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The emission of sub-bandgap photons from a ultrawide bandgap cubic-boron nitride material is a phenomenon
that can be applied to next-generation quantum photonic devices. This paper reports the structural and
morphological characteristics of this new research material synthesized by the drop-casting technique in ambient
conditions. Our x-ray diffraction (XRD) analysis shows a primary peak at ~44° related to the (111) plane which
confirms the cubic phase of boron nitride. The optical and vibrational properties of the material were investi-
gated by cathodoluminescence and Raman spectroscopic measurements, respectively. The optical study provides

experimental evidence of four different radiative sub-bandgap levels in the visible spectral region. These pre-
liminary findings show a potential route to implement high-performance quantum emitters using this highly-
sought material with extreme properties.

1. Introduction

Cubic-boron nitride (c-BN), an analog of diamond, is the second
hardest material (33--45 GPa) in the world [1,2]. This indirect wide
bandgap material (Eg ~ 6.4 eV) with a low dielectric constant (7.1) and
high breakdown field (>15 MV/cm) also has the second-best thermal
conductivity after diamond [3-6]. While the scientific community is still
struggling to achieve quality n-type diamond, c-BN can be doped both p-
and n-types unlike hexagonal boron nitride (h-BN) [3,7,8]. Moreover, c-
BN also surpassed diamond in thermal and chemical stability [9]. This is
also an excellent material for high-temperature, high breakdown field
and high-power electronic devices operating in harsh environments than
that envisioned for diamond films [4]. Hence, this material with extreme
properties has been proven to be good for radio frequency (RF) and
power electronics. Due to its high emission efficiency at deep ultraviolet
wavelengths, this is also considered as a promising optoelectronic ma-
terial [10].

Beyond electronics and classical optoelectronics, this functional wide
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bandgap material has gained tremendous attention as a “quantum”
material as it can host atomic defects and provide the resulting single
photon emitters [11]. In other words, the presence of optically
addressable quantum emitters originating from the point defects in c-BN
renders this material useful for quantum applications [11]. Defects in c-
BN can potentially reduce the bandgap and produce different sub-
bandgap levels. The point defect-induced sub-bandgap emission/ab-
sorption feature serves as color centers, making c-BN an excellent source
for quantum correlated photon emitters [12]. Among many point de-
fects, neutral oxygen-vacancy defects in c-BN showed potential towards
achieving a scalable platform for realization of quantum information
processing, qubit, sensing and beyond [13]. Defect complexes such as
boron vacancy (Vg)-substitutional oxygen (Oy) (i.e. VgOy center) is a
plausible qubit candidate in p-type c¢-BN [13]. Native and extrinsic de-
fects in ¢-BN suggested the presence of oxygen-related defects with
isoelectronic properties similar to nitrogen vacancy (NV-) centers in
diamond [14].

Since the earliest report on synthesis and characterization in the
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early 1960s [15], c-BN has been studied and characterized on the ma-
terial level with the goal of achieving classical and quantum emitters.
Compared to h-BN, experimental demonstrations of optical quantum
emission from the native and extrinsic point defects of c-BN are, how-
ever, elusive. Comprehensive research to identify the sub-bandgap ex-
citations/emissions of c-BN, which are the origin of radiative emissions,
is also rare in the literature. Very recently, observation of room-
temperature single photon emission from c-BN was reported which
showed spans of zero phonon lines (ZPLs) covering a wide range (496
nm-700 nm) of the visible region [11]. Interestingly, obtaining BN with
the pure cubic phase through a robust growth technique is challenging
and often the as-grown material yields small fractions of h-BN [16,17],
impacting material properties significantly.

Successful utilization of this novel material on the targeted quantum
applications requires intellectual understanding of this material, placing
an unprecedented demand for systematic characterization and the
subsequent in-depth analysis. Motivated by the presence of point defects
in c-BN and the recent work on isolated individual defects that emit
single photons, the simple drop-cast technique was used to synthesize c-
BN on SiO»-coated silicon substrates and the material was then subse-
quently characterized by microscopic and spectroscopic measurements.
Our systematic and detailed experimental study of c-BN using multi-
wavelength Raman and room-temperature cathodoluminescence (CL)
measurements reveal the dominant nature of transverse optical (TO) and
longitudinal optical (LO) phonon peaks and deep-level defect emission
from c-BN. This study also identifies the presence of hexagonal phase
within the optically probed regions of nanocrystalline c-BN. Our analysis
reveals somewhat phase impurity in ¢c-BN and identifies the sub-
bandgap defect levels responsible for deep emission in the visible range.

2. Experimental details
2.1. Synthesis

Nanopowder of c-BN from PlasmaChem GmbH was first dispersed in
deionized (DI) water and drop-casted onto a SiO5/Si substrate. The c-BN
powder used in the study has purity >99% with a specific surface area of
>11 m?/g. The average particle size of the powder is 165 nm with a full
range of 80-450 nm. Although achieving large-area and uniform
thickness films are desired to study the material properties, drop-casting
is not a great technique to achieve continuous and uniform thickness of
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synthesized materials. However, the simple drop-cast technique can
quickly provide materials on any substrates, does not require any
expensive growth process, and allows one to achieve a large signal
during characterization study due to thick materials obtained from the
synthesis process. Prior to drop-casting c-BN, 300 nm thick SiO, was
deposited on silicon substrates using plasma enhanced chemical vapor
deposition (PECVD). When it comes to choosing DI water vs ethanol, one
considers three major points that include fast evaporation rate, strong
surface tension, and strong capillary force. Due to a high vapor pressure,
using solvents are better than water since they evaporate much faster.
However, as soon as we drop solvent with suspended nanopowder on
substrates, it spreads out very quickly and end up with large-area and
non-uniform c-BN flakes. Therefore, water was used as solvent in this
study since it has enriched surface tension and capillary force, which
will restrain the c¢-BN within a small surface area on the SiO5/Si sub-
strate during our drop-casting process, resulting in the formation of
characterization c-BN nanocrystals. The sample was then heated at
100 °C in ambient for 20 mins. Since we are using SiO»-coated substrates
resulting a hydrophilic surface, i.e. good wettability was achieved by
using DI water.

The sample preparation steps, and the schematic view of the drop-
casted c-BN on SiOo-coated Si substrates are shown in Fig. 1(a) and
(b). The drop-casted sample shows the coffee-ring effect at the edge of
the droplet as displayed in Fig. 1(c). The coffee ring effect is driven by
the interplay between microscopic fluid flow in the droplet and the rate
at which it evaporates. The edge of the droplets covers larger free space
due to which the evaporation water flux near the edge is greater than
that at the center, which leads to water along with c--BN flowing to-
wards the edge. Contact pinning line formed by surface tension restricts
further spreading of the solvent. As a result, particle accumulation at the
dry film boundaries is accelerated, and a coffee ring is formed [18].
These accumulated particles slowdown the spread of the boundaries and
confine the c-BN within smaller area on SiOq, resulting in evolution of
thick c-BN. The width of the ring was, thus, found to be 250 ym — 300
um which indicates that the major fraction of the area within the coffee
ring follows the same pattern in the formation of c-BN.

2.2. Characterization of c-BN

A scanning electron microscope (SEM) with a Zeiss Ultra Plus stan-
dard detector was used to examine the morphology of the c-BN. X-ray

c-BN

-
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Fig. 1. (a) Preparation of drop-casted c-BN on SiO,/Si substrates, (b) schematic view of ¢c-BN with the atomic geometry, and (c) optical microscopic image of c-BN.



M. Mahafuzur Rahaman et al.

diffraction (XRD) measurements were performed on a Rigaku rotating
anode system equipped with a Cu-targeted anode (operated at 40 kV and
200 mA), monochromator, and scintillation detector. Parallel beam
thin-film optics were employed with the theta drive locked at an alpha
angle of 0.25°. The samples were analyzed in a digital step scan mode
from 20° to 80°. Raman measurements were carried out under a N5 at-
mosphere in a Linkam stage using a Renishaw in Via system. An accu-
mulation of 20 scans, each of 30-s duration, was collected using 250 uW
488 nm, 514 nm and 632 nm excitation sources, 20 um slits, and a
3000 lines/mm grating for each measurement. The CL measurements
were carried out by a Horiba H-Clue detector system integrated with a
Thermo Scientific Quattro Environmental SEM. A charge coupled device
(CCD) detector was used in CL measurements. The accelerating voltage
and the probe current were varied at 10 kV, 15 kV, and 20 kV and 0.29
nA, 0.34 nA, and 0.40 nA, respectively, to inspect the c-BN material at
different depths.

3. Results and discussions

Fig. 2(a) shows the top-view SEM image of the drop-casted c-BN
nanocrystals. The nanoparticles in the droplet have greater surface
tension due to their higher surface area to volume ratio. While drop-
casting using a pipette, nanoparticles minimize surface free energy by
forming a neck-like network with their neighbors, reducing the total
potential energy and surface area. As surface coverage increases and
surface tension decreases, coalescence of particles becomes difficult at
one stage where micrometer-sized particles form. A coalescence of the
nanoscale-size powder to few tens of micrometer ranges is seen. The
process takes place at lower temperatures when coalescence is slower,
resulting in irregular shape agglomeration [19]. Thus, the surface of
drop-casted c-BN contains unevenly distribution of agglomerated par-
ticles, as shown in Fig. 2(a) and in the final step of schematic Fig. 1(a).
The dimensions of agglomerated particles calculated from SEM images
are around 37 pym.

The quantitative analysis of the c-BN sample was performed by en-
ergy dispersive spectroscopy (EDS). The result of EDS spectra is shown in
Fig. 2(b); this confirms the significant presence of B and N. The stoi-
chiometric composition of the material was confirmed by calculating the
B/N ratio which was found to be 0.96. The peaks of C, O, Na, Si, S, and Cl
also appeared in the spectra which may have originated from the sub-
strate or the ambient during deposition. Similar presence of impurities
in the drop-cast technique performed in ambient was also reported [20].

The structure of the drop-casted c-BN was performed by XRD mea-
surements. The XRD pattern of c-BN nanocrystals is shown in Fig. 3. The
cubic nature of BN was found by the dominant (111)-peak appearing at
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Fig. 3. XRD spectra of drop-casted c-BN.

44.1°. The full width at half maximum (FWHM) value of the (111) peak
was measured to be 0.34°, and the resulting average crystallite size c-BN
was calculated as 4.3 nm which is smaller than reported values [19]. The
measured c-axis lattice constant was 3.55 A, which is close to the bulk c-
BN value of 3.61 A [21]. The decrease in lattice constant may be
attributed to the contraction of lattice due to higher surface area in
nanomaterials as well as the local residual strain which is probably due
to variations in the crystallize size of the nano-powder. Two more
diffraction peaks of c-BN were revealed at 51.2° and 74.8°, known as the
(200) and (220) peaks, respectively [22,23]. In fact, (111) diffraction
peaks should be the dominant one that suggests the cubic nature of c-BN.
The measured peak ratio of (220) to (111) is about 0.22 which is much
larger than the value of randomly oriented c-BN, i.e., 0.06 [23]. This
implies that the c-BN crystallites are mostly oriented along the (111)
plane with the presence of fewer crystallites within the (220) plane.
Hence, a measured ratio of 0.22 in our work justifies that the c-BN
nanocrystals have a preferential orientation along the (111) plane. The
atomic geometry of the (111), (200) and (220) planes of c-BN are also
presented in Fig. 3. As three cubic phases of different crystallite sizes are
present in the c-BN nanocrystals, their orientation difference may
generate strain in our c-BN. Two extra peaks, (0002) of h-BN and (111)
of Si substrates were also identified in the spectra. The intensity of
(0002) peak is insignificant compared to the intensity of (111) peak of c-
BN which confirms that the amount of h-BN present in the drop-casted c-
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Fig. 2. (a) SEM image of agglomerated c-BN and (b) its EDS spectra.
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BN is negligible.

In order to identify the chemical structure, phase and polymorphs of
the drop-cast sample, Raman spectroscopy was conducted. A well-
resolved Raman spectrum of c-BN is presented in Fig. 4. The spectrum
shows two Lorentzian-shaped TO- and LO-phonon peaks of c-BN at 1041
em ! and 1249 cm ™}, respectively, when excited by a 514 nm laser [24].
Both TO- and LO- Raman peaks exhibit slightly asymmetric lineshapes.
Given a symmetric, sharp peak is observed in the case of crystalline
material centered at frequency corresponding to the zone centered
phonon frequency, poor crystallinity of our c¢-BN can be estimated.
While the TO peak was found to be narrower, the LO peak was broader.
With respect to single crystal c-BN, the observed asymmetric and
broader LO peak could be tentatively attributed to the phonon
confinement effect as a result of the existence of micro- or nanocrystals
of ¢-BN. The phonon modes of our c-BN are shifted with respect to the
bulk modes at 1054 and 1306 cm ™, suggesting a residual compressive
stress in our c-BN. This stress is likely to be induced during the c-BN
synthesis process. The downshifted LO peak shift from the bulk c-BN
could also be due to the different crystallite size of the c-BN nanopowder
used in our study. Similar phenomena have been reported earlier for c-
BN [25,26], justifying the peak shifts in our sample. The FWHM of the
intense TO peak was 18 cm ™! which is close to the reported value for c-
BN films grown by the CVD technique [24]. The calculated spectral
lineshape of the LO peak is 81 cm™! which is more than two orders of
magnitude broader than the reported value [26]. Such LO broadening as
also reported in [27], could be attributed to the presence of nano-
crystallites and a high defect concentrations in our c-BN samples.

To get further insights on our material under study, multiwavelength
Raman measurements were carried out using non-resonant 488 nm, 514
nm, and 632 nm excitations. Compared with the previous Raman mea-
surement, a different position of the c-BN sample was probed while
performing multiwavelength Raman. The resulting spectra are shown in
Fig. 5. Excitation by multiple wavelengths allows the enhancement of
weak Raman peaks by breaking Raman selection rules and activating
forbidden and/or inactive modes that can be used to identify real energy
band transitions in materials [28]. The TO peak appears at 1039 cm ™%,
which is shifted by 7 and 11 cm™! towards lower energies when excited
by 488 nm and 632 nm, respectively. On the other hand, the LO peak of
514 and 632 nm excitation emerge at 1256 cm™ L. This peak shifts to
1280 cm ™! when excited by the 488 nm laser. The presence of local
strain and thickness variation in the drop-casted c-BN could be the
primary reason for this shift. Phase segregation of c-BN could also occur
during the synthesis process of c-BN nanopowder. A doubly degenerate
Esg peak of h-BN is also observed at the downshifted energies with
respect to the bulk signature peak of h-BN at ~ 1366 cm™*. The h-BN
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Fig. 4. Raman spectra of drop-casted c-BN performed by 514 nm wavelength.
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Fig. 5. Raman spectra of drop-casted c-BN wusing different wave-
length excitation.

phase was observed at all these three excitation wavelengths which in-
dicates that the drop-casted sample contains some amount of h-BN
phase. The position of the peak is consistent with the reported value for
the LO phase of h-BN [29]. The reduced intensity of this peak in com-
parison to the TO and LO peak intensities of c-BN indicates that the
amount of h-BN phase is trivial. Further optimization of the c-BN syn-
thesis process is necessary to completely remove the hexagonal phase.

The sub-bandgap level emission in the c¢-BN was detected by per-
forming CL measurements. Room temperature CL spectra of c-BN
recorded at 10, 15, and 20 kV electron energies are presented in Fig. 6.
The CL spectra primarily reveal four different peaks within the visible
range. Peak shifting is not observed with altering the irradiated electron
energies due to the absence of other polymorphs in the sample. Four
emission peaks centered at about 2.04, 2.40, 3.1, and 3.67 eV were
observed. The emission peak at ~2.04 eV is close to those previously
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Fig. 6. Room temperature CL spectra of c-BN at different electron energies.
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reported at ~1.97 eV and ~2.08 eV obtained at room temperature from
c-BN prepared by drop-cast and CVD techniques, respectively [11,17]. It
is considered as a typical peak from c-BN. This emission peak was not,
however, observed in Refs. [30,31]. The origin of this CL peak is not yet
fully understood. The next peak is found at 2.4 eV with a FWHM of
around 175 meV. This peak is reported in Refs. [11,32] which could be
originated from an emission band at around 2.48 eV of ¢-BN due to the
boron and NV-based multivacancy complexes related to Frenkel pair
defects [30]. Such intrinsic complex defects within CVD-grown diamond
were found to be responsible for emission of ZPL, a key signature for
single photon emission [14]. The peak at 3.1 eV could be tentatively
attributed to the presence of nitrogen vacancies in c¢-BN [33]. The peak
was reported from undoped c--BN crystal which could be a signal from
the UCL band or US-1 or GB-1 center [32,34]. The presence of such NVs
is promising for implementing high-performance solid-state quantum
emitters. The distinctive properties of this peak such as long coherence
times of electron and nuclear spin states, spin-state initialization, single
photon emission make it highly desirable for quantum applications. A
broad emission from deep-level defects at 3.67 eV is observed in the
sample. An emission center close to this peak around 3.5 eV was re-
ported for c-BN thin films grown by RF sputtering [35]. The same peak
at around 3.6 eV was also reported in Refs. [31,36]. It is speculated that
this peak could arise from the PF1 center of c-BN [31].

4. Conclusion

In summary, the drop-cast technique was employed to synthesize c-
BN in ambient conditions which was then characterized by SEM, EDS,
XRD, Raman, and CL measurements. Although the experimental char-
acterization techniques employed here constitute a regular identifica-
tion procedure, our thorough investigation revealed some valuable
insights on the structural, vibration and optical properties of c-BN. The
SEM images show that the surface was covered with micron-sized
irregularly shaped c-BN agglomerates. The c-BN sample has a cubic
structure with preferred orientation along (111), as confirmed by XRD.
The Raman and multiwavelength Raman measurements confirm that the
amount of h-BN phase present in the c-BN sample is insignificant. The
four sub-bandgap level emissions within the visible region determined
by CL study provide a picture of defect luminescence of ¢c-BN and con-
firms that the optical signatures of some of the observed defects
resemble the previously reported ones. Although the chemical nature of
the point defects causing the sub-bandgap emission is not identified, this
preliminary study will aid future endeavors to find their origin which
will in turn expedite the process of developing single photon emitters
from specific point defects of c-BN for next-generation quantum
photonics.
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