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We report on luminescent centers contained in a few-layer-thick hexagonal boron nitride (h-BN) ﬁlm
grown on Ni by molecular beam epitaxy. After transfer to a SiO2 /Si substrate, sharp lines are observed in
photo- and cathodoluminescence spectra in both the ultraviolet and the visible range. Spatially resolved
measurements reveal that the luminescent centers responsible for these lines are localized within microscopic multilayer islands that form at the nucleation centers of the h-BN ﬁlm. The comparison of their
energy, polarization, and phonon-replica emission with previous theoretical predictions suggest that the
NB VN antisite could be one of the light emitters present in our sample. Moreover, we also observe evidence
of other kinds of centers that could be associated to defects containing carbon or oxygen. The characterized
luminescent defects could have potential applications as quantum light sources.
DOI: 10.1103/PhysRevApplied.10.044031

I. INTRODUCTION
The controlled generation and manipulation of single
photons is a key factor for the development of quantum
information technologies [1]. One of the most promising platforms for the realization of single-photon sources
(SPSs) is atomlike emitters based on solid-state systems,
since they combine the optical properties of atoms with
the scalability of solid-state nanostructures [2]. In addition to the well-known quantum dots [3] and color centers in solids [4], the family of solid-state SPSs includes
low-dimensional systems like carbon nanotubes [5] and
two-dimensional materials like WSe2 [6,7]. One of the
most recent additions to the last group has been hexagonal
boron nitride (h-BN), where luminescent defects acting as
SPSs have been reported both in the visible [8] and in the
ultraviolet (UV) spectral ranges [9].
In recent years, several groups have intensively studied
the optical properties of the SPSs emitting in the visible spectrum both in bulk h-BN [10–12] and in ﬂakes
[13–21]. Although the structural nature of such centers is
still under discussion [8,22–25], their good polarization
properties [8,13] and the fact that they maintain their quantum character even at elevated temperatures [19] make
them strong candidates as optoelectronic components in
integrated quantum devices. Future applications of such
quantum centers, however, will depend on (i) the possibility of growing h-BN over large areas with high structural
and morphological quality and (ii) the control over the kind

of luminescent defects, as well as their spatial distribution
within the h-BN ﬁlm.
Among the various approaches to synthesize h-BN
ﬁlms, molecular-beam epitaxy (MBE) is very promising
as it allows the formation of h-BN on diﬀerent kinds of
substrates with precise control over the growth conditions.
Recent results have demonstrated the feasibility of MBE
for the large-area growth of h-BN ﬁlms on Ni [26], as
well as on pyrolytic graphite [27] and on graphene on SiC
[28]. Moreover, the MBE growth of vertical heterostructure ﬁlms combining h-BN and graphene layers has been
demonstrated [29,30].
In this contribution, we study luminescent centers in
h-BN ﬁlms grown using MBE. By means of spatially
resolved electron-beam and laser excitation, we investigate
the spatial distribution of these centers and characterize
their light-emission properties. We ﬁnd that the centers
are mostly localized within multilayer islands that form
at the nucleation centers of the h-BN ﬁlm. We clearly
identify two kinds of luminescent defects that have been
recently classiﬁed as SPSs: a defect emitting in the UV
range that could be associated to carbon impurities and a
defect emitting in the visible spectral range that we tentatively attribute to the NB VN antisite. Moreover, we also
observe another source of antibunched photons emitting in
the visible spectral range that could be related to electronic
transitions within a third kind of luminescent defect.
II. METHODS
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The few-layer-thick h-BN used in our experiment is
grown by MBE on a 300-nm-thick Ni ﬁlm with an area of
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10 × 10 mm2 that is previously evaporated on a MgO(111)
substrate at room temperature. After transferring the Nicoated substrate through air to the MBE system, it is
treated by cyclic thermal annealing and Ar sputtering in
order to prepare and improve the Ni surface for the MBE
growth of the boron nitride [30]. During the synthesis of
the h-BN ﬁlm, a high-temperature eﬀusion source provides the beam of B, while active N species are produced
by a rf plasma source. The average thickness of the hBN ﬁlm is one nanometer, i.e., about three monolayers.
More details about the growth procedure are described by
Nakhaie et al. [26].
After formation of the h-BN ﬁlm, we transfer an
area of 4 × 4 mm2 from the growth template onto an
8 × 8 mm2 SiO2 /Si wafer using a wet chemical transfer
technique [31]. To this end, the h-BN is ﬁrst spin-coated
with PMMA and then the sample is immersed in a shallow
beaker containing dilute nitric acid (10%) to etch the Ni
ﬁlm. Next, the PMMA/h-BN stack is rinsed in water and
transferred onto the SiO2 /Si substrate, where it is baked at
150◦ C on a hot plate to remove water molecules enclosed
at the h-BN/SiO2 interface. Finally, the PMMA is washed
away in acetone. Figure 1(a) shows an optical micrograph
of the h-BN ﬁlm after the transfer process.
Optical characterization at room temperature is
performed using a Raman spectrometer (LabRam HR Evolution) with a continuous-wave 473-nm laser as an excitation source. In the photoluminescence (PL) experiments
at cryogenic temperatures (6–20 K), a continuous-wave
532-nm laser is used instead. PL spectra with a polarized
excitation are obtained by directing the laser through a
linear polarizer and a half-wave plate to rotate the polarization angle before focusing the laser beam using an
objective lens. The luminescence emitted by the sample
is then collected by the same objective, directed through a
550-nm-long pass ﬁlter to block the laser beam, and sent to
a single grating spectrometer containing a Si-based chargecoupled device (CCD) camera at the output slit (Horiba
Scientiﬁc). A linear polarizer located in front of the input
slit of the spectrometer is used to analyze the polarization
of the luminescence.
Photon autocorrelation measurements are performed by
coupling the PL emitted by the sample to a Hanbury
Brown–Twiss (HBT) setup (see [32] for a drawing of the
HBT setup). The input part consists of an optical ﬁber containing a 50:50 beam splitter, while the two output ﬁbers
are connected to two superconducting nanowire singlephoton detectors (SNSPD, Single Quantum). The output
signals of the SNSPDs are connected to the start and stop
inputs of a time-correlated single-photon counting module
(PicoHarp300). A band-pass ﬁlter placed before the input
ﬁber is used to select the emission line to be analyzed by
the HBT.
Cathodoluminescence (CL) measurements are carried
out in a Zeiss Ultra55 ﬁeld-emission scanning electron

microscope (SEM) operated at an acceleration voltage of
5 kV and ﬁtted with a Gatan MonoCL4 detection unit as
well as a helium cold stage for cryogenic measurements.
The light collected by a parabolic mirror is directed into
a monochromator equipped with a 300-l/mm grating. For
monochromatic CL intensity maps, the light is detected
using a photomultiplier tube and a large slit width of 3
mm (corresponding to a spectral band pass of about 36
nm) is chosen. For spectrally resolved maps, the full spectrum at each measurement point is detected using a CCD
camera and a slit width of 0.2 mm (2.4-nm band pass) is
used to resolve the individual emission lines. As further
discussed in the Supplemental Material [32], the electron
beam excites also the SiO2 substrate, resulting in a broad
emission band between 1.7 and 2.0 eV. This substrate
emission is removed from the CL spectra presented in the
main manuscript (at the laser energy used for the PL measurements, the defect luminescence in SiO2 is not excited
and, thus, a background subtraction is not necessary). The
CL measurements are carried out at a temperature of 20 K.
III. RESULTS AND DISCUSSION
The as-grown h-BN on Ni exhibits only weak luminescence (see [32] for PL measurements of as-grown
h-BN). We attribute this to the fact that metallic surfaces may quench the luminescence of nearby photoexcited dipoles [33,34]. Therefore, all experiments presented
in this manuscript are performed on an h-BN ﬁlm transferred to a dielectric substrate. We select SiO2 /Si as the
substrate for the transferred ﬁlm (i) due to the good optical contrast between h-BN and SiO2 and (ii) to perform
our luminescence measurements under equivalent experimental conditions as other authors studying these kinds
of defects [13–16]. Figure 1(b) displays room-temperature
PL spectra of the transferred h-BN ﬁlm. The area of the
sample not covered by the h-BN ﬁlm (red curve) does
not show any signal except for the Raman peak of the Si
substrate. In contrast, the region containing h-BN exhibits
a broad PL band composed of several sharp peaks. The
number of peaks, their intensity, and the emission energy
depend on the position of the laser spot (green and blue
curves). We attribute these PL spectra to the contribution
of several luminescent centers contained within the area
excited by the laser spot. Embedded in this PL emission,
we also identify the weak Raman peak of the h-BN ﬁlm at
approximately 2.45 eV (not visible in the ﬁgure; see [32]
for raw Raman spectra). This peak is displayed in the inset
of Fig. 1(b) after background subtraction and is well ﬁtted by a Lorentzian function centered at a Raman shift of
1358.3 cm−1 .
To obtain a deeper insight into the spatial localization of
the luminescent defects, we have also analyzed the h-BN
ﬁlm using spatially resolved CL spectroscopy. Figure 2(a)
displays a scanning electron micrograph covering a
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FIG. 1. (a) Optical micrograph of the h-BN ﬁlm transferred to the SiO2 /Si substrate. The area covered by the h-BN ﬁlm is marked by
the red dashed square. (b) Room-temperature photoluminescence spectra measured at two diﬀerent points on the h-BN ﬁlm (green and
blue curves), as well as a control spectrum recorded on a region without h-BN (red curve). The curves are normalized to the amplitude
of the Si Raman peak at ≈ 2.56 eV (marked in the graph) and vertically shifted for clarity. The inset displays the Raman line of the
h-BN after background subtraction. The solid line is a ﬁt to the data using a Lorentzian function.

4.3 × 3.5-μm2 area of the transferred h-BN ﬁlm. The
image shows several islands randomly distributed over the
surface of the sample. They are observed across all regions
of the h-BN ﬁlm that we studied, thus indicating that they
are homogeneously generated all over the h-BN ﬁlm during the MBE growth (see [32] for a SEM image of a
larger area). In fact, the islands are a few layers thicker
than their surroundings and are anticipated to form around
the nucleation centers [26,28,35]. In addition, atomic force
microscopy conﬁrms the presence of a signiﬁcant number
of ridges and wrinkles in our h-BN ﬁlms [26,28,30].
While in PL the range of excited transitions is limited by the energy of the incident laser, the electron beam
used for CL excites any optical transitions in the scattering volume of the beam. Figures 2(b) and 2(c) display
energy-ﬁltered images of the low-temperature CL intensity
of the same area shown in Fig. 2(a), collected for detection wavelengths centered at 320 nm (3.88 eV) and 600
nm (2.07 eV), respectively. These two wavelengths represent the main emission bands of the sample (see [32]
(a)

(b)

(c)

FIG. 2. (a) Scanning electron micrograph of a region of the
h-BN ﬁlm after transfer to the SiO2 /Si substrate. (b),(c) Energyﬁltered CL intensity maps centered at 320 nm (3.88 eV) and 600
nm (2.07 eV), respectively, recorded with a 36-nm spectral band
pass. The CL images are displayed in a false color scale.

for full CL spectrum). Remarkably, the images indicate
that the luminescence originates from the islands rather
than from the ﬂat areas of the h-BN ﬁlm. Moreover, the
dominant contribution to the CL intensity comes from the
centers emitting in the UV and not from those emitting in
the visible range. For both wavelength regions, we have
collected two-dimensional, spectrally resolved CL maps
of single islands at step sizes of 20 nm. Figure 3 shows
the maps obtained for the area marked with a blue square
in Fig. 2(a). In the UV range (around 3.9 eV), Fig. 3(a)
demonstrates that the CL spectrum is fairly homogeneous
within the island, although with signiﬁcant variations in
intensity. The spectrum consists of three main peaks at
ﬁxed energies, separated by approximately 180 meV from
each other. A similar UV spectrum has been reported for
single-photon emitters contained in h-BN ﬂakes obtained
by chemical exfoliation [9]. These centers have been tentatively attributed to lattice defects consisting of substitutional C atoms on N sites, CN [36,37]. However, recent
theoretical calculations suggest CB as a better candidate
[25]. The observation of these emission lines suggests that
C impurities are present in our sample.
The spectrally resolved map of the centers emitting in
the visible range (around 2.1 eV) is displayed in Fig. 3(b).
Contrary to the UV map, the spectrum of the centers emitting in the visible depends on the position of the electron
beam within the island, thus suggesting the contribution
of diﬀerent kinds of localized centers. The emission of
each of these centers can be seen over an area of around
100 × 100 nm2 , which is a result of the spatial resolution of
the CL measurements being limited by the scattering volume of the electron beam in the sample and the diﬀusion
of excited carriers within the layer.
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FIG. 3. Spatially resolved CL
intensity maps of the island
marked with a blue square in
Fig. 2, for (a) the UV and (b)
the visible emission range. Below
the maps, exemplary spectra from
two points of the map are given.
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After conﬁrming the presence of luminescent centers in
our h-BN ﬁlm, we characterize the optical properties of
several centers emitting in the visible range with respect
to excitation laser power and polarization. This analysis is
performed with PL spectroscopy at liquid He temperatures
in order to enhance their PL intensity and to reduce the
linewidth of their zero-phonon line (ZPL) [13,17]. In the
following, we show results for two of these centers, which
we have labeled as D1 and D2.
Figure 4(a) displays the PL spectrum of D1, measured
at 6 K. It shows a sharp ZPL at 2.16 eV, together with
a broad secondary emission with well-resolved peaks at
1.997, 1.988, and 1.965 eV. The detuning energies of these
peaks with respect to the ZPL are −163, −172, and −195
meV, respectively. As the phonon density of states in bulk
h-BN shows maxima for transverse and longitudinal optical phonons at this range of energies [38], we attribute this
secondary emission to a phonon side band (PSB) associated to electronic transitions involving the emission of one
photon and one phonon. Moreover, the vibronic spectrum
around the ZPL is asymmetric and consists of a low-energy
side band with maximum intensities at detuning energies
of about −8 and −16 meV. This emission resembles the
one reported for the UV defect in bulk h-BN [12] and,
therefore, we attribute it to the coupling of the center with
longitudinal acoustic phonons. Finally, three weak emission peaks are observed at detuning energies of about −41,
−82, and −124. These peaks could be related to a vibration

mode associated with the presence of the defect, as will be
discussed below.
The intensity of the ZPL with respect to the excitation
power density, Ilaser , is displayed in Fig. 4(b). It shows the
characteristic saturation behavior of this kind of system
and is well ﬁtted using the expression [4]
I∝

Ilaser
.
Ilaser + Isat

(1)

Here, Isat = 502 kW/cm2 is the excitation density at saturation.
The optical characteristics of center D1 are very similar
to those of single photon emitters that have been tentatively
associated to the antisite complex NB VN [8,13,14,20]. A
detailed analysis of the PSB in the PL spectrum of Fig. 4(a)
further supports this assumption, as we are able to identify
the vibration modes that, according to recent theoretical predictions, contribute mostly to the luminescence of
the NB VN defect [22]. In their calculations, the authors
used constrained density-functional theory (DFT) to predict the atomic geometry of the excited states for a range
of potential defects in h-BN and then they determined the
strength of the electron-phonon coupling for the diﬀerent
vibration modes of the system, including those associated
with the presence of the defects. For the NB VN antisite,
they found that the vibration modes with the highest partial Huang-Rhys factors and therefore with the largest
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FIG. 4. (a) Characteristic PL spectrum of the luminescent center denoted as D1. It shows the ZPL at 2.16 eV (measured at 6 K),
together with phonon side bands at lower energies associated to the vibration modes A, B, and C described in the main text. The peaks
marked as A and A correspond to phonon replicas involving the emission of two and three phonons, respectively. (b) Intensity of the
ZPL as a function of the excitation power density, Ilaser . The solid curve is a ﬁt to the data according to Eq. (1). (c) Spectrally resolved
PL (measured at 20 K) of a center with ZPL at 2.166 eV. The color plot of the inset displays the intensity of the ZPL as a function of
the polarization angle of the excitation laser. (d) Excitation (red squares) and emission (green circles) polarization curves for the ZPL
of panel (c). The red and green curves are ﬁts using a sin2 θ function.

electron-phonon coupling are the ones with energies EA =
42 meV, EB = 169 meV, and EC = 194 meV. Mode A consists of a delocalized phonon mode in which the defect site
moves along the dipole direction. Modes B and C, in contrast, are localized modes where the largest displacements
originate from the atoms surrounding the defect site. In the
B mode, the two boron atoms in the defect site stretch perpendicular to the dipole direction, while in the C mode
the nitrogen atom in the defect stretches further into the
defect site. We have marked the photon-emission energies
associated to the phonon modes A, B, and C with vertical dashed lines in the spectrum of Fig. 4(a), obtaining
an almost perfect agreement between theoretical prediction and experimental data. Moreover, in the case of mode
A, we can even resolve transitions involving the emission of two and three phonons—labeled as A and A ,
respectively.

An additional property of the NB VN center is the fact that
its PL is polarized in the plane and along the C2v symmetry axis of the defect [8,13,24]. Figures 4(c) and 4(d) show
the PL polarization dependence of a luminescent center
emitting at a similar energy as the one in Fig. 4(a), but
with higher intensity. Figure 4(c) displays the ZPL (measured at 20 K), which is well ﬁtted by a single Lorentzian
function centered at 2.166 eV. The color plot of the inset
shows the dependence of the PL spectrum (vertical scale)
on the polarization angle of the exciting laser (horizontal
scale). It shows two clear maxima and minima within one
full rotation of the polarization axis. Figure 4(d) displays
the intensity of the ZPL with respect to the polarization
angle of the laser excitation (red squares), together with
the polarization analysis of the emitted PL (green circles).
Both sets of data are well ﬁtted by a sin2 θ function with
maxima aligned along the same direction, thus indicating
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FIG. 5. (a) Spectrally resolved PL of the center denoted as D2.
It shows the ZPL at 2.003 eV (measured at 6 K) and no traces
of a phonon side band. Its second-order autocorrelation function,
g (2) (τ ), is displayed in the inset. The solid curve is a ﬁt to the
data according to Eq. (2). (b) Luminescence as a function of the
polarization angle of the excitation laser. It consists of two emission lines, indicated as peak 1 and 2 in the ﬁgure. (c) Excitation
polarization curves for peak 1 (red squares) and peak 2 (green
circles). The red and green lines are ﬁts using a sin2 (θ ) function.

that the optical transition is governed by two electronic
levels with a single absorption and emission dipole, in
agreement with theoretical predictions [24,39].
Not all the luminescent centers that we studied followed
the behavior observed for the center D1. As an example,
we display in Fig. 5 the optical characteristics of the center
labeled as D2. Its low-temperature (6-K) PL spectrum, displayed in Fig. 5(a), consists of a ZPL at 2.003 eV, with no
clear traces of a PSB. A closer examination of the ZPL [see
Fig. 5(b)] reveals that it does not consist of a single peak,
as in the case of D1, but of at least two emission peaks with
an energy separation of about 1.55 meV. Interestingly, each
peak exhibits a diﬀerent dependence on the polarization
angle of the laser excitation; cf. Figs. 5(b) and 5(c). While
the high-energy peak (denoted as peak 1) shows a clear
dipolar behavior similar to the one observed for defect D1
[cf. Fig. 4(d)], the low-energy peak (denoted as peak 2),
although aligned with the polarization axis of peak 1, is
only weakly polarized.
The presence of several peaks in the ZPL is also
reﬂected in its photon autocorrelation measurement, shown
in the inset of Fig. 5(a). The photon correlation histogram
displays a clear antibunching feature at zero time delay,
which is well ﬁtted by a two-level model:
g (2) (τ ) = 1 − a exp(−|τ |/τR ),

(2)

where τR ≈ 1.3 ± 0.2 ns is the recombination lifetime and
g (2) (0) = 0.66 ± 0.04 (0.48 ± 0.05 after background correction) is the autocorrelation value at zero time delay.

According to the quantum theory of light, g (2) (0) is related
to the number N of photons simultaneously emitted by
the expression g (2) (0) = 1 − 1/N . The experimental value
of g (2) (0) is above the upper limit g (2) (0) < 0.5 that
characterizes single photon sources, thus indicating the
simultaneous emission of 2 < N < 3 photons. This result
suggests that the observed spectrum originates from two
electronic transitions emitting single photons at slightly
diﬀerent energies.
In contrast to D1, we cannot associate a clear crystal
structure to defect D2. On the one hand, it could consist
of just two independent NB VN defects excited simultaneously within the area covered by the laser spot. Although
the energy of the ZPL of D2 is about 160 meV lower than
that of D1, it has been shown that local strain can induce
such a spectral tuning in the NB VN defect [20]. On the
other hand, the absence of a clear PSB and the weaker
polarization of one of the two peaks suggest a diﬀerent
crystallographic nature for this emission. One possibility
could be the presence of defects containing elements other
than B and N, like O2B VN , CN SiN VB , or CB VN . Theoretical calculations using DFT have predicted for such defects
ZPL emission energies of 1.90, 2.03, and 2.08 eV, respectively [24], which are close to the energies discussed in
Fig. 5. While the incorporation of Si during the growth of
the h-BN ﬁlm is highly unlikely, the incorporation of O or
C into the h-BN lattice cannot be ruled out. In the case of
C, this assumption is further supported by the UV emission centers observed in the CL measurements, which are
tentatively attributed to C impurities. Therefore, a likely
candidate for the luminescence features reported in Fig. 5
could be CB VN . This attribution is in line with the low
Huang-Rhys factor predicted for such a kind of defect [22],
which implies a weak emission of phonon side bands, as
well as with the fact that one of its possible optical transitions is predicted to be polarized perpendicular to the plane
of the h-BN layer [24].
IV. CONCLUSIONS
To summarize, we have characterized luminescent
defects contained in a few-layer-thick h-BN ﬁlm grown by
MBE. CL measurements reveal that the luminescent centers are concentrated within microscopic islands that form
around the nucleation centers of the h-BN. In addition, they
are divided into two groups, depending on whether they
emit in the visible or in the UV region. The UV emitters
could be related to substitutional C impurities and show
a very stable spectrum distributed homogeneously within
the islands. In contrast, the optical features of the defects
emitting in the visible spectral range depend strongly on
the position of the excitation source on the island, thus
suggesting the contribution of diﬀerent kinds of defects.
The comparison with theoretical predictions suggests that
the NB VN antisite could be one of the defects present in

044031-6

LUMINESCENT DEFECTS IN A FEW-LAYER...

PHYS. REV. APPLIED 10, 044031 (2018)

our sample and that a second kind of center emitting antibunched photons could be associated to defects containing
C or O.
The observation of luminescent centers with potential
applications as quantum light sources in h-BN grown by
MBE is a promising step toward the integration of h-BN
in quantum optoelectronic devices based on the epitaxial growth of dissimilar two-dimensional materials. As an
example, the epitaxial combination of h-BN and graphene
[28–30] could lead to the scalable fabrication of quantum devices, where the access to the quantum information
stored in defect centers of the h-BN ﬁlm is realized not
only optically, but also electronically [40].
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[3] P. Michler, A. Imamoğlu, M. D. Mason, P. J. Carson, G.
F. Strouse, and S. K. Buratto, Quantum correlation among
photons from a single quantum dot at room temperature,
Nature 406, 968 (2000).
[4] Christian Kurtsiefer, Sonja Mayer, Patrick Zarda, and Harald Weinfurter, Stable Solid-State Source of Single Photons, Phys. Rev. Lett. 85, 290 (2000).
[5] Alexander Högele, Christophe Galland, Martin Winger, and
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