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Probing the bandgap and effects of t-BN domains in h-BN neutron detectors
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Thermal neutron detectors in a lateral scheme were fabricated from a 70 zm thick freestanding B-10 enriched hexagonal BN (h-'°BN). Two sets of
channel peaks corresponding to the neutron capture by '°B occurring in h-'°BN comprising turbostratic domains (t-'°BN) have been recognized in
the nuclear reaction pulsed height spectrum, from which a bandgap of 5.5 eV was directly deduced for t-"°BN. Improved device performance over
the prior state-of-the-art implies that the transport properties in the lateral plane of t-BN domains are sufficiently good and their presence in h-BN is
not a showstopper for the further advancement of h-BN detector technologies. © 2022 The Japan Society of Applied Physics

bandgap semiconductors has already revolutionized
1,2)

P rogress made in the last 30 years in [I-nitride wide

the lighting and power electronics industries.
Among II-nitrides, hexagonal BN (h-BN) with an ultrawide
bandgap (~6.1eV) is considered a remaining frontier with
many unique properties.”'® These include a large optical
absorption coefficient (7.5 x 10°cm™') resulting in an
extremely small optical absorption length of about 15 nm
for the above bandgap photons,”* huge excitonic effects,”"®
a more feasible p-type conductivity control than AIN°~'? and
point defects exhibiting single photon emitters which are
optically stable'*™'® and capable to operate at elevated
temperatures.'” Another unique aspect of h-BN is that it is
also an ideal material for the realization of solid-state direct-
conversion thermal neutron detectors with high efficiency
and sensitivity.'""'*'%29 This is because '°B isotope is
among a few elements having a significant capture cross
section (6) for thermal neutrons (6= 3840 barns or 3.84 x
102! c¢m? for 1°B).2V
Compared to He-3 gas detectors, semiconductor detec-
tors offer obvious advantages of reduced size and weight,
lower operating voltage and power consumption, elimina-
tion of pressurization, and lower costs of operation/main-
tenance. In contrast to existing indirect-conversion semi-
conductor detectors which rely on coating a thin neutron
conversion layer of °Li or 'B on a bulk
semiconductor’> > or formation of micro-structures filled
with a '°B or °Li neutron conversion material’®~*® with a
limited theoretical detection efficiency, the same h-'°BN
layer performs the functions of neutron absorption and
charge collection, and therefore the theoretical detection
efficiency of h-'°BN thermal neutron detectors can ap-
proach 100%. As an ultrawide bandgap semiconductor,
h-'""BN detectors are capable to operate in extreme
conditions.”” Recently, we have reported the successful
growth by metal-organic chemical vapor deposition
(MOCVD) of freestanding B-10 enriched h-BN (h-'°BN)
wafers (4 inches in diameter) with a thickness up to
200 upm'® and realization of a large area (1 cm?) thermal
neutron detectors from 100 zm thick h-">BN by combining
5 lateral detector strips with a record high detection
efficiency of 59%.°” These results demonstrated
the promise of BN semiconductor neutron detectors
to replace He-3 gas-based technology for various applica-
tions.
The principle of h-'BN semiconductor thermal neutron
detectors is based on the nuclear reaction described by the
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following equations®":

an + 9B — 30%(1.47 MeV)

+ JLi*(0.84 MeV), (94%), (la)
an + "B — 30(1.77 MeV) + 1Li(1.015 MeV),  (6%).
(1b)
304, ga* — charge carrier generation, 2a)
JLi, JLi* — charge carrier generation. (2b)

The nuclear reaction of Eq. (1) produces « and Li particles,
which generate charge carriers described by Eq. (2). The
collection of these charge carriers under a bias voltage
indicates the detection of thermal neutrons. The density of
9B atoms in B-10 enriched h-BN (h-'°BN) is N('°B) =
5.5 x 10%* cm 2, which provides an absorption coefficient of
a= No=55x 102 x 384 x 102" = 2112 cm ™', ab-
sorption length of A = o~ '=47.3 um and intrinsic detection
efficiency for thermal neutrons of

ni@) =1—e"/? 3)

in h-lOBN, where ¢ is the detector’s layer thickness. Based on
Eq. (3), h-'BN thermal neutron detectors require a thickness
of 47.3 um (1 X) to have a theoretical detection efficiency of
63%, which is in sharp contrast to the thickness requirement of
h-BN photonic devices with an optical absorption length of
15 nm for the above bandgap photons.** This large thickness
requirement poses a great challenge for epitaxial growth,
especially given the fact that the growth of h-BN is still in
an early stage of development compared to other Ill-nitride
materials. The best measured detection efficiency for a 100 ym
thick h-"BN detector so far is 59% at a bias voltage of
500 V.>” However, the expected intrinsic efficiency (7;) is
88% for a 100 um thick h-'""BN thermal neutron detector
based on Eq. (3). While #; scales with the detector’s thickness
following Eq. (3), the total detection efficiency is also affected
by the charge collection efficiency which is controlled
predominantly by the overall material quality of h-'""BN.
Previous studies revealed strong evidence that oxygen and
its related defects are detrimental to the charge collection
efficiency of h-'""BN neutron detectors.'+'%'8-20-30)
Moreover, during MOCVD growth of h-BN using rela-
tively high growth rates, various polytype domains may be
incorporated and the stacking sequence may also be random
to form turbostratic BN (t-BN) domains inside h-BN because
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the stacking sequence has only a minor effect on the total
energy of the layer-structured BN crystals.*" The presence of t-
BN domains in h-BN layers has been confirmed previously by
X-ray diffraction (XRD) and ellipsometry measurements.”> >
In our thick h-'">BN films grown by MOCVD, XRD 6-26 scan
revealed the presence of two separate diffraction peaks with a
main peak at 26.59° due to h-'BN and a side peak at ~26.1°
associated with t-'°BN domains within h-"BN.* Since it is
challenging to eliminate t-BN domains in thick h-BN films in
the near term, understanding their influence on the detection
efficiency becomes relevant and necessary for further advancing
the BN neutron detector technology. We report here the
fabrication and utilization of a lateral h-BN thermal neutron
detector for directly probing the effects of t-BN domains on the
h-BN thermal neutron detector performance. Remarkably, the
energy bandgap of t-BN can also be derived directly from the
nuclear reaction pulsed height spectrum.

B-10 enriched h-BN wafers were grown on c-plane
sapphire of 4 inches in diameter using MOCVD. As
described in our previous Works,”’lz’lgfzo) B-10 enriched
trimethylboron (TMB) and ammonia (NH;3) were used as the
precursors for B-10 and N, respectively. To reduce the
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Fig. 1. (Color online) (a) Dark current—voltage characteristic of a h-'>BN
detector strip (1 cm in length and 1 mm in width) fabricated from a 70 pm
thick freestanding h-'"°BN wafer. Inset (a) shows a schematic illustration of a
freestanding h-'BN wafer formation by self-separation. Inset (b) is a photo
of a freestanding h-'BN wafer 4 inches in diameter. (b) The ratio of #/n; of a
h-""BN detector (1 cm in length and 1 mm in width) fabricated from a 70 ym
thick freestanding h-'"BN wafer as a function of the applied bias voltage,
where the detection efficiency (i7) values were obtained by calibrating against
a commercial MSND detector and #; is the theoretical detection efficiency
described by Eq. (3). The black dot represents the measured value of #/n; of a
previous 100 pm thick h-"BN thermal neutron detector with a record high
detection efficiency of # = 59% at 500 V [20]. Inset (a) and inset (b) are,
respectively, the schematic and photo of a finished lateral h-'BN detector
strip.
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oxygen diffusion from the sapphire substrate into h-'"BN
layers, multiple thin BN buffer layers with a total thickness of
about 100 nm were first grown at ~800 °C to 1000 °C, which
was then followed by the growth of the h-'BN active layer at
a temperature of ~1400 °C. A freestanding h-'"BN wafer
was obtained by self-separation from the sapphire substrate
after cooling down, as illustrated in inset (a) of Fig. 1(a). The
inset (b) of Fig. 1(a) is a photo of a freestanding h-'"BN
wafer of ~70 um in thickness. As illustrated in the inset (a)
of Fig. 1(b), detector strips in a lateral scheme with 1 mm in
width and 1 cm in length were then fabricated via laser dicing
and metallization to take the advantage of h-BN’s lateral
transport properties.'? Electrodes were formed by depositing
a bi-layer of Ni (100 nm)/Au (40 nm) on the two edges of the
h-'"BN strip using e-beam evaporation leaving around
~100 pm metal covering on the edges. The electrodes were
bonded to the bonding pads of a semiconductor device
package for characterization. A typical dark current—voltage
characteristic of these 1 cm X 1 mm detector strips is shown
in Fig. 1(a), yielding an electrical resistivity of 3.5 x 10"
Q-cm, which is about one order of magnitude larger than our
previous attainment of 1 x 10" Q-cm®® and is most likely
due to the insertion of multiple h-BN buffer layers prior to the
growth of the final active h-'°BN layer. A micrograph of a
fabricated detector strip mounted on sapphire via a layer of
highly resistive adhesive polyimide is shown as inset (b) in
Fig. 1(b).

To assess the thermal neutron detection efficiency, a
Californium-252 (252Cf) source from Frontier Technology
was used as a neutron source. The calibrated fast neutron
emission rate at the time of measurement was 7.3 x 10°
neutrons per second (n/s). A high-density polyethylene
(HDPE) cube moderator of 2.5 cm in thickness was used to
house the neutron source and to convert fast neutrons to
thermal neutrons.'''*'¥2%3 The h-'9BN detector and a
commercial °LiF filled 4 cm” micro-structured semiconductor
neutron detector (MSND Domino™ V4) with a certified
detection efficiency of 30% were placed side-by-side at
30cm from the HDPE surface and exposed to thermal
neutrons for 20 min, the detection efficiencies (1) of the
h-"BN detector at various bias voltages were obtained by
calibrating against that of MSND.

Traditionally, the charge collection efficiency of a detector
is defined as the ratio of the number of charge carriers
collected to the total number of charge carriers generated. In
the case of h-'>BN neutron detectors, the neutron will be
detected and counted as long as the neutron-generated signal
(via charge carrier generation by « and Li particles and
collection by electrodes) can trigger a voltage pulse above the
low-level discriminator set in the electronics. As such, we use
the ratio of 5/n; for the purpose of making a comparison of
the abilities of charge collection among different devices as
well as for a device operating under different conditions.
Here, 5 is the measure of detection efficiency and #; is the
theoretical efficiency defined by Eq. (3), and so #/n; describes
the deviation from ;.

From the measured values of # and known thickness of
70 pm, the values of #/n; can be obtained and the results are
shown in Fig. 1(b), demonstrating a value of n/n; ~90% at a
bias voltage of 550V, while the previous 100 pum thick
h-'""BN thermal neutron detector with a detection efficiency

© 2022 The Japan Society of Applied Physics
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Fig. 2. (Color online) A representative pulsed height spectra of a h-'BN
detector strip (1 cm in length and 1 mm in width) fabricated from a 70 pm
thick freestanding h-'BN wafer, 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. The blue and green colored arrows
indicate the observed peak channels corresponding to the charge generation
by the nuclear reaction particles in h-'>BN and t-'°BN, respectively. The red
spectrum (under thermal neutron irradiation) was averaged over three
different measurements, each with a 20 min counting time. (b) Summary of
observed nuclear reaction product peak channels in Fig. 2(a) and the
expected energies of the nuclear reaction products described in Eq. (1). The
higher channels (blue arrows) and lower channels (green arrows) are
assigned to the reactions occurring in t-'°BN and h-'"BN, respectively,
because E, (t-'°BN) < E, (h-'"BN) and it takes an energy of 3E, to generate
one electron-hole pair in BN.

of 59% had a value of n/y; = 67% at 500 V.*” We believe
that the improved #/n; values over the prior state-of-the-art
were made possible by fabricating strips at a small width of
1 mm as well as by using materials with reduced background
impurities as reflected by the enhancement in the electrical
resistivity.

Figure 2(a) shows the pulsed height spectra of the h-'’BN
detector measured at 500 V. The spectrum (red) was mea-
sured under thermal neutron irradiation and the dark spec-
trum (blue) was also recorded in the absence of any radiation.
It has been proven that h-'°BN detectors exhibit no response
to gamma photons when directly exposed to a Cesium-137
source.'®?? This is because BN is composed of low atomic
number elements. The most interesting result exhibited in
Fig. 2(a) is that the pulsed height spectrum under thermal
neutron irradiation resolved many sharp peaks with a high
energy resolution. Such features were observed previously
only in h-BN detectors fabricated from thin films (<1 pm)
with high crystalline quality>” and absent in detectors
fabricated from thick films.'”'%2%

In an ideal scenario, as « or Li particles move in the
opposite direction upon generation (with a range of 5 ym and
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2 pum, respectively), ionizing and generating electrons and
holes along their track and depositing their energies in the
detector, if all neutron-generated charge carriers are collected,
the reaction should register primarily the sum peaks at
2.31 MeV (Li*+ a*) and 2.79 MeV (Li + «) in the pulsed
height spectrum. However, the observed spectrum shown in
Fig. 2 resolves many individual peaks, similar to the features
observed in a thin film h-BN detector.’” The lateral detector
strip has 1 mm in width with electrodes deposited on the two
edges, the o or Li particles generated near the detector’s
edges or surfaces have a high probability of only depositing
their energies individually. In the detector’s interior, as the
electrons and holes moving toward their respective elec-
trodes, an electric field is induced. The induced electric field
distributions are most likely non-identical in cases where
carriers were generated by « particle versus Li particle inside
h-BN. With these considerations, the following four sce-
narios are possible depending on the direction of the induced
line charges generated (by a or Li particles) relative to the
applied field upon a neutron capture: (i) a count is triggered
by either « or Li, resulting in an induvial « or Li peak; (ii) a
count is triggered by « and Li, resulting in the o+ Li sum
peak; (iii) two separate counts, one triggered by « and
another by Li, resulting in induvial o and Li peaks; and (iv)
no count is detected because charge carriers never arrived the
electrodes to be collected. These scenarios can result in
individual as well as the sum peaks in the pulsed height
spectrum. As h-'""BN detectors represent the newest class of
direct-conversion neutron detectors, detailed analysis by
theory and modeling is still needed to help to understand
the processes of charge generation, distribution, transport,
and collection as well as the pulsed height spectral shape,
which however are not the focus of the present study.
Based on Egs. (1) and (2), we expect to resolve 6 peak
channels corresponding to «, o*, Li, Li*, a + Li, a* +
Li*.*” By carefully analyzing the observed peak channels
according to the expected reaction products, we recognized
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Fig. 3. (Color online) Plots of the nuclear reaction product energy (E) of
Eq. (1) versus the observed peak channel number in Fig. 2, assuming (a) the
nuclear reaction occurring in h-'°BN (green-colored) and (b) the nuclear
reaction occurring in t-'°BN. Solid dots are experimental data and solid lines
are linear fits.
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two sets of peaks corresponding to «, o*, Li, Li*, a + Li, o*
+ Li. We believe that this is due to the presence of t-'°BN
domains within h-'BN. We summarize the observed peak
channels and the corresponding energies of the reaction
particles in a table shown as Fig. 2(b). With this under-
standing, we expect the following to hold: (i) energies of the
nuclear reaction products, Li, o, Li*, a*, o+ Li, and a*+
Li*, are the same in h-'BN and t—lOBN; (ii) it takes an energy
of 3E, to generate one electron-hole pair in a semiconductor
with an energy gap of E,; (iii) for a particular daughter
particle with an energy E, the number of electron—hole pairs
it generates is: N., = E/3E,. Therefore, the observed peak
channels in the pulsed height spectrum have a one-to-one
relationship with the energies of the nuclear reaction pro-
ducts. We plot the reaction product energy (E) versus the
observed reaction peak channel in Figs. 3(a) and 3(b),
assuming the nuclear reactions occur in the h-'BN and
t-'9BN domains, respectively. Indeed, we observed a linear
relationship between the energy and the observed peak
channel number. There are a few weak peaks (appear as
shoulders) at the lower channel side of the individual peaks
other than those marked. These are most likely due to an
incomplete charge collection of the Li ions and « particles
generated by neutrons absorbed close to the surface of the
detector, as pointed out in a simulation study.”® But these
weak peaks do not have a one-to-one relationship with the
energies of the nuclear reaction products described in Eq. (1).

If our assumption of the nuclear reactions occurring in both
h-BN and t-BN phases is correct, the measured ratio of the
two slopes shown in Figs. 3(a) and 3(b) then represent the
ratio between the energy bandgaps of h-BN and t-BN:

E,(h-BN) 197

=—= @)
E,(t-BN)  17.6

There have been very limited studies on the bandgap of t-BN.
Most recently, first-principles calculations based on density
functional and many-body perturbation theory were employed
to examine the bandgaps of h-BN in various stacking sequences
as well as the bandgap of t-BN>" and the results provided
E4(h-BN) = 6.1 ¢V for a perfectly hexagonal AA’ stacking and
Ey(t-BN) =5.5¢V, while the calculated E,(h-BN) agrees per-
fectly with experimental measurement results™” and also with
an earlier calculation result.”” This band structure calculation

.. E (h-BN) =
thus provides BN 6.1/55=1.1.

. E;(-BN
The agreement between the gap ratios, — ¢ ) deduced

E4(t-BN)’
from the pulsed height spectrum shown in Fig. 2 and from
this recent theoretical study’" is remarkable, which reaffirms
the interpretation that our thick h-BN films contain t-BN
phase and E,(t-BN)~6.1/1.1 ~5.5eV. The presence of
t-'°BN domain in the thick h-'"BN film has also been
confirmed by the observation of a side peak at a lower
diffragt)ion angle than the main h-BN peak in the XRD 6-26
scan.”

In summary, the effects of the presence of t-BN domains in
h-BN on the h-BN thermal neutron detector performance
have been investigated. Two sets of 6 peak channels each
were clearly observed in the pulsed height spectrum and
identified to be linked with the charge carrier generation by
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daughter particles in h-BN and t-BN domains, from which an
energy bandgap value of 5.5 eV has been deduced for t-BN,
consistent with a recent calculation result. More importantly,
the improved device performance over the prior state-of-the-
art attained here demonstrates that the presence of t-BN
domains has little impact on the overall detection efficiency.
The results imply that the crystal order and hence the lateral
transport properties in the c-plane of t-BN are sufficiently
good for the construction of detectors which utilize the lateral
transport properties. The results indicate that there is a lot of
room for improvements in the charge collection efficiencies
of h-BN detectors if we can produce h-BN thick layers
possessing a pure hexagonal phase and reduced concentra-
tions of undesired impurities and deep level defects, in-
cluding oxygen, carbon, and boron vacancies (Vg)-hydrogen
complexes (Vg-H/Vg-2H).! 1218220300 quch a realization
would eventually allow us to construct detector strips with
much wider widths and hence large area detectors without
scarifying the charge collection efficiencies. Nevertheless, the
presence of the t-BN phase is not a showstopper for the
further advancement of h-BN detector technologies as
demonstrated by the present study.
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