Compared to traditional III-nitrides,
BN has another unique application as solid-state neutron detectors, which however, also require the development of quasi-bulk crystals to
provide high detection efficiencies because the theoretical efficiency (n;) relates to the detector thickness (d) by n; =1 — ¢7, where
denotes the thermal neutron absorption length which is 47 um (237 um) for 198_enriched (natural) h-BN. We provide an overview and

recent progress toward the development of h-BN quasi-bulk crystals via hydride vapor phase epitaxy (HVPE) growth and the attainment of

thermal neutron detectors based on 100 um thick '°B-enriched h-BN with a record efficiency of 60%. The thermal neutron detection effi-
ciency was shown to enhance at elevated temperatures. Benchmarking the crystalline and optical qualities of h-BN quasi-bulk crystals with
the state-of-the-art mm-sized bulk crystal flakes and 0.5 um thick epitaxial films identified that reducing the density of native defects such
as vacancies remains the most critical task for h-BN quasi-bulk crystal growth by HVPE.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0179610

I. INTRODUCTION

II-nitride wide bandgap (WBG) semiconductors have revolu-
tionized the lighting and consumer electronics industries.' InGaN
alloys are also making inroads in full-spectrum solar cell and full
color display applications, in part attributed to the pioneering
experimental work by Wu et al. that pinned down the bandgap of
InN to be ~0.7eV." Today, ultrawide bandgap semiconductors
(UWBGS) have also garnered significant attention for power elec-
tronic and deep UV (DUV) photonic devices.”® The potential of
UWBGS for THz and sub-THz applications is also being evalu-
ated.” These recent developments are due to the superior intrinsic
physical properties of UWBGS. As a member of the III-nitride
family, with its bandgap at about 6 eV, the crystal growth and use

of hexagonal BN (h-BN) as an UWBGS are much less
developed.g’11 Instead, h-BN in its two-dimensional (2D) form,
consisting of one or a few-layers of h-BN, has been extensively
investigated as a complementary dielectric substrate and gate
material for 2D and graphene materials.'”™'* More recently, opti-
cally stable single photon emitters have also been observed in
2D h-BN,"”"'® opening the potential of 2D h-BN as a qubit device
material.

Bulk crystals of h-BN produced by the high-temperature/high-
pressure (HT/HP)*'>""*! and the metal flux solution method”>*’
possess very high crystalline and optical qualities but remain at mil-
limeter in size, rendering them impractical as substrates or for
device implementation. The development of crystal growth technol-
ogies for producing epitaxial films in 10s to 100s of microns in
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thickness (or quasi-bulk crystals) in large wafer sizes is prerequisite
for utilizing the full potential of h-BN for device applications.
Here, we provide a brief overview on the recent progress toward the
synthesizing of h-BN quasi-bulk crystals by hydride vapor phase
epitaxy (HVPE) and the realization of high efficiency thermal
neutron detectors based on '°B-enriched h-BN (h-'°BN) achieved
exclusively by our group. The understanding of the dominant
defects that limit the performance of h-BN devices is also
discussed.

Il. EXPERIMENT, RESULTS, AND DISCUSSION
A. Benchmarking crystalline and optical qualities

To produce h-BN quasi-bulk wafers, HVPE growth is
adopted, which is a proven epitaxial growth technique capable of
producing high-quality GaN and AIN quasi-bulk wafers at high
growth rates, up to 100 s of microns per hour.”*"*® More recently, it
was also demonstrated that HVPE growth technique is capable to
produce GaN with significantly reduced background impurity con-
centrations”” and improved p-type conductivity’® over those pro-
duced by metal organic chemical vapor deposition (MOCVD)
because precursors for HVPE growth are free from carbon
impurities.

To grow h-BN wafers by HVPE, boron trichloride (BCl;) and
NH; were used as precursors and hydrogen was used as a carrier
gas. The growth was conducted on c-plane sapphire of 2-in. or
4-in. in diameter at a growth temperature of around 1500 °C.””*’
As illustrated in Fig. 1(a), h-BN is the only material among
II-nitrides to possess a layered crystalline structure with a bulk
a-lattice constant of 0.250 nm and c-lattice constant of 0.666 nm.”'
Because of its unique crystalline structure, a h-BN wafer tends to
self-separate from sapphire to form a freestanding wafer during

£ h-BN
O Low Tpuffes
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cooling down after growth when the thickness is exceeding
~10um™ and this exclusive feature is illustrated in Fig. 1(b). The
thickest HVPE h-BN quasi-bulk wafers produced by our group as
of this writing has a thickness of ~500 um, as probed by a thickness
profilometer. An example of thickness calibration is shown in
Fig. 1(c).

Bulk h-BN single crystals produced by the high-temperature/
high-pressure (HT/HP)>'*'""*" or by the metal flux solution
method at atmospheric pressures”>*” possess the highest crystalline
and optical qualities. On the other hand, MOCVD is a highly
established epitaxial growth technique for producing III-nitride
thin epitaxial film (or epilayer) wafers as well as device structures
with an excellent overall material quality. We are among the
various groups that have successfully demonstrated MOCVD
growth of high-quality epitaxial layers of h-BN with a thickness
ranging from a few layers to a few microns’*® and demonstrated
the ability of h-BN for neutron sensing,””~*® Therefore, benchmark-
ing the overall crystalline and optical qualities of h-BN quasi-bulk
crystals produced by HVPE against those of the state-of-the-art
mm-sized bulk crystals and MOCVD grown thin epilayers provides
valuable insights regarding how much room is there as well as key
areas for further improvement.

In Fig. 2, we compare the x-ray diffraction patterns (in XRD
20-o scans) of h-BN bulk crystals synthesized by the metal flux sol-
ution method,” a 0.5um thick h-BN epilayer produced by
MOCVD, and a 100 um thick freestanding h-BN quasi-bulk wafer
produced by HVPE. The 0.5 um thick h-BN epilayer was grown by
MOCVD on c-plane sapphire substrate using a pulsed precursor
flow growth scheme (alternating flows of triethylboron and NH3)
developed previously.38 For the h-BN bulk flake, MOCVD thin
epilayer, and HVPE quasi-bulk samples, the XRD peak corres-
ponding to diffraction by the h-BN (002) plane (stacked planes in

(b)

Substrate

FIG. 1. (a) Schematic of the crystalline structure of h-BN, illustrating its layered structure. (b) Schematic for obtaining freestanding h-BN quasi-bulk wafers via self-
separation during cooling down after growth due to its layered structure. (c) Demonstration of our recent attainment of a h-BN quasi-bulk wafer with a thickness of about

500 um.
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FIG. 2. Comparison of micrographs and x-ray diffraction patterns in 26-w scans: (a) a bulk crystal flake synthesized by the metal flux solution method at atmospheric pres-
sures [figure reproduced from Figs. 1(c) and 2(d) of Ref. 22 with permission from Li et al., Chem. Mater. 32, 5066 (2020). Copyright 2020 American Chemical Society].
(b) A h-BN (0.5 um)/sapphire epilayer synthesized by MOCVD using a pulsed precursor flow scheme. (c) A 100 «m thick freestanding flexible h-BN quasi-bulk wafer
synthesized by HVPE.
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the c-direction) is centered at 20=26.70° 26.68°, and 26.72°
respectively. Since the c-lattice constant of a perfect h-BN bulk
crystal is 0.666 nm, corresponding to a diffraction peak of the h-BN
(002) plane at 20=26.74°"" the measured XRD peak positions
imply that the HVPE grown quasi-bulk crystal has a c-lattice cons-
tant closest to the ideal ¢=0.666 nm among these three samples
compared. On the other hand, the bulk crystal flake exhibits the
narrowest full width at the half maximum (HWHM) of 0.14°.
HVPE quasi-bulk wafer has a FWHM of 0.29° and the 0.5um
thick epilayer has a FWHM of 0.46°.

XRD 26- scans in a large angle range with an open detector
are also compared in Fig. 3 for the three types of materials.
Diffraction peaks from h-BN (002), (004), and (006) planes were
clearly observable in both the bulk crystal synthesized by the HT/
HP method” and the freestanding h-BN quasi-bulk wafer
[Figs. 3(a) and 3(c)], revealing the same peak positions in both
samples and meaning that both type of samples have a very good
long-range order in the c-axis. However, the XRD linewidths of the
diffraction peaks are broader in h-BN quasi-bulk wafer than those
in the bulk crystal produced by the HP/HT method.”' For the
0.5 um thick epilayer on sapphire, diffraction peaks from the h-BN
(002), h-BN (004), and sapphire (006) planes are clearly observable,
while from the h-BN (006) plane was hardly visible, possibly
related to the small thickness of the film. The comparison results
shown in Figs. 2 and 3 indicate that our h-BN quasi-bulk wafers
produced by HVPE have a good stacking sequence and long-range
order in the c axis.

However, the FWHM of the XRD diffraction (XRD) peak is
narrowest for HT/HP bulk crystals, which implies that bulk crystals
have the best structural ordering in the c-plane. It is worth to
pointing out that the h-BN (002) peak of the 500 um thick wafer
(not shown) appears at a lower diffraction angle in comparison
with 26 =26.72° observed in the 100um thick wafer, indicating
that the stacking sequence in the c-direction deteriorates with
increasing wafer thickness and there is a lot of room for further
improvement.

Next, we compare the optical properties by measuring their
photoluminescence (PL) emission spectra. The excitation source
was a frequency quadrupled Ti:sapphire laser with an excitation
photon wavelength set at 195 nm and a monochromator (1.3 m) in
conjunction with a photomultiplier tube (PMT) was used to dis-
perse and record PL spectra. In the PL spectrum of the bulk crystal
shown in Fig. 4(a),” six sharp emission lines were resolved
between 5.75 and 5.90 eV, which have been attributed to the intrin-
sic or free-exciton (FX) transitions and labeled as S-series lines.”””’
The observation of the FX transitions implies that the bulk crystal
produced by the metal flux solution method has a relatively low
density of defects.

The h-BN epilayer/sapphire shown in Fig. 4(b) exhibits a
dominant emission peak at 5.735 eV, which is most likely also asso-
ciated with exciton transition in h-BN thin epilayers produced by
MOCVD using a pulsed flow growth scheme.”® One additional
peak around 5.58 eV may be due to impurity related transition. As
previously discussed, the candidates of impurities and defects
involved in MOCVD grown epilayers include carbon impurities
which are from the MOCVD boron precursor and nitrogen vacan-
cies. Oxygen is another hard to avoid impurity because the
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FIG. 3. Comparison of x-ray diffraction (XRD) patterns in 26-w scans in a large
angle range with an open detector: (a) A bulk crystal flake synthesized by the
high-temperature/high-pressure (HT/HP) method [figure reproduced from Fig. 4
of Ref. 21 with permission from Zhigadlo, J. Cryst. Growth 402, 308 (2014).
Copyright Elsevier; License No. 5638910313245]. (b) A h-BN (0.5 um)/sapphire
epilayer synthesized by MOCVD using a pulsed flow growth scheme. (c) A
100 um thick freestanding flexible h-BN quasi-bulk wafer synthesized by HVPE.

epilayers are deposited on sapphire substrates.”” Nonetheless, the
PL spectrum of this thin epilayer clearly exhibits a weaker emission
peak near 5.95eV. In comparison, as shown in Fig. 4(c), HVPE
grown quasi-bulk wafer exhibits a dominant emission line near
3.6eV regardless of the measurement temperatures, which was
attributed to a donor-acceptor pair (DAP) recombination,’”"’
involving possibly oxygen donors (Oyn) and boron vacancy -
hydrogen complex deep level acceptors.”” A band-edge emission
peak near 5.9 eV, which is ~100x weaker than the impurity emis-
sion line, is also observable. The comparison results of PL emission
spectra point out that optimizing the growth conditions to reduce
the density of native defects such as vacancies and residue impuri-
ties such as oxygen is the most critical task for the further
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FIG. 4. Comparison of photoluminescence (PL) emission spectra: (a) a bulk crystal flake synthesized by the metal flux solution method at atmospheric pressures [figure
reproduced from Fig. 2(b) of Ref. 23, Li et al., Appl. Phys. Lett. 108, 122101 (2016). Copyright 2016 AIP Publishing LLC]. (b) A h-BN (0.5 um)/sapphire epilayer synthe-
sized by MOCVD using a pulsed growth scheme. (c) A 100 um thick freestanding h-BN quasi-bulk wafer synthesized by HVPE [figure reproduced from Fig. 2(b) of
Ref. 41, Aimohammad et al., Appl. Phys. Lett. 124, 102106 (2024). Copyright 2024 AIP Publishing LLC].

advancement of h-BN quasi-bulk crystal growth by HVPE. Boron
vacancy complex centers are predicted to have a dominant charge
state of (0/—1) with low formation energy,42 which can function as
carrier traps and are expected to have a detrimental effect on the
device performance.

On the other hand, we believe that this is the first observation
of the band-edge emission lines near 5.9 eV in wafers produced by
epitaxial growth techniques of MOCVD and HVPE. The PL
spectra shown in Figs. 4(b) and 4(c) indicate that both of our thin
epitaxial layers and quasi-bulk crystal wafers have a decent crystal-
line quality, and the PL results corroborate with the XRD results
shown in Figs. 2 and 3. The observation of the emission lines near
the bandgap of h-BN provides new opportunities for probing and
understanding the detailed band structures of h-BN.

In a similar scenario in the development history of
II-nitrides, eliminating (or minimizing) native defects will be nec-
essary prior to the development of h-BN doping and h-BN based
devices. However, as we will discuss in the next sections, simple
photo-conductive type of detectors fabricated from 100 um thick
'9B-enriched h-BN quasi-bulk crystals have attained a record high
detection efficiency for thermal neutrons. These devices offer
advantages of compact size, high gamma rejection ratio, low
voltage operation, radiation hardness, capabilities for operating at
elevated temperatures” and in harsh environments and ability for
detecting thermal and fast neutrons simultaneously.”* Moreover,
the development of high efficiency h-BN neutron detector technol-
ogy also serves as a stepstone for advancing the crystal growth tech-
nology to produce electronic grade h-BN quasi-bulk wafers, which

will ultimately open the door for utilizing h-BN as an UWBG elec-
tronic material.

B. Principle of h-BN direct conversion thermal neutron
detectors

BN sets itself apart from other III-nitride semiconductors by
the fact that the isotope '°B possesses a large cross section of
~3840 barns (=3.84 x 102" cm?) for thermal neutrons (o)."*°
Element B exists in two main isotopes, '°B and ''B in a natural
abundance of approximately 20% and 80%, respectively. It is only
the isotope '’B that can interact effectively with thermal neutrons.
The operating principle of BN neutron detectors is based on the
absorption of a neutron by a '°B atom, which induces the following
nuclear reaction inside h-BN:*°

VB + in = L (0.84 MeV)
+ ga* (1.47 MeV) [94% excited state], (1a)

¥B + yn = }Li(1.015MeV)
+ ‘2‘06 (1.777 MeV) [6% ground state], (1b)
Lia — N (e7) + N (h"),N ~ 10°. )

The detection of thermal neutrons by a h-BN detector is
accomplished by a three-step process: (a) the first is the neutron
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absorption of Eq. (1) in which the nuclear reaction creates Li and o
daughter particles with large kinetic energies; (2) the second
process of Eq. (2) is the subsequent charge carrier [electrons (e”)
and holes (h*)] generation by Li and o particles; and (3) the final
process of the charge carrier (electrons and holes) separation and
collection by the electrodes with the aid of an applied bias voltage
or electric field.

As shown in Fig. 5(a), 108 has a thermal neutron cross section
(6) of 3.84x107*'cm® (for neutrons with an average kinetic
energy of 25 meV).*>* As a semiconductor, the density of B atoms
(N) which can interact with thermal neutrons in 100% '°B-enriched
BN is 5.5 x 10**/cm’. This provides a thermal neutron macroscopic
absorption coefficient () of 211.2 per cm and a thermal neutron
absorption length (1) of 47.3 um in h-1°BN (5x larger or 237 ym in
natural h-BN), where o and A are obtained from the relations of
a= No=55x102 x3.84 x 107! =211.2cm ' and A=a"".

The intrinsic detection efficiency (7;) of neutron detectors as a
function of the detector’s layer thickness, d, can be described by
the standard absorption equation,

n=1- e_Td. 3)

where d denotes the detector thickness and A the thermal neutron
absorption length. Equation (3) is plotted in Fig. 5(b), which shows
that the intrinsic efficiency can be increased by increasing the
h-BN layer thickness and h-'"BN (h-BN) wafers with a layer thick-
ness d>A of 47.3um (237 um) are needed to achieve thermal
neutron detectors with an intrinsic detection efficiency (or neutron
absorption) exceeding 63% (=1—e7).

ARTICLE pubs.aip.org/aip/jap

C. h-BN neutron detector fabrication and efficiency
measurements

Based on Eq. (3), obtaining h-BN wafers with a large thickness
is necessary to ensure a high intrinsic detection efficiency. On the
other hand, achieving a high charge collection efficiency is also
necessary to ensure an overall high detection efficiency. The most
important parameters for determining the charge collection effi-
ciency of a neutron detector are its carrier mobility and lifetime
product, u;7;, and surface recombination field, s;/i;. Here, i denotes
electron (e) or hole (h) and s; denotes the surface recombination
velocity, which is determined by the density of defects and impuri-
ties that can trap radiation-generated charge carriers. To the
first order, the first condition for charge collection is that the
charge carrier drift length, E,u;7;, must be greater than the transit
length, ¢,

L ?

(@) =
Euti Vit

<1, (4a)

where ¢ is the spacing between the two electrodes. For vertical
detectors, ¢ is the device thickness, ¢ = d. For lateral devices, ¢ is
the detector’s width, £ = W. The second condition for charge col-
lection is that the applied electric field, V/¢, must be greater than
the surface recombination field, s;/u;,

Si/:ui
(b) Vi < L

(4b)

Scaling up the detector size is critical to provide high detection
efficiency and sensitivity. When operating the detector in the
single-neutron counting mode, the equivalent noise charge in a

104 1.0 | i st T
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FIG. 5. (a) Neutron capture cross sections as functions of the kinetic energy of neutrons for *He, '°B, and ®Li. The green and orange dots indicate, respectively, the cross
sections of *He and '°B for thermal neutons (neutrons with an average energy of 0.025eV) (Credit: MIT OpenCourseWare, https:/ocw.mit.edu/courses/
nuclear-engineering/22-106-neutron-interactions-and-applications-spring-2010/lecture-notes/MIT22_106S10_lec07.pdf, Slide 27). (b) Plot of Eq. (3): The theoretical thermal
neutron detection efficiency () as a function of the detector thickness (d) for 100% '°B-enriched h-BN (h-°BN, red curve) and for natural h-BN (blue curve). A denotes

the thermal neutron absorption length.
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(a) Vertical detector (b) Lateral detector

17 mm?

A=

FIG. 6. Examples of h-BN neutron detectors. (a) A vertical detector, in which
the applied field is V/d. (b) A lateral detector, in which the applied field is V/W.
Schematics of the device geometry are illustrated in the top panel and examples
of fabricated devices are shown in the bottom panel.

simple CR-RC shaper increases with the detector’s dark current Iy
and equivalent input capacitance (C)."” Due to the nature of its
UWBG, h-BN wafers are highly resistive (>10" Q cm) and the contri-
bution from the detector’s dark current to the equivalent noise is less
of an issue. However, an increase in the capacitance and surface
recombination while scaling up the device size needs to be addressed.

As shown schematically in Fig. 1(a), h-BN has a layered crys-
talline structure. As such, its physical properties are highly aniso-
tropic with its carrier mobility in the c-plane (u,) being ~2 orders
of magnitude larger than its mobility in the c-direction (u.)."” This
anisotropic behavior is also expected in other materials with a
layered crystalline structure.”® As illustrated in Fig. 6, in addition to
the more traditional vertical detectors [Fig. 6(a)], we have also
developed a lateral detector architecture [Fig. 6(b)] by taking
advantages of h-BN’s superior lateral transport properties.’”"’
Table I compares the transport properties between a vertical detec-
tor in Fig. 6(a) and a lateral detector in Fig. 6(b). As can be seen
from Table I, by fabricating the detector in a lateral geometry, for

ARTICLE pubs.aip.org/aip/jap

detectors with the same dimension of 0.2 cm (width, W) x 2.0 cm
(length, L) x 100 um (thickness, d), the carrier mobility can be
enhanced by nearly 2 orders of magnitude, the device capacitance
can be reduced by a factor of 400 and the surface recombination
field becomes negligibly small (reduced by a factor of 2000).

An “on-chip” integration processing scheme has been devel-
oped to fabricate large area detectors in a lateral geometry, as sche-
matically illustrated in Fig. 7(a). The processing steps include to:
(1) attach freestanding h-BN wafer to sapphire via highly insulating
and adhesive polyimide coating; (2) perform laser dicing to obtain
detector strips with a desired width and length, (3) design and fab-
ricate metal mask by laser dicing according to the detector strip
width and length, (4) perform metallization of a bi-layer of Ni/Au
on the two edges of each detector strip using the metal mask, and
(5) connect all detector strips in parallel to form a large area detec-
tor via an appropriate package. Optical image of a finished 1 cm?
thermal neutron detector fabricated by combining 6 detector strips
fabricated from a '°B enrich h-BN (h-'"°BN) quasi-bulk wafer
(100 um thick) using this processing flow is shown in Fig. 7(b). It is
worth noting that these multi-strip detectors differ from the tradi-
tional “interdigital finger” detectors with contacts typically fabri-
cated on sample’s top surface.”” Each detector strip within the
1 cm?® detector shown in Fig. 7(b) has a configuration of step-5 in
Fig. 7(a) or Fig. 6(b), in which the metal contacts cover the entire
vertical edges of the detector of 100 um deep to ensure that the
electric field is uniformly applied in the c-plane through the bulk
of the detector material.

A Californium-252 (**Cf) source from Frontier Technology
was used as a neutron source. The number of neutrons as a func-
tion of energy of the **’Cf fission source follows a mathematical
function, the Watt function of P(E)= 0.4865 (sinh\/Z_E)
e £ MeV~!, with an average neutron energy of 2.13 MeV and the
most probable neutron energy of 0.7 MeV.” A cube made of high-
density polyethylene (HDPE) is used to moderate the fast neutrons
via elastic scattering between neutrons and hydrogen atoms inside
HDPE. Incoming fast neutrons from the **Cf source lose their
energies after elastic scattering with hydrogen atoms. The neutron
moderator setup used in this experiment was adopted from a previ-
ous work and is shown in Figs. 8(a) and 8(b).”" When the 22t
source is placed at position A (middle of the HDPE moderator),
the probability of neutron emission reaching outside of the HDPE
block is nearly zero. On the other hand, when the **’Cf source is
placed at 2.5cm from the front surface of the HDPE block, i.e.,

TABLE |. Lateral vs vertical detector geometry—Advantages of a lateral detector architecture revealed by comparing the transport properties between h-BN lateral detector
and vertical detector. The illustration is for detectors with a dimension of 0.2 cm (width, W) x 2.0 cm (length, L) x 100 um (thickness, d) assuming &, =&, where y, and u,
denote carrier mobilities in the c-plane (lateral) and in the c-direction (vertical), respectively; &, ang €c denote static dielectric constants in the c-plane (lateral) and in the c-

direction (vertical), respectively.

Quantity Vertical Lateral Lateral/vertical Lateral/vertical
Mobility lateral (u,) and vertical (1) e Ha Malltc ~100
Capacitance (C) e(LW/d) £, (Ld/W) (eae)(dPIW?) 1/400
Surface recombination velocity (s) ~LW ~Ld d/W 1/20
Surface recombination field (s/i) ~LW/u, ~Ldlu, (dIW)(uelae,) 1/2000
Applied electric field (E,) vid VIW d/wW 1/20
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FIG. 7. (a) Processing flow for fabricating a large area lateral h-BN thermal neutron detector by combining multiple detector strips “on-chip.” (b) Optical image of a finished
1 cm? thermal neutron detector formed by connecting in parallel 6 detector strips fabricated from a 100 um thick "B enrich h-BN (h-'BN) wafer using this processing flow.

position B, a maximum flux of thermal neutrons is obtained.”' = face and side-by-side with a °LiF filled micro-structured semicon-
Detection electronics consist of a charge sensitive preamplifier, ductor neutron detector (MSND) with a known detection area
pulse shaping amplifier, and multichannel analyzer (Amtek MCA (4cm®) and detection efficiency (30%) from Radiation Detection
8000D).”>” The thermal neutron detection efficiencies were mea- Technologies. By measuring the counts against that of MSND o
sured by placing the detectors at 30 cm from the HDPE block front detector, the detection efficiencies of h-'"BN detectors can be =
3
© 5
(¥ 3
a b S
(@) (b) 500 S
1 — Without any source| ©
1 252
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Bias: 500 V
% ]
= 300 7 J
>
5 S
) 200 4
h-1"BN neutron detector 100 )
5

[\ 1\ SO A Cas WV O
15 30 45 60 75 90 105
Channel

FIG. 8. (a) Photo of the thermal neutron source produced by 22Cf in conjunction with a high-density-polyethylene (HDPE) moderator and (b) schematic diagram of experi-
mental setup for characterizing the thermal neutron detection efficiencies of h-BN detectors. (c) Pulsed height spectra (PHS) of a representative h-""BN detector, in which
the red curve is the response to thermal neutrons, the blue curve is the background (or dark) counts measured at the same bias voltage and the green curve is the
response to gamma photons emitted from a "¥’Cs source measured at the same bias voltage [reproduced from Fig. 3 of Ref. 49, Maity et al., Appl. Phys. Lett. 116,
142102 (2020). Copyright 2020 AIP Publishing LLC].
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FIG. 9. (a) Pulse height spectra (PHS) measured at several representative applied voltages of a 1 cm? lateral detector fabricated from a 100 um thick "°B-enriched h-BN
(h-""BN) quasi-bulk wafer by connecting 6 lateral strips in parallel [Fig. 7(b)]. The red, purple, and brown curves are the responses to thermal neutrons with different bias
voltages. The blue curve is the background (or dark) counts measured at a bias voltage of 450 V. (b) Plot of the measured detection efficiency (7) and effective charge col-

lection efficiency () as functions of the applied voltage.

obtained. The acquired pulsed height spectra (PHS) of a represen-
tative h-1°BN detector are shown in Fig. 8(c), in which the red
curve is the response to thermal neutrons, the blue curve is the
background (or dark) counts measured at the same bias voltage
and the green curve is the response to gamma photons emitted
from a 662 keV '*’Cs source measured at the same bias voltage.
Figure 9 shows pulsed height spectra (PHS) of a 1 cm? lateral
detector fabricated from a 100 um thick h-'""BN wafer, measured at
several representative bias voltages. By setting the lower- level dis-
crimination (LLD) in the detection electronics corresponding to
the response of the detector to 662 keV '*’Cs gamma photons as
shown in Fig. 8(c), any response to gamma photons was success-
fully filtered out. This is because BN is composed of low atomic
number elements B and N. However, as we further scale up devices
to larger thicknesses, the responses to gamma photons of different
energies need to be more carefully monitored. The measured detec-
tor efficiency (77) as a function of the applied voltage (and electric
field) is plotted in Fig. 9(b), which shows that this 1 cm” detector
delivers an overall detection efficiency of ~60% at a bias voltage of
450V for thermal neutrons and that 7 saturates with further
increasing the applied voltage. The measured detection efficiency
presents the highest among all solid-state neutron detectors. By
defining the effective charge collection efficiency (7).) as the ratio of

the measured efficiency to the theoretical efficiency expressed by
Eq. (3), n. (=n/n;) as a function the applied voltage (and electric
field) is plotted in Fig. 9(b), yielding a maximum charge collection
efficiency of 68%. Based on the XRD and PL results, the presence
of impurities and native defects plays a significant role in limiting
the charge collection efficiency, as they can trap free carriers."

We also noted that the charge collection efficiency is nearly
zero when the applied voltage is below 100 V. We believe this is
caused by two factors. First, forming ohmic contacts to the
as-grown h-BN with a typical electrical resistivity of p~10">Q cm is
very challenging. The fabricated contacts are mostly blocking type
which induces a surface barrier that needs to be overcome by
applying a minimum electric field before a sizable charge collection
by the electrodes can occur. Forming high-quality metal contacts,
either ohmic or Schottky type, on UWBGS requires much more
work. Secondly, it is well known that the exciton binding energy in
h-BN is exceptionally large, with reported values on the order of
100s meV.™® The large exciton binding energy is expected to
have a large impact on the performance of h-BN neutron detectors,
which rely on the processes of charge carrier collection with the aid
of an applied electric field.

In both scenarios discussed above, the detection efficiency of
h-BN detectors is expected to enhance at higher temperatures. To
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FIG. 10. (a) Pulse height spectra (PHS) of a h-"BN detector strip recorded at varying operating temperatures. The neutron responses (red curves) were recorded by
placing the detector at 30 cm away from the 22Cf source for 15 min, biased at 200 V. The blue curves are the background (or dark) counts measured at 200 V. (b) Plot of
the relative thermal neutron counts detected by the detector strip vs the operating temperature. The inset is a micrograph of the detector used for the thermal neutron

counts measurements at varying temperatures.

check this possibility, a single 1.7 mm wide detector strip was fabri-
cated from a 100 um thick h-'°BN wafer and used for the relative
detection efficiency characterization at elevated temperatures by
incorporating a resistive heater which provides an operating tem-
perature up to 130 °C. The relative thermal neutron detection effi-
ciencies of this detector strip have been measured at varying
operating temperatures and Fig. 10(a) shows the raw data of pulse
height spectra (PHS) in response to thermal neutrons recorded at
different temperatures at a bias voltage of 200 V. Figure 10(b) plots
the relative thermal neutron counts vs detector’s temperature. The
results of Fig. 10 demonstrated that the overall detection efficiencies
at elevated temperatures are higher than the room temperature
detection efficiency.

In a previous work, the key parameters which determine the
charge collection efficiency (7.) at varying temperatures have been
examined.”” These key parameters are defined by Many’s equation
for describing the photocurrent-voltage (I-V) characteristics of a
photoconductive detector described below,’’

Vit (1 - e_%m)
nc,i(V) = —W . (ize, h) (5)
w214
wV

Here, upz, (u.7.) and s, (s.) define the mobility-lifetime
product and surface recombination velocity for holes (electrons),
respectively. V is the applied voltage between two electrodes of dis-
tance W (or h-'""BN detector strip width), providing an applied
electric field of E,= V/W. The numerator and the denominator
terms of Eq. (5) describe the charge collection efficiency limited by
the bulk trapping effect (or ut product) and ratio of surface recom-
bination velocity to mobility (s/u) or the “surface recombination
field,” respectively.

By measuring the I-V characteristics under photoexcitation
for the electron transport at different temperatures,”’ the ut prod-
ucts and s/u for electrons have been obtained by fitting the mea-
sured I-V characteristics shown in Fig. 11(a) with Eq. (5) and the
results are shown in Figs. 11(b) and 11(c). Figure 11(b) shows that
ut increases with detector temperature up to 380K, whereas
Fig. 11(c) shows that s/u continuously decreases with detector’s
temperature. Inspecting Eq. (5), the dependencies of xt and s/u on
temperature shown in Figs. 11(b) and 11(c) imply that the charge
collection efficiencies at higher temperatures are enhanced over
those at room temperatures, which further corroborate the results
shown in Fig. 10. The enhancement of the charge collection effi-
ciency at elevated temperatures can be accounted for by a thermal
activation behavior of the surface electrons into the bulk™ as well
as possibly by the effect of enhanced exciton dissociation®”™* at
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FIG. 11. (a) Photocurrent-voltage characteristics for electron transport. The solid curves are the least squares fitting using Eq. (5), from which the parameters of electron
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Phys. Lett. 118, 092102 (2021). Copyright 2021 AIP Publishing LLC.

higher temperatures. We believe that the results of detection effi-
ciency enhancement at elevated temperatures shown in Figs. 10
and 11 are significant for applications of h-BN neutron detectors in
areas of well logging, nuclear reactors monitoring and nuclear
materials sensing, where temperatures can be substantially higher
than 300 K.

. SUMMARY

In summary, we provided an overview of the status of the
crystal growth development of h-BN quasi-bulk wafers by HVPE.
The crystalline and optical qualities of h-BN quasi-bulk crystals
have been compared to those of the state-of-the-art bulk crystal
flakes synthesized by the high-temperature/high-pressure (HT/HP)
and by the metal flux solution method at atmospheric pressures.
The results revealed that h-BN quasi-bulk crystals with a thickness
around 100um have a good stacking sequence and long-range
order in the c axis. However, the comparison results on optical
properties clearly point out that optimizing the growth conditions
to reduce the impurities such as oxygen and native defects is
desired. The thermal neutron detector of 1cm” in detection area
fabricated from a 100um thick '°B-enriched h-BN wafer was
shown to deliver a detection efficiency of 60% at a bias voltage of
450 V. Moreover, the detection efficiency enhances at elevated tem-
peratures, which is expected to be advantageous for applications of
h-BN neutron detectors operating in high temperature and harsh
environments, including in areas of well logging, nuclear reactors
monitoring and nuclear materials sensing. The development of
high efficiency h-BN neutron detector technology serves as a

stepstone for advancing the crystal growth technology to produce
electronic grade h-BN quasi-bulk crystals.
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