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ABSTRACT: Quantum light sources are crucial foundational
components for various quantum technology applications. With
the rapid development of quantum technology, there has been a
growing demand for materials with the capability of hosting
quantum emitters. One such material platform uses fluorescent
defects in hexagonal boron nitride (hBN) that can host deep
sublevels within the bandgap. The localized electron irradiation has
shown its effectiveness in generating deep sublevels to induce
single emitters in hBN. The question is whether localized (electron
beam) irradiation is a reliable tool for creating emitters in other
wide bandgap materials and its uniqueness to hBN. Here, we
investigate and compare the fabrication of quantum emitters in
hBN and exfoliated muscovite mica flakes along with other 3D crystals, such as silicon carbide and gallium nitride, which are known
to host quantum emitters. We used our primary fabrication technique of localized electron irradiation using a standard scanning
electron microscope. To complement our experimental work, we employed density functional theory simulations to study the atomic
structures of defects in mica. While our fabrication technique allows one to create hBN quantum emitters with a high yield and high
single photon purity, it is unable to fabricate single emitters in the other solid-state crystals under investigation. This allows us to
draw conclusions on the emitter fabrication mechanism in hBN, which could rely on activating pre-existing defects by charge state
manipulation. Therefore, we provide an essential step toward the identification of hBN emitters and their formation process.
KEYWORDS: scanning electron microscope, density functional theory, crystallographic defects, localized defects, muscovite mica,
silicon carbide, gallium nitride

■ INTRODUCTION
Quantum emitters in solid-state crystals have garnered
considerable attention, driven by the rapid advancement of
quantum technology applications such as quantum computing,
quantum communication, and quantum sensing.1−5 The
discovery of quantum emitters based on defects in wide
bandgap materials has significantly advanced this field.6−11

Quantum emitters have been used in a wide variety of
applications, most prominently in magnetometry and imag-
ing,12,13 but also in quantum key distribution,4,5 fundamental
quantum physics tests,14 thermometry,15 pressure sensing,16

quantum computing,17 quantum memories,18−20 and as nodes
in a quantum network.21

Probably the most-well studied solid-state quantum emitter
is the nitrogen vacancy center in diamond22 and related
defects, such as the group-IV color centers.23 Quantum
emitters in two-dimensional materials such as semiconducting
transition-metal dichalcogenides (TMDs)24,25 and insulating
hexagonal boron nitride (hBN)6,7 offer the advantage of
intrinsically high photon out-coupling, as a defect in an
atomically thin material is not surrounded by any high

refractive index and therefore not limited by any total internal
or Fresnel reflection.26 In addition, 2D materials can be easily
attached to photonic components through van der Waals
forces, making them outstanding candidates for integrated
photonics and waveguides platforms.27

The quantum emitters can be fabricated using various
methods such as strain activation using nanostructure,24

mechanical damage using the tip of an atomic force
microscope,28 thermal activation of naturally occurring
defects,7 plasma29 and chemical etching,30 as well as energetic
irradiation.25,31−36 Of particular interest is the formation of
emitters at predefined locations, while minimizing the impact
of the crystal environment, for which localized irradiation has
shown to be useful. The response of materials to the irradiation
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by energetic particles such as electrons and ions has been
studied intensively.37 Irradiation can create new defects in
solids by knocking out atoms or implanting impurities but also
modifies or activates existing defects by breaking and
reorganizing bonds or changing the charge state. This can
ultimately result in the modification of their physical and
chemical properties. Recent works have shown the high yield
of quantum emitters in TMDs and hBN by modifying the
surface properties or doping25,34−36 and arrays of photophysi-
cally identical emitters with correlated dipoles,38 all using
electron irradiation of hBN or a focused helium beam in case
of MoS2.

25

The emitter formation process through electron irradiation
in hBN is inadequately understood. The emitters not only
differ in terms of formation depth when compared to
alternative methods such as plasma-activated emitters followed
by thermal annealing26 but also exhibit varying photophysical
properties. Some present randomly oriented dipoles,39 while
other shows correlated dipole direction.38 Additionally, there
are some emitting blue light,34,35 and others having their
optical transitions in the yellow regions.36,38

While our previous work36 focused on localized irradiation,
which resulted in yellow emitters with high yield, it is still
unable to address the uniqueness of the electron irradiation
process to hBN and its applicability to other wide bandgap
materials. This is because upon irradiation, we notice the
formation of the surface complex (black dots in SEM images),
which could be responsible for generating the emitters. Based
on this idea, here, we explore how and whether our fabrication
method can promise to generate emitters independent of
material choice. For this, we consider two different types of
hBN crystals grown differently and analyze whether this
strategy is applicable to different wide bandgap materials.
Moreover, with this scenario, we make use of the significant

conclusion discussed in,35 in which it has been demonstrated
that the generation of blue emitters shows a strong correlation
with a sharp UV emission at 305 nm attributed to the presence
of carbon dimers.
More precisely, along with hBN, we considered mechanically

exfoliated 2D muscovite mica with a bandgap above 5 eV40,41

and 3D crystals such as silicon carbide and gallium nitride.
While mica is not studied very well from the prospective to
host quantum emitters, both the other 3D crystals are well-
known to host optically active quantum emitters.8−11,42,43

Furthermore, to understand the material growth sensitivity of
electron irradiation, we utilize two different types of hBN
crystals grown through different methods obtained from
separate vendors. We first created an array of high-quality
emitters in our standard hBN crystal and then replicated the
same fabrication process on the other samples. In addition, we
also tried high-temperature annealing and checked if any newly
created defects require thermal activation. Our experiments
and conclusions are supported using density functional theory
(DFT) calculations, which reveal the electronic structure of
potential defects in mica and allow us to infer whether the
defect should be optically active.

■ EXPERIMENTAL DETAILS

Sample Preparation
To create hBN emitters, we first mechanically exfoliate from bulk
crystal onto an organic polymer sheet of PDMS (polydimethylsilox-
ane) using scotch tape. Afterward, a suitable thin flake is transferred
onto a grid-patterned standard Si/SiO2 substrate with a 290 nm
thermal oxide layer by dry stamping (see Methods). We have used
bulk hBN from HQ Graphene (named hBN-1 in the following) and
2D Semiconductors (hBN-2), which produce their crystals using
different processes; e.g., 2D Semiconductors utilize a high-pressure

Figure 1. (a) Bright field optical microscopy image of an exfoliated multilayer mica flake on a standard Si/SiO2 substrate with 290 nm of oxide
thickness. (b) Height map of the flake measured using a PSI. The color-bar presents the OPL through the flake. (c) RCWA simulation of the
physical thickness as a function of OPL of the mica flake, calibrated with AFM and PSI measurements. (d) Actual physical thickness of the flake
along the dashed line and measured thickness is in the range of 6 to 10 nm. (e) SEM image of the flake after electron irradiation. The radiation sites
are visible as distinctive dots within the dashed rectangle. (f) Averaged PL count versus electron beam irradiation time presenting exponential
saturation behavior. The average PL count extracted from the inset PL map created using 470 nm pulsed excitation laser.
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anvil cell growth method. It is therefore likely that the samples have a
different intrinsic doping of impurities.
The muscovite mica flakes are exfoliated and transferred in the

same fashion as mentioned above. Figure 1a shows an optical image of
a transferred mica flake. The thickness map is created by using a
phase-shift interferometer (PSI) that measures the optical path length
(OPL) through the flake and is shown in Figure 1b. To determine the
physical thickness of the OPL, we use Rigorous Coupled-Wave
Analysis (RCWA) simulations. This method is similar to what has
been previously done for TMDs44 and hBN.29 The RCWA model
depicted in Figure 1c is calibrated using real thickness measurements
obtained with an AFM (see Supporting Information Section S1).
Once the RCWA model is calibrated, the use of PSI proves to be both
accurate and faster than the commonly employed AFM thickness
measurements.26,29,44 It is important to note, however, that this
technique can yield accurate results only for OPL thicknesses up to 30
nm (for mica on Si/SiO2 substrate with a 290 nm thermal oxide
layer), as the relation between physical and optical thickness follows
an S-curve due to interference (see Figure 1c). The physical flake
thickness through the dashed line in the OPL map is shown in Figure

1d. The flake on which the subsequent electron irradiation is carried
out has a thickness of around 6 nm (blue area in the microscope
image) and around 10 nm (teal area in the microscope image).
The 3D crystals, silicon carbide (4H) and gallium nitride (n-type

doped on sapphire), were directly acquired from MSE Supplies and
used as received.

Electron Irradiation
We performed localized electron irradiation using scanning electron
microscopy (SEM) to fabricate defect-based quantum emitters into
the materials. This method has demonstrated its effectiveness in
creating quantum emitters within hBN, as substantiated by prior
studies.34−36 The high lateral resolution of SEM allows us to irradiate
the sample within the limit of the electron beam diameter. The
irradiation is performed at a user-selected spot within a preacquired
SEM image (see Supporting Information Section S2). Figure 1e
presents an SEM image of a multilayer mica flake postirradiation,
clearly showcasing the irradiation spots. Here, each spot is irradiated
using an accelerating voltage of 3 kV and an electron current of 25 pA
with a dwell time of 10 s (see Methods). While the theoretical

Figure 2. (a−d) PL map of a mica flake created using a pulsed excitation laser of wavelengths (a) 375 (b) 470 (c) 530 and (d) 640 nm with a
repetition rate of 20 MHz. The bright spots in the PL map correspond to the irradiated spot. (e) Zoomed-in PL map of an irradiated spot under a
470 nm pulsed excitation laser. A diffraction limited spot is indicated close to the irradiated spot. (f) Measured spectrum from the irradiated spot
presenting a broad peak around 600 nm. (g) Second-order correlation measurement with a pulsed excitation laser at a wavelength of 470 nm with a
repetition rate of 20 MHz. A model function is used to fit the experimental curve and extracted g(2)(0) is 0.86 ± 0.05. (h) Typical lifetime decay at
one of the bright spots revealing the typical lifetime around 1.2 ns under a 470 nm excitation laser. (i) Power-dependent PL showing a saturation
curve similar to the two-level system. The saturation intensity of 35.18 counts per second and saturation power 40.75 μW are extracted from the
model function as indicated. (j) Time trace of an emitter presenting a stable emission. The mean and standard deviation of the count rate are
175.82 and 20.09 Hz, implying a relative stability of 11.4%.
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resolution limit of SEM in field-free mode is around 10 nm, the used
electron beam settings and beam alignment result in an electron beam
diameter of around 300 nm. Since this is already the diffraction limit
of our optical setup in subsequent measurements, we did not perform
any further beam alignments. This resulted in an electron fluence of
7.7 × 1 × 1017 cm−2 at each irradiated spot. Note that we used low
electron fluence (1013 cm−2) to record the image of the flake to avoid
the creation of randomly located emitters due to electron beam
scanning during the imaging process.
To control the electron dose precisely, we adjusted the irradiation

time during the irradiation process. Additionally, we performed the
irradiation process with varying electron irradiation times on one of
the flakes. The resulting PL map of the irradiated spot within the flake
is displayed in the inset of Figure 1f. The average PL intensity
saturates with the irradiation time, as shown in Figure 1f, where
average PL intensity is determined by averaging over the same
number of pixels for each spot (see Supporting Information Section
S3). This behavior suggests that defects in the mica flake are
constrained by an upper limit, resembling the controlled creation of
emitters in hBN through the irradiation process.35,36,45 These findings
underscore the precision and controllability of defect engineering
within the mica flakes, promising exciting prospects for applications in
quantum emitters fabrication.

■ RESULTS AND DISCUSSION

Optical Characterization

To investigate our fabrication methodology of quantum
emitters, we optically characterized the samples using a
commercial fluorescence lifetime imaging microscope (see
Methods). We first investigated irradiated mica flakes. We
performed all of the measurements at room temperature using
different pulsed excitation lasers with a repetition rate of 20
MHz. We always excite below the bandgap to exclusively excite
any states that were created during the irradiation process and
at the same time to avoid the excitation of the free exciton
across the bandgap. Figure 2a−d presents the PL maps of the

irradiated mica flakes using 375, 470, 530, and 640 nm pulsed
excitation lasers, respectively. Under a 375 nm excitation laser,
we observe weak emission from the irradiated spots indicating
very inefficient excitation in the UV region. However, we
notice bright emission from the irradiated spots under different
excitation lasers, as shown in Figure 2b−d. Bright emission in
the PL map corresponds to the irradiated spots as can be
confirmed by SEM and PL images. We also did not observe
any correlation in between bright emission from irradiated
spots and the flake thickness.
Furthermore, we see diffraction-limited isolated bright spots

in the close vicinity of the irradiated spots, as shown in Figure
1e, when a zoomed-in PL map is created by using a 470 nm
pulsed excitation laser. This is similar to the previously studied
hBN irradiation experiments, which were responsible for the
generation of blue and yellow single photon emitters around
the irradiated spots.34−36,38 However, we did not find any
sharp spectral feature resembling ZPL, as recorded using a 470
nm excitation laser in combination with a long-pass filter with a
cutoff wavelength at 500 nm to suppress the excitation laser.
We instead observe a broad peak centered around 600 nm as
shown in Figure 2f. The emission spectrum is similar to that
observed from the irradiated spots in hBN.36,38 This
observation could indicate that our irradiation process may
indeed lead to the formation of similar defect complexes in
mica, possibly induced by electron irradiation and potentially
associated with deposited carbon. Note that we extended the
exposure time to acquire the spectrum effectively due to the
relatively weak PL emission. As a result of this longer exposure
time, we also captured certain experimental artifact peaks in
our measurements. Notably, these artifact peaks were also
present in our background spectrum measurements, which
were taken at a location away from the irradiated spot and
subjected to the same extended exposure time (see Supporting
Information Section S4).

Figure 3. Top row (sample hBN-1): (a) Resulting (false-color) SEM image after localized irradiation of the flake, showcasing the distinct irradiated
regions. (b) PL map of the flake using a 530 nm pulsed excitation laser resulting in bright emission from the irradiated spots. (c) Second-order
correlation measurement from one of the irradiated spots. A model function is used to fit the experimental curve and extracted g(2)(0) is 0.084(2).
(d) PL count versus time from the emitters revealing a stable PL emission of two emitters. Bottom row (sample hBN-2): (e) the (false-color) SEM
images of an irradiated flake. (f) Resulting PL map of the irradiated flake presenting a bright emission from the irradiated spot. (g) Two consecutive
zoomed-in PL maps of the same irradiated spot, providing visual evidence of emitter bleaching between the before and after PL maps. (d) PL count
rate versus time presenting the unstable emission (bleaching and blinking) from various emitters under a 530 nm pulsed excitation laser in sample
hBN-2.
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To further investigate the quantum nature of the emission,
we measure the second-order correlation function (g(2)) from
the various irradiated spots. In Figure 2e, we present an
experimentally measured g(2) curve acquired using a 470 nm
pulsed excitation laser with a repetition rate of 20 MHz. To
analyze the data, we employed a model function to fit the g(2)
curve and extracted a g(2)(0) around 0.86(5), which is larger
than 0.5 (the generally accepted criterion for single photon
emission due to a nonzero overlap with the single photon Fock
state). Unlike previous recent studies which introduced organic
fluorescent molecules from solvents,46 we have not been able
to create single emitters in mica using our electron irradiation
process. The excited state lifetime of the emitters is estimated
to be around 1.2 ns. The lifetime decay curve is fitted using a
biexponential model function, as shown in Figure 2h. It is
worth noting that our fitting routine accounts for the
instrument response function (IRF) shown in Figure 2h,
which has a relatively faster response time of less than 100 ps.
Additionally, we examined the intensity from the irradiated
spot as a function of excitation laser power, revealing the
typical saturation curve for the two-level system, as depicted in
Figure 2i. We fitted the experimental data using a model
function revealing the average saturation power to be around
40.75 μW, and the saturation intensity is 35.18 counts per
second. The observed saturation count rate is significantly
lower compared to the typical hBN emitters, including those
induced by irradiation.34−36 This implies that mica-irradiated
emitters have poor quantum efficiency, suggesting that mica
may not be a suitable material for generating emitters through
the irradiation process. Remarkably, our experimental obser-
vation did not reveal any photobleaching or blinking effects
under pulsed excitation. We measured the photon count rate
over an extended period as shown in Figure 2j, which revealed
a stable emission with a stability of 11.4%.
To gain deeper insights into the generality of our fabrication

methodology in generating quantum emitters, we extended our
irradiation experiment on various other insulating materials,
including hBN-1, hBN-2, silicon carbide (4H-SiC) and gallium

nitride (GaN) crystals. For hBN-1, we initially exfoliated a
multilayer flake onto a standard Si/SiO2 substrate and
conducted localized irradiation at a chosen spot within the
flake, employing a dwell time of 10 s. This resulted in a similar
electron fluence as in the case of mica irradiation (see
Methods). Figure 3a shows the resulting SEM image of the
flake. Subsequently, we recorded the PL map of the irradiated
flake using a 530 nm pulsed excitation laser, as shown in Figure
3b. The bright spot in the PL map corresponds to the
irradiated spots, as evident in the SEM image. This is
consistent with our previous study that yields single emitters
at 575 nm.36 To further understand the quantum nature of the
emission, we performed g(2) measurements using a 530 nm
pulsed excitation laser with a repetition rate of 20 MHz. Figure
3c reveals a clear g(2) dip indicating quantum nature of
emission. The g(2)(0) value of 0.084(2) is extracted from the
model fitting function. We also noticed a stable emission from
the quantum emitters with no instances of blinking and
photobleaching, as observed in Figure 3d. The further
photophysical properties of as-fabricated emitters are also
summarized in our previous works.36,38

For hBN-2, we conducted irradiation using the same
electron beam parameters (see Methods). The resulting SEM
image of the flake is shown in (e), and the corresponding PL
map of the flake is presented in Figure 3f, revealing bright
emission from the irradiated spots. The PL map is generated
using a 530 nm pulsed excitation laser with a similar average
laser power (see Methods). The bright emission indicates the
generation of a similar defect complex due to localized
irradiation as in hBN-1. A zoomed-in PL map around the
irradiated spot reveals the isolated diffraction-limited bright
spot identical to what is observed in hBN-1, which presents
stable quantum emission. However, in the subsequent PL map,
it is evident that the emitter eventually bleached out, as shown
in Figure 3g. Furthermore, investigation reveals that the PL
count drops to the detector noise level within 10 s under pulse
excitation, as shown in Figure 3h. This instability is observed in
almost every studied emitter in hBN-2 crystal (see Supporting

Figure 4. Lattice structures and density of states of (a) pristine and three defects consisting of (b) a native vacancy, (c) an antisite with carbon
doping, and (d) defect complexes.
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Information Section S5). This could be attributed to the
unstable charge carriers in the excited state, potentially due to
the material’s intrinsic doping, which depends on the growth
conditions.
In addition to the hBN, our irradiation experiment on SiC

(4H-semi insulating) and GaN does not activate any emitters
or emitter ensembles as evident by the PL map (see
Supporting Information Section S6). We found that this is
independent of the electron beam dose and the electron
accelerating voltage. We can draw already two conclusions
from our experiments: (i) the electron irradiation process
works very well to generate single photon emitters in hBN but
not in other wide bandgap materials. This indicates that the
hBN defects are likely lattice defects and not deposited
complexes on the surface, at least using this fabrication
method. If the latter was the case, this should also work on
other materials as a substrate. (ii) While we could create single
photon emitters in both hBN samples, there seems to be a
different intrinsic defect density that instabilizes the defects in
hBN-2.
Theoretical Calculations

It is known that hBN hosts a large variety of optically active
emitters.47 The question arises whether this is true for mica as
well. Here, we would determine if our fabrication method does
not work on mica or if there are generally not many optically
active defects using DFT calculations (see Methods for the
computational details). Here, to estimate the optical signatures,
we consider the spin polarization, as it should be preserved for
the allowed optical transition. Figure 4a depicts the electronic
structure of the pristine mica with a bandgap of 7.91 eV. Due
to this wide bandgap property, mica should, in principle,
support defect levels similar to other wide bandgap materials
like hBN47−49 and diamond.50−52 In these materials, single
photon emission originates from a transition between two-level
states of occupied and unoccupied defect states, unlike TMDs
that are sometimes from the transition between strained
valence and conduction bands.53,54 Consequently, we calculate
20 different point defects, primarily native and antisite defects
but also carbon impurities, since an SEM typically bonds
carbon to the surface.36 For this, we aimed to investigate the
existence of two-level states localized far away from the valence
and conduction bands of >1 eV, the so-called deep-lying defect
states.
In Figure 4b, the VK defect introduces two-level states

between occupied and unoccupied states contributed by
oxygen atoms. However, these are shallow levels that have
full occupation at room temperature. Considering a carbon
dopant at different sites in Figure 4c,d, both cases do not
exhibit any two-level states. Although it likely has an
unoccupied state at 5 eV, which can accept some excited
electrons, this large transition energy is out of reach for our
experiments. In addition, we expect that this system will have a
low transition rate. Together with the absence of an occupied
isolated defect state, both are unlikely to act as a single photon
emitter. It is worth noting that all defects seem not to localize
at both the bottommost and topmost states. This indicates that
the defect in mica has little influence on deep-lying two-level
states. All these behaviors have also been observed in the rest
of the defects shown in Supporting Information Section S7
except for AlO, where its desired two-level states exist. Thus,
this implies that mica hosts many optically inactivate defects
compared to hBN.47,49 As a result, it can be concluded that

although mica offers a wide bandgap, which in principle can
host many defects, the electronic states of those doped defects
do not appear in the bandgap region but rather around the
valence and conduction bands. In other words, mica is not
feasible to support single photon emitters, at least not as
suitable as hBN.

■ CONCLUSIONS
We extensively demonstrate the investigation of quantum
emitter fabrication using a localized electron irradiation
process and provide valuable insights into the effectiveness of
electron irradiation across various other insulating materials.
Our findings reveal that localized electron irradiation
effectively generates single photon emitters in hBN with an
optical transition in the yellow region. However, we observe
the photostability issue between hBN crystals grown differ-
ently, attributing to the different intrinsic defect densities or
doping levels. This indicates that emitter generation using
electron irradiation relies on activation or modification of the
charge state of pre-existing defects.
By testing this process on other materials, we can distinguish

between a surface complex that is deposited onto the material
during our electron irradiation and such an activation of lattice
defects. This is in particular important as a recent study using
organic solvents has found that (at least some) of the hBN as
well as mica emitters to be related to organic molecules
adhered to the surface of hBN and mica, respectively.46 We can
rule out this possibility for our hBN defects. In addition, we
have found that our method does not activate pre-existing
defects in other investigated materials. This could have several
reasons for which we can only speculate. Maybe there are
simply no intrinsic defects that can be activated with an
electron beam. Of course, the electrons do not have enough
energy to knock out atoms and produce, e.g., vacancies.
Our experimental evidence on mica is also supported by

theoretical DFT simulation. The theoretical findings on mica
indicate that it is unlikely to support single photon emitters
due to the lack of two-level defect states within its bandgap.
Therefore, the bright emission observed in the irradiated mica
sample may be attributed to the generation of surface
complexes, similar to a previous observation.46

Overall, our findings highlight the intricate relationship
between the choice of insulating material and the effectiveness
of localized irradiation in the creation of quantum emitters.
While this methodology has proven robust in some materials
such as hBN, its efficacy varies. It presents exciting possibilities
and challenges in the quest to engineer quantum emitters for
diverse applications in quantum technologies and photonics.
Further research and optimization efforts are warranted to
harness the full potential of this fabrication technique across
different material platforms.

■ METHODS

Sample Preparations
We used a standard Si/SiO2 substrate (purchased from Microchem)
with a 290 nm thermally grown oxide layer. Afterward, the substrate
was processed using electron beam lithography and a metal lift-off
process to realize a cross-grid pattern. The cross-grid pattern is used
to navigate to the target flake during sample fabrication and
characterization processes. The bulk crystal for exfoliation is
commercially purchased from HQ Graphene (Muscovite mica and
hBN-1), 2D Semiconductor (hBN-2). Thin mica, hBN-1, and hBN-2
flakes were first mechanically exfoliated onto a polymer sheet (PDMS,
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polydimethylsiloxane) using scotch tape. Afterward a suitable thin
flake is selected under bright field optical microscope and then
transferred to a cross grid patterned standard Si/SiO2 substrate.
Additionally, we acquired a 10 × 10 mm2 4H semi-insulating-type
silicon carbide crystal substrate from MSE Supplies. In addition, we
obtained a 2-in. undoped n-type gallium nitride template, which was
grown on a sapphire (0001) substrate.

Electron Irradiation
The fabrication of electron-irradiated emitters was conducted using a
Helios NanoLab G3. To ensure precise electron beam alignment
without unintended irradiation, this alignment procedure was carried
out at a separate location on the substrate close to the target flake. For
sample navigation and image acquisition of the flakes, we employed a
low electron fluence of 1.4 × 1013 cm−2, with an accelerating voltage
of 3 kV and an electron current of 25 pA. To fabricate the emitters,
each chosen spot is irradiated with dwell time of 10 s with fluence
value of 7.7 × 1017 cm−2 at a voltage of 3 kV and current of 25 pA.

Optical Characterization

The optical investigation of the quantum emitters was conducted by
using a commercial time-resolved confocal microscope (PicoQuant
MicroTime 200). This setup offers four linearly polarized excitation
lasers with wavelengths of 375, 470, 530, and 640 nm, each with pulse
lengths ranging from 40 to 90 ps (fwhm), depending on the
wavelength. The excitation power used for all measurements was
maintained at approximately 30 μW, unless specified otherwise. To
effectively distinguish the emitted signals from the excitation laser, the
detection path of the setup was equipped with a variety of notch
filters, including both long-pass and band-pass filters (inserted
depending on the specific laser wavelength). Moreover, the setup
featured a dual configuration of single photon avalanche diodes
(SPADs) positioned in both arms of a 50:50 beam splitter. This
configuration enabled us to measure the second-order correlation
function (g(2)) and conduct other relevant photon statistics analyses.
For the acquisition of PL maps for each individual flake, the stage was
meticulously scanned with a dwell time of 5 ms and the laser operated
at a repetition rate of 20 MHz. The PL signal is collected using a
100× dry immersion objective with a high numerical aperture (NA)
of 0.9. The data analysis of the correlation function as well as lifetime
measurements is performed with the built-in software (which also
takes the instrument response function into account). The data
acquisition time for these measurements was 1 min per emitter. The
spectrometer (Andor Kymera 328i) is attached to one of the exit
ports of the optical setup to collect the spectrum of the emitters.

DFT Calculations
The DFT calculations were carried out using the plane-wave Vienna
Ab initio Simulation Package.55,56 A projector augmented wave was
employed for treating the core nuclei and valence electrons.57,58 A
crystal structure of bulk pristine muscovite mica (KAl3Si3O10[OH]2)
containing 76 atoms from the database59 was fully optimized with a
cutoff energy of 450 eV and the convergence threshold at 10−4 eV
until the convergence force is less than 0.02 eV/Å. A 5 × 4 × 3
Monkhorst−Pack reciprocal space grid was implemented for Brillouin
zone integration.60 After structural relaxation of the pristine structure,
we obtained the lattice parameters at a = 5.19 Å, b = 9.00 Å, c = 20.10
Å, and β = 95.18°, corresponding to other calculations and
experiments.61−63 It is important to note that experimental bandgaps
are still under debate and vary among 3.60,62 5.09,41 and 7.85 eV.64

We then aimed to tackled this issue by implementing the modified
screened hybrid density functional of Heyd−Scuseria−Ernzerhof
(HSE) with the Hartree−Fock exact exchange (α) ratio of 0.37 to
circumvent the common underestimation from the conventional
Perdew−Burke−Ernzerhof (PBE).65 For the sake of computation
time, we initially relaxed the structure using the common PBE; then,
we applied the HSE functional to estimate the bandgap. This in turn
yields 7.91 eV, which agrees with the experimental value64 and
another DFT work.66
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(5) Samaner, C. .̧; Paçal, S.; Mutlu, G.; Uyanık, K.; Ates,̧ S. Free-
Space Quantum Key Distribution with Single Photons from Defects
in Hexagonal Boron Nitride. Adv. Quantum Technol. 2022, 5,
2200059.
(6) Aharonovich, I.; Englund, D.; Toth, M. Solid-state single-photon
emitters. Nat. Photonics 2016, 10, 631−641.
(7) Tran, T. T.; Bray, K.; Ford, M. J.; Toth, M.; Aharonovich, I.
Quantum emission from hexagonal boron nitride monolayers. Nat.
Nanotechnol. 2016, 11, 37−41.
(8) Senichev, A.; Martin, Z. O.; Peana, S.; Sychev, D.; Xu, X.;
Lagutchev, A. S.; Boltasseva, A.; Shalaev, V. M. Room-temperature
single-photon emitters in silicon nitride. Sci. Adv. 2021, 7,
No. eabj0627.
(9) Lohrmann, A.; Iwamoto, N.; Bodrog, Z.; Castelletto, S.;
Ohshima, T.; Karle, T.; Gali, A.; Prawer, S.; McCallum, J.; Johnson,
B. Single-photon emitting diode in silicon carbide. Nat. Commun.
2015, 6, 7783.
(10) Wang, J.; Zhou, Y.; Wang, Z.; Rasmita, A.; Yang, J.; Li, X.; von
Bardeleben, H. J.; Gao, W. Bright room temperature single photon
source at telecom range in cubic silicon carbide. Nat. Commun. 2018,
9, 4106.
(11) Stachurski, J.; Tamariz, S.; Callsen, G.; Butté, R.; Grandjean, N.
Single photon emission and recombination dynamics in self-
assembled GaN/AlN quantum dots. Light: Sci. Appl. 2022, 11, 114.
(12) Exarhos, A. L.; Hopper, D. A.; Patel, R. N.; Doherty, M. W.;
Bassett, L. C. Magnetic-field-dependent quantum emission in
hexagonal boron nitride at room temperature. Nat. Commun. 2019,
10, 222.
(13) Huang, M.; Zhou, J.; Chen, D.; Lu, H.; McLaughlin, N. J.; Li,
S.; Alghamdi, M.; Djugba, D.; Shi, J.; Wang, H.; Du, C. R. Wide field
imaging of van der Waals ferromagnet Fe3GeTe2 by spin defects in
hexagonal boron nitride. Nat. Commun. 2022, 13, 5369.
(14) Vogl, T.; Knopf, H.; Weissflog, M.; Lam, P. K.; Eilenberger, F.
Sensitive single-photon test of extended quantum theory with two-
dimensional hexagonal boron nitride. Phys. Rev. Res. 2021, 3, 013296.
(15) Chen, Y.; Tran, T. N.; Duong, N. M. H.; Li, C.; Toth, M.;
Bradac, C.; Aharonovich, I.; Solntsev, A.; Tran, T. T. Optical
Thermometry with Quantum Emitters in Hexagonal Boron Nitride.
ACS Appl. Mater. Interfaces 2020, 12, 25464−25470.
(16) Gottscholl, A.; Diez, M.; Soltamov, V.; Kasper, C.; Krauße, D.;
Sperlich, A.; Kianinia, M.; Bradac, C.; Aharonovich, I.; Dyakonov, V.
Spin defects in hBN as promising temperature, pressure and magnetic
field quantum sensors. Nat. Commun. 2021, 12, 4480.
(17) Conlon, L. O.; Vogl, T.; Marciniak, C. D.; Pogorelov, I.; Yung,
S. K.; Eilenberger, F.; Berry, D. W.; Santana, F. S.; Blatt, R.; Monz, T.;
Lam, P. K.; Assad, S. M. Approaching optimal entangling collective
measurements on quantum computing platforms. Nat. Phys. 2023, 19,
351−357.
(18) Pfaff, W.; Taminiau, T. H.; Robledo, L.; Bernien, H.; Markham,
M.; Twitchen, D. J.; Hanson, R. Demonstration of entanglement-by-
measurement of solid-state qubits. Nat. Phys. 2013, 9, 29−33.
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