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ABSTRACT

Presently, thermal neutron detectors fabricated from boron-10 enriched hexagonal boron nitride (h-'’BN) ultrawide bandgap semiconductor
grown by metal organic chemical vapor deposition (MOCVD) hold the record high detection efficiency among all solid-state detectors at 59%.
To overcome the short comings of MOCVD growth, including inherently low growth rate and unavoidable impurities such as carbon in metal
organic source, we demonstrate here the growth of natural hexagonal boron nitride (h-BN) semi-bulk wafers using halide vapor phase epitaxy
(HVPE), which is an established technique for producing GaN semi-bulk crystals at a high growth rate. Electrical transport characterization
results revealed that these HVPE grown materials possess an electrical resistivity of 1 x 10> Q c¢m, and a charge carrier mobility and lifetime
product of 2 x 10~* cm?/V s. Detectors fabricated from a 100 um thick h-BN wafer have demonstrated a thermal neutron detection efficiency
of 20%, corresponding to a charge collection efficiency of ~60% at an operating voltage of 500 V. This initial demonstration opens the door for
mass producing high efficiency h-BN semiconductor neutron detectors at a reduced cost, which could create unprecedented applications in

nuclear energy, national security, nuclear waste monitoring and management, the health care industry, and material sciences.
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The development of III-nitride wide bandgap semiconductor tech-
nology has made a huge impact on society, ranging from the creation of
white light to consumer electronics in an entirely new manner." Among
IMI-nitrides, hexagonal BN (h-BN) with an ultrawide bandgap (~6.0 V)
in the three-dimensional form is the least studied in terms of material
growth and device applications,”  although few-layer h-BN has been
widely utilized as a complementary dielectric substrate and gate for 2D
electronics’ ” as well as a host for optically stable single photon emit-
ters.'” " One of the distinct properties that sets BN apart from conven-
tional IIl-nitrides is that the isotope B-10 ('°B) is one of only a few
elements, which possess large interaction cross sections with thermal
neutron (¢), where ¢ = 3480 Barns or 3.48 x 10~ 2! cm? for B-10.""""
The density of 198 atoms in 100% B-10 enriched h-BN (h-'°BN) is
N('%B) = 5.5 x 10*/cm’, which provides a thermal neutron absorption
coefficient () and absorption length A of o (h-'°BN) = No
=55%x 102 x3.84x 1072 =211.2cm™ ! and 4 (h-'"BN)=o"!
=473 ,um.l(”21 Since boron has two natural stable isotopes, with an
average of 20% and 80% of '°B and ''B in natural abundance, respec-
tively, the density of '°B atoms in natural h-BN is five times smaller
than that in h-1°BN, and, therefore, we have /4 (h-BN) =237 um.

It has been widely recognized recently by the wide bandgap semi-
conductor research community that h-BN is an ideal material for the
realization of solid-state direct conversion thermal neutron detectors.””
The key material parameters of h-'""BN produced by metal organic
chemical vapor deposition (MOCVD), including the mobility-lifetime
product, layer thickness, and electrical resistivity, all have been increased
by several orders of magnitude over a period of several years."” *' These
improvements have enabled the realization of high-performance h-'""BN
semiconductor thermal neutron detectors.'* ' Presently, h-'">BN ther-
mal neutron detectors hold the record high detection efficiency among
all solid-state detectors at 59% (for a 1 cm? detection area).”’

Indirect-conversion semiconductor detectors via either coating a
thin °Li or '°B neutron conversion layer on a bulk semiconductor”” >’
or the formation of micro-pillars in a bulk semiconductor filled with a
'°B or ®Li neutron conversion material’® >’ have been developed, with
the former being commercialized. Compared to the indirect-
conversion semiconductor detectors with a limited theoretical detec-
tion efficiency, neutron absorption and charge collection occur in the
same h-BN layer. The theoretical detection efficiency of h-BN thermal
neutron detectors scales with the h-BN layer thickness following
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FIG. 1. Comparison of optical images of freestanding h-BN semi-bulk wafers: (a) 100% B-10 enriched h-BN (h-">BN) wafers grown by MOCVD using trimethylboron (TMB)
source as a precursor, all produced in authors’ lab. Reproduced with permission from Maity et al., Appl. Phys. Lett. 114, 222102 (2019). Copyright 2019 AIP Publishing.
Reproduced with permission from Maity et al., Appl. Phys. Lett. 116, 142102 (2020). Copyright 2020 AIP Publishing. (b) A h-BN wafer of 2-in. in diameter grown by HVPE using

natural boron trichloride (BCl3) gas as a precursor in the present work.

ni(t)=1-e"" (1)

where t is the detector’s layer thickness and / is the thermal neutron
absorption length, and therefore, #; can approach 100% if the detector
thickness is sufficiently large. So far, all high-performance neutron
detectors were fabricated from h-'BN materials grown by MOCVD
in authors’ lab."””" While MOCVD growth technique is well-
established for producing high quality III-nitride materials, its growth
rate is limited (up to several micrometers per hour) and is best suited
for fabricating photonic and electronic device structures.” The large
thermal neutron absorption length, A (h-'BN) =o' =47.3 um or A
(h-BN) =237 um, makes the thickness requirement for the construc-
tion of high efficiency neutron detectors a great challenge for
MOCVD epitaxial growth. The required long growth time translates
to high cost. Additionally, the metal organic precursors used in
MOCVD growth inevitably contain carbon impurities and sometimes
even oxygen impurities, which are known to be deep level defects in h-
BN and are undesired for the performance of h-BN neutron
detectors. '

Halide vapor phase epitaxy (HVPE) growth is an established
technique for producing semi-bulk GaN crystals in large wafer size at
a high growth rate. More recently, HVPE growth technique has been
employed to produce GaN vertical p-n junction devices with a signifi-
cantly improved p-type conductivity control through the elimination
of the residue carbon impurities.””* In this work, we report HVPE
growth of natural h-BN. The detector fabricated from a 100 um thick
h-BN wafer delivered an overall detection efficiency of # = 20%, corre-
sponding to a charge collection efficiency of ~60%. This initial dem-
onstration opens the feasibility for producing cost-effective h-BN
semi-bulk crystals and high efficiency h-BN semiconductor neutron
detectors via HVPE.

To grow h-BN wafers, natural boron trichloride (BCl;) and NH;
were used as precursors. The growth was conducted on c-plane
sapphire of 2-in. in diameter at a growth rate of about 25 um/h. Due
to its layered structure, after growth during colling down, h-BN self-
separates from sapphire to form a freestanding wafer. ' Figure 1
compares optical images among representative wafers (a) grown by
MOCVD using B-10 enriched trimethylboron (TMB) metal organic

20,21

(MO) source as a precursor ~ and (b) grown by HVPE in the present
work. As can be seen from this side-by-side comparison, h-BN wafer
grown by HVPE using BCl; gas as a precursor exhibits a much better
transparency and less yellowish color than those produced by
MOCVD using TMB source. The improved transparency is related to
the fact that the BCl; precursor contains no carbon impurities. A pre-
vious theoretical work indicates that carbon impurities in h-BN can
occupy both B and N sites as well on an interstitial site.”"’ When occu-
pying B site, Cy is a deep donor with an energy level of 2.2 eV below
the conduction band edge, and when occupying an interstitial site, C;
is a deep acceptor sitting at an energy level of 2.4 eV above the valence
band edge;” the presence of both of which will render a yellowish col-
ored wafer. When occupied on N site, Cy is an extremely deep level
acceptor with a transition energy of 3.2eV to the valence band.”
Figure 2 shows the x-ray diffraction (XRD) 0-20 scan, revealing a
dominant diffraction peak at 26.7°, corresponding to a c-lattice
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FIG. 2. XRD 0-20 scan of a freestanding h-BN semi-bulk wafer grown by HVPE
using BCl; gas as a precursor.
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constant of 6.67 A, associated with the hexagonal phase of BN. The
XRD spectral line shape is quite comparable to those of MOCVD
grown h-'""BN semi-bulk wafers reported earlier by our group.” In
terms of optical properties, the room temperature photoluminescence
emission spectra of HVPE semi-bulk wafers exhibit peaks associated
with both the band edge and impurity transitions, while MOCVD
grown semi-bulk crystals (> 30 ym) exhibit only transitions related to
the deep level defects (see, e.g., Fig. 20, Ref. 16).

For the electrical property and neutron detection performance
studies, lateral detectors were fabricated to take the advantages of h-
BN’s superior lateral transport properties over its vertical transport
properties.'® The fabrication processes include the following steps: (1)
dicing h-BN wafer into detector strips; (2) mount detector strips on
sapphire using a highly resistive adhesive material; and (3) a mask was
used to deposit metal contacts consisting of a bi-layer of Ni (100 nm)/
Au (40 nm) on the clipped edges of the h-BN strips using e-beam
evaporation, leaving around ~100 um of metal covering on the two
edges.”””" The schematic illustration of these lateral detectors is
depicted in Fig. 3(a). Figure 3(b) shows a micrograph of a fabricated
detector strip (2mm in width) mounted on sapphire via a layer of
highly resistive and adhesive polyimide. Dark I-V characterization
yields an electrical resistivity of 1.1 x 10'* Q cm, which is comparable
to those of MOCVD grown h-'""BN."**!

One of the most important parameters for determining the
charge collection efficiency of a neutron detector is its carrier mobility
and lifetime product (ut)." ' Most of the neutron-generated charge
carriers inside a detector can be collected when the carrier recombina-
tion time () is greater than the transit time (ty), T > 1;, or equiva-
lently, the charge carrier drift length (= utE) is greater than the
carrier transit distance (or the width of the detector strip, W). This
mean that utE > W is the condition to ensure a high charge collec-
tion efficiency, where W is the width of the detector strip and E (V) is
the applied electric field (bias voltage). The quantity of ut is strongly
influenced by the overall material quality. For MOCVD grown
h-1°BN, the ut values measured under UV excitation have been
improved by several orders of magnitude from 10™° cm®/V (Ref. 17)
to 5x 107> cm*/V,”" leading to the realization of high-performance

/-BN (100 m‘

scitation.org/journal/apl

neutron detectors.”’ Since the growth of HVPE of h-BN is at an initial
stage, it is desirable to benchmarking the pt parameter against those
of MOCVD grown materials. The photocurrent-voltage (I-V) charac-
teristics under UV excitation were utilized to extract ut value using
the classical Many’s equation for insulating semiconductors.” Since
the contact area is small in a lateral detector, we neglected the effect of
surface recombination and take into consideration only the bulk trap-
ping effect, which yields an expression for the I-V characteristics
under illumination as

2
1 \% W 7,V
I(V):Io{lw - (MM ) (1—emim) 1 12

w2 w2 w2
,V\? __w?_
e

The measured I-V characteristics under the illumination by a broad-
spectrum UV (185 to 400 nm) light source are shown in Fig. 3(c). In
fitting the data with Eq. (2), we assumed that the pt product for elec-
trons and holes is comparable (¢, 7, = ,uprp) in the lateral direction'®
for initial assessment. The fitting results provided a pt value of
2 x 10~* cm®/V, which is on the same order as the values of most
MOCVD grown semi-bulk wafers'®'* " and is sufficiently large to
satisfy the charge collection condition of utE > W if we operate the
detector at the same bias voltage of 500V as in the previous best per-
forming h-'"BN detector.”' In the future, it would be interesting to
measure the pt products under an alpha source irradiation, which
resembles more closely to the scenario of thermal neutron irradiation.
With the considerations discussed above, we carried out thermal
neutron detection efficiency measurements. To do so, as described
previously, *' a Californium-252 (***Cf) source from Frontier
Technology was used as a neutron source. The calibrated fast neutron
emission rate of 2>*Cf at the time of measurement was about 7.3 x 10°
neutrons per second (n/s). A high-density polyethylene (HDPE) cube
moderator with the front surface of 2.5cm in thickness was used to
house the neutron source and to convert fast neutrons to thermal neu-
trons. The h-BN detector and a commercial °LiF filled 4 cm” micro-
structured semiconductor neutron detector (MSND Domino™ V4)
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FIG. 3. (a) Schematic of a thermal neutron detector in lateral geometry fabricated from HVPE grown h-BN with a detector strip width of W= 2 mm. (b) Optical image of a fabri-
cated thermal neutron detector in lateral geometry (W =2 mm) fabricated from a 100 um thick freestanding h-BN wafer grown by HVPE using natural boron trichloride (BCls)
gas as a precursor. (c) I-V characteristics of the detector shown in (b) under the illumination by a broad-spectrum UV (185 to 400 nm) light source.
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with a certified detection efficiency of 30% were placed side-by-side at
30 cm from the HDPE surface and exposed to thermal neutrons for
the same duration of time, and the detection efficiency () of the h-BN
detector can be obtained by calibrating the counts against that of
MSND. Figure 4 shows the pulsed height spectra of a h-BN detector
measured at 500 V. The spectrum (red) was measured under thermal
neutron irradiation, and the dark spectrum (blue) was also recorded in
the absence of any radiation. Calibration against the MSND detector
provided a thermal neutron detection efficiency of 1 =20% at 500 V
for the detector (shown in Fig. 3). It has been shown that h-BN detec-
tors exhibit no response to gamma photons when directly exposed to a
662 keV Cesium-137 source.'””'**" This is because BN is composed of
low atomic number elements. However, the response of h-BN thick
detectors to low energy (< 100keV) gamma photons merits further
investigation. Furthermore, it is known that nitrogen absorbs neutron
via

N-14(n,p)C-14 reaction, which has been utilized previously in GaN
for detecting neutrons.”” However, the N-14(n,p)C-14 reaction cross
section of 2.4 Barn is negligibly small compared to a value of 3480
Barns of thermal neutron absorption cross section of '°B in using h-
BN for thermal neutron detection here.

The most important parameter for gauging the overall material
quality is the charge collection efficiency itself. In a photodetector, the
charge collection efficiency is defined as the ratio of the number of
charge carriers collected by the electrodes to the total number
of charge carriers generated. However, in the case of a semiconductor
neutron detector, the neutron will be counted as long as the neutron-
generated signal can trigger a voltage pulse above the low-level
discriminator (LLD) setting in the electronics. Therefore, we use the
deviation from the theoretically expected efficiency of Eq. (1) or the
ratio of n/n; as a measure of an effective charge collection efficiency for
the purpose of gauging the material quality and device performance.
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FIG. 4. Pulsed height spectra of the h-BN detector strip shown in Fig. 3 fabricated
from a 100 um thick freestanding h-BN wafer grown by HVPE using natural boron
trichloride (BCls) gas as a precursor, measured at 500 V. The red spectrum was
measured under thermal neutron irradiation, and the blue spectrum was recorded
in the absence of any radiation.
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From the measured value of 7 = 20% and calculated value of #; from
Eq. (1) using the known thickness of 100 um and 4 (h-BN) = 237 um,
we obtain a value of #/n;=59% at 500 V, while the prior state-of-the-
art device (100 um thick h-""BN thermal neutron detector with a
detection efficiency of 59%) had a value of 17/1; = 67% at the same bias
voltage of 500 V.”' Given the fact that the development of HVPE
growth of h-BN semi-bulk wafers is at such an early stage, we believe
that the demonstrated thermal natron detector performance, including
the measured detection efficiency of 20% and effective charge collec-
tion efficiency of 59%, represents a very significant milestone in the
development of cost-effective h-BN semi-bulk crystals and h-BN semi-
conductor neutron detectors.

In summary, the established GaN semi-bulk crystal growth tech-
nique of HVPE has been utilized to produce natural h-BN semi-bulk
wafers. Electrical transport characterization results revealed that these
HVPE grown materials possess an electrical resistivity of 1 x 10" Q
cm, and a charge carrier mobility and lifetime product of 2 x 10~*
cm?/V s. Detectors fabricated from these materials have shown to
deliver a thermal neutron detection efficiency of 20%, corresponding to
59% of charge collection efficiency, at an operating voltage of 500 V.
The results indicate that HVPE is a promising growth method to pro-
duce h-BN semi-bulk crystals and h-BN semiconductor neutron detec-
tors at a reduced manufacturing cost. With further development, there
is no question that h-BN detectors will replace the traditional He-3 gas
detectors in certain application areas by offering obvious advantages of
semiconductor technologies over gas detectors and opportunities for
users to dedicate the scarce and expensive supply of He-3 gas to other
application areas where substitutes of He-3 gas are not possible.
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