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Quantum emitters in hexagonal boron nitride (hBN) have gained significant attention due to a
wide range of defects that offer high quantum efficiency and single-photon purity at room temper-
ature. Most theoretical studies on hBN defects simulate monolayers, as this is computationally
cheaper than calculating bulk structures. However, most experimental studies are carried out on
multilayer to bulk hBN, which creates additional possibilities for discrepancies between theory and
experiment. In this work, we present an extended database of hBN defects that includes a com-
prehensive set of bulk hBN defects along with their excited-state photophysical properties. The
database features over 120 neutral defects, systematically evaluated across charge states ranging
from —2 to +2 (600 defects in total). For each defect, the most stable charge and spin configurations
are identified and used to compute the zero-phonon line, photoluminescence spectrum, absorption
spectrum, Huang-Rhys (HR) factor, interactive radiative lifetimes, transition dipole moments, and
polarization characteristics. Our analysis reveals that the electron—phonon coupling strength is pri-
marily influenced by the presence of vacancies, which tend to induce stronger lattice distortions and
broaden phonon sidebands. Additionally, correlation analysis shows that while most properties are
independent, the HR factor strongly correlates with the configuration coordinates. All data are pub-
licly available at https://h-bn.info, along with a new application programming interface (API) to
facilitate integration with machine learning workflows. This database is therefore designed to bridge
the gap between theory and experiment, aid in the reliable identification of quantum emitters, and
support the development of machine-learning-driven approaches in quantum materials research.

Keywords: hexagonal boron nitride, defects, density functional theory, database, bulk

1. INTRODUCTION

Solid-state quantum emitters have become essential
building blocks for optical quantum technologies, ow-
ing to their ability to generate on-demand single pho-
tons that serve as flying qubits in applications such as
quantum communication [1, 2], quantum memory [3-5],
quantum computing [6, 7], and quantum sensing [8, 9].
A variety of platforms, including quantum dots [10, 11],
nitrogen-vacancy (NV) centers in diamonds [12, 13], sili-
con carbide (SiC) [14], two-dimensional transition-metal
dichalcogenides (2D TMDs) [15, 16], and defects in
hexagonal boron nitride (hBN) [17, 18], have demon-
strated single-photon emission under different operating
conditions. While epitaxial quantum dots exhibit excel-
lent photon purity, they typically require cryogenic oper-
ation [10, 11]. Conversely, bulk crystal defects can func-
tion at room temperature but suffer from limited photon
out-coupling efficiency due to their three-dimensional ge-
ometry [19]. Two-dimensional materials thus offer a com-
pelling compromise. That is, their atomically thin form
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reduces the total internal reflection; hence, enhancing the
out-coupling efficiency.

Among 2D materials, TMD emitters have shown
promise, but to date, most demonstrations remain con-
fined to temperatures below 15 K [15, 16]. In contrast,
color centers in hBN operate reliably at room temper-
ature, exhibit high quantum efficiency [18], robustness
against aging [20, 21], stability [22], and benefit from
high out-coupling due to the atomically thin host lattice
[17]. In hBN; a single photon is emitted when an optically
excited electron relaxes through a two-level defect state
localized within the wide band gap (~6 €V) of the ma-
terial. Given the large band gap, hBN has been proven
to accommodate a multitude of defect-induced mid-gap
states, giving rise to a rich spectrum of optical transi-
tions [23]. Experimentally, quantum emitters in hBN
have been observed at photon energies ranging near 1 eV
[24], 2 eV [25, 26], 3 €V [27], and 4 €V [28]. This wide
range of emission energies makes defect identification a
central challenge in hBN research. Currently, only the
Vs ! center has a well-established match between theory
and experiment [29]. For other proposed emitters such as
CgVn [30, 31], CpCn [28], CpCnCn [32], CgCOnCgCn
[33-36], OnVg' [37], a clear consensus of all photophys-
ical properties between experiment and theory remains
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Figure 1. Overview of the h-bn.info database workflow. The updated database extends our previous work on monolayer
hBN by introducing a new feature: bulk hBN defect structures. Investigated defects include native vacancies, substitutional
impurities (from groups III-VI), and various complexes, with charge states ranging from —2 to +2. For each defect, the
most stable charge and spin configurations are identified. Ground-state properties such as defect formation energies and
electronic structures are computed, followed by excited-state properties including ZPL, PL and absorption spectra, configuration
coordinates, HR and DW factors, radiative lifetimes, and transition dipole polarizations. All data are compiled into a structured
database with an accessible API supporting Python-based queries for integration with ML and data-driven research workflows.

The color scheme is defined as follows: blue blocks represent
features available for both bulk and monolayer.

elusive.

This challenge is based on the fact that many dif-
ferent defects can produce similar signatures, such as
overlapping zero-phonon line (ZPL) energies, compara-
ble excited-state lifetimes, similar EPR spectra, and Ra-
man features [38]. A major bottleneck in resolving this
issue is the absence of a comprehensive and systematic
database covering the photophysical properties of a large
set of hBN defects. Therefore, robust defect identifica-
tion requires a broad and detailed characterization of a

features available only for bulk, while yellow blocks represent

wide range of properties across many possible defects [35].
To mitigate the high computational demand associated
with first-principles calculations, several machine learn-
ing (ML) approaches have been developed to predict pho-
tophysical properties across large defect spaces [39, 40].
However, these models still rely on DFT benchmarks for
validation, as the photophysical properties of hBN de-
fects do not follow simple patterns based on chemical
type, symmetry, or defect class. The inherent variability
and randomness in defect-related optical properties thus
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necessitate a comprehensive, DFT-validated repository
that includes both ground- and excited-state character-
istics to support reliable identification and interpretation
of experimental results.

To address this gap, we previously introduced a hBN
defect database [41]. However, it was limited to only
monolayer hBN and focused primarily on ground-state
electronic properties. Since most experimental studies
are conducted on bulk hBN samples, there is a pressing
need to extend the theoretical framework to suitably ac-
commodate experimental conditions. In this work, we
therefore expand the database to include defect proper-
ties in bulk hBN and incorporate excited-state photo-
physical properties. In contrast to our earlier version, as
summarized in Fig. 1, the newly developed database in-
cludes new defects and an additional analysis of charge
stability, where defect charge states ranging from —2
to +2 are systematically evaluated. For each defect,
the most stable charge and spin configurations are iden-
tified and subsequently used for detailed calculations
of both ground-state and excited-state properties. All
computed data are compiled into a publicly accessible
database available at https://h-bn.info. Importantly,
the database now provides comprehensive data for both
bulk and monolayer hBN, allowing users to select the
most relevant system for their research needs. As ma-
chine learning models are becoming increasingly popular
in materials research, we also provide an application pro-
gramming interface (API) for automated data retrieval
to support broader usability and facilitate integration
with ML workflows. As a result, this work serves as
a vital resource for guiding experimental findings, sup-
porting defect identification, and facilitating data-driven
approaches in quantum materials research.

2. METHOD

This section describes the methodology used to gener-
ate the data presented in this work. While each method
has been described already in Ref. [41], we still review the
details here for the sake of completeness. Each block in
Fig. 1 corresponds to a step in the computational pipeline
and is detailed below.

A. DFT calculation details

All first-principles calculations in this work were per-
formed using the Vienna Ab initio Simulation Package
(VASP) [42, 43], employing the projector augmented-
wave (PAW) method for treating core-valence interac-
tions [44, 45]. To accurately capture the electronic struc-
ture of wide-bandgap hBN, we employed the screened
hybrid functional HSE06, modified with a Hartree-Fock
exchange mixing parameter a=0.32, which yields a cal-
culated band gap of 6.09 eV for hBN;, in excellent agree-
ment with experiment [46]. A single I'-point was used for
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Brillouin-zone sampling in all defect calculations, and a
plane-wave cutoff energy of 500 eV was applied. Spin
polarization was included throughout to ensure spin con-
servation in electronic transitions.

Experimentally, bulk hBN can adopt several stacking
sequences, most notably AA’ (boron atoms in one layer
sit directly above nitrogen atoms in the adjacent layer)
and AB (each successive layer is translated by one in-
plane bond length) [47]. In this study, we employ the
AA’ configuration exclusively, as total-energy calcula-
tions based on hybrid functional identify it to be slightly
more stable than the AB stacking [48, 49]. The van der
Waals interactions were included via the D3 correction
of Grimme et al. [50].

B. Selection of investigated defects

To systematically explore defects in bulk hBN, we con-
sidered native defects, Xy, Xg, XnVB, XgVN, XXN,
and complexes where X is an element from groups III -
VI indicated in Fig. 1.

All defect structures were generated within a 6x6x2
supercell (288 atoms), as illustrated in Fig. 1, to minimize
spurious defect—defect interactions. Ionic positions were
relaxed until residual forces fell below 1072 ¢V/A and
total energy changes were smaller than 10~% eV. Note
that full relaxation of both atomic positions and lattice
parameters was also tested and found to cause zero to
20 nm variation in the ZPL, depending on the defect
type. Given this minor effect, we chose to relax only
the ionic positions. In total, 124 distinct neutral defect
configurations were constructed and carried forward for
subsequent charge stability analysis.

C. Ground-state properties
1. Ground-state electronic structures

For hBN defects, the most commonly encountered spin
configurations include singlet, doublet, and triplet states,
each corresponding to a different number of unpaired
electrons. In this work, we determine the preferred spin
configuration for each defect by comparing the total en-
ergies of all relevant spin states. Only the lowest-energy
configuration is selected for subsequent calculations.

2.  Defect formation energy

Defect formation energy is a key quantity used to de-
termine the most stable charge state of a defect under
given thermodynamic conditions. For each defect in this
study, charge states ranging from —2 to +2 were system-
atically evaluated by computing their formation energies
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using the following expression
EJ[X9 = B[ X9 — Eyot[hBN] — Z nifi

+ q(evbm + 6Fermi) + Ecorr(q)v (1)

where Fiot[X 9] is the total energy of the supercell con-
taining the defect X in charge state ¢; Fiot[hBN] is the
total energy of pristine hBN; The term n; represents the
number of atoms added or removed from the system, with
1; being a chemical potential of atom species 7; The Fermi
level €permi corresponds to the electronic chemical poten-
tial, referenced to the valence band maximum (VBM) of
pristine hBN, denoted by €ypm. The final term, E.orr(q),
is a correction for spurious electrostatic interactions aris-
ing from periodic boundary conditions in charged super-
cells [51]. In this work, we employed the Spinney Python
code for charge correction [52]. Although charge states
q greater than +3 or ¢ less than —3 may be possible for
certain defects, they were not considered in this work.
Future studies may extend the analysis to include these
regimes in order to identify additional stable defects and
potential quantum emitters.

By comparing the formation energies across charge
states, we identify the most stable charge configuration
for each defect, which is then used in all subsequent
ground- and excited-state property calculations.

D. Excited-state properties
1. Ezxcited-state electronic structures

To simulate excited-state configurations, we employ
the so-called ASCF method, a constrained DFT ap-
proach in which the occupation of electronic states is
manually controlled [53]. In this method, one electron
is explicitly promoted to an excited state, allowing us to
model the electron excitation.

For spin-polarized systems, such as defects with dou-
blet or triplet ground states, two types of spin-conserving
excitations may be possible: spin-up to spin-up or spin-
down to spin-down. Both transitions are considered in
this work where relevant. In contrast, for singlet defects,
only one transition channel is evaluated unless otherwise
specified. This ensures consistency with spin-selection
rules and captures the dominant optical transitions for
each defect configuration.

2. Zero phonon line (ZPL) calculation

In experimental photoluminescence spectra, the
sharpest and most prominent peak is typically associ-
ated with the ZPL, which corresponds to a purely elec-
tronic transition occurring without the involvement of
phonons. In this work, the ZPL is calculated as the total
energy difference between the fully relaxed excited-state

View Article Online
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and ground-state geometries as follows:

ZPL = Etotal,excited - Etotal,ground~ (2)

While the zero-point vibrational energies (ZPE) can
slightly shift the ZPL, typically in the range of a few
meV to 0.1 eV, depending on the defect [54, 55|, they are
neglected in this study under the assumption that ZPE
contributions approximately cancel between the ground
and excited states. To ensure spin conservation, we treat
spin-up and spin-down transitions separately. For cer-
tain defects, this results in two distinct spin-conserving
excitation pathways, each yielding its own ZPL.

8. Configuration coordinates

Due to the differences in electronic occupation between
the ground and excited states, the atomic geometries of a
defect can undergo significant structural relaxation upon
excitation. This structural change can be quantified by
the so-called configuration coordinate (gg), which is de-
fined as

dx = Z Ve (Re,ai — Rg,ai) ATk i (3)

a,lET,Y,2

where « indexes the atoms; 7 denotes the Cartesian com-
ponents (x,y, z); and m,, is the mass of atom «. The
terms Ry o; and R, o; correspond to the equilibrium po-
sitions of atom « in the ground and excited states, re-
spectively; and Ary o; is the normalized eigenvector of
the phonon mode k, indicating the direction of atomic
displacement.

4. HR and DW factors

The Huang-Rhys (HR) factor (S) can be used to quan-
tify the strength of the electron-phonon coupling. This
can be computed from the partial HR factor s; of each
phonon mode k, defined as

2
W4y
= 4
Sk 2h ) ( )

where wy, is the frequency of the phonon mode k; and gy, is
the configuration coordinate displacement corresponding
to that mode, as defined previously. Then the HR factor
is obtained by summing over all phonon modes, and its
spectral distribution can be expressed as

S(hw) = sk8(hw — hewy), (5)
k

where § is the Dirac delta function. In addition to S,
the Debye—Waller (DW) factor is also computed to char-
acterize the fraction of emission occurring in the ZPL,
which is given by DW = e~%.
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5. Absorption and photoluminescence spectra

In this work, the photoluminescence L(Aiw) spectrum
is calculated from the full-phonon simulation [56], which
can be obtained from

L(hw) = Cw’ A(hw), (6)
where C' is a normalization constant (typically deter-
mined by fitting to experimental data), and A(hw) is

the optical spectral function that captures both ZPL and
phonon sidebands, which is computed as

ABzr— 1) = 5 [ G expl—isot e, (7)

where v is a broadening parameter, and G(¢) is the gen-
erating function defined as

G(t) = exp(S(t) — 5(0)). (®)

Here, S(t) is the time-dependent spectral function given
by

oo
St = [ Stw)exp(-iwtdhw), ()
0
where  S(Aw)  represents  the  phonon-resolved
Huang-Rhys factor as described in the previous
section. The convergence test of the supercell size is

shown in Supplementary S1.

6. Transition rate and lifetime

A radiative transition rate quantifies how quickly a
transition occurs between two defect states with the same
spin polarization. It is given by

nD€2 3

— 2
= WEOMe—h, (10)

I'rn
where ' is the radiative transition rate; e is the elemen-
tary charge; €y is vacuum permittivity; Fy denotes the
ZPL energy; ,ug_h is the modulus square of the dipole
moment computed by Eq. (12); and np is 1.85, which is
the refractive index of the host hBN in the visible [19].

Since the refractive index of hBN can vary between
samples or experimental conditions, our database pro-
vides an interactive feature that allows users to input
a custom refractive index. The transition rate and cor-
responding radiative lifetime are automatically updated
based on the user-defined value. The radiative lifetime
(Tr) is computed as the inverse of the transition rate

1
— 11
TR = (11)
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7. Transition dipole moment and polarization

The polarization characteristics of excitation and
emission processes can be derived from the transition
dipole moments. To compare theoretical predictions with
polarization-resolved PL experiments, both excitation
and emission dipoles are rotated by 90° and mapped
modulo 60° to obtain the nearest alignment relative to
the hexagonal crystal axes. Although the hexagonal sym-
metry is 120°, angles beyond 180° are equivalent due to
rotational symmetry. To ensure consistency with exper-
imental conditions, dipole vectors are projected onto the
xy-plane of the hBN crystal, allowing the computation
of the in-plane polarization visibility.

The transition dipole moments are calculated from
the electronic wavefunctions obtained after structural re-
laxation. These wavefunctions are extracted using the
Python package PyVaspwfc [57]. However, since the
wavefunctions in the ground and excited states originate
from different geometries, two distinct dipole types must
be considered: excitation and emission dipoles. The ex-
citation dipole corresponds to the transition from the
wavefunction of the optimized ground state to that of
the optimized excited state. In contrast, the emission
dipole corresponds to the transition from the optimized
excited-state wavefunction to the optimized ground-state
wavefunction. The transition dipole moment can be ob-
tained from

ih

(E —E)m (Vrlp i), (12)

n=
where 1);,; are the initial and final wavefunctions; E;, ¢
are the corresponding eigenvalues; m is the electron mass;
and p is the momentum operator. Because the involved
wavefunctions come from geometrically distinct config-
urations, a modified version of PyVaspwfc [58] is used
to correctly evaluate the dipole moments. The resulting
dipole vector p may have components in all three Carte-
sian directions and can be expressed as

b= || 4 [y 9+ |2 2. (13)

If p, = 0, the transition dipole lies entirely in the xy-
plane, indicating a purely in-plane polarization. This
behavior is further analyzed using the linear in-plane po-
larization visibility, which quantifies the extent to which
the emission or absorption is confined within the plane
of the hBN crystal.

E. Database repository

The hBN defect database is stored as a single SQLite
file, hbn_defects_database.db, in the GitHub reposi-
tory QCS-Theory/hBN-database. It contains a primary
table, updated_data, with the following schematics as
listed in Tab. I.

To provide access, we use the GitHub REST API
contents endpoint. Users type
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Column name

Type and description

Option

Host

Defect

Defect name

Charge state

Spin multiplicity

Optical spin transition

Excitation properties: dipole_x (Debye)

Excitation properties: dipole_y (Debye)

Excitation properties: dipole_z (Debye)

Excitation properties: linear In-plane Polarization
Visibility

Excitation properties: Intensity (Debye)

Excitation properties: Characteristic time (ns)
Excitation properties: Angle of excitation wrt the
crystal axis

Emission properties: dipole_x (Debye)

Emission properties: dipole_y (Debye)

Emission properties: dipole_z (Debye)

Emission properties: linear In-plane Polarization
Visibility

Emission properties: Intensity (Debye)

Emission properties: ZPL (eV)

Emission properties: ZPL (nm)

Emission properties: lifetime (ns)

Emission properties: Angle of emission wrt the crys-
tal axis

Emission properties:  Polarization misalignment
(degree)

Emission properties: Configuration coordinate
(amu'/2/A)

Emission properties: HR factor

Emission properties: DW factor

Emission properties: Ground-state total energy (eV)
Emission properties: Excited-state total energy (eV)
Ground-state structure

Excited-state structure

Ground-state electronic structure

Excited-state electronic structure
PL lineshape

Raman spectrum

TEXT: host material identifier

TEXT: defect chemical formula/code

TEXT: descriptive name of the defect

INTEGER: integer charge state

TEXT: spin configuration of defects

TEXT: allowed optical spin transition

REAL: x-component of excitation dipole moment
REAL: y-component of excitation dipole moment
REAL: z-component of excitation dipole moment
REAL: Visibility

REAL:
REAL:
REAL:

Strength of excitation transition dipole moment
Time of excitation transition
excitation polarization angle

REAL:
REAL:
REAL:
REAL:

x-component of emission dipole moment
y-component of emission dipole moment
z-component of emission dipole moment
Visibility

REAL:
REAL:
REAL:
REAL:
REAL:

Strength of emission transition dipole moment
ZPL energy

ZPL wavelength

Radiative lifetime of emission

emission polarization angle

REAL: dipole misalignment angle

REAL: @ value

S value

DW value

total energy

total energy

BLOB: atomic structure file (CIF file)

BLOB: atomic structure file (CIF file)

BLOB: raw OUTCAR file (VASP format) for electronic
structure

BLOB: raw OUTCAR file (VASP format) for electronic
structure

BLOB: raw PL lineshape file with the broadening pa-
rameter () in Eq. (7) equal to 1

BLOB: raw Raman spectrum file

REAL:
REAL:
REAL:
REAL:

abs_dipole_x
abs_dipole_y
abs_dipole_z
abs_visibility

abs_tdm
abs_lifetime
abs_angle

ems_dipole_x
ems_dipole_y
ems_dipole_z
ems_visibility

ems_tdm
ZPL
ZPL_nm
lifetime
ems_angle

misalignment

Q

HR

DW

E_ground
E_excited
structure_ground
structure_excited
band_ground

band_excited
PL

raman

Table I. Structure of the updated_data table in hbn_defects_database.db. The leftmost column provides the database field
names, and the central column specifies the corresponding field’s data type along with a concise description. The rightmost
column lists the retrieval option keys used by get_database(option=["..."]). The first six rows are always returned in the
get_database () function. See Sec. 4 for instructions in detail.

GET https://raw.githubusercontent.com/
QCS-Theory/hBN-database/main/
hbn_defects_structure.db

3. RESULTS AND DISCUSSION

This returns the SQLite binary, which users can save lo-

cally and open with any SQLite-compatible tool.
ternatively, in Python, one can call get_database(...)
function to load and (optionally) filter the data.

Sec. 4 for step-by-step procedures.

Al-

See

In this section, we first analyze correlations among key
photophysical parameters. We then investigate the im-
pact of vacancy on PSB broadening. Finally, we present

the overall distribution of hBN defects in a histogram.
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A. Correlation matrix

The correlation matrix among various photophysical
parameters is computed using the Spearman rank corre-
lation method, as shown in Fig. 2. Overall, most param-
eters exhibit low correlation coeflicients, indicating that
they are largely independent of one another. However,
notable correlations are observed between the configura-
tion coordinate and the HR factor.

These dependencies are expected and can be explained
analytically. As shown in Egs. (4) and (5), the HR factor
is proportional to the square of the configuration coor-
dinate, making their correlation inherently strong. This
relationship validates the internal consistency of the com-
puted dataset.

B. Relationship between the number of vacancies
and PSB broadening

We now investigate the behavior of the HR factor,
which is directly related to PSB broadening and thus re-
flects the strength of electron—phonon coupling. In Fig. 3,
defects are categorized into four groups based on their
vacancy content: no vacancy with a single impurity, no
vacancy with complexes, one vacancy, and two vacancies.

Fig. 3(a) shows the correlation between the @ and the
HR factor. As expected from theory, the HR factor in-
creases approximately with the square of @), confirming
the analytical relationship. Notably, defects without va-
cancies tend to exhibit lower values of both @ and the
HR factor. In contrast, defects with one or two vacancies
span a wider range of values, with a significant fraction
showing strong electron—phonon coupling (i.e., higher @
and HR values). This trend is further supported by the
histograms shown in Figs. 3(b) and 3(c), where the dis-
tributions of the high HR factor and high @ mostly be-
long to the defects with vacancies.

PL lineshape comparisons in Fig. 3(d) further reinforce
this observation. Defects without vacancies, including
isolated point defects and complexes, typically exhibit
the HR factors in the range of 0-2 and 0-3.8, respec-
tively. In contrast, defects containing vacancies show
significantly broader HR distributions: 0-12 for single-
vacancy defects and 3.5—4 for those with two vacancies.
As reflected in the PL lineshapes, vacancy-containing de-
fects tend to display broader PSB. These results suggest
that having more vacancies tends to induce stronger lat-
tice distortion upon excitation compared to having no
vacancy. This enhanced structural relaxation leads to
greater geometric variation between the ground and ex-
cited states, thereby increasing the ) and, consequently,
the HR factor.
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C. Distribution of hBN defects

To further analyze trends across different defect
classes, Fig. 4(a) presents the distribution of ZPL ener-
gies for defects categorized by the number of vacancies.
The results suggest that there is no clear correlation be-
tween ZPL energy and the number of vacancies: all three
classes (no vacancy, one vacancy, two vacancies) span a
wide ZPL range. Interestingly, vacancy-free defects with
a single impurity appear to populate both the low and
high ends of the ZPL spectrum.

At the lowest ZPL bin, the Oy defect is found, with a
ZPL energy of 0.24 eV. However, when taking defect for-
mation energies into account, this configuration is ener-
getically less favorable compared to its positively charged
counterpart (OJNFI)7 suggesting that such a low-energy
transition may not be experimentally observable under
typical conditions.

On the opposite end, the Gag defect exhibits a ZPL of
5.82 €V, which is the highest in the dataset. This config-
uration is thermodynamically stable based on its defect
formation energy. However, its electronic structure does
not feature well-defined two-level mid-gap states. This
behavior can be attributed to the fact that Ga and B
belong to the same group in the periodic table, result-
ing in no difference in the number of valence electrons.
Consequently, the electronic transition involved in Gapg
closely resembles a near-band-edge transition, yielding a
ZPL value approaching the intrinsic bandgap of hBN.

For defects containing complexes with one or more va-
cancies, the ZPL energies consistently fall within the 1-4
eV range. This trend can be attributed to the nature of
vacancies, which typically introduce localized electronic
states within the mid-gap region of hBN. Given the in-
trinsic bandgap of approximately 6 eV, these vacancy-
induced states often lie near the center of the gap. As a
result, optical transitions between such defect levels com-
monly span energy differences of 1-4 €V, leading to ZPL
values confined within this range.

Fig. 4(b) presents the distribution of misalignment be-
tween excitation and emission polarizations. The results
show that there is no correlation between the misalign-
ment and the number of vacancies. For the majority of
defects, excitation and emission dipoles are nearly par-
allel (minimal misalignment). Since the polarization an-
gles are mapped modulo 60° to account for the hexagonal
crystal symmetry, most values cluster near 0°. However,
one obvious outlier with a misalignment of 51° is identi-
fied as the ONV; defect. Further analysis reveals that
this large offset arises from a strong difference in polariza-
tion visibility: the excitation dipole is primarily in-plane
and linearly polarized, while the emission dipole has an
out-of-plane component. As such, the polarization mis-
alignment is substantial.

Lastly, turning to the radiative lifetime distribution
shown in Fig. 4(c), the result suggests that most hBN
defects exhibit lifetimes ranging from approximately 1
ns to 100 us. Furthermore, there is no clear correlation
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Figure 2. Correlation matrix based on the Spearman rank correlation method among 17 properties. High absolute values

indicate strong correlations, while values close to zero imply weak or no correlation.

Positive values represent increasing

relationships between property pairs, whereas negative values indicate inverse relationships.

between the lifetime and the number of vacancies. More
broadly, no systematic relationship is observed between
the number of vacancies and other key defect properties,
as further illustrated in Supplementary S2. Full example
calculations of defect properties in the database are given
in Supplementary S3.

4. PROGRAMMATIC RETRIEVAL OF THE
HBN DEFECT DATABASE VIA THE GITHUB
API

In this section, we describe a procedure for access-
ing the hBN defect database directly from our GitHub
repository using the GitHub REST API, apart from ac-
cessing our website https://h-bn.info. We provide a
Python module, get_hBN_defects_database.py, which
automates (i) accessing the raw SQLite database and
(ii) extracting a user-specified subset of entries. This
functionality enables seamless retrieval of the complete
dataset, thereby facilitating integration with machine
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Figure 3. (a) Correlation between configuration coordinate and HR factor. (b) and (c) show histograms of the configuration
coordinate between 0 and 2.5 amu'/2A and HR factor between 0 and 10, respectively. Defect types are color-coded as follows:
blue for single-impurity defects without vacancies; purple for vacancy-free defect complexes (comprising multiple impurities);
red for defects with a single vacancy; and green for defects with two vacancies. (d) displays selected but representative PL
lineshapes categorized by the number of vacancies in each defect. The color stripe indicates the corresponding HR factor range
for each defect category.

learning workflows. The step-by-step procedure is as fol-

lows:

1.

Obtain the retrieval script.
Download get_hBN_defects_database.py and
place it in your working directory.

. Import the retrieval function.

In your Python script or interactive session, import
the function

from get_hBN_defects_database import get_database

. Fetch and filter the database.

Invoke get_database() with the desired filtering
criteria

data = get_database(
option=["ZPL"],
host=["monolayer", "bulk"],

spin_multiplicity=["singlet", "doublet",

"triplet"],
charge_state=[-2, -1, 0, 1, 2],
optical_spin_transition=["up", "down"],

value_range=(2.0, 4.0),
download_db=False

)

The keyword arguments perform the following

functions:

option: Specifies which database columns to re-
turn. The complete set of valid keys is listed
in Tab. I. To retrieve all columns, use

option

[“all"]

host: selects between the monolayer and bulk hBN
datasets. By default, both are returned.

spinmultiplicity: filters defects by their spin
multiplicity. If omitted, all multiplicities are in-

cluded.

charge_state: filters defects by charge state. De-
faults to all if unspecified.

optical_spin transition: filters by optical spin

transition (i.e.

“up” refers up to up or “down”

refers to down to down). Both are returned if
this argument is not provided.
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represent defects containing two vacancies.

value_range: restricts the numeric range of the se-
lected property. When omitted, no range filter-
ing is applied.

download_db: If set to True, one can down-
load the raw SQLite database file (named
hbn_defects_<options>.db) to the working di-
rectory.

4. Inspect the results.
The object data is a pandas.DataFrame containing
the filtered subset, ready for downstream analysis
or visualization. If download_db=True, the corre-
sponding .db file will also be saved locally.

The complete code examples are available in Supplemen-
tary S4.

5. FURTHER UPDATES TO THE DATABASE

In addition to the completely new database of both
ground and excited state properties in bulk hBN pre-
sented in this work, our hBN defects database has also
undergone other updates since its initial release. This
includes

1. Version 1.1: Incorporation of configuration coor-
dinate data for 277 monolayer hBN defects.

2. Version 1.2: Inclusion of 554 total energy val-
ues for each structure, covering both ground- and
excited-state configurations for monolayer hBN de-
fects.

3. Version 1.3: Inclusion of Raman spectra for 100
defects in hBN monolayers obtained from Ref. [38]
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6. CONCLUSION

In summary, we have established an extended database
of hBN defects that includes a comprehensive set of de-
fects in bulk hBN, along with their excited-state pho-
tophysical properties. In addition to our previous work
focusing on monolayer hBN and ground-state character-
istics, this new database incorporates additional defect
types in bulk hBN, charge-state analysis, and excited-
state properties. Key properties such as ZPL, PL line-
shape, absorption lineshape, HR factor, interactive radia-
tive lifetimes, transition dipole moments, and polariza-
tion characteristics have been systematically computed.

From the current dataset, we computed a correla-
tion matrix and found that only the configuration co-
ordinate and HR factor are strongly correlated, consis-
tent with their analytical relationship. Further analysis
showed that defects with vacancies tend to exhibit larger
lattice distortions, leading to higher configuration coor-
dinates and HR factors, resulting in broader PSBs. This
suggests that broadened PSBs in low-temperature PL
may serve as a possible indicator of vacancy-containing
defects. Moreover, we analyzed the distribution of all pa-
rameters and found no additional strong correlations.

We stress that the primary goal of our work is to
construct a large database covering comprehensive prop-
erties of many different defects. This is to serve as a
screening tool that helps rule out unlikely defects and
narrow down promising candidates. This work does not
take into account symmetry reduction effects such as the
Jahn-Teller distortion; therefore, the specific values of
the ZPL may be shifted. Such effects should be care-
fully considered when determining a defect as a promis-
ing candidate. For instance, to use our database, if an
experiment reports a ZPL at 2.2 eV, one should focus
on defects with calculated ZPLs between 2.0 and 2.4 eV,
taking into account the finite accuracy of DFT calcula-
tions. This approach effectively eliminates many candi-
dates and suggests the most plausible ones.

Finally, all data are made publicly available through
an online platform https://h-bn.info, alongside the
GitHub REST API. This enables programmatic retrieval
of the complete SQLite database or user-specified subsets
of defect properties. The API returns raw or filtered .db
files on demand, and can be seamlessly integrated into
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automated pipelines and ML workflows. This resource is
therefore intended to assist researchers in experimental
interpretation, accelerate defect identification, and facili-
tate data-driven discovery in the field of solid-state quan-
tum emitters.

DATA AVAILABILITY

All raw data from this work is available from the au-
thors upon reasonable request. The database with brows-
ing interfaces is freely accessible at https://h-bn.info.
The SQLite database file can be downloaded via the
GitHub REST API.
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