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ABSTRACT: A recent study associates carbon with single photon
emitters (SPEs) in hexagonal boron nitride (h-BN). This
observation, together with the high mobility of carbon in h-BN,
suggests the existence of SPEs based on carbon clusters. Here, by
means of density functional theory calculations, we studied clusters
of substitutional carbon atoms up to tetramers in h-BN. Two
different conformations of neutral carbon trimers have zero-point
line energies and shifts of the phonon sideband compatible with
typical photoluminescence spectra. Moreover, some conformations
of two small C clusters next to each other result in photo-
luminescence spectra similar to those found in the experiments. We
also showed that vacancies are unable to reproduce the typical
features of the phonon sideband observed in most measurements because of the large spectral weight of low-energy breathing
modes, ubiquitous in such defects.

1. INTRODUCTION

Single photon emitters (SPEs) in large band gap materials are
emerging as promising building blocks for quantum
information processing and distribution. The interplay
between their optical and spin properties has enabled several
high-impact quantum technology applications1 such as
quantum sensing2,3 and quantum computation.4,5 Therefore,
a growing community is on an active search for long coherence
spin systems based on bright and stable single emitters.
However, although many new emitters have been characterized
in diamond,6−9 silicon carbide,10 and hexagonal boron nitride
(h-BN),11 unrevealing their atomic structure in order to take
advantage of their properties is yet to be explored. In
particular, a number of new emitters have been found in h-
BN12−21 with different brightness, stability, and zero phonon
lines (ZPL) and phonon sidebands (PSBs). In this work, we
calculate the expected emission spectrum for several defects in
h-BN and associate some of these defects with the observed
photoluminescence (PL) found in recent works; specifically,
we are interested in the SPEs with a ZPL in the near-infrared
or visible spectrum (1.6−2.4 eV).13

Despite extensive theoretical attempts to identify the atomic
structure associated with the SPE defects found in h-
BN,14,22−28 up to now few defect configurations have been
proposed. The theoretical work has mostly relied on density
functional theory (DFT) under the assumption that it can
provide transition energies accurate enough to estimate the

ZPL and compare it to experimentally measured values.29 The
de facto standard for DFT calculations of defects in h-BN is the
Heyd−Scuseria−Ernzerhof hybrid functional (HSE06)30,31

since it is one of the exchange−correlation functionals giving
the most accurate estimation for the band gap of solids.32 It
predicts a band gap of 5.7 eV in h-BN, close to the
experimental value of 6.1 eV.33,34 However, it is worth noting
that the average error of HSE06 in determining insulator band
gaps is about 30% (or 0.7 eV).32 Therefore, HSE06 (and DFT
in general) is not accurate enough to predict the signatures of
electronic transitions in defects. This issue has been addressed
for some defects in h-BN by comparing HSE06 with more
accurate ab initio methods.35−37 Errors range from 0 to 1 eV
depending on the orbitals involved (closed or open shell,
triplet or singlet states, etc.) and their occupancies (neutral or
charged defects).
In view of this relatively large estimation error, instead of

identifying the defects through their ZPL, we focus on other
features such as their PSBs and other experimental/theoretical
considerations on their formation energy. In particular, we
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focus on a commonly found relative shift of the PSB from the
ZPL of ∼160 meV,16 in order to determine the families of
defects compatible with this characteristic feature and narrow
down the potential PSE to few possibilities. Moreover, a couple
of recent studies17,38 show that carbon impurities are related to
the observed SPEs in h-BN. This observation, together with
the high mobility of carbon impurities in a h-BN layer,39

suggest that carbon clusters are an interesting alternative to
explore for the identification of SPEs.
This article is organized as follows. In Section 2, we

summarize experimental evidence about the SPEs in h-BN
including energetics of defects formation and migration. Our
methodology is explained in Section 3, where we check our
methodology against the 4.1 eV SPE, identified as the CBCN
defect.40 In Section 4, we elaborate on the observed PSBs and
the nature of the defects, ruling out the defects with vacancies.
In Section 5, we study C neutral and charged clusters up to
tetramers, identifying neutral C trimers as candidates for the
SPEs and providing insight into the electronic structure of the
clusters. Finally, in Section 6, we study the defects composed
of two nearby C clusters (double clusters), identifying five
defects compatible with the experimental data.

2. CURRENT EVIDENCE OF SPE IN H-BN
Most PL experiments have shown several visible (or near-
infrared) SPEs in h-BN, with ZPLs ranging from ∼1.63 to
∼2.15 eV.12−15 Regardless of the ZPL energy, most of the
SPEs have a similar PSB, featuring a first maximum at about
160 ± 10 meV from the ZPL.12,41 Another study13 found a
larger spread of this maximum (150−200 meV). These
energies are very large for a single phonon, and they are
found only in the LO phonons of (pristine) h-BN.13 Therefore,
the atomic rearrangement during the emission process should
have a strong bond stretching (i.e., associated with a high-
energy phonon). This is the most important ingredient of our
model and we will elaborate on it in Section 4.
Another feature, shared among the reported PL spectra of

SPEs in h-BN, is a sharp but asymmetrical ZPL. This hints at
an important contribution of low-energy phonons (50 meV or
less) in the PL.13

No experimental work is conclusive about the nature of the
luminescent defects, notwithstanding there exist several clues
about them. Despite the similitude of the PL spectra, it was
shown that at least four different defects are responsible for the
spectra found in the 540−720 nm range.42 Furthermore, the
SPEs exhibit a giant stark effect, which suggest excluding the
defects with C3 and inversion symmetries.43−45 Finally,
Mendelson et al.17 showed that the presence of C impurities
is fundamental to have SPEs in h-BN. This supports the
findings of spin resonance studies in h-BN,38,46 relating C
atoms as the source of SPEs in h-BN.
Other studies give inconclusive evidence about the

identification of SPEs. For the sake of completeness, we
comment on them. Feng et al.47 found a large concentration of
vacancies in a h-BN sample by optical imaging methods, but
the only evidence relating vacancies to SPEs is DFT
calculations of the ZPL. Kozawa et al.14 followed an
experimental and theoretical approach, including scanning
transmission electron microscopy imaging, kinetic Monte
Carlo, and DFT calculations to postulate isomers of vacancies
as the SPEs. They found no evidence of heavier heteroatoms in
the samples. They explained the ∼160 meV PSB with the bulk
phonon of this specific energy.48

Finally, it is worth commenting on a few studies about the
relevant formation energies and energy barriers of the defects
in h-BN. According to Weston et al.,39 the vacancies in h-BN
have very large formation energy. In a B-rich environment, the
N vacancy VN has a formation energy above 2.5 eV (depending
on the position of the Fermi level). The B vacancy VB has an
even higher formation energy of more than 5.5 eV in the most
favorable environment. The combination of a vacancy and an
antisite, NB−VN, has a formation energy larger than 8 eV. In
the case of few-layer h-BN, interlayer intrinsic defects are
possible,49 the N interlayer defect has a defect formation
energy close to 2 eV with a Fermi level close to the CBM. The
formation energy of the B interlayer defect is very large
regardless of the Fermi level. The formation energy of defects
involving C atoms in h-BN is energetically much more
favorable.39 In an N-poor (N-rich) environment, the formation
energy of the substitutional defect CN (CB) varies from ∼−1.5
to ∼1.5 eV, depending on the Fermi level. Therefore, C
impurities are likely to be present.
The possibility of an interstitial carbon Ci deserves a more

careful discussion. Its formation energy is large, ranging from
2.5 to 7.0 eV, depending on the position of the Fermi level.39

The migration barrier of Ci is Eb = 1.0 eV. Let us estimate the
implications of this barrier on the mobility of Ci. The diffusion
coefficient D of an impurity atom can be estimated by the
Arrhenius equation50

ν= −D ga e E k T2
0

/b B (1)

where g is a geometrical factor of order 1, a is the lattice
constant, and ν0 is the attempt frequency. From the typical
phonon frequencies, we can use ν0 ≈ 1014 s−1. At room
temperature T = 300 K, the diffusion coefficient is D ≈ 10−4

nm2/s. At higher temperature, T = 1300 K, the diffusion
coefficient D ≈ 1010 nm2/s is very large, implying that Ci can
roam almost freely, until it coalesces with another defect,
probably a vacancy. We can estimate the temperature at which
the Ci defect starts to diffuse by setting D = 1 nm2/s, this
happens with T ≈ 395 K. Experimentally, a sample of h-BN
without SPE signatures was implanted with C atoms by
Mendelson et al.17 After the implantation, the PL exhibited a
narrow ZPL but no appreciable PSB. Subsequently, after 2 h of
annealing at 1000 °C, the PL was measured again, this time
exhibiting the typical PSB found in most experiments. The
temperature during the implantation and before the annealing
was not reported, but if it was room temperature or lower,
these findings are in line with this analysis.

3. METHODOLOGY
In a seminal paper, Alkauskas et al.51 determined the PL
spectrum of a single N vacancy NV− center in diamond by
using the spectral function derived from the electron-phonon
coupling.52 We will briefly summarize the procedure to obtain
the spectral function S(ℏω), as follows.51 For further details,
please refer to the previously published article. The difference
in atomic positions between the (relaxed) excited and ground
state is represented by a generalized set of coordinates, qk.
Decomposing qk in the system’s vibrational modes, k

∑= −
α

α α α αq m R R r( )
i

i ik e, g, k, i
(2)

where k, α, and i are the labels for vibrational modes, atoms,
and Cartesian coordinates, respectively. mα is the mass of the

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c07339
J. Phys. Chem. A 2021, 125, 1325−1335

1326

pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c07339?ref=pdf


atom α. The (relaxed) positions of the ground and excited
states are Rg and Re, respectively. The k-th vibrational mode is
the unitary vector rk. Here, we have assumed that the phonons
of the ground and excited states are identical. From the qk, it is
possible to define a partial Huang−Rhys factor

ω
=

ℏ
S

q

2k
k k

2

(3)

with ωk as the frequency of mode k. This leads to the spectral
function

∑ δ ωℏω = ℏω − ℏS S( ) ( )
k

k k
(4)

with δ(x) as the Dirac delta function, which for practical
purposes is replaced by Gaussians with a width of 6 meV.51

Equation 4 provides a direct access to the PSB. The prominent
peak of S(ℏω) indicates a strong coupling between the phonon
k with qk and hence with q. Therefore, a PBS peak at 160 meV
from the ZPL (in the PL spectrum) translates in a peak of
S(ℏω) at 160 meV. To obtain the PL spectrum, we need the
time-dependent spectral function

∫= ℏω ℏωω
∞

−S t S( ) ( )e d( )i t

0 (5)

The optical spectral function A(ℏω) is the Fourier transform
of the generating function G(t) = eS(t)−S(0), that is,

∫π
− ℏω = ω γ

−∞

∞
− | |A E G t t( )

1
2

( )e di t t
ZPL (6)

where the ZPL energy, EZPL, enters as a parameter. The other
parameter is γ, which represents a thermal broadening of the
ZPL and is chosen to fit the experimental PL spectrum.
Nevertheless, we will show that regardless of the value of this
parameter, it is not possible to reproduce the measured PL
spectrum for some defects such as vacancies. Unless stated
otherwise, we set γ = 4 (1/ps). The luminescence intensity,
L(ω), is L(ℏω) ∝ ω3A(ℏω).
3.1. 4.1 eV SPE. Experimentally, a deep ultraviolet SPE, at

4.12 eV, was measured16 in h-BN. It features peaks of the PSB
at 3.92 and 3.72 eV. Theoretically, it was identified as the
CBCN defect,40 based on the involvement of the carbon atoms,
the transition energies, and the Huang−Rhys factor. DFT
calculationswith the HSE exchange−correlation30give a
ZPL of 4.31 eV,40 close to the experimental value. Additionally,
Korona and Chojecki53 calculated the relevant phonon modes
of this defect, finding a strong stretching with an energy of
∼200 meV, in agreement with the experimental PL. Because of
the evidence linking the CBCN with the 4.12 emission line, we
will use it as a benchmark of our methodology.
The defect geometry is shown in the inset of Figure 1a.

Using the methodology of Section 3, we calculated the spectral
function and the PL spectrum of the CBCN defect (Figure 1).
The ZPL was set to the experimental value, that is, 4.12 eV,
since our approach relies on finding the shape of the PBS
rather than accurately determining the ZPL. We found an
excellent agreement between our model and the experimental
PL. The peaks of the PSB at ∼200 meV are easy to identify
from the spectral function, S(ℏω) (Figure 1b). It features a
prominent peak exactly at the energy of the first phononic
replica of the PSE. This phonon corresponds to a bond
stretching. In general, only bond stretchings have a large
enough energy and, therefore, they are required to emulate the

experimental PL. A second smaller peak is just over the 50
meV and it does not involve any obvious bond stretching
(Figure 1). These low-energy phonon modes lead to an
asymmetric ZPL such as that found in ref 13.13

4. VACANCIES
Several studies have focused on SPEs composed of a vacancy
plus a substitutional or antisite atom, probably motivated by
the color centers in diamond NV− and SiV. In this section, we
argue that this kind of defect is incompatible with most of the
observed PSBs.
The defect VNNB was proposed as a possible SPE in h-BN

because its ZPL has a good agreement with the experimental
value.22 The spectral function of this defect, S(ω), (Figure 2a)
features prominent peaks for low-energy phonons. These
phonons correspond to the spectral projection of the atomic
rearrangement of a transition between the ground and excited
states. In this case and in general, for defects involving
vacancies, the most important phonon modes are the breathing
modes, and they are low-energy, coordinated modes involving
several atomic displacements without a clear bond stretching.
A scheme of these modes is presented in Figure 2b. The PL
spectrum, calculated from S(ω), has two free parameters (see
eq 6): the energy of the ZPL, which is adjusted to coincide
with the experiments, and γ, which sets the broadening of the
modes. Regardless of the value of γ, it is impossible to exhibit
the PSB shift of ∼160 meV with this defect. For the sake of

Figure 1. (a) Simulated PL spectrum (solid lines) of the CBCN, the
vertical lines signal the energy (in eV) of the measured peaks.16 The
inset shows the geometry of the CBCN defect (gray: C, green: B, light
blue: N). (b) Spectral function of the defect CBCN, the inset near each
maximum represents the respective phonon modes. The horizontal
arrows indicate the energy of the most important phonons in S(ω)
and the corresponding phonon shift in the PL spectrum.
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comparison, a typical PL spectrum of SPEs in h-BN (from ref
15) is added in Figure 2c (black circles).
Similarly, the spectral function of the VNCB defect has

prominent low-energy modes, but it lacks the high-energy
phonons needed to reproduce the PSB (Figure 3a). Therefore,
we can rule out this defect as one of the SPEs we are interested
in.12−15,17,18

The negatively charged boron vacancy (VB
−) was theoret-

ically proposed as a quantum bit.28 Recently, it was atomically
engineered.54 A DFT study provided a complete character-
ization of the experimental findings, proposing new possibil-
ities to be explored in this system.26 The PL spectrum of VB

−

shows a single broad maximum. Its PSB has a width of ∼137
meV after the ZPL. In Figure 3b,c, S(ω) and the calculated PL

spectra are shown, in qualitative agreement with the
experimental data.54 Once again, the single wide asymmetric
peak is explained by the prevalence of low-energy phonons.
While our PSB is slightly narrower than the experimental PL
spectrum and underestimates the ZPL by ∼0.1 eV, the
spectrum calculated by Ivad́y et al. is slightly broader26 and
overestimates the ZPL by the same margin. In both the cases,
no important phonon shift at ∼160 meV is observed and the
accuracy of the ZPL obtained is typical for the calculation
method. It is worth noting that Ivad́y’s calculations used a
larger simulation cell, three layers of h-BN, and a close but
different amount of the exact exchange in their calculation.
Also, they went beyond the standard DFT calculations, by
implementing a multireference density matrix renormalization
group method to obtain a many-body spectrum and excited
states.

5. C CLUSTERS
5.1. Carbon Monomers. The simplest C impurities are

single substitutional defects, CN and CB. While they are not
SPEs (their electron−phonon interaction and symmetry are
incompatible with the experimental data, i.e,. not C3
symmetry), they are helpful to understand the more complex
C clusters. The following discussion will be qualitative since we
are interested in finding the trends. Later in this section, when
we find potential SPEs, we will provide quantitative
information.

Figure 2. (a) Spectral function S(ω) of the VNNB. The numbers at
each peak are the respective phonon modes of panel (b). (c) PL
spectra of VNNB, obtained by eq 6, for several values of the parameter
γ, in (1/ps). A typical PL spectrum, from ref 15, is added (black
circles) to allow the comparison between the PL associated with a
defect including vacancies and the experimental one. Regardless of the
value of γ, it is not possible to fit the experimental PL spectrum by a
VNNB.

Figure 3. Spectral function S(ω) and defect configuration for the
VNCB [panel (A)] and VB

− [panel (B)]. All the prominent peaks
correspond to low-energy phonons. PL spectrum of the VB

− defect.
The most important phonon shift is indicated in the panels (B,C).
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In the case of CN, the C atom has one electron less than the
N atom; therefore, it creates an n-type (acceptor) energy level
just above the valence band maximum. For CB, it is the
converse, it creates a p-type (donor) energy level just below
the conduction band minimum. The charged defects CN

− and
CB
+ are isoelectronic to pristine h-BN; therefore their defect

energy levels (within the bulk band gap) are fully occupied and
empty, respectively, see Figure 4a. This implies that the

optically allowed transitions have energies larger than the
observed range in the PL experiments. A neutral CN

0 or CB
0

defect has a half-filled defect band, and therefore, non-
degenerate (Figure 4a). They have two sets of allowed
transitions: from their occupied defect state to the conduction
band or from the valence band to an empty defect state.
5.2. Carbon Dimer. In order to simplify the notation for

the next discussion, we will denote the CBCN dimer as C2. The
stable configuration of C2 is neutral. It has two defect levels

within the band gap: one is fully occupied while the other is
empty (Figure 4b). This gives origin to the 4.1 eV SPE
(Section 3.1). The charged dimers C2

+ and C2
− have a half-

occupied defect state similar to the neutral C monomers.
However, unlike the monomers, the defect states are closer to
the valence band maximum and conduction band minimum,
making them unsuitable to be the SPEs in the range we are
interested (i.e., the optical transitions have an energy lower
than 1 eV for one spin but larger than 3.5 eV for the other
spin). Therefore, we can discard them as SPEs in the visible
range.

5.3. Carbon Trimers. C trimers can be thought of as a
monomer adjacent to a dimer so that their wave functions are
mixed sharing features common to both the subsystems. Two
conformations are possible, C2CB and C2CN, with C2 being
CBCN. As in monomers, the C2CB

+ and C2CB
− are isoelectronic

to pristine h-BN (i.e., they have the same number of electrons
of the h-BN layer); hence, their defect states within the
fundamental band gap are fully occupied (C2CN

−) or empty
(C2CB

+). This is similar to the schemes of the charged
monomers in Figure 4a. Unlike the monomers, there are more
defect levels within (or close to) the band gap. The allowed
optical transitions have an (vertical) energy of at least 3 eV, too
large to add the SPEs we are searching for.
The neutral trimers C2CB

0 and C2CN
0 are qualitatively similar

to the CN
0 and CB

0 monomers, with a spin-split half-filled defect
level which is closer to either the valence or conduction band.
Unlike the monomers, there are extra defect states similar to
the case of C2

0 (Figure 4b). These additional states are very
close to the conduction band minimum and valence band
maximum. The trimer C2CN

0 has a transition energy of EZPL =
1.62 eV calculated with HSE06. Its electronic structure is
sketched in Figure 6a for the ground and excited levels. The
accuracy of DFT to predict the ZPL energy depends on several
factors. In our case, neutral substitutional C impurities, the
electronic structure is quite simple and DFT calculations
should have an error ranging from 0 up to a few tenths of
eV.35,37 Conversely, the spectral function S(ω), Figure 6b,
shows a single peak at ∼160 meV, which is the typical energy
between the peaks of the PSB found in the experiments.12−15

For the sake of comparison between the PL spectrum of our
model with the experiments,15 we shifted EZPL to 2.1 eV
finding a good agreement with the PSB of this SPE. Therefore,
the C2CN

0 defect can be assigned as a SPE, likely with a ZPL
close to 1.6 eV. As stated in the caption of Figure 6, there are
reports of SPEs with a ZPL of ∼1.62 eV,12−14,55 matching our
defect. In a couple of these reports,13,55 the PSB is provided
and the position of the peaks agrees with our calculations.
However, in these works, the PL is noisy, or the ratio between
the ZPL peak and the first peak of the PSB is too small.
The other neutral trimer, C2CB

0, has a similar electronic
structure to C2CN

0 , with three defect levels within the
fundamental band gap: one close to the valence band and
fully occupied, one close to the conduction band and empty,
and a third, half-occupied level, whose energy is in between the
fully occupied and empty levels (Figure 6a). However, unlike
the C2CN

0 cluster, in C2CB
0, the half-occupied level is shifted

closer to the conduction band, that is, the energy between the
last occupied and the first unoccupied levels is 2.19 and 5.03,
for the spin majority and minority (red and blue in the figure),
respectively. This cluster has a ZPL energy of 1.65 eV, very
similar to the defect C2CN

0 . In several aspects, both neutral
trimers are analogous to p- and n-doped semiconductors, with

Figure 4. Schemes of the energy levels of the CN and CB defects (a)
and the C2 defect (b). The gray regions indicate the bulk valence and
conduction bands. The shorter lines within the band gap are the
defect states. The color denotes the spin and the occupied levels have
an arrow. The dashed tilted arrows denote possible optical transitions.
The extra defect level of CN

− is buried in the bulk valence bands in
CN
0 .

Figure 5. Trimers (upper row) and tetramers (lower row) of
substitutional C defects. The energy EZLP of the neutral trimers is
given in eV, see the text for details.
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a similar physics but opposite features. The wave functions
(see Figure 7) of the defect states involved in the transition of
both the trimers are similar but with the opposite order (note
that the transition happens in a different spin channel).
Their spectral function S(ω) and the PL spectrum of C2CB

0

are very similar to C2CN
0 (see Figure 6). Therefore, both the

neutral C trimers are likely to be identified as SPEs in the range
we are interested.

5.4. Carbon Tetramers. There are few possible geometries
for C tetramer defects. Discarding the ones with C3 symmetry,
only two possibilities remain (Figure 5). As they have the same
number of CN and CB substitutions, the neutral defect C4

0 has a
large separation between the empty and occupied defect states,
similar to C2

0 (see Figure 4b). In the charged clusters C4
+, C4

−

the first optical transition has a (vertical) energy of less than 1
eV. Therefore, the tetramers are unlikely the observed SPEs.

6. DOUBLE DEFECTS

6.1. Two Carbon Monomers. From the previous
discussion on C monomers and dimers, we can infer that
two oppositely charged monomers (CB

+, CN
−) separated by

some distance should have a similar set of defect levels to the
C2

0 dimer (Figure 4b) but with a smaller separation between
the occupied and empty levels (i.e., a weaker bonding).
The energy between the occupied and unoccupied defect

states in the band gap of CN
−−CB

+ increases with the distance
between the monomers. Figure 8 shows how the ZPL energy
of this type of double cluster changes with the distance. Only
the two closer arrangements of the CN

−−CB
+− clusters have a

ZPL energy larger than the observed spectra,12,29 but the C2
dimer was already identified as the 4.1 eV quantum emitter.40

The energy levels of the double cluster CN
−−CB

+-3 (C−C
distance: 3.80 Å, EZPL = 2.30 eV, see Figure 8) are sketched in

Figure 6. (a) Scheme of the defect levels of the neutral C2CN defect in the ground and excited levels, the defect geometry is in the inset. (b)
Spectral density S(ω) of this defect. The inset sketches the phonon at ∼160 meV. (c) The calculated PL spectrum, together with a typical
experimental spectrum (see ref 15). In the figure, we blue-shifted the ZPL by ∼0.5 eV to match the experimental ZPL value. While there are reports
of SPEs matching both the ZPL and PSB of this defect, they are not suitable for plotting.12−14,55

Figure 7. Wave functions of the states involved in the luminescent
transition of the clusters C2CN

0 and C2CB
0. In the case of C2CN

0 (C2CB
0),

they belong to the minority (majority) spin.
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Figure 9a. Its corresponding spectral function S(ω) has a
maximum at ∼168 meV, in agreement with the observed PL
spectra.
6.2. Carbon Trimer and a Monomer. In the preceding

section, we showed that two substitutional C defects can have
a ZPL energy and a PSB compatible with the experimental
finding. A charged C trimer has a structure of defect levels
somewhat similar to a monomer. Therefore, oppositely
charged double clusters formed by a C trimer and a C
monomer are natural candidates for SPEs (at least for some
arrangements).
Figure 10 shows the configurations of the double clusters

formed by C2CN
−−CB

+ and C2CB
+−CN

−, when both the
subclusters are one or two atoms apart. The extra number in
the cluster names allows us to distinguish them. In all such
conformations, the ZPL energy is compatible with the
observed PL spectra. It is interesting to note that unlike the
oppositely charged monomers, the maximum ZPL does not
happen at the minimum distance between both the
subsystems. This is because the closest C atoms of the
different clusters are both CB

+ or CN
−. Nevertheless, for a

larger separation, the ZPL should decrease as expected.
The electronic transitions of one case, C2CB

+−CN
−-2, are

shown in Figure 9b. The remaining cases are very similar. The
spectral function of this cluster has a maximum at ∼175 meV.
This combination of ZPL and phonon shift is compatible with
some PL spectra.13 A local maximum is observed at ∼50 meV.
The prominence of these low-energy phonons also are in
agreement with the measured PL. The remaining clusters of
Figure 10 have a very similar spectral function and electronic
structure (within the h-BN band gap). The corresponding
peaks of the phonon shift in the PSB are 172, 176, and 170
meV for C2CB

+−CN
−-1, C2CN

−−CB
+-1, and C2CN

−−CB
+-2,

respectively.
6.3. More Complex Clusters. Even without calculations,

it seems reasonable that some larger double clusters could
inherit the features found here, at least in the case of oppositely
charged trimers. Trimers offer a new degree of freedom
because of the relative orientation between them.
Neutral clusters (double or larger) are not expected to be

SPEs in the visible range. It was shown that the excitation
energy of the aC2 defect changes just ∼0.1 eV when changing
the distance between them.53 However, the aC2 defect next to
aC2CB, C2CN should affect its ZPL energy and PSB. The same
argument should be valid for the aC2 defect close to a
luminescent double cluster (i.e., forming a triple cluster).

Another potentially luminescent defect arrangement could
be a charged C trimer such as C2CB

+ or C2CN
− next to an

overall neutral double cluster (e.g., CB−CN). A charged trimer
is isoelectronic to pristine h-BN, so its ZPL is too large to be of
interest. However, it should affect the properties of the neutral
double cluster. This triple cluster should be spinful. A study of
all the aforementioned possibilities lies beyond the aim of this
contribution.

7. ENERGETICS OF C CLUSTERS
At this point, it is natural to question the energetics of
substitutional C defects. Are they likely to be found? We will
restrict this section to C trimers. Nevertheless, the conclusions
should apply for the other substitutional C defects as well.
The formation energy Ef of a defect D is

∑ μ[ ] = [ ] − [ ‐ ] −E D E D E nh BN
i

i i
f

tot tot
(7)

Figure 8. Two substitutional carbon monomers (CN
−−CB

+) for
different C−C distances. Both the sites are denoted by circles, the
defect CN

− is fixed and CB
+ is placed on the numbered sites.

Figure 9. Scheme of the relevant defect levels of CN
−−CB

+-3 [panel
(a)] and C2CB

+−CN
−-c [panel (b)]. Their respective spectral

functions are in panel (c) and the calculated PL spectra are in
panel (d).
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where Etot[D] is the total energy of the supercell containing the
defect, Etot[h-BN] is the total energy of the h-BN layer
(without the defect D), ni is the number of added (n > 0) or
removed (n < 0) atomic species, and μi is the chemical
potential of these atoms (i.e., the energy of the reservoir used
for interchanging the atoms).
We set μB as the atomic energy of solid B, μN is one-half of

the formation energy of the aN2 molecule. The remaining
parameter μC is the energy of a C atom and can be calculated
from graphene,39 diamond,56 or graphite.57 We will use the
value of μC corresponding to a graphene sheet (which is similar
to the value of diamond). If the experimental conditions are
closer to graphite, it is needed to add ∼0.12 eV to Ef[D] by
each C atom of the defect.
The term Etot[h-BN] usually refers to the energy of a pristine

h-BN sheet. In that case, the formation energy Ef[D] is the
energy needed for the substitutions of B and N atoms by C
impurities, giving

• [ ] =E C C 7.56 eVf 2 B

• [ ] =E C C 7.76 eVf 2 N

these values are very high, and their formation for thermal
mechanisms is unlikely. These defects can still be formed by
the irradiation of the C atoms.
It is instructive to consider the case of the h-BN sheet with

vacancies already present on it, that is, in Etot[h-BN]. In that
case, the formation energy is the energy needed by an impurity
to occupy a vacancy. To avoid confusions, we will denote
E*f[D] to the formation energy of this process. Their values
are

• * [ ] = −E C C 9.12 eVf
2 B

• * [ ] = −E C C 5.60 eVf
2 N

these values are very large, turning vacancies into traps of C
impurities. There are several studies showing the existence of
vacancies in h-BN, some of them are quite complex.14,47,58

Hence, the creation of vacancies and the adsorption of a C
impurity may correspond to different processes.
Regarding the other substitutional C clusters or double

clusters, we expect the formation energies to be qualitatively
similar: the formation energy of these defects should be too

high to be expected on thermodynamic grounds, but if the h-
BN sheet already has vacancies, these vacancies should behave
as traps for the C atoms. The relative abundance of C clusters
in h-BN requires a study which is beyond the scope of this
work.

8. CONCLUSIONS

Using DFT calculations, we simulated the PL spectrum of
several C defects in h-BN, up to C tetramers. Although, the
ZPL energy was calculated with the hybrid functional HSE06
(the de facto standard for electronic structure calculations of
solids), special attention was given to reproduce the prominent
shift of the PSB (∼160 meV) observed in most measurements
of the SPEs in h-BN. This PSB shift can only be originated by
high-energy phonons, such as those involving bond stretching.
Experiments also show (i) a strong stark effect that cannot be
attributed to the defects with C3 symmetry and (ii) that carbon
impurities are needed to observe the SPEs in h-BN.
We found that the presence of vacancies is incompatible

with most of the observed PL spectra.12−18 After an optical
transition, the most important phonons of a vacancy
correspond to the breathing modes, with an energy of ∼50
meV. This behavior should also be present in more complex
defects involving one or more vacancies.
With all the previous constraints, the natural options for

SPEs are the carbon clusters formed by the substitutional
defects. We found that the neutral C trimers ([CN]2CB,
CN[CB]2) have a PSB similar to the one observed in typical PL
experiments. The ZPL of these clusters was calculated as 1.63
and 1.65 eV, respectively.
We also studied the case of two C clusters next to each other

or double clusters. The most interesting case is formed by two
oppositely charged C clusters (e.g., CB−CN). The overall
charge state of these double clusters is neutral, similarly to the
case of the C dimer (responsible for the 4.1 eV SPE) but with a
lower ZPL energy. We found five atomic arrangements of
double clusters with a ZPL within the visible range. In all these
cases, the PSB shows a strong shift of ∼160, in agreement with
the experiments.
The existence of at least two different types of SPEs in h-BN,

with very different underlying physics, has been observed.42

Our findings give a coherent explanation for this behavior.
Nevertheless, the existence of many defects optically active in
h-BN may hinder its potential for applications and further
research is needed to learn how to select a single type of SPEs.

9. COMPUTATIONAL METHODS

First-principles calculations were performed with DFT using
the Vienna Ab initio Simulation Package59−62 with the
projector augmented-wave pseudopotentials.63 The code
pyProcar was used for postprocessing the DFT output.64 We
used a kinetic energy cutoff of 400 eV. Our supercell is made of
98 atoms, which corresponds to 7 × 7 unit cells of the single
layer of h-BN. The ZPL energy of this cell is within 1% of the
value found for a 10 × 10 supercell. A fast convergence with
the cell size has been reported elsewhere.65 Phonon
calculations usually are more sensitive to the supercell size,
we calculated the spectral function S(ω) for cells of up to 9 ×
9, finding a small shift of the low-energy phonons for the 7 × 7
supercell. However, the most relevant phonons for our study
are very localized, and our simulation cell reproduces them
well.

Figure 10. Different conformations of the double defects C2CB
+−CN

−

and C2CN
−−CB

+, the last number in the label of each cluster is just a
label to distinguish among different conformations. The energy EZPL is
in eV.
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Most experiments are carried out in multilayer h-BN, instead
of monolayers. From the point of view of the simulations, the
effect of using a single or multilayer system is not relevant for
the electronic structure of the defect.66 Since the interlayer
phonons have a much lower energy than the ones with an
important spectral weight, we do not expect any important
effect in the electron-phonon coupling, at least for the clusters
studied here. That said, experimental PL spectra differ for
single and multilayer h-BN.22 This could be explained by the
interaction between the h-BN layer and the substrate, but we
are unaware of any explanation in the literature. Our results are
closer to the multilayer case.
We used a single k-point (Γ) in the supercell calculations.

These convergence parameters ensure an accuracy of 3 meV/
atom on the total energy. In most calculations including
structural relaxations, we used the HSE06 exchange−
correlation functional31 after preconverging, using a less
processing demanding calculation made with the Perdew−
Burke−Ernzerhof (PBE)67 exchange−correlation functional. A
force tolerance of 0.01 eV/Å was used for optimizing the
geometry in both the ground and excited states. To identify the
allowed electronic transitions, we examined the imaginary part
of the dielectric tensor. The procedure to calculate the excited
levels consists of fixing the occupation numbers of the wave
functions.68,69 This is often referred to as the ΔSCF method in
the literature.
Depending on the electronic structure of the defect, the

error bar from a HSE06 calculation changes in a more or less
expected way. The worst case corresponds to a highly
correlated system involving charge transfer.35−37 Conversely,
the neutral substitutional carbon clusters (corresponding to the
proposed SPEs in this article) are among the simplest cases for
DFT, and the error expected from HSE06 calculations should
be in the 0.1 eV range.
For the calculation of vibrational modes, we used the PBE

exchange−correlation functional,67 since it provides a reliable
description of phonons at a lower computational cost.51,70 The
size of the supercell is crucial to have a correct PL spectrum;51

therefore, we checked the convergence of the spectral function
with the supercell size.

■ AUTHOR INFORMATION

Corresponding Author
Francisco Munoz − Center for the Development of
Nanoscience and Nanotechnology, CEDENNA, 9170124
Santiago, Chile; Departamento de Física, Facultad de
Ciencias, Universidad de Chile, 7800024 Santiago, Chile;
orcid.org/0000-0002-4324-8650; Email: fvmunoz@

gmail.com

Authors
Cesar Jara − LAAS-CNRS, Université de Toulouse, CNRS,
31031 Toulouse, France

Tomás ̌ Rauch − Institut für Festkörpertheorie und -Optik,
Friedrich-Schiller-Universität Jena, 07743 Jena, Germany;
European Theoretical Spectroscopy Facility; orcid.org/
0000-0002-9335-8866

Silvana Botti − Institut für Festkörpertheorie und -Optik,
Friedrich-Schiller-Universität Jena, 07743 Jena, Germany;
European Theoretical Spectroscopy Facility; orcid.org/
0000-0002-4920-2370

Miguel A. L. Marques − Institut für Physik, Martin-Luther-
Universität Halle-Wittenberg, 06120 Halle/Saale, Germany;
orcid.org/0000-0003-0170-8222

Ariel Norambuena − Centro de Investigación DAiTA Lab,
Facultad de Estudios Interdisciplinarios, Universidad Mayor,
7550000 Santiago, Chile

Raul Coto − Centro de Investigación DAiTA Lab, Facultad de
Estudios Interdisciplinarios, Universidad Mayor, 7550000
Santiago, Chile
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(54) Kianinia, M.; White, S.; Fröch, J. E.; Bradac, C.; Aharonovich, I.
Engineering Spin Defects in Hexagonal Boron Nitride. 2020, arXiv
preprint arXiv:2004.07968.
(55) Tran, T. T.; Kianinia, M.; Nguyen, M.; Kim, S.; Xu, Z.-Q.;
Kubanek, A.; Toth, M.; Aharonovich, I. Resonant Excitation of
Quantum Emitters in Hexagonal Boron Nitride. ACS Photonics 2018,
5, 295−300.
(56) Fujimoto, Y.; Saito, S. Formation, stabilities, and electronic
properties of nitrogen defects in graphene. Phys. Rev. B: Condens.
Matter Mater. Phys. 2011, 84, 245446.
(57) Li, L.; Reich, S.; Robertson, J. Defect energies of graphite:
Density-functional calculations. Phys. Rev. B: Condens. Matter Mater.
Phys. 2005, 72, 184109.
(58) Zhang, J.; Sun, R.; Ruan, D.; Zhang, M.; Li, Y.; Zhang, K.;
Cheng, F.; Wang, Z.; Wang, Z.-M. Point defects in two-dimensional
hexagonal boron nitride: A perspective. J. Appl. Phys. 2020, 128,
100902.
(59) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid
Metals. Phys. Rev. B: Condens. Matter Mater. Phys. 1993, 47, 558−561.
(60) Kresse, G.; Hafner, J. Ab Initio Molecular-Dynamics Simulation
of the Liquid-Metal−Amorphous-Semiconductor Transition in
Germanium. Phys. Rev. B: Condens. Matter Mater. Phys. 1994, 49,
14251−14269.
(61) Kresse, G.; Furthmüller, J. Efficiency of Ab-Initio Total Energy
Calculations for Metals and Semiconductors Using a Plane-Wave
Basis Set. Comput. Mater. Sci. 1996, 6, 15−50.
(62) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B: Condens. Matter Mater. Phys. 1996, 54, 11169−11186.
(63) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B: Condens. Matter
Mater. Phys. 1999, 59, 1758−1775.
(64) Herath, U.; Tavadze, P.; He, X.; Bousquet, E.; Singh, S.;
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