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ABSTRACT

Combining its unique features of ultrawide bandgap (UWBG) and two-dimensional nature, h-BN has been explored for emerging applica-
tions such as deep ultraviolet optoelectronic devices and single photon emitters. One of the unusual applications of h-BN is for solid-state
neutron detectors by utilizing the property of high thermal neutron capture cross section of B-10 as well as its UWBG properties. Although a
record high detection efficiency of 59% has been attained by h-BN detectors, the understanding/minimization of defects and impurities is still
needed to further advance the h-BN material and detector technologies. We report metal organic chemical vapor deposition growth and oxy-
gen (O) impurity diffusion in thick h-BN. The diffusion coefficient (D) of O impurities has been measured via the evolution of an oxygen
related emission with the etching depth, providing a value of D of ~ 2 x 10~ "> cm?/s at 1450 °C and supporting the interpretation that oxy-
gen in h-BN is a substitutional donor. A multiple-buffer-layer approach was employed to mitigate to a certain degree the issue of oxygen dif-
fusion from sapphire substrate during growth. It was demonstrated that the performance of h-BN neutron detectors fabricated from the
wafer incorporating multiple buffer layers was significantly improved, as manifested by the enhanced thermal neutron detection efficiency.
The advancement of the crystal growth technology of h-BN semi-bulk crystals creates applications in optoelectronic and power electronic
devices utilizing the UWBG semiconductor properties of 4-BN, while high efficiency h-BN neutron detectors have the potential to supplant
the traditional He-3 gas detectors in various application areas by offering the obvious advantages of UWBG semiconductor technologies.
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Hexagonal boron nitride (h-BN) possesses an ultrawide bandgap ni(t)=1—e¢ ' (1)

of about 6 eV and has attracted considerable attention recently for its
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potential applications in deep UV photonics,' * 2D materials, and sin-
gle photon emitters.” © When enriched with B-10, #-BN has demon-
strated a great promise for applications for neutron detection due to the
unique property of 18 isotope having a large capture cross section for
thermal neutrons (¢ = 3840 barns or 3.84 x 102! cm?).” '? In contrast
to existing indirect-conversion solid-state technologies, which rely on
coating a thin neutron conversion layer of °Li or '°B on a bulk semicon-
ductor”™” or formation of micro-structures filled with a '°B or °Li
neutron conversion material,'*'” a '°B containing semiconductor itself
performs both functions of neutron conversion and charge carrier gen-
eration/collection” '>***' and hence potentially affords a theoretical
detection efficiency for thermal neutrons approaching 100%.

In '°B enriched h-BN (h-'°BN), the density of '°B atoms is N
(1°B) = 5.5 x 10*/cm>, which provides an absorption coefficient of
o= No=55x10% x 3.84 x 1072! =211.2 cm™ !, an absorption
length of . =o '=47.3 um, and an intrinsic efficiency for thermal
neutrons of

where t is the detector’s layer thickness. Therefore, the theoretical
detection efficiency of thermal neutron detectors based on h-'"BN
approaches 100% for a thickness of ~250 um.” '* Equation (1) clearly
indicates that realizing high efficiency neutron detectors requires the
development of growth processes for wafer scale h-BN in large thick-
nesses. However, h-BN bulk crystals produced by the high pressure/
high temperature (HP/HT) technique and by the metal flux solution
method”***® exhibit high material quality, but are very small in crys-
tallite size (1-2 mm), which are impractical for device implementation.
Thin film growth processes, such as metal organic vapor deposition
(MOCVD), need to be developed for large area semi-bulk #-BN wafers
(films with large thicknesses) to enable the realization of high efficiency
h-BN neutron detectors.

In a neutron detector, the measured detection efficiency (1)
depends not only on the theoretical efficiency (17;) described in Eq. (1),
but also on the charge collection efficiency (170), 7 = ;. The condi-
tion for charge collection and signal detection by a detector is that the
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drift length (Eut) of a radiation-generated charge carrier in a field
must be greater than its transit length (spacing between the two elec-
trodes, W), i.e.,

woow?
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where V is the applied voltage, E is the applied electric field, and pt
describes the carrier mobility-lifetime product, which is dictated by the
overall material quality. This basic charge collection condition implies
that the charge collection efficiency is not only determined by the
applied electric field (or applied voltage) but also by the overall material
quality. While 7-'"BN thermal neutron detectors, having a detection
area of 1 cm? fabricated from a 100 ym thick #-'°BN by combining five
lateral detector strips with an average width of 1.3 mm, have attained a
record high detection efficiency of 59% at 500 V,'” further technology
advancement requires continuous progress in increasing the wafer
thickness and enhancing the overall material quality to improve both
the intrinsic efficiency (17;) and the charge collection efficiency (1,).

From a practical point of view, it is also highly desirable to
increase the detector strip width (W) to enhance the manufacturing
yield. However, without a further improvement in the material quality,
a wider detector would require a higher applied voltage to support the
same charge collection efficiency, based on the understanding provided
by Eq. (2). Due to the requirement of a large thickness for providing a
high intrinsic detection efficiency according to Eq. (1), a long growth
time is needed and therefore, thick 4-'°BN materials unavoidably con-
tain oxygen impurities, which were diffused from the sapphire sub-
strate during growth.”” ' Previous studies have provided strong
evidence that the presence of oxygen impurities impacted the perfor-
mance of h-BN neutron detectors.' ">’ ' However, the effects of OXy-
gen in h-BN are not yet fully understood. Theoretical studies suggested
that oxygen can be incorporated into h-BN as a substitutional donor
by occupying N site (Oy), which concomitantly can lead to the incor-
poration of boron vacancy (Vg)-hydrogen complex (Vy -H/Vy -2H)
and O interstitial (O;) deep level acceptors because their formation
energies tend to decrease with the Fermi level shifting toward the con-
duction band edge in the presence of Oy’ It is expected that these
electron-compensating deep level acceptors can capture and scatter
neutron-generated charge carriers and are detrimental to the charge
collection efficiency of h-BN thermal neutron detectors. As such, find-
ing effective strategies to mitigate the impact of oxygen diffusion is
also highly desired.

In this work, h-'°BN semi-bulk wafers (~100 um in thickness)
were produced by MOCVD and studied by photoluminescence (PL)
emission spectroscopy and secondary-ion mass spectrometry (SIMS),
with the aim to obtain an improved understanding of the nature of
oxygen impurities in h-BN. The observed impurity related PL emission
peak position near 3.8 eV together with a previous theoretical under-
standing’” suggested that this emission can be attributed to a donor-
acceptor pair (DAP) transition involving Oy donor and Vy-H/Vg-2H
acceptors. PL emission intensity in conjunction with a dry etching
technique™ allows the probing of the relative impurity concentration
distribution with respect to the h-BN/sapphire interface, which resem-
bles the oxygen impurity profile probed by SIMS. From these measure-
ments, the oxygen diffusion coefficient was deduced, and the results
further backing the interpretation that oxygen impurities involved in
the PL emission are substitutional rather than interstitial type.
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Adopting a multiple-buffer-layer strategy allowed the realization of a
lateral strip thermal neutron detector with an increased width and
improved performance over our previous attainment, potentially pav-
ing the way for achieving high efficiency and high sensitivity thermal
neutron detectors while enhancing the manufacturing yield by simpli-
fying the device fabrication processes.

Semi-bulk wafers of h-'°BN were synthesized by MOCVD on the
sapphire substrate at a growth temperature of 1450°C.” ">~
Trimethylboron (TMB) with a vendor specified '°B isotope enrich-
ment of 99.9% and ammonia (NH;) were used as the precursors for
the growth of h-'°BN. Hydrogen was utilized as a carrier gas. As
shown schematically in Fig. 1(a), freestanding #-'"’BN wafer was then
obtained via self-separation during cooling down after MOCVD
growth, due to h-BN’s layered structure and thermal expansion coeffi-
cient that is different from that of sapphire. The freestanding wafer
was then cut into desired shape by laser dicing for characterization and
device fabrication. Figure 1(b) is a micrograph of a freestanding
h-'"BN sample used for PL study. For the PL measurements, a pulsed
excimer laser emitting at 193 nm was used as an excitation source,
which exceeds the bandgap of 4-BN, and the PL emission spectra were
collected using an optical fiber coupled with a spectrometer (Ocean
Optics USB2000+). A SF4 chemistry based inductively coupled plasma
(ICP) dry etching technique™ was employed to remove successively
the surface, which was in contact with sapphire after self-separation
for the purpose of probing the PL spectra at different depths from the
sapphire/h-BN interface. We expect that ICP dry etch may introduce
surface damage, but the concentration of oxygen impurities on the h-
BN surface should not be affected since no oxygen was used during
ICP etching and ICP etching conditions were kept the same.

Figure 2(a) plots the room temperature PL spectra measured for
a freestanding sample prior to ICP dry etching (non-etched) and at dif-
ferent depths from the surface (h-BN/sapphire/interface). The PL
emission spectra plotted in Fig. 2(a) were normalized to the broad
emission peak near 3.8 eV of the non-etched sample and revealed that
the emission intensity near 3.8 eV decreases with the etching depth. To
reveal the physical origin of the main PL emission line, we present in
Fig. 2(b) a band edge energy diagram of h-BN,”' showing an energy
bandgap value of ~6.0 eV with the conduction band minimum (CBM)

(b)

Sapphire

FIG. 1. (a) Schematic of h-""BN thick layers grown on sapphire and realization of
freestanding h-"°BN wafer via self-separation during cooling down after MOCVD
growth. (b) Micrograph of a 100 um thick freestanding h-">BN sample used for pho-
toluminescence (PL) measurements.
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FIG. 2. (a) Room temperature photoluminescence (PL) spectra under excitation by an excimer laser at 193 nm of a freestanding 100 um thick h-"°BN wafer, measured at differ-
ent depths from the h-BN/sapphire interface. The depth was controlled by removing successively by ICP dry etching the surface, which was in contact with sapphire substrate
during growth. (b) Band edge energy diagram of h-BN, revealing the physical origin of the PL emission lines near 3.8 eV. The energy diagram also reflects the nature of indirect
energy bandgap with the conduction band minimum (CBM) and the valence band maximum (VBM) located at M- and K-point, respectively, as well as the effect of a minimum
direct bandgap in h-BN. [Adapted with permission from Grenadier et al., Appl. Phys. Express 15, 051005 (2022). Copyright 2022 IOP Publishing; Fig. 3(b) of Ref. 31.]

located around M-point and valence band maximum (VBM) located
around K-point in the Brillouin zone.”"”” The measured/predicted Oy
donor level is at about 0.56 €V/0.61 eV (~ 0.6 eV) below the CBM,*”**
and the predicated V-H/Vp-2H acceptor level is at 1.65eV/1.54 eV
above the VBM.”” The band diagram, thus, suggests that the observed
impurity emission peak near 3.8eV is due to a donor-acceptor pair
(DAP) recombination involving Oy donors and V-H/Vg-2H accept-
ors, as indicated by the bold green arrow line in Fig. 2(b). A more care-
ful inspection reveals that the dominant emission near 3.8 eV consists
of two emission lines separated by ~ 0.1 eV, which can be attributed to
DAP recombination corresponding to Oy — Vy-H and Oy — V-2H
transitions, respectively.

With the origin of the emission lines near 3.8 eV being identified,
the relative O impurity concentration can be measured by probing the
PL emission intensity near 3.8 eV as a function of the etching depth
from the h-BN/sapphire interface. Figure 3(a) plots the integrated PL
emission intensity vs the etching depth. Indeed, a systematic decrease
in the integrated PL emission intensity at 3.8 eV was found, which

further confirms that O impurities were diffused from the sapphire
substrate. To support this interpretation, SIMS measurements were
performed to probe the profile of oxygen concentration as a function
of the depth measured from the surface originally in contacting with
sapphire and the results are shown in Fig. 3(b), which revealed a trend
that is exactly like the reduction observed in the normalized PL inten-
sity shown in Fig. 3(a). More specifically, within the initial 1 um of
etching depth, the oxygen concentration decreased from 1.26 x 10*° to
1.89 x 10" atoms/cm® (nearly one order of magnitude reduction),
whereas the PL emission intensity decreased from 1 to 0.1. This clear
correlation between the PL and SIMS measurement results further
confirm that the emission lines near 3.8 eV are related to the diffusion
of O impurities from the sapphire substrate.

It is also worth noting that the observed PL peak position shown
in Fig. 2(a) exhibits a redshift with the etching depth, which in turn
further supports our interpretation that the main PL emission line is of
a DAP in nature involving Oy donors. It is well known that the
peak position of a DAP recombination follows the relation of hv (r)
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FIG. 3. (a) Plot of the integrated intensity of the PL emission line measured in Fig. 2(a) as a function of the etching depth. The red curve is a fitting using Eq. (4). (b) Oxygen
concentration profile in a freestanding h-'°BN wafer probed by SIMS measurements. The concentrations were measured from the surface originally in contact with sapphire.
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= Eg- (Ep + Ea) + ﬁz—r, where Ep, and E, are the donor and acceptor
ionization energies, respectively, r is the mean donor-acceptor (D-A)
separation distance, and ¢ is the dielectric constant.”® SIMS measure-
ment results shown in Fig. 3(b) indicate that the oxygen donor concen-
tration decreases, and hence, the mean D-A separation distance (r)
increases with the etching depth. Therefore, the observed PL peak posi-
tion is expected to exhibit a redshift with increasing the etching depth.
Based on the analysis of the PL emission origin, the systematic
decrease in the PL emission intensity with the etching depth can then
be understood in terms of the O impurity concentration decreasing
with the depth following the diffusion process. For simplicity, assum-
ing an infinite oxygen source from the sapphire substrate during
growth, the depth profile of the oxygen concentration can be described
by Fick’s second law, n(d, t) = n,erfc (#ﬁ), where d is the depth mea-
sured from the surface originally in contacting with sapphire, erfc is
the complementary error function, D is the diffusion coefficient of
oxygen impurities in h-BN, and t denotes the total growth time. The
complementary error function is erfc (z) =1 - erf z, with z= (&)

2/Dr
and erf z being the Gauss error function, which can be written as erf
2 . . . s s
z= ﬁ s e dx. As an approximation of the error function, the initial

two terms of the Taylor series will be used, which gives

.0 =m 1 -2 (=), )

and therefore, the normalized PL emission intensity as a function of
etching depth (d) also takes the form of Eq. (3) as

d

Fitting experimental data in Fig. 3(a) with Eq. (4) yields a value of
D=21x 10" cm?s at 1450°C. It is worth to point out that the
trends of both the experimentally observed etching depth dependen-
cies of PL intensity and O concentration probed by SIMS shown in
Figs. 3(a) and 3(b) follow exactly the trend of the diffusion process
described by Fick’s second law. However, we used an approximation
and kept only the initial two terms of the Taylor series for the error
function to reduce the diffusion process to a linear relationship of Eqs.
(3) and (4) for simplicity. Because we are using a linear fit and the PL

ARTICLE pubs.aip.org/aip/apl

intensity hardly changes with the etching depth beyond 1 um, we,
thus, included only PL data from the first 1 um after etching in the lin-
ear fit to obtain the diffusion coefficient (D). Although the value of D
obtained from the linear fit in Fig. 3(a) is an approximation, it should
provide a reasonable first order estimation.

It is important to note that the measured oxygen impurity diffu-
sion constant in h-BN is on the same order as those of substitutional
impurities in Si (on the order of 107> ~10~'* cm*/s at 1300 °C) but is
about eight orders of magnitude lower than the diffusion constants of
interstitial impurities in Si (on the order of 107°-10° cm%s).”
Moreover, the measured diffusion coefficient of O in h-BN is also very
close to (about 4 times larger than) those of Si and O substitutional
impurities in AIN of about 5 x 10~ "* cm?/s at 1450 °C.”® These results
together further suggest that the emission line near 3.8 eV in thick h-
BN is related to substitutional oxygen impurities, namely, Ox.

Prior and recent developments in III-nitride materials and devi-
ces have demonstrated that low temperature multiple-buffer-layers
grown using a gradual increase in the growth temperatures serve as an
effective dislocation filter and improve the performance of top active
layers.” *' We adopted this multiple-buffer-layer approach with the
aim to reduce the impact of oxygen diffusion on the performance of
thermal neutron detectors. For a comparison study, in “sample 1,” a
single BN buffer layer of about 20 nm in thickness was deposited at
about 800 °C prior to the deposition of the top thick /-'°BN, as illus-
trated in the inset of Fig. 4(a), while “sample 2” consists of three buffer
layers each of 20nm in thickness deposited at a higher temperature
than the previous layer of 800, 1000, and 1200 °C, respectively, as illus-
trated the inset of Fig. 4(b).

To directly evaluate the effectiveness of this multiple-buffer-layer
approach in the growth of 4-BN thick wafers, thermal neutron detec-
tor strips of 1.7 mm in width in a lateral geometry were fabricated
from sample 1 and sample 2, as depicted in the insets of Figs. 4(a) and
4(b). Metal contacts consisting of a bi-layer of Ni (100 nm)/Au
(40 nm) were deposited on the two edges of the h-'"’BN strips using e-
beam evaporation via a mask and wire bonding was performed to cre-
ate an electrical connection between the deposited metal contacts and
the bonding pads of a semiconductor device package. The reason for
utilizing a lateral strip detector geometry has been extensively
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FIG. 4. Pulse height spectra of h-"°BN lateral detector strips of 1.7 mm in width fabricated from (a) sample 1 and (b) sample 2. Red curves are the responses to thermal neu-
trons at 500V, and the blue curves are the background (or dark) counts measured at the same bias voltage (500 V). The schematic layer structures of samples and optical

images of the finished devices are shown in the insets.
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discussed previously,” ' " which include taking the advantages of the

outstanding lateral transport properties of h-BN, a reduced surface
recombination field, and a reduced device capacitance in support of an
enhanced charge collection efficiency under a moderate bias voltage
compared to a vertical planar detector of the same detection area.’
Moreover, because the carrier transport occurs in the lateral direction
(in the c-plane), the interfaces between the very thin multiple buffer
layers are expected to have a negligible effect on the charge collection
efficiencies of these thick lateral detectors.

To measure the thermal neutron detection efficiency, a depleted
sealed neutron source of californium-252 (***CF) from (Frontier tech-
nologies) was employed as a neutron source. A high-density polyethyl-
ene (HDPE) moderator was constructed for the storage of the ***Cf
source and moderating the fast neutrons to thermal neutrons, as shown
in Fig. 5. When the ***Cf source is placed at location (A), most neu-
trons are stopped by HDPE. When the **Cf source is placed at location
(B), most neutrons released from the front surface of the HDPE moder-
ator are thermal neutrons, characterized by their kinetic energy ranging
between 1 and 100 meV, with a peak energy at 25 meV. The detection
electronics consist of a charge sensitive preamplifier, pulse shaping
amplifier, and multi-channel analyzer.”'” The shielded detectors were
placed 30 cm away from the front surface of the HDPE moderator.

Figures 4(a) and 4(b) plot the measured pulse height spectra of
the two h-'BN detectors fabricated from (a) sample 1 and (b) sample
2, respectively. For each detector, the dark spectrum (blue curve) was
recorded in the absence of any radiation, while the spectrum (red)
under thermal neutron irradiation was measured at the same bias volt-
age. Previous results have demonstrated that h-'"BN detectors have a
negligible response to gamma photons because '’B and N are low
atomic number elements.”'’ The pulse height spectrum under thermal
neutron radiation was integrated beyond the highest dark channel
(low level discriminator) to obtain the total number of counts. By com-
paring the total number of counts detected by the h-'’BN detector to

@) |sen (b)

2.5cm
SLif filled MSND
HDPE

T 30 ¢m
plem
£ A | ®
< <
z ,‘?1& Z
h-19BN detector
]
”
&
o
38 cm

FIG. 5. (a) Schematic of thermal neutron source used in this work, which consists
of a Cf source moderated by a high-density polyethylene (HDPE) block. Adopted
with permission from Doan ef al., Nucl. Instrum. Methods Phys. Res., Sect. A 783,
121 (2015). Copyright 2015 Elsevier; Fig. 3(b) of Ref. 42. The thermal neutron
detection efficiencies of h-"°BN detectors were calibrated by placing the detectors
at 30 cm from the HDPE cube front face and side-by-side with a °LiF filled micro-
structured semiconductor neutron detector (MSND). (b) Photograph of the actual
thermal neutron source setup.
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that of a commercial °LiF filled 4 cm® micro-structured semiconductor
neutron detector (MSND Domino'™ V4) formed by combining four
1 cm? detectors with a certified detection efficiency of 30%, the detec-
tion efficiencies (17) of our h-""BN detectors were determined. The
measured detection efficiencies of the detectors fabricated from sample
1 and sample 2 are 36% and 53% at 500 V, respectively. We would like
to point out that detectors have been fabricated from h-'"BN wafers
grown under identical conditions without any buffer layer(s), the mea-
sured thermal detection efficiency for the same thickness is ~25% at
500 V. The results shown in Fig. 4 suggest that the multiple-buffer-
layer approach is effective in reducing the impact of oxygen impurity
diffusion and improving the charge collection efficiency and hence the
thermal neutron detection efficiency. In terms of the detection effi-
ciency per applied electric field, the 53% detection efficiency measured
from the 1.7 mm wide detector fabricated from sample 2 in fact has
outperformed the previous reported best efficiency of 59% for detector
strips of 1.3 mm wide at the same applied voltage of 500V."" The
promising results shown in Fig. 4 also call for more detailed compari-
son studies in crystalline qualities, carrier mobilities, microstructures,
and impurity diffusion coefficients for materials produced with and
without the use of the multiple-buffer-layer approach to clarify
whether the effects are more related to the buffer layer thickness or the
conditions of buffer layer growth.

In summary, the diffusion of oxygen impurities in h-'°BN and
impact of oxygen impurities on the performance of h-'’BN thermal
neutron detectors have been investigated. The diffusion coefficient (D)
of oxygen impurities in #-BN was measured via probing an oxygen
related PL emission line as a function of the etching depth in a free-
standing h-BN wafer after self-separation from a sapphire substrate.
The results revealed a value of D of about 2 x 10~ '3 cm?/s at 1450 °C,
supporting the understanding that oxygen impurities in thick h-BN
are substitutional donors. The measured D value is about four times
larger than those of Si and O substitutional impurities in AIN.
Thermal neutron detectors fabricated from h-'°BN grown with a mul-
tiple-buffer-layer approach outperformed those fabricated from wafers
with no buffer or with a single buffer layer, which suggests that such
an approach is useful in mitigating the issue of oxygen diffusion in the
growth of thick h-BN wafers on a sapphire substrate. As a benchmark
(or a baseline), the dominant PL emission lines in high-quality h-BN
millimeter-sized bulk crystals produced by a high pressure/tempera-
ture technique are due to the band edge transitions near 215nm
(~5.77eV).”” Therefore, our goal is to produce h-BN large wafers
exhibiting predominantly the band edge transitions by monitoring/
eliminating impurity/defect related PL emission lines. The develop-
ment of h-BN semi-bulk crystals with improved quality is expected to
create opportunities in UWBG semiconductor optoelectronic and
power electronics, while high efficiency neutron detectors based
UWBG h-BN semiconductor will create unprecedented applications in
nuclear energy, national security, medical/health care, and material
sciences.
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