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ABSTRACT

As a newest family member of the Ill-nitrides, BN is considered amongst the remaining frontiers in wide energy bandgap semiconductors with
potentials for technologically significant applications in deep UV (DUV) optoelectronics, solid-state neutron detectors, electron emitters, single
photon emitters, switching/memory devices, and super-capacitors. It was shown that it is possible to produce h-BN epilayers with high hexagonal
phase purity, UV transparency, and film stoichiometry by employing nitrogen-rich growth conditions. The quasi-2D nature of h-BN supports un-
usually strong optical transitions near the band edge and a large exciton binding energy on the order of 0.7 eV. Due to the fact that the isotope of B-10
has a large capture cross-section for thermal neutrons, h-BN is an ideal material for the fabrication of solid-state neutron detectors for special nuclear
materials detection, well and geothermal logging, and medical imaging applications. Freestanding B-10 enriched h-BN (h-'°BN) epilayers with
varying thicknesses up to 200 pm have been successfully synthesized by metal organic chemical vapor deposition (MOCVD) as of this writing. By
utilizing the conductivity anisotropy nature of h-BN, 1 cm? lateral detectors fabricated from 100 pm thick h-1°BN epilayers have demonstrated a
detection efficiency of 59% for thermal neutrons, which is the highest on record among all solid-state neutron detectors as of today. It was noted that
high growth temperatures, long growth times and the use of sapphire substrate tend to incorporate oxygen related impurities into h-'°BN epilayers,
which strongly impacted the carrier mobility-lifetime (ut) products and charge collection efficiencies of h-'°BN neutron detectors. As the h-BN
material technology further develops, improved carrier mobilities and pt products will allow the fabrication of h-BN devices with enhanced
performance.

1. Introduction

[I-nitride semiconductors, AIN, GaN, and InN have been under intensive studies over the last three decades and made grand-scale
contributions to technological advances in high efficiency blue/green/white/UV light emitting diodes (LEDs) and laser diodes (LDs),
solid-state lighting, and high power/temperature electronics [1-5]. As a newest family member of the IlI-nitride semiconductors, BN is
considered amongst the remaining frontiers in wide energy bandgap semiconductors. BN has recently emerged as the material of choice
for the exploration of technologically significant applications, including deep UV (DUV) optoelectronics, solid-state neutron detectors,
electron emitters, single photon emitters, switching/memory devices, and super-capacitors. BN exists in three crystalline forms [6-8].
However, the sp>-bonded hexagonal form (h-BN) is the most stable phase for BN grown at any temperatures under ambient pressure,
whereas the stable crystalline structure of GaN, AIN and InN is Wurtzite. Fig. 1 shows the minimum direct energy bandgap vs. lattice
constant for common compound semiconductors [5]. The general trend is that the bandgap and mechanical hardness increase with
decreasing a-lattice constant. Experimental and theoretical studies have revealed that the minimum direct energy bandgap of h-BN is
comparable to that of AIN [9-21]. Though it sits to the left of other IlI-nitride semiconductors in Fig. 1, the mechanical properties of
h-BN vastly differ from other II-nitrides.

Hexagonal BN and graphite are two materials that are very similar in terms of crystal structures and lattice constants. As illustrated in
Fig. 2, like graphite, h-BN has a layered structure. However, h-BN exhibits in stacking sequence with boron atoms in one layer directly
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Fig. 1. Energy bandgap vs a-lattice constant for common compound semiconductors [Ref. 5; Credit: S. Nakamura, IEEE Circuits and Devices Magazine
11, 19 (1995)].

above nitrogen atoms in the adjacent layer, in which atoms within the layers are bonded together by strong covalent bonds (so called sp?
bonding) while a weak van der Waals force occurs between the different layers. It has an in-plane a-lattice constant of 2.504 A and out-
of-plane c-lattice constant of 6.66 A. The distance between nearest neighbors is 1.446 A. Since every two layers form a repeated
structure, the distance between two adjacent layers is hence 3.33 A. The in-plane lattice constant difference is only about 1.5% between
graphite and h-BN. Graphite is a well-studied material and interest has recently been renewed in it due to the discovery of its 2D form,
graphene [22,23]. However, h-BN and graphite possess extremely different physical properties in terms of the band structures and the
electrical and optical properties [8,24-27]. As shown in Table 1, in contrast to graphite which is a zero-energy bandgap material or
semi-metal, undoped h-BN is optical transparent and highly insulating. Applications in electronics and photonics of these two materials
are also on the opposite ends of the spectrum due to their disparate materials properties. While h-BN emits and absorbs in the deep
ultraviolet wavelengths (~200 nm) [9-21,28-33], C-rich (BN)x(C5)1x alloys absorb photons in the far IR region [33,34]. While undoped
h-BN is highly resistive with an expected intrinsic electrical resistivity exceeding 10%° Q cm and a measured resistivity of about 5 x 10
Q cm [33-40], graphite is highly conductive. Owing to its structural similarity to graphene, high resistivity, high breakdown field, and
ability to provide an atomically flat surface with minimal density of dangling bonds and charge traps, h-BN has become an important
member of the two-dimensional (2D) material family and is recognized as the most suitable material as the sub-
strate/dielectric/separation layer for the construction of 2D heterojunction structures and devices [41-46]. Among all 2D materials
being explored up to now, h-BN is the only 2D material with an ultrawide energy bandgap.

Table 1 also compares the basic physical parameters between h-BN and AIN. In comparison to other Ill-nitrides, h-BN has many
unique features. Due to its layered structure, it is relatively easy to obtain atomically thin single h-BN sheets from h-BN bulk crystals by
exfoliation [41-46], just like with obtaining graphene by exfoliation from graphite. Furthermore, as a layered semiconductor, most of its
physical properties, including mechanical, optical, and electronic properties are highly anisotropic, i.e., properties in the c-plane are
different from those along the c-axis, with some physical parameters differ by as much as one order of magnitude. On one hand, the
anisotropy nature of h-BN increases the amount of effort needed to understand its basic properties since it doubles the parameters to be
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Fig. 2. (a) Schematic illustration of crystal structures of (a) h-BN and (b) graphite [After Ref. 27; Credit: M. R. Uddin, T. C. Doan, J. Li, K. S. Ziemer, J.
Y. Lin, and H. X. Jiang, AIP Advances 4, 087141 (2014).
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probed. On the other hand, its layered structure gives rise to quasi-2D nature, leading to very strong optical transitions for the above
band-edge photons [9,10,19], large density of states near the band-edge [19] and large exciton binding energy [14-21]. Moreover, the
anisotropic nature of h-BN can be exploited to realize novel materials and devices with unique functionalities and improved perfor-
mance. One outstanding example is the realization of freestanding h-BN epilayers by self-separation from sapphire substrate without the
need to invoke techniques such as laser-lift-off or chemical etching commonly employed for substrate removal in the case for GaN wafers

Table 1

Comparison of basic parameters between h-BN and w-AIN.
Crystal Structure Hexagonal BN Graphite Wurtzite AIN
c-lattice constant (A) 6.66 6.71 4.98
a-lattice constant (A) 2.50 2.46 3.112
Minimum direct energy gap (eV) 6.4 0 6.1
Theoretical hole effective mass (mg) in-plane, out-of plane 0.5 (M—I), 1.33 (M—L) 0,0 3.53
Theoretical electron effective mass (my) in-plane, out-of plane 0.26 (M-I), 2.21 (M-L) 0,0 0.3
Electronic bonding sp? sp? sp®
Dielectric constant (in-plane, out-of plane) 6.85, 5.06 8.5 8.5
Thermal conductivity @ RT (W/mK, in-plane) 500 250 285
Thermal expansion coeff.@ RT (107%/°C) —-2.7, 38 -1.2, 26 4.2

(in-plane, out-of plane)

Melting point (°C) 2970 3670 2270
Material density (g/cm®) 21 2.26 3.26
Ea (eV, measured) 0.3 (Mg) ~0.5 (Mg)
In-plane hole mobility @ RT (cm?/V-s) 35 (measured) <5 (estimated)
Electrical resistivity of undoped epilayers (measured) >10'"* Q ecm 107° >10" Q cm
P-type resistivity of Mg doped epilayers @ RT (Q-cm) (Measured) 2-10 > 10°
Breakdown field (MV/cm, out-of-plane, measured) 8 4
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grown on sapphire substrates. Due to its unique layered structure shown in Fig. 2 and the difference in thermal expansion coefficients
between h-BN and sapphire substrate, a thick h-BN epilayer tends to automatically separate from the sapphire substrate during cooling
down after epitaxial growth to form a freestanding h-BN epilayer [35-40], as illustrated in Fig. 3(a). Fig. 3(b) is a photo of a freestanding
Boron-10 enriched h-BN (h-1°BN) epilayer quarter-wafer of 4-inches in diameter and Fig. 3(c) shows the thickness profile probe
measurement result which demonstrated that the thickness of this freestanding h-'°BN epilayer is ~203 pm, produced by the authors
grown by metal organic chemical vapor deposition (MOCVD) method.

It has also been demonstrated that high crystalline Ill-nitrides can be grown on h-BN and vice versa [47,48]. The unique layer
structured h-BN can be utilized as a release layer to obtain IlI-nitride micro- or nano-membranes and to facilitate the mechanical transfer
of IlI-nitride based devices to other substrates. The utilization of h-BN as a releasing layer has been demonstrated recently for GaN blue
LEDs and AlGaN/GaN heterostructures with an electron mobility and sheet density of 1100 cm?/V and 1 x 10'3/cm? at room tem-
perature [47,48], and h-BN deep ultraviolet detector structures [32] grown on sapphire. The orientation relationship between GaN, AIN,
h-BN, and sapphire can be identified as (0001)sapphire || (0001)h-BN || (0001)AIN || (0001)GaN and [1_21_O]sapphire || [11_00]h-BN
|| [1100]AIN || [1100]GaN [47,48]. It has been demonstrated that the separation of the film takes place between the planes of the h-BN
release layer [47,48].

A further example is the utilization of conduction anisotropy in h-BN, which has enabled the design of a novel lateral detector
architecture with advantageous features of superior lateral charge transport properties, reduced dark current density, capacitance, and
electronic noise over those of vertical devices [38-40]. This together with the realization of thick h-1°BN epilayers has ultimately led to
the recent attainment of neutron detectors with 1 cm? detection area and a record high detection efficiency for thermal neutrons at 59%
among all solid-state detectors to date [40]. Neutron detectors are an indispensable tool in geothermal and well logging and used to
provide information for porosity evaluation, gas detection, shale evaluation, and borehole corrections. National security is another
major end user of neutron detector for detecting the signatures of special nuclear materials and sensing any illicit movement of fissile
materials at the ports of entry. Modern neutron tools commonly employ pressurized He(He-3) gas tube detectors, which is probably one
of only few remaining detector technologies still relying on gases. However, being a gas, He-3 detectors are inherently bulky. Other
shortcomings of He-3 detectors are the need of high pressurization, slow response speed (~ms) and expensive. These attributes prohibit
flexibilities in detector design and form factors and increase exploration/logging time and maintenance costs. Additionally, He-3 gas
detectors are most appropriate for operation below 175 °C. For well logging, the trend is moving into deep and slim wells where
temperatures easily exceed 250 °C. For geothermal logging, the environmental conditions are even more extreme where temperatures
can be as high as 500 °C. Therefore, solid-state alternatives with enhanced capabilities of operating in extreme environments of high
temperatures are highly desirable. Similarly, for special nuclear materials detection, replacing pressurized >He gas tubes with high
performance solid-state detectors will provide significant benefits including reduced size and weight, no pressurization, increased
ruggedness, lower power consumption, larger/faster signals, and lower cost of fabrication, operation and maintenance.

Early calculation results revealed an indirect energy bandgap for h-BN with the top of the valence band located at the K-point (or the
H-point) and the bottom of the conduction band located at the M-point [49-53]. However, many experimental results suggested that
h-BN has very strong optical transitions with a comparable minimum direct energy bandgap as AIN [9-21,32]. More progress has been
made in terms of understanding of the band structure of h-BN ever since the bulk crystals become available [15-17,54]. Fig. 4(a) shows
the calculated first Brillouin zone (FBZ) of h-BN [15], which shows that h-BN has a hexagon structure with a 6-fold symmetry. Due to the
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Fig. 3. (a) Schematic illustrations of h-'°BN epilayers grown on sapphire substrate and realization of freestanding h-BN epilayers via self-separation.
Top and bottom surfaces are indicated with respect to the original interface between h-1°BN and sapphire [Ref. 37; Credit: A. Maity, S. J. Grenadier, J.
Li, J. Y. Lin, and H. X. Jiang, J. Appl. Phys. 123, 044501 (2018)]. (b) Photo of a freestanding h-'°BN wafer of 4-inches in diameter. (c) Photo of a
representative freestanding h-'°BN layer showing its flexibility. (d) Photo of a diced freestanding h-1°BN quarter wafer of 4-inches in diameter. (e)
Thickness profile probe measurement result demonstrated that the thickness of this freestanding h-'°BN epilayer is ~203 pm.
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high symmetry of layered structure and weak interaction between layers within h-BN, the top (and bottom) plane of the FBZ containing
high symmetry points of A, H, and L is very similar to that of the middle plane of the FBZ containing high symmetry points of T, K, and M,
respectively. To be more specific, the dispersion along K — M is very similar to that of H — L. All-important high symmetry points, which
determine its optical and electrical properties, lie at the edges of the FBZ, such as at M — , K-, H-, and L-points.

Fig. 4(b) plots the calculated energy diagram of h-BN along different high symmetry points [15], which reveals many unique features
for h-BN: (1) Differ from other IlI-nitride semiconductors as well as from other common semiconductors, the conduction and valence
band edges of the I'-point or the center of the FBZ of h-BN is higher than those at the M — and K-points. Thus, the I'-point is not so much
relevant with respect to most of its electronic properties because electrons and holes are rarely excited to the I'-point. (2) The calculated
conduction band minimum (CBM) is at the M-point and the valence band maximum (VBM) is at the K-point, which implies that h-BN has
an indirect bandgap [15]. (3) The dispersions along the k,-direction, including K — H and M — L as well as for I' — A, are extremely flat,
reflecting the fact the effective masses of electrons and holes along the c-axis are high in comparison with those in the c-plane, including
I' > Kand I' > M. This is due to a weak interaction between the layers and a strong interaction within the layers. (4) Weak coupling
between layers makes the energy difference between the calculated minimum direct bandgap located at the H-points and the indirect
energy bandgap is quite small (~0.15-0.52 eV) [15,49]. (5) The self-energy correction increased the gap from 4.02 eV (LDA) to 5.95 eV
and the minimum direct gap from 4.46 eV (LDA) to 6.47 eV [15]. In this sense, h-BN could behave quite differently from a typical
indirect energy bandgap semiconductor. The higher symmetry points other than CBM and VBM could also contribute to the electrical
and optical properties of h-BN. (6) Unlike other semiconductors with optical absorption and transition occurring only at one particular
k-point in the FBZ for a fixed energy, optical transitions could occur in a broad range of k-region for a fixed energy value, such as
between high symmetry points of K — H since the dispersion is so flat [9,10,19,20,32]. This could also explain the experimental
observation of unusually strong optical transitions near the band-edge in h-BN [9-14,19,20,28-32].

Another interesting factor indicated by a previous calculation is that there exists a metastable structure of h-BN [55], which cor-
responds to a glide distance of B-N bond length (1.446 A) of all B layers of an ABAB... stacking aligning in a direction of in-plane B-N
bond. This metastable configuration is relatively stable since its total energy is only slightly above the ground state. More significantly,
though the ground state is indirect, the metastable configuration forms a direct band with an energy gap of about 0.6 eV smaller than
that of the ground state (indirect). This suggests that a perfect h-BN crystalline structure may have an indirect gap, whereas a metastable
polytype may have a direct energy band gap. The calculation further suggested h-BN crystals with the P63/mmc symmetry to have
mixed stacking behaviors of both ground state and metastable structures, resulting in mixed polytypes in typical h-BN crystals. Since
epitaxial growth techniques such as MOCVD typically employ temperatures much lower than those used in bulk crystal growth (~1800
°C), it is possible that metastable structure could exist in typical h-BN epilayers. This together with the layer structure induced flatness in
dispersion of high symmetry points may contribute to the difficulties in identifying whether the observed bandgap of h-BN is direct or
indirect.

2. Epitaxial growth

2.1. h-BN epilayers grown on sapphire substrates and key growth parameters

MOCVD is a proven technique with the ability to grow precisely and reproducibly from single atomic layers to thick epilayers (tens of
pm in thickness). Prior to the first application of MOCVD epitaxial growth technique to h-BN [56-59], earlier BN thin films grown on
foreign substrates contain multiple phases, amorphous (a-BN) or turbostratic phase (t-phase or quasi-ordered structures). On the other
hand, single atomic layers between 1 and 5 atomic layers of h-BN have been either isolated from bulk BN crystals which are typically
millimeters in size or deposited on a metallic substrate by CVD technique [41-46]. The ability for synthesizing wafer-scale

(b) £

10F

Energy rebinve to VEM eV

-10

=20

1 HM L

Fig. 4. (a) High symmetry points and directions of the hexagonal Brillouin zone. (b) Calculated electronic band structure along high-symmetry lines
for bulk h-BN. The thin solid lines display the LDA results while the solid lines with open circles show the GW approximation results [Ref. 15; Credit:
B. Arnaud, S. Lebe’gue, P. Rabiller, and M. Alouani, Phys. Rev. Lett. 96, 026402 (2006) and 100, 189702 (2008)].
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semiconducting h-BN epitaxial layers with a high crystalline quality is expected to create opportunities for new advancements in
fundamental understanding and device applications.

By leveraging the MOCVD growth technologies developed for GaN and AIN over the last several decades, the growth of h-BN
epilayers by MOCVD has been successfully demonstrated recently by many groups [27-40,56-65]. The typical precursors for boron and
nitrogen are triethylboron (TEB) and ammonia (NHj3), respectively and hydrogen is normally used as a carrier gas. Key growth pa-
rameters for obtaining BN epilayers in the hexagonal phase include the growth temperature, growth rate, V/III ratio, and low tem-
perature buffer layer thickness. It was found that the use of a BN buffer layer of about 10 nm-20 nm in thickness deposited at about 800
°C on sapphire substrate prior to the growth of h-BN epilayer is helpful to overcome the lattice mismatch between h-BN and Al,O3
[28-30]. Furthermore, it was found that the use of the low temperature buffer layer also enhances the adhesion of thin h-BN epilayers to
the substrates [28-30].

For h-BN epilayer growth, the surface migration of boron atoms tends to be poor because the B-N bond is very strong and parasitic
reaction between TEB and NHj3 is severe, which resembles the reaction between NH3 and trimethylaluminum (TMA) during AIN epilayer
growth [66-69]. The by-products of the pre-reaction cause a rough surface and high crystalline defect density. The use of pulsed growth
mode with alternating supplies of group III (TEB) and group V (NH3) precursors can significantly suppress the parasitic reactions in the
gas phase [28-31,56-59,62-65]. In a pulsed growth mode, there are 4 basic parameters that need to be optimized: “on” time for NHg
flow (tnus), “on” time for TEB flow (ttgp), TEB flow rate, and NHs flow rate. These parameters can be varied independently to produce
materials with improved crystalline quality as well as to achieve different growth rates. This is exemplified in Fig. 5(a) [63], which
compares the growth rates of BN epilayers in pulsed-mode and conventional continuous growth with different ammonia flow rates from
0.5 to 4 standard liter per minute (slm) at a growth temperature of 1330 °C. The results in Fig. 5(a) demonstrated that the growth rate in
pulsed mode is almost independent of the NH3 flow rate at approximately 1 nm/min, whereas the growth rate dramatically decreases at
high NHj flow rates for conventional continuous growth, primarily attributed to a strong parasitic reaction between TEB and NH3 in the
vapor phase [63]. Moreover, the material quality of h-BN epilayers grown under pulsed growth mode is also superior over those grown
under conventional continuous growth. This is confirmed by the results shown in Fig. 5(b) and (c), where the x-ray diffraction (XRD)
0-20 scan results are presented for a set of 70 nm thick h-BN samples deposited at a growth temperature of 1330 °C under pulsed-mode
with varying NHs flow rates from 0.5 to 2 slm using trgg = 2 s and tygz = 1 s [63]. The results clearly revealed that the pulsed-mode
grown h-BN epilayers have much stronger peak intensities and narrower full width at half maxima (FWHM) of the h-BN (0002) peaks in
XRD 6-26 scans than those deposited by continuous growth [63]. This is because the parasitic reaction between TEB and NHs is very
severe in the continuous growth mode.

Furthermore, as shown in Fig. 5(c), the measured c-lattice constants of the pulsed-mode grown materials approach to that of the bulk
h-BN with increasing NH3 flow rate, which indicates that it is possible to enhance the hexagonal phase by increasing NH3 flow rate in the
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Fig. 5. (a) Growth rate of BN films in pulsed-mode (with ttgg = 2 s and tygs = 1 s) and conventional continuous growth with different ammonia
flows from 0.5 to 4 slm at a growth temperature of 1330 °C. (b) XRD 6-20 scans of 70-nm thick BN layers deposited at a growth temperature of 1330
°C under different conditions: the curve at the bottom from conventional continuous growth and the others from pulsed-mode growth with trgg = 2 s
and typgs = 1 s. (¢) The FWHM of h-BN (0002) peak in XRD 6-26 scans as a function of the NH3 flow; The BN layers were grown by pulsed-mode
growth (open squares) and by conventional continuous growth (open circles). (d) The c-lattice constant as a function of the NH3 flow in pulsed-
mode growth [Ref. 63; Credit: X. Yang, S. Nitta, K. Nagamatsu, S. Y. Bae, H. J. Lee, Y. H. Liu, M. Pristovsek, Y. Honda and H. Amano, J. Cryst.
Growth 482, 1 (2018)].
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pulsed growth mode [63]. The deviations of the measured c-lattice constant of h-BN epilayers from the bulk c-lattice value can be
attributed to the fact that MOCVD grown h-BN epilayers contain inclusions of quasi-ordered turbostratic phase of BN (t-BN) [63].
Overall, the XRD data shown in Fig. 5 confirmed that the conventional continuous growth produced epilayers with poorest phase purity
and that the use of high NH3 flow rates is beneficial for obtaining h-BN epilayers with improved hexagonal phase purity. Surface
morphologies of h-BN epilayers probed by atomic force microscopy (AFM) revealed that the use of low V/III ratio tends to cause 3D
islands with large surface roughness. With increasing V/III ratio, pre-nitridation occurs and smooth h-BN surface can be achieved
[63-65]. Prior results seem to suggest that the use of high NH3 flow rates provides unintentional nitridation and thereby creates high
density of nucleation sites, which eventually supports the growth of smooth and continuous h-BN surface [63-65].

Additionally, the use of high NH3 flow rates is also necessary to provide h-BN epilayers with a high optical transparency and good
stoichiometry. This is demonstrated by optical micrographs of h-BN epilayers deposited on sapphire substrates at varying NHg flow rates
produced by the authors using MOCVD shown in Fig. 6(a). The results clearly signify that it is possible to obtain transparent thin films at
relatively high NHj3 flow rates. The secondary ion mass spectrometry (SIMS) characterization results are shown in Fig. 6(b) and (c) for h-
BN epilayers deposited at 1350 °C under two different NH3 flow rates, NHz = 0.1 slm and (b) NH3 = 1 slm, produced by the authors
using MOCVD [25,27], which revealed that the h-BN epilayer grown under NHs = 1 slm has an excellent stoichiometry [28,30], whereas
the layer deposited under NHz = 0.1 slm has a deficiency of nitrogen. We would like to point out that the results of Fig. 6 are shown for
h-BN epilayers with a comparable thickness grown under the same growth temperature (1350 °C), so that the effects of layer thickness
and growth temperature on the film stoichiometry and transparency can be neglected in this case. This suggests that epilayers deposited
at low NHs flow rates contain higher nitrogen vacancies (Vy). The presence of high density of Vy opens the door for the incorporation of
other defects such as carbon impurities occupying the nitrogen sites, Cy, and oxygen impurities occupying the nitrogen sites, Oy
[70-90]. The presence of these defects in h-BN has a profound influence on the optical and transport properties of h-BN [70-90].

The photoluminescence (PL) emission properties of h-BN epilayers grown under different NHs flow rates have also been investigated
to gain insights into the effects of Vy and other defects in the PL emission properties of h-BN epilayers [80,81]. Fig. 7(a) shows the room
temperature PL spectra of h-BN epilayers grown at 1350 °C under varying NH3 flow rates ranging from 0.2 to 1.5 SLM [80,82], whereas
Fig. 7(b) shows the 10 K PL spectra of h-BN epilayers grown at 1350 °C under varying NH;3 flow rates ranging from 0.2 to 20 SLM,
corresponding to a maximum V/III ratio of about 8000, with all other growth conditions being identical [81,82]. The samples were
placed side-by-side during the PL spectra measurements for spectral feature and emission intensity comparison. The results shown in
Fig. 7(a) reveal three impurity peaks below 5 eV, which were identified as a donor-acceptor pair (DAP) transition with a zero-phonon
line (ZPL) near 4.1 eV and its phonon replicas at 3.9 and 3.7 eV, involving longitudinal optical (LO) phonons [80-82]. As shown in
Fig. 7(b), in the epilayers grown under low NHj3 flow rates (between 0.3 up to 1.0 SLM), two other emission lines near 5.3 eV and 5.5 eV
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Fig. 6. (a) Transparency of h-BN epilayers of 1 pm in thickness deposited on sapphire using varying NH3 flow rates from 0.1 slm to 1 slm. (b)-(c)
Results of depth profiling probed by secondary ion mass spectrometry (SIMS) for h-BN epilayers grown under two different NH; flow rates: (a) NHz =
0.1 slm and (b) NH3 = 1 slm. The inset is an optical image of a 2-inch h-BN epilayer on sapphire.
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Fig. 7. (a) 300 K PL spectra of impurity related transitions in h-BN epilayers of about 0.5 pm in thickness grown at 1350 °C under different NH; flow
rates [Ref. 80, Credit: X. Z. Dy, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 106, 021110 (2015)]. (b) 10 K PL spectra of near band-edge
transitions in h-BN epilayers of about 0.5 pm in thickness grown under different NH; flow rates. The spectra are vertically shifted to provide a
clearer presentation [Refs. 81; Credit: X. Z. Du, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 108, 052106 (2016)].

are also clearly resolved, corresponding to a quasi-DAP (q-DAP) transition and a bound exciton transition, respectively [14,20,70,
83-87]. The observation of a q-DAP transition near 5.3 eV suggests that the DAP transition in the epilayers grown at low NHj3 flow rates
is under a strong influence of the tail states in the bandgap as a consequence of impurity compensation [83,84].

It can be seen from Fig. 7 that the emission intensities of impurity related transition lines (DAP, g-DAP, and bound exciton tran-
sitions) all decrease continuously with an increase of the NH3 flow rate. The most notable feature revealed in Fig. 7(b) is that the
impurity related emission lines disappear altogether, and a sharp emission line emerges at 5.735 eV when the NHg flow rate is increased
to above 16 SLM [80-82], which was attributed to the free exciton recombination in h-BN epilayers [81]. The elimination of the im-
purity emission lines in h-BN epilayers grown under high NH3 rates implies that the impurity emission lines are most likely related to Vy.
During the growth of h-BN epilayers, NH3 serves as the source of the nitrogen atoms. Vy and carbon impurities occupying the nitrogen
sites (Cy) are known to be two common impurities in h-BN [70-78]. The results shown in Fig. 7 together with those of Figs. 5 and 6
demonstrated that the hexagonal phase purity, UV transparency, film stoichiometry, and PL emission properties of h-BN epilayers can all
be improved by employing nitrogen-rich growth conditions.

An early work has shown that MOCVD growth temperatures between 950 and 1100 °C with V/III ratios between 20 and 70 produced
colorless and transparent h-BN epilayers and the c-lattice constant and FWHM of the h-BN (0002) peak in XRD 6-20 scans decreased with
an increase of the growth temperature [56]. From these results, the authors predicted that a growth temperature of 1500 °C may be
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Fig. 8. (a) Empirical data of the typical epi-growth temperature (Tg) (open squares) vs. melting point for several materials. (b) The observed relative
XRD intensity of the h-BN (0002) peak in 6-26 scan as a function of the epi-growth temperature, T.
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needed for MOCVD grown h-BN epilayers to possess the same c-lattice constant as h-BN bulk crystal [56]. Due to the high melting point
of h-BN, many commercially available growth systems are not capable of providing sufficiently high growth temperatures and tem-
perature uniformity necessary for synthesizing large-area h-BN epilayers at high growth rates with high crystalline quality. The
empirically observed relationship between the melting point (Ty,,) and the epi-growth temperature (Ty) plotted in Fig. 8(a) for different
semiconductors including other Ill-nitrides provides insights into the significance of the growth temperature. Since h-BN has a higher
melting point than other Ill-nitride semiconductors, its optimal growth temperature is expected to be higher than those of all other
[[I-nitride semiconductor such as AIN epilayers. The trend shown in Fig. 8(a) suggests that the desired growth temperature for h-BN
epilayers is around 1600 °C. This observation is consistent with results shown in Fig. 8(b), which indicate that the XRD intensity of the
h-BN (0002) peak in 6-26 scans and hence the crystalline quality increases for epilayers grown at higher temperatures.

A detailed study on the h-BN epilayer quality for varying growth temperature (Tg) and V/III ratio has been conducted recently [65],
from which the authors have categorized h-BN epilayers based on three growth regions of NHz flow rates (V/III ratios), i.e. low, in-
termediate, and high and two regions based on T [65]. The low-medium NHj3 flow rate boundary was determined by the physical color
transition from yellowish color (low V/III ratio) to transparent stoichiometric h-BN epilayers, whereas the boundary between inter-
mediate and high NH;s flow rates was determined by the transition between continuous multi-layer growth to self-limited growth of a
few monolayers. Furthermore, stoichiometric h-BN epi-growth at the intermediate and high NHj3 flow rates can be further divided into
two growth temperature zones with a boundary at Ty = 1500 °C based on the observation of near band-edge PL emission from h-BN
epilayers. Epilayers grown at Ty > 1500 °C at high NH3 flow rates exhibited free excitonic transitions at 5.743 eV (215.9 nm) and 5.904
eV (210 nm) along with the bound excitonic transition at 5.59 eV (221.8 nm) in PL spectra measured at room temperature, which
demonstrates the attainment of high quality material of h-BN epilayers [65]. Relatively low-quality h-BN epilayers with a broader peak
of PL emission at 5.66 eV (219 nm) was found at the growth conditions of Ty < 1500 °C (Tg > 1500 °C) with high (intermediate) NH3
flow rates. Their results indicated that the NH3 flow rate needed for producing transparent h-BN epilayers is inversely related to the
growth temperature [65]. This is understandable because the cracking efficiency of NHg and hence the supply of nitrogen increases at
higher temperatures. However, at low NH3 flow rates, no band-edge PL emission was observable at any growth temperatures [65].

It is useful to calibrate the crystalline quality of MOCVD grown h-BN epilayers at the present stage against that of the more mature
AIN epilayers with a comparable energy bandgap. Fig. 9 summarizes XRD characterization results for a representative h-BN epilayer
grown at a temperature of 1350 °C on sapphire substrate by the authors [28,30,91]. The typical XRD 6-26 scan shown in Fig. 9(a)
revealed three peaks, corresponding to the h-BN (0002), (0004), and (0006) at 26.70°, 55.06°, and 88.00°, respectively, with no other
visible peaks [28,30,91]. The results revealed a c-lattice constant of ~6.67 A [28,30], which matches closely with the bulk c-lattice
constant of h-BN (¢ = 6.66 i\) [6,7]. The slight deviation of the measured c-lattice constant of this h-BN epilayer from the bulk c-lattice
constant value is again an indication that this h-BN epilayer may contain inclusions of t-BN, which is consistent with the observation
shown in Fig. 5 [63]. This is partly because the growth temperature of 1350 °C is still not high enough to crystallize BN into a perfect
hexagonal phase. Fig. 9(b)-(c) compare the XRD 0-26 scans and rocking curves (@-scans) of the (0002) diffraction peaks of h-BN and AIN
epilayers with a similar thickness. The results indicate that the XRD intensity of the (0002) peak of h-BN is about 30 times lower than
that of AIN epilayer with the same thickness [32]. The XRD rocking curve of h-BN has a FWHM of ~380 arcsec. In comparison with other
III-nitride materials, the FWHM of XRD (0002) rocking curve of h-BN is comparable to those of typical GaN epilayers grown on c-plane
sapphire (around 290 arcsec) [4]; however is 6 times broader than those of high quality AIN epilayers deposited on c-plane sapphire
(around 60 arcsec) [66]. In III-nitride materials, it is well known that the FWHM of XRD rocking curves is correlated with the density of
dislocations [4,66,92,93]. In the case of h-BN with layered structure, the FWHM could also reflect the presence of misalignment between
layers, inclusion of t-phase domains, stacking faults and native and point defects. As shown in the inset of Fig. 9(c), thin h-BN epilayers
(<1 pm) exhibit good surface morphologies and a root mean square (RMS) surface roughness value of less than 1 nm can be obtained.
These results signify that it is feasible to obtain h-BN epilayers with high crystalline quality by MOCVD and that the development of
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Fig. 9. (a) XRD 0-20 scan of an h-BN epilayer grown on sapphire at a growth temperature of 1350 °C, providing a c-lattice constant of 6.67 A [Ref. 91;
Credit: T. C. Doan, J. Li, J. Y. Lin, and H. X. Jiang, AIP Advances 4, 107126 (2014)]. (b) and (c) Comparison of XRD characterization results between
h-BN and AIN epilayers of 1 ym in thickness deposited on sapphire: (b) 6-26 scans and the insets are schematics of epilayer structures. [Ref. 32; Credit:
J. Li, S. Majety, R. Dahal, W. P. Zhao, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 101, 171112 (2012)] and (c) rocking curves (@-scans) of (0002)
peaks and the inset is an AFM surface morphology of h-BN over a 2 x 2 pm2 area scan [Ref. 91; credit: T. C. Doan, J. Li, J. Y. Lin, and H. X. Jiang, AIP
Advances 4, 107126 (2014)].
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epitaxial layers of h-BN is in its early stage compared to AIN and GaN epilayers.

On the other hand, the material quality of h-BN epilayers can also be calibrated against those of h-BN bulk crystals. Direct com-
parison among XRD rocking curves is difficult because h-BN bulk crystals are still small and contain multi-domains. However, individual
h-BN bulk crystallites possess excellent optical properties. In particular, the spectral line shape and intensity of the Raman peaks follow
the selection rules that are governed by the symmetry of the transition. The shift of the Raman peaks indicates a change in bonding or
electronic energy levels, while the linewidth is directly correlated with the crystalline quality. The mode at A = 1370 cm ™! in h-BN is
attributed to the Epg vibration mode [94], corresponding to the in-plane stretch of B and N atoms as illustrated in the inset of Fig. 10(a).
Although a FWHM as narrow as 10 cm ™" for the Epg mode with a peak position Ac = 1370 cm™! in Raman spectra has been previously
observed in ultrathin h-BN epilayers grown by the authors using MOCVD [95], Fig. 10 indicates that the typical linewidth of the Raman
mode for MOCVD grown epilayers is generally greater than 10 cm ™', whereas those of bulk crystals are narrower than 10 cm ™. These
comparison results indicate that many improvements in material quality of h-BN epilayers are still anticipated.

2.2. Hexagonal BN/w-AlGaN p-n junctions

The poor p-type conductivity of Al-rich Al,Ga; 4N alloys is a major obstacle that limits the quantum efficiency (QE) of DUV light
emitting devices operating in the UV-C range, which is the most effective wavelength for the destruction of the nucleic acids in micro-
organisms such as pathogens and viruses. This issue is mainly caused by the deepening of the Mg acceptor level in Al;Gaj 4N alloys with
increasing x, from about 170 meV (x = 0) to 530 meV (x = 1) [96-101]. Since the free hole concentration depends exponentially on
acceptor energy level (E,), an E, value around 500 meV translates to only 1 free hole for roughly every 2 billion (2 x 10°) incorporated
Mg impurities (at 300 K). This causes an extremely low free hole injection efficiency into the quantum well (QW) active region. As
shown schematically in Fig. 11(a), a conventional IlI-nitride DUV emitter typically incorporates an electron-blocking (e-blocking) layer
with a larger energy bandgap than the active region to maximize the electron-hole radiative recombination in the QW active region. The
Al-rich AlGaN e-blocking layer is the most resistive p-layer in the DUV light emitters. Unfortunately, this highly resistive e-blocking layer
must have a certain thickness in order to stop the electrons to overflow into the p-layers and to eliminate the unwanted long wavelength
emission due to the recombination between electrons and Mg impurities in the p-type layers. Thus, the highly resistive nature of this
e-blocking layer is one of the primary causes of low hole injection efficiency and, consequently, low QE of nitride DUV emitters.
Although various interesting schemes, such as polarization and piezoelectric doping [102,103], p-AlGaN graded layers [104,105],
p-type multiple quantum wells or superlattices [106] have been employed to overcome to some extent the problem of low hole injection
efficiency, the exploitation of disruptive device concepts could bring significant advances in the QE of DUV emitters.

Fig. 11(b) illustrates a new p-type layer strategy based on h-BN with the aim to overcome the intrinsic problem of low p-type
conductivity (or low free hole concentration) [29-31]. By implementing the wide bandgap and h-BN p-type layer strategy, p-type
conductivity of the electron blocking layer will be increased and light absorption in the DUV spectral region will be reduced compared to
the conventional approach of using a p-GaN contact layer shown in Fig. 11(a). If successful, this will improve the free hole injection and
QE, reduce the contact resistance, operating voltage, and heat generation, and increase the device operating lifetime.

To realize the DUV emitter structure shown in Fig. 11(b), the ability of epitaxial growth of h-BN on AlGaN epilayer is a prerequisite.
The lattice mismatch is about 19.54% when h-BN epilayer is grown on a c-plane AIN epilayer. However, it was noted that 4 a-lattice
constants of AIN (4 apaiy = 4 x 0.3112 nm = 1.245 nm) is almost the same as 5 a-lattice constants of h-BN (5 agy = 5 x 0.2504 nm =
1.252 nm) [30,31]. This means that every 5 atoms in h-BN will align with 4 atoms in w-AIN along the a-direction, as illustrated in
Fig. 12(a) [30,31]. This 5/4 coincidence in the h-BN/w-AIN heterojunction interface reduces the effective lattice mismatch from 19.54%
to 0.58%. The feasibilities of growing h-BN epilayers on top of AIN epilayers [29,30,64] as well as of AlGaN epilayers on h-BN epilayers
[47,48] have been demonstrated via MOCVD growth. As shown in Fig. 12(b), a linewidth of 660 arcsec for the XRD rocking curve for the
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Fig. 10. Comparison of Raman spectra using 780 nm excitation between (a) h-BN bulk crystallite [Ref. 18; Credit: X. K. Cao, B. Clubine, J. H. Edgar,
J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 103, 191106 (2013)] and (b) 0.5 pm thick h-BN epilayer grown on sapphire. Inset (1) in (a) is a schematic
illustration of the Ey, symmetry vibration, corresponding to the in-plane stretch of B and N atoms and inset (2) in (a) is a micrograph of a bulk crystal.
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Fig. 11. (a) Schematic diagram of conventional DUV emitter approach and the corresponding energy band diagram of the device layer structure. The
e-blocking layer based on AIN or Al-rich AlGaN are generally highly resistive due to the large activation energies of Mg acceptors in AIN and Al-rich
AlGaN, which cause very low hole injection efficiencies. The use of p-GaN contact layer also reduces the DUV transparency. (b) Schematic of DUV
emitter layer structure using p-type h-BN and the corresponding energy band diagram [Refs. 30 and 31; Credit: H. X. Jiang and J. Y. Lin, Semicon. Sci.
Technol. 29, 084003 (2014)].
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Fig. 12. (a) Mlustration of the heteroepitaxial growth of h-BN on wurtzite AIN (w-AlIN). Note that 4 a-lattice constants of AIN (4 ayny = 4 x 0.3112
nm = 1.245 nm) are almost the same as that of 5 a-lattice constants of h-BN (5 agy = 5 x 0.2504 nm = 1.252 nm) [Ref. 30, Credit: H. X. Jiang and J.
Y. Lin, Semicon. Sci. Technol. 29, 084003 (2014)]. (b) XRD rocking curve (»-scan) of the (0002) peak of h-BN epilayers deposited on AIN-epilayer/
sapphire templates [Ref. 29; Credit: S. Majety, J. Li, X. K. Cao, R. Dahal, B. N. Pantha, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 100, 061121
(2012)]. (c) I-V characteristics of h-BN:Mg epilayer deposited on highly insulting AIN with Ni contacts thermally annealed at 1020 °C for 1 min.

h-BN (0002) peak for h-BN epilayers deposited on AIN epilayers has been achieved [29]. A more recent study on the nucleation of h-BN
epilayers on (0 0 0 1) AIN templates revealed that increasing the TEB flow rate aided the nuclei growth [64]. Initial h-BN layers on AIN
were tilted. With further growth of BN epilayer on the top of initial nuclei, layered (0 0 0 1) h-BN formed, and continuous uniform h-BN
layer can be obtained [64].

For the growth of Mg doped h-BN epilayers (h-BN:Mg), biscyclopentadienyl-magnesium was transported into the reactor during h-
BN epilayer growth [28-30]. A Mg-doping concentration of about 1 x 10'° cm™2 was obtained, as verified by SIMS measurement [28].
From the temperature dependent resistivity measurement result performed on an h-BN:Mg epilayer grown on sapphire substrate, the
estimated activation energy (Ea) of Mg in h-BN is around 31 meV [28]. The measured E, value in this case is not necessarily the energy
level of Mg impurity in h-BN or the value expected from the effective mass theory because of relatively heavy doping and layered
structure of h-BN. The Hall-effect measurement results confirmed p-type conduction with a free hole concentration p~10*® cm ™2 and an
average mobility p ~2 cm?/V-s [30]. Due to the low value of the hole mobility, the Seebeck effect measurements (or the hot probe
method) was also performed to further confirm the conductivity type of h-BN:Mg epilayers [28]. The observation of a sign reversal in the
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Seebeck coefficient over a highly n-type Ing 3sGag 7N:Si sample confirmed unambiguously that h-BN:Mg epilayers are p-type [28]. For the
h-BN:Mg grown on AIN epilayer, the I-V characteristics shown in Fig. 12(c) indicated that a p-type resistivity of around 2 Q cm at 300 K
has been attained [29,30], which is 4-5 orders of magnitude reduction compared to those of Mg doped AIN epilayers [96,98].

The growth of h-BN/n-AlGa; xN (x~0.62) p-n junction heterostructures has also been carried out [29]. Fig. 13(a) shows the I-V
characteristics and schematic illustration of a h-BN:Mg/Al,Ga; xN (x~0.62) p-n junction structure. In addition to the need of thermal
annealing treatment of the p-contacts, doping the buffer layer with Mg significantly improves the vertical transport properties. As can be
seen from Fig. 13(a), a decent diode behavior has been demonstrated in h-BN:Mg/n-AlGaN p-n junctions [29]. Moreover, the leakage
current under reverse bias can be controlled to be quite low (~3 pA at —10 V) [29]. However, practical p-n junction devices based on
h-BN epilayers have not yet been realized as of today. We believe that key parameters to be further optimized are the growth and p-type
doping conditions of the low temperature buffer layer. Since the low temperature buffer is of amorphous nature, the growth conditions
of the buffer layer (a few nm) need to be further optimized to minimize its impact on the free hole injection in the DUV emitters.

More recently, AlGaN nanowire DUV LEDs using h-BN as a p-type current injection layer, as schematically shown in Fig. 13(b), have
been successfully demonstrated [107]. It was shown that h-BN/n-AIN nanowire DUV LEDs significantly outperformed AIN p-i-n
nanowire DUV LEDs [107]. Nevertheless, the nanowire h-BN/n-AIN DUV LED structures are Mg-dopant free, whereas the p-type
conduction was attributed to the possible formation of native acceptor-like defects such as boron vacancies [107]. The observation of
free holes in Mg-dopant free h-BN nanowires is in fact consistent with high temperature Hall-effect measurement results performed on
an unintentionally doped thin h-BN epilayer grown at 1300 °C [91], which was shown to be naturally weak p-type at high temperatures
(>700 K) with a measurable free hole concentration of about 3 x 10** cm™ and in-plane hole mobility of about 13 cm?/V-s, providing
an in-plane p-type resistivity of ~1.6 x 10> Q cm at 790 K [91]. The temperature dependent electrical resistivity of this undoped
epilayers yielded an acceptor energy level of 0.68 eV above the valence band with a possible origin attributed to boron vacancies (Vg) or
Vg related acceptor defect complexes (VgX) [91]. Moreover, the carrier mobility and lifetime product (pt) measurements conducted on
an unintentionally doped thick h-1°BN epilayer deposited below 1400 °C revealed a larger pt product for holes than for electrons, again
implying that holes (electrons) behave like majority (minority) carriers in unintentionally doped h-BN [35]. Furthermore, a recent study
on h-BN layers grown on graphene has revealed that the valence-band maximum in h-BN is located around the K point, 2.5 eV below the
Fermi level, and hence also inferred the residual p-type character of typical h-BN [108]. These results seem to imply that, in terms of
conductivity control, h-BN is more like diamond than other III-nitride semiconductors.

2.3. h-BN/SiC heterostructure

The synthesis of h-BN epilayers on highly conductive n-type 6H-SiC (0001) substrates has also been investigated [109]. Such
heterostructures could allow for the construction of useful devices such as high sensitivity Schottky photodetectors and avalanche
photodetectors, as demonstrated for AIN/n-SiC heterostructures [110,111]. The growth was carried out on n-type 6H-SiC (0001)
on-axis substrate. The (0001) surface of SiC was the Si terminated surface. The electrical resistivity of the 6H-SiC substrate used was
around 0.01 Q cm with a specified free electron concentration of 5 x 1018 em™3 [109,110]. Prior to the growth of h-BN epilayer, a 20 nm
BN bulffer layer was first deposited on 6H-SiC substrate at 800 °C to provide strain relieve from lattice mismatch between the substrate
and the subsequent h-BN epilayer as well as to enhance the adhesion of h-BN epilayer to the substrate. The growth temperature of h-BN
epilayers was 1300 °C. The XRD 6-20 scan of the h-BN/6H-SiC heterostructure revealed a h-BN (0002) reflection peak at 26.5°,
providing a lattice constant of ¢ = 6.70 A. No other diffraction peaks were observed from h-BN, indicating that h-BN epilayers grown on
SiC are of single h-phase [109].

Ohmic contact with a cross section area of about 9 mm? consisting of Ni (30 nm)/Au (120 nm) bilayer was deposited on the h-BN
surface. Thermal treatment (rapid thermal annealing) at 1020 °C in a Ny ambient atmosphere was used to decrease the contact resistance
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Fig. 13. (a) I-V characteristics and schematic illustration of a h-BN:Mg/n-Aly ¢2Gag 3gN:Si/AIN p-n heterostructure in which the buffer layer was
doped with Mg and p-contacts were thermally annealed at 1020 °C for 1 min, exhibiting a diode behavior [Ref. 29; Credit: S. Majety, J. Li, X. K. Cao,
R. Dahal, B. N. Pantha, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 100, 061121 (2012)]. (b) (Left panel) Schematics of a 210 nm DUV LED fabricated
from h-BN/n-AIN nanowire heterostructure. (Right) Comparison of L-I characteristics of h-BN/n-AIN nanowire LED and AIN p-i-n nanowire LED
[Ref. 107; Credit: D. A. Laleyan, S. Zhao, S. Y. Woo, H. N. Tran, H. B. Le, T. Szkopek, H. Guo, G. A. Botton, and Z. Mi, Nano Lett. 17, 3738 (2017)].
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and enhance the Ohmic behavior of Ni/Au/h-BN contacts [28]. The sample was etched down to the n-SiC layer using inductively
coupled plasma (ICP) dry etching and ohmic contact consisting of a layer of Ni (100 nm) was deposited on n-SiC followed by thermal
annealing in a Np ambient at 950 °C for 100 s. The inset of Fig. 14(a) depicts the schematic layout of the structure with ohmic contacts on
h-BN (Ni/Au) and n-SiC (Ni).

Fig. 14(a) shows the -V characteristics of h-BN/n-SiC heterostructures [109]. A sharp increase in current occurs when the applied
voltage is at the onset to produce a flat band condition across the heterointerface. By neglecting thermionic emission of electrons over
the h-BN barrier, the voltage at I = 0, V,, provides the magnitude of the built-in voltage at the heterointerface [112] and represents a
close measure of the band offset for the h-BN/n-SiC heterostructure. By knowing that the Fermi level in n-type 6H-SiC is 0.3 eV [113]
and the Fermi levels in 6H-SiC and h-BN lineup in the middle of the bandgaps in intrinsic materials, the band alignment for the intrinsic
6H-SiC/h-BN heterostructures can be deduced, as shown on Fig. 14(b), assuming the energy bandgaps of 6H-SiC and h-BN of 3.0 and
6.0 eV, respectively [109]. From Fig. 14(b), the valence and conduction band offsets are about AEy ~0.7 & 0.2 eV and AE; ~2.3 £ 0.2
eV, respectively, giving a ratio of AE¢/AE; ~ 76%. The result shown in Fig. 14(b) implies that 6H-SiC/h-BN is a type I (straddling gap)
heterojunction [109].

The band offsets between h-BN and AIN have been calculated using first principles calculations, which suggested that it is a type II
(staggered gap) band alignment with AEy ~0.67 eV and AE¢ ~0.57 eV [109]. On the other hand, previous experimental measurements
have yielded a conduction band offset of 1.9 eV for the AIN and 6H-SiC heterostructure [114]. Using these independent data, band
alignments between h-BN, 6H-SiC and AN, can be deduced, as shown in Fig. 14(c), from which a conduction band offset (AE¢) of 2.47
eV is deduced for the 6H-SiC/h-BN heterojunction. This value of AE¢ (& 2.47 eV) obtained from independent experimental data [114]
coupled with first-principles calculations agrees reasonably well with a value of ~2.3 eV deduced experimentally from the analysis of
I-V characteristics of h-BN/6H-SiC heterostructure shown in Fig. 14(b). Due to the fact that the valence band of h-BN lies ~0.67 eV
above that of AIN, h-BN would be superior over AIN as an electron blocking layer for DUV emitter applications because the use of h-BN
electron blocking layer will not introduce a potential barrier for hole injection. This advantageous feature is illustrated in Fig. 11.

2.4. Freestanding thick h-BN epilayers

One of the most promising and demonstrated applications of h-BN so far is for solid-state neutron detectors [35-40,115-121]. The
element Boron exists as two main isotopes, :°B and !'B in natural abundance of approximately 20% and 80%, respectively [122,123].
The element of °B is among a few isotopes which possesses a sizable interaction cross-section with thermal neutrons. Fig. 15(a) shows
that 1°B has a capture cross-section (¢)of 3840 barn (=3.84 x 1072 cmz) for thermal neutrons (neutrons with an average energy of 25
meV), which is next to a value of 6~5330 b for a more common neutron detection material of He-3 [122]. Boron density in h-BN is 5.5 x
1022 cm 2 in which isotope 1°B is about 20% and isotope !B is about 80% in natural h-BN. Therefore, the density of isotope 1°B atoms in
h-BNisN = 1.1 x 10%2 cm 3. From these, the microscopic neutron absorption coefficient () and absorption length (1) in a natural h-BN
epilayer are thus [118]:

-1 1
Opaural =N 6 =42.24 cm™ and s = ——

natural

=2.37x1072 cm = 237 um

where 6 = 3.84 x 102! cm?is the capture cross-section of 10 for thermal neutron [122]. This means that it will require h-BN detectors

E
236V ¢
1.5 T T
(a) 1-BN (6.0 eV)
6H-SiC (3.0 eV) Eg
- 0.7 eV
wp S5 ) .
= e
: 0.57 eV, Ec
e sk 247V
f 19eV
BN h-BN
(6.0eV) . AN (6.0eV)
6H-SiC (3.0 eV) (6.1eV)
0 0.53¢V E
-2 1.2eV 0.67 eV v
Voltage (V) ©

Fig. 14. (a) IV characteristics of h-BN/n-6H-SiC heterostructures. The inset is a schematic diagram of the heterostructure used for the measure-
ments. (b) Band alignment between intrinsic 6H-SiC and h-BN deduced from the I-V characteristic in (a). (c) Band alignments between intrinsic h-
BN, 6H-SiC and AIN constructed from independent experimental data for AIN/6H-SiC heterojunction in Ref. 114 and first principles calculations for
h-BN/AIN heterojunctions [Ref. 109; Credit: S. Majety, J. Li, W. P. Zhao, B. Huang, S. H. Wei, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 102,
213505 (2013)].
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Fig. 15. (a) Neutron capture cross sections as functions of the kinetic energy of neutrons for He-3, B-10, and Li-6. The green and orange dots indicate,
respectively, the cross sections of He-3 and B-10 for thermal neutrons (neutrons with an average energy of 0.025 eV) (Credit: MIT OpenCourseWare -
https://ocw.mit.edu/courses/nuclear-engineering/22-106-neutron-interactions-and-applications-spring-2010/lecture-notes/MIT22_106510_lec07.
pdf - Slide 27). (b) Plot of Eq. (1): The theoretical thermal neutron detection efficiency a as function of the detector thickness for natural h-BN (blue
curve) and 100% '°B-enriched h-'°BN (red curve).

to have a layer thickness of 1A (~237 pm) to attain a theoretical detection efficiency of 1-e~! = 63%. It is evident that the most effective
way to gain neutron detection efficiency is by isotopic enrichment of the source molecule, which can increase the neutron detection
efficiency by a factor of 5 with little impact to semiconducting properties. For 100% '°B-enriched h-BN, the absorption coefficient
(length) will be a factor of 5 larger (smaller). Thus, we have

Qenriched = 5narural = 211.20 em™" and Agmyichea = =4.73x10cm = 47 pm.

Qenriched
The thermal neutron absorption probability (P) or equivalently the theoretical (or intrinsic) detection efficiency (1) of h-1°BN de-
tectors as a function the detector’s layer thickness, t, can be expressed as

n=P(t)=1-cl, @

where } is the thermal neutron absorption length with A = 47 pm for h-1°BN and A = 237 pm for h-BN. Eq. (1) is plotted in Fig. 15(b) for
h-1°BN and h-BN [35], which shows that the efficiency of BN detectors can be increased by simply increasing the layer thickness. This is
a huge advantage over He-3 gas detectors in which the enhancement in the detection sensitivity is achieved through increasing the gas
pressure, tube diameter, and length.

Based on the working principles of 10BN neutron detectors, one can see from Eq. (1) that the key to obtain a high intrinsic detection
efficiency is to increase the layer thickness of 1°BN. In comparison to *He gas tubes, 100 pm thick h-'°BN detectors would be capable of
providing an intrinsic detection efficiency of 88% for thermal neutrons, which exceeds the thermal neutron conversion efficiency of 77%
for 1-inch diameter 3He gas tubes pressurized at 4 atm. Nevertheless, achieving h-1°BN epitaxial layers with thicknesses large than 1A
(>47 pm) is necessary to bring the h-1°BN detector technology to a level which can start to compete with *He gas detector technology,
but is a challenging task for MOCVD growth.

To obtain h-1°BN epilayers with large thicknesses, it is necessary to develop growth processes which would enable an increased
growth rate over those for the typical epilayers, such as those shown in Fig. 5(a) of about 1.2 nm/min. One key is to increase the growth
temperature to promote the surface mobilities of B and N atoms as well as to enhance the cracking efficiency of NH3 to support nitrogen-
rich growth conditions. As demonstrated in Fig. 8, increasing the growth temperature would enhance the crystalline quality. However,
high growth temperatures and long growth times together with the use of sapphire substrate tend to incorporate oxygen impurities into
h-BN epilayers during growth [37,39], which can have a deleterious impact on the charge collection efficiency of h-BN detectors.
Therefore, there is an inevitable trade-off between these two factors. Because of the detrimental effects of oxygen impurities, finding an
“optimal” growth temperature is necessary to ensure an adequate crystal quality while minimizing the density of oxygen impurities.
However, the recently demonstrated successful growth of h-BN epilayers on AIN/sapphire templates at high temperatures may be
applied to resolve this dilemma [64].

As schematically illustrated in Fig. 3, thick h-1°BN epilayers have been successfully produced using MOCVD on c-plane sapphire
(Aly03) substrates of 4-inches in diameter. Trimethylboron (TMB) with a vendor specified 10g isotope enrichment of 99.9% and
ammonia (NHs3) were used as the precursors for the growth of h-1°BN epilayers. The typical epi-growth temperature employed for
producing thick h-1°BN epilayers is between 1400 and 1500 °C to obtain epilayers with high crystalline quality at relative high growth
rates. Due to the unique layered structure of h-BN and the difference in thermal expansion coefficients between h-BN and sapphire
substrate, a h-BN epilayer with a sufficient thickness (>20 pm) automatically separates from sapphire substrate during cooling down
after growth, allowing the realization of a freestanding h-BN wafer as shown in Fig. 3. In contrast to h-BN thin epilayers, the use of low
temperature buffer layers cannot prevent the self-separation of thick epilayers from sapphire substrates. The surface of thick h-BN films
separated from sapphire substrate exhibits an excellent morphology with a typical RMS surface roughness value of 0.1-0.2 nm, com-
parable to those of thin films shown in the inset of Fig. 9(c). However, the surface morphology of the top h-BN epilayers becomes slightly
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poorer with an increase in the h-BN layer thickness with a typical RMS surface roughness value of 1 nm for films with a thickness of 50
pm. As illustrated in Fig. 3(e), the largest thickness of h-19BN epilayers attained so far is 200 pm, which based on Eq. (1) and Fig. 15(b), is
capable to provide an intrinsic detection efficiency of 99% for thermal neutrons.

3. Photoluminescence emission properties
3.1. Unique features of h-BN

The unique features of h-BN in comparison with AIN are of immense interest for novel photonic device exploration, which can be
briefly summarized below:

(a) High optical emission and absorption. The previously measured optical absorption of h-BN is as high as 7.5 x 10°/cm for above
bandgap photons [10,32].

(b) 2D vs. 3D. Having a layered structure, h-BN is a quasi-2D material, whereas AIN is a 3D material.

(c) Very large exciton binding energy — The exciton binding energies is about 0.7 eV in h-BN “bulk” crystals [15-21] and 2.1 eV in h-BN
monolayers [16].

(d) TE vs TM mode. Polarization-resolved PL measurements and theoretical calculations have determined that the band-edge
emission in h-BN is predominantly transverse-electric (TE) polarized [19,20] in contrast to the well-known trans-
verse-magnetic (TM) polarization in AIN [124-126].

As shown in Fig. 16(a)—(b), photoluminescence (PL) emission intensity of the band-edge transitions in h-BN epilayer is more than 2
orders of magnitude higher than that of AIN epilayer when the two samples are measured side-by-side for a direct comparison [19,20,
32]. Notice that the 10 K PL spectrum of h-BN epilayer shown in Fig. 16(a) is multiplied by a factor of 1/500, whereas the 300 K spectra
shown in Fig. 16(b) are multiplied by a factor of 1/10 for h-BN epilayer and by a factor of 10 for AIN epilayer, respectively. The observed
PL emission spectral linewidths of h-BN at 10 K and 300 K are much wider than those of AIN. This is expected and consistent with the
XRD results shown in Fig. 9, which revealed that the crystalline quality of AIN epilayer is superior to that of h-BN epilayer because the
growth processes for AIN epilayers are more developed than those for h-BN epilayers at this stage. These results imply that h-BN deep UV
devices potentially could be even more efficient than those based on AIN.

Fig. 16(c) compares the polarization-resolved band-edge PL emission spectra of h-BN and AIN epilayers measured at 10 K [19,20,32].
The PL emission spectral line shape for h-BN epilayer shown in Fig. 16(c) for the configuration with emission polarization along the
crystal c-axis (Eemi//c) is like that in the (Egpilc) configuration. However, the emission intensity is about 1.7 times stronger in the
(EemiLc) configuration, which is in sharp contrast to the polarization-resolved PL spectra of AIN epilayer [124]. The emission polari-
zation of h-BN is more like GaN [124-126]. It is well established that the band-edge emission in AlyGa; 4N alloys evolves from Ep; L c in
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Fig. 16. Comparison of band-edge PL spectra of h-BN and AIN epilayers measured at (a) 10 K and (b) 300 K [Ref. 20; Credit: S. Majety, X. K. Cao, J.
Li, R. Dahal, J. Y. Lin and H. X. Jiang, Appl. Phys. Lett.101, 051110 (2012)]. (c) Comparison of polarization-resolved low temperature (10 K) band-
edge PL spectra of h-BN and AIN epilayers with emission polarization parallel (E.n;//c) and perpendicular (E.y;Lc) to the c-axis, controlled through
the use of a polarizer in front of the monochromator [Ref. 19; Credit: B. Huang, X. K. Cao, H. X. Jiang, J. Y. Lin, and S. H. Wei, Physical Review B 86,
155202 (2012)].
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GaN to Ep;//c in AIN [124] and that the band-edge emission in AIN is polarized along the c-axis, (E.mi//c), due to the nature of its band
structure (the negative crystal-field splitting in AIN) [125,126]. This polarization property of AIN has a profound impact on the device
applications. For instance, for UV LEDs using c-plane Al-rich AlyGa; xN alloys as active layers, the most dominant emission will be
polarized along the c-axis (E.mi//c), which implies that UV photons can no longer be extracted easily from the surface [124]. Thus,
device designs such as photonic crystals for enhancing the light extraction is beneficial for AL-rich AlGaN DUV LEDs [127,128].
Furthermore, in contrast to all conventional semiconductor laser diodes (LDs) with lasing output polarized in the TE mode, it was
predicated [124] and experimentally verified [129] that lasing radiation from c-plane Al-rich AlyGaj; 4N based LDs is strongly polarized
in the TM mode. In general, TE mode is preferred for LDs design because this mode is associated with a lower optical loss and lower
threshold as well as with a higher optical gain and lasing beam quality. Thus, the observed predominant (Em;Lc) polarization of the
band-edge emission in h-BN is an advantageous feature over AIN for DUV light emitting device applications.

3.2. Origin of strong optical transitions in h-BN

Using group theory analysis and first-principles calculations [19], it was shows that the strong optical transitions in h-BN originates
predominantly from the unusually strong p — p-like transitions and its “2D” nature. Due to the weak van der Waals interaction and large
distance (3.33 A) between each layer in h-BN, the interlayer optical transitions are much weaker than those of single-layer transitions,
e.g., the strengths of the 1 — n* transitions between two neighboring layers are only ~20% of those in the same layer [19]. As a result,
the optical properties of h-BN are similar to those of 2D single layer BN shown in Fig. 17(a), which are mostly determined by the “2D”
nature of h-BN and strong “single-layer” p — p transitions at the absorption edge. The calculated imaginary part of the dielectric response
function, €j(w), of h-BN and AIN as a function of the polarization of the light is shown in Fig. 17(a). Compared to AIN, the calculation
results revealed that h-BN has a greatly enhanced absorption or luminescence intensity at the absorption edge, consistent with
experimental results shown in Fig. 16(a)-(b). Furthermore, the calculation results revealed that the absorption (peak) intensity along the
(E_Lc) direction is significantly larger than that of (E//c). However, the case is opposite for AIN, where the optical transition is forbidden
along (E_Lc), due to the negative crystal field-splitting [125,126], as shown in Fig. 17(a). The calculation results are consistent with the
experimental observations shown in Fig. 16(c).

The PL emission results shown in Fig. 16 inferred a very large oscillator strength and high density of states (DOS) near the absorption
edge. It is interesting to note that h-BN is the only quasi-2D inorganic semiconductor with such a large energy bandgap. The 2D nature of
layer structured h-BN can also result in an increase in the exciton binding energy and oscillator strength over the 3D systems [15-19]. A
GW plus Bethe-Salpeter equation (GW + BSE) calculation with including the excitonic effect was carried out to obtain the optical
spectrum of h-BN and w-AIN [19]. As shown in Fig. 17(b), the excitonic effects are more significant in h-BN than in 3D w-AIN, which red
shifts the transition energy of h-BN to a lower energy position, with a high-intensity peak at 5.72 eV. Compared to the minimum direct
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Fig. 17. (a) Calculated imaginary dielectric function, ¢;(w), of h-BN and w-AIN as a function of photon energy, yielding a minimum direct GW band
gap of 6.48 eV. (b) Calculated ¢;(w) of h-BN and w-AIN obtained from the GW plus Bethe-Salpeter equation calculations, including the excitonic effect,
yielding an exciton binding energy of E, ~ 0.76 eV [Ref. 19; Credit: B. Huang, X. K. Cao, H. X. Jiang, J. Y. Lin, and S. H. Wei, Physical Review B 86,
155202 (2012)]. (c) Two-dimensional projections of the exciton probability of a low-lying exciton state in h-BN. The self-energy correction calcu-
lation yielded a minimum direct gap of 6.47 eV and an exciton binding energy of E, ~0.72 eV [Ref. 15; Credit: B. Arnaud, S. Lebegue, P. Rabiller, and
M. Alouani, Phys. Rev. Lett., 96, 026402 (2006). (d) Room temperature photocurrent excitation spectrum of a 30 nm thick h-BN epilayer, providing a
minimum direct band gap of 6.42 and an exciton binding energy of E, ~ 0.73 eV [Ref. 21; Credit: T. C. Doan, J. Li, J. Y. Lin, and H. X. Jiang, Appl.
Phys. Lett. 109, 122101 (2016)].
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GW band gap of 6.48 eV in h-BN shown in Fig. 16(a), the exciton binding energy is estimated to be ~0.76 eV [19], which are very
consistent with the results of a previous calculation [15]. Obviously, this high-intensity excitonic peak is mainly contributed by the
high-intensity of electron-hole pairs originating from the “2D” optical nature of h-BN, giving rise to large enhanced optical transition
rate at the absorption edge compared to AIN.

The previously measured band-edge optical absorption coefficient («) of h-BN is unusually high (~7.5 x 10° cm ™) [10] and is more
than 3 times higher than that of AIN (~2 x 10° em ™) [130]. This strong optical absorption property can also be understood by simply
writing the optical absorption (I/Ip) as 1/Ip = 1-e'/* [32,82]. Here A is the optical absorption length and ¢ the h-BN epilayer thickness. On
the other hand, since t/) «1 holds for very thin epilayers, the optical absorption can be reduced to I/Ij ~ t/A. If we adopt the concept of
optical absorption of graphene, which states that its absorption is te?/hc = na = 2.3%, with & = e2/hc being the fine structure constant
[131] and assume the same holds for the above bandgap optical absorption in h-BN, we then have the optical absorption of h-BN = 2.3%
per layer (3.33 f\). This implies that I/Iy ~ (t/A) = 0.023 for t = 3.33 A. This gives the optical absorption length (1) and absorption
coefficient (o) for the above bandgap photons in h-BN as,

A = 1/0.023 = 3.33 A/0.023 = 144.8 A; o = 1/h = 1/144.8 A = 6.9 x 107 /A ~ 7 x 10°/cm

This estimated value of & = 7 x 10°/cm for the above bandgap optical absorption coefficient based on the optical absorption concept
of graphene agrees exceptionally well with the previously measured value of 7.5 x 10°/cm [10]. This implies that only a very thin layer
of h-BN with approximately 70 nm (~52) in thickness will absorb all incoming above bandgap photons. This together with its inherent
2D nature of layered structure makes h-BN to possess exceptionally strong optical transitions near the absorption edge.

Previous calculation results [15-17] and the results shown Fig. 17(a)-(b) [19] demonstrated a huge exciton binding energy (Ex ~
0.7 eV) in h-BN due to its low dielectric constant and layered structure. This is more clearly illustrated in Fig. 17(c), where a 2D
projection of the probability of a low-lying exciton state with hole localized slightly above a nitrogen atom is shown [15]. The left panel
shows that the electron is delocalized on boron atoms and that the probability of finding the electron on a boron atom is maximum for
the nearest neighbors of the nitrogen atom where the hole is localized [15]. The right panel shows that the electron is confined within
the layer where the hole is located. The results revealed that low-lying excitons in h-BN belong to the Frenkel class because electron-hole
pairs in h-BN form very tightly bound excitons and are tightly confined within the layers with a binding energy of E; ~0.72 eV [15].

Experimentally, from the temperature dependence of the exciton decay lifetime, an exciton binding energy of Ex ~740 meV and
small exciton Bohr radius of ~8 A have been deduced [18]. More recently, photocurrent excitation spectroscopy has also been utilized to
directly probe the fundamental band parameters of h-BN [21]. Fig. 17(d) shows a room temperature photocurrent excitation spectrum of
a metal-semiconductor-metal (MSM) photodetector fabricated from a 30 nm thick h-BN epilayer with metal strips width of 6 pm and
spacing between the metal strips of 9 pm biased at 100 V, from which the band-to-band, free excitons, and impurity bound excitons have
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Fig. 18. (a) 10 K PL spectra of h-BN epilayers with varying number of layers. The energy peak positions of the dominant emission lines are near
~5.30 and 5.47 eV in the 100-layer h-BN epilayer. (b) The layer number dependence of the energy peak positions of the dominant emission lines near
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5.30 and 5.47 eV. The symbols are data points and solid curves are the least squares fit with E,(N) = E,(c0) + [Ep(1) — Ep(oo)]exp< - NT?1> The fitted

values for the emission line near 5.30 eV are E,, (1) = 5.506 + 0.010 eV, E;, (c0) = 5.292 + 0.005 eV and B = 29.6 =+ 5.3 L. The fitted values for the
emission line near 5.47 eV are E;, (1) = 5.668 =+ 0.018 eV, E;, (o) = 5.466 + 0.013 eV, and B = 30.9 + 7.1 L. (c) The energy separation between the
two dominant emission lines (AE}) as a function of the layer number measured at 10 K [Ref. 95; Credit: X. Z. Du, M. R. Uddin, J. Li, J. Y. Lin, and H. X.
Jiang, Appl. Phys. Lett. 110, 092102 (2017).
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been directly observed. Photocurrent excitation spectrum effectively records the increase in the free carrier concentration (electrons and
holes) due to photoexcitation from different energy states [21]. For instance, the free exciton transition peak in the spectrum is formed
through the processes of resonant excitation of free excitons (absorbing photons with an energy equals to that of the free exciton
transition) and subsequent dissociation of a fraction of excitons into free carriers in the presence of an applied electric field [21]. The
observed transition peaks yielded a minimum direct bandgap at room temperature of E;~6.42 eV and an exciton binding energy of
Ex~0.73 eV [21]. The values of the minimum direct bandgap and exciton binding energy measured from the photocurrent excitation
spectroscopy shown in Fig. 17(d) agree reasonably well with those of calculations [15-17,19]. The exciton binding energy in h-BN is at
least one order of magnitude larger than those in other inorganic semiconductors. The reported values of Ey for AIN (ranging from 60 to
80 meV) were previously considered to be exceptionally large [132-134]. The consequences of this large Ey value on the optical
transitions in h-BN yet to be fully explored; the oscillator strength of small Bohr radius exciton can be very huge (on the order of unity)
due to the strong overlapping between electron and hole wavefunctions, thereby supporting strong optical transitions in h-BN.

3.3. Evolution of optical properties from 2D to bulk

The light-matter interactions in quasi-2D layer structured semiconductors are rich in novel phenomena. The optical absorption
spectra of h-BN bulk, single sheet, and BN nanotubes have been previously calculated using many-body perturbation theory [16]. The
results showed that the optical absorption spectral line shapes of bulk h-BN and 2D h-BN sheet are almost indistinguishable, but the
optical absorption peak of h-BN single sheet is blue shifted by an amount of about 160 meV with respect to that of bulk h-BN [16].

One of the interesting questions arises is that at which thickness can we consider h-BN a 3D material. To answer this question, a set of
h-BN epilayers with the layer number varying from 8 to 100 were grown by MOCVD on sapphire substrates for PL emission spectroscopy
studies [95]. To calibrate the number of layers of h-BN which is defined as the epilayer thickness divided by the interlayer distance
between h-BN sheets of 3.33 A, a thick h-BN epilayer of 0.5 pm was grown and the thickness was directly determined via optical
micrograph, from which the growth rate was derived. Based on the pre-determined growth rate, a set of samples with identical growth
conditions but varying growth times were grown.

Fig. 18(a) shows 10 K PL emission spectra of the set of h-BN epilayers with varying number of layers grown under identical growth
conditions, in which two dominant emission lines are clearly resolved around 5.30 eV and 5.47 eV in the PL spectrum of the thick h-BN
sample (the 100-layer sample) [95]. The emission peaks exhibit a blue shift towards higher energies as the number of layers is decreased
from 100 to 8. The evolutions of both emission peaks, E;, (N), with the layer number (N) are depicted in Fig. 18(b) and can be described
by, E,(N) = Ey(c0) + [Ey(1) — Ep(o0)]exp( — (N — 1) /B), where Ep(1), E,(N), and E,(c0) denote, respectively, the emission peak po-
sitions of 1-layer, N-layer, and bulk h-BN, B is a fitting parameter which describes an exponential dependence of E,(N), and the quantity
[Ep(1) — Ep(oo)]describes the total amount of energy peak shift as the dimensionality of h-BN scales from bulk to monolayer [95]. The
fitting results yielded [E, (1) —E,(c0)] = 0.21 eV for both emission peaks and a value of B = 30 layers. However, the predicted energy
bandgap was expected to increase by ~1.2 eV from bulk to monolayer h-BN [16].

The energy peak position difference between these two emission lines, AEp = Ep 547 ¢v(N) — Ep 530 ¢v(N) = 172 + 3 meV, is in-
dependent of N and coincides well with the measured Eg vibration mode in h-BN epilayers which has an energy of 172 meV (Ac = 1370
cm’l) as shown in the Raman spectrum of Fig. 10(a). On the other hand, the emission line near 5.3 eV has been identified to be a g-DAP
transition in both bulk h-BN [83] and thick h-BN epilayers [81]. Therefore, the emission lines at ~5.30 and 5.47 eV can be assigned to a
g-DAP transition and its one Epg phonon replica, respectively. In such a context, the observed [E,(1) —E,(c0)] = 0.21 eV of the g-DAP
emission can be attributed to the variations in the activation energies of the involved donor and acceptor. The activation energy of the
acceptor involved in the g-DAP transition increased only by ~1.6 times as the dimensionality of h-BN reduces from thick layer to
monolayer due to its deep level nature [95]. Nevertheless, by inspecting the results of Fig. 18(b) and the fitting parameter B = 30 layers,
one can conclude that 90 layers (or 30 nm thick) of h-BN can be considered as a “bulk” 3D material.

3.4. Probing the temperature dependence of the energy bandgap

The spectral peak positions (Ep) of the near band-edge transitions in most semiconductors generally exhibit redshifts with increasing
temperature and the temperature variation of E;, follows approximately the Varshni empirical equation describing the temperature
dependent bandgap [135],

E,(T)=E,(0) — aT*/(B+T) @)

where E;(0)is the energy bandgap at 0 K, o and p are the Varshni coefficients. Being a layered semiconductor, a previous theoretical
work has indicated that the variation of E; with temperature in h-BN is weak, attributing to the small indirect contribution of the lattice
constant to the ionicity through crystal-field screening effects [9]. Additionally, the excitonic emission lines in h-BN generally exhibit
complex features [14,18], whose linewidths tend to be broadened and emission intensities drop rapidly at higher temperatures. These
together make the analysis of the general behavior of Eg vs. T in h-BN challenging.

It was observed that the energy positions of the g-DAP emission line and its one Eyg phonon replica in multi-layer h-BN shown in
Fig. 18 exhibit a systematic dependence on temperature, which provided an opportunity to study the Eg vs T relation in h-BN [136].
More specifically, the temperature dependence of the g-DAP emission line and its one Exg phonon replica in a 20-layer h-BN epilayer has
been probed and the results are presented in Fig. 19(a) [126]. The emission peaks (Ep) of the q-DAP transition and its one Ezg phonon
replica (at 5.420 eV and 5.587 eV at 10 K, respectively) are clearly resolved at different temperatures. However, both emission peaks
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exhibit a very unusual temperature dependence. For a clear presentation, Fig. 19(b) plots the evolution of E, with temperature for the
zero-phonon line (ZPL) (the emission line with a peak position at 5.42 eV at 10 K), which revealed two different temperature regions. E,
first exhibits a downshift with increasing temperature up to 100 K and then upshift with increasing temperature above 100 K. This
temperature dependence is different from the common behavior observed in most other semiconductors including GaN and AIN [137] as
well as in h-BN nanotubes [138].

For a DAP transition, neglecting the Coulomb’s interaction between donors and acceptors, its emission energy peak position can be
described as E, = hv = Eg - Ep - E5, where Ep and E4 are the energy levels of the involved donor and acceptor, respectively. Using the
Varshni’s equation of Eq. (2) for Eg and neglecting the temperature dependence of Ex and Ep, the peak position E, of the ZPL can be
written as, E,(T) = Eg(0) — Ep — Ex — aT?/(8+T). Therefore, the temperature evolution of E, is expected to mimic that of Eg Ref. [136].
In general, two dominant mechanisms are responsible for the energy bandgap variation of a semiconductor: (1) lattice constant
enlargement with temperature and (2) electron-phonon interaction. In Fig. 19(b), the solid curves are the least squares fitting of data
with Eq. (2), however, in two different temperature regions. In the region of T < 100 K, E; vs T (or E;, vs T) follows the anticipated trend,
i.e., the bandgap decreases with increasing temperature and the temperature coefficient « is positive. The fitted value of a is 8.6 x 1074
eV/K and p is 369 K. The fitted value of o/f is 2.33 peV/KZ, which is larger compared with 1.28 [137], 1.06 [137], and 0.912 peV/K2
[139] for AIN, GaN, and InN, respectively, whereas the value of f is associated with the Debye temperature of the crystal. The results are
an indication of a stronger electron-phonon interaction in h-BN in comparison with other III-nitride semiconductors due to its layered
structure [136].

However, E, surprisingly increases with increasing temperature at T > 100 K, a behavior which is distinctively different from most
semiconductors. As a semiconductor with layered structure, the interaction between layers of h-BN is through van der Waals force,
which is very weak in comparison with in-plane interaction. As such, Eg of h-BN is predominantly determined by the energy difference
between electrons localized on B and N atoms [139]. Therefore, the temperature dependent Eg of h-BN at T > 100 K can be attributed
primarily to the in-plane lattice constant (a) change with temperature. The a-lattice constants of h-BN at different temperatures have
been previously measured [140] and the results are shown in Fig. 19(c), which revealed that the in-plane lattice constant expands
slightly with increasing temperature at low temperatures and then decreases with increasing temperature from ~70 to 300 K [140]. The
calculated values of the in-plane thermal expansion coefficients of h-BN, «, plotted in Fig. 19(c) showed that they are positive at low
temperatures, become negative at temperatures above ~ 60 K and is almost constant of about —2.7 x 10 °K ! from 150 to 300 K [140].
These results clearly demonstrated that the temperature dependence of Eg above 100 K is dominated by the unusual effect of reduction in
the a-lattice constant at higher temperatures. The slope of E;, versus T is about 0.43 meV/K from 100 to 300 K as fitted by Eq. (2), which
means that the temperature coefficient of Eg, or the Varshni coefficient a = —0.43 meV/K [136].
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Fig. 19. (a) Near band-edge PL spectra of a 20-layer h-BN epilayer measured at different temperatures. (b) Temperature dependence of the energy
peak position of the zero-phonon emission line (~5.420 eV @ 10 K) observed in a 20-layer h-BN fitted with Varshni’s formula of Eq. (2) [Ref. 136;
Credit: X. Z. Du, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 111, 132106 (2017)]. (c) Variations with temperature of in-plane a-lattice constant
obtained experimentally (top panel) and calculated thermal expansion coefficient of h-BN (bottom panel) [Ref. 140; Credit: W. Paszkowicz, J. B.
Pelka, M. Knapp, T. Szyszko, and S. Podsiadlo, Appl. Phys. A75, 431 (2002)].
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In comparison, in the case of h-BN nanotubes, the excitonic emission peak exhibits a universal downshift in energy with increasing
temperature in the entire temperature range of 10-800 K [138], in contrast with the results obtained for thin h-BN epilayers. It is
interesting to compare the situation in suspended carbon nanotubes [141,142], in which the effective energy bandgap shifts down with
increasing temperature due to the dominant electron-phonon coupling effect, despite the fact that the thermal expansion of graphite has
a negative coefficient in the same temperature range. Hence, the temperature dependence of the bandgap of h-BN nanotube [138] most
likely follows a similar trend as that of carbon nanotubes and is dominated by the electron-phonon coupling in the entire temperature
range. Although both graphite and h-BN epilayers have negative thermal expansion coefficients in a broad temperature range, graphite
has a zero-energy bandgap, which makes h-BN a unique semiconductor to exhibit this unusual temperature dependence of the energy
bandgap.

3.5. Nature of impurities in h-BN

Nitrogen vacancies (Vy) and carbon impurities occupying the nitrogen sites (Cy) are two common impurities in h-BN [70-78]. The
growth of thin h-BN epilayers by MOCVD under different NH3 flow rates has been carried out to probe via PL emission spectroscopy the
roles of Vi [80,81]. The PL emission spectra shown in Fig. 7(a) revealed broad impurity emission peaks near 3.9 eV, which were
attributed to a donor-acceptor pair (DAP) transition (ZPL at 4.12 eV and its phonon replicas at 3.92 and 3.72 eV) [83-85]. As shown in
Fig. 7, there are two other emission lines around 5.3 eV and 5.5 eV in the samples grown under low NHj3 flow rates (between 0.3 up to
1.0 SLM). These emission lines have been assigned to a q-DAP transition and a bound exciton transition, respectively [14,20,70,83-87].
Because the emission intensities of the impurity related transition lines (DAP, g-DAP, and bound exciton transitions) reduce continu-
ously with an increase of the NH; flow rate, it was believed that the observed impurity emission lines below 5.7 eV are most likely
related to Vy or impurities related to Vy such as carbon impurities occupying the nitrogen sites [80,81].

The temperature-dependence of the DAP emission with its ZPL near 4.1 eV and its LO phonon replicas near 3.9 and 3.7 eV shown in
Fig. 7 has been measured from 10 K to 800 K for a sample grown at 1350 °C under 1.5 SLM NHj flow rate [80]. An Arrhenius plot of the
integrated PL intensity of the DAP emission is shown in Fig. 20(a), which provided an activation energy of ~0.1 eV for the shallow
impurity involved in this DAP transition. Assuming a minimum direct bandgap value of ~6.5 eV [15-19,21], the energy level of the deep
impurity level involved in the DAP transition can be deduced to be Ep = Eg - Eshallow - hvemi ~ 6.5 eV-0.1 eV-4.1 eV =~ 2.3 eV, by
neglecting the Coulomb interaction between ionized donors and acceptors. The measured energy levels together with previous theo-
retical insights on the formation energies of the impurities and defects in h-BN suggest that Vy and Cy, respectively, are the most
probable donor and deep acceptor impurities involved in the DAP transition near 4 eV.

Moreover, assuming the g-DAP emission line near 5.3 eV also involves the same Vy donors, the energy level of the involved deep
impurity can be deduced from Ea = Eg - Eshallow - hvemi ~ 6.5 eV-0.1 eV-5.3 eV = 1.1 eV. Previous theoretical studies have indicated that
a substitutional Cy could induce two deep defect levels [76,77]. With the presence of a deep level of about 1.1 eV, it should be possible to
directly observe a band-to-impurity type transition by measuring the PL emission spectra in the near IR region around 1.1 eV. This was
indeed the case. As shown in Fig. 20(b), a rather broad weak emission line with its peak energy around 1.2 eV was observed in the h-BN
epilayer grown under an NHj3 flow rate of 1.5 SLM. This emission peak is most likely corresponding to a band-to-impurity transition
between the deep acceptor involved in the g-DAP transition and the valence band. As shown in Fig. 7(b), the energy peak position of the
free exciton emission line observed in the same set of h-BN epilayers is at 5.735 eV, which implies that the binding energy of the bound
exciton (Epx) related to the 5.5 eV emission line can be estimated to be around Egx ~ 0.24 eV. Based on Haynes’ rule, the binding energy
of a bound exciton is about 10% of the impurity binding energy, neglecting the central cell correction. This suggests that the energy level
of the impurity involved in the bound exciton transition near 5.5 eV is around 2.4 eV, which is very close to a value of 2.3 eV for the
energy level deduced for Cy involved in the DAP transition near 4.0 eV. Therefore, it is highly plausible that the bound exciton emission
line is due to the recombination of excitons bound to Cy deep acceptors (A, X), or I; type transition. We speculate that carbon impurities
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Fig. 20. (a) Arrhenius plot of the integrated PL emission intensity of the DAP transition near 4.1 eV in an h-BN epilayer grown under 1.5 SLM NHg
flow rate [Ref. 80; Credit: X. Z. Du, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 106, 021110 (2015)]. (b) PL spectrum of an h-BN epilayer grown
under 1.5 SLM NHj flow rate measured in the near infrared spectral region and an emission line near 1.2 eV was detected [Ref. 81; Credit: X. Z. Du, J.
Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 108, 052106 (2016)].
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originate from the boron precursor (TEB source).

For the growth of thick h-1°BN epilayers, high growth temperatures (>1400 °C) and long growth times together with the use of
sapphire substrates unavoidably introduce oxygen impurities into h-BN films due to oxygen diffusion from sapphire substrates. These
oxygen impurities tend to act as substitutional donors (Oy) [79,88]. One of the most dramatic effects of oxygen impurity incorporation
during high temperature growth was that the majority carrier type in h-BN epilayers changed from holes to electrons [88]. For epilayers
grown at temperatures below 1400 °C, the mobility and lifetime (pt) products of holes are larger than those of electrons, whereas the pt
products of electrons are larger than those of holes in thick epilayers grown at high temperatures above 1500 °C [88]. Fig. 21 compares
the room temperature PL emission spectra of two h-BN epilayers of about 50 pm in thickness, with one grown at a temperature of 1400
°C and another at 1500 °C [88]. The sample grown at 1400 °C consists of a dominant broad transition peak at 3.9 eV, which is thought to
have the same physical origin as the DAP transition peak superimposed within its LO phonon replicas covering from 3.7 to 4.1 eV,
resulting from the recombination between Vy donor and Cy deep acceptor shown in Fig. 7(a) [80]. However, a new transition peak near
3.4 eV is clearly visible in the sample grown at a high temperature of 1500 °C. This transition peak also has a very board linewidth like
the DAP transition peak near 3.9 eV, which suggested that this new 3.4 eV emission can also be attributed to a DAP transition involving
donor of Oy [88]. From the energy difference between 3.9 eV and 3.4 eV and assuming the involved acceptor being the same Cy, the Oy
donor involved in the 3.4 eV transition is expected to be about 0.5 eV deeper than the shallow Vy donor. Since the measured energy level
of the involved donor, most likely Vy;, in the DAP transition near 3.9 eV is about 0.1 eV as shown in Fig. 20(a) [80], the PL results shown
in Fig. 21 therefore implied that the energy level of Oy donors in h-BN is about 0.6 eV. The dark current characteristics were measured at
different temperatures to deduce the temperature dependent electrical resistance of the same 50 pm thick sample grown at 1500 °C, as
shown in Fig. 21(b). The Arrhenius plot of the measured resistance provided an activation energy for Oy donors of 0.56 eV, which is in
reasonable agreement with the value deduced from the PL results shown in Fig. 21(a).

With the estimated energy levels of the dominant impurities involved, an energy diagram illustrating the optical processes of the DAP
and g-DAP transition lines observed in thin h-BN epilayers grown below 1400 °C shown in Fig. 7 and the DAP transition involving Oy
donors in thick h-BN epilayers grown at high temperatures shown in Fig. 21(a) can be proposed, as depicted in Fig. 21(c). These results
demonstrated that by monitoring the impurity related PL emission peaks in h-BN while varying the growth conditions, it is possible to
obtained epilayers with reduced defect densities.

3.6. Metal-semiconductor-metal photodetectors

Photodetectors based on metal-semiconductor-metal (MSM) architecture with micro-strip interdigital fingers have been fabricated
from h-BN epilayers [21,32,120]. The photolithography technique was used to pattern the interdigital fingers on the surface of h-BN
epilayers. It was found that pattern transfer can be accomplished more effectively using a sulfur hexafluoride (SFg) gas-based inductively
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Fig. 21. (a) Room temperature PL spectra of 50 pm thick h-'°BN epilayers deposited on sapphire by MOCVD at different growth temperatures: Tg
~1400 °C (top) and Tg ~1500 °C (bottom); the insets show schematics of the h-19BN epilayers [Ref. 88; Credit: S. J. Grenadier, A. Maity, J. Li, J. Y.
Lin, and H. X. Jiang, Appl. Phys. Lett. 112, 162103 (2018)]. (b) The temperature dependence of the dark resistance (in the Arrhenius plot) of a
freestanding h-'°BN sample grown at 1500 °C measured in the vertical direction (along the c-axis), providing a fitted activation energy for Oy donors
of 0.56 + 0.03 eV [Ref. 88; Credit: S. J. Grenadier, A. Maity, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 112, 162103 (2018)]. (c) Energy
diagram illustrating possible optical processes of the widely observed DAP emission near 4.0 eV, q-DAP emission near 5.3 eV and bound exciton
emission near 5.5 eV in h-BN shown in Fig. 7 as well as the observed DAP emission involving Oy seen in Fig. 21(a). The observed energy levels in
Figs. 20 and 21(b) are utilized. The measured energy level of an acceptor like defect observed in an undoped h-BN epilayer [Ref. 91] possibly related
to boron vacancy complexes (VgX) is also indicated.
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coupled plasma (ICP) dry etching [143,144] than those based on Cl-plasma chemistry developed for GaN and AIN [145]. As shown in
Fig. 22(a), etch depths larger than 3.5 pm was achievable in just one photoresist deposition while still maintaining an excellent vertical
etching profile using SFg [144]. The patterns were etched all the way to the sapphire substrate. Metal contacts consisting of bi-layers of
Ti/Al were deposited by e-beam evaporation. Fig. 22(b) shows a micrograph of a representative MSM detector incorporating a 1 pm
thick h-BN epilayer and having the widths of etched trenches and micro-strips of 4 pm and 4 pm, respectively [32]. A representative
photo-spectral response of an h-BN photodetector is shown in Fig. 22(c), exhibiting 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 the h-BN
MSM devices performed well as deep UV photodetectors. However, the typical responsivity of h-BN based DUV photodetectors is 2-3
orders of magnitude lower than that those of AIN MSM photodetectors [146]. This phenomenon is most likely related to the excep-
tionally large exciton binding energy in h-BN.

One of the outstanding features of h-BN for detector and electronic applications is its high breakdown field, Eg. As shown in
Fig. 23(a), a previous study has yielded Eg = 7.94 MV/cm for ultrathin h-BN layers mechanically exfoliated from bulk crystals [147]. To
measure the breakdown field of h-BN epilayers, a freestanding h-BN of about 1.8 pm was obtained via mechanical release to form a
vertical detector, as illustrated in the left panel of Fig. 23(b) [32]. The right panel of Fig. 23(b) shows the I-V characteristics of the
released h-BN epilayer measured in the c-direction (out-of-plane), which reveals that the breakdown occurs at around 800 V. This
translates to Eg ~4.4 MV/cm, which is lower than 7.94 MV/cm obtained from ultrathin h-BN layers exfoliated from bulk crystals probed
in a micron scale, as illustrated shown in Fig. 23(a). This is expected because the released h-BN epilayer used for Eg measurement has a
larger cross section area of ~4 mm? than the microcrystals used in a previous study [147]. As a larger cross section area contains more
defects, the measured Ep value measured in a larger area device tends to be lower [111]. Additionally, h-BN epilayer released from
sapphire contains an amorphous buffer layer and is not dislocation free. Nevertheless, the measured value of Ep of 4.4 MV/cm for h-BN
epilayer is higher than a value of 4.1 MV/cm deduced for dislocation-free AIN epilayers [111]. Assuming the value of 7.94 MV/cm of
ultrathin h-BN layers probed in micron scale approaches Eg value of intrinsic h-BN [147], these comparison results serve as a useful
benchmark for further improving the material quality of h-BN epilayers.

4. BN epilayer neutron detectors

4.1. Understanding the charge collection efficiency

Based on Eq. (1) of intrinsic efficiency of a thin film neutron detector, =1 — e 71, the key for obtaining high intrinsic detection
efficiencies is to realize h-'°BN epilayers with large thicknesses (f). Absorption of a thermal neutron by a'°B atom induces the following
nuclear reaction inside h-1°BN [122],

B+n=Li" (0.84MeV) + " (1.47MeV) [94% excited state] (3a)

B + n = Li(1.015MeV) + a (1.777 MeV) [6% ground state] (3b)
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Fig. 22. (a) SEM image of the cross-section profile of an h-BN strip device etched in SFs [Ref. 144; Credit: S. Grenadier, J. Li, J. Y. Lin, and H. X.
Jiang, J. Vac. Sci. Technol. A 31, 061517 (2013). (b) Optical image of a representative fabricated h-BN metal-semiconductor-metal (MSM) detector.
(c) The relative photo-spectral response of a fabricated h-BN MSM photodetector measured at a bias voltage of 10 V [Ref. 32; Credit: J. Li, S. Majety,
R. Dahal, W. P. Zhao, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 101, 171112 (2012)].
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Fig. 23. (a) Breakdown field (Ep) of an ultrathin h-BN layer mechanically exfoliated from a bulk crystal grown by high temperature and high-
pressure technique [Ref. 147; Credit: G. H. Lee, Y. J. Yu, C. Lee, C. Dean, K. L. Shepard, P. Kim, and J. Hone, Appl. Phys. Lett. 99, 171103
(2011)]. (b) (Left) Schematic and photo of a freestanding h-BN epilayer released from sapphire substrate for breakdown field (Eg) measurement;
(Right) Breakdown field (Eg) measured from a 1.8 pum thick freestanding h-BN epilayer and the insets show that the structure probed has a cross
section area of 4 mm? [Ref. 32; Credit: J. Li, S. Majety, R. Dahal, W. P. Zhao, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 101, 171112 (2012)].

Li,a - N (") + N (h"), N ~ 107 4

Daughter particles (Li, @) created from the nuclear reactions possess large kinetic energies and travel inside the h-'°BN detector
material, producing free electrons and holes which are collected by the electrodes with the aid of an external applied electric field,
serving as a signature for neutron detection. Therefore, h-1°BN detectors are considered direct conversion detectors. If the thickness of
the material is comparable or greater than the absorption length and the reaction takes place deep inside the material so that the drift
lengths of the daughter particles (~2 pm and ~5 pm for Li and a, respectively [116]) are shorter than the depth of the reaction, then the
total kinetic energy is converted into charge carriers. In contrast to SLiF [148-150] or 10g [151-154] filled micro-structured semi-
conductor neutron detectors (MSND), the two sequential processes described in Egs. (3) and (4) occur in the same h-1BN epilayer.
Therefore, h-1°BN detectors in principle are capable to provide higher detection efficiencies than those of indirect conversion devices.
On the other hand, compare to other direct conversion neutron detectors based on amorphous B4C [155], gadolinium complexes [156],
pyrolytic, polycrystalline BN and alpha rhombahedral boron complexes [115,116,157], as demonstrated by XRD characterization re-
sults shown in Fig. 9, h-BN epilayers are single crystals and contain fewer charge traps and thereby allow a more rapid sweep-out of the
electrons and holes generated by the nuclear reaction than amorphous, pyrolytic, or polycrystalline materials. However, to realize
h-19BN detectors with high detection efficiency, in addition to the necessary condition of a sufficiently large h-'°BN epilayer thickness, it
is also essential to maximize the collection efficiency of charge carriers (electrons and holes) generated by the nuclear reaction, which
demands epilayers with high crystalline quality and purity as well as novel device architecture designs.

The charge carrier collection processes in a detector under irradiation have been described via the classical Many’s equation
developed for insulating semiconductors, which takes into consideration of both the effects of surface recombination and bulk trapping
[158],

L(V) =il (V)];

_ w2
Vuri | 1 —e Vi

w2 (1 + /5)

Here 7,(V) defines as the charge collection efficiency at an external bias voltage (V) applied between the two electrodes, Iy is the
saturation current, ppTh (HeTe) and sy (Se) denote, respectively, the mobility-lifetime product and surface recombination velocity for holes
(electrons), and W is the carrier transit distance or the distance between the two electrodes. To achieve a perfect charge collection

(V) = (i=e, h). (5)

2
efficiency, both the numerator term of % 1—e % | and the denominator term of —L in Eq. (5) must approach to 100%. This yields

114
1+;—V

two basic conditions for attaining high charge collection efficiencies:
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2

(@) % Ve [ —e Vi | >1or “;‘; 21 ( mE) < 1 or ptE >> W. This condition states that the charge carrier drift length (=ptE) needs to be
much larger than the carrier transit distance, W. This condition is predominantly determined by the bulk trapping properties as
characterized by the numerator of Eq. (5), which provides a useful guidance on the achievable 1 at a given bias voltage for a
detector material with a fixed carrier mobility and lifetime (pt) product [159].

(b) —L<~—1or % <— S/ ES) < 1. This condition implies that the external applied electric field must be greater than the

V/W
1458

surface recombination field, E >> Es (= s /u), in order to effectively sweep out charge carriers [159]. This condition is domi-
nated by the surface effects described in the denominator of Eq. (5) and represents attainable 1 at a certain bias voltage at a given
surface condition (or a surface recombination field) [159].

Inspecting conditions (a) and (b) for high charge collection efficiencies, obtaining h-1°BN epilayers with enhanced pr is needed. In
particular, increasing the carrier mobility (p) would provide the greatest benefits for boosting the charge collection efficiencies because
increasing p would enhance the charge carrier drift length (=ptE) as well decrease the surface recombination field (Es = s/ ). However,
getting these improvements requires additional developments in the growth processes to further reduce the density of bulk defects, such
as those identified in Fig. 21. Moreover, surface treatments techniques and device architectures for minimizing the surface recombi-
nation fields need to be further explored.

To illustrate the effects of bulk defects, pr products and thermal neutron detection efficiency were characterized for
photoconductive-like vertical detectors with varying device configurations [37]. These vertical detectors with a detection area of 1 x 1
mm? were fabricated from a 50 um thick freestanding h-1°BN epilayer. Since the optical absorption length of the above bandgap photons
in h-BN is only about 14.5 nm [32], most of the above bandgap photons are absorbed within about 70 nm (51) from the irradiated
surface. As such, as schematically illustrated in the left panels of Fig. 24, depending upon the polarity of illuminated surface, specific
charge carrier (hole or electron) can be selected for transport in the direction perpendicular to the sample surface (in the direction of
c-axis). Negatively (positively) biased illuminated surface immediately extracts holes (electrons) upon photo-generation and therefore,
allowing only electrons (holes) to transport to the opposite electrode to be collected later. This property enables us to characterize the
electrical transport properties for holes and electrons separately along the vertical (c-axis) direction. For instance, when a 50 pm thick
h-1°BN detector is biased in the configuration shown in the left panels of Fig. 24(a), holes are swiped away at the negatively biased
irradiated top surface and only electrons travel inside the material, and therefore this configuration allows us to probe transport
properties of electrons. The photocurrents were measured for different configurations under UV excitation [37]. Fitting the measured
I-V characteristics under UV excitation with Eq. (5), such as those shown in the right panels of Fig. 24, allows us to obtain the
pt-products for different biasing configurations. Fig. 24 shows such measurements for two representative configurations. It is noted that
for the same device the pt product of electrons measured in the configuration of Fig. 24(a) in which the top surface was illuminated is
more than 3 times larger than that measured in the configuration of Fig. 24(b) in which the bottom surface was illuminated. This is due
to the high growth temperature of h-1°BN epilayer together with the use of sapphire substrate, which introduced a higher concentration
of oxygen impurities near the bottom surface (the surface in contact with sapphire prior to release) compared to the top surface. This
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Fig. 24. Photocurrent-voltage characteristics of a photoconductive-like vertical detector fabricated from a 50 pm thick h-'°BN epilayer measured
under UV irradiation for electron transport for two different biasing configurations [Ref. 37; Credit: A. Maity, S. J. Grenadier, J. Li, J. Y. Lin, and H. X.

Jiang, J. Appl. Phys. 123, 044501 (2018)].
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interpretation was confirmed by SIMS measurements, which revealed that the oxygen impurity concentration is about 3 times higher
near the bottom surface than that near the top surface [37]. On the other hand, the density of radiation generated charge carriers is
highest near the irradiated surface and exponentially decreases with the distance from the irradiated surface. As such, the scattering of
charge carriers by oxygen impurities can be minimized by chosen the top surface for irradiation than the bottom surface. Therefore, the
measured pt product is larger in the configuration of Fig. 24(a) than that in the configuration of Fig. 24(b). It was also shown that the
optimal configuration of Fig. 24(a) has pushed the detection efficiency of h-'°BN neutron detectors to 58% at a bias voltage of 200 V,
whereas other configurations provided a detection efficiency around 53% [37].

4.2. Lateral detectors and transport properties

It was shown recently that compared to vertical detectors consisting of planar contacts on top and bottom schematically shown in
Fig. 24 [35-37], a lateral detector configuration schematically shown in Fig. 25(a) possesses several advantageous features [38-40]. To
fabricate lateral detector, a freestanding h-'BN wafer was diced into narrow strips. A highly resistive adhesive material was used to
mount the strip detector on a sub-mount (sapphire). E-beam evaporation was used to deposit metal bi-layer of Ni (100 nm) and Au (40
nm) on the clipped edges of the h-'°BN strip detector using shadow mask leaving around ~100 pm metal covering on the edges, as
schematically depicted in Fig. 25(a).

Compared to a vertical detector of the same detection area, a lateral detector possesses several advantageous features. Fig. 25
compares the dark I-V characteristics of a lateral h-19BN detector to a vertical h-'°BN detector with comparable detection areas (29 mm?
vs. 25 mm?) fabricated from a 90 pm thick h-19BN epilayer. The results revealed that the measured dark current (I3) for the 29 mm?
lateral detector shown in Fig. 25(a) was <0.1 pA at a bias voltage Vi, > 500 V, which is considerably lower than that in the 25 mm?
vertical h-1°BN detector shown in Fig. 25(b). This is because, other than a smaller cross-section area, the separation distance between the
electrodes is farther apart in the lateral detector (detector width) compared to that in the vertical detector (detector thickness),
providing a larger dark resistance, R. Fig. 26 shows the photocurrent-voltage characteristics under UV illumination for the same vertical
and lateral h-1°BN detectors for both hole and electron transport. Depending upon the polarity of the illuminated surface holes or
electron were chosen to travel though the material, allowing us to obtain photocurrent for holes and electrons separately in a vertical
detector, as illustrated in the insets of Fig. 26(a) and (b) [35,36]. To conduct similar measurements for a 90 pm thick lateral h-1BN
detector, a metal slit was used to selectively illuminate near only one metal contact, as illustrated in the insets of Fig. 26(c) and (d). If the
electrode near the illuminated area is positively (negatively) biased, holes (electrons) travel a much longer distance compared to
electrons (holes) before being collected by the other electrode. This scheme enables us to measure the photocurrent for holes or electrons
separately in a lateral detector [38-40].

Photocurrent-voltage characteristics for holes and electrons were then fitted with the Many’s equation in Eq. (5) to obtain charge
carrier mobility-lifetime pt-product and surface recombination field s/j. The measured pyty, = 4.0 x 10~ em?/V for the vertical de-
tector is 100 times smaller than that of the lateral detector (ppty = 4.1 X 10~* em?/V), and HeTe = 1.6 X 107% em?/V is 50 times smaller
than that of the lateral detector (8.0 x 10~* cm2/V). These results reiterate the fact that lateral geometry is superior in terms of charge
carrier transport properties compared to the vertical geometry due to the conductivity anisotropy in layered semiconductors [160,161].
Moreover, the measured surface recombination field for majority carrier electron (se/pe) was 1.05 x 10* V/cm for the vertical detector,
which is 6.6 times higher than that in the lateral detector (s¢/pe = 1.6 x 10° V/cm). However, sp/pp = 0.9 x 10° V/cm was found to be
lower in the vertical detector than in the lateral detector. Furthermore, while the cross-section area for neutron radiation along the c-axis
of h-19BN is the same for both lateral and vertical detectors, the cross-section area for charge carrier collection (or the contact area) in a
lateral detector shown schematically in Fig. 25(a) as well as in the insets of Fig. 26(c) and (d) is significantly reduced, providing almost
two orders of magnitude reduction in the capacitance, C. These combined advantages have enabled us to increase the detector size while
maintaining a high detection efficiency of >50% in lateral detectors [38,40].
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Fig. 25. (a) Schematic and dark I-V characteristic of a 29 mm? lateral h-'°BN detector of 90 pm in thickness. (b) Schematic and dark I-V char-
acteristic of a vertical 25 mm? h-'°BN detector of 90 pm in thickness.
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Fig. 26. (a) and (b) Photocurrent-voltage characteristics of a 90 pm thick vertical h-'°BN detector under UV excitation for (a) hole transport and (b)
electron transport. The insets show schematic diagrams of the vertical detector with the illumination surface biased either positive or negative,
allowing the measurement of electron and hole transport separately. The solid curves are the least squares fitting of data with Eq. (5). (c) and (d)
Photocurrent-voltage characteristics of a 90 pm thick lateral h-19BN detector under UV excitation for (c) hole transport and (d) electron transport. The
insets show schematic diagrams of a lateral detector mounted on a sapphire submount with UV light illuminated through a metal mask near one
electrode, allowing the measurement of electron and hole transport separately. The solid curves are the least squares fitting of data with Eq. (5)
[Ref. 38; Credit: A. Maity, S. J. Grenadier, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 114, 222102 (2019)].

4.3. Conditions for high detection sensitivity

Other than high detection efficiency (1), it is also critical to fabricate neutron detectors with reasonable detection areas (A) to
provide adequate sensitivities (nA). This is due to the nature of low neutron flux from a primitive nuclear device (~3 x 10° neutrons/s)
in application area of special nuclear materials detection and low reflectance of neutrons in porosity measurements in scenarios of well
and geothermal logging. The sensitivity of a detector or count rate (Cr) detected by a detector is proportional to its detection efficiency
() and detection area (A), i.e.,

Cr=¢nA, )]

where ¢ is the neutron flux at the position of neutron detectors. However, the dark current (or the leakage current), the capacitance, the
number of dislocations/defects/charge carrier traps and the surface recombination field all increase with an increase in the detector
area. This creates technical challenges to retain high detection efficiencies in large area detectors. To ensure a high detection sensitivity,
the electronic noise should be kept low. The equivalent noise charge in a simple CR-RC shaper at a fixed integration and differentiation

time constant 1. can be written as [162], Q,zl = 0.924|2ely7, +41§‘;Trc +e,2£—j , where the “shot noise” in the first term increases with the

detector’s dark current I3, which is proportional to the device area (A), the second term is the “thermal noise” contributed from the bias
resistor (Rp), and the last term depends on the equivalent input noise of the amplifier with a spectral density e, and equivalent input
capacitance C. Overall, the electronic noise increases linearly with I3 and quadratically with C [162]. The presence of a high noise level
could increase the low-level discriminator threshold setting on the detection electronics for pulse height analysis, leading to exclusion of
a fraction of the actual neutron counts from being detected and thereby decreasing the detection efficiency. Therefore, the presence of a
high background noise (or dark count) could limit the ability of scaling up the device size while maintaining a high detection efficiency.

It was shown recently that lateral detectors can alleviate to some extent the technical challenges involved in scaling up the detector
size and appear to be the geometry of choice for realizing h-1°BN detectors with high detection sensitivities [38-40]. One of the
fundamental requirements for detecting a signal is that the size of the signal must be greater than the background noise or signal-to-noise
ratio (SNR) is much larger than 1. The number of thermal neutrons generated charge carriers (N) via the nuclear reaction of Egs. (3) and
(4) can be estimated from the Klein’s relation of N ~ E/3Eg Ref. [163]. Here, E is the total energy deposited by the daughter particles and
Eg (~6.4 eV) is the energy bandgap of h-BN. Hence, the number of charge carriers generated per reaction, N = 2.31 x 10%eV/(3 x 6.4
eV) = 1.2 x 10° for the reaction with a 94% probability and N = 2.79 x 10° eV/(3 x 6.4 eV) = 1.4 x 10° for the reaction with a 6%
probability, as described in Egs. (3) and (4). Assuming a detection area of 1 cm?, detector thickness of 100 pm, and volume V =0.01 em®,
the thermal neutron generated charge carrier density, n,, which represents the size of the signal, can be estimated to be n, = N/V ~
(1.2-1.4) x 107 cm 2. To detect this thermal neutron generated signal, ideally the background free carrier concentration, n,, should be
one order of magnitude smaller than the neutron generated electrical signal, n,, and that means,
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n, < 10® em™>. )

Using the measured electron and hole mobility in the lateral direction in typical thick h-'°BN epilayers available today of 35 cm?/V-s
[39], the minimum dark electrical resistivity (po) of h-1°BN detector material to ensure neutron detectors with a high sensitivity can be

determined from p > pg = ﬁ ,which yields

p>po=2x 101 Qem. ®

As the bandgap of h-BN is more than 6 eV, in principle, the background carrier concentration (n,) in unintentionally doped h-BN is
negligibly small and the intrinsic h-BN epilayers are expected to possess an electrical resistivity exceeding 10%° Q cm. However, the
highest resistivity of unintentionally doped h-BN epilayers produced so far is about 5 x 10** Q cm [35-40]. In practice, as illustrated in
Fig. 21, unintentionally doped h-BN epilayers contain various defects which can contribute to the background carrier concentration as
well as act as charge traps [74-81,88]. Therefore, further optimization of epitaxial growth processes is still needed to eliminate un-
desired defects and impurities, which in turn will further reduce the background carrier concentration and dark (or leakage) current and
thereby increase the sensitivities of h-1°BN detectors.

4.4. Redlization of high efficiency neutron detectors with 1 cm? detection area

As demonstrated through the dark current, pt product and surface recombination field (s/p) measurement results shown in Figs. 25
and 26, the lateral device architecture which utilizes the lateral transport properties is preferred over that of the vertical detector.
Compared to the vertical detectors schematically shown in Fig. 25(b), the advantageous features of lateral detectors shown in Fig. 25(a)
include: (1) Higher lateral carrier mobilities and hence larger pt products; (2) The effects of surface recombination, which have been
identified as one of the major factors that limits the charge collection efficiency in h-BN vertical detectors [159], are minimized in lateral
detectors because the contact area between the electrodes and the detector’s surface is minimized; (3) Inspecting the device geometries
between the vertical and lateral detectors shown in Fig. 25, for the same detection area and detector thickness, the device capacitance
for the lateral detector is reduced by more than 2 orders of magnitude compared to that of the vertical detector. The combined ad-
vantages of lateral device geometry have allowed the successful demonstration of neutron detectors with a detection area of 1 cm? with
an unprecedently high detection efficiency at 59% [40].

A 100 pm thick freestanding h-1°BN wafer was diced into narrow strips. Five strips were combined with an average strip width of W
= 1.2 mm and lengths varying from 13.5 to 17 mm to form a detector with a total detection area of 1 cm?. A highly resistive adhesive
material was used to mount these strips on a sub-mount (sapphire). E-beam evaporation was used to deposit metal bi-layer of Ni (100
nm) and Au (40 nm) on the clipped edges of the h-1°BN strips using shadow mask of 1.1 mm in width leaving ~100 pm metal covering
on the edges, as schematically depicted in Fig. 27(a). The finished 1 cm? h-'°BN detector is shown in Fig. 27(b).

Dark current-voltage (I-V) measurements were performed for the 1 em? detector from 0 to 500 V and the result is shown in
Fig. 27(c). A linear fit of the I-V characteristic provides values of resistance, R = 1.77 x 102 Q, resistivity, p = 1.05 x 10'2 Q cm, and
background electron concentration of n, ~6.2 x 10* cm ™3 based on p=35 cm?/V-s measured in the lateral direction [39]. These basic
material parameters all exceeded the minimum requirements for neutron detector fabrication described in Egs. (7) and (8). I-V char-
acteristics under UV illumination were also characterized. A metal mask was used to allow UV light to enter and illuminate the h-1°BN
strips only near one electrode, as illustrated in the insets of Fig. 26(c) and (d). It was found that the photocurrent due to hole transport is
extremely low in comparison to that of electron transport, which indicates that this h-1°BN epilayer has a higher concentration of donors
than acceptors. The results again indicate that the background carrier concentration and hence the dark current are contributed by
electrons from Oy donors due to the unavoidable oxygen diffusion from sapphire substrate into h-1°BN film during MOCVD growth [37,
39]. The measured I-V characteristic of electron transport under UV illumination is shown in Fig. 27(d). To determine the charge carrier
pt product and surface recombination field Eg = s/, the measured photocurrent in Fig. 27(d) was fitted by Eq. (5). The measured values
of peTe and se/pe for this detector were 5.0 x 102 em?/V and 5.5 x 10% V/cm, respectively, which provide values of ”T”% ~0.007 <1

and ‘Z//‘;; ~ 0.14 < lat a bias voltage of 500 V, and a theoretical charge collection efficiency of 87.4% under UV irradiation. It is
important to recognize that the measured pie7e product of this detector has been enhanced by a factor of 6, while E{ has been reduced by a
factor of 3 in comparison to those of a previous 29 mm? h-1°BN lateral detector shown in Fig. 26 [38]. These improvements were
achieved primarily through MOCVD epitaxial growth optimization [40].

Pulse height spectra of this 1 cm? h-1°BN detector in response to thermal neutrons were measured at varying bias voltages [40]. The
detector was placed at a distance of d = 1 m away from a?>2Cf source with a radioactivity of 0.45 mCi (~1.95 x 10° n/s), moderated by a
high-density polyethylene (HDPE) of 2.5 cm in thickness, as schematically shown in Fig. 28(a) [40]. In Fig. 28(b), the dark spectrum
(blue) was recorded in the absence of any radiation source at 500 V, while spectrum (red) under thermal neutron irradiation was
measured at the same bias voltage. The green curve is the detector’s response to gamma photons emitted from a'3”Cs source under 10
mR/h exposure measured at the same bias voltage, which shows that h-1°BN detector has a negligible response to gamma photons. The
pulse height spectrum under thermal neutron radiation was integrated beyond the highest dark channel (low level discriminator or LLD)
to obtain the total number of counts. Thermal neutron detection efficiency of the h-'°BN detector was calibrated against a commercially
purchased SLiF filled micro-structured semiconductor neutron detector (MSND) from Radiation Detection Technologies, Inc. This MSND
(Domino™ V4 model D411S-30-D0010-V4) has a built-in circuit which outputs 10 V TTL pulses. Furthermore, the circuit for the MSND
also includes a built-in LLD which eliminates any background counts. The MSND detector was constructed by combining four 1 cm?
detectors with a specified detection efficiency of 30 (1) % for thermal neutrons. As illustrated in Fig. 27(a), by placing the MSND at the
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Fig. 27. (a) Schematic diagram of a lateral detector strip mounted on a sapphire submount. (b) Optical image of a 1 cm? neutron detector fabricated
from 100 pm thick h-1°BN freestanding wafer by combining 5 detector strips. (c) Current-voltage characteristic in the dark and (d) current-voltage
characteristic under UV irradiation for electron transport and the solid curve is the least squares fitting of data with Eq. (5) [Ref. 40; Credit: A. Maity,
S. J. Grenadier, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 116, 142102 (2020)].
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Fig. 28. (a) Schematic diagram of a thermal neutron source constructed from a2>>Cf source moderated by a high-density polyethylene (HDPE) for
characterizing the thermal neutron detection efficiencies of h-'BN detectors [Ref. 35; Credit: A. Maity, T. C. Doan, J. Li, J. Y. Lin, and H. X. Jiang,
Appl. Phys. Lett. 109, 072101 (2016). (b) Pulse height spectra of the 1 cm? h-1°BN detector. Red curve is the response to thermal neutrons which was
recorded by placing the detector at d = 1 m away from the 252Cf source moderated by a HDPE cube. The blue curve is the background (or dark)
counts measured at the same bias voltage. The green curve is the response to gamma photons emitted from a'®’Cs source measured at the same bias
voltage [Ref. 40; Credit: A. Maity, S. J. Grenadier, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 116, 142102 (2020)].

same position as the h-1°BN detector and knowing its detection efficiency (30%) and detection area (4 cmz), the thermal neutron
detection efficiency of the h-1°BN detector can be obtained by comparing the ratio of the count rates per unit area among both the
h-'°BN and MSND detectors. By doing so, the detection efficiency (n) of our 1 cm? h-1°BN detector was determined to be 58.9 (+2.4) %
at a bias voltage of 500 V, which represents the highest detection efficiency reported among all solid-state neutron detectors as of this
writing. We believe that improvements in the overall h-'°BN material quality, as reflected through the enhanced pt product and reduced
surface recombination field and the utilization of a lateral device geometry stand to enable the scale up the detector size to 1 cm? while
retaining a high detection efficiency of ~59%. The attainment of 1 cm? h-BN neutron detectors capable of retaining a high detection
efficiency represents a significant milestone toward the practical applications of h-BN detectors [40].
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It is noteworthy to point out that as the material quality of thick h-1°BN epilayers further improves, h-1°BN detectors are expected to
resolve the nuclear reaction sum peaks at 2.31 MeV and 2.79 MeV of Eq. (3), as already demonstrated in low efficiency detectors
fabricated from a very thin (2.7 pm) h-1°BN film [91]. Moreover, as shown in Figs. 15(b), 100 pm thick h-1°BN detectors are capable to
provide an intrinsic detection efficiency of about 88%. The realized detection efficiency of ~59% for 1 cm? detector shown in Fig. 28 is
still shy from the expected intrinsic detection efficiency. This is because the total detection efficiency of h-1°BN neutron detectors not
only depends on the epilayer thickness, but also on the charge collection efficiency (1) as described by Eq. (5). As illustrated in
Fig. 21(c), we have identified that oxygen impurities are one of the major bulk defects in thick h-1°BN films, which limit the pt products
and hence 1. These oxygen impurities were diffused from sapphire substrates during high temperature (~1500 °C) growth and act as
substitutional donors (Oy). Scattering of oxygen defects reduces the charge carrier pt products and hence 1.

To minimize the identified dominant defects in BN, further growth studies are needed. For instance, reducing the growth temper-
ature is expected to mitigate to a certain degree the issue of oxygen impurities diffusion from sapphire substrate. However, higher
growth temperature is preferred for obtaining BN films with enhanced crystalline quality. Therefore, the growth temperature window
based on trade-offs between obtaining films with a high crystalline quality and low contents of oxygen impurities, as reflected through
improved charge carrier pt products, need to be further investigated. On the other hand, since AIN epilayers produced by MOCVD are of
very high crystalline quality, the use of AIN epilayer as a template could be effective to block the diffusion of oxygen impurities from
sapphire. As shown in Fig. 12, the feasibility of depositing high quality h-BN epilayers on top of AIN by MOCVD has already been
demonstrated. It should be feasible to utilize AIN epilayer templates to obtain thick h-BN epilayers with reduced oxygen impurity
concentrations. Similarly, it may be useful to develop hydride vapor phase epitaxy (HVPE) growth technique for h-BN, which is known
to provide a much large growth rate than MOCVD with potential to significantly reduce the growth time for obtaining thick h-BN
epilayers. However, there have only been very limited studies on HVPE growth of thin layers of BN in turbostratic phase [166].

With the outstanding features of a semiconductor detector (wafer thin material, reduced size and weight, no pressurization,
increased ruggedness, lower power consumption, and large/faster signals), it is anticipated that 1°BN detectors can be used to design
advanced He replacement neutron detector systems with unprecedented performance for homeland security and well-logging appli-
cations [164,165]. In comparison to He-3 gas detectors, BN neutron detectors possess all the intrinsic advantages of semiconductor
devices:

e BN materials are synthesized at very high temperatures (>1000 °C) and possess high thermal conductivity. The operating tem-
perature of BN detectors is only limited by the metal contacts and wire connecting joints. By incorporating high temperature metal
contact bonding schemes, BN detectors can withstand extremely high temperatures.

e BN neutron detectors are more flexible and durable and require lower voltages and no pressurization compared to He-3 detectors,
thereby providing significant reduction in size and weight, more versatile forming factors, faster response speed, higher reliability,
and lower costs for fabrication/operation/maintenance over those of the current state-of-the-art He-3 gas detectors.

e Due to the high thermal conductivity and high melting point of h-BN, BN detectors potentially enable logging tools to operate in
harsh environments where He-3 detectors are not capable to operate.

5. Concluding remarks

By leveraging advances in Ill-nitride semiconductor growth technologies over the last three decades, significant progresses in
epitaxial growth, understanding of the optical and electrical transport properties and device applications of h-BN have been achieved
over the last 10 years. The growth of wafer scale h-BN epilayers on sapphire, AIN/sapphire template, and SiC substrates has been
demonstrated. It was shown that the quasi-2D nature of h-BN gives rise to very high density of states near the band edge, unusually
strong p — p-like optical transitions and large exciton binding energy on the order of 0.7 eV. Evolution of the bandgap with temperature
revealed that the bandgap of h-BN exhibits an unusual blueshift with temperature above 100 K, which can be attributed to the distinctive
behavior of the in-plane thermal expansion coefficient of h-BN that becomes negative above 60 K. Evolution of the bandgap with layer
thickness suggested that one can consider 100 layers (or 30 nm thick) h-BN as a “bulk” material. It was demonstrated that the band-edge
emission in h-BN is predominantly transverse-electric (TE) polarized in contrast to the well-known transverse-magnetic (TM) polari-
zation in AIN. Much lower p-type resistivity has been achieved in h-BN than in AIN. A p-type resistivity of ~2 Q cm at 300 K via Mg
doping has been measured, which is about 5 orders of magnitude lower than what has been possible for Mg doped AIN (>10° Q cm) and
has allowed the demonstration of h-BN/AlGaN p-n heterojunctions.

Due to the fact that the isotope of B-10 (1°B) has a large capture cross-section for thermal neutrons, h-BN is an ideal material for the
fabrication of solid-state neutron detectors for applications in special nuclear materials detection, well and geothermal logging, and
medical imaging and has the potential to address the issue of worldwide helium-3 gas shortage. However, due to the fact that the
thermal neutron absorption length of 100% B-10 enriched h-BN (h-1°BN) is 47 pm, the prerequisite for achieving high efficiency neutron
detectors is to realize h-1°BN epilayers with large thicknesses. It was found that when the thickness exceeds ~20 pm, after growth and
during cooling down, a h-BN epilayer tends to automatically separates from the sapphire substrate due to its hexagonal (layered)
structure and the difference in thermal expansion coefficients between h-BN and sapphire. Freestanding h-1°BN epilayers with thick-
nesses up to 200 pm have been realized as of this writing, which possess the potential to provide a 99% detection efficiency for thermal
neutrons. By utilizing the conductivity anisotropy nature of h-BN, 1 cm? lateral neutron detectors fabricated from h-1°BN epilayers have
attained a detection efficiency of 59% for thermal neutrons, which is the highest on record among all solid-state neutron detectors as of
today. Moreover, freestanding h-BN epilayers are flexible with good conformability and transferability, and can be attached to rigid, flat,
or curved surfaces and potentially offer a disruptive platform to design a wide range of novel photonic and electronic devices in flexible
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form factors.

It was noted from optical and transport studies that various native and point defects, including nitrogen vacancies, carbon and
oxygen impurities occupying the nitrogen sites, and boron vacancies significantly impact the optical and electrical properties of h-BN
and h-BN device performance. In particular, during the growth of thick h-'°BN epilayers, high growth temperatures, long growth times
and the use of a sapphire substrate tend to incorporate oxygen related donor impurities into h-1°BN epilayers as a result of oxygen
diffusion from the sapphire substrate. It was shown that the oxygen related impurities strongly impacted the charge carrier mobility-
lifetime (pt) products and charge carrier collection efficiencies of h-BN neutron detectors. These findings indicate that defect reduc-
tion strategies are needed to minimize the density of these identified defects or charge traps to further enhance the optical and opto-
electronic properties as well as the electrical resistivity, carrier mobility and pt products. As the h-BN material technology further
develops, improved carrier mobilities and pt products will allow the fabrication of neutron detectors with enhanced detection effi-
ciencies and sensitivities.
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