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Abstract
Atomic defects in solid-state materials are building blocks for future quantum technologies, such
as quantum communication networks, computers, and sensors. Until recently, a handful of defects
in a small selection of host materials have been possible candidates. Recent developments have
revealed that hexagonal boron nitride, a wide-bandgap two-dimensional material, hosts single-
photon-emitting atomic defects with access to optically addressable electronic and nuclear spins at
room temperature. Now, atomically thin quantum devices that operate at ambient conditions are a
possibility. In this perspective, we discuss the recent progress, and challenges, in understanding the
fundamental photophysics of defects in hBN, as well as specific opportunities they present for the
development of quantum technologies.

1. Introduction

A major challenge in the realisation of widespread
quantum technologies is the development of mater-
ial platforms where quantum states can be reli-
ably accessed and controlled. A range of systems
are being explored, including trapped atoms/ions,
quantum dots, molecules and atomic scale impur-
ities in solids, each with their own benefits and
drawbacks [1]. Of these, it is impurities, or point
defects, in solid-state materials that offer access to
quantumcoherent states at room temperature and are
highly compatible with solid-state device engineering
[2–4]. While point defects are ubiquitous to exten-
ded solids, it is isolated point defects in wide-bandgap
host materials with quantised electronic transitions,
at optical andmicrowave frequencies, that can be used
to implement qubits. Single-photon emitting defects
provide photonic qubits for quantum computing
[5] and quantum communication protocols, such as
quantum cryptography [6, 7]. Whereas defects with
optically addressable electronic and nuclear spins
fulfill many of the DiVicenzo criteria for quantum
computing [8], and are building blocks for quantum

sensors [9, 10], and repeaters and memories in
quantum optical networks [3, 11].

Until recently, remarkably few defects in a small
range of host materials have been intensively pur-
sued for quantum information technologies. Most
focus has been on diamond, where the large bandgap
(5.5 eV) and spin-free carbon lattice provides a
near-ideal host for defects. Research over decades
on the negatively charged nitrogen vacancy centre
(NV−) [12] has resulted in numerous influential
reports, including entanglement between an optical
photon and the electronic spin of the defect [13],
entanglement of the multiple electronic spins [14–
16], quantum control over individual nuclear spins,
extending to demonstration of multi-qubit quantum
registers [17–19], and quantummicroscopy using the
spin of the NV− centre as a nanoscale sensor [20–
23]. These demonstrations havemade defects import-
ant solid-state platforms for quantum applications.
However, scalability is critical if lab-based demonstra-
tions are to be translated to a new technologies. As
such, focus is increasingly turning to the identifica-
tion and development of defects in other materials,
such as silicon carbide (SiC) [24, 25], silicon [26–29],
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and galiumnitride (GaN) [30], as thesematerialsmay
offer easier defect integration to solid-state devices
than diamond.

Over the past ten years, it has been discovered that
hexagonal boron nitride (hBN), a wide-bandgap two-
dimensional (2D) material, hosts optically- and spin-
active defects [31–36]. Unlike 3D counterparts, hBN
offers the potential for easier andmore scalable integ-
ration to solid-state devices. Over the past 15 years
the huge interest in 2Dmaterial electronics hasmeant
the growth, transfer and device fabrication capabil-
ities with hBN have become well established. hBN
can be grown epitaxially at wafer scale, on a range
of substrates, with well-controlled thickness (from
monolayer to 100’s nm) [37–41]. hBN can be trans-
ferred to a range of substrates and other (bulk and 2D
materials) [42, 43], meaning that hBN layers can be
integrated with on-chip optical components such as
waveguides [44], cavities [45–47] and nanoantennas
[48]. Moreover, electrical devices can be built around
defect-active hBN layers to enable Stark tuning
[49], charge control [50] and electrical excitation of
defects [51].

These attractive capabilities are only relevant if
hBN defects possess competitive magneto-optical
properties. To date, defects in hBN show a mix of
promising optical properties, even at room temperat-
ure, including high zero-phonon line (ZPL) fraction
(as high as 0.8) [31, 52, 53], high brightness (MHz
count rates) [54–56] and high single-photon purity
[57]. Subclasses of optically active hBN defects pos-
sess optically addressable electronic and nuclear spins
(on the ensemble and single-defect level) that can
be coherently controlled, with microsecond coher-
ence times at room temperature [33–36, 58–63].
These recent discoveries provide a platform to explore
new defect physics and device engineering. However,
research into hBN defects is still in its infancy and
faces significant fundamental and practical challenges
before it can be regarded as a competitive solid-state
platform for quantum technologies. This perspective
discusses the current progress and future challenges,
experimental and theoretical, facing the next phase
of development of hBN defects for optical and spin-
based quantum technologies.

2. Quantum optical technologies

Single-photon-emitting defects are quantum light
sources that provide a source of photonic qubits.
An ideal on-demand single-photon-emitting defect
emits strictly one photon at a time (single-photon
purity) into a given spatiotemporal mode, with every
emitted photon being identical (indistinguishable).
Such systems are either required, or beneficial for,
the development of quantum computing schemes,

quantum simulation and quantum communication
[32]. In this section we address the progress on
applying hBN defects to two specific technologies
of different levels of maturity: quantum key distri-
bution (QKD) and quantum computing. QKD is a
form of quantum communication where informa-
tion is encoded in single photon states of light, which
allows one to detect and quantify any eavesdropping
attempt [64]. It is already a commercially available
technology, however it currently typically uses atten-
uated classical light sources. The use of quantum
light sources for QKD would enhance the secure
data rate, but sources with high single-photon pur-
ity are strictly required. On the other hand, photonic
quantum computing schemes utilise entanglement of
single photons to perform logic gates and demands
defects that can emit high rates of indistinguishable
photons [5].

HBN presents a new material system to explore
for both technologies. Defect emission has been
observed in hBN ranging from the UV to near-IR,
and covering the entire spectral range in between
[31, 33, 65–69] (figure 1). With the exception of
the negatively charged boron vacancy (V−

B ), the con-
sensus is building that the majority of these defects
are related to carbon substitutions in the hBN lattice,
but differentiation of their atomic structures is still
under intense theoretical and experimental invest-
igation (see section 4). In this article, we broadly
classify hBN defects by the energy of their ZPL (in
section 3 by their spin signatures). Figure 1(a) shows
the ZPL positions of different defects that emit across
the UV–visible region. Important groups include the
UV emitter (ZPL= 302 nm) [65, 74, 75], the B-centre
(ZPL = 437 nm) [76, 77] and the emitters that span
the green–red spectral region (ZPL = 550–700 nm)
[31, 52, 69, 78], all of which are bright, single-photon
emitters. For the green–red group, magnetic reson-
ance studies indicate that multiple different atomic
defects emit in this region (see section 3), while the
UV and B-centres are associated with a single defect
structure (proposed to be a carbon dimer [70] and
carbon tetramer respectively [79]). In contrast, the
V−
B is a weakly emissive defect without an observable

ZPLwhich ismeasured on the ensemble level, making
it unsuitable for quantum information processing.

2.1. QKD
2.1.1. Single-photon purity
The ideal photon source for QKD is one that can
produce high rates (>100MHz) of high-purity single
photons ideally at ambient conditions, a combina-
tion of properties that have so far have only been
demonstrated by self-assembled quantum dots at
cryogenic temperatures. A high single-photon pur-
ity means a high quantum efficiency (QE) combined
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Figure 1. Optical properties of hBN defects. (a) Integrated photoluminescence (PL) spectra for different classes of hBN defects
including the CBCN ‘UV emitter’ (purple trace, 8 (K) (reproduced from [70]. CC BY 4.0), the ‘B’ centre (4 (K) (blue traces, inset
shows 295 (K) (reproduced from [71]. CC BY 4.0), ‘green–red’ emitting defects (green traces, 295 (K) (adapted with permission
from [66]. Copyright (2016) American Chemical Society), and the V−

B (red trace, 295 (K) (reproduced from [72]. CC BY 4.0).
(b) Time-resolved PL of a ‘green–red’ emitting hBN defect. Adapted with permission from [46]. Copyright (2019) American
Chemical Society. (c) Polarisation of excitation (bold circles) and emission (open circles) of hBN green–red defects. Reproduced
from [57]. CC BY 4.0. (d) Second-order intensity correlation measurement (g(2)(t)) of a ‘green–red’ hBN defect, displaying a
g(2)(0) of 0.017(3). Reproduced from [57]. CC BY 4.0. (e) Two-photon coincidences from a Hong–Ou–Mandel measurement of
a B-centre. The orange (blue) dots denote the normalised coincidence rate for the parallel-polarisation (orthogonal-polarisation)

configuration of the input ports of the second beam splitter. The center peak provides the values of g
(2)
HOM(0)= 0.32± 0.05 (par-

allel case) and g
(2)
HOM(0)= 0.58± 0.07 (orthogonal case). The light-gray bars mark the theoretical values for distinguishable

photons of g(2)(0)= 0.14. The purple bar indicates the theoretical value for fully indistinguishable photons of g(2)(0)= 0.14.
Reprinted figure with permission from [73], Copyright (2023) by the American Physical Society.

with a low multi-photon probability (i.e. a high over-
lap with the single photon Fock state). The overall
QE of a defect is determined both by the internal
QE and the ease of photon out-coupling, a chal-
lenge for defects in high-refractive index materials.
For the green–red hBN defects, the sub-ns to ns PL
lifetimes translate to>GHz photon emission rates, as
shown by the time-resolved PL decay of a green–red
hBN defect in figure 1(b). In addition, the internal
QE can reach 40%–80% [46, 77, 80] and photon
out-coupling and collection can approach 100% due
to the relatively low refractive index combined with
the in-plane dipole of defects. Figure 1(c) shows the
excitation and emission polarisation of a green–red
defect [57].

Themulti-photon emission probability of a defect
is determined via second-order intensity correlation
measurement, or g(2)(t). The reported g(2)(0) val-
ues for hBN defects vary significantly [31, 54, 81].
This may be affected by the wide range of setups and
background correction methods used to conduct this
experiment, aswell as how clean the sample is in terms
of background emission (noise). Notably, g(2)(0) of
<0.015 have been reported across for the green–red
emitters [54, 82] and polarisation-resolved measure-
ments have improved g(2)(0) down to < 0.02 into
free space at room temperature andwithout any back-
ground correction, as shown in figure 1(d) [57].

2.1.2. System efficiency
QKD is currently almost exclusively performed using
weak laser pulses, as they can be generated with a low
technical complexity andwith low cost. Themost effi-
cient protocols use weak laser pulses with a varying
intensity in so-called decoy protocols [83]. To be com-
petitive with decoy protocols, the system efficiency of
a quantum emitter (the probability that a photon is
generated into themode of the collection optics when
a photon emission is triggered) should be similar
to the mean photon number in the decoy protocol,
typically around 0.4–0.5 [84]. To achieve this with
defect systems, high QE, low internal optical losses
and low g(2)(0) values (g(2)(0)< 10−2) are required.
Initial demonstrations of QKD with green–red emit-
ting hBN defects show lower secret key rate (the ulti-
mate performance metric in QKD) of the hBN sys-
tem compared to state-of-the-art laser-based systems
[85, 86]. However, the QE, emission mode direction-
ality and g(2)(0) for hBN defects can be improved
via resonant cavity systems such that a system effi-
ciency of the single-photon source exceeds 50% [46,
87, 88]. Problematic, even for a cavity-enhanced sys-
tem is if the non-radiative decay happens via a path-
way with a long-lived dark state. In this case, the
singe photon source (and therefore the QKD sys-
tem) would be out-of-operation for that time and
not generate any signal. FurtherQKDdemonstrations
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should implement improved optical cavities [46] and
cleaner crystals with less scattering [87], both of
which are feasible to enhance the QKD performance.
Numerical simulations have shown that the optical
properties of cavity-coupled hBN emitters is theoret-
ically sufficient to outperform laser-based protocols
on short and medium distances (low-medium loss
channels), e.g. up to 1000 km in a space-to-ground
quantum channel, while the latter become more effi-
cient for very long distances (high loss) [46, 89] if
one assumes similar link parameters taken from the
Miciusmission [90] (i.e. a repetition rate of 100MHz,
a 30 cm telescope on the satellite, a 100 cm telescope
in the ground station, standard atmospheric trans-
mission, and a detection efficiency of 50%). A repe-
tition rate of 100MHz is compatible for most of the
hBN defects, as their excited state lifetime is shorter
than 10 ns.

Despite relatively few reports of microcavity-
enhanced demonstrations with hBN single-photon
emitting defects (small Purcell factors 1–4) [46, 87],
the 2D host provides advantages for cavity coupling
over defects in 3D crystals. Specifically, the in-plane
dipole simplifies the alignment with rotation sym-
metric cavities and 2D material transfer should be
beneficial for cavity fabrication.

2.1.3. Emission wavelength
Besides these fundamental requirements on the
single-photon emitter for QKD, the mode of photon
propagation, and thus photon wavelength, are also
important considerations. Photons can be transpor-
ted in QKD protocols via existing optical fibre infra-
structure or via free-space. For fiber-based channels,
the photon wavelength should be within the telecom
C-band (1550 nm) or in the O-band (1330 nm) to
minimise transmission losses. This presents a poten-
tial restriction for hBN as a platform, as so far most
known hBN optical defects emit in the visible region.
It has been predicted using density functional theory
(DFT) calculations that certain hBN defects should
emit in the O-band (e.g. ONSN [91]) and C-band
(e.g. AlNAlN, InNNBV

−1
N and PBV

−1
B [92]). Further

DFT studies suggested that Stark tuning defects could
also be used to shift the emission into the NIR region
[93]. It should be noted that DFT calculations usu-
ally assume a temperature of 0 K. As the temperat-
ure increases, the band gap decreases which usually
shifts the defect levels and therefore also the energy
gap between two states. For emitters where the trans-
ition energy is low (such as in the C-band) this can be
significant when comparing room temperature emis-
sion spectra to DFT calculations. In addition, DFT
has only finite accuracy, which is difficult to bench-
mark, therefore, small transition energies should gen-
erally be treated with care. Experimentally, there has
been no demonstration of any hBN emitter in the O-
or C-band yet. The lack of experimentally observed
telecom emitters could so be due to the fact that

most research groups have PL setups designed for
visible wavelengths and therefore cannot detect any
NIR light. The same challenge applies to other host
materials which is why there are few reports of defect
emitters in the O- [26, 94, 95] and C-band [96].
Future work with setups that are designed to detect
NIR photons, combined with ion implantation to
create defects, should be performed to identify new
defects compatible with the telecom C-band. Once
these emitters have been fabricated, the direct fiber
integration has potential to be straightforward due to
the 2D geometry [97].

QKD can also be carried out via free space [90,
98]. In this case, any transmission window of the
atmosphere can be used. Due to the broad emis-
sion range of hBN defects, there are many emission
wavelengths of hBN coinciding with an atmospheric
transmission window. Free-space QKD typically uses
photon polarisation as the quantum encoding mech-
anism, which makes it directly compatible with the
linear polarisation of hBN defects without any loss
(which would occur if one has to polarise unpolar-
ised light). Unfortunately this requires fast polarisa-
tion modulators which are not commercially avail-
able. This has provided the key limitation to the speed
of QKD experiments with green–red emitting hBN
defects (with modulator speeds of 1 MHz [85] and
500 kHz [86]), where the short excited lifetime on
the order of 300 ps [99] to 3 ns [31] in theory allows
for lifetime-limited repetition rates well exceeding
100MHz. Routes forward should either include faster
modulation schemes or the spatial overlap of differ-
ently polarised hBN defects that are identical in all
other degrees of freedom (spectral shape, lifetime,
etc) [100].

Despite the apparent challenges to deliver free-
space QKD, hBN quantum emitters (green–red) have
been proposed for daylight QKD schemes [89] and
have been qualified for use in space applications
[101], which allows one to use them as quantum light
sources for satellite-based QKD [102]. Success of this
daylight QKD scheme will rely on future demon-
strations of strain or Stark tunability of the emis-
sion wavelength, as specific wavelengths have to be
matched within the fraction of a nanometre. Such
precise tuning would also allow one to have mul-
tiple sources operating at slightly offset emission
wavelengths which enables multiplexing and there-
fore enhances the QKD data rates. To date, several
promising demonstrations of such ZPL tuning have
been reported. For the green–red emitters, room tem-
perature tuning via Stark (a fraction of an meV)
[49] and strain tuning (several meV) [54]. At low
temperature, Stark tuning has demonstrated tunab-
ility of several GHz, for the B-centre [103]. In addi-
tion, for satellite-based QKD, fast on-demand excit-
ation (that can out-compete the excited state life-
time to prevent re-excitation during one pulse) will
be needed to maintain a very low g(2)(0), which is
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not easy on a satellite. To address this, one can ima-
gine fast and compact, integrated electrical excitation
schemes with hBN defects embedded in heterostruc-
ture devices, which are currently under development
[104, 105], but with far inferior optical properties
compared to optically excited emitters. The reason for
this is that with electrical excitation one typically can-
not isolate the excitation well enough as compared to
a tightly focused laser, which results in a poor photon
purity as basically every defect in the heterojunction
area is excited simultaneously. Moreover, this excit-
ation is also not as efficient compared to the high
intensity of a focused laser, which results in a poor
QE. Due to the insulating nature, this generally only
works with very thin hBN, so the challenge is tomain-
tain a high photostability of the emitters despite the
thin host crystal.

2.2. Optical quantum computing
2.2.1. Indistinguishable photons
To realise any quantum computer, a universal set
of gates (into which any algorithm can be decom-
posed into) is required. As photons do not dir-
ectly interact with each other, deterministic two-
qubit gates (such as the CNOT gate) cannot be real-
ised directly with linear optics [106]. The solutions
are either probabilistic gates (which are not scalable),
some non-linear interactionmedium (which are usu-
ally not very efficient), or one-way quantum com-
puting protocols (which requires the generation of
highly entangled cluster states [107]). These states
can be generated from single photons if they are
indistinguishable. Indistinguishability here means a
high two-photon interference contrast. The number
of qubits that can be entangled efficiently scales with
this visibility and values exceeding 99% are required
to achieve fault-tolerant quantum computing [107].
Two-photon interference has been demonstrated for
B-centre defects in hBN, even though the experiment
was done at cryogenic temperatures (4 K) and a par-
tial visibility of 0.44(11) (i.e. lower than the ideal
value of 1) was achieved [73] (figure 1(e)). Generally,
there have been few reports of optical linewidths
approaching the lifetime limit for hBN defects. At
room temperature it is hardly imaginable to achieve
visibility > 99% with the visible hBN single-photon
emitters without addressing themechanisms that give
rise to linewidth broadening [108]. To date, reports
have indicated charge-related spectral wandering and
phonon coupling play a dominant roles in optical
broadening for hBN defects [50, 52, 108, 109]. It is
reported that mechanical decoupling from phonons
can result in Fourier transform-limited linewidths
below 100MHz at room temperature [110, 111]. It
should be mentioned that this has only been repor-
ted for a specific defect type (speculated to be an
interlayer defect) and as of yet has not been observed
for other hBN defects. Moreover, this results in an

in-plane emission directionality, which is then diffi-
cult to collect with a high efficiency.

Cavity funneling (i.e. forcing the emitter to emit
into the resonnantmode by blocking any off-resonant
excitation) can be used to enhance the indistin-
guishability and directionality simultaneously [112],
but this requires a cavity linewidth on the order
of 100MHz to achieve a visibility of 90% [46]. A
large free spectral range of the cavity is required to
block any phonon modes (which means one can-
not simply make the cavity longer to reduce the
linewidth). Otherwise, one would sample the free
space emission spectrum at the free spectral range
and only photons from the same peak are indistin-
guishable and one has to filter out other peaks. This
in turn results in a low efficiency (or photon rate)
of the single-photon source. This is the reason why
there has been no demonstration of quantum com-
puting with hBN, though there have been collective
measurements on single qubits performed on single
photons from hBN [113]. Future work should there-
fore focus on the realisation of indistiguishable single
photons and the generation of cluster states for optical
quantum computing.

3. Spin-based quantum technologies

3.1. Spin-active hBN defects
Defects with optically addressable electronic and
nuclear spins are attractive systems for spin-based
quantum technologies, such as repeaters for optical
networking and quantum sensors [3]. hexagonal
Boron Nitride represents the first 2D material plat-
form where optically addressable spin defects have
been identified at room temperature. Since 2020,
multiple classes of hBN spin defects have emerged.
Figure 2 presents the different spin-active hBN
defects, while table 1 compares their spin proper-
ties. To date, the most studied is the V−

B [33, 58, 60],
which is a radiative ground state spin triplet (S = 1)
system. In the absence of hyperfine coupling, S = 1
spin systems are described by a Hamiltonian of the
type:

H=HZF +HZE, (1)

HZF = DS2z + E
(
S2x − S2y

)
, (2)

HZe =
γe
2π
B · S, (3)

where HZF is the zero-field splitting (ZFS) term,
HZE is the Zeeman term, D and E are the lon-
gitudinal and transverse ZFS parameters respect-
ively that define the defect’s x,y,z principal axes in
units of Hz, S is the S= 1 operator with cartesian
components Sx,y,z, γe is the electron gyromagnetic
ratio and B is the applied magnetic field. For the
V−
B the ground- and excited-state D are ∼3.5GHz

[33] and ∼2.1GHz [122], respectively, and the spin
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Figure 2. hBN spin defects. (a) Right: The simplified electronic structure of the V−
B defect, reproduced from [60]. CC BY 4.0. The

orange arrows represent optical excitation/emission between ground and excited states, and blue arrows represent intersystem
crossing. Left: A schematic of the V−

B defect, where zdefect indicates an out-of-plane quantisation axis. (b) Measured ODMR spec-

tra of V−
B in h10B15N and naturally abundant hBNnat at magnetic field Bz ∼9 mT. Solid lines represent multi-peak Lorentzian

fits, reproduced from [61]. CC BY 4.0. (c) Comparison of spin echo for V−
B ensembles at low (22MHz, black) and high (80

MHz, red) Rabi frequency,Ω. At high Rabi frequency, the contrast is stronger since a higher proportion of spins are controlled,
reproduced from [72]. CC BY 4.0. (d) Measurement of 15N nuclear spin Rabi oscillations for the V−

B , reproduced from [61].
CC BY 4.0. (e) An ‘optical spin defect pair’ (OSDP) model used to explain the presence of S= 1/2-like ODMR signatures that
are measured across different hBN materials. Orange arrows represent optical excitation/emission between ground and excited
states and red dashed arrows represent charge transfer. The electronic model is modified from [114]. The upper part of the figure
shows a potential atomic structures for a OSDP, where charge transfer occurs between two separate defects. (f) ODMR spec-
tra for two single defects in carbon-doped multilayer hBN, measured with an applied field of 25 mT, reproduced from [35].
CC BY 4.0. (g) The central resonance frequency for a single carbon-related defect in carbon-doped multilayer hBN, repro-
duced from [35]. CC BY 4.0. (h) Rabi oscillations measured for ensembles of carbon-related defects in an exfoliated single-
crystal hBN flake, at B= 100 mT. The resonance frequency being driven is 2.9 GHz. Reproduced with permission from [62].
CC BY-NC 4.0. (i) The proposed electronic structure for Cx , a carbon-related S= 1 defect in hBN with D= 1.97 GHz and E
= 60 MHz. The optical spin polarisation mechanism includes spin-dependent intersystem crossing (blue arrows) via a single
metastable state. The orange arrows represent optical excitation/emission. The left hand image represents the in-plane quantisa-
tion axis for the defect, of unknown atomic structure. (j) cw-ODMR spectra for a single Cx defect. (k) Rabi oscillations for Cx

defect, fit to a function of the form exp(−t/TRabi) sin(2π tΩ−ϕ) (orange curve), where ϕ is the phase offset,Ω is the Rabi fre-
quency and TRabi is the decay lifetime of the Rabi oscillations. Measured at 0 mT with drive frequency of 1.9 GHz. (l) Dynamic
decoupling measurements with Nπ refocusing pulses, where each measurement is fit to exp[−(t/TDD)α]. (j)–(l) are reproduced
from [36]. CC BY 4.0. (m) The proposed electronic structure of a S= 1 carbon related defect formed in exfoliated hBN via CO2

implantation and thermal annealing. This defect type shows both S= 1 and S= 1/2 like signatures and has been assigned to
a pair of spin defects (S= 1/2 and S= 1) where the optical spin polarisation mechanism includes both spin-dependent inter-
system crossing and charge transfer. One of the defects of the pair is predicted to be a C–C or C–O donor acceptor pair (DAP).
Schematic modified from [63]. The schematic shows a possible atomic structure for the two defects of the pair, where one has
an out-of-plane quantisation axis in its triplet state. (n) An ODMR spectrum of one of the defects of this category, measured
with an out of plane magnetic field of 62.5mT. (o) The ODMR spectrum after nuclear spin initialisation revealing polarisation of
the 15N nuclear spin. (p) An example of nuclear spin Rabi oscillation, persisting for 40 µs without significant decay. (n)–(p) are
reproduced from [63]. CC BY 4.0. All data were measured at 295K.

quantisation (z) axis is out-of-plane, represented by
the schematic in figure 2(a). Similar to the NV−

centre, spin-initialisation is achieved through optical
pumping. The optically detected magnetic resonance
(ODMR) spectra of the V−

B reveal hyperfine coup-
ling to the nearest three nitrogen nuclei, as shown
in figure 2(b). The room temperature spin relaxation
(T1) and Hahn Echo spin coherence (Techo

2 ) times-
cales are of the order of 10µs [58] and 100 ns, respect-
ively (figure 2(c)) [33, 72, 123].

The V−
B has a low QE due to nanosecond for-

ward intersystem crossing [60], combined with a
slow radiative decay, predicted to be ∼10 µs [124],
but not yet measured experimentally. This has pre-
vented optically addressing single defects, despite
attempts using nanocavities [125, 126]. The reverse
intersystem crossing has recently been reported to be
around 10 ns [127], much shorter than theoretical
predictions [124], but which explains why PL can be
measured despite the low QE of the triplet state.
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Table 1. Spin-active hBN defects. Comparison of the hBN spin defects with the NV− centre. ZPL= Zero Phonon Line. D and E are the zero field splitting parameters. The electronic spin coherence is reported for room temperature
(RT) measurements. E–N coupling refers to electro-nuclear coupling.

Defect ZPL (nm) D, E (GHz) Electronic spin coherence (RT) T1 (µs) (RT) E–N coupling Nuclear spin coherence References

V−
B 750–1000 3.48, 0.06 T2

∗ = 50 ns, T echo
2 =<100 ns, TDD

2 = 4 µs (N = 1000) 10 Yes T∗
2 = 3.5 µs [33, 58, 60, 72, 115]

OSDP 400–800 <50 MHz — 10–15 No — [34, 35, 56, 62, 116, 117]

Cx 590(15) 1.971(25), 62(10) T2
∗ = 106(12) ns, T echo

2 = 228(11) ns, TDD
2 = 1.08(4) µs (N = 10) 30–200 No — [36, 118]

C+
B C0

N-DAP-X 570–700 ∼1, 0.1–0.4 T echo
2 = 100–200 ns, TDD

2 = 38 µs (N = 1024) 17–216 Yes T∗
2 = 16.6 µs, T echo

2 = 162 µs [63, 119]

NV− 637 2.88,<1MHz TDD
2 = 3.3ms (N = 295) 6000 Yes T∗

2 = 1.9 min [12, 120, 121]
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Control of single electronic spins in hBN has been
demonstrated with defects that emit in the green–red
spectral range, suspected carbon-related defects [34–
36, 63, 78]. Curiously, a range of different ODMR
signatures have been observed for defects that emit
in this region, meaning the ODMR itself provides
currently the best tool to distinguish between them.
Figures 2(e)–(p) presents the ODMR of the suspec-
ted carbon-related hBN defects. In general, three dif-
ferent species have been observed. The first show
no appreciable ZFS [34, 35] (figures 2(e)–(h)). For
these defects, the ODMR is characterised by a cent-
ral ODMR frequency that follows a g-factor of ∼2
(figure 2(g)), a broad linewidth without clear hyper-
fine structure, and ODMR contrast that can be pos-
itive or negative (figure 2(f)). Coherent control of
these spins is difficult [62] (figure 2(h)) and T1 is
∼10–15µs [34, 35, 56, 62]. ODMR spectra fitting
this description have now been observed for wide
range of carbon-doped hBN samples [114] on both
the ensemble and single defect level, and, in some
cases, co-existing with S = 1 signatures on a single
defect [34, 35, 56, 62, 63, 78, 116]. Recently, a model
invoking charge transfer between a pair of separate
spin defects (dubbed the OSDP model) in the 2D
lattice has been proposed to explain these findings
[62, 116]. In this model, charge transfer from an
optically excited S = 0 defect to a nearby dark S
= 0 defect produces two weakly coupled S = 1/2
defects that can give rise to an ODMR-active meta-
stable state, in a similar way to radical pair molecular
systems [128]. Figure 2(e) presents the proposed elec-
tronic structure for this defect type and a schematic
of its atomic structure. This proposed charge transfer
mechanism would explain the wide spread of emis-
sion wavelengths associated with some defects that
show the ‘S−1/2’-like ODMR signatures. If correct,
the prevalence of spin pairs in hBN that can give
rise to ODMR reveals a unique system where spatial
proximity between defects may be engineered to tune
ODMR properties, such a ZFS parameters or ODMR
contrast.

The other two groups are strongly coupled S =
1 systems with GHz ZFS [36, 63]. These systems are
represented by figures 2(i)–(p). The first reported,
denoted Cx in this article, possess a S = 1 ground
state withD∼ 1.97GHz and E∼ 60MHz, an in-plane
spin quantisation axis and high (up to 90% reported)
ODMR contrast [36, 118]. This defect is formed in
metal organic vapour phase epitaxy (MOVPE)-grown
hBN multilayers in the presence of a carbon-based
precursor (triethyl boron) [38]. Figure 2(i) shows the
electronic structure of this defect and schematic of the
atomic structure, depicting the in-plane spin quant-
isation axis. Figure 2(j) is the cw-ODMR spectrum
and figure 2(k) presents the rabi oscillations meas-
ured for this defect, both at 0mT and room temper-
ature. The narrow and consistent distribution of ZFS

parameters measured for this defect indicate a spe-
cific atomic structure. Efficient coherent spin control
is possible at zero magnetic field, with T1 ∼ 100’s of
µs and Techo

2 ∼ 200 ns that can be extended beyond
a microsecond via decoupling pulse protocols [36]
(figures 2(k) and (l)).

Distinct, single carbon-related defects with
strongly coupled S = 1 signatures and an out-of-
plane quantisation axis have recently been reported
[63, 129] (figures 2(m)–(p)). These signatures are
observed in hBN crystals that have been irradiated
with 13CO2 and annealed. The ODMR reveals a spin
with D ∼ 1GHz and E ∼ 100–400MHz with similar
electronic spin coherence properties as Cx. The S= 1
ODMR resonances are typically accompanied by an
S= 1/2 ODMR resonance, which reveals clear hyper-
fine coupling of 100–300MHz, associated with coup-
ling to a neighbouring 13C nuclear spin, as shown
in the cw-ODMR spectrum presented in figure 2(n).
The coexistence of both S= 1 and S= 1/2 signatures
on the same defect suggests the presence of ODMR is
due to both intersystem crossing and charge transfer
processes (proposed to be theOSDPmechanism) that
take place on the same defect (figure 2(m)) [63]. The
S = 1/2 ODMR lines are assigned to a carbon DAP
(C+

B C
0
N-DAP-2) or carbon-oxygen complex (CBON),

while the identity of the structure giving rise to the
S = 1 signatures is unknown at this stage, hence we
denote this defect type CC/CO DAP-X [63].

Many of these spin hBN defects have been
observed for the first time in the last couple of
years. There is much work left to do to establish
their full photophysical properties, atomic structure
and reproducible fabrication processes. In the follow-
ing sections we highlight opportunities presented by
these spin defects for various spin-based quantum
technologies.

3.2. Optical networks
Future global optical quantum networks will consist
of a distribution of quantum states and entangle-
ment to deliver secure global quantum communic-
ation, connectivity of quantum devices, and poten-
tially a quantum internet [11, 130]. In such a net-
work, quantum information and entanglement will
be distributed across a web of nodes via photons
[3, 11]. Each node will be composed of a phys-
ical system (the quantum repeater) that can send
and retrieve quantum photonic information and
store it in a long-lived quantum memory (typic-
ally spin states). Quantum repeaters based on solid-
state defects with optically addressable spins have
been explored theoretically [131] and experimentally
[16, 132]. In the majority of these schemes, entan-
glement of distance spins is achieved via optical
quantum erasure measurements which removes
the which-path information on the origin of the
photon.

8
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To act as a repeater, a defect must have excel-
lent optical properties, namely efficient and coher-
ent optical transitions that are spin-dependent and
spectrally resolvable [3, 131, 133]. On the spin side,
the electronic spin must couple coherently to emit-
ted photons, as well as to neighbouring nuclear spins
so the defect can store quantum information while
simultaneously setting up a new photonic link. This
multi-qubit quantum register of electronic and nuc-
lear spins can facilitate distributed entanglement over
> than 2 nodes, as demonstrated for the NV− centre
[16]. In terms of the spin coherence timescales, the
electronic spin T2 must be long enough long enough
for propagation of the photon to the next node to
establish entanglement [134, 135]. Practically, this
mean the single- and two- gate timescales, entan-
glement efficiency and photon propagation time all
set the minimum feasible timescale for T2 [135].
Recently, it has been shown that electronic spin coher-
ence times of 100’sµs are not prohibitive for long-
distance (10’s km) entanglement, provided coupling
to longer-lived nuclear spins is present [136].

The strongly coupled S = 1 hBN defects (Cx and
CC/CO DAP-X) present the first feasible 2D spin sys-
tems to explore for quantum repeaters. Both show
single qubit gates times of 10’s ns and the poten-
tial for reasonable optical efficiency, however the spin
coherence timescales are far shorter than for the NV−

centre.Major spin-challenges include overcoming the
dense nuclear spin bath and access to individual nuc-
lear spins that can provide quantum memories.

3.2.1. Mitigating spin decoherence
A challenge for all hBN spin defects is mitigating the
magnetic noise from the spin-rich BN lattice, which is
the main contributor to spin decoherence [137, 138].
Standard approaches for reducing nuclear spin noise
in other defect systems include isotopic purification
[25, 139] and dynamical decoupling protocols [140].
Removal of nuclear spins altogether is not possible
in hBN (all B and N isotopes are spin active), but
decoupling the electronic and nuclear spins has been
demonstrated for both the V−

B [72, 141], single Cx

defects [36] and, very recently, the CC/CO DAP-X
defects [119]. To date, these efforts have extended the
electronic spin coherence to∼50µs, achieved at room
temperature. These timescales are shorter (2–3 orders
of magnitude) than can be achieved in diamond
[120] and silicon carbide [142]. Experimental and
theoretical studies of V−

B have, to date, provided the
most insight to spin decoherencemechanisms in hBN
[33, 58, 138]. At low magnetic field, cluster correla-
tion expansionmodelingmethods have indicated that
short-range hyperfine interactions with the neigh-
bouring 14N, as well as nuclear spin-nuclear spin flip-
flops drive decoherence [123, 138]. Enrichment of the
host hBN with 10B has been theoretically and exper-
imentally confirmed to extend the coherence time
from ∼90 ns to ∼190 ns [61]. This is because the

reduced gyromagnetic ratio of 10B over the natur-
ally more abundant 11B results in a weaker hyper-
fine interaction and boron nuclear spin flip-flop
rates [123].

At fields as strong as a few Tesla, the coherence
time Techo

2 extends to 36µs [143] in agreement with
theoretical predictions [138, 144]. In this high-field
regime decoherence is dominated by dipole–dipole
interaction-induced nuclear spin flip-flop interac-
tions of homonuclear spin pairs [138]. Theoretical
predictions show that magnetic dipolar coupling
between the nuclear spins is partially suppressed in
hBN via the nuclear quadrupole interaction [144].

A similar theoretical investigation of decoherence
of the carbon-related single spin defects in hBN is
not currently possible because their atomic struc-
tures are not yet confirmed. The decoherence mech-
anisms are likely to be qualitatively similar to those for
V−
B , however the different hyperfine interactions and

defect symmetry will give rise to important quantit-
ative differences, such as the field strengths required
for changes in T2. For example, for Cx the significant
transverse ZFS (E) (related to the defects’ symmetry),
relative to the strongest hyperfine interaction, pro-
duces a clock transition at zero magnetic field [145]
which decouples the electronic spin from the nuc-
lear spin bath in a small region around zero magnetic
field [36].

Detrimental spin noise can also be due to impur-
ity electronic spins in the material. Cross relaxation
between V−

B and S= 1/2 impurities in the hBN lattice
has been reported in several ODMR studies [62, 122].
Similar cross relaxation between bright and dark spin
defects is likely to be prevalent in a range of carbon-
doped hBNmaterials where the defect density is high,
although there have been no detailed studies of this to
date.

3.2.2. Coherent control of nuclear spins
Despite being a major of source of decoherence,
strongly coupled nuclear spins can present an import-
ant resource for quantum networking applications.
Individual nuclear spins that are strongly coupled
(when the hyperfine coupling is greater than the
dephasing rate (1/T∗

2 )) to the central electronic
spin can be individually initialised and controlled,
enabling access to longer-lived quantummemory and
multi-qubit entanglement [17, 146].

While there is an abundance of spin-active nuc-
lei in hBN, the challenge is to identify individually
strongly coupled candidates that can be controlled
in isolation from the bath. This was first demon-
strated in hBN with the V−

B [115]. Here, polarisa-
tion of the three 14N nuclei surrounding the V−

B

can be achieved at the excited/ground state level
anti crossings (ESLAC/GSLAC) of the defect [115].
Using tailored pulse sequences to control both elec-
tronic and nuclear spins, spectroscopy of the 14N
nuclei revealed an effective nuclear-nuclear coupling
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constant of 3.4 MHz at the GSLAC. Coherent con-
trol of the 14N nuclei resulted in an inhomogeneous
dephasing time (T∗

2 ) of 3.5µs [115]. Dynamic nuc-
lear polarisation of isotopically engineered h10B15N
was more recently demonstrated, revealing improved
resolution of the hyperfine coupling and coherent
control of the 15N nuclei [61] (figure 2(d)). While
these demonstrations were the first examples of nuc-
lear spin polarisation in a 2D material, the low QE of
the V−

B precludes the system from being applied to
networking.

In a breakthrough result, single nuclear spin
control has recently been demonstrated via single
hBN spin defects [63]. This was demonstrated using
the newly-identified carbon-related defect that is
assigned to a DAP in the lattice which is coupled via
charge transfer to a second defect (figures 2(m)–(p)).
In this study, hyperfine coupling to a neighbouring
13C nucleus is observed as a 300MHz-splitting in the
ODMR (figure 2(n)). Via optical polarisation and a
SWAP gate to intialise the 13C nuclear spin, coherent
control revealed T1 = 144µs, T∗

2 = 16.6µs and T echo
2

= 162µs, setting a new record for nuclear spin coher-
ence in the hBN system [63].

In general, the microsecond spin coherence
timescales that can be accessed for the electronic spin
of the hBN defects is not prohibitive for use in optical
networking, as long as entanglement generation rates
are faster [147]. For the hBN spins, microwave con-
trol of the spin is relatively slow (single qubit gate
times typically 10–50 ns) which may present chal-
lenges for systems where this is long compared to
T2. More work is needed to determine the effect of
magnetic field strength, isotopic composition, layer
number, strain and defect density on the electronic
spin coherence that can be achieved via decoup-
ling approaches. For nuclear spin coherence, the
timescales demonstrated so far (100’sµs) are prom-
ising but still shorter than what can be accessed in
diamond-based systems (typically seconds) [136].
Future work is required to determine the true limit to
nuclear spin coherence, when this is not limited by the
electronic T1 [63].

3.3. Quantum sensing
Spin defects, namelyNV− centres, are rapidly becom-
ing established as an important quantum sensing
platform for biomedical applications [148, 149] and
materials characterisation [150]. Their spin states can
be sensitive to small changes in magnetic field, as
well as temperature, pressure, strain, stress and elec-
tric field. Combined with their atomic length scale,
this enables mapping of these physical quantities with
nanoscale spatial resolution. Meanwhile, their coher-
ence properties and optical readout can enable unpre-
cedented sensitivity.

Spin defect-based sensors utilise either a single
defect or a large ensemble of defects as the
active sensor. Ensemble-based sensing is typically

performed in a widefield optical setup where the spa-
tial resolution is diffraction limited, but where the use
of many defects gives higher sensitivity (figure 3(a)).
In contrast, the spatial resolution for single-defect
sensors is fundamentally limited by the nanoscale
spatial extent of the electronic wavefunction, but
in practice by the defect-sample distance. Sensors
employed for nanoscale sensing are typically scanned
over a sample using an atomic force microscope. This
sensingmodality ismost developedwithNV− centres
[21, 23, 151] where scanning probe magnetometers
using single defects are now well developed and even
commercially available [22, 150, 152–156].

While hBN defects are unlikely to compete with
NV-based sensors with regards to spin coherence
time, they display other advantages that may make
them competitive sensors for particular applications.
The atomically-thin nature of the hBN host mater-
ial presents opportunities for nanoscale sensing and
imaging with nm-spatial resolution [10]. Meanwhile,
the ability to easily integrate hBN layers with other
materials opens doors to in-situ imaging of 2D
devices. Like diamond, hBN is also bio-compatible
[159], and early results show the defects have high
susceptibility to a range of physical factors which
could see the defects being useful probes in biolo-
gical context. Many of these areas are under rapid
investigation and it is likely that quantum sensing will
be the first area where hBN defects are industrially
applied.

3.3.1. Wide-field quantum sensing
Progress towards applications with V−

B ensembles
has been rapid, with proof of concept experi-
ments exploring their use in temperature [160, 161],
pressure [162] and strain [163, 164] sensing, and par-
ticularly in wide-field magnetometry [157, 165, 166].
V−
B ensembles have been integrated with ferromag-

netic materials for in-situmagnetometry, for example
in sensing the DC stray field from 2D ferromagnets
[157, 165, 167], spin noise relaxometry [167, 168]
and sensing spin waves [166, 168, 169]. Figure 3(b)
presents a stray magnetic field map of CrTe2 meas-
ured using the boron vacancy defects. To date, the best
reported DC-magnetic field sensitivity is on the order

of µT
√
Hz

−1
[170], inferior to the state of the art

for ensemble NV− centre sensors (nT
√
Hz

−1
) [171].

However, this is partly explained by the fact that the
sensitivity scales with the square root of the num-
ber of defects in the ensemble [156], and much larger
sample volumes are typically used in the NV− centre
experiments. Whilst this can be addressed in future,
the spin coherence time and QE are also superior for
NV− centres, and itmay be difficult for V−

B ensembles
to directly compete purely in terms of sensitivity in
DC magnetometry.

In the case of AC magnetometry, dynamic
decoupling pulse sequences can be implemented to
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Figure 3. Quantum sensing with hBN defects. (a) Schematic of widefield and nanoscale quantum sensing. Adapted from [157],
with permission from Springer Nature. Reproduced with permission from [158]. CC BY-NC 4.0. (b) Magnetic field map of a
CrTe2 flake, imaged using the V−

B , adapted from [157], with permission from Springer Nature. (c) Comparison of unprotected

Rabi oscillation (red trace) and amplitude modulated CCD scheme, for the V−
B (blue trace), showing stabilisation of Rabi oscil-

lation on µs-timescale. Inset figures show zoomed regions of the Rabi oscillations. Reproduced from [72]. CC BY 4.0. (d) Pulsed
dynamical decoupling protocol used for sensing RF signals (V−

B ). (e) Response of the V−
B sensor as fluorescence contrast dips

occurring at matching of the interpulse delay (τ ) with the RF signal period according to: τ = 1/(4νRF). The data points (dots) are
best fitted with a (sinc)2 function. (f) Coherently Averaged Synchronized Readout (CASR) protocol. XY8-2 subsequences are syn-
chronized to the sensing frequency for 2 s. (g) Transformation of the signal resulting from the measurement sequence (f) yields
a sharp peak at the relative frequency∆ν. (d)–(g) are reproduced from [141]. CC BY 4.0. (h) Persistence of saturated cwODMR
contrast for Cx with magnetic field applied along the defect y direction. The solid curves represent the transition frequencies of
the three ODMR transitions as a function of By amplitude. The measured cwODMR contrast as a function of MW frequency is
represented by circles. (i) Angular magnetic-field dependence of cwODMR frequency (top panels) and normalised contrast of
the three ODMR resonances of the Cx defect (top to bottom), with 50mT bias magnetic field applied in the xy plane. Data are
presented as circles and curves indicate the simulated cwODMR contrast. The inset indicates the direction of rotation of the bias
magnetic field. (j) Calculated contrast of each resonance as a function of By and Bz . (k) Evolution of spin eigenstates with applied
magnetic field along the x, y, z axes of the defect, from top to bottom. Calculated amplitudes of the optically initialised popula-
tion of each spin sublevel are indicated by the size of the purple circles. (h)–(k) are reproduced from [118]. CC BY 4.0. All of the
data was measured at 295K.

improve the spin coherence and provide a tuneable
sensor bandwidth for identification of a signal fre-
quency. Pulsed [141, 172] and continuous [72]
dynamic decoupling sequences have been shown to
be effective for V−

B ensembles and applied to sens-
ing of MHz [141] and GHz [173] range magnetic

signals, where the sensitivity (∼1 µT
√
Hz

−1
) can be

comparable to that achieved with NV− centres, when
scaled by the volume of the sensor [173] (figures 3(c)–
(g)). These sensing schemes have been extended to
include advanced quantum heterodyne protocols
that enable sensor frequency resolution far beyond
the limit imposed by the spin coherence [141, 174].

While the V−
B does not exhibit higher magnetic

field susceptibility than the NV− centre, recent res-
ults suggest it performs competitively, if not better,
for sensing of temperature, pressure and electric field
[160, 162, 175]. For temperature sensing, the lon-
gitudinal ZFS term (D) undergoes a 25-fold greater
variation between room and cryogenic temperature
than it does for the NV− [160, 161]. This large effect
is assigned to both temperature-dependent lattice
distortion and second-order spin-phonon coupling
[161]. D for the V−

B is sensitive to in-plane pressure,

but remarkably insensitive to out-of-plane pressure
[160]. This has led to use of the V−

B in diamond anvil
cells for investigation of pressure-driven magnetism
in other 2D materials [162, 176]. In contrast, it is
the transverse ZFS parameter (E) for the V−

B which is
associated with sensitivity to electric field [175]. The
electric field susceptibility is d⊥ ∼ 40 Hz (V cm)−1,
roughly double that of the NV− centre [177].

An emerging property of the V−
B system for sens-

ing, is that the defects retain their magneto-optical
and sensing properties even in the few-layer (∼3–5)
limit [178]. This is unlike diamond where T echo

2 for
NV− centres starts to decrease when a defect is within
100 nm of the diamond surface [179]. This provides
opportunities to develop atomically-thin sensing foils
with hBN sensors.

3.3.2. Nanoscale quantum sensing
Nanoscale quantum sensing has been dominated
by the NV− centre with few other defect systems
displaying adequate sensitivity on the single defect
level, or the versatile operating conditions, to be ser-
ious candidates. The single carbon-related defects
in hBN with S = 1 ODMR signatures provide a
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feasible alternative to the NV− centre. In particu-
lar, the Cx spin defect shows high brightness and
ODMR on the single-defect level, which translates to

µT
√
Hz

−1
DC sensitivity [36, 118], on par with the

routinely achieved sensitivity for NV− centres [150].
Unusually, the ODMR contrast for Cx is not com-
pletely quenched with high (>150mT) off-axis mag-
netic field, which significantly increases the dynamic
range for DC magnetometry over the NV− centre
[180]. Figure 3(h) shows the ODMR recorded for the
Cx defect with an off-axis bias field up to 150 mT.
As a result, Cx may open possibilities for the ima-
ging of magnetic materials that require large, arbit-
rarily oriented bias fields to access emergingmagnetic
phenomena. The photophysical origin of the reten-
tion ofODMRcontrast is related to the low symmetry
of the defect (a property shared with other defects in
diamond [181, 182]), which manifests as three meas-
urable ODMR resonances (figures 3(i)–(k)) [118].
Each resonance displays a different dependence (in
terms of quenching and sensitivity) to magnetic field
orientation, providing the capability to perform vec-
torial magnetic field sensing [118].

Omnidirectional magnetic field sensing has
been demonstrated with other single carbon-related
defects that possess S= 1/2 spin signatures (theOSDP
class) [62, 158]. Without a quantisation axis, these
systems offer opportunities for facile detection of
magnetic field strength, which might have useful
applications in RF receivers for example [183], but
no information on orientation, meaning extrapola-
tion to magnetisation information is not possible, for
example.

4. Defect structure identification

An immediate major challenge towards the develop-
ment of defects in hBN for all technologies discussed
so far is the elucidation of their atomic structure.
Apart from the V−

B and the CBCN UV emitter, the
atomic structure of most defects is still under invest-
igation. The assignment is complicated due to the dis-
parity in optical properties and/or the lack of clear
hyperfine signatures in ODMR spectra. However,
conclusive confirmation of defect structure is crit-
ical for optimising operating conditions, refining the
determinisitic fabrication process of these defects
(which is discussed in detail in other reviews [4, 184,
185]), and advancing the fundamental understand-
ing of their electronic properties. This demands joint
efforts from theory and experiment.

4.1. Ab initio studies
First-principles calculations offer valuable micro-
scopic insights into the electronic structure and the
resulting spin and optical properties of solid state
defects, including hBN [185, 186]. The workhorse of

ab initio point defect studies in semiconductors is
DFT, which has already proven its predictive power
for formation energies [184], spin properties [185],
and vibrational properties [187] in wide band gap
semiconductors, including hBN [60, 70]. However,
one needs to be cautious with the selection of DFT
functionals [188] and when dealing with the excited
state properties of defects. DFT is a mean-field
ground state theory designed to accurately predict the
ground state’s total energy, density, spin density, and
forces. Whereas, the measurable properties of spin-
less single-photon emitters in hBN, i.e. the UV [65],
blue [76] and green–red [78] emitters, are linked to
the excited state(s) of the defects.

Excited state properties can be approximated in
DFT by forcing the occupation of the defect state
to mimic an optical excitation of the centre. This
procedure works reasonably well when the excited
state can be described in the single-electron pic-
ture, i.e. exciting an electron from an occupied defect
orbital to an empty defect orbital. The single elec-
tron picture may not be applicable for all defects, as
the true many-particle wavefunction of the excited
state can be formed as a linear combination of mul-
tiple single-particle transitions. Disregarding such
state mixing in the optically excited states leads to an
enhanced error in predicting ZPL energies, lifetimes,
and decay rates, which can alter the identification of
defects’ microscopic structures.

Hexagonal boron nitride presents particular chal-
lenges in this respect. hBN features two types of
states: the in-plane sp2 hybrid bonding states (σ)
and the out-of-plane pz states (π) of the BN layers.
A point defect can perturb both of these symmet-
rically distinguishable electronic states, often giving
rise to a multitude of defect orbitals in the band-
gap of hBN. For instance, the V−

B center in hBN has
twice as many active defect orbitals as the NV− cen-
ter in diamond, making the theoretical character-
isation of the V−

B center’s excited state challenging
[60, 124, 189]. Figure 4(a) presents the spin dens-
ity of V−

B as obtained by spin-polarised HSE06 DFT
and figure 4(b) presents its single particle electronic
structure. Generally, the number of single-particle
defect states in the band gap indicates the complex-
ity of the electronic structure and complex electronic
structures may necessitate more advanced theoret-
ical methods. The development and testing of post-
DFT methods for hBN are currently at the forefront
of theoretical studies [124, 189, 190]. Consolidating
the necessary theoretical framework and solidifying
theoretical predictions are expected to significantly
contribute to successfully identifying the microscopic
structure of the color centers in the not-so-distant
future.

The rapid pace of experimental development,
however, demands fast answers from theory. A viable
approach is to focus on quantities that can be
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Figure 4. Ab initiomodeling of hBN defects. (a) Spin density of V−
B in hBN as obtained by spin-polarised HSE06 DFT. (b) Single

particle electronic structure of the V−
B , reproduced from [60]. CC BY 4.0. (c) Theoretical photoluminescence spectrum of the

V−
B compared to the experimental spectrum, reproduced from [60]. CC BY 4.0 and [33]. To produce the theoretical curve

the calculated Huang-Rhys factor of 3.5 is used whereas the position of ZPL at 765 nm (1.62 eV) was aligned to match to the
highest intensities of the experimental spectrum which corresponds to about 0.09 eV redshift compared to the KS DFT result
(1.71 eV). (d) Spin density of CBCN . (e) Photoluminescence spectra measured at 8 K of the ‘UV emitter’ in two different isotop-
ically enriched hBN samples, Cnat:hBN and 13C:hBN. Reproduced from [70]. CC BY 4.0. (f) ODMR spectrum of the Cx defect,
measured with 20-mT magnetic field parallel to the defect z axis. The dots are the data and the shaded curve is the computed
spectrum. reproduced from [36]. CC BY 4.0. (g) Spin density of (CBCN )3. (h) ODMR signal of the (CBCN )3 defect at B= 0mT
with no carbon nuclear spins in 10B (blue) and 11B (green) containing samples. (i) ODMR signal of the (CBCN)3 defect when it
includes four 13C nuclear spins. (i), (h) are reproduced from [191]. CC BY 4.0.

both reliably predicted by DFT methods and are
experimentally accessible. For example, figure 4(c)
compares the experimentally obtained and theoret-
ically predicted PL spectra for the V−

B . While ZPL
energies can be inaccurate in DFT, polarisation angles
and the fine structure of the phonon sideband can
be obtained with reasonable accuracy [57, 187, 192].
Characteristic features of the polarisation of emit-
ted/absorbed light are determined by the symmetry
and orientation of the defect, providing relevant
information about the underlying structure. The

angle of the transition dipole and the lattice vectors
for low-symmetry defect structures are parameters
that can be compared with theoretical predictions
[92]. The main features of the phonon sideband can
be correlated with atomic masses, bond strength,
and symmetry, serving as an optical fingerprint of
the defect. When compared with high-resolution,
low-temperature, and low-strain PL spectra, this
can aid in the identification of the defect’s micro-
scopic structure. Furthermore, since the features of
the phonon sideband depend on atomic masses,
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isotope-engineered samples can provide further evid-
ence of the atomic composition of the underlying
structure [187]. These arguments motivate conduct-
ing in-depth experimental analyses of polarisation
data and phonon sidebands, and placing greater
emphasis on related DFT calculations in hBN. A very
recent example of such a joint experimental theor-
etical work has been published in [70], where the
microscopic structure of the UV emitter was stud-
ied and assigned to the CBCN complex (figures 4(d)
and (e)). Here, this assignment was possible due to
shifts in the phonon side bands in hBN isotopic-
ally enriched with 13C, which were well modeled by
simulation.

For spin-active defects, the hyperfine interaction
with nearby nuclear spins and potentially the ZFS
interaction provide another, very reliable means of
identification. Indeed, the direction of the preferen-
tial quantisation axis of the electron spin and value
of D and E carry important information on the sym-
metry of the defect and the degree of spin density loc-
alisation. The hyperfine splitting of the spin sublevels
due to strongly coupled nuclear spin(s) serves as a
unique fingerprint of the defect that can be accurately
calculated in reliable ground state DFT calculations
[193, 194]. This enabled identification of the V−

B

center [33, 60].
Assignment of the single carbon-related spin

defects has beenmore difficult. The Cx defects show a
narrow ESR/ODMR linewidth at zero field [36] com-
pared to the V−

B . This is consistent both with the low
symmetry of Cx combined with localisation of the
electron spin density on spin-less 12C carbon atoms
which appears in∼0.99 probability in natural abund-
ance. However, the hyperfine structure at higher field
has been difficult to assign to a particular structure.
Figure 4(f) shows the ODMR spectrum of the Cx

centre with an aligned magnetic field of 20mT. The
fit is a modeled spectrum, which considers the defect
is coupled to two nonequivalent nuclei. For carbon-
based defects, the use of S = 1/2 13C enriched car-
bon sources during growth or implantation could
give rise to a resolvable hyperfine structure. Such a
hyperfine spectrum alone could declare the number
of carbon atoms in the structure, while DFT calcu-
lations could nail down the microscopic configura-
tion. This has been demonstrated by theoretical stud-
ies of carbon tetramers (not yet assigned to experi-
mentally observed spin defects) [191] (figures 4(h)–
(i)). This approach has also been successful experi-
mentally; Gao et al has observed hyperfine splittings
in 13C implanted and annealed hBN, which helped
to narrow down the possible defect configurations to
DAP complexes [63].

Based on the challenges and methodologies
discussed above, we propose the following joint
theoretical-experimental workflow for identifying
point defects in hBN:

• Basic electronic structure assessment: perform
ground-state DFT calculations to determine
formation energies and geometries for candid-
ates motivated by growth and fabrication condi-
tions, or alternatively, employ high-throughput
DFT screening. Analyze formation energies and
single-particle defect orbitals in the band gap to
rule out unlikely candidates. Use DFT to calculate
ground-state spin properties, but employ post-
DFT methods (e.g. CI, GW-BSE) for the final
assessment of optical properties.

• Color center identification: correlate experi-
mental emission polarisation angles with theor-
etical transition dipole orientations to determine
defect symmetry and lattice orientation. Compare
high-resolution, low-temperature PL phonon
sidebands with calculated vibrational modes.
Focus on the phonon sidebands’ fine structure
rather than the absolute ZPL energy, as the former
serves as a robust fingerprint of bond strengths
and atomic masses.

• Paramagnetic defect identification: for spin-
active defects, measure the ZFS parameters and
hyperfine interactions via ODMR/ESR. Compare
these results with ground-state DFT predic-
tions. The quantization axis reveals the defect
symmetry, while the hyperfine interaction val-
ues, which can be accurately obtained via DFT,
provide a map of the local nuclear environment.

• Verification by isotopic enrichment: fabricate iso-
topically enriched samples (e.g. 10B, 13C, 15N).
Identify specific shifts in the phonon sideband or
the emergence/splitting of hyperfine lines in spin
resonance spectra. Match these shifts with theor-
etical simulations of the isotope-modified struc-
ture to definitively confirm the atomic composi-
tion of the defect.

4.2. Electron and x-ray beam imaging
Beyond DFT, electron and x-ray microscopies have
been used—in some cases correlated with PL—to
gain insight to atomic structure [195–197]. In gen-
eral, the challenge here is correlation of optical and
x-ray/electron microscopy images, which have differ-
ent spatial resolution limits. A combined study of
cathodoluminescence, PL and electron microscopy
presented a complex picture of multiple defect types
contributing to the green–red emitter family, but
could not propose specific chemical structures [195].
Resonant inelastic x-ray scattering has been recently
used to identify a common elementary excitation at
285meV for hBN green–red single-photon emitters
[197]. These results point towards the importance
of the N π∗ anti-bonding orbitals in defining the
optical properties of hBN defects that emit in the vis-
ible region. High resolution scanning transmission
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electron microscopy in conjunction with confocal
imaging and elemental mapping (EELS) has imaged
carbon complexes formed in 60 nm thick exfoli-
ated hBN flakes [196]. It was observed that car-
bon readily replaces nitrogen and boron in the hBN
lattice, and several potential carbon-related struc-
tures (carbon dimers and single carbon substitutions)
were proposed. To date, all correlative studies of this
nature have struggled with unambiguous identifica-
tion of atomic structure of the emissive/spin active
defects due to the density of non-emissive defects.
Future attempts will need to utilise other ways to get
around this problem, possibly with ultra high purity
hBN, or using nanoscale probes/markers to aid the
correlation.

4.3. Defect creation
A common, longstanding challenge for the realisation
of quantum technologies based on defects is the con-
trollable, spatially-deterministic defect fabrication.
This is important for coupling defects accurately to
photonic/electrical components, or nanostructures,
in a device. Amajor appeal of 2Dmaterial platforms is
their potential for achieving new routes to achieving
high control over the fabrication of defects. Below we
summarise the work so far in this direction for both
defect ensembles (V−

B ) and carbon-related defects.

4.3.1. Boron vacancies
V−
B ensembles are typically fabricated through con-

trolled defect engineering techniques that selectively
remove boron atoms, most commonly electron [198,
199], ion [200, 201], neutron [33] and laser irradi-
ation [202, 203]. In the case of neutron irradiation,
efficient vacancy generation relies on the large neut-
ron capture cross section of the 10B isotope; con-
sequently, this method is only effective for hBN with
a significant 10B isotopic content. This includes hBN
of natural abundance (20% 10B), but not isotopically
purified h11BN.

A major advantage of neutron irradiation is its
ability to produce a uniform defect density through-
out bulk hBN flakes, which can subsequently be
exfoliated and integrated into devices without sig-
nificantly altering the vacancy distribution. By con-
trast, ion implantation is compatible with semi-
conductor workflows, but the depth distribution of
the defects exhibits a strong dependence on flake
thickness, underlying substrate, and the implantation
parameters (e.g. ion species, energy, temperature and
dose) [204–206]. As a result, achieving reproducible
films typically requires a more complex workflow:
flakes of a targeted thickness must first be prepared
on a well-defined substrate, then irradiated under
optimised conditions, and then transferred into the
system of interest.

Work is ongoing to optimise the V−
B density for

sensing (see section 3.3), where there is a trade-off
between increasing the photoluminesence signal and

introducing damage to the hBN lattice that degrades
the coherence properties [207–209]. To fully exploit
the key advantage of hBN for sensing, the ability of
extremely thin samples to host spin defects [178], this
optimisation should focus on V−

B ensembles in ultra-
thin hBN. In this regime, additional factors such as
the sensor-sample stand-off distance, photon extrac-
tion efficiency [210], charge state control [211, 212]
and near-field effects [213] must also be taken into
account.

4.3.2. Carbon-related defects
Site-specific and deterministic creation of visible
emitting, suspected carbon-related, defects has been
a longstanding goal. Early efforts explored the use of
strain [214] to create localised deformation potentials
to ‘activate’ defects in a near-deterministic fashion.
Site-specific fabrication of single ‘B-centres’ has been
demonstrated via focused electron beam irradiation
[68]. This technique enables x–y spatial resolution
on the sub-micron level but limited control of the
depth of defect creation. Unlike most other defect
creation efforts, this work developed a process that
preferentially creates ‘B-centres’ over other defect
species.

The controlled engineering of spin-active carbon
related defects is less well developed, but vital for their
target applications. To date, most spin-active carbon-
relate defects have been formed via in-situ carbon
doping of multilayer hBN. For example, reports of
OSDPs have come mainly from multilayer films that
are grown via MOVPE, chemical vapour deposition
(CVD) or molecular beam epitaxy [114]. In these
techniques, carbon is introduced during the growth
process either as a carbon-based precursor or via
evaporation of carbon in the chamber [78]. These
techniques allow for control over the degree of carbon
doping, but no control over the spatial incorporation
of carbon in the film. This clearly presents a challenge
for their incorporation to scalable quantum devices.

Single Cx defects are found at low density
(∼1 perµm2) in MOVPE-grown films [36, 38, 78],
but as yet there have been no detailed studies to
control defect density or placement. CC/CO DAP-X
defects have been fabricatedwith an ion-implantation
and annealing process [63]. Combined with litho-
graphic patterning this could provide a route to
deterministic positional control.

Development of defect creation techniques that
enable specificity for given spin defects with sub-
micron spatial control will unlock routes to incorpor-
ate them in devices. For sensing this will enable fabric-
ation of probes for nanoscale magnetometry, and for
optical techniques this is will make it easier to couple
the defects to waveguides and cavities to boost optical
emission. Techniques such as laser writing [41], ion-
implantation and focused electron beam irradiation
should be explored further. However, knowledge of
the defects’ atomic structure will be critical in this
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regard, and currently provides a significant challenge
to the development of fabrication methods.

5. Conclusion

We consider that hBN defects present an exciting
novel platform to explore for future quantum tech-
nologies. While significant further technical develop-
ment is required before hBN defects will be deployed
for quantum computing or repeaters for optical net-
works, in our view there are several applications
where hBN defects can outperform alternative can-
didates in the near term.

The first is quantum sensing, specifically in-situ
quantum sensing in 2D heterostructures and nano-
scale sensing.With regards to the former, hBN already
forms a critical dielectric component of most 2D het-
erostructure devices. If high concentrations of defects
(either V−

B or single defects) can be engineered atom-
ically close to the surface of hBN layers, that are then
incorporated within devices, in-situ hBN quantum
sensors could be useful for exploration of magnetic
phenomena, stress gradients, or charge flow in these
devices as well as routine methods of device quality
control, for example.

For nanoscale sensing, single carbon-related hBN
defects offer the potential for nm-spatial resolution.
This is an attractive proposition, as for NV− scan-
ning magnetometry, typical spatial resolution is 20–
30 nm [150], due to the difficulty in fabricating single
NVs close to the apex of a diamond tip and the
degradation of magneto-optical properties for shal-
low NV− centres. In addition, single Cx hBN defects
operate under off-axis biasmagnetic field of 100’smT.
This may enable investigation of new material sys-
tems, or reveal new insight to nanoscale spin tex-
tures in other materials. Although the full picture is
still emerging, the range of different carbon-related
single spin defects points towards future opportunit-
ies to engineer specific sensors where the spin mul-
tiplicity, ZFS magnitude and orientation of the spin
quantisation axis could be designed for the sensing
application. For example, the presence of defects with
quantisation axes aligned to or perpendicular to the
2D layers makes the alignment of bias fields more
straightforward.

A second key area is likely to be free-space
and satellite-based QKD. The high repetition rates,
linear polarisation and broad range of emission
wavelengths make hBN defects key contenders in this
area. However, electrical excitation as well as ZPL
tuneability will need to become established as routine
capabilities.

Finally, future progress across all areas will be
contingent on understanding how to control the
creation of hBN defects in different hBN materi-
als. There are already promising signs that defect
creation can be controlled via external treatment

(ion/electron beam/annealing) of hBN exfoliated
crystals, or carbon-doping of CVD material. Early
efforts to create defects in hBNwith spatial control are
promising [68, 69, 215], but precise site-control is still
needed. Defect creation attempts would benefit from
identification of unknown defect structures, namely
the green–red emitting family that shows ODMR. It
is our view that coordinating experimental spin res-
onance, with Ab initio studies and materials charac-
terisation, should lead to many of these defects being
assigned structures in the near future.
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