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ABSTRACT: Ultrafast electron pulses have broad applications in the investigation of the ultrafast dynamics of materials and near-
field nanophotonics. A hexagonal boron nitride (hBN) photoemission source has been proposed recently, characterized by a
nanoscale working area and high brightness. However, the photoemission mechanisms of hBN are still not clear because the wide
bandgap and low electron density of states of hBN are believed to result in low photoemission brightness. Here, we experimentally
demonstrated the defect-assisted two-photon photoemission process in hBN by electron microscopy. The laser-induced defect states
work as intermediate states to enhance the photoemission process by transferring a two-photon process to a cascaded one-photon
process. In addition, we proposed another strategy to improve the photoemission brightness by increasing the density of states with a
narrow-bandgap, two-dimensional material stacked on hBN. The photoemission intensity of the monolayer transition metal
dichalcogenides (TMDs)/hBN heterostructure was largely enhanced, whereas the emission angle and energy spread remained
similar to hBN. However, the photoemission intensity of TMDs/hBN can be influenced negatively by laser-induced defect trapping
from the actual intermediate energy levels of TMDs. The defect-assisted photoemission process and heterostructure stacking strategy
proposed here are instructive for the design of next-generation photoemission sources.

B INTRODUCTION working area and emission angle to enhance electron
coherence will be desirable.'* Many photocathode materials
have been proposed, such as W(ZrO), LaBg, carbon nano-
tubes, and semiconductor or dielectric materials.®!¥*™7
Recently, we proposed a new material for a photoemission
source, hexagonal boron nitride (hBN), possessing both
nanoscale bright intensity and a near-vertical photoemission
angle by using a designed nanostructure under a ~400 nm
femtosecond laser.'® The hBN is a van der Waals material with

Ultrafast electron pulses are vital components of ultrafast
electron microscopy (UEM), photoinduced near-field electron
microscopy (PINEM), and other ultrafast electron instru-
ments,' " possessing broad applications in the investigations of
ultrafast dynamics of materials® and near-field nanophotonics,’
etc. The ultrafast electron pulses are usually generated by
photoemission sources driven by femtosecond laser, including
sharp-tip photocathodes and flat photocathodes.”"* The two
types of photocathodes have different advantages, concerning

the size of the working area, emission angle, energy spread, and Received: November 29, 2023
intensity. For example, sharp tip photocathodes generally have Revised:  January 31, 2024
a much smaller working area compared to flat photocathodes, Accepted: February 16, 2024

while the latter exhibit a smaller emission angle. Both of these Published: February 28, 2024

factors contribute to the enhancement of electron-coherent
features.”® Therefore, the simultaneous realization of the small
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a wide bandgap (~6 eV) and a high refractive index (in-plane n
> 2.1) from ultraviolet to near-infrared.'” ™' Nanoscale light
localization can be realized with hBN planar waveguide modes
excited from an etch ring slit under an ~400 nm femtosecond
laser. However, the photoemission mechanisms of hBN are still
not clear because the wide bandgap and low electron density of
states (DOSs) of hBN are believed to result in low
photoemission brightness, which are inconsistent with the
experimental observations.

The photoemission process of hBN is regarded as a two-
photon process when excited with ~400 nm laser, i.e., Py = al?,
where Py is the photoemission intensity, I is the local field
intensity, and « is the photoemission efficiency. The local field
intensity of hBN can be largely enhanced on the nanoscale by
the designed structures. However, the photoemission efficiency
of hBN material is regarded as quite low due to the wide
bandgap and low electron density of states (DOSs), which
should limit the photoemission intensity. Up to now, the
underlying physics of the photoemission process of the hBN
emitter is still not well understood and should be investigated
in the following step. In addition, to further improve the
photoemission brightness of hBN-based emitters, an alter-
native strategy is to increase the DOSs with a narrow-bandgap
two-dimensional (2D) material stacked on hBN, such as
graphene and monolayer transition metal dichalcogenides
(TMDs).”>**

In this work, we revealed the defect-assisted two-photon
photoemission process in hBN by photoemission electron
microscopy (PEEM). The defect states were introduced during
laser illumination and located at the nanoscale focusing spot at
the hBN surface. The defect states serve as intermediate states
in the wide bandgap of hBN, transferring a two-photon process
to a cascaded one-photon process and largely improving the
photoemission efficiency. In addition, we proposed another
strategy to improve the photoemission brightness by increasing
the density of states with narrow-bandgap two-dimensional
TMDs stacked on hBN. The photoemission intensities of the
monolayer TMDs/hBN heterostructures, such as WS,/hBN
and MoSe,/hBN, were largely enhanced, whereas the emission
angle and energy spread remained similar to hBN. However,
the photoemission intensity of TMDs/hBN can be influenced
negatively by defect trapping from the actual intermediate
energy levels of TMDs. It should be noted that although more
stable monolayer materials with large DOSs should be
explored further for practical applications, the heterostructure
stacking strategies proposed here are instructive for the design
of next-generation photoemission sources. In addition, the
laser-induced defects in hBN found in this work are potentially
controllable and can be a platform for the investigations of
electron—phonon interactions, single-photon emitters, and
quantum optics in hBN in the future.””*°

B METHODS

Sample Fabrication and Characterizations. The hBN
flakes were mechanically exfoliated on polydimethylpolysilox-
ane (PDMS) sheets from bulk crystals (2D Semiconductors),
and the thicknesses of the hBN flakes were estimated by the
reflected color under optical microscopy. Then, the selected
hBN flakes were transferred to the soda-lime glass substrate
with an ~10 nm indium tin oxide (ITO) layer by using the all-
dry transfer method under optical microscopy. Monolayer
TMDs (WS, and MoSe,) were also exfoliated and transferred
onto the hBN flakes. Then the transferred hBN flakes with
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monolayer TMDs were etched with a series of nanostructures
by using a focused ion beam (FIB) to support the desired near-
field modes. All samples were annealed under an ultrahigh
vacuum (approximately 10~ Torr) at 200 °C for 2 h before
loading into the PEEM chamber. After PEEM experiments, the
samples were characterized with atomic force microscopy
(AFM), scanning electron microscopy (SEM), photolumines-
cence (PL), and Raman spectra. The PL and Raman spectra
were collected by an inverted microscope (Eclipse Ti-2
inverted microscope, Nikon) with an objective lens (100X,
NA = 0.9) and measured by a spectrometer (Kymera 328i,
Andor). The excitation source was a continuous 442 nm laser
at 0.1 mW. A 150 lines/mm grating was used for PL spectra,
and an 1800 lines/mm grating was used for Raman spectra. In
addition, the Raman spectra for WS, were measured using a
Jobin-Yvon HR800 micro-Raman system with an 1800 lines/
mm grating and a continuous 532 nm laser.

PEEM Measurements. The PEEM measurements were
performed by using a high-resolution low-energy electron
microscopy (LEEM)/PEEM system (ACSPELEEM IIJ,
Elmitec GmbH) equipped with a hemispherical electron
energy analyzer. This PEEM system can support real-space,
momentum-space, and energy-space measurements. The
energy-resolved PEEM measurements were performed in the
imaging mode by inserting a 12.5 ym energy slit and sweeping
the start voltage in a step of 0.1 eV to allow electrons with
different energies to pass through the energy slit. A commercial
Ti:sapphire femtosecond laser (Mai Tai HP, Spectra-Physics,
pulse duration: 80—100 fs) operated at 690—1040 nm (2.9 W
@ 820 nm) with a repetition rate of 80 MHz was used as the
laser source to pump an optical parametric oscillator (OPO)
(Inspire Auto 100, Spectra-Physics). The second harmonic
generation (SHG) port (390—440 nm, 1.0 W @ 410 nm) was
used to provide an excitation laser for the static PEEM
measurements. The pulses were focused on the sample surface
at normal incidence, with a spot diameter of approximately 150
um. The polarization of the laser is adjusted through a 1/4
waveplate or a 1/2 waveplate.

First-Principle Calculations. The band structures and
DOSs were calculated within the framework of density
functional theory using the Vienna ab initio simulation
package (VASP). The interaction between nuclei and core
electrons was represented by a projector augmented wave
pseudopotential. The Perdew—Burke—Ernzerhof (PBE) ex-
change—correlation function within the generalized gradient
approximation was used to describe the complex interactions
between valence electrons. The monolayer hBN has a
hexagonal honeycomb structure with a lattice constant of
2.512 A. A vacuum layer of 15 A along the z-axis was applied to
eliminate the interactions between periodic images. The lattice
constants of WS, are a = 3.153 A and ¢ = 12.323 A. During the
self-consistent and band structure calculations, the cutoff
energy for the plane wave basis was 500 eV, and the Brillouin
zone was sampled with the 39 X 39 X 1 Monhkorst-Pack type
k-point grid. In order to investigate the influence of light-
induced defects, 3 X 3 X 1 hBN and WS, supercells were built.
Based on the pristine supercell, a B atom was deleted to get the
B vacancy in the hBN system, while a N atom was absent in
the N vacancy system. For WS,, a S atom was deleted to create
a S vacancy. Before electronic structure calculations, the
geometries of these defective systems were fully relaxed until
the Hellmann—Feynman force was less than 0.01 eV/A. Due
to the large number of atoms, a 9 X 9 X 1 k-point mesh was
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Figure 1. Structure and characterization of the hBN photoemission emitter. (a) Schematic of the sample structures for hBN and monolayer
TMDs/hBN fabricated with focused ion beams (FIB). (b) Optical image of a representative sample. S; and S, are hBN and WS,/hBN structures,
respectively. (c) PEEM image for S; measured with a 415 nm laser with linear polarization (red arrow in b) at normal incidence. The TE mode of
hBN waveguide was excited from the ring slit and focused toward the ring center (along the blue arrow in b). The brightness of the image in (c) is
adjusted to be oversaturated for better viewing. The PEEM image B in (c) was measured several hours later than A, and the corresponding crosscut

lines are shown in (d).

used in the subsequent self-consistency and band calculations.
The user-friendly postprocessing package VASPKIT was used
to treat the band unfolding calculations.

B RESULTS AND DISCUSSION

The sample was fabricated by mechanical exfoliation and dry
transfer of hBN onto a glass substrate with an ~10 nm ITO
layer and following etching of nanostructures with focused ion
beams (FIB), as shown in Figure la. Because hBN has a wide
bandgap and high refractive index, the vacuum/hBN/glass
structure can support planar waveguide mode in the visible
range. Herein, the thickness of hBN was chosen between 60—
80 nm to support the fundamental TE mode for the excitation
wavelengths of 400—450 nm. The ~10 nm ITO was used to
avoid the surface charging effect during photoemission. The
ring slit etched by FIB worked as the coupler to couple the
planar laser beam from normal incidence into the waveguide
mode and form a nanoscale focusing in the center of ring. The
representative optical image of experimental sample is shown
in Figure 1b with etched rings on 60 nm hBN. The radius for
hBN structure S; was set as 13.8 um (60 X A.5) and the slit
width was 170 nm. Here, 1., = 230 nm is the effective
wavelength of the waveguide mode for an excitation wave-
length of around 410 nm. The hBN structure S, can support
nanofocusing mode when excited with 415 nm laser with linear
polarization at normal incidence, which can be well imaged
with PEEM. As shown in Figure lc (left part), a strong
focusing spot in the center of hBN structure S, can be clearly
observed in the PEEM image. We also noticed the intensity of
the focusing spot increased after laser illumination for several
hours (shown in Figure lc, from A to B), and the cross-cut
lines are plotted in Figure 1d for better comparison. The
increase of photoemission intensity under laser illumination
indicates the change of material properties at the focusing spot
that enhances the DOSs and photoemission efficiency. The
underlying mechanism of the enhancement of photoemission
efficiency will be discussed later.

To further improve the photoemission brightness by
increasing the DOSs, another strategy is to stack a 2D material
with a narrow-bandgap on hBN, such as monolayer TMDs. As
shown in Figure 1b, the WS,/hBN heterostructure S, was
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fabricated with the same size as S,. The monolayer WS, was
transferred to the substrate before FIB etching to ensure the
WS, flake was precisely located at the focusing spot, as shown
in the PEEM image (Figure 2a). The monolayer WS, is
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Figure 2. Photoemission intensities for the hBN and WS,/hBN
structures. (a)b) PEEM images for the WS,/hBN structure excited
with a 415 nm laser of 70 mW, with linear polarization (red arrow) at
normal incidence. (c) Photoemission intensities for the hBN and
WS,/hBN structures along the crosscut line in (b). (d) Power-
dependent photoemission intensities for the two structures; N
denotes the nonlinear order of photoemission.

outlined in Figure 2b, with a lateral size of ~2 ym across the
red dashed line. The photoemission intensity from WS, is
obviously higher than that from the surrounding hBN in Figure
2b. Especially, the bright interference fringes can be observed
only on WS,, indicating that the photoemission efficiency of
WS, is much higher than that of hBN. To compare
photoemission intensities of hBN and WS,/hBN structures,
we measured the photoemission intensities at the identical
laser powers (Figure 2c). A strong nanofocusing spot was
observed for WS,/hBN with a size of ~70 nm, and the
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photoemission intensity was enhanced ~7 times compared
with the hBN structure. The power-dependent photoemission
intensities are shown in Figure 2d, indicating a two-photon
process, and the photoemission enhancement for WS,/hBN
was kept in a broad power range. It should be noted that
similar results were also observed for the monolayer MoSe,/
hBN heterostructure, with a ~60 nm nanofocusing and ~12
times enhancement (see Section 2 of the Supporting
Information). We also observed a decrease of photoemission
intensity of TMDs/hBN after laser illumination for several
hours (Figure 2¢) differently from that of hBN, which indicates
a decrease of the DOSs and photoemission efficiency.

The photoemission intensity depends on both the local field
intensity and the photoemission efficiency. The influence of
monolayer TMDs on the nanofocusing local field intensity of
hBN waveguide should be considered because TMDs have a
considerable optical absorption even at the monolayer. As
shown in Figure 3a, for the WS,/hBN structure excited from a

(@) ws, ()
Y 40

L 4 BN
30

1 — hBN — WS,/hBN
I—— TEZO

N E-soﬁ

w o x@m 8 10

01 2 3 4 5 6
WS, radius (um)

Figure 3. Local field intensity damping by the absorption of
monolayer TMDs. (a) Simulated field intensity damping of the
waveguide mode for hBN and WS,/hBN structures excited from a
line slit. The corresponding electric field intensity profiles along the
propagation direction (X—Z plane) are shown as insets. (b) Simulated
focusing intensity of the hBN ring slit (radius of 6.9 ym) with a
monolayer WS, disk of different radiuses in the center. (c¢) PEEM
images to show the influence of monolayer TMDs’ absorption on the
focusing intensity by changing the polarization of the excitation laser
to allow waveguide mode passing through different lengths of
monolayer MoSe,.

line slit with 415 nm laser, the severe damping of waveguide
mode during propagation is clearly observed in the nano-
photonic simulations with the finite-difference time-domain
method, whereas the mode supported by hBN alone has little
decay. Specifically, the field intensity IEI* has a 50% decrease
within 1.6 ym and 90% decrease within 5.4 ym for the WS,/
hBN structure, which indicates that smaller sizes for WS, are
preferable, and the optimal size is just limited to cover the
central 100 nm focusing spot. To show the influence of WS,
absorption more directly, the focusing intensity of the hBN
ring slit (radius of 6.9 ym) with a monolayer WS, disk in the
center was simulated, as shown in Figure 3b. The focusing
pattern in Figure 3b is consistent with the PEEM experiment,
and the focusing intensity is 44% decreased for WS, with a
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radius of 1 ym. In Figure 2b, the size of WS, from the center to
edge along the red dashed line is ~1 pum; thus, the field
intensity is evaluated to have a half decrease from the
simulations. Considering the experimental ~7 times photo-
emission enhancement in Figure 2 and the decreased local field
intensity, the photoemission efliciency of WS,/hBN is
evaluated to be 20 times higher than hBN. The heavy
influence of TMDs’ absorption can also be observed by
changing the polarization of excitation laser to allow waveguide
mode passing through different lengths of monolayer TMDs,
as shown in Figure 3c. In addition, the larger photoemission
enhancement for the MoSe,/hBN structure discussed above
could be due to the smaller size of monolayer MoSe,
compared with WS,.

The photoemission mechanisms for hBN and TMDs/hBN
are discussed as follows. The photoemission efficiency is
mainly determined by the DOSs and work function for two-
photon processes. Since the work functions are similar for hBN
and TMDs,”’ >’ the main influence on photoemission
efficiency stems from DOSs. In Figure 4a—d, for pristine
hBN and WS,, we show the theoretical calculation results for
band structures along I'-K and the DOSs around the I" point.
As shown in Figure 4a, the two-photon process for pristine
hBN has no actual intermediate states involved in the wide
bandgap. It indicates that simultaneous absorption of two
photons is necessary for the photoemission process and results
in low photoemission efficiency, consistent with the exper-
imental observation for initial hBN. In contrast, for pristine
monolayer TMDs, the photoemission process can be assisted
by the actual intermediate states in the conduction band of
TMDs, which largely enhance the photoemission efficiency.
Therefore, strong photoemission intensities were observed for
the initial TMDs/hBN structures. The difference in band
structures and DOSs can account for the photoemission
intensities of the initial hBN and TMDs/hBN structures. It
should be noted that the DOSs around the I' point are
emphasized here because of the small photoemission horizon
set by the limited photon energies.

Considering the band structures of hBN and TMDs, we
attribute the laser illumination effect to laser-induced defect
states because defects can be efficiently introduced by laser
illumination for low-dimensional materials. For hBN, B and N
vacancy defects have been reported by many groups and can
work as single-photon emitters.”>*°~>* These defect states can
create new interband energy levels in the wide bandgap of
hBN.**?*7%¢ For TMDs, monolayer TMDs can easily
accumulate defects such as S vacancy under laser illumination,
as recently reported.””~*' The defect states in the bandgap can
trap photoexcited electrons from conduction bands of
TMDs.”>***' =% For the photoemission process of defective
hBN, the interband defect states can work as intermediate
states to convert the two-photon process to the cascaded one-
photon process and largely improve the photoemission
efficiency. For the photoemission process of defective TMDs,
the case is different because there are already actual
intermediate energy levels in the conduction bands. The
lifetimes of electrons in the intermediate energy levels play an
important role in the final photoemission intensity. The defect
states in the bandgap can trap electrons in the conduction
bands. The defect trapping process has been reported to be
quite fast and reduces the electron lifetime in the intermediate
energy levels.****** Therefore, the photoemission intensity
should be lowered by laser-induced defect states for the
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Figure 4. Photoemission processes of hBN and monolayer TMDs and the effect of laser-induced defect states. (a—d) Band structures and total
DOSs of pristine hBN and monolayer WS,. Two-photon photoemission processes for hBN and WS, are also plotted as blue arrows. E4 denotes
laser-induced defect states. The energy axis in (c,d) is shifted for better comparison. (e—g) Defect signatures from photoluminescence and Raman
spectra for hBN and monolayer TMDs measured at room temperature. Dy denotes the defect peak of hBN, X¢ denotes the defect-bonded exciton
peak of MoSe,, and X% and X* denote the defect-bonded exciton peaks of WS,.

TMDs/hBN heterostructure. The different roles of defect
states for hBN and TMDs result in opposite effects on
photoemission intensity. It should be noted that although
more stable monolayer materials should be explored further for
practical applications, the heterostructure stacking strategies
proposed here are still instructive for the design of next-
generation photoemission sources. To efficiently enhance the
photoemission of hBN, other methods such as element doping
or alkali metal evaporation could also be possible by increasing
the DOSs or lowering the work function.

The electronic properties at the heterostructure interface
formed by monolayer TMDs and bulk hBN should be
discussed because the interfacial properties can have
implications for charge transfer dynamics, local DOSs, and
overall photoemission characteristics. For the pristine TMDs/
hBN heterostructure, the influence of interfacial properties
could be less important because the bandgap of hBN is much
larger than that of monolayer TMDs, and the hBN is generally
regarded as a dielectric environment for the monolayer TMDs.
For defective hBN, the midgap defect states in hBN provide
extra local DOS. There could be charge transfer between the
conduction bands of monolayer TMDs and the defect states of
hBN. It should be noted that the photoemission process is
quite surface sensitive, which means the photoemitted
electrons are mostly from the top monolayer TMDs, rather
than from the underlying hBN. The defect states in hBN could
also possibly trap electrons from the conduction bands of
monolayer TMDs, as the defect states in TMDs can lower the
photoemission intensity. In addition, because the defects are
introduced by laser illumination, it can be predicted that there
should be further defect accumulation under prolonged laser
exposure, which could lead to the degradation of photo-
emission performance over time for both hBN and TMDs.

The presence of defect states can be evidenced by the PL
and Raman spectra, as shown in Figure 4e—g. A broad PL peak

4290

centered at 700 nm is observed for hBN measured in the ring
center (Figure 4e), which could be attributed to defect states
of mixed B and N vacancies.””*****> Importantly, the PL
feature can only be observed in the ring center (focusing spot),
which is strong evidence of laser-induced defects. Besides, the
presence of defect states for hBN can also be observed in
Raman spectra (Figure 4e), where defect peaks ~1610 cm™"
can be identified, consistent with reports.** For monolayer
TMDs, defect-bonded exciton peaks can be observed in the PL
spectra (Figure 4e), whereas the original exciton peaks are
strongly quenched by defect states. It should be noted that the
defect signals were observed in the entire monolayer TMDs,
probably because the monolayer material can easily accumulate
defects. In addition, we also observed the signatures of defect
states for TMDs/hBN structures from PEEM images excited
with a 273 nm ultraviolet (UV) laser (see Section 4 of the
Supporting Information). Nevertheless, one cannot directly
observe the defect sites in PEEM experiments because the
atomic sizes of defects are out of the 10s nm spatial resolution
of PEEM, and the defect types and densities are hard to
evaluate. The calculated DOSs for defective hBN and WS, are
shown in Section 6 of the Supporting Information. It should be
noted that the defect states in hBN have drawn much attention
in many fields due to the rich underlying physics and potential
applications in quantum information and sensing. The method
of introducing defect states in hBN with laser excitation
reported here is potentially controllable to produce nanoscale
defects at specific sites. The controllable laser-induced defects
in hBN can be a platform for the investigations of electron—
phonon interactions, single-photon emitters, and quantum
optics in the future.”>*°

Apart from the photoemission intensity, the emission
direction and energy spread of a photoemission source are
also important and should be discussed, which can be
measured with PEEM in momentum and energy spaces. The
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photoemission properties in momentum and energy spaces for
hBN and MoSe,/hBN structures are depicted in Figure Sa,b.

MoSe2/hBN
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Figure S. Photoemission properties in momentum and energy spaces
for hBN and TMDs/hBN structures. (a,b) Photoemission intensity vs
momentum and energy for hBN and MoSe,/hBN structures,
respectively. (c) Energy-integrated photoemission intensities in the
momentum space for the two structures (along the dashed red line in
the inset). (d) Momentum-integrated electronic energy distribution
curves for the two structures.

The photoemission intensities present a localized distribution
in the energy domain around the I'-point for both structures.
The energy-integrated photoemission intensities in the
momentum space are nearly overlapped for the two structures
(Figure Sc), attributed to the flat surface of both structures. In
addition, the momentum-integrated electronic energy distri-
bution curves are also nearly overlapped for hBN and MoSe,/
hBN (Figure 5d). For WS,/hBN, similar results were observed,
except that there is an energy shift between WS,/hBN and
hBN (see Section 3 of the Supporting Information), possibly
due to the lower valence band position of WS, compared with
that of MoSe,.”” ">’ Therefore, the differences in photo-
emission properties in momentum and energy spaces are
insignificant between hBN and the TMDs/hBN structures.

B CONCLUSIONS

In summary, we revealed the defect-assisted two-photon
photoemission process in hBN by photoemission photo-
electron microscopy (PEEM). The defect states were
introduced during laser illumination and located at the
nanoscale focusing spot at the hBN surface. The defect states
work as intermediate states in the wide bandgap of hBN for the
photoemission process, transferring two-photon to the
cascaded one-photon process and largely improving the
photoemission intensity. In addition, the photoemission
brightness can be further improved by increasing the density
of states with narrow-bandgap two-dimensional TMDs stacked
on hBN. The photoemission intensities of the monolayer
TMDs/hBN heterostructures, such as WS,/hBN and MoSe,/
hBN, were largely enhanced, whereas the emission angle and
energy spread remained similar to hBN. However, the
photoemission intensity of TMDs/hBN can be influenced
negatively by laser-induced defect trapping from the actual

intermediate energy levels of TMDs. The effects of defect
states were also analyzed by band structure and DOS
calculations, and the presence of defect states was verified by
PL and Raman spectra. The photoemission mechanism and
heterostructure stacking strategies proposed here are in-
structive for the design of next-generation photoemission
sources. In addition, the laser-induced defects in hBN found in
this work are potentially controllable and can be a platform for
the investigations of electron—phonon interactions, single-
photon emitters, and quantum optics in hBN in the future.
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