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Abstract
Two-dimensional hexagonal boron nitride (h-BN) materials have garnered increasing attention
due to its ability of hosting intrinsic quantum point defects. This paper presents a
photoluminescence (PL) mapping study related to sub-bandgap-level emission in bulk-like
multilayer h-BN films. Spatial PL intensity distributions were carefully analyzed with 500 nm
spatial resolution in terms of zero phonon line (ZPL) and phonon sideband (PSB) emission-
peaks and their linewidths, thereby identifying the potential quantum point defects within the
films. Two types of ZPL and PSB emissions were confirmed from the point defects located at the
non-edge and edge of the films. Our statistical PL data from the non-edge- and edge-areas of the
sample consistently reveal broad and narrow emissions, respectively. The measured optical
properties of these defects and the associated ZPL peak shift and line broadening as a function of
temperature between 77° and 300° K are qualitatively and quantitatively explained. Moreover,
an enhancement of the photostable PL emission by at least a factor of ×3 is observed when our
pristine h-BN was irradiated with a 532 nm laser.

Keywords: h-BN, zero phonon line, photoluminescence, single photon emission, dangling bond,
quantum point defects

(Some figures may appear in colour only in the online journal)

1. Introduction

Van der Waals (vdW) materials have enabled unprecedented
scientific and technological breakthroughs in quantum infor-
mation technologies and integrated quantum photonics.
Among them, ultrawide bandgap h-BN is a promising fron-
trunner vdW host material of active quantum point defects,
leading to single photon emitters (SPEs). Color centers in h-BN
have generated interest in fundamental research to understand
the potential of this material. As a good host of quantum point
defects emitting from ultraviolet to near-infrared (IR), h-BN is
a versatile material to be used for both optoelectronic and
quantum devices [1]. Hence, comprehensive understanding of
the basic optical properties of defects and controlling their

emission allow them to be used effectively in quantum
technologies.

Emission properties of h-BN using sub-bandgap optical
excitation is interesting for advancing the use of this vdW
material in quantum nanophotonics [2]. Additionally, a sub-
bandgap luminescence study of h-BN show emission from
native defects or impurities while avoiding excitonic emissions
[3]. In order to utilize these defect sources for the imple-
mentation of SPEs, clear understanding of their associated
processes that give rise to quantum emission is essential [4].
These SPEs possess a series of ZPLs spanning a narrow or
wide spectrum based on single or ensembled defects. Broad
ZPL distributions are likely the result of the incorporation of
multiple defects during h-BN growth [5]. In this study, we
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report two different types of defects lying across the non-edge
and edge of multilayer h-BN. Defects at, in particular, the film
edge is promising as they not only change the local atomic
structure but also engineer the electronic structure with con-
trollable properties to yield stable quantum emission [6].
Investigation of the optical properties of such defects and their
comparative analysis are, therefore, of great interest.

Optical properties of monolayer h-BN are significantly
different from their bulk counterparts, rendering interesting
phenomena such as spin-valley splitting and exciton phonon
interactions [7]. To address defects hosted by h-BN, sub-
bandgap optical studies were conducted and the emission
wavelengths were varied by changing defect density, types
and layer thickness. More than 85% of the reported emitters
using the epitaxially-grown and exfoliated h-BN materials
showed ZPL wavelengths at ∼580 nm [8–10]. Despite of low
extraction efficiency and difficulty in controlling the position
of emitters within the lattice, the emitters in multilayer h-BN
were found to be with narrower emission lines than mono-
layer h-BN [2] and both thermally-and optically-stable [11]. It
is true that multilayer h-BN films exhibited both narrow and
broad ZPL distributions depending upon the density of
defects [5]. The SPEs based on h-BN multilayers emitting a
broad range of wavelengths from UV to near IR were also
reported [12]. Hence, multilayer h-BN defects are considered
as attractive sources of single photon emission [13].

Motivated by the presence of point defects in h-BN and
the recent works on isolated individual defects that emit
single photons, a systematic and detailed experimental study
of multilayer h-BN films using sub-bandgap photo-
luminescence is conducted in this work. We first ensured the
location of the defects by careful PL mapping of the entire
h-BN film area which reveals the bright emission. PL mea-
surements of the defects found across both the edge- and non-
edges of the films were then investigated. Temperature
dependent PL studies were then carried out to characterize
peak wavelengths, lineshapes and intensity of the spectral
emission. This survey reveals broad spectral features of an
inhomogeneous distribution of ZPL and PSB across wide
wavelength ranges, spanning between 570–610 nm and
620–650 nm, respectively.

2. Experimental details

Borazine, a carbon free precursor, was used during wafer-scale
growth of h-BN films using chemical vapor deposition. Growth
details of multilayer h-BN used in the study can be found
elsewhere [14, 15]. The schematic diagram and Nomarski
microscope image of as-grown multilayer h-BN-on-sapphire is
shown in figures 1(a) and (b), respectively. The chemical
structure of the resulting films was first analyzed using a Kratos
Axis Ultra x-ray photoelectron spectroscopy (XPS) instrument.
The XPS survey spectrum of the as-grown films is presented in
figure 1(c). The material XPS analysis in terms of high-reso-
lution spectrum for C 1s, B 1s and N 1s were presented in [15].
Note that a very weak 284.5 eV carbon peak was also observed
despite the use of a carbon-free precursor, suggesting the

presence of adventitious carbon atoms. This may originate due
to the material exposure to ambient air before introduction
into the spectrometer. Such low (13%) value of carbon may
also result from sample preparation, handling or from other
sources of ambient. A very weak O 1s peak was also found
at 532.9 eV [16].

PL mapping was carried out on irregularly shaped h-BN
flakes which were obtained by mechanically deforming the as-
grown materials. Although our as-grown h-BN on a 2′ diameter
sapphire was a large-area film, we deliberately made this mat-
erial to be a smaller piece in order to obtain film edges. The
deformed flake-like h-BN material, as shown in figure 2(a),
provides ‘edge’-induced defects in addition to random point
defects which are termed as ‘non-edge’ defects in our paper. A
532 nm green laser with 6 mW continuous-wave (CW) excita-
tion power was used to map a number of spots resulting from
individual and small clusters of color centers in the h-BN flake.
A confocal microscopic PL system, possessing piezoelectric
XYZ scanners with a spatial resolution of about 500 nm, was
employed for PL mapping. The light beam was focused through
a 100×objective to a spot size of 1 μm. Spectra were collected
by an ANDOR spectrometer (model: Kymera 328i) with an
imaging source CCD camera (model: DFK 33UP5000). High-
resolution spectra were acquired using a 1200 lines mm−1

grating and 5 s integration time. A Semrock long-pass filter
(BLP01-532R-25) was used to reduce the residual excitation
beam. The selected wavelength windows were 580–600 nm for
ZPL and 620–640 nm for PSB.

3. Results and analysis

Spatially resolved PL images reveal the luminescence
occurring from the ZPL and the PSB of the sample as shown

Figure 1. (a) Schematic diagram of multilayer 2D h-BN thin films
grown on c-plane sapphire substrates, (b) NoMarski microscopy
image of the sample with films scrapped off at the edge to obtain a
visual contrast and (c) XPS spectrum with various peaks related to B,
N, C and O atoms in the film.
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in figures 2(b) and (c), respectively. The representative
defects are encircled and the red areas indicate relatively
stronger emission compared to the rest of the flake area.

3.1. Room-temperature PL measurement

Impurities and native defects are present in bare sapphire
substrates and therefore, it is important to distinguish whether
the observed defects are from sapphire or the h-BN films.
Interestingly, heating the substrates at the h-BN growth
temperature modifies the substrate defect properties through
the creation of new defects [17]. These defects at deep levels
tend to have broad PL features induced by strong phonon
interactions. Therefore, we first measured the PL spectrum of
the heat-cycled sapphire substrates to help distinguish them
from h-BN PL peaks. As-received sapphire from commercial
vendors mostly shows the emission spectrum with Cr3+ peaks
at 692.8 nm and 694.2 nm, while the sapphire heated at
1500 °C shows Cr3+ luminescence at 693.1 and 694.2 nm, as
shown in figure 3(a). These measured data closely match the
previously reported results obtained after the substrate was
heated to 1650 °C [18]. Two additional small peaks at 706 nm
and 713 nm are observed in the spectra, which possibly also
originate from sapphire.

Measurements of room-temperature (RT) PL from h-BN
under study elucidated the difference from sapphire induced
emission. PL measurements of point defects, the ‘non-edge’
type was first studied. These defects could be spatially located
anywhere inside the h-BN flakes. Figure 3(b) shows the RT
PL spectrum of a representative non-edge h-BN defect.
Considering the PL lineshapes and relative intensities, the
broad ZPL emission at around 592 nm (=2.09 eV) and the
PSB emission at 634 nm (=1.95 eV) are observed. The use of
a carbon-free precursor tentatively implies that the origin of
this emission is not likely due to carbon-based impurities
(C-N, C-B). Instead this is most liekly caused by the native
defects including nitrogen-vacancy (VN), anti-site complex
(NBVN), and any other intrinsic defects [3]. The exact origin
of the defects responsible for the ZPL is beyond the scope of
this work and will be investigated in our future studies. The

energy difference between ZPL and PSB was found to be
140 meV which corresponds to the in-plane longitudinal
optical and transverse optical (LO/TO) phonon energy. This
value is in good agreement with the previously reported
values, i.e., 165±10 meV [19].

Figure 3(c) presents the RT PL spectrum of a h-BN edge-
defect. The peak around 596 nm (=2.08 eV) and 637 nm
(=1.94 eV) are considered to be ZPL and PSB emissions,
respectively, with a spectral separation of 130 meV. Boron
dangling bonds are the likely origin of the observed ZPL and
PSB emissions because the electronic structures of nitrogen
dangling bonds do not yield emission around 2 eV [20, 21]. It
has been experimentally confirmed that dangling-bond
induced defects and the associated SPEs are mostly localized
near grain boundaries or material edges [10, 22, 23]. Our
measured ZPLs appear at 2.08 eV with a full width at half
maximum (FWHM) of ∼13 nm, which are consistent with the
previous experimental observations [10, 22, 23]. This sug-
gests the likelihood of the presence of boron dangling bonds
at the edge of our h-BN. It should be noted that dangling
bonds on material edges are prone to be bonded with elec-
tronegative atoms/radicals and may change the optical
properties of the materials. In our case, boron-ended edges
might terminate with ambient oxygen and may affect the
optical properties of the materials. Identifying the chemical
nature of the edges responsible for the emission shown in
figure 3(c) requires further structural analysis using high
resolutions transmission electron microscopy (HRTEM) and
this will be investigated in our future studies.

One salient difference between the ‘edge-’ and ‘non-
edge’ point defects is that the emission originates from the
h-BN edge exhibits relatively narrower ZPL lineshapes
compared to the non-edge type. This could be attributed to the
presence of a higher defect density at the non-edge area
compared to the edge-defects with possibly a lower density.
Moreover, local lattice strain and dielectric environment are
the other two potential factors which could explain the dif-
ference in the PL lineshapes [24].

Figure 2. (a) Optical microscope image of the as-grown flake-like h-BN sample, spatial PL mapping data of h-BN for (b) ZPL and (c) PSB
emissions, revealing the quantum point defects.
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The calculated Debye–Waller (DW) factor is defined as
the ratio of integrated luminescence intensity of ZPL (IZPL) to
the total integrated luminescence intensity (Itotal), which
clarifies the extent of electron and phonon coupling. The
measured DW is found to be 0.54 from the non-edge area
while the calculated value at edge is 0.35. These factors are
close to the values where strong and narrow-linewidth ZPL
emission from a single defect embedded in multilayer h-BN
was reported [25]. Unfortunately, such low values may limit
the efficiency of a spin-photon interface in quantum net-
works [26].

The PL spectra collected from non-edge and edge of the
films are found to be different mainly in terms of the line-
shape. To prove this not to be an occasional finding, statistical
analysis of RT PL data was performed. PL area mapping was
conducted once again at a number of h-BN locations near the
non-edge and edge areas. Figure 4(a) shows the number of
non-edge and edge-locations of the h-BN flake where PL was
measured. Total 206 different spatial locations were probed.
Only 63 locations were inside the dashed grey line, i.e., non-
edge. The remaining 143 locations outside the dashed grey
line, i.e. ‘edge’ area - show a ZPL at 592±2 nm and a
weaker second peak at 636±2 nm. The slight wavelength
variation in either ‘63-non-edge’ or ‘143-edge’ locations is
probably due to the inhomogeneous broadening of several
defect species within h-BN, its random orientation and arbi-
trary mechanical contact between h-BN and the underlying
sapphire substrate [27]. In regard to PL lineshape, broader
emission of ZPL and PSB were consistently found from the
non-edge area as shown in figure 4(b) while figure 4(c) dis-
plays the narrower lines that were obtained from the edge
area. This could be due to several reasons including the
possibility of containing a higher defect density at the non-
edge area. Moreover, broadening could also occur due to the
presence of local lattice strain which leads to increased scat-
tering between the energy levels of h-BN [28, 29]. The
change in emission wavelengths and lineshapes may also
result from inhomogeneous broadening of several defect
species or can likely originate from defects belonging to the
same atomistic model coupled to the fluctuating local lattice
strain and/or dielectric environments [30].

3.2. Statistical analysis

3.2.1. Temperature-dependent PL measurement. To
investigate the effect of temperature on the spectral properties
of the point defects, temperature-dependent PL measurements
were carried out. Figure 5(a) presents the PL emission spectra
for a representative ‘non-edge’ defect. As expected, the PL
intensity decreases with increasing temperature. The decrease
in emission intensity is primarily caused by the increase in
nonradiative transition rate because the initial state of the
recombination process depopulates with increasing temperature
[31]. To estimate the ZPL peak and FWHM values, the
emission spectra for each temperature were fitted to a linear
combination of a background and a Lorentzian line shape using

a
- +
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L E

E E

1

2

,

ZPL
2

2
⎛
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⎠

( )
( )

where EZPL is the ZPL emission energy, Γ is the FWHM and L
(E) is proportional to the number of photons emitted in the
energy range (E, E+dE).

The energy peak position exhibits a red shift with increasing
temperature as shown in figure 5(b). The increase in the bulk
lattice constant and the electron-phonon interaction with
increasing temperature causes such a red shift which is an
intradefect optical transition [13]. Although our spectral redshift
is in good agreement with the behavior reported using exfoliated
h-BN [13], the amount of the ZPL peak shift over the measured
temperature range is roughly a factor of ×2–3 smaller than our
observation. This could be attributed to the presence of strain
that developed during growth [14, 15]. The as-grown h-BN
under study is likely to have more strain compared to an
exfoliated one. The solid red line in figure 5(b) represents the
fitting which show a T3+T trend. In fact, the fitting was
performed with the function, AT3+BT, where A and B are free
parameters. The contribution from the electron-phonon interac-
tion to the lineshift is realized via the piezoelectric coupling
proportional to T and the deformation potential proportion to T3.
Hence the ZPL energy exhibits a strong dependence on
temperature.

Figure 3. (a) Room-temperature PL emission from (a) sapphire substrates, (b) non-edge- and (c) edge-defects of multilayer as-grown h-BN.
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Similar to conventional semiconductors, FWHMs of
defect-related spectra often increases with temperature. Con-
sidering FWHMs of ZPL emission at a given temperature, we
observe a FWHM of 35 nm (113 meV) at 77 K. Interestingly, a
FWHM of 0.25 nm (0.74 meV) at 77 K of a single point defect
in multilayer h-BN was reported [2]. Our ZPL FWHM at RT is
measured to be 57 nm (163 meV) which is much broader than
the FWHMs of ZPL (10-35 nm=36-130 meV) at RT and the
associated defects causing the ZPL emission are claimed to be
ensembled [5]. This suggests that the ZPL emission observed
in this study caused by ensemble point defects. Moreover, the
recently reported results [32] support the presence of ensemble
point defects in our as-grown h-BN materials. The temperature
dependence of ZPL FWHM of the ZPL was fitted by [33] and

indicated in figure 5(c) with the red-solid line.

w
G = G
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k T
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o

B
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where Γo is the linewidth at absolute zero temperature, w o the
photon energy at absolute zero temperature and kB the
Boltzmann constant. Such strong dependence on temperature
has also been observed in quantum dots [34] and defects in
diamond [35]. The broadening of FWHM with increasing
temperature from 77 K to 300 K was found to be
approximately 60 meV, as shown in figure 5(c). This clearly
indicates that temperature has much stronger dependence on
the ZPL broadening compared to ZPL energy. Note that the
measured FWHM change, i.e., 60 meV differs from the
previously reported values ∼6 meV [13] and ∼12 meV [25].
This could be attributed to the presence of ensemble defects in
our h-BN materials as opposed to the single defect in h-BN
[13]. Additionally, the presence of strain prevalent to our h-BN
also contributes to such spectral broadening [29].

3.3. Photostability measurement

One important issue, especially for the use of point defect-based
emitters in applications, is the stability of the optical properties
under continuous light irradiation. To explore the photostability,
our pristine h-BN material was exposed to irradiation with a CW
532 nm laser for 1 h. Under a high excitation power of 6 mW
(power density 7.6 mW μm−2) roughly a factor of ×3
enhancement of PL signal with respect to the pristine h-BN is
observed. No obvious change in the ZPL peak position with a
slight change in PSB lineshape is observed, as shown in figure 6.
The absence of PL bleaching and blinking during the measure-
ment unveil the great potential of photostable emitters.

The PL spectral lineshape and intensity were also
observed to change back to the pristine h-BN’s case after the
material was kept to ambient for some time, indicating that no

Figure 4. (a) PL mapping at different locations of h-BN, (b) statistical representation of broad ZPL and PSB across non-edge and (c) narrow
ZPL and PSB across edge of the sample.

Figure 5. (a) Temperature-dependent PL emission, (b) red shift of the
ZPL emission peak and (c) broadening of the ZPL emission
linewidth with increasing temperature.
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material degradation occurred during the illumination pro-
cess. The reason of the temporary PL signal enhancement is
not yet understood and requires further investigation. It could
happen that the intensity of the background emission grows in
time, when exposing the emitter with laser excitation for an
extended period of time. Such long irradiation may also
somehow clean the material surface by removing organic-
based contaminants and water molecules on the material
surface, which may cause the signal enhancement.

4. Conclusion

In conclusion, we investigate spatial distribution of defects and
sub-bandgap optical properties of h-BN. The mapping study
helped identify bright luminescence from various defects in the
h-BN films. The PL measurements distinguished two types of
quantum point defects and offered new insights into the optical
properties of h-BN. The observed asymmetric broadening of
ZPL emissions is probably due to the presence of ensemble
defects. Boron dangling bonds are likely the cause for the
‘edge’-induced defects. Consistent broad and narrow ZPL
emission from non-edge and edge of the films support presence
of two different types of defects in the film. Understanding the
defect chemistry and identifying chemical species responsible
for the ‘non-edge’ type defects and the resulting emission
reported here are beyond the scope of this work and will be
investigated in the future. Among native point defects, carbon
is less likely due to the use of a carbon-free precursor during
h-BN growth. Our next step is to grow few-defects h-BN films
and introducing foreign atoms on top of such materials at
particular spatial locations, being pivotal for the realization of
deterministic quantum point defects. This is an essential step
toward development and demonstration of robust and con-
trollable SPEs that can be used for future quantum information
processing technologies.
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