CrossMark
AIP ADVANCES 6, 075213 (2016) @ i

Growth and device processing of hexagonal boron
nitride epilayers for thermal neutron and deep
ultraviolet detectors

T. C. Doan, J. Li, J. Y. Lin, and H. X. Jiang?

Department of Electrical & Computer Engineering, Texas Tech University,
Lubbock, TX 79409, USA

(Received 3 February 2016; accepted 12 July 2016; published online 26 July 2016)

Solid-state neutron detectors with high performance are highly sought after for the
detection of fissile materials. However, direct-conversion neutron detectors based
on semiconductors with a measureable efficiency have not been realized. We report
here the first successful demonstration of a direct-conversion semiconductor neutron
detector with an overall detection efficiency for thermal neutrons of 4% and a charge
collection efficiency as high as 83%. The detector is based on a 2.7 um thick
19B_enriched hexagonal boron nitride (h-BN) epitaxial layer. The results represent
a significant step towards the realization of practical neutron detectors based on
h-BN epilayers. Neutron detectors based on #-BN are expected to possess all the
advantages of semiconductor devices including wafer-scale processing, compact size,
light weight, and ability to integrate with other functional devices. © 2016 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http:/creativecommons.org/licenses/by/4.0)).
[http://dx.doi.org/10.1063/1.4959595]

. INTRODUCTION

Among the members of the III-nitrides, hexagonal boron nitride (2-BN) is the least studied and
understood. Its extraordinary physical properties make 4-BN highly promising for emerging device
applications. With an energy bandgap around 6.5 eV, h-BN has become as an important semicon-
ductor material.'~” With its high temperature and chemical stability, 2-BN has potential applications
in high temperature/power electronic device applications. P-type conductivity seems to be more
easily to realize in #-BN than in AIN, which reveals the potential of ~A-BN for deep UV emitter
and detector applications.®” With its close lattice match to graphene and relatively chemically inert
surface, #-BN is the most suitable substrate/dielectric/separation layer for the realization of van der
Waals heterostructure devices.® With the large thermal neutron cross-section of B-10 ('°B) isotope
(~3840 barns),” h-BN is also a promising material for realizing solid-state neutron detectors.'*!?
The development of solid-state neutron detection technologies that do not require the use of 3He
gas will not only enable the researchers and users to dedicate the scarce supplies of *He gas to
other applications for which no substitutes are possible, but also opens up new applications ranging
from fissile materials sensing, neutron therapy, medical imaging, probing of crystal structures, to oil
exploration.

However, active devices such as deep UV emitters and photodetectors and thermal neutron
detectors based on 4-BN with measureable efficiencies have not been realized due to the fact that
h-BN materials are still at an early development stage. Thermal neutron detectors based on 2-BN
so far were fabricated from thin natural 4-BN epilayers,'*'> in which the element B consists of
approximately 20% of '°B and 80% of ''B, respectively.”'*> Due to the relatively large absorption
length of thermal neutrons (with a kinetic energy of 25 meV) of 237 um in natural 4-BN,'*!!!4
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the use of such thin natural 4-BN layers in the neutron detectors provides a negligibly small ther-
mal neutron absorption, which limited the ability to evaluate the charge collection as well as the
overall detection efficiency. One of the most effective approaches to increase the neutron detection
efficiency is by '’B isotopic enrichment of the source molecule, which would increase the thermal
neutron absorption efficiency and reduce the thermal neutron absorption length by a factor 5 with
little impact on the semiconducting properties. For '°B-enriched 4-BN epilayers (with 100% '°B
isotopic enrichment), the thermal neutron absorption length is reduced to 47 wm in comparison
to 237 um for natural 4-BN.'" In this work, we report on the successful growth of natural ~-BN
epilayers with a thickness of 4.5 um and '°B-enriched #-BN epilayers with a thickness of 2.7 pum.
Neutron detectors fabricated from '°B-enriched 4-BN (h-'"BN) epilayers with a thickness of 2.7 um
were shown to exhibit a 4% detection efficiency for thermal neutrons and a charge collection effi-
ciency as high as 83%. The results represent a significant step towards the realization of practical
direct-conversion neutron detectors based #-BN epilayers.

Il. EXPERIMENT

Epitaxial layers of 7-BN were grown by metal organic chemical vapor deposition (MOCVD)
on c-plane sapphire substrates. The layer structure is schematically shown in Fig. 1(a). The precur-
sors for boron and nitrogen were trimethylboron (TMB) and NH; were used as boron and nitrogen
precursors, respectively. Hydrogen was used as a carrier gas. A pulsed growth scheme (alternat-
ing flows of TMB and NH3) previously developed for AIN'>-!7 was adopted to minimize the
pre-reaction between TMB and NH3, which is important for obtaining epilayers with low defect
density. As in the case of GaN and AIN epilayers,'® due to the lattice mismatch between 4-BN and
Al,O3, a low temperature BN buffer layer of about 10 nm in thickness was deposited at ~ 800°C
on the sapphire substrate prior to the growth of 4-BN epilayer. This buffer serves as a nucleation
layer and also enhances the adhesion of the subsequent #-BN epilayer. The growth temperature and

O

FIG. 1. (a) Schematic layer structure of 2-BN epilayers used for neutron detector fabrication. (b) Optical image of a fabricated
metal-semiconductor-metal (MSM) detector incorporating a natural h-BN epilayer with a thickness of 4.5 um. The device
size is 6 mm x 6 mm having the widths of etched trenches and micro-strips of 10 pum and 10 um, respectively.
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pressure for the subsequent 2-BN epilayers were about 1350 °C and ~100 torr respectively. One
of the significant progresses made recently in the growth of 2-BN epilayers is the identification of
the nitrogen vacancy (Vy) related point defects as the origin of the deep level defects which act as
charge carrier traps.'® Thus the growth was carried out in N-rich conditions with a typical V/III ratio
of around 3000 to minimizing the density of Vy and Vy related point defects.

Detectors based on a metal-semiconductor-metal (MSM) architecture with micro-strip inter-
digital fingers were fabricated from #-BN epilayers by adopting the basic device processes devel-
oped for GaN? to take advantage of the excellent lateral transport properties of 4-BN epilay-
ers. The photolithography technique was used to pattern the interdigital fingers on the surface
of h-BN epilayers. Pattern transfer was accomplished using a sulfur hexafluoride (SFg) gas-based
inductively-coupled plasma (ICP) dry etching.>'> The patterns were etched all the way to the
sapphire substrate. Metal contacts consisting of bi-layers of Ti/Al (20nm/30nm) were deposited by
e-beam evaporation.

IIl. RESULTS AND DISCUSSION
A. Natural h-BN detector

Figure 1(b) is a micrograph of a representative MSM detector fabricated from a natural 4-BN
epilayer with a thickness of 4.5 um and having a device area of 6 mm x 6 mm and the widths of
etched trenches and micro-strips of 10 um and 10 um, respectively. Owing to its wide bandgap,
undoped A-BN epilayers are highly insulating. As such, 4-BN detectors exhibit extremely small
leakage current density. This is illustrated in Fig. 2(a), where the dark I-V characteristic (leakage
current density vs. applied bias voltage) of a fabricated detector is shown. For instance, at a typical
operating voltage of 10 V, the leakage current density is below 10! A/cm?, which is about 5 orders
of magnitude lower than that of the state-of-the-art boron filled micro-structured Si detectors.”® A
representative photo-spectral response of an ~#-BN photodetector is shown in Fig. 2(b). The 2-BN
MSM photodetectors exhibit a peak response at 217 nm and a sharp cut-off wavelength around
230 nm with virtually no detectable responses in the long wavelengths. These results indicate that
h-BN MSM devices performed well as a deep UV photodetector.

Another very important parameter that characterizes the electronic quality of a semiconductor
for detector fabrication is its charge carrier mobility-lifetime (ut) product. The wt product deter-
mines the drift length of the excess free carriers per unit electric field (E) before recombination or
trapping occurs. To ensure a charge collection under an applied electric field (E), the drift length
(=utE) of the electrons and holes under an applied electric field must be greater than the spacing
between the electrodes (L). This means that the minimum acceptable ut product is ut > ]E“ (cm?/V).
Increasing the pt product ultimately will enhance the charge collection efficiency and hence the
performance of the fabricated detector. This parameter is significantly influenced by the presence
of impurities/defects (which act as charge carrier traps) introduced during the crystal growth and
device processing. To characterize the mobility and lifetime product (ut), I-V characteristics of
the MSM detectors under light illumination were measured. Photo-excited electrons and holes are
drifted to the electrodes under an applied electric field. The I-V characteristics are described by a

modified Many’s equation for lateral transport : >+
e eV e eV : o2 \% \'% 2 L2
I(V) = IO MEZ - (MEZ ) (1 — ¢ Uefev) —+ % — (—Mli; ) (1 —e uhrhv)j| , (1)

where V is the applied bias voltage and L is the spacing between the electrodes, U.T. and pyT, are the
mobility-lifetime products of electrons and holes, respectively, and I, is the saturation current.

It is reasonable to assume that p.t. = upty = Wt for #-BN epilayers in the lateral direction based
on the fact that the electrons and holes have an identical dispersion and effective mass in single sheet
h-BN.2%28 As such, Eq. (1) reduces to

V) =21, [;f—v— (\\;—v)z(l —e‘\y)}, @)
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FIG. 2. (a) Dark I-V characteristic (leakage current density vs. applied bias voltage) of an ~-BN MSM detector. (b) The
relative photo-spectral response of an 7-BN MSM photodetector measured at a bias voltage of 10 V.

where W= ﬁ—j It is clear from Eq. (2) that in the absence of an external applied bias voltage (or
electrical field), there is no charge collection and the photocurrent I(0) = 0. As the external applied
bias voltage increases, the asymptotic form of the bracket in Eq. (2) approaches to %2 and the
photocurrent approaches to the saturation value of 21, X 1/2 = I, at very large values of V. Figure 3
plots the measured I-V characteristics under light illumination for a detector incorporating a layer
of h-BN of 4.5 um in thickness. In Fig. 3, the solid curve is a least squares fit of experimental
data (open squares) with Eq. (2), from which we obtain the fitted value of pt of 0.54x10”7 cm?/V
for 4.5 um thick #-BN epilayers. To ensure a charge collection, the minimum required external
applied electrical field is Epjp = = = lot’;m. With ut = 0.54 x 107 cm?/V, Epin ~ 2 x 10* V/em,
This translates to a minimum bias voltage of 20 V that must be applied between the electrodes to
ensure an adequate charge collection in the detector.

To characterize the thermal neutron response, we have constructed a neutron source system
and associated electronics for measuring the pulse height spectra of the reaction products. The
experimental geometry and HDPE size and thickness are identical to those described in the thesis
of J. Clinton® and based on a depleted sealed source model 100 californium-252 source (®%Cf)
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FIG. 3. I-V characteristics of an #-BN detector (4.5 um thick) under light illumination by a broad band spectrum light source
(LDLS, EQ-99 by Energetiq). Open squares are the measured data and solid line is the least squares fit of data with a modified
Many’s equation for lateral transport shown in Eq. (2), from which we obtain the fitted value of ut. The size of the squares
indicates the error bar size of the data points.

which contained 4.2 ug of active »>Cf from Frontier Technology, moderated by a high density
polyethylene block (HDPE). The 22Cf source has a half-life of 2.645 years and emits sponta-
neous fission neutrons with an energy spectrum that follows approximately a Watt distribution with
an emission peak at ~0.7 MeV.’*3! At the time of shipment, the specified neutron intensity was
~1x107 neutrons/second based on the mass of active 2°>Cf, half-life, fission probability and the
number of neutrons per fission. The measurement of thermal neutron responses of ~7-BN detectors
was performed 515 days after the source shipment. Based on the known half-life of ti,=2.645
years,**3! the neutron intensity of 2>2Cf source on the day of this experimental measurement, N(t),
can be calculated according to N(t)=NoExp(-t/t), where t=t;,/In2, t,=2.645x365 days, No=1 x107,
t=515 days, providing N(t)=7x10° neutrons/second. The HDPE housing was fabricated with two
purposes in mind, to act as a safe storage vessel for the 23>Cf source and to perform the moderation
of the emitted fast neutrons to obtain a source of thermal neutrons. As schematically illustrated
in Fig. 4(a), if the neutron source is placed at the position “A”, most fast neutrons are stopped
by the HDPE moderator. If the neutron source is placed at the position “B” which is 2.54 cm to
the front surface of the HDPE moderator, neutrons emerging from the front surface are mostly
thermal neutrons (neutrons with a kinetic energy ranging from 1 to 100 meV with a spectral peak
at 25 meV). The size of this moderator was chosen such that neutrons would exit only from the
front face of the HDPE housing during device exposure. These details ensured that lab safety would
be maintained throughout the lifetime of this source. Raw thermal neutron count rates were taken
from an un-moderated *He rate meter at varying distances and the results revealed that the thermal
neutron counts are inversely proportional to the distance to the >>>Cf source, d.'' This means that

the point source model can be appropriately applied to calculate the thermal neutron flux (®) ratio at
2

. . d

two different distances, % =2
2

For the reaction product pulse height spectra measurements, the >>2Cf source was place at

position B and detectors were placed a distance of 9 cm to the moderator’s front surface. Monte

Carlo N particle code simulations, which modeled the interactions of neutrons with hydrogen atoms

in the HDPE moderator, provide a conversion ratio of 2.43x10~* for the neutron flux from the 232Cf

source (placed at the position B inside the HDPE moderator) to thermal neutrons at a point in the



075213-6 Doan et al. AIP Advances 6, 075213 (2016)

Front

i hole
(a) Middle
hole

12”

" A &\L\
24 252Cf | d
v detector
\ 24"

15

M O Y ——
—— 4.5pm without any source ] O date (C)
Li* 4.5um with gamma source —_ Linear fit
150- h-BN (4.5 um) %2‘5' :
| 2
” 220
2 101 5
o 515_
4
o
30- £ 1.0
0.5'—'—|—'—|—'—|—'—|—'—|—'—|—'—
10 15 20 25 30 35 40 45
5 10 15 20 25 30 35 40 45 Channel

Channel

FIG. 4. (a) Schematic diagram of thermal neutron source consisting of a 2>Cf source moderated by a high density
polyethylene (HDPE) moderator. The distance d is measured to the >>Cf source (inside of the HDPE moderator at the
position B). (b) Nuclear reaction pulse height spectrum (counts versus channel number) obtained by a detector incorporating
natural 4-BN of 4.5 um in thickness with a counting time of 20 minutes. The detector has a dimension of 36 mm? (6 mm x
6 mm) and the widths of etched trenches and micro-strips of 10 um and 10 pm, respectively. The dark yellow and red column
bars are the total counts measured in the absence and in the presence of the 22Cf source, respectively. The blue-green column
bars represent the measured counts while the detector was irradiated by a y-photon source produced by '3’Cs decay only. (c)
Energy peak calibration among the nuclear reaction products expected from Eq. (4). The open squares in Fig. 4(c) are the
data points and the solid line is a linear fit. The inset of Fig. 4(c) is an expanded view of an MSM device having the widths
of etched trenches/micro-strips of 10 um/10 um showing the edge effect due to the specific arrangement of the interdigital
finger metal contacts.

air that is 10 cm away from the moderator’s front surface.?’ Using the point source model, the flux
of the thermal neutrons at 9 cm away from the front surface of the HDPE moderator can thus be

calculated according to 7 x 10° x 2.43 x 10‘4%=

tor was bonded in a ten pin ceramic flat pack and placed inside a metal box to reduce the electronic
noise and connected to a charge sensitive modified preamplifier (Cremat, Inc.). The pulse-height
spectra were measured with a multi-channel analyzer (MCA) (model 8000D by Amptek). The

2x10? (thermal neutron/cm? - s). The detec-
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pulse-height spectra of the nuclear reaction product were measured for a total counting time of
1200 s for detectors incorporating a 4.5 um thick 4-BN epilayer.

The measured pulse-height spectrum of a 4.5 um thick detector is shown in Fig. 4(b). The dark
yellow column bars in Fig. 4(b) are the background counts or the total counts measured in the
absence of the 2>2Cf source. The red column bars in Fig. 4(b) are the total counts measured in the
presence of the 232Cf source and the blue-green column bars represent the measured counts while
the detector was irradiated by a y-ray source produced by '3’Cs decay only. In the absence of any
radiation sources, the counts are just background noise and no counts were observed beyond chan-
nel 13. Moreover, as seen from Fig. 4(b), the 4-BN detector has a negligible response to y-photons
produced by '*’Cs decay with an energy at 0.662 MeV, i.e., the counts were below the background
noise under the irradiation of y-photons. This fact is expected because BN is composed of low
atomic number elements and so BN’s interaction with y photons should be low. Under irradiation
of thermal neutrons, the total number of thermal neutrons irradiating on the detector (with a device
area of A = 0.6 x 0.6 = 0.36 cm?) during the 1200 s counting time is Nj, = ®A-(counting time) = 2
x 10° x 0.36 x 1200 = 8.6 x 10°, whereas the measured counts in response to the thermal neutron
source (>32Cf source placed at the position B inside the HPDE moderator) is N, = 5.5 x 10°. This
gives an overall detection efficiency of | = z—§z0.64% for 4.5 um thick natural h-BN detectors.

To compare the measured detection efficiency with expectation, we consider the interaction
probability as a function of the 4-BN detector layer thickness. The probability of interaction (P)
between the thermal neutrons and #-BN epilayers follows

P=1-exp(-3), 3)

where A is the thermal neutron absorption length of 4-BN (=237 um for natural ~-BN and =47 pm
for '°4-BN) and ¢ is the h2-BN epilayer thickness. Equation (3) indicates that for thin epilayers
(t << L), the interaction probability increases linearly with the layer thickness (1), p ~ ;. Thus the
expected maximum detection efficiency of a detector incorporating a layer thickness of 4.5 um natu-
ral h-BN iS ppax ~ i x 0.5 = % X 0.5 = 0.95%, where a fraction of 0.5 is include in the calculation
to account for the fact that half of the 2-BN detection area was etched away for this device. The
discrepancy between the measured and the expected maximum efficiency (or the interaction prob-
ability) can be accounted for by the charge collection efficiency. The charge collection efficiency
(Neonn) is one of the most important parameters of a radiation detector and knowing this parameter
is highly useful to the further development of #-BN materials and devices since this parameter
depends on the overall material and device quality. This parameter is defined as the ratio of the
measured detection efficiency (1) to the interaction probability (P) according to Meon = ;—l = %. The
result reveals that the charge collection efficiency of #-BN detectors is about 67%. This relatively
high charge collection efficiency is a result of the single crystalline nature of #-BN. However, the
overall detection efficiency (1) of this batch of #-BN detectors is below 1% because the devices
incorporate natural 2-BN epilayers with a thickness less than 5 um and 50% of the detection area
was removed by dry etching in the MSM detector design shown in Fig. 1(b).

One of the interesting features of the 4-BN thin film detectors is their ability to resolve the
reaction products.'"'> The measured pulse-height spectrum of the 4.5 um thick detector shown in
Fig. 4(b) exhibits well resolved peaks corresponding to the product energies of '°B and thermal

neutron reaction described by’

on + '%B — Ja*(1.47MeV) + JLi*(0.84MeV) (94%), (4a)
on+ '%B — Ja(1.77MeV) + Li (1.015MeV) (6%). (4b)

These include Li*, Li, a* and a peaks as well as the sum peaks of Li* + o* (2.31 MeV) and Li + o
(2.785 MeV). The calibration between the energy and channel number for the whole spectrum of
the 4.5 um thick detector is plotted in Fig. 4(c), which shows a linear relationship between the reac-
tion product energies of Li*, Li, a*, a, Li* + a*, and Li + o peaks and the channel numbers, exactly
corresponding to the values expected from Eq. (4). The good agreement between the experimental
data and expected energy peaks/peak separations of the nuclear reaction products shown in Fig. 4(c)



075213-8 Doan et al. AIP Advances 6, 075213 (2016)

provides an assurance in our assignment of the observed peaks in the pulse-height spectrum. There
are several unidentified peaks in Fig. 4(b) in addition to those expected from the reaction product
energies of Eq. (4), which are most likely due to the edge effect, i.e, the electrical field is not
uniform across the entire MSM detector surface because of the specific arrangement of the metal
contacts in the interdigital finger format. The inset of Fig. 4(c) is an expanded optical image view
of an MSM detector edge showing the widths of etched trenches/micro-strips of 10 wum/10 um. By
more carefully inspecting how a metal finger contact is inserted in between two other fingers, one
can see that the electrical field near the detector edge can be slightly lower than that in the center,
leading to additional peaks in the pulse-height spectrum.

B. '°B isotopically enriched h-BN detectors

In Figure 5, we plot the results of Eq. (3) for both natural ~-BN and 04BN layers, which
represent the upper limit of the detection efficiency values (or the interaction probabilities) of 7~-BN
and '°4-BN detectors. The results clearly indicate that the use of '°4-BN epilayers will significantly
enhance the interaction probability and hence the thermal neutron detection efficiency. The '°4-BN
MSM detectors were fabricated using the same device processing procedures as for 4-BN detectors
with the exception that '°2-BN MSM detectors have a '°4-BN layer thickness of 2.7 um, device
area of 5 mm x 5 mm, and the micro-strip width of 15 wm and etched trench width of 3 um.
This design reduces the fraction of removed '°4-BN materials and increases the detection area, as
illustrated in Fig. 6(a). Figure 6(b) shows a typical pulse height spectrum of the thermal neutron
and '°B reaction products measured by a '®4-BN detector using the same procedures as those
described for natural #-BN detectors except that the counting time was reduced to 600 s. This gives
Nj, = ®A-(counting time) = 2 X 103 x 0.25 cm? x 600 s = 3 x 10°. Similar to those of natural ~-BN
detectors, '°4-BN detector has a negligible response to y photons produced by '*’Cs decay with an
energy at 0.662 MeV. Due to '°B isotopic enrichment and hence an enhancement in the interaction
probability, the sum peak at 2.31 MeV is the most predominant in the pulse height spectrum. The
absence of the 2.79 MeV sum peak is mostly likely due to the fact that the range of the 1.77 MeV
a particles (~4.6 um)*” is larger than the '°2-BN detector thickness (2.7 um) and the lower nuclear
reaction probability (6% for the 2.79 MeV sum peak vs 94% for the 2.31 MeV sum peak). The
overall detection efficiency (1) of '°4-BN detectors (with a layer thickness of 2.7 um) can also
be determined from the ratio of the measured counts in response to the thermal neutrons (N.) to
the total number of thermal neutrons irradiating on the detector (Nj,). Since our 104-BN wafers
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FIG. 5. Plot of Eq. (3), the probability of interaction (P) between the thermal neutrons and #-BN epilayers, P =1 —exp(—%),
as a function of the layer thickness for both natural and '°B-enriched h-BN.
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FIG. 6. (a) Optical image of a portion of a detector fabricated from isotopically '°B-enriched 4-BN epilayer (!°h-BN) of
2.7 wm in thickness. The detector has a dimension of 25 mm? (5 mm x 5 mm) and the widths of etched trenches and
micro-strips of 3 wm and 15 um, respectively. (b) Nuclear reaction pulse height spectrum measured by a '°2-BN detector
using the same thermal neutron source setup shown in Fig. 4(a). The counting time is 10 minutes. The dark yellow and red
column bars are the total counts measured in the absence and in the presence of the 22Cf source, respectively. The blue-green
column bars represent the measured counts while the detector was only irradiated by a y-photon source produced by '*’Cs
decay.

are 4-inches in diameter, our device fabrication undergoes wafer scale processing, which allows us
to produce multiple nearly identical detectors for characterization. By averaging over a multiple
measurements, we obtain N, = 1.2 (£0.03) x 10* This provides an overall detection efficiency of
n= II:]I—E = 4.0 (+0.1)% for thermal neutrons for detectors incorporating a 2.7 um thick of '°2-BN
epilayer.

Since the uncertainty in neutron flux value is difficult to measure, we further verified the detec-
tion efficiency of '°4-BN detectors against a commercially certified °Li filled microstructured Si
semiconductor neutron detector (MSND) without needing to know the thermal neutron flux. The
°Li filled MSND is a Domino V4 neutron detector (model D411S-30-D0010-V4) from Radiation
Detection Technologies Inc., which has a detection area of 4 cm? and a specified absolute detection
efficiency of 30% for thermal neutrons. By placing our '°4-BN detector and °Li filled MSND at the
same distance to the 2>>Cf source (9 cm away from the front surface of the HDPE moderator) and
comparing the relative thermal neutron counts per unit area between our '°2-BN detector and °Li
filled MSND (with a known detection efficiency of 30%), we obtain a detection efficiency of ~4.1%
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for '%4-BN detector, which is in excellent agreement with the value calculated from 1 = % This
agreement further ensures that both the specified value of neutron flux by Frontier Technol(;ngy and
the calculated value of thermal neutron flux irradiating on the detector, Nj,, based on Monte Carlo N
particle code simulations®” are reliable.

The theoretical thermal neutron absorption length of 100% pure isotopically '°B-enriched
10BN is about 47 wm, which is 5 times shorter than that of natural 4-BN (237 um), based on
which the expected interaction probability of '°4-BN detectors (with a layer thickness of 2.7 um)

should be P = % X % = % X %:4.8%. Here, the fraction {—g is included because the etched trench

width is 3 pm and so a fraction of % of the detection material was removed based on Fig. 6(a). The
difference between the measured detection efficiency (n=4.0 (+0.1)% ) and the expected interaction
probability (P=4.8%) can be accounted for by the charge collection efficiency (1con) of 105-BN
detectors, Mo = §, which is 83 (£2)%. The charge collection efficiency (neon) of '°A-BN detectors
exceeds that of the natural 2-BN detectors. Since both '°4-BN and natural 4-BN have a comparable
crystalline quality, the difference in 1, suggests that dry etching potentially introduces defects
which have an impact on the charge collection efficiency. The results indicate that although the
MSM detector design with a micro-strip width of 15 um and etched trench width of 3 pm shown in
Fig. 6(a) adequately addresses the need of maximizing the detection area (minimizing the fraction
of removed '°2-BN materials), 1) can be further improved by implementing detector architectures
which are doing away with dry etching.

IV. SUMMARY

In summary, natural and isotopically '°B-enriched 4-BN epilayers with thicknesses of 4.5 um
and 2.7 um, respectively, have been successfully synthesized by MOCVD. These materials were
utilized to construct solid-state thermal neutron detectors. The results revealed that MSM detectors
(with the micro-strip width of 15 um and etched trench width of 3 um) incorporating isotopically
10B-enriched h-BN epilayers of 2.7 um in thickness exhibit an overall detection efficiency for
thermal neutrons of 4% and a charge collection efficiency as high as 83%. Further material and
device processing development will likely to produce #-BN detectors with improved performance
and advance the charge collection efficiency to nearly 100%. Therefore, future efforts are to focus
on the growth of 4-BN epilayers with increased thicknesses to provide an enhanced interaction
probability between thermal neutrons and /#-BN and hence the overall detection efficiency. The
ability to synthesis larger wafers of 4-BN epilayers, the applicability of semiconductor processing
technologies, and the outstanding attributes of high charge collection efficiency and high energy
resolution of the reaction products of #-BN detectors, open up new opportunities to construct high
sensitivity, compact, robust and low cost solid-state neutron detectors.
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