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ABSTRACT: Identification and evaluation of defect levels in low-
dimensional materials is an important aspect in quantum science. In
this article, we report a facile synthesis method of low-dimensional
hexagonal boron nitride (h-BN) and study light emission
characteristics due to the defects. The thermal annealing procedure
is optimized to obtain clean multilayered h-BN as revealed by
transmission electron microscopy. UV−vis spectroscopy shows the
optical energy gap of 5.28 eV, which is comparable to the reported
energy gap for exfoliated, clean h-BN samples. X-ray photoelectron
spectroscopy reveals the location of the valence band edge at 2 eV.
The optimized synthesis route of h-BN generates two kinds of defects, which are characterized using room-temperature
photoluminescence (PL) measurements. The defects emit light at 4.18 eV [deep-UV (DUV)] and 3.44 eV (UV) photons. The
intensity of PL has an oscillatory dependence on the excitation energy for the defect emitting DUV light. A series of spectral lines are
observed with the energy ranging between 2.56 and 3.44 eV. The average peak-to-peak energy separation is about 125 meV. The
locations of the spectral lines can be modeled using Franck−Condon-type transition and associated with displaced harmonic
oscillator approximation. Our facile route gives an easier approach to prepare clean h-BN, which is essential for classical two-
dimensional material-based electronics and single-photon-based quantum devices.

■ INTRODUCTION
Ever since graphene was exfoliated from graphite, curiosity in
low-dimensional materials has been exponential and efforts in
understanding the physics in low dimensions have regained
importance.1−3 Various low-dimensional materials have been
studied, which are stable at room temperature.4,5 Graphene as
such lacks the electronic energy gap which is required in the
electronic industry. MoS2 is another two-dimensional (2D)
material studied extensively in the last 2 decades which has an
intrinsic electronic energy gap down to monolayers. A single
layer of MoS2 shows a direct energy gap of 1.8 eV and an
indirect energy gap of 2 eV.4,6,7 The electronic properties of
MoS2 are found to be layer-dependent, which gives an added
advantage in using the material for hybrid applications. It is a
well-established fact that the majority of these low-dimensional
materials show a change in the electronic band structure with a
number of layers, resulting in direct−indirect band gap
transition. Since materials like MoS2 can be exfoliated easily,
much of the effort has been to use them in fabrication of
nanoelectronic devices. Tremendous research has been done to
use such monolayers to fabricate heterostructures with various
other low-dimensional materials and thin films.8,9 From no gap
graphene to moderate energy gap materials such as MoS2 and
chalcogenides have been studied for a decade now.10−13

Materials like monolayer MoS2 and InSe show a direct band

gap around 1.8 eV, while the energy gap reduces to a bulk
value of about 1.2 −1.25 eV when measured for two to four
monolayers.6,14

Recently, 2D wide band gap materials (Eg > 3 eV) have also
attracted a lot of attention. Materials such as monolayer
hexagonal boron nitride (h-BN) have attracted much attention
due to their extremely large electronic energy gap (∼6 eV) and
also stability at room temperature.15−17 This promises to be
used not only in the 2D material-based nanoelectronic devices
but also as a platform for hosting useful defects. Materials like
silicon carbide (SiC) and diamond (C) in the bulk have also
attracted much attention due to their large band gap, which
can host isolated defects energetically favorable as hosts for
qubits.18−21 There are theoretical first-principles calculations
done on monolayer SiC showing the energy gap ranging
between 2.5 and 2.8 eV.22,23 Defect identification and analysis
has been done using first principles and modeled under the
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Franck−Condon-type (FC-type) of spectrum using the
harmonic oscillator approximation.24

In particular, h-BN has a layered structure similar to
graphene. In view of this, h-BN can be considered as a versatile
material for electronic devices. h-BN shows a hexagonal lattice
with an alternative boron−nitrogen arrangement within the
lattice, which is quite similar to the atomic arrangement of
graphene. It is quite fascinating that even though h-BN and
graphene (C) show similar atomic arrangements (the nearest
neighbor distance, lattice parameters, and interlayer spacing),
h-BN shows a large energy gap (∼6 eV), while “pure” graphene
has no energy gap.25

A majority of studies performed on h-BN are by using bulk
single crystals and mechanically exfoliating single to few layers
of h-BN. Despite the extensive research performed on this
material, the fundamental question about the energy gap
remains still debatable.26,27 The ab initio calculations and
photoluminescence (PL) experiments give quite contrasting
interpretations with large scatter in the values of the energy gap
(Eg). While the ab initio calculations predict an indirect band
gap, the optical measurements indicate a direct band gap.28−32

The electronic band structure undergoes a crossover from an
indirect band gap (bulk h-BN) to a direct band gap
(monolayer h-BN).33 In this context, it is essential to
understand h-BN at monolayers in much detail. h-BN is a
wide band gap layered material which hosts extremely bright-
light-emitting defect centers stable at room temperature.34,35

The defects present in h-BN emitting single photons have been
studied recently. This is a primary requirement for single-
photon-emitting sources and quantum photonics.34,36−38

Theoretical investigations on monolayer h-BN reveal an
overestimated wide energy gap compared to experimentally
observed values. The energy gap calculated using density
functional theory (DFT) calculations by the Bethe−Salpeter
equation is more than 7 eV.39,40 On the other hand, there are
reports about calculations giving 6.47 eV using DFT−Vienna
ab initio simulation package, yet there is no agreement
between various procedures adopted in the calculations.
Recently, experiments performed on h-BN/graphite using
scanning tunneling microscopy/spectroscopy suggested an
energy gap of 6.8 ± 0.2 eV.41 The optical energy gap of
monolayer h-BN has been determined using the exciton
energy, and a range of energy gap values from 5.30 to 6.30 eV
have been calculated.39

h-BN was also successfully synthesized using a variety of
other techniques such as atomic layer deposition,42 chemical
vapor deposition,43 molecular beam epitaxy,33,44 and the layer-
by-layer sputtering process.45 Recently, large-area high-quality
h-BN is grown on various substrates like sapphire and Ni(111)
films, which is extremely important from the point of view of
fabrication of devices for deep-UV (DUV) detection. Single-
crystal domains as large as 0.6 mm have been observed on
Ni(111)/sapphire(0001) films with such a synthesis route and
show an optical energy gap of 5.76 eV.46−48

The low-dimensional wide band gap materials find their
importance not only in the nanoscale transistor design but also
for hosting the fundamental unit of quantum information
processing, that is, qubit.49 In this case, a two-level quantum
system is idealized, and a transition between these two energy
levels will emit a photon of a given wavelength. An ideal two-
level system is provided by an isolated defect in 2D materials
having a large energy gap. 2D systems which are structurally
open, demonstrating the quantum confinement, and have

reduced charge screening are ideal qualities for hosting the
single-photon emitters. Since the electronic states of the single
defect are well separated by the energy bands of the host
lattice, it can be controlled by using the polarized light.50,51 For
example, the color centers in nanodiamonds are one such
material platform which is stable and give good emission.52

Similarly, the h-BN nanoparticles can host desirable defect
centers which could be used in devices for quantum
technologies. Interestingly, even a medium energy gap 2D
material such as MoS2 is also capable of hosting isolated
defects. In a recently published article, it has been proved that
sulfur defects can be prepared controllably using He-ion
radiation, which act as single-photon emitters.53 In essence,
these defects are excellent candidates for quantum emission.
The advancement in techniques used in miniaturization of
electronic devices has led to conceive these atomic-scale
devices using either atoms or molecules.

The possibility of using h-BN in the graphene-based
transistor design is very promising. First, there is a good
lattice match resulting in low-strained heterostructures, and h-
BN showing a large band gap is essential as a dielectric in the
transistor design. There have been numerous reports on the
mechanism of dielectric breakdown of a few-layer h-BN using
local breakdown studies. Notably, the nanoscale measurements
using atomic force microscopy/spectroscopy are very crucial
for understanding the fundamental mechanism of dielectric
breakdown.54

For the synthesis of h-BN, boric acid (B(OH)3) was used as
a precursor for boron, whereas melamine (C3H6N6) was used
as a precursor for nitrogen. The original materials of boric acid
powder (B(OH)3, 99.95%) and melamine (C3H6N6, 99.95%)
were supplied by HiMedia Laboratories Pvt. Limited, India,
and SDFCL (SD fine-Chem limited) India, respectively. The
materials were of analytical grade and used as received without
further purification. Boric acid is a weak, monobasic Lewis acid
of boron. Boric acid exists in the form of colorless crystals or as
a white powder that dissolves in water. Melamine is an organic
compound which is a white solid and contains 67% nitrogen by
mass.

We optimized a simple and facile procedure to synthesize
multilayered h-BN. Herein, we report the fundamental analysis
of prepared h-BN multilayers using X-ray diffraction (XRD),
UV−vis spectroscopy, and X-ray photoelectron spectroscopy
(XPS). Further, detailed PL studies were performed at room
temperature to understand the defect energy levels and their
light-emitting properties.

■ RESULTS AND DISCUSSION
Experimental Details. In a typical synthesis procedure

shown in Figure 1, 8.15 g of boric acid and 1.84 g of melamine
(in total, 10 g of the initial precursors by weight) were taken
and mixed well using a mortar and pestle for 30 min and then
transferred to a beaker containing methanol. This precursor
mixture was ultrasonicated for 2 h and then dried at 70 °C,
refer Figure 1c. Once the material completely dried, it was
transferred to alumina boat and placed in a furnace under
ambient conditions. We have tested various heating cycles
considering the evolution of nitrogen from the melamine
source and desorption of oxygen from the materials at different
temperatures. The heating cycle which resulted in pure h-BN is
shown in Figure 1b. The sample is heated at a rate of 6 °C/min
to 400 °C and kept for 5 h. The melamine molecules partially
dissociate into a nitrogen-rich precursor for h-BN. In the
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second stage, the temperature is increased to 600 °C and
maintained for 3 h. In this step, the boric acid partially
dissociates to give rise to a boron-rich precursor for h-BN. In
the third stage, the temperature is increased to 900 °C and
maintained for 5 h. At this temperature, boron- and nitrogen-
rich precursors react to give BN. The material is kept for
sufficient duration to complete the reaction and then is allowed
to cool down naturally to room temperature. The appearance
of h-BN immediately taken out of the furnace is shown in
Figure 1e, which appears as a white solid chunk. The actual
reaction mechanism is shown in Figure S1 (Supporting
Information).

The UV experiments were done on a Jasco V-670 UV−
visible−NIR spectrometer. The sample was ultrasonicated for
2−3 h prior to the measurements and drop-cast onto a glass
substrate and dried. Absorption and reflectance measurements
were done on this sample. The reflectance spectrum was
converted to the Kubelka−Munk function to calculate the
optical band gap. PL experiments were done by dispersing the
prepared and exfoliated sample in a solvent (DI water and
methanol). The equipment used was a Cary Eclipse
fluorescence spectrometer (G9800A). Initial scans were done
for different excitation wavelengths (or energies), and emission
spectra were observed in a broad wavelength range up to 1100
nm. Once the survey scan was taken, the excitation wavelength
range was selected from 250 to 272 nm. For these values of
excitation wavelengths, the sample showed a good emission
spectrum with well-resolved peaks from 280 to 510 nm.
Detailed scans were done in this range as it is of particular
interest. The excitation wavelengths were varied with steps of 1
nm and scanned in the required range, and repeated
measurements were done.

The phase purity and crystalline structure of the synthesized
material were examined using XRD. We used Cu Kα1 radiation
with a wavelength of 1.5406 Å, and the data were collected

from 10° to 90° (2θ) with a scanning rate of 2°/min. Figure 2
shows the XRD pattern obtained for the sample prepared with

optimized annealing conditions. The principal diffraction peak
is located at 2θ ∼ 26.9°, which is assigned for the (002) peaks
of h-BN.55,56 This peak pattern indicates that there is a
similarity between graphite-like h-BN structures.

Further, much weaker peaks are observed at 42 and 43.7°
attributed to (100)/(101), in close agreement with the
reported values in the literature. The broad peaks at this
position represent stacking faults in the (100) planes.57 Such
broad peaks are attributed to the “turbostatic” structure
mentioned in the literature. However, the XRD peaks at this
diffraction angle can be clearly resolved, which is close to h-
BN, as shown in the inset of Figure 2a. Further, the peaks of
[55.25°, (004)], [76.3°, (110)], and [82.4°, (200)] can also be
identified in the large-angle diffraction. Such a narrow
diffraction pattern is an indication of large-area h-BN layers.
The interlayer spacing of the (200) crystallographic planes was
calculated using Bragg’s law, and we obtained a value of 0.331
nm, which is very close to the reported value of 0.333 nm for
h-BN.58 Corroborating our XRD analysis, the high-resolution
electron microscopy images confirm large-area multilayers of
h-BN. As shown in Figure 2c,d, large-area h-BN layers are
formed. The high-resolution transmission electron microscopy
images reveal either single-layer or few-layer h-BN as shown in
Figure S2. At this point, efforts are underway to separate these
sheets, resulting in single sheets.

The next step was to determine the optical band gap, and we
used the standard UV−vis spectrometer to determine the
absorbance and reflectance of the h-BN sample. We used
reflectance to calculate the optical energy gap by means of the
Kubelka−Munk function. As can be seen in Figure 2b, the
calculated energy gap is about 5.28 eV, which agrees very well
with the reported energy gap values.59 It is to be noted that
there is a large scatter in the determination of the optical band
gap of h-BN in the literature. The energy gap measured in our

Figure 1. (a) Schematic diagram of 2D h-BN. Honeycomb structure
of 2D h-BN with Bravais lattice vectors a1 and a2. The ball-stick model
is represented by boron atoms (green) and nitrogen atoms (blue). (b)
Optimized heat treatment involved in the synthesis of clean h-BN.
Both the axes are not to the scale. (c) Synthetic route of preparing
low-dimensional h-BN. The samples are annealed in a box furnace
under ambient conditions. h-BN has the appearance of a bright white
solid chunk.

Figure 2. (a) Typical XRD pattern of multilayer h-BN. The principal
reflection is at 26.8°, typical of the (200) reflection in h-BN. The inset
in (a) shows peaks resolved appearing at 42°/43.7° showing (100)/
101 reflections. (b) Kubelka−Munk plot to calculate the optical band
gap. The two band edges corresponding to 5.28 and 4.2 eV are shown.
(c,d) Large-area high-resolution scanning electron micrographs
showing large-area h-BN. (c) Area is 6.83 μm × 5.00 μm and (d)
area is 990 nm × 907 nm.
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samples matches very well with the values obtained using the
UV−vis spectrum available in the literature.59 Additionally, we
can also see a strong band of energy lying about 4.2 eV from
the valence band edge. This is attributed to the defects which
are discussed in detail in the later sections.

To find out the chemical nature of individual elements in h-
BN multilayers, the survey scan and narrow-energy XPS scans
were performed around the binding energies of boron (B),
nitrogen (N), carbon (C), and oxygen (O). Global spectra of
h-BN are shown in Figure 3a, which demonstrates a typical

spectrum with narrow peaks at various binding energy values
characteristic of the high-quality sample. The survey scan
depicts binding energy peaks at 190.56, 284.59, 398.15, and
532.64 eV corresponding to B (1s), C (1s), N (1s), and O (1s)
from the h-BN sample, respectively. First, the valence band
maximum (VBM) can be calculated by performing a high-
resolution scan near the Fermi energy. As shown in the inset of
Figure 3a, the VBM was calculated by considering the
intersection of the flat XPS energy approaching the VB of h-
BN and the linear fit of the VB edge in the XPS data. Such a
calculation gives us the VBM at 2.0 eV below the Fermi energy.
This is in very good agreement with the angle-resolved
photoemission spectroscopy measurement on h-BN/(graph-
ite), h-BN/Ir(111), and h-BN single crystals where the VBM

has been found at 2.2−2.8 eV below the Fermi energy.44 This
implies that our facile synthesis method has resulted in very
good quality h-BN. We take the binding energy of carbon (C
1s) at 284.59 eV as shown in the inset of Figure 3b as reference
in all our analysis. The main peak is at 284.59 eV, arising from
the sp2 hybridization of carbon coming from the carbon
support. The small shoulder peak arising at 285.56 eV can be
attributed to C−O bonds, which could be from the adsorbed
oxygen on the surface of h-BN.60 The most dominant peak for
boron is ∼190.56 eV, which is very close to the B−N bond
value in h-BN.61 This peak corresponds to the B−N bond in h-
BN. The maximum intensity of the B−N peak at 190.56 eV
shows the formation of the hexagonal phase of BN.61−63 A
small shoulder can be seen in higher energy at 191.56 eV,
representing the B−C bond. Our inference is supported by the
absence of B2O3 peaks in the XRD spectrum. The presence of
B2O3 is shown by the strong XRD peak around 2θ ∼ 14.5°.64
Even though the survey scan shows a strong oxygen peak, it is
not bonded to the boron atom, giving a B−O binding energy
at 192 eV.65 From this, it is clear that the oxygen peak shown
in the full scan arises from the residual gas which is adsorbed
on the surface.66 As reported in the results from various
groups, the enhanced peak at 532.8 eV attributed to the
boron−oxygen bonding (corresponding to B2O3) is not seen in
our sample, thereby reconfirming a complete h-BN phase
formation in our sample. The high-resolution binding energy
scan of nitrogen (N 1s) occurs at 398.15 eV, corresponding to
the N−B bonding, and a small shoulder exists at 399.2 eV,
which can be attributed to N−C bonds. Interestingly, the
binding energy scan of oxygen shows a peak at 532.67 eV,
which is due to the presence of B−O bonds. We assign this
peak to the bond formation during ultrasonication of the h-BN
layers. This can indicate the presence of numerous functional
groups on the h-BN surface.

Careful analysis of the XPS spectrum and the binding energy
position of various peaks reveal rich information about the
defects present in h-BN. To support this, PL measurements
have been a usual method employed to identify atomic-scale
defects in h-BN.16 Recently, using DFT, ab initio calculations,
and core level binding energy calculations, the deconvoluted
broad XPS spectrum positions were used to assign certain
kinds of defects in the h-BN lattice.67,68 Further, there are a
variety of defects observed in h-BN such as a neutral nitrogen
vacancy (VN), a single-electron trapped nitrogen vacancy
(VN)−1, a carbon atom replacing nitrogen (CN), and some
complex defects such as NBVN.

69−71 Most of the time, a
nitrogen vacancy either neutral or singly occupied (VN) is
predominant in h-BN samples, which can be categorized as
process-induced defects.

In order to check if our synthesis procedure resulted in such
defects and decipher their light-emitting properties, room-
temperature PL spectra were obtained on the prepared h-BN
samples. As usual, the sample was excited using DUV light and
the emission lines were checked. Since our sample contains
single- or few-layer h-BN, we expected luminescence from
various defect levels present in the sample. In particular, when
excited with 265 nm (4.68 eV) photons, we achieved well-
resolved PL spectra. The selection of the excitation wavelength
(energy) is based on our Kubelka−Munk plot where we have
seen an additional band edge at 4.2 eV (see Figure 2b). A
typical PL spectrum is shown in Figure 4a. A series of emission
lines varying in energy position can be seen. The first major
peak appears at 361 nm (3.44 eV), followed by a series of

Figure 3. XPS measurements of h-BN samples. (a) Survey scan of the
h-BN sample. The peaks for oxygen and carbon are denoted. The
valence band maximum is shown in the inset. The line scans meet at 2
eV below the Fermi energy. (b) High-resolution scan of boron. The
peak at 190.56 eV corresponds to B−N bonds, and the small shoulder
at 191.56 eV corresponds to B−C bonds. (c) High-resolution N peak.
The main peak is at 398.15 eV, which can be attributed to N−B
bonds, and the shoulder at 399.2 eV can be attributed to N−C. (d)
High-resolution peak at oxygen binding energy. (e) High-resolution C
1s peak at 284.59 eV and a shoulder at 285.56 eV.
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variable intensity peaks. Since our main interest is to
understand the additional band edge observed in the
Kubelka−Munk plot, the scan range in PL is restricted to a
small wavelength range up to 510 nm. First, we will discuss the
PL spectra at lower wavelengths (DUV), as shown in Figure 4a
(highlighted in yellow). For clarity, this is plotted in the inset
of Figure 4a. The Gaussian fit of the data in this wavelength
range shows intensity maximum at 296.5 nm (4.18 eV). This
PL intensity is often attributed to the presence of carbon-
substituted nitrogen (CN) vacancies.72 There are arguments
about the origin of this peak due to intrinsic origin rather than
extrinsic.73 DFT within the LSDA and GGA shows that these
levels are extended energy states close to the conduction band
edge.68 The calculations also suggest that the observed peak
can also be from the boron vacancy (VB). Even though we are
not able to resolve this energy state at this moment, it strongly
indicates that our sample preparation route has yielded very
good h-BN samples. It should be noted that the intensity of the
296.5 nm (4.18 eV) peak is very small compared to the major
peaks. The low intensity of this peak suggests that the overall
PL intensity from our sample is not from the CN but from
other defects. A clearly resolved spectrum in these DUV and
UV wavelength ranges is shown in Figure S3 (Supporting
Information).

We measured the effect of excitation wavelength (energy)
on this emission line. The wavelength was varied from 250 nm
(4.96 eV) to 272 nm (4.55 eV), as shown in Figure 4b. The
black to red curves represent the emission intensity for
excitation at 250 nm (4.96 eV) to 272 nm (4.55 eV),
respectively. Blue dotted spectra are for the excitation
wavelength of 265 nm. The measured intensity variation of
the 296.5 nm emission line with the excitation wavelength is

plotted in the inset of Figure 4b. The intensity has an
oscillatory dependence on excitation wavelength. Further
studies are needed to elucidate such excitation energy
dependence of emitted light. This variation can be seen as
evidence for the bell-shaped energy levels/bands participating
in the excitation and emission from the defects.74 The intensity
variation of all the measured spectra for various excitation
wavelengths are plotted in Figure S3. It should be noted that
intensity variation is not the same for all the peaks. In order to
check if the emission lines observed are due to the solvent
used, we performed the experiment using methyl alcohol
(CH3OH) as a solvent and compared the emission with that
when water is used as a solvent. As shown in Figure S4
(Supporting Information), both emission spectra match very
well, thus confirming that all the spectral lines discussed here
are from h-BN.

To further analyze the spectrum shown in Figure 4a in the
longer-wavelength regime (up to 510 nm), we convert the
wavelength axis into energy (eV) and plot the PL intensity
variation with the incident photon energy, as shown in Figure
5a. Apart from the DUV emitting center with very small

intensity, there are a series of emission lines in the energy
range of 2.4−3.45 eV. The main feature of the series of lines is
their closely lying spectral features. If one observes Figure 5a,
one can note that there are three strong resonances at 3.45 eV,
a broad peak at 3.025 eV, and a sharp peak at 2.56 eV. We used
the Gaussian peak fitting for each peak as shown by the colored
Gaussian noted with numbers from 0 to 7. Overall intensity
variation can be satisfactorily explained with this fitting, as
indicated by the black spectral curve. All peaks do not show the
same intensity and full width at half-maximum (FWHM)
values. If one plots the peak energy positions, it falls on a
straight line as shown in Figure 5b. The average peak-to-peak
separation is about 125 meV, as shown in Figure 5b.75,76 The
measured peak positions, the relative peak position with
respect to 3.45 eV, and the FWHM of each spectral line are

Figure 4. (a) Typical PL spectra of h-BN dispersed in water. The
excitation wavelength is 265 nm. A series of defect-induced emission
peaks are observed. The short-wavelength (DUV) emission is
observed at 296.5 nm [4.18 eV, shaded region in (a)]. The inset in
(a) shows a clear emission peak centered at 296.5 nm (4.18 eV).
Major peaks at 361 nm (3.44 eV), 3.0−3.1 eV, and 2.56 eV shown in
the figure show very high intensity. (b) Excitation wavelength
dependence of intensity of the 296.5 nm (4.18 eV) peak. The black
and red curves are the spectra obtained at 250 and 267 nm,
respectively. The excitation wavelength of light is varied, and the
intensity of 296.5 nm (4.18 eV) peak is monitored. The intensity
shows a particular variation as shown in the inset (b).

Figure 5. (a) PL spectra from h-BN dispersed in water as shown in
Figure 4a with energy plotted along the x-axis. A series of defect-
induced emission peaks are observed. These spectral peaks are
satisfactorily fitted with Gaussian fitting as indicated from (0) to (7).
(b) Energy positions of the peaks plotted against the peak number
show that the average spacing between the peaks is ∼125 meV. (c)
3.44 eV is plotted for clarity. This peak shows a very good FWHM of
∼82 meV measured at room temperature. (d) Location of the spectral
lines can be modeled using FC-type transition.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02884
ACS Omega 2022, 7, 33926−33933

33930

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02884/suppl_file/ao2c02884_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02884/suppl_file/ao2c02884_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02884/suppl_file/ao2c02884_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02884?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02884?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02884?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02884?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shown in Table 1. The series of spectral lines are resonances
related to single defects. The defect shows up like a harmonic
oscillator when an excited electron undergoes a vibrational
transition into a higher energy level. During the de-excitation
to the ground state, a series of spectral lines are observed. A
similar observation has been made on substitutional nitrogen
impurity close to silicon vacancy in SiC.24 It has been shown
that the PL from the defect centers can be modeled using FC-
type defects with displaced harmonic oscillator approximation,
and the series of spectral lines associated can be attributed to
the phonon bands. There are reports on PL from few-layer h-
BN that the series of detuned spectral lines can be associated
to the emission of acoustic phonons assisted radiative
recombination with detuning less than 150 meV.77 Our
measurements could indicate a similar situation of a defect-
induced emission band with a 3.45 eV peak as the main
spectral line.

■ CONCLUSIONS
Understanding the defect structure in h-BN paves the way to
fabricate single-photon sources with well-defined emission
wavelengths. The synthesis of such a photon source should be
easy and cost-effective. Here, multilayer h-BN is prepared
using a facile synthesis method which involves heating the
precursors in a controlled manner under ambient conditions. A
detailed analysis of the XRD pattern reveals that the optimized
heating procedure indeed yields clean h-BN. Further, the UV−
vis spectra show an energy gap (5.28 eV) comparable to the
reported values in literature. The process-induced defects show
light emission in the DUV region, which is also very essential
for the quantum communication in the DUV region. We find
two types of defects in our samples emitting DUV light at 4.18
eV, which indicates a well-studied carbon-substituted nitrogen
vacancy (CN), and UV light at 3.44 eV. We attribute the defect
emitting 3.44 eV photons to the nitrogen vacancies created
during the synthesis of h-BN. The defect emission at 3.44 eV
shows a very sharp spectral line even at room temperature. The
harmonic oscillator approximation is utilized to understand the
series of spectral lines shown very close to 3.44 eV, and the
energy level separation is found to be about 125 meV at room
temperature. Our synthesis method is an easy-to-do route to
prepare high-quality h-BN with deep UV-emitting defects
which are useful in the DUV photonic applications and
quantum computation.
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