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Inhomogeneous broadening is a major limitation for the application of quantum emitters in hBN to
integrated quantum photonics. Here we demonstrate that so-called ‘blue emitters’ with an emission
wavelength of 436 nm are less sensitive to electric fields than other quantum emitters in hBN.
Our measurements reveal a weak, predominantly quadratic Stark effect that indicates a negligible
transition dipole moment of the defect. Using these results, we discuss implications for the symmetry
of the defect and use density functional theory simulations to identify a likely atomic structure of
blue emitters in hBN.

I. INTRODUCTION

Quantum emitters in hexagonal boron nitride (hBN)
are recognized for their brightness and robustness against
temperature and harsh environments [1–7]. Most re-
cently, optical access to spin properties for some of these
defects has been demonstrated at room temperature [8–
12]. Moreover, the van der Waals structure of the host
crystals provides compelling opportunities for the devel-
opment of quantum technologies based on quantum emit-
ters in hBN [13, 14]. However, broad adoption of hBN
quantum emitters in integrated quantum photonics has
been limited by inhomogeneous broadening of the emis-
sion lines. The dominant cause of inhomogeneous broad-
ening are fluctuating electric fields resulting from charge
transitions in the vicinity of quantum emitters. The fields
interact with electric dipoles of the defects and give rise
to spectral diffusion. The effect has been studied exten-
sively in various solid state systems such as NV centers
in diamond [15], point defects in silicon carbide, and rare
earth doped crystals [16]. In the case of hBN, this in-
teraction is very strong for some emitters, and has been
utilized to realize massive Stark shifts using applied elec-
tric fields [17–19]. As the result various defect structure
such as inversion symmetric defects have been explicitly
excluded since the hBN lattice does not support such
symmetry configuration.

To this end, there has been work focused on eliminat-
ing spectral diffusion by surface passivation, and opti-
cal re-pumping [20, 21]. Fourier-limited linewidth has
been achieved for a defect in hBN by charge manipu-
lation/depletion using heterostructure devices [22]. An
alternative approach to overcome spectral diffusion is to
identify point defects with small or ideally zero perma-
nent electric dipole moments, such as the SiV center in
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silicon carbide or centrosymmetric defects such as group
IV defects in diamond [23, 24]. The absence of a per-
manent transition dipole in these defects results in re-
duced sensitivity to electric fields and small inhomoge-
neous linewidth broadening.

Recently, a group of emitters in hBN known as ‘blue
emitters’ has been identified as being spectrally stable
with a narrow emission at 436 nm [25, 26]. These defects
can be created deterministically using electron beam ir-
radiation and have been associated with the presence of a
UV emission at 4.1 eV [27]. Interestingly, the blue emit-
ters exhibit stable single photon emission at cryogenic
temperatures with spectral diffusion that is negligible
compared to other quantum emitters studied to date in
hBN [28]. Sub-GHz linewidths have been measured in
this group of quantum emitters in the absence of applied
electric fields or post-processing treatments.

Here we investigate the Stark shift of blue quantum
emitters in hBN. We performed coherent excitation to
measure the Stark shift upon applying in-plane and out-
of-plane electric fields to characterize the electric dipole
interaction for blue emitters. Building on these results,
we discuss implications for defect symmetry and use den-
sity functional theory (DFT) to identify the likely de-
fect structure. Our results constitute an important step
towards identifying spectrally-stable quantum emitters
in hBN and are particularly valuable for creating site-
specific quantum emitters that are resonant with optical
cavities or with other quantum emitters.

II. RESULTS

A. Spectral characteristics

Blue emitters were created by exposing mechanically
exfoliated hBN flake to a focused electron beam using a
commercial scanning electron microscope. See methods
section of Supplemental Material [29] for further details
on the generation of these emitters in hBN. Figure 1(a)
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shows a schematic illustration of the hBN lattice hosting
a point defect, and an autocorrelation measurement con-
firming the quantum nature of a blue emitter (Fig. 1(b)).
Whilst the emission energy of single photon emitters in
hBN spans a broad spectral range, from UV up to NIR,
the zero phonon line (ZPL) of blue emitters is centered
consistently on 436 nm (Fig. 1(c)) and varies by less than
1 nm [26, 28]. To measure the linewidth of these emit-
ters, the sample was cooled to 5 K. When excited with
a 405 nm laser, the linewidth of these emitters at cryo-
genic temperature is beyond the 130 GHz resolution of
our spectrometer. By scanning a narrow bandwidth laser
across the ZPL, the full width at half maximum of this
particular emission is revealed to be 1.9 GHz. The reso-
nant photoluminescence excitation (PLE) scan shown in
Fig. 1(d) is the average of ten individual scans over the
ZPL to account for temporal fluctuations of the emission.
The best peak fit is Gaussian, indicative of inhomoge-
neous broadening caused by spectral diffusion. We note
that the range of spectral diffusion observed in PLE mea-
surements varied between emitters, but was insufficient
to be observed in photoluminescence (PL) spectra which
acquired with a spectral resolution of 130 GHz. This de-
gree of inhomogeneous broadening is small compared to
that of other emitters studied previously in hBN, indi-
cating an inherent insensitivity of the blue emitters to
environmental effects such as electric field fluctuations in
the hBN lattice.

To characterize the interaction of blue emitters with an
external electric field, the Stark effect of these emitters
was measured. The transition energy of a color center

FIG. 1. Blue single photon emitters in hBN. (a) Atomic de-
fects in hBN as a source of quantum emission. (b) Room
temperature autocorrelation measurement of a single defect
in hBN emitting at 436 nm. The solid line is a fit to the data.
(c) Photoluminescence spectra of a blue emitter obtained at
cryogenic and room temperatures. (d) Resonant excitation
of a blue emitter fit with a Gaussian function that has a line
width of 1.9 GHz.

coupled to an external DC electric field shifts as

∆E = −∆µF (1)

where ∆E is the Stark shift of the ZPL, ∆µ is the dif-
ference between the dipole moment of the ground and
excited states, and F is the electric field. A nonlinear
Stark effect originates from the polarization and hyper-
polarization of the defect states that make ∆µ dependent
on the electric field. In this case, the energy shift ∆E of
the transition line can be expanded as a power series of
the electric field [23, 30]

∆E = −∆µ(F )F = −∆µpermF −
1

2
∆αF 2 (2)

where ∆µperm is the difference between the permanent
dipole of the ground and excited states, and ∆α is the
difference between the polarizability of the ground and
excited states. Here the higher order Stark shifts related
to hyperpolarizabilities are not considered as their contri-
bution is negligible. Nonlinear electric field dependence is
observed when the linear term vanishes, either due to the
vanishing permanent dipole moment in both the ground
and excited states, or due to the perfect cancellation of
the ground and excited state permanent dipoles. The
latter is less frequent and appears only in special cases
[31].

B. Vertical structure

We fabricated two devices used to apply in-plane and
out-of-plane fields to blue emitters. We first built a verti-
cal device (which produces an out-of-plane electric field)
by transferring a 36 nm hBN flake containing blue emit-
ters over gold electrodes, as shown in Fig. 2(a). An
optical image of the fabricated vertical device is shown
in Fig. 2(b). The hBN flake containing blue emitters is
highlighted with a blue line around its periphery. As a
top contact, multipayer graphene (MLG) was used due
its semi-transparency, although a capping hBN layer was
also introduced on top to protect MLG from oxidation.
The MLG and capping hBN layers are indicated by black
and yellow lines, respectively. Atomic force microscopy
(AFM) data of thicknesses of each material is provided in
Supplemental Material [29] The device was loaded into a
cryostat, and the measured leakage current was limited
to few tens of nanoamperes at biases of ±15 V applied to
the electrodes (Fig. 2(c)). Polarization measurement was
taken as described in methods section of the Supplemen-
tal Material accessible [29] Resulting data (Fig. 2(d))
shows an in-plane oriented emission dipole, defined by
its characteristic “peanut shape” with a relatively small
waist corresponding to a polarization visibility value of
0.83. It was necessary to confirm that the orientation of
the emission dipole was in-plane for the emitter in the
vertical structure, in order to have an out-of-plane elec-
tric field.
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FIG. 2. Stark effect in a vertical structure used to generate
an out-of-plane electric field. (a) Schematic illustration of a
vertical structure with hBN located between the bottom gold
electrode and a top multilayer graphene (MLG) electrode.
(b) Microscope image of the vertical device (the scale bar is
20 µm). Colored outlines show the edges of each layer: the
hBN layer hosting blue emitters is covered with MGL and a
protective hBN capping layer. (c) I-V characteristic of vertical
device at 5 K as measured under bias from -15 V to 15 V.
(d) Emission polarization of the examined emitter in vertical
structure, which yields a polarization visibility value of 0.83.
(e) Emission linewidth and ZPL shift versus applied electric
field determined by Equ. 3. A linear fit yields a gradient of
0.01 GHz/MVm−1.

For the investigated emitter with a linewidth of
1.9 GHz, a small linear Stark shift as shown in figure.
2(c) was observed upon application of an out-of-plane
electric field by the device. The strength of the applied
electric field in the region of the emitter was estimated
using the Lorentz local field approximation

F = (εhBN + 2)
Vg
3d

(3)

where εhBN = 3.76 is the out-of-plane dielectric constant
[32], Vg is the applied potential field, and d = 36 nm is
the electrode gap, equal to the thickness of the hBN flake
containing the blue emitter. A relatively large electric
field was required to produce the observed ZPL shift.
A linear fit yields a sensitivity of 0.01 GHz/MVm−1 or
0.04 meV/Vnm−1, indicating that the transition dipole

moment of the emitter is either very small or is oriented
prediminantly within the plane of the hBN lattice, and
hence perpendicular to the electric field. Similarly, the
lack of an obvious quadratic dependence suggests that
the system has a low transition polarizability in the out-
of-plane direction. The emission linewidth was approxi-
mately constant, and did not change systematically with
applied electric field, confirming that heating caused by
the leakage current was negligible. We note that for this
particular blue emitter, the emission intensity gradually
decreased with increasing negative bias, until the PLE
emission was no longer observable which occurred be-
low −200 MVm−1. Similar behavior has been observed
in other quantum emitters in hBN and was attributed
to charge transfer caused by tuning of the Fermi level
[33, 34].

C. Lateral structure

We next built a lateral device used to generate an in-
plane electric field as shown in Fig. 3(a),(b). A hBN flake
with thickness of approximately 100 nm was transferred
onto interdigitated gold electrodes pattern. The local
electric field is assumed to be predominantly in-plane for
emitters positioned equidistant between two neighboring
electrodes, so that the field strength at the emitter is
taken to be equal to the maximum field strength given
by the electrode geometry. As with the vertical device,
here the local applied electric field is approximated by
Equ. 3, although it is now appropriate to use the in-
plane dielectric constant of εhBN = 6.93 [32], whilst d =
2 µm is given by the separation of the electrodes. Figure
3(b) shows an optical image of the hBN flake overlaying
the gold electrodes. The hBN flake was then irradiated
by an electron beam to generate blue emitters in the
gap between the electrodes. PL characterization of the
emitter was performed after confirming that the lateral
device did not show any detectable leakage current, as
shown in Fig 3(c).

Exfoliation and annealing of hBN flakes unavoidably
lead to creation of ripples and cracks within flakes, that
can be observed optically through a microscope, as shown
in Fig. 2(b) and Fig. 3(b). To ensure the examined blue
emitters are not affected by field variations from other
nearby emitters and/or cracks within flakes, only iso-
lated blue emitters were selected for analysis. Addition-
ally, optical dipole polarization measurements of emitters
also accounted for any possible orientations. An exam-
ple room temperature confocal PL map of a 7 µm by 7 µm
scan under 0.6 mW of 405 nm continuous laser excitation
is presented in inset of Fig. 3(c). Multiple features are
observed in the PL map. Darker blue regions are gold
electrodes. Accordingly, lighter blue region corresponds
to the 2 µm SiO2 gap between those gold electrodes. The
bright line across the map is a grain boundary between
two parts of a flake, while bright spots throughout gen-
erally correspond to blue emitters. This shows that the
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FIG. 3. Stark effect in a lateral structure used to generate an
in-plane electric field. (a) Schematic illustration of a lateral
structure with hBN between two gold electrodes. (b) Micro-
scope image of the lateral device (the scale bar is 50 µm).
A hBN flake is positioned on top of interdigitated gold elec-
trodes, with gap separations of 2 µm. (c) I-V characteristic
of the lateral device at 5 K temperature from -20 V to 20
V. Inset of (c) is room temperature PL map from a confo-
cal microscope scan of a 7 µm by 7 µm section of hBN flake
used in lateral structure. The heat map scale bar is in units
of photon kilo counts detected by an APD. Lighter blue re-
gion in the map corresponds to the 2 µm SiO2 gap between
gold electrodes. Bright spots throughout the map generally
correspond to blue emitters. (d) Polarization plot of emis-
sion dipole with a polarizability of 0.77, and orientation of
the applied electric field from electrodes. (e) Linewidth and
ZPL shifts versus applied electric field, as determined by Equ.
3. The ZPL shift data are fit to Equ. 2, yielding the values
∆µ = 0.10 D and ∆α = 1078 Å3.

hBN flake hosts a number of emitters within the gap be-
tween electrodes, yet the emitters are not within close
enough proximity to each other or other features of the
flake to create artifacts in Stark shift measurements.

In contrast to the out-of-plane electric field, the lat-
eral device produced a clear quadratic shift of the emit-
ter ZPL, as shown in Fig. 3(e). The shift magnitude per
unit electric field strength is over 200 times greater than
the corresponding shift in the vertical, in-plane electric
field device. A measurement of the emission polariza-
tion, presented in Fig 3(d), showed that for this partic-
ular emitter, the light was linearly polarized at an angle

of 18° with respect to the local applied electric field di-
rection. Assuming that the transition dipole moment is
aligned parallel to the polarization of the emitted light
[23], the projection of the transition dipole moment onto
the applied electric field can be determined. Using Equ.
2 to fit the ZPL data in Fig. 3(e), we get the value
of ∆µ = 0.10 D for the permanent transition dipole mo-

ment, and ∆α = 1078 Å
3

for the transition polarizability
along the local field direction. A positive transition po-
larizability indicates that the excited state has greater
polarizability than the ground state [30]. These results
suggest that the blue emitter has a relatively small per-
manent transition dipole moment, and a large transition
polarizability, relative to visible emitters studied previ-
ously in hBN [17–19].

In the same lateral structure, a nearby emitter was
found to also display a small quadratic ZPL wavelength
shift in response to the applied electric field. Results of
both emitters found in lateral structure are compared, in
Fig. 4, to two published stark shift values for change in
dipole moment and change in polarizabilities of longer
wavelengths quantum emitters in hBN. Noh et al[18].
reported values of -0.22 D and 149 Å3 for transition
dipole moment and polarizability, respectively. Nikolay
et al.[19] obtained values of around 2.1 D and 770 Å3
for transition dipole moment and polarizability, respec-
tively. Transition dipole values achieved in this study lie
between those described in literature, around 0 D mark.
Polarizability values are also comparative in magnitude
to those presented in the literature, although a negative
value was obtained for the second emitter, likely due to
both strain [23] and applied field orientation [30, 35].
This further suggests that the total transition dipole mo-
ment of the blue emitter has a predominant contribution
from the transition polarizability, with minimal contri-
bution from the permanent transition dipole moment.

III. DISCUSSION

The absence of a permanent dipole can be a conse-
quence of defect symmetry. Indeed, group IV-vacancy
complexes in diamond may possess D3d symmetry where
the inversion symmetry element of the group ensures a
vanishing permanent dipole for these defects. The non-
linear Stark effect has been recently reported for several
such complexes in diamond [23]. The D3d point group
symmetry of hBN does not contain inversion symmetry,
however, the combination of the 3-fold rotation symme-
try and in-plane reflection symmetry may also forbid the
presence of a permanent dipole. Using symmetry argu-
ments, the defect that exhibits a nonlinear Stark effect
due to the absence of a permanent dipole has to have
D3h point group symmetry in both the ground and the
excited states.

The observation of a non-linear Stark shift helps us
to narrow down the possible point defect configurations
that may give rise to the blue PL emission in hBN. The
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FIG. 4. Comparison of components of transition dipole mo-
ment for emitters in hBN. Values from Noh et al. are taken
from Reference [18]. Values in Nikolay et al. are taken from
Reference [19]. Values at L1 correspond to the first blue emit-
ter examined in the lateral device. Values at L2 correspond
to the second emitter in the same device.

FIG. 5. Representation of (a) Nitrogen split interstitial de-
fect. (b) C2

N defect in the hBN lattice. (c) The electric field
dependence of the ZPL energy of the nitrogen split interstitial
defect as obtained from first principles calculations.

simplest configurations that have D3h symmetry are in-
plane single site defects, such as anti-sites, substitutional
impurities, and vacancies. Boron and nitrogen vacancies
are well known in the literature [36, 37], but according to
the current understanding of these defects, they are not
related to the blue emitter in hBN. Furthermore, we ex-
clude both anti-site and carbon interstitial defects. These
defects form strong sp2 hydride bonding states with the
neighboring atoms, within the valence band of hBN. The
defect states that appear in the band gap for these defects

are related to the pz state of the anti-site or the substi-
tutional carbon. Due to the lack of other defect states in
the band gap, the possible optical transitions involve ex-
citations from the valence band to the conduction band
of the host.

For more complex defects the symmetry requirements
are fairly restrictive. In-plane two site defects can be
ruled out due to the lack of 3-fold rotation symmetry.
Consequently, the CBCN defect (associated with the
4.1 eV emission) and related defects can be ruled out too.

Next, we consider interstitial defects. The most favor-
able configuration of the nitrogen interstitial is a split
interstitial configuration [37], where two out-of-plane ni-
trogen atoms sit at a nitrogen site, see Fig. 5(a). The
negative charge state of the defect retains its D3h sym-
metry in the first optical excited state and possesses no
permanent dipole in the ground and excited states. As
depicted in Fig. 5(c), the ZPL energy calculated on DFT-
PBE level of theory depends nonlinearly on the electric
field, which is in qualitative agreement with our measure-
ments. We note, however, that the blue emitters are gen-
erated by electron irradiation of hBN flakes characterized
by a 4.1 eV UV emission that is associated with carbon
[27]. We therefore consider a related atomic structure
obtained by replacing the two nitrogen atoms with two
carbon atoms as shown in Fig. 5(b). We dub this config-
uration C2

N . Interestingly, this configuration adopts D3h

symmetry, exhibits similar properties of nitrogen split in-
terstitial defect, and can be obtained from CBCN by the
addition of a boron interstitial as

CBCN +Bi → C2
N + 2.0 eV (4)

Alternatively, dissociation of the 4.1 eV emitter due to
the electron irradiation as suggested before [27, 28] may
lead to interstitial carbon atoms which may recombine
with carbon substitutional defect and form the C2

N com-
plex as

CN + Ci → C2
N + 2.8 eV (5)

The positive energy gain of the reconstruction of the de-
fects ensures the stability of C2

N in both processes. Fur-
thermore, since both interstitial boron and carbon atoms
are mobile at room temperature [37], the formation of
the C2

N defect may happen without any annealing step
solely due to electron irradiation.

IV. CONCLUSION

In conclusion, the emission tunability of blue quan-
tum emitters in hBN has been investigated through the
use of two separate devices used to generate in-plane and
out-of-plane electric fields. The transition energy is influ-
enced by out-of-plane fields, but the magnitude of the ob-
served linear Stark shift is small relative to the linewidth.
In contrast, in-plane electric fields produced significantly
greater ZPL modulation, yielding a clear quadratic Stark
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shift response. Using these results we provide insight into
the possible atomic structure of defects responsible for
the reported blue emitters in hBN. We suggest the tran-
sition dipole moment resides mainly within the plane of
the hBN lattice, which may result in decreased sensitivity
to local field fluctuations that cause spectral diffusion.
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