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Conversion of h-BN into c-BN for tuning
optoelectronic properties

Ariful Haque "2 * and Jagdish Narayan

Boron nitride (BN) films containing different percentages of cubic phase contents were grown on a
(0001) sapphire substrate using a novel pulsed laser processing method. To synthesize cubic boron
nitride (c-BN), the hexagonal boron nitride (h-BN) target was ablated by a pulsed KrF laser (1 = 248 nm)
during the pulsed laser deposition process followed by the pulsed laser annealing (PLA) with an ArF laser
(A = 193 nm). We performed a set of detailed characterization analyses on the fabricated BN films by
Raman spectroscopy, X-ray diffraction (XRD), high resolution SEM, EBSD, and UV-Vis measurements.
Raman spectroscopy was successfully utilized to identify the crystalline quality and to determine the
fraction of c-BN phase quantitatively in the BN films. Here, we report that c-BN phase content can be
tuned by the laser energy density during the PLA treatment. The optical bandgap of the fabricated BN
films was found to increase with increasing cubic phase content and a correlation was obtained
between the optical bandgap and the c-BN phase content in the films. The details of the structure-
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Introduction

Boron nitride (BN) is a refractory material, which exists in
different polymorphic forms and exhibits interesting optical
and electronic properties. The phase diagram of BN contains a
liquid-h-BN-¢-BN triple point at 3500 K and 9.5 GPa pressure,
where h-BN can be converted into c¢-BN." Thermodynamic
calculations have shown some variance to the triple point,
but these calculations involved too many adjustable parameters
to draw definite conclusions.> The sp” bonded hexagonal
and rhombohedral structures as well as the sp® bonded cubic
and wurtzitic structures all exist at different temperatures and
pressures in the phase diagram of BN.> Among these phases
the hexagonal boron nitride (h-BN) is structurally analogous to
graphite and the cubic boron nitride (c-BN) is isostructural and
isoelectronic to diamond. Despite their structural similarities
with carbon polymorphs, all the phases of BN are wide bandgap
semiconductors with bandgap over 5.0 eV unlike zero bandgap
of graphite and related materials. Due to its hardness and
chemical inertness (higher resistance to oxidation) to ferrous
materials in harsh environments, ¢-BN is the most desirable
one for technological applications.* The ease of p- and n-type
doping and excellent thermal properties also make c¢-BN an
exciting material to be used in high frequency and high power
devices, which could be operated under extreme conditions
such as high temperature, radiative environments in space or
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property correlation and the possible applications of these films are discussed.

in high chemical erosion environments. The c-BN also has
many other possible applications as a heat-conducting sub-
strate, a cold cathode emitter with negative electron affinity,
and a component in various UV detectors. However, the bulk
cubic phase exists in the high-temperature and high-pressure
region of the BN phase diagram (3500 K/9.5 GPa), which is not
amenable to thin film applications. The fabrication of high
quality single crystal ¢-BN films has many challenges. Researchers
have tried chemical/physical vapor-deposition methods to grow
the cubic phase of boron nitride with limited success. With PVD
methods, low crystallinity and higher defect densities were
observed and the existence of interfacial soft and humidity sensi-
tive h-BN, disordered turbostratic boron nitride (t-BN) and amor-
phous boron nitride (a-BN) leads to low phase purity in ¢-BN.?
Unlike for diamond fabrication, the chemical vapor deposition
(CVD) techniques of c¢-BN fabrication have also shown limited
success. Only 0.24 um thick films with around 80% cubic phase
content were achieved via the CVD route.*” Some success in
growing highly crystalline and phase-pure ¢-BN was reported by
ion beam assisted deposition on CVD diamond films but the
measured thickness was only about 30 nm.® To address the
aforementioned issues related to structure and quality, we have
recently discovered a novel route to fabricate phase-pure c-BN from
PLD grown h-BN on a sapphire substrate.”'® This fabrication
technique is based upon the nanosecond laser melting, which
occurs during pulsed laser annealing (PLA). In this technique, we
use a 193 nm pulsed laser at room temperature and ambient
pressure to convert nanocrystalline h-BN into ¢-BN. In this paper,
we have carried out a systematic study to understand the c-BN
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conversion from nanocrystalline h-BN using different laser energy
densities. Depending upon the amount of undercooling we are
able to convert h-BN into phase mixtures of h-BN and c-BN with
different relative ratios, eventually leading to epitaxial phase-pure
¢-BN. Since the tuning of the relative ratio and the epitaxial nature
of ¢-BN play a role in the determination of properties, we have
carried out detailed characterization and property analysis of the
mixed phase and phase-pure c-BN. We have investigated the
structure and phase purity of the BN samples using detailed
Raman spectroscopy and explored the optical properties using
UV-Vis spectroscopy. Because of the dependence of the sensitivity
of the Raman signal on the crystalline quality, only thick films with
a substantial amount of cubic phase content can be characterized
by Raman spectroscopy.'>'*> Owing to the improved quality of
the BN samples, we have successfully quantified the c-BN phase
content for the first time in the BN samples using Raman
spectroscopy. Finally, a correlation between the optical bandgap
and the fraction of cubic phase in the BN films was established
for tuning and bandgap engineering of composite materials for
interesting solid state devices.

Experimental details
PLD and PLA

Hexagonal boron nitride (h-BN) was deposited on both ¢ and
r-sapphire at room temperature using a KrF laser (wavelength =
248 nm, pulse duration = 25 ns) at an energy density of 2.5-
3.0 ] em™? under a base vacuum of 5 x 10”7 Torr. A high quality
dense h-BN target was used to grow the h-BN films with
thickness ~500 nm on the sapphire substrates. These films
were irradiated using a pulsed ArF laser (wavelength = 193 nm,
pulse duration = 20 ns) in air at energy densities between
0.52 and 0.7 ] cm™2 to convert into c-BN nanostructures, micro-
structures, and large-area thin films. During the laser annealing
process, the as-deposited films were melted in a super-undercooled
state and subsequently quenched within 200-250 nanoseconds.**!
The single crystal, sapphire template helped to grow epitaxial single
crystal ¢-BN structures via domain matching epitaxy.

Raman spectroscopy

The as-deposited and laser-annealed partially and fully converted
¢-BN samples were characterized using a WITec confocal Raman
microscope system (alpha300M) with a maximum sensitivity
excitation wavelength of 532.16 nm to identify the Raman active
vibration modes. A crystalline Si sample (with a characteristic
Raman peak at 520.6 cm™ ') was used to calibrate the Raman
spectra.

XRD

X-ray diffraction (XRD) was performed using 0/20 geometry on
the phase-pure ¢-BN thin film using a Rigaku SmartLab X-ray
diffractometer with a CuKo X-ray source (25 kV, 15 maA).
Diffraction data were collected with a 0.02 step size in the 20
range of 22°-80° and a constant dwell time of 0.5 second per scan
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point. Bragg-Brentano reflection geometry was used during the
data acquisition process.

SEM and EBSD

High-resolution scanning-electron-microscopy (HRSEM) with
sub-nanometer resolution was carried out on the laser irradiated
samples using the FEI Verios 460L SEM. We also conducted
electron backscatter diffraction (EBSD) measurements using a
FEI Quanta 3D FEG FIB-SEM system to map out the Kikuchi
diffraction patterns for determining the relative film orientations
with the substrate and to identify the crystal structures. In this
system, an EBSD HKL Nordlys detector with lateral resolution
less than 10 nm was used to obtain the Kicuchi diffraction
patterns. A stationary electron beam with 15 kV energy and
11 nA current interacted with the tilted sample (70°) and the
diffracted electrons from the crystalline surface formed a three-
dimensional pattern. The diffraction pattern is characteristic of
the crystal structure, and hence this pattern has been used to
determine crystal structures and orientation."®

Results and discussion

In our study, sample A is the as-deposited phase-pure h-BN,
samples B, C and D consist of a phase mixture of ¢c-BN and h-BN
annealed at 0.52 ] cm 2, 0.56 J cm %, and 0.60 J cm 2,
respectively, and sample E is the phase-pure c-BN which has been
annealed at 0.7 ] em > A direct conversion of h-BN into phase
mixtures of h-BN and ¢-BN and phase-pure ¢-BN has been accom-
plished by 193 nm nanosecond pulsed laser melting at room
temperature and atmospheric pressure in air. This first-order phase
transformation occurs as a result of quenching from the super
undercooled liquid state. According to the equilibrium Pvs. T phase
diagram, phase transformation from h-BN to ¢-BN can only be
attained in a high-temperature and high-pressure region, as the
h-BN, ¢-BN, and liquid triple point lies at 3500 K/9.5 GPa.'*
Thermodynamic calculations by Solozhenko show this triple
point at 3700 K/7 GPa; however, a large number of fitting
parameters in the calculation raise doubts about the accuracy
of these calculations.

The non-equilibrium laser melting of h-BN creates a super-
undercooled state and shifts the triple point to as low as 2800 K
at atmospheric pressure, which has been calculated using
Simulation of Laser Interaction with Materials (SLIM) software
developed by Singh and Narayan.® This super-undercooled state
rapidly quenches and leads to the formation of crystalline c-BN.
Depending upon the amount of laser energy density used in the
PLA process, which determines the amount of undercooling, we
can control the volume fraction of h-BN and ¢-BN in the mixed
phase. Finally if we allow enough nucleation and growth time, the
liquid phase can completely be converted into phase-pure c-BN.'
Fig. 1 shows the SEM micrograph of the fully transformed large
area ¢-BN film.

Fig. 2(a) shows the XRD pattern containing (0002) and (1010)
peaks obtained by Bragg-Brentano geometry, which confirms
the hexagonal crystal structure of the as-deposited BN film on
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Fig. 1 High resolution SEM micrographs of the large area thin film of
phase-pure c-BN annealed at 0.7 J cm~2. The inset in figure is showing the
EBSD pattern from the phase-pure c-BN confirming the same orientation
relationship.

c-sapphire grown by the PLD technique. The (0002) peak is
centered at 27.06° and the (1010) peak (centered at ~41.65°) is
overlapped with the c-sapphire peak. We calculated the inter-
layer distance between the h-BN planes using Bragg’s law
(2dsin 0 = A, where 1 is the X-ray wavelength, 0 = 13.53°, d is
the interlayer gap). The interlayer distance was found to be
0.329 nm for the (0002) peak. The XRD peaks are of low
intensity with a broad FWHM which imply the nanocrystalline
nature of the as-deposited h-BN film. We estimated the particle

size using THE Scherrer formula (Derysial = , where k is

Bij2cos0
the shape constant factor ~0.94 and f,,, is the FWHM for the
corresponding h-BN peak). From this, the particle size was
found to be ~28 nm from the (0002) peak, which closely
matches with the previously reported value.’ Fig. 2(b) shows
a 6-20 scan for out-of-plane orientation of a representative
phase-pure ¢-BN thin film on (0001) sapphire measured by
high-resolution XRD. The full width at half maximum (FWHM)
of the (111) c-BN peak at 43.66° is close to the instrumental
resolution of 0.2° which eliminates any possibility of the size-
broadening effect. No evidence of any contamination phase was
observed in the XRD analysis. Overall, the XRD spectrum implies
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Fig. 3 Raman spectra of the BN samples using a 532 nm green laser
showing the characteristic Exy peak of phase-pure h-BN at 1370 cm™,
and characteristic LO(I'), TO(I'), and LO(L) peaks of c-BN at 1311.3 cm™?,
1073.1 cm~* and 1140 cm ™%, respectively.

high crystalline quality of the phase-pure c-BN sample fabricated
by the PLA technique. The structural and crystallographic char-
acteristics were obtained by performing EBSD, also known as the
backscatter Kikuchi diffraction (BKD) technique, on the c-BN
samples. The information about the crystallographic orientation
of the ¢-BN structures by means of EBSD-analysis is shown in the
insets of Fig. 1. The diffracted electrons from the planes of the
¢-BN sample form a Kikuchi-pattern which contains 3-D structure
information confirming the cubic phase of BN and the relative
orientation across the surfaces of the samples with respect to the
substrate.

Fig. 3 shows the Raman spectra of the as-deposited h-BN,
phase mixture of h-BN and c¢-BN, and fully converted phase-
pure c-BN after the laser annealing treatment. The Raman
spectra are different for the samples annealed with different
laser energy densities. To minimize the temperature variation
effect on the measurements, we kept the laser power below
50 mW during the measurements.'® Because of the ionic nature
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Fig. 2 XRD pattern of (a) the as-deposited h-BN thin film on c-sapphire, and (b) the phase-pure c-BN thin film on c-sapphire after PLA treatment.
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of the zinc blende c-BN, the Raman active (I'y5) optical phonon
mode at the center of the Brillouin zone splits into transverse
optical (TO) and longitudinal optical (LO) phonon modes."”
These Raman active phonon modes show characteristic peaks
at 1056 cm™ ' (TO) and 1306 cm ' (LO). A single first-order
Raman active mode of I's symmetry is present in h-BN at an
energy of 1364 cm™'."” The formation of the ¢-BN phase can be
detected by the presence of the vibrational peak in the range of
1060-1100 cm ™" using infra-red (IR) spectroscopy. However,
different compounds such as SiO, and some metal borides also
show a similar type of absorption peaks in that same region.
Therefore, we used Raman spectroscopy to conclusively identify
the phase and assess the crystalline quality of the BN samples.
It should be noted that the Raman analysis of the BN films is
less affected compared to IR spectroscopy by factors such as
film thickness, film-substrate interface, and optical properties
of the substrate.'® It is always a big challenge to precisely
determine the individual phase content in a mixed phase BN
sample. Previous studies have used FTIR absorption peak
intensities of h-BN (I, gy) and ¢-BN (I.gn) at wavenumbers
~1080 cm ™' and 1380 cm ™, respectively, to calculate the cubic
phase volume content by using the following expression: X. gy =
L.en/(Iesn + Inpn). However, this technique can only be implemented
when the BN films are thin enough to provide an acceptable FTIR
signal. Increasing film thickness introduces several complexities
including: (i) the percent of transmittance drops close to zero and
the ¢-BN absorption peak gets wider, (ii) the FTIR signal consists of
nonlinear background due to the optical interference with thicker
films, and (iii) large Reststrahlen bands form at higher wavenumbers
due to the non-transmissible nature of the IR light between the LO
and TO modes of ¢-BN through the ¢-BN lattice."” Because of the
considerably large film thickness (>0.5 pm) the FTIR spectroscopy
is not preferable for analyzing the BN samples fabricated by the PLA
technique. Therefore, we have chosen Raman spectroscopy to assess
the quality and determine the c-BN phase content in the BN
samples. The scattering efficiency of h-BN in Raman spectro-
scopy is several times higher than that of ¢-BN.?° Thus, during
the assessment of the phase purity of c-BN films any trace of
h-BN phase otherwise undetectable via other characterization
techniques can easily be identified by Raman spectroscopy. One
should also consider the relative scattering efficiency between
the h-BN and ¢-BN Raman peaks to calculate the fraction of
cubic phase content in the BN samples. The area intensities of
the h-BN and c¢-BN peaks were corrected for discrepancy
in scattering efficiencies. Reich et al?° calculated scattering
efficiency for c-BN and h-BN at different scattering wavelengths
which have been considered during the calculation of the cubic
phase content in the BN samples using peak fitting analysis.
Raman spectroscopy is an established technique to determine
the quality of the BN sample. Several studies have shown that
the Raman peaks of ¢-BN samples substantially broadened and
downshifted towards lower wavenumbers with the enhancement
of defect states/density and decrease in crystal size.*'”** Therefore,
it is difficult to obtain well-defined Raman spectra from c-BN films
composed of small and highly defective crystallite entities. On the
other hand, the Raman peaks are seen to be upshifted with
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Table 1 Comparison of peak positions and FWHM of different Raman

modes of c-BN samples synthesized by different routes with our experi-
mental result®*?>

Peak position FWHM
Sample Mode (em™) (em™)
HTHP 4-8 pm TO 1049.6 12.5
LO 1301.3 11.1
CVD TO 1048.4 28.8
LO 1301.8 19.7
PVD (—35 V substrate bias) TO 1058 60
LO — —
PLD and PLA (our experiment) TO 1073.1 10.2
LO 1311.3 9.1

compressive stress in the ¢-BN films.'” The observed upshifts in
the Raman peaks of our samples with respect to the bulk ¢-BN
(1055 cm™ " for TO and 1305 cm ™" for LO) coincide with the fact
that compressively stressed c¢-BN films were fabricated by the PLA
process.”® Additionally, the symmetry and smaller FWHM values
of the Raman peaks obtained from the laser annealed c-BN
samples imply improved crystallinity and better film quality.”®
For reference we have compared the Raman spectra of our ¢c-BN
films obtained by the PLA process with three other Raman spectra:
(i) ¢-BN crystals of size in-between 4 and 8 pm grown by the HPHT
method (commercially from Showa-Denko Co. Ltd, Japan),
(ii) ¢-BN samples grown by the dc jet plasma chemical vapor
deposition (CVD) technique, and (iii) ¢-BN films deposited by
physical vapor deposition (PVD) at low substrate bias (—35 V).>***
The peak position and FWHM of both TO and LO Raman modes
are shown for comparison in Table 1.

In order to assess the feasibility of BN as an optoelectronic
material in the UV range, it is important to understand the
nature of the optical bandgap and accurately determine its
magnitude. Despite the fact that h-BN and c¢-BN are the two
most studied structures of BN, to date no agreement concerning
their optical bandgap energy has been obtained experimentally.
From the analysis of the available literature data it is evident
that there is a considerable distribution in the experimentally
obtained optical bandgap values ranging from 4.3 eV to
6.0 €V.>>*” On the other hand, in the case of pure c¢-BN the
value of E; was reported to be in-between 5.8 eV and 6.4 eV in
the literature.'””*® Transmission measurements were performed
in the visible and UV region to determine the optical bandgaps
of our films. All the films are highly transparent in the visible
region of the incident light spectrum. Fig. 4(a) shows the
representative transmission spectrum of the phase-pure c-BN
film. It is well established that h-BN is a direct bandgap
semiconductor while ¢-BN is an indirect bandgap material. In
the case of h-BN the value of p is 1/2 in the (/) vs. E, (Tauc)
plot while p is equal to 2 for ¢-BN in the same plot due to the
band to band transition. Therefore, sample A, which is predo-
minantly composed of h-BN, is fitted well in the form of
ahv = K;(hv — Eg)"” in the high energy region, where K, is a
material dependent constant. This plot is shown in Fig. 4(b). On
the other hand, sample E, which is predominantly consisting of
¢-BN, is fitted well in the form of ahv = K;(hv — Eg)z, which is
shown in Fig. 4(d). In all of the cases, the optical bandgap

Mater. Adv., 2020, 1, 830-836 | 833
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Fig. 4 UV-Vis measurement plots of the BN samples. (a) Transmittance spectra of the phase-pure c-BN sample (sample E). (b) Tauc plot of phase-pure
h-BN (sample A). (c) Tauc plot of samples B, C and D (mixed phases of h-BN and c-BN). (d) Tauc plot of phase-pure c-BN (sample E).
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of the obtained optical bandgap on the c-BN phase content. The increasing
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energy is calculated from the linear fitting profile of the x-axis
intercept. The obtained direct bandgap energy from sample
A was found to be 5.08 eV, whereas sample E corresponded to
an indirect transition corresponding to 5.93 eV energy gap.
Samples B, C, and D, however, consist of both h-BN and c-BN

834 | Mater. Adv., 2020, 1, 830-836

phase mixtures and therefore the data of these samples could
not be directly fit well with either ahv = K (hv — Eg)"'* or ahv =
Ky(hv — E4)*. Hence we followed a technique used by Davis in
amorphous selenium® to address this complexity by fitting the
data of these three samples with ahv = K(hv — Eg) in the linear
region, where K is a material dependent constant. Zhang et al.>°
also followed the same procedure to determine the bandgap in
BN films with different amounts of cubic phase content on Si
and fused silica substrates. Fig. 4(c) represents the plots of ahv
vs. Ey for samples B, C, and D. The X-axis intercepts from the
fitted profiles of the linear regions give the bandgap energies of
5.63 eV, 5.79 eV, and 5.87 €V, respectively. In agreement with an
effective medium approach, the optical bandgap of the BN
samples with mixed phases should increase with increasing
¢-BN phase content. Fig. 5 represents the dependence of optical
bandgap energy on c-BN phase content. In this plot, E, increases
steadily with c-BN phase content in the BN samples as both the
phases present in the BN films have covalent bonding between
B and N atoms. Therefore, we can introduce an empirical
formula correlating the optical bandgap with the ¢-BN phase
content from the linear fitting profile of this plot,

Eg = Epnn X Chen T Ecan X Cenn (1)

where Cy.py is the phase content of the h-BN phase in the BN
film, C..px is the phase content of the ¢-BN phase in the film,
Enpn is the optical bandgap energy of the phase-pure h-BN
film (5.08 eV), and E.gy is the optical bandgap energy of the

This journal is © The Royal Society of Chemistry 2020
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phase-pure ¢-BN film (5.93 eV) grown by PLD followed by PLA
technique. So the phase mixtures of h-BN and c¢-BN follow
Vegard’s law-like relation. This finding has significant practical
implications, as we can effectively tune the bandgap of this III-V
material along with other electrical and mechanical properties
to fabricate thin films of desirable quality for different applications.
Elements like Si or C can be incorporated as donors with
concentrations far higher than the thermodynamic solubility
limit in c-BN using the laser annealing technique, which can be
utilized to tune the electrical conductivity of the mixed phase
BN thin films. Similarly, group II dopants can be used to get
p-type conductivity in the mixed phase BN films and thereby
successful p-n junctions can be fabricated to produce UV
detectors and LEDs. Materials like c-BN and diamond are very
difficult to dope at high concentration. Yuge et al. have shown
that C in the cubic BN system has a high tendency to undergo a
phase separation process and hence the solubility limit is very
low (less than 0.08 at% under ambient conditions).** By laser
melting and quenching of doped BN layers we can exceed the
solubility limit via solute trapping. Here the phenomenon of
solute trapping can be utilized to exceed the thermodynamic
solubility limit.>”> The whole process not only helps to convert
h-BN to epitaxial c-BN but also enables achieving uniform dopant
distribution owing to the liquid route of growth of c-BN. These
diamond structures were doped with n- and p-type dopants,
where concentrations were found to exceed equilibrium thermo-
dynamic solubility limits as a result of rapid quenching from the
liquid and solute trapping phenomenon.*® Higher dopant con-
centrations shift dopant energy levels closer to band edges and
thus enhance ionization efficiencies. This is a critical aspect of
doping with higher concentrations, as deep donors and acceptors
at low concentrations provide much smaller concentrations of
free carriers in c-BN or other wide bandgap materials.

In this experimental analysis we calculated the E, of h-BN,
¢-BN and the phase mixture of h-BN and c-BN by assuming o as
the energy dependent coefficient which varies as I(4) = I,e™™,
where I, is the intensity of the incident light at a particular
wavelength (1), I is the intensity of the transmitted light at that
incident wavelength, and ¢ is the thickness of the sample.** The
values of o have been derived successfully owing to the photon
excitation from the relatively shallow acceptor states which lie
5.08 eV below the conduction band minimum in the case of
h-BN. These acceptor states are thought to be distributed
according to the Gaussian distribution profile and the density
of states in the conduction band of h-BN varies in the form of
(E — E,)'”, which signifies the parabolic profile of the conduction
band.* In the case of phase-pure c-BN the shallow acceptor states
lie 5.93 eV below the conduction band minima. The band
structures we considered to measure the optical bandgap energies
for h-BN and ¢-BN perfectly match with theoretical band structures.
The measured value of E, for h-BN suggests a quasi-direct gap
transition at H or K points.**® An E, of 5.2 & 0.2 eV, due to the
direct transition at the H point (H; — H,) of the Brillouin zone in
the h-BN structure, reported by Hoffman and co-workers closely
matches with our measured value of 5.04 eV.* The E, of ¢-BN can
be correlated with the minimum I'-X indirect energy transition of

This journal is © The Royal Society of Chemistry 2020
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the theoretical studies.”® However, due to the unavailability of any
theoretical study on the electronic structure and the optical energy
bandgap calculations we cannot correlate the obtained E values of
mixed phases of ¢-BN and h-BN.

Conclusions

The quality of the h-BN, phase-pure c-BN, and phase mixture of
h-BN and c-BN thin films fabricated by our novel technique has
been studied in terms of structural transformation and phase
purity using a number of different characterization techniques.
Raman spectroscopy has been successfully implemented to
determine the phase purity and calculate the h-BN and c-BN
phase contents in the mixed phase samples for the first time in
BN films with relatively large film thickness. The structures of
the BN samples were also confirmed consistently by UV-Vis
measurements. A direct correlation between the phase fraction
of h-BN and c¢-BN phase contents and the optical bandgap
energy has been obtained in this experimental study. The mixed
phase BN samples and the phase-pure c-BN films fabricated by
this process can easily be doped with both p- and n-type dopants
for optoelectronic applications. Overall, in this work a remark-
able progress in the fabrication of high-quality phase-pure c-BN
and a phase mixture of h-BN and c-BN has been made and these
hold numerous possibilities in the field of electronics and
optoelectronics under extreme environments and also this ¢-BN
can successfully be implemented as a pivotal material for the
machining of ferrous alloys to achieve prolonged life, reduced
chemical reaction, and interfacial interactions.
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