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Current-induced brightening of vacancy-related emitters in hexagonal boron nitride

Corinne Steiner ,1,2,* Rebecca Rahmel ,1 Frank Volmer ,1,3 Rika Windisch ,4 Lars H. Janssen ,1 Patricia Pesch,1

Kenji Watanabe ,5 Takashi Taniguchi ,6 Florian Libisch ,4 Bernd Beschoten ,1

Christoph Stampfer ,1,2 and Annika Kurzmann 1,7,†

1JARA-FIT and 2nd Institute of Physics, RWTH Aachen University, 52074 Aachen, Germany
2Peter Grünberg Institute (PGI-9), Forschungszentrum Jülich, 52425 Jülich, Germany

3AMO GmbH, Advanced Microelectronic Center Aachen (AMICA), 52074, Aachen, Germany
4Institute for Theoretical Physics, TU Wien, 1040 Wien, Austria

5Research Center for Electronic and Optical Materials, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
6Research Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan

72nd Institute of Physics, University of Cologne, 50937 Köln, Germany

(Received 25 February 2025; accepted 28 June 2025; published 19 August 2025)

We perform photoluminescence measurements on vacancy-related emitters in hexagonal boron nitride (hBN)
that are notorious for their low quantum yields. The gating of these emitters via few-layer graphene electrodes
reveals a reproducible, gate-dependent brightening of the emitter, which coincides with a change in the direction
of the simultaneously measured leakage current across the hBN layers. At the same time, we observe that
the relative increase of the brightening effect scales linearly with the intensity of the excitation laser. Both
observations can be explained in terms of a photo-assisted electroluminescence effect. Interestingly, emitters can
also show the opposite behavior, i.e., a decrease in emitter intensity that depends on the gate leakage current. We
explain these two opposing behaviors by different concentrations of donor and acceptor states in the hBN and
show that precise control of the doping of hBN is necessary to gain control over the brightness of vacancy-related
emitters by electrical means. Our findings contribute to a deeper understanding of vacancy-related defect emitters
in hBN that is necessary to make use of their potential in quantum information processing.

DOI: 10.1103/cd62-5hq8

Introduction. Hexagonal boron nitride (hBN) has emerged
as a promising host material for quantum emitters [1–5]. Es-
pecially vacancy-related defects, e.g., defects consisting of a
vacancy adjacent to a carbon substitutional, show significant
potential for quantum information processing, as they can pos-
sess a triplet ground state and spin-conserving excited states
[6–10]. In this respect, spin-lattice relaxation times of defect
spins in the microsecond range [11,12] and room-temperature
optical initialization and readout of triplet defect states have
already been demonstrated [13]. However, whereas multi-
carbon substitutional defects (e.g., carbon dimers and trimers)
[14–16], can result in emitters exhibiting high brightness even
at room temperature [17–22], vacancy-related defects are no-
torious for their low quantum yields [10,23]. In fact, the low
brightness of vacancy-related defects has so far prevented
second-order correlation (g(2)) measurements and thus the
unambiguous confirmation of their single photon emission
[10]. Therefore, methods for the brightening of such dark
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emitters are of high interest. An effective method for tuning
the emission energies and intensities of bright emitters was
established by the integration of hBN into van der Waals
heterostructures, which allow the use of optically transparent
few-layer graphene gates [24–26]. This enables the precise
control of the local electric field by applying voltages to the
gates while maintaining optical access to the emitters. The
reported variations in emitter intensity in response to the ap-
plied electric field have been attributed to several mechanisms,
such as gate-induced (dis)charging of the emitter’s charge-
transition levels or of nearby defects [24–26]. These findings
highlight the complex interplay between the local electronic
environment and the optical properties of hBN emitters. A
thorough understanding of this interplay might be crucial for
paving the way towards quantum devices and sensors based
on hBN emitters [5,10,22,27].

Here, we investigate the brightening of a dark hBN emitter
that we assign to be a vacancy-carbon-substitutional (V-C)
type defect by analyzing its phonon side bands (PSBs).
Furthermore, we demonstrate that a gate-voltage-induced
leakage current across the hBN layers appears to be re-
sponsible for the brightening effect. Our findings can be
explained by a model that includes photo-assisted electro-
luminescence as the underlying mechanism of the reported
intensity variations. Additionally, our results enable us to
assign the different gate-dependent intensity variations ob-
served in different emitters to differences in the doping
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FIG. 1. (a) Schematic cross section of the few-layer graphene-gated hBN sample and its operating principle. The structure consists of
an hBN emitter layer (hBN+) and an hBN capping layer that are encapsulated in few-layer graphene (FLG) and stacked onto a Si/SiO2

substrate. A source measurement unit (SMU) is used to apply a voltage (VG) to the FLG gates and to simultaneously measure the leakage
current I through the hBN. (b) Optical image of the sample. The outlines of the top and back gate are highlighted with white and yellow
lines, respectively. (Zoom-in) Spatially resolved PL signal of the dual-gated area. Bright localized spots indicate the observable emitters in
the hBN. (c) Comparison of a high intensity emitter spectrum at VG = 5 V, corresponding to E = 0.23 V/nm, (magenta) and a low-intensity
spectrum at VG = 0 V (cyan). The ZPL and two additional side modes are visible and show gate-dependent intensity variations. Both spectra
were measured at 77 K with a laser power of 200 µW. (d) The extracted zero phonon line (ZPL) intensity (ÎZPL) of one emitter scales with the
measured leakage current (color-coded to show its dependence on the applied external electric field E ). (e) Illustration of how the gate voltage
is swept in an alternating sequence over time between negative and positive values. (f) Corresponding PL spectra of the emitter during repeated
gate voltage sweeps measured at T = 77 K and with a laser power of 200 µW. The emitter intensity is plotted as function of the applied gate
voltage and electric field, respectively. The dashed gray lines mark the turning points of the voltage sweeps. The emitter shows a reproducible
linear Stark shift and voltage-dependent changes in intensity. The blue and magenta arrows mark the spectra depicted in (c). (g) ZPL intensity
obtained by taking the area of a Lorentzian function fitted to the ZPL peak from Fig. 1(f) (blue points). The blue shaded areas mark the electric
field ranges where the emitter intensity is increased. The red curve shows the leakage current that was measured simultaneously to the PL
signal. The dotted line indicates the zero-line of the current.

levels of the hBN. Therefore, our method of simultaneously
measuring gate-dependent photoluminescence (PL) and gate
leakage currents provides an additional and useful method
for the characterization of both the hBN host material and its
emitters.

Experimental methods. The structure of the graphene-gated
hBN samples used for this Letter is shown schematically in
Fig. 1(a). The samples consist of two hBN flakes that are
encapsulated in few-layer graphene (FLG) flakes, resulting in
a plate capacitor geometry. They were stacked and placed onto
a Si++/SiO2 (285 nm) substrate using a dry transfer method
[28–30]. Prior to the stacking, one hBN flake was thermally
annealed (see the Supplemental Material [31] for process
details) to induce emitters into the hBN flake [17] and is
hereafter referred to as the emitter layer (hBN+). The second
hBN flake acts as a capping layer, separating the surface of
the emitter layer from the FLG in order to prevent quenching
of surface emitters caused by direct contact with graphene
[32,33]. The FLG flakes serve as transparent, electrostatic
gates, referred to as top gate (TG) and back gate (BG) and

were contacted with lithographically defined Cr/Au contacts.
Applying a gate voltage VG between these two gates, i.e.,
electrodes, via a source measure unit [SMU, see Fig. 1(a)]
allows us to study emitters in hBN under the influence of
the induced out-of-plane electric field. Additionally, we can
probe the voltage-induced leakage current that flows between
the two electrodes through the hBN layers. Figure 1(b) shows
an optical image of such a sample with yellow and white
lines highlighting the outlines of the back and top gate, re-
spectively. The zoom-in shown in the right panel of Fig. 1(b)
depicts the spatially resolved photoluminescence signal of the
black-marked area. Localized emission centers are visible as
spatially confined bright yellow spots.

Results. We now focus on a specific emitter located within
the dual-gated area of the sample, which exhibits a zero
phonon line (ZPL) at approximately 587 nm (2.11 eV), see
Fig. 1(c). The first thing to note is the very low brightness
of the emitter of only up to around 120 counts per second
at an excitation power of 200 µW and a laser spot size of
about 500 nm. Such a low quantum yield is characteristic
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of vacancy-related defects [10,23]. Further support for the
assignment of the emitter as a vacancy-related defect comes
from the examination of the phonon side bands (PSBs), which
can be observed in PL measurements conducted at a temper-
ature of 77 K (see the Supplemental Material [31] for 4 K
data of the emitter). These PSBs are separated from the ZPL
by an energy difference of around 30 meV, which is much
lower than the typical energy separation of 160 ± 20 meV
commonly observed for bright emitters [1,3,14,17,18,34,35].
This reduced energy separation corresponds well with defect
breathing modes of vacancy-related defects in hBN [36,37].
Because of the large spectral weight of these breathing modes
[38], vacancy-related defects are not expected to show pro-
nounced PSBs in the normally observable energy range.
Moreover, the specific positions of the PSBs in the spectrum
shown in Fig. 1(c) are found to be in agreement with theo-
retical predictions for a vacancy-carbon substitutional defect
[36,38] suggesting that our experimentally observed emitter is
indeed hosted by a V-C defect type (for further discussion, see
the Supplemental Material [31]).

Next, we focus on the gate voltage dependence of the
emission properties of this dark emitter. As seen in Fig. 1(c),
the intensity of the emitter varies significantly between the
two depicted spectra recorded at VG = 0 V and VG = 5 V. To
investigate the brightening effect in more detail, we sweep the
applied gate voltage VG in repeated cycles between –9 V and
9 V, as illustrated in Fig. 1(e). During these cycles, we si-
multaneously measure the leakage current flowing through the
FLG/hBN/FLG structure and record PL spectra of the emitter.
The color-coded plot in Fig. 1(f) shows these spectra as a
function of the resulting electrical field, which was calculated
from the applied gate voltage according to the Lorentz lo-
cal field approximation [24,39] [E = ((εhBN + 2) × VG)/(3t ),
with the permittivity εhBN = 3.4 and the combined thickness
t = 39 nm of both hBN layers]. Over the repeated sweep
cycles of the gate voltage we observe a linear Stark shift of
0.54 ± 0.04 nm/(V/nm) and notably a clear and reproducible
brightening of the emitter’s ZPL and PSBs. This linear Stark
shift is consistent with an emitter exhibiting a permanent elec-
tric dipole moment, a consequence of the defect’s geometry
breaking the inversion symmetry with respect to the hBN
lattice plane [24,40–42].

During the upward sweeps of the gate voltage, the emitter
intensity increases abruptly before returning to its original
intensity during the sweep back down to zero gate voltage.
This is exemplary shown in Fig. 1(c), which depicts two
spectra at VG = 0 V and VG = 5 V that correspond to line
cuts in Fig. 1(f) (see blue and magenta arrows). A direct
comparison of the peak intensities, which were obtained by
fitting a Lorentzian curve to the measured spectra, reveals
that the intensity increases by up to a factor of six. It is
noteworthy that this increase only happens at positive gate
voltages. Within the voltage range from VG = 0 V to –9 V no
increase in intensity is observed. Furthermore, by comparing
the gate voltage values where the emitter switches its inten-
sity from dark to bright with the values where the intensity
switches back to its darker state it is apparent that the intensity
variations follow a hysteretic behavior (see the Supplemental
Material [31] for further discussion). In order to explore the
interplay of the observed intensity variations with the leakage
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FIG. 2. (a) Comparison of the two spectra shown in Fig. 1(c)
with their intensity normalized to 1. For the sake of clarity, peaks
related to the Raman signals of hBN (574 nm [43]) and graphene (G
peak at 581 nm and 2D peak at 620 nm [44]), which do not scale have
been labeled. (b) Ratio between the bright and dark ZPL amplitudes
as a function of the power of the excitation laser (laser spot size of
around 500 nm). The dashed gray line serves as a guide to the eye
and depicts ideal linear behavior.

current through the hBN, the extracted peak intensities of the
ZPL (blue points) are plotted alongside the simultaneously
measured current (red curve) in Fig. 1(g). This comparison
reveals that the intensity variations of the emitter are directly
linked to the current I through the hBN. Specifically, the
transitions from negative to positive current directions (see
the intersections between the red curve and the gray dashed
line, the latter depicting the I = 0 pA level) coincide closely
with the emitter switching between its dark and bright state.
This observation becomes even more evident when the ZPL
intensity is plotted as a function of the leakage current, as
depicted in Fig. 1(d). A distinct transition from low to high
ZPL intensity is observed around zero leakage current, em-
phasizing the role of the current in modulating the brightness
of the emitter. Note that the measured leakage current consists
of multiple contributions, leading to a nonperfect coincidence
between the direction change of the measured current and
the intensity increase (see the Supplemental Material [31]).
We note that, except for the shift in wavelength caused by the
Stark effect, the ZPLs as well as the PSBs match each other
for both the dark and the bright states, as is evident when
comparing spectra of the emitter with the ZPL normalized
to 1 as shown in Fig. 2(a). Furthermore, we identify that a
laser-induced photoexcitation process must play a crucial role
in the brightening effect of the emitter distinguishing it from
a pure electroluminescence effect [45,46]. For this, Fig. 2(b)
shows the ratio of the ZPL amplitudes in the bright and dark
states as a function of laser excitation power, which reveals
that the brightening effect becomes increasingly pronounced
at higher laser powers. We are not aware of any electro-
static (dis)charging effects, which were previously attributed
to intensity variations of bright hBN emitters [24–26], that
would depend on laser power in such a manner. Moreover,
the features of the observed brightening are not consistent
with an intensity modulation induced by a quantum confined
Stark effect (QCSE), as the latter is expected to be continuous
in electric field and not dependent on the excitation power
[41,47] (see the Supplemental Material [31] for detailed
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FIG. 3. Model that links changes in the charge transport across the hBN layers to the intensity variations of the emitter in the hBN+

layer. The top gate (TG) and the bottom gate (BG) are made of few-layer graphene. (a) At VG = 0 V, no charge transport through the hBN
occurs and the emitter can only be excited by optical absorption in the hBN+ layer. (b) For VG > 0, photoexcited electrons (filled circles) and
holes (open circles) from the gate electrodes, (shaded areas in the band structure of the FLG), undergo a photo-assisted field emission into
carbon-related donor and acceptor states, depicted by blue and red arrows, respectively. Electrons and holes flow towards the emitter in the
hBN+ via laser-induced Poole-Frenkel like emission (blue and red curved lines) and recombine over the energy levels of the emitter, creating
the brightening effect caused by electroluminescence. (c) For VG < 0, electrons injected by the back gate electrode scatter into mid-gap states
of the emitter layer before reaching the emitter, suppressing the electroluminescence effect.

discussion). It can thus be concluded that the brightening of
the dark emitter necessitates a photoexcitation process that
is also closely linked to the leakage current across the hBN
layers, as shown in Fig. 1(d).

Based on the above arguments, we present a model (see
Fig. 3) that proposes a photo-assisted injection of charge
carriers— driven by the interplay of laser excitation and gate
voltage—as the mechanism responsible for the brightening of
the emitter.

We approximate the gapless band structure of the FLG
top and bottom gates (TG and BG) by two parabolic bands
[48]. At zero gate voltage, the respective chemical potentials
μTG,BG of the two gates are positioned at the charge neutrality
points [Fig. 3(a)]. Under laser illumination (ε = 2.3 eV), elec-
trons in the gate electrodes are excited from the valence into
the conduction band [indicated by the blue and green shaded
areas in Fig. 3(a)], creating photoexcited electrons and holes
up to 1.15 eV away from the chemical potentials. We note that
scattering processes among these photoexcited charge carriers
may push a small fraction of them to even higher energy states
[49–51]. We now discuss the mechanism by which charge
carriers can be injected from the FLG electrodes into the hBN
layers. First, we note that the electric field strength at which
the leakage current across the hBN begins to show a strongly
nonlinear increase in Fig. 1(g) is rather small in comparison
to reference samples that are not showing a current-induced
brightening effect (see the Supplemental Material [31]). We
attribute this low threshold voltage to the onset of photo-
assisted field emission [52,53] into carbon monomer defect
(CB, CN) states present in the hBN [54,55] (see the Supple-
mental Material [31] for detailed discussion). These defects
can form both donor and acceptor states based on whether the
carbon atom replaces a boron (CB) or a nitrogen atom (CN)
[56–61], as illustrated by the discrete energy states (grey and
blue short dashes) in the hBN band gap in Fig. 3. Depending
on the calculation method [62], the corresponding energy
states are predicted to lie anywhere from a few hundred meV

up to 1.5 eV below the conduction band or above the valence
band edge [56–61]. Furthermore, carbon monomers have been
proposed to conduct gate leakage currents across the hBN
layers [54,55]. We therefore assume that under the application
of a gate voltage [see Fig. 3(b)], photoexcited charge carriers
from the gate electrodes undergo photo-assisted field emission
[52,53] into these carbon monomer states [depicted by the
horizontal, blue, and red arrows in Fig. 3(b)]. The rate of such
a photo-assisted field emission is expected to depend nonlin-
early on the electric field strength and linearly on the laser
intensity, as described by Fowler-Nordheim theory [52,53].
The predicted nonlinear dependence on the electric field is
observed in the current plotted in Fig. 1(g) at higher gate volt-
ages. The predicted linear dependence on the laser intensity is
consistent with the laser power dependence shown in Fig. 2(b)
(see also a previous study from some of us in Ref. [63]),
supporting that the brightening effect is indeed caused by
a photo-assisted electroluminescence effect. Because of the
continuous laser illumination, charge carriers get continuously
injected into the defect donor and acceptor states, allowing
them to follow the externally applied gate electric field by
hopping between different defect states via Poole-Frenkel like
emission [64] (represented by the curved blue and red lines
for donor and acceptor states, respectively; full circles repre-
sent electrons, hollow ones holes). Note that this excitation
mechanism and the corresponding photo-induced transport of
charges between hBN and adjacent two-dimensional materi-
als are in accordance with studies on photo-doping effects
in van der Waals heterostructures using hBN as a dielectric
layer [65–69]. The injection of both electrons into the hBN
from one gate electrode and holes into the hBN+ from the
other electrode [see Fig. 3(b)] leads to an explanation for the
observed brightening of the emitter’s ZPL and its connection
to the leakage current across the hBN. The brightening ef-
fect can be understood in terms of photoexcited electron-hole
pairs that recombine over the energy levels of the emitter
and thus create additional electroluminescence—an effect that
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we denote as photo-assisted electroluminescence [see orange
curved arrow in Fig. 3(b)]. We support this proposed mech-
anism by theoretical simulations that can be found in the
Supplemental Material [31].

Next, we focus on the asymmetry of the brightening effect
with respect to the gate voltage polarity and the resulting
induced leakage current. As we will explain in the following,
this asymmetry is a direct consequence of the asymmetry
in the sample structure and can be described by theoretical
simulations using a rate equation model (see the Supplemental
Material [31]). Because of the emitter generation process by
annealing, it is likely that additional vacancy complexes (e.g.,
multivacancy or vacancy-substitutional defects) have been
created in the hBN+ that are not present in the untreated hBN
layer. These defects may lack radiative recombination chan-
nels or be quenched because of their proximity to the FLG
electrode [32,33] but they provide extra energy states within
the hBN+. Importantly, in contrast to carbon monomer defects
present in both hBN layers—which create single donor or
acceptor energy states—vacancy complexes can exhibit en-
ergy levels with a series of occupied and unoccupied states
extending over the entire band gap range at the location of
the defect (see the thin-stacked lines spanning over the hBN+

band gap in Fig. 3 and the more detailed discussion in the Sup-
plemental Material [31]) [6,7,38,56–59,70,70–73]. With this,
the observed gate voltage asymmetry can now be explained
under the assumption that the energy levels of these vacancy
complexes that are only present in the hBN+ may allow for
additional charge relaxation channels with differing relaxation
rates for electrons and holes. At negative gate voltages, holes
from the TG are injected into the hBN layer and can reach
the emitter in the hBN+ by hopping between acceptor states
(as for the positive gate voltage case). However, electrons
injected from the BG now have additional relaxation channels
within the hBN+, making it less likely that they will reach the
upper emitter level related to the optical emission. Figure 3(c)
provides a simplified illustration of this process by showing
that holes do not relax before reaching the emitter while elec-
trons do [compare red lines in Fig. 3(b) with the blue lines in
Fig. 3(c)]. In fact, as we discuss in the Supplemental Material
[31], it is sufficient that only a fraction of holes does not
relax before reaching the emitter. Provided that the relaxation
of excited electrons into mid-gap states effectively prevents
the occupation of the upper energy level of the emitter, the
electroluminescence effect can be captured adequately by the
presented model.

Interestingly, we also find hBN emitters that do not exhibit
a brightening but rather show a current (gate-voltage) induced
decrease in their emission intensity. Such an emitter is pre-
sented in Fig. 4. The emitter is located in a second sample
with the same stacking order as shown in Fig. 1(a). Both
the position of the ZPL at 590.7 nm and the strength of the
linear Stark shift of s = 0.73 ± 0.01 nm/(V/nm) are similar
to the other emitter [compare Fig. 1(f) with Fig. 4(a)]. How-
ever, at positive electric field values, the emitter intensity now
decreases in contrast to the previously discussed increase in
intensity. Analogous to the first emitter, the change in intensity
[blue data points in Fig. 4(b)] coincides with the direction of
the leakage current switching from negative to positive values
[red line in Fig. 4(b)] [74].
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FIG. 4. Gate voltage dependence of emitter intensity and leakage
current of a second emitter in a different sample with a ZPL at
590.7 nm measured at 4 K with a laser power of 50 µW. (a) Emitter
intensity as a function of the applied electric field. The emitter
exhibits a reproducible linear Stark shift and voltage-dependent
changes in intensity. (b) Integrated ZPL intensity of Lorentz fitted
peaks from (a). The red curve depicts the simultaneously measured
gate leakage current. The blue shaded areas mark the electric field
ranges where the emitter intensity is decreased. As for the first emit-
ter, a clear dependence of the intensity change on the gate leakage
current is observed. (c), (d) Adapted schematic of the previously
discussed model for this emitter. All notations like in Fig. 3. Panel
(c) depicts the case for VG = 0. The chemical potentials of the FLG
electrodes are shifted towards the hBN valence band corresponding
to the case of p-doped hBN. (d) For VG > 0 electron injection and
thus electron-hole recombination in the emitter levels is blocked.
Occasional de-occupation of the lower emitter layer blocks its PL
emission.

We now demonstrate that our model allows us to under-
stand this darkening effect by assuming different doping in
the hBN layers of the two samples. For the first emitter,
we assumed a rough balance of donor and acceptor states
(Fig. 3), which resulted in the chemical potentials of the FLG
electrodes being aligned approximately to the center of the
band gap of the hBN layers. Such an alignment can indeed
be observed in several angle-resolved photoemission spec-
troscopy (ARPES) or scanning tunneling spectroscopy (STS)
studies [57,71,75]. For the second emitter, we now assume p-
doped hBN for which other studies have shown a pronounced
shift of the chemical potentials towards the valence band of
the hBN [76–78] [see Fig. 4(c) for VG = 0]. This p-doping
requires an excess of acceptor states near the valence band
edge that leads to a shift in the band alignment of the hBN
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relative to the FLG electrodes, where the chemical potentials
of the electrodes are now no longer in the center of the hBN
band gap, but shifted closer to the hBN valence band edge.
As a result, the dielectric strength of a structure with such
a band alignment would be reduced as it is indeed observed
for the second sample (see the Supplemental Material [31]).
Based on this change in band alignment, the darkening of the
emitter can now be understood from Fig. 4(d). Here, the band
alignment corresponds to p-doped hBN and is depicted for
a positive gate voltage VG > 0, for which this emitter shows
a decrease in intensity [in contrast to the brightening effect,
compare Fig. 1(f) and Fig. 3(b)]. Because of the shift of the
chemical potential towards the valence band, the top gate can
no longer inject electrons into donor states of the hBN capping
layer [see red cross symbol in Fig. 4(d)]. Instead, the whole
leakage current over the hBN is carried via holes over states
near the valence band edge (see curved red arrows). The lack
of electron injection inhibits electron-hole pair recombination
via the energy levels of the emitter, i.e., there is no photo-
assisted electroluminescence effect. Instead, the lower level
of the emitter occasionally becomes unoccupied because of
holes that enter the lower emitter level, visualized in Fig. 4(d).
These holes have a long residence time within this level be-
cause of the potential barrier formed by the low defect density
capping layer. During such times, the emitter can no longer be
optically excited, leading to an effective decrease in emitter
intensity. For negative voltages, holes may still enter the lower
emitter level but are not stuck there because the defect density
within the emitter layer provides only small potential barriers
towards the next energy level. Thus, the photoluminescence
of the emitter is not blocked and the intensity does not change
(see the Supplemental Material [31] for detailed analysis of
the VG < 0 case).

Conclusions. In summary, we have demonstrated that the
intensity of V-C type hBN emitters can be modulated by

photo-assisted electroluminescence. For this, the necessary
leakage current is injected into the hBN layers from few-layer
graphene gates via photo-assisted field emission. Depend-
ing on the doping level of the hBN layers, we propose that
the leakage current can either consist of both electrons and
holes or only of holes. The first case leads to the possibil-
ity of electron-hole pairs recombining at the location of the
emitter, resulting in its brightening, whereas the second case
results in the sporadic de-occupation of the emitter’s lower
energy level, resulting in the emitter getting even darker.
Our findings highlight the necessity for a reliable bench-
marking of hBN crystals [79,80] and the need for a careful
determination of their doping levels in order to achieve elec-
tronic control over the brightness of dark quantum emitters
in hBN.
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