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A series of atomic-like photoluminescence (PL) emission peaks in UV region near 4.0 eV were created by thermal
annealing hexagonal boron nitride (h-BN) single crystals in air. The pristine h-BN did not have these peaks,
emitting strong phonon-assisted band edge PL with peaks at 5.78 and 5.89 eV. After annealing the h-BN crystals
in ambient air, a new atomic-like sharp emission in UV region at 4.09 eV with a line width of 0.2 nm appeared

along with its phonon replicas at 3.89 and 3.69 eV in the low temperature (8 K) PL measurement. Further testing
demonstrated that annealing the h-BN samples in the temperature window of 700-950 °C for 60 min generated
the atomic-like emission. The peak position of the emission line is stable with the temperature and PL excitation
power. Our study also suggests that the defect responsible for the atomic-like emission resides in the surface

region.

1. Introduction

For many years, hexagonal boron nitride (h-BN) has been used as a
chemically and thermally stable, electrically insulating, and thermal
conducting ceramic [1]. Since lasing was demonstrated at wavelength
() ~ 215 nm by electron beam excitation from a bulk h-BN crystal in
2004, it has attracted interest for its potential in the deep ultraviolet
(UV) photonics [2]. Due to its bright luminescence in the deep UV, h-BN
was previously believed to be a direct bandgap material. However,
based on photoluminescence (PL) experiments with two-photon exci-
tation, Cassabois et al. [3], proved that h-BN is an indirect bandgap
semiconductor with energy bandgap ~ 6 eV with a valence band
maximum and conduction band minimum at the K and M points of the
first Brillouin zone, respectively. Despite its indirect bandgap, its deep
UV band-edge emissions produced via phonon-assisted electronic tran-
sitions have potential applications as a UV emitter for general purpose
lighting, surface disinfection, and sterilization [4,5]. There is a huge
demand of portable deep UV light sources in germicidal range (A < 280
nm) for disinfection after the Covid-19 pandemic. Deep UV light sources
from h-BN could be used as efficient luminescent sources/sensors [6,7].
h-BN based devices are promising for solid state neutron detectors and
cameras for detecting fissile material and medical imaging [8]. Because
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of its layered crystal structure and wide energy bandgap, h-BN mono-
layer is an interesting 2D material [9]. Due to their similar crystal
structures, graphene and h-BN heterostructures have been widely
studied [10,11].

Recently, h-BN has also emerged as a promising candidate for single
photon sources [12]. Single photon emissions from h-BN have been re-
ported by many groups in the infrared and visible spectral regions from
the samples prepared by different methods [13-18]. The most widely
reported emissions are peak positions of 1.57, 1.9, 2.24 and 2.6 eV.
Single photon emission from h-BN was also reported in UV region at 4.1
eV using cathodoluminescence [19]. Highly localized defect-states in
wide bandgap materials behave as atomic scale electronic states and the
electronic transitions in such states produce atomic-like sharp emissions.
Emission from a single point defect from such material is a source of
single photon emitter. Although the 4.1 eV emission line was also
observed from h-BN bulk crystals, powders, and thin films, its cause is
still unclear [20-23]. Documenting its optical properties and cause is
important for identifying its chemical structure and for developing its
application in practical devices. In this paper, we report that thermal
annealing creates an atomic-like sharp emission at 4.09 eV in h-BN
single crystal flakes grown by nickel-chromium (Ni-Cr) flux method. We
investigated the annealing conditions needed to generate the
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atomic-like UV emission. Annealing the h-BN crystals in the temperature
window of 700-950 °C for 60 min in ambient air proved successful. For
further insights, we will also present the optical properties of the
emission line from the temperature and power dependent PL
measurements.

2. Experiment

The samples investigated in this study are single crystal h-BN flakes
grown by the nickel-chromium (Ni-Cr) flux method [24,25]. The optical
properties of the h-BN were characterized by deep UV photo-
luminescence spectroscopy. The PL system consists of a Coherent ul-
trafast Ti-Sapphire laser (pulse width ~100 fs, frequency: 76 MHz)
coupled with a third harmonic generator (THG) and then a fourth har-
monic generator (FHG) to generate harmonic wavelengths at 266 and
200 nm with average powers of around 100 and 2 mW, respectively. The
fourth harmonic laser output was used for above bandgap photoexci-
tation of the h-BN samples in the PL. measurements. The detection sys-
tem has a Princeton 750 mm monochromator with extreme UV blazed
grating and a photomultiplier tube. For the low temperature and tem-
perature dependent measurements, we used a Janis closed-cycle cryo-
stat along with Lakeshore temperature controller that can vary the
temperature from 8 to 300 K. The laser power density was varied with
neutral density filters.

We first performed the PL measurements of an unannealed h-BN
sample. To investigate the effect of annealing on the optical properties,
flakes of h-BN single crystal samples from the same batch of crystal
growth were put on a silicon handle substrate and annealed in ambient
air. The effects of annealing temperature and time were investigated.
The annealing temperature was changed from 300 to 1000 °C, and time
was varied from 20 to 60 min. All the h-BN samples were characterized
by the deep UV PL system.
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Fig. 1. Low temperature (8 K) PL spectra of pristine h-BN single crystal grown
by the Ni—Cr flux method.
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3. Results and discussions

Fig. 1 shows the low temperature (8 K) PL spectrum from a pristine
flake of h-BN single crystal sample before annealing. The PL signal was
recorded in the range from 3.3 to 6.3 eV. The PL spectrum shows the
strong band edge emissions at 5.78 and 5.89 eV which are due to the
optical and acoustic phonon assisted band edge transitions, respectively
[3]. These peaks also show doublet peaks separated by a few meV due to
the phonons. The optical and acoustic phonon energies of h-BN in the
middle of the Brillouin zone are calculated for LO, TO, LA, and ZA as
200, 162, 83, 65 and 22 meV respectively [26]. The PL spectrum also
shows a strong emission peak at 5.47 and additional multiple emission
peaks between 5.30 and 5.78 eV. The origin of these emission peaks is
believed to be due to stacking faults [27]. Cassabois et al. [28], also
showed that these emissions peaks contain transverse optical phonon
replicas due to intervalley scattering caused by stacking faults in h-BN.
The PL signal of this sample below 5

eV is less than the noise level. In the PL spectrum of h-BN, frequently
there is a broad emission band below 5 eV with peaks around 3.7 eV
and/or 4.3 eV [22,29]. Emissions in the low energy bands are normally
related to impurities such as residual foreign elements or native defects
present in the samples. We did not see such an impurity band in our
samples showing high crystalline and optical quality of the material.
Their high quality was also previously verified by their superior per-
formance in graphene devices [30].

To investigate the effect of annealing on the optical properties, PL
measurements were carried out after annealing the samples at different
temperatures and times in ambient air. The same samples were succes-
sively annealed and their PL spectra measured. We first performed a
controlled experiment by varying the annealing temperature keeping
the same annealing time. Fig. 2 shows the low temperature PL spectra
from a sample after successive annealing at temperatures of about 300,
500 and 700 °C for 60 min. For annealing temperatures of 300 and
500 °C the PL emission peaks are similar to the pristine h-BN (Fig. 1b).
The noise signal below 5 eV, however, has increased with repeated
annealing. After annealing at 700 °C, new sharp emission peaks appear
at 4.09, 3.89 and 3.69 eV. This clearly shows that the new peaks are
caused by the annealing above 700 °C. Similar PL emissions appeared in
annealed h-BN powder samples [31]. The peak at 4.09 eV is the
zero-phone line (ZPL), and 3.89 and 3.69 eV are 1LO and 2LO phonon
replicas of the ZPL, respectively. The longitudinal optical (LO) phonon
in h-BN is 200 meV [26].

To optimize the conditions to generate the sharp emission at 4.09 eV,
we further investigated the effects of the annealing temperature and
time. Three h-BN flakes from same batch were annealed at temperatures
of 800, 900 and 1000 °C, respectively for 20 min in ambient air. Low
temperature PL measurements were performed for all those samples.
These samples were again annealed successively at different times for 40
and 60 min keeping the same annealing temperature. Low temperature
PL was measured after each successive annealing. Fig. 3 shows the PL
spectra of the samples annealed at (a) 800, (b) 900, and (c) 1000 °C for
different annealing time of 20, 40 and 60 min. For the sample annealed
at 800 °C, a longer time is required to enhance the 4.09 eV peak with its
phonon replicas. For the sample annealed at 900 °C for 60 min also has
pronounced 4.09 eV emission. However, the sample annealed at 1000 °C
shows the opposite behavior, the peaks are present for annealing time of
20 min but they disappeared after annealing for 40 and 60 min. For all
conditions, band edge signals are not changed significantly. The noise
signal below 5 eV, however, increases with repeated annealing as in
Fig. 2 and increased annealing time for all these samples. We conclude
that the 4.09 eV emission line can be generated by annealing the h-BN
sample in the temperature range of 700-1000 °C, and lower annealing
temperature requires longer annealing time and higher annealing tem-
perature needs shorter annealing time. Thus, the optimized condition
has window of annealing temperature in 700-950 °C for the duration of
about 60 min to generate the 4.09 eV line.
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Fig. 2. PL spectra of an h-BN sample after successive annealing at different
temperatures for 60 min.

To understand the nature of the sharp emission line at 4.09 eV and its
electronic transition, we measured the PL while varying the temperature
and laser power. Samples were prepared by annealing at 950 °C for 60
min in ambient air. Fig. 4a shows the PL spectra measured over the range

Journal of Luminescence 275 (2024) 120756

from 3.5 to 4.5 eV by varying the temperature of the sample from 8 to
200 K. The intensities of the 4.1 eV emission line and phonon replicas
decreased with increasing the temperature, most likely due to the
thermal quenching via non-radiative channels. The sharp emission peak
starts broadening above 80 K and the line width of the emission
increased with increasing temperature. However, the peak position is
almost indpendent of the temperature of sample. Fig. 4b shows the PL
spectra by varying the average power of the excitation laser from 1 to 2
mW. The ZPL is well-resolved at 4.09 eV with LO phonon lines at 3.89
and 3.69 eV. There are also small shoulders at 3.91 and 3.71 eV which
are about 20 meV above the 1LO and 2LO lines respectively, and could
also be phonon related peaks. The intensity of the emission peak at 4.09
eV and its replicas increased with increasing excitation power due to
increased carrier density. The intensity of the 4.09 eV emission line
increased around 7 times as the excitation power is doubled from 1 to 2
mW. The line-width of the 4.09 eV peak for the highest excitation is
about 0.2 nm (~3 meV). The sharp emission with line-width less than 1
nm clearly shows that it is an atomic-like emission. Despite the limited
variation of excitation intensity, there was no sign of the shift of peak
positions with increasing excitation power. From the PL intensity (I) in
Fig. 4b, we estimated Huang-Rhys parameter, or S factor to be ~0.3
using the equation, I = e5.5"/n!. The S factor value is the measure of
electron-phonon coupling during optical transitions and the value ob-
tained indicates weak electron phonon coupling [32].

Our results from the power and temperature dependent PL mea-
surements show the emission peak position is stable. Single photon
emission in the orange line (1.998 eV) in h-BN was also temperature
independent [33]. Stable peak position in the PL measurements also
indicates that the electronic transition involved in these emission pro-
cess is less likely a donor and accepter pair (DAP) type. In the DAP
transition the peak position is blue shifted due to the increased Coulomb
interaction with increased DAP pairs caused by the excitation with high
intensity of light [34].

The PL signal is mainly from the surface region of the samples as the
penetration depth is less than micron. To understand if the annealing has
affected the surface region or in the bulk of the material, in reference to
the generation of the 4.09 eV line, the sample with the 4.09 eV was
sputtered by Ar' ions to remove a few layers of the h-BN surface. We
performed the low temperature PL measurement of the sample after
sputtering by Ar" ions and shown in Fig. 5a. The PL signal is drastically
changed with significantly reduced intensity in the band edge at 5.78 eV,
and the sharp emission line at 4.09 eV completely disappears. However,
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Fig. 3. Low temperature (8 K) PL spectra of bulk h-BN annealed at temperature (a) 800 °C, (b) 900 °C and (c) 1000 °C for different time of 20, 40 and 60 min.
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Fig. 4. (a) Temperature dependent PL spectra of h-BN sample measured by varying the sample temperature from 8 to 200 K, (b) Excitation power dependent PL
spectra of h-BN sample measured at 8 K by varying excitation laser power from 1 to 2 mW.linewidth.

the spectrum has a broad impurity band with peak around 4.38 eV
which could be caused by defects introduced by the Ar™ sputtering. The
decrease in the band edge intensity also indicates the surface structure
damage by sputtering. Because of its layered crystal structure, the op-
tical properties of h-BN are sensitive to its surface structure. Since the
4.09 eV line disappeared after sputtering, we conclude that the point
defect responsible for this emission line could be residing in the surface
region which was cleaned or damaged by the sputtering. Since the 4.09
eV emission line was generated by annealing as discussed above, we
hypothesized that it can be recovered by reannealing. Fig. 5b shows the
PL spectrum of the same sample after annealing again at 800 °C for 60
min. Interestingly, the sharp emission line at 4.09 eV reappeared along
with its phonon replicas. Here, the emission line at 4.09 eV and its
phonon replicas are superimposed with the broad impurity band peak
around 4.38 eV. This further confirms that the atomic-like emission line
at 4.09 eV is caused by annealing above 700 °C and indicates that the
defect responsible for the emission line resides in the surface region. The
PL spectrum after annealing also shows the significant enhancement of
the band edge emission intensity. Annealing could repair the damage
caused by argon sputtering. Lee et al. [35], reported improved structural
and optical properties of h-BN thin films by annealing in nitrogen.

The sharp emission line at 4.09 eV and its phonon replicas were first
reported by Bourrellier et al. [19], as single photon emission from defect
points from a bulk h-BN using cathodoluminescence and commony
known as 4.1 eV line in the literature. The 4.09 eV emission line
observed in the PL with line-width less than 1 nm shows that it is an
atomic-like emission due to the transition of electrons in highly localized
states. The emission feature, and the peak positions of the ZPL and
phonon replicas in our PL spectrum are at the same position as observed
in the CL emission in that report. It suggests that the defect related to the
origin of the emission lines is the same. Furthermore, the PL spectra
were collected from a bulk sample with spot size of ~1 mm contrary to
the emission from a defect site which about 80 nm. This suggests that the

point defects responsible for this transition are abundant in the sample.
This is important for practical device applications using bulk h-BN
crystals. Bourrellier et al. [19], attributed the 4.09 eV line as a ZPL due
to carbon impurity substitutional at the nitrogen site (Cy). Based on the
PL study of h-BN micropowder in a wide temperature range from 7 to
1100 K, a model of (ON—Cy)-complex was proposed as the origin of this
line [36]. Chichibu et al. [37], assigned it to originate from Cy or VgOy
in the spatio-time-resolved luminescence study of h-BN microcrystals.
Although, several theoretical studies have been reported on the origin of
the 4.1 eV line, the chemical structure of the defect responsible for the
emission is still in debate. Most of the theoretical calculations suggest
that the potential candidates for the defects responsible for the gener-
ation of the 4.1 emission line are carbon related. Different carbon related
defect structures such as carbon dimer (CgCy), carbon ring (C6), C4 s,
and C4 rans [38-42]. In a calculation, Hamdi et al. [43], proposed
pentagon-hexagon Stone-Wales defect in h-BN for this emission. Further
study and calculation are required to identify the chemical structure of
the defect responsible for the 4.1 eV line and for its practical applica-
tions. Our experimental results of the emission line with spectrum
feature without impurity band could be useful for theoretical calculation
of the defects energies. Further experiments are also underway to
identify the defect by comparing the samples with and without the 4.09
eV emission line.

4. Conclusions

In summary, we characterized the flakes of h-BN single crystal grown
by Ni-Cr flux method for optical properties using a deep UV PL spec-
troscopy and studied the effect of thermal annealing. Thermal annealing
in ambient air produced an atomic-like emission in UV region at 4.09 eV.
The 4.09 eV emission line was generated by annealing h-BN samples in
the temperature range of 700-950 °C for about 60 min in ambient air.
Our study also indicates the defect responsible for the emission line
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Fig. 5. PL spectra of annealed h-BN sample (a) after sputtering by argon ion
and (b) reannealing at 800 °C for 60 min.

resides on the surface region. The energy peak of the atomic-like emis-
sion line at 4.09 eV was stable based on the temperature and power
dependent PL measurements.
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