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Hexagonal boron nitride has been found to host color centers that exhibit single-photon emission,
but the microscopic origin of these emitters is unknown. We propose boron dangling bonds as the
likely source of the observed single-photon emission around 2 eV. An optical transition where an
electron is excited from a doubly-occupied boron dangling bond to a localized B pz state gives rise
to a zero-phonon line of 2.06 eV and emission with a Huang-Rhys factor of 2.3. This transition is
linearly polarized with the absorptive and emissive dipole aligned. Due to the energetic position
of the states within the band gap, indirect excitation through the conduction band will occur for
sufficiently large excitation energies, leading to the misalignment of the absorptive and emissive
dipoles seen in experiment. Our calculations predict a singlet ground state and the existence of a
metastable triplet state, in agreement with experiment.

Hexagonal boron nitride (h-BN) displays numerous de-
sirable properties, such as a wide band gap [1] and ex-
cellent stability [2]; thanks to advances in growth tech-
niques [3], h-BN has been incorporated into electronic
and optoelectronic devices [4]. Bright single-photon
emission from point sources in h-BN has also recently
been reported [5]. The emission features strong zero-
phonon lines (ZPLs) in the visible spectrum with modest
coupling to phonon modes [6], rendering these sources ex-
tremely attractive for applications in quantum informa-
tion science. However, in spite of extensive experimen-
tal efforts, the microscopic origin of these single-photon
emitters (SPEs) has not been identified.

It has been found that the SPEs with ZPLs ranging
from 1.6 to 2.2 eV can be created with electron irradiation
or with a high-temperature anneal [5], and ion implan-
tation can be used to increase the formation probability
of emitters [7]. Interestingly, h-BN samples grown with
low pressure chemical vapor deposition (CVD) already
have the emitters present, with ZPLs ranging from 2.10
to 2.18 eV [8]. Weak coupling to phonons is desirable for
SPEs, since it concentrates intensity into a sharp zero-
phonon line. The experimentally observed Huang-Rhys
factor, a dimensionless parameter that characterizes the
strength of electron-phonon coupling, is low for the SPEs
in h-BN [6]. Furthermore, the emitters are linearly po-
larized [6, 7]. Some information about the spin state
is also available: Exarhos et al. found that some emit-
ters exhibit magnetic field dependence and suggested a
singlet-to-triplet intersystem crossing model [9]. Cou-
pling to magnetic fields is an important attribute since it
enables spin qubits and spin-based sensing [10].

Theoretical studies have proposed a variety of differ-
ent centers as potential candidates for the SPEs. Many
of the proposals involved vacancies, for example VN-CB

or VN-NB complexes [11–15]. However, the proposed cen-
ters have extremely high formation energies, making their

observation in as-grown material highly unlikely.
Here we propose that dangling bonds (DBs) are the

source of the observed single-photon emission in h-BN.
DBs are different and distinct from the many other
sources proposed to date, and exhibit properties in excel-
lent agreement with experimental observations. DBs are
formed when the regular bonding arrangement in a crys-
talline material is disrupted; they can be found at sur-
faces, interfaces, grain boundaries, and in voids. Experi-
mental support for the attribution of SPEs to dangling-
bond-like defects comes from the observation that emit-
ters are typically localized near crystal edges or grain
boundaries [7, 16, 17]. While DBs may be sensitive to
their local environment, they can be extremely stable
and plentiful, e.g. they are the primary defect in Si/SiO2

interfaces [18].
To our knowledge, our present study is the first to

examine DBs in h-BN. We will demonstrate that DBs
act as single-photon emitters with characteristics that
are consistent with experimental observations. This new
view of DBs, as quantum defects with controllable prop-
erties, may be extended to other systems for which single-
photon emission has been observed without attribution.
In addition, the information generated here is also valu-
able in the context of using h-BN in electronic devices,
since the presence of DBs can seriously impact device
performance [19, 20].

In this Letter, we uncover the physics of DBs in h-
BN through first-principles calculations. We focus on B
DBs; we will show that N DBs do not possess the neces-
sary level structure to give rise to 2-eV emission. It has
been shown that h-BN flakes are predominantly N termi-
nated [21–23]. Boron DBs will therefore be relatively rare
(occurring, e.g., at corners or kinks [24]), in agreement
with experimental observations. In the ground state, the
B DB is doubly occupied. An internal transition can
occur where one of the electrons is excited into a local-
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ized pz state on the B atom, as shown by the calculated
configuration coordinate diagram in Fig. 1, which will
be explained later. The properties of these transitions
are in excellent agreement with the observed character-
istics of the SPEs: luminescence occurs with a ZPL of
2.06 eV and a Huang-Rhys factor of 2.3. With regard
to polarization, direct excitation into the pz state leads
to emissive dipoles aligned with absorption, but modest
increases in the excitation energy lead to excitation into
extended states and a consequent lack of dipole align-
ment, in good agreement with experimental observations
of polarization [25]. The ground state of the doubly oc-
cupied B DB is a singlet, and the optical transitions de-
scribed above are spin-conserving; however, we find that
an intersystem crossing to a metastable triplet state ex-
ists [9]. All of these calculated properties indicate that
doubly-occupied B DBs are the likely microscopic origin
of the observed 2-eV SPEs.
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FIG. 1. (a) Calculated configuration coordinate diagram
for the 1A1 → 1B1 internal transition of the doubly occu-
pied B DB. (b) Charge density isosurface of the B pz state
that becomes localized upon excitation. (c) Charge density
isosurface of the B DB state that the electron occupies in
the ground state. The isosurfaces correspond to 10% of the
maximal charge density and are colored by the sign of the
wavefunction, with red and blue indicating opposite signs.

Our calculations are based on hybrid density func-
tional theory and projector augmented wave (PAW) po-
tentials [26] as implemented in the VASP code [27]. The
energy cutoff for the plane-wave basis set is 520 eV. We
use the hybrid functional of Heyd, Scuseria, and Ernzer-
hof [28, 29] with the Grimme-D3 scheme to correct for
the van der Waals interactions [30]. This approach has

been extensively tested, both in the context of the present
study and as part of previous work on h-BN [31, 32]. The
fraction of non-local Hartree-Fock exchange α is set to
0.40; this results in a band gap of 6.41 eV which is con-
sistent with the experimentally observed gap [1] when
zero-point renormalization due to electron-phonon inter-
actions [33, 34] is taken into account. This value of the
mixing parameter is also close to satisfying the Koop-
mans condition [35]. The resulting lattice parameters
are a = 2.48 Å and c = 6.57 Å, within 1.2% of the exper-
imental values (a = 2.50 Å and c = 6.65 Å [36]). Defects
are investigated in a 240-atom supercell, constructed by
first building an orthorhombic cell (a × a

√
3 × c) from

two h-BN primitive cells and then scaling by 5 × 3 × 2.
The lattice vectors are held fixed, and atomic coordinates
are relaxed until forces are below 0.01 eV/Å. Brillouin-
zone sampling is performed using a single special k point
(1/4, 1/4, 1/4). Spin polarization is explicitly taken into
account.

Removing a single host atom, i.e., forming a vacancy,
creates three DBs; however, the close spacing of atoms
surrounding the vacancy leads to strong interactions that
significantly modify the electronic structure. As we will
see, the properties of isolated DBs are very different from
those of vacancy centers. To simulate the properties of
an isolated DB, we employ the geometry of Ref. 37. For
instance, to construct a B DB we remove a neighboring
N atom, as well as two additional B atoms [see Fig. 2(a)].
This process creates a small void, containing the primary
B DB that we wish to study, plus four secondary N DBs.
In order to create a reference structure, all five DBs are
passivated with hydrogen, and the atomic coordinates
are relaxed allowing only in-plane degrees of freedom. In
subsequent calculations, the B DB is studied by removing
the hydrogen from the B-H bond, and relaxing atoms up
to second-nearest neighbors, keeping all other atoms in
the reference structure fixed. All relevant parameters are
obtained as energy differences, in which the contributions
from the fixed atoms in the reference structure cancel.

Equilibrium structures for the B and N DBs are shown
in Fig. 2(a) and (b). Our calculations indicate that in this
idealized geometry the DBs have C2v symmetry with the
two-fold rotation axis pointing in-plane, along the DB.
We choose a coordinate system with x pointing along
the C2v symmetry axis and adopt a convention where the
B1 irreducible representation transforms like the vector
z (out of plane), and B2 transforms like y (in plane).
DBs may be occupied with zero, one, or two electrons,
which in our calculations correspond to a positive, neu-
tral, and negative charge state. The relative energies of
these charge states depend on the Fermi level, and the
Fermi-level positions where the transitions between dif-
ferent charge states occur are the thermodynamic tran-
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FIG. 2. Equilibrium structures for the (a) boron and (b)
nitrogen DBs. Boron atoms are shown in green, nitrogen in
gray, and hydrogen in white. (c) Calculated thermodynamic
transition levels for both DBs. The valence and conduction
band are highlighted in blue and orange.

sition levels [38]:

ε(q/q′) =
1

q′ − q
[(Etot(q) + qEVBM + ∆q)

− (Etot(q
′) + q′EVBM + ∆q′)] , (1)

where q and q′ are the charges, Etot is the total energy,
and EVBM is the energy of the valence-band maximum
(VBM) from a bulk calculation. ∆q is a charge-state-
dependent correction that accounts for the finite size of
the supercell [39, 40].

The computed thermodynamic levels for both the B
and the N DBs are shown in Fig. 2(c). For the B DB,
both the (+/0) and (0/−) thermodynamic levels are
found within the band gap; therefore, the B DB may
be unoccupied, singly occupied, or doubly occupied, de-
pending on the Fermi-level position in the material. For
the N DB, on the other hand, the (+/0) level is slightly
below the VBM, indicating that the N DB will never be
completely unoccupied in equilibrium. Kohn-Sham (KS)
states for the two types of DBs are shown in Fig. 3. In
the neutral charge state, the occupied KS state associ-
ated with the N DB is below the VBM. In the negative
charge state, the N DB is fully occupied and has a1 sym-
metry [Fig. 3(a)]; interestingly, a KS state with b1 sym-
metry associated with the pz state on the N atom has
become localized and has moved into the band gap. No
spin-conserving excitations to localized defect states can

occur for either the singly or doubly-occupied N DB, and
hence this DB cannot give rise to strong optical emission.
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FIG. 3. Schematic depiction of the KS states for (a) the
N DB in the negative charge state, and (b) the B DB in the
positive, neutral, and negative charge states. The valence and
conduction band are highlighted in blue and orange. Solid
arrows depict occupied states, and open arrows depict unoc-
cupied states.

The KS states for the B DB in all three charge states
are shown in Fig. 3(b). In the positive charge state, the
B DB is unoccupied, and KS states associated with the
B pz state (with b1 symmetry) are also in the gap. Upon
addition of one electron to the DB, the B pz KS state
shifts higher in energy and occupies a position just below
the conduction-band minimum (CBM). Therefore, the
neutral charge state of the B DB has the possibility of an
internal transition, where the electron in the B DB can be
excited into the B pz state. In the negative charge state,
two electrons occupy the DB; the B pz state moves above
the CBM and becomes delocalized. While this may seem
to rule out the possibility of an internal transition, we
will see that upon excitation (which leaves the a1 state
half occupied) the B pz state becomes localized.

To study internal transitions we employ the ∆SCF
methodology [41] in which excitation energies are com-
puted as a total-energy difference between two calcula-
tions in which the occupations are constrained, each in-
cluding full atomic relaxation. We employ configuration
coordinate diagrams to schematically depict the coupling
of these electronic transitions to lattice vibrations [10]
and to compute the Huang-Rhys factors within the one-
dimensional approximation [42]. The computed ZPL for
the internal transition in the neutral charge state is 3.27
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eV, with a Huang-Rhys factor of 7.9; this ZPL does not
correspond to any observed single-photon emission.

In the negatively charged ground state, two electrons
occupy the B DB in a singlet state, transforming like
the A1 irreducible representation of C2v. We label the
state 1A1, where the superscript refers to the multiplic-
ity 2S + 1 for a system of total spin S. We first consider
the spin-conserving excitation of an electron from the
DB to a B pz state. The computed configuration coor-
dinate diagram for this transition is shown in Fig. 1(a).
Upon excitation the B pz state becomes localized, trans-
forming like the B1 irreducible representation [shown in
Fig. 1(b)]; we therefore label the excited state 1B1. In
the excited-state calculation, the KS state of the B pz
occurs just below the CBM, similar to the b1 state in the
neutral charge state. The ZPL for the 1A1 → 1B1 tran-
sition is calculated to be 2.06 eV, in excellent agreement
with the experimental reports [5, 8]. The Huang-Rhys
factor for this transition is 2.3, on par with the range
of experimental values reported in Ref. 6. The B DB is
therefore a good candidate for the SPE, provided it oc-
curs in a negative charge state, requiring the Fermi level
to be sufficiently high in the band gap. Such a position is
plausible, given the likelihood of oxygen contamination
of the samples [43]. Oxygen impurities act as donors and
drive the Fermi level towards the CBM [31].

One might expect that the emissive and absorptive
dipoles would be aligned, but it has been reported that
this is not necessarily the case [6]. Jungwirth and
Fuchs [25] demonstrated that for resonant excitation the
dipoles are aligned, but that misalignment occurs for
higher excitation energies. The characteristics of B DBs
nicely explain these observations. For excitations at or
slightly above the resonant absorption energy [Fig. 1(a)],
the alignment of the dipole is maintained. But because
of the proximity of the b1 state to the CBM, absorption
at higher energy will place the electron in the conduction
band, leading to a loss of polarization. The subsequent
emission process, after the electron is captured into the
excited state, then occurs with a polarization that is un-
related to the absorption dipole.

Our model of the negatively-charged B DB also pre-
dicts the presence of a metastable shelving state. The
intersystem crossing to the shelving state is shown in
Fig. 4. In addition to the 1B1 excited state that oc-
curs within the spin-singlet manifold, we can consider
a 3B1 triplet state where one electron occupies the DB
and one occupies the B pz state in a high-spin configu-
ration. Our calculated level structure in Fig. 4 is similar
to the singlet-to-triplet intersystem crossing proposed by
Exarhos et al. [9] based on their study of the magnetic-
field dependence of the SPEs, differing in the definition
of B1 and B2 and the fact that they only considered di-
agrams with in-plane polarization.

Intersystem crossings depend on spin-orbit coupling
to induce transitions. The spin-orbit coupling oper-
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FIG. 4. Intersystem crossing of the doubly-occupied B
DB. The solid blue line indicates an optical transition, and
dashed orange lines indicate nonradiative crossings between
spin channels. Alternative labels under Cs symmetry are
given in parenthesis. Each transition is labeled with the tran-
sition energy and the Huang-Rhys factor S.

ator is given by HSO =
∑

i li · si, where i labels the
electrons, si is the spin angular momentum opera-
tor, and the orbital angular momentum operator li is
(1/2m2c2)∇V (ri)× pj , where V is the nuclear Coulomb
potential [12]. Within C2v symmetry, orbital angular mo-
mentum transforms like an axial vector with no A1 com-
ponent, and B1 ⊗B1 = A1. Therefore, spin-orbit matrix
elements between the 1B1 and 3B1 states are zero. In a
lower symmetry, such as Cs, spin-orbit matrix elements
between these states are non-zero and the intersystem
crossing becomes allowed.

Indeed, such symmetry lowering should be expected
for the dangling-bond defects proposed here. Given that
these defects occur at the edge of flakes or near grain
boundaries [7, 16, 17], the perfect C2v symmetry as as-
sumed in our idealized geometry will be broken. Local
distortions and interactions will distort the DB out of
plane and into a lower symmetry, such as Cs. This is in
agreement with recent experiments that demonstrated
Stark tuning of the SPEs in h-BN and suggested that an
out-of-plane, permanent dipole is necessary to couple to
the electric field [44]. The sensitivity of the properties of
these DBs to the local environment explains why experi-
mentally a range of SPEs with slightly different emission
wavelengths are observed [5, 16, 17]. The identification
of SPEs as DB defects actually allows us to propose an
explanation for the mechanism by which nanopillars ac-
tivate emitters in h-BN [45]: the induced curvature acts
to bend the DBs out of plane.

Deviations from C2v symmetry also account for the
polarization of the optical transition. Selection rules
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for electric dipole transitions would indicate that the
1A1 → 1B1 transition is allowed only for out-of-plane
polarization, while experiments report in-plane polariza-
tion [6, 7]. With Cs symmetry, both the ground and
excited state orbitals will transform like A′, and in-plane
polarized transitions are allowed.

In summary, our calculations provide valuable informa-
tion about the physics of DBs in h-BN. Doubly-occupied
B DBs exhibit many of the experimentally reported fea-
tures of single-photon emission. With a singlet ground
state, an electron can be excited from the DB to a B pz
state; this internal transition has a ZPL at 2.06 eV. The
calculated electronic structure of the DB explains why
alignment of the absorptive and emissive dipoles depends
on the excitation energy [25]. The dangling-bond system
exhibits an intersystem crossing to a metastable triplet
state, in agreement with experiment [9]. The sensitivity
of DBs to the local environment explains why SPEs with
a range of wavelengths have been observed [5, 16, 17],
but offers exciting prospects for controlling and manip-
ulating SPEs now that the microscopic origin has been
identified.
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