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ABSTRACT: Optically bright emitters in hexagonal boron nitride (hBN) often acting as a source of a single-photon are mostly
attributed to point-defect centers, featuring localized intra-bandgap electronic states. Although vacancies, anti-sites, and impurities
have been proposed as candidates, the exact physical and chemical nature of most hBN single-photon emitters (SPEs) within the
visible region are still up for debate. Combining site-specific high-angle annular dark-field imaging (HAADF) with electron energy
loss spectroscopy (EELS), we resolve and identify a few carbon substitutions among neighboring hBN hexagons, all within the same
sample region, from which typical defect emission is observed. Our experimental results are further supported by first-principles
calculations, through which the stability and possible optical transitions of the proposed carbon-defect complex are assessed. The
presented correlation between optical emission and defects provides valuable information toward the controlled creation of emitters
in hBN, highlighting carbon complexes as another probable cause of its visible SPEs.

KEYWORDS: hBN, defects, carbon, DFT, STEM-EELS

I Iexagonal boron nitride (hBN) is a wide bandgap important role in identifying defect-related emitters in

material, making it a suitable candidate to host various solids.”>~* From this perspective, point defects like vacancies,
sub-bandgap defect states. Extensive research has shown that impurity substitutions/interstitials, and combinations of these,
these defect states act like single-photon emitters (SPEs), are among the candidates behind the sub-bandgap emission in
capable of emitting over a broad spectral range covering UV to hBN,**™" although dangling bonds and more complicated
NIR.'™® At the same time hBN emitters exhibit interesting ~ defect complexes have been recently proposed.”~**
properties, such as relative high brightness,(s’7 stable room- Overall, there seems to be a large pool of microscopic
temperature operation,s’g and potential for efficient integration candidates for the observed emission in hBN. This is largely
with photonic platforms.'”'" These defect states in hBN are driven by the disparity in observed optical properties (e.g,
often created using different methods'>™'° but can also be blinking and possibly large Stark-shifts), sample preparation/

treatments, and the lack of correlation between emission sites

inherently present due to certain growth techniques.'’~*° The
and their atomic structures. Recent work along these directions

optical properties of emissions in hBN have been extensively
studied. For instance, Grosso et al. observed 579 nm (2.145

€V) emission created by FIB and attributed it to the nitrogen Received: March 27, 2024 A
anti-site defect."> Kumar et al. reported emitters with a 575 nm Revised:  June 12, 2024

zero-phonon line (ZPL) and (through first-principles simu- Accepted:  June 12, 2024

lations) suggested a carbon complex and a carbon-vacancy Published: June 18, 2024

defect as probable causes of the emission.”"*” Along with

experiments, first-principles modeling has also played an

© 2024 American Chemical Society https://doi.org/10.1021/acs.nanolett.4c01477

v ACS PUbl ications 9212 Nano Lett. 2024, 24, 9212-9220


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sakal+Singla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pragya+Joshi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriel+I.+Lo%CC%81pez-Morales"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suman+Sarkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suman+Sarkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Flick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Biswanath+Chakraborty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Biswanath+Chakraborty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.4c01477&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01477?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01477?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01477?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01477?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01477?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01477?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01477?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01477?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/24/30?ref=pdf
https://pubs.acs.org/toc/nalefd/24/30?ref=pdf
https://pubs.acs.org/toc/nalefd/24/30?ref=pdf
https://pubs.acs.org/toc/nalefd/24/30?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c01477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

Condenser
Lens

Cs
Corrector

Objective

—  Lens

e
Post specimen (*
Lens —— - Boron
—
Detector aperature
Nitrogen

g ‘

" EELS Detector R
Low loss Core loss 50 nm
H - ‘ ‘ Carbon

Frame 1

2.16 eV

o

D m—
164 meV

o
=]

Fluor (kcts\s)

o
S
o

50 100
Time (s)

Intensity (a.u.)

\

18 20 22

Energy (eV)

1.6

Frame 2 Frame 3 Frame 4,5 Frame 6

Figure 1. Spotting the emissive region in the TEM. (a) Schematic of electron energy-loss spectroscopy incorporated in a scanning transmission
electron microscope. (b) Confocal PL image of hBN flake with multiple emission sites. The inset displays the optical image of the same flake where
red square box indicates the area of PL scanning. (c) Photoluminescence (PL) spectrum obtained from the region encircled in (b). The central
wavelengths of the ZPL and its PSB are identified, with a relative shift of ~ 164 meV (the TO-phonon energy in hBN*). (d) Low-resolution
HAADF image of the emission region shown marked by the white circle in (b). The different frames are marked. The inset shows the low-
magnification image of the flake in the TEM. Dotted circles represent the same region divided into frames. The inset scale bar is 5 ym. (e) EELS
elemental map of boron, carbon, and nitrogen K edges for different frames. For frames “4” and “5”, see Section S4 of the Supporting Information.
The yellow line in each frame represents the EELS intensity profile obtained from integrating over the white dotted area. The intensity graph as a

function of distance is also shown in Section S4.

includes the correlation between optical emission to local
strain in hBN nanoflakes via cathodoluminescence (CL) and
nanobeam electron diffraction (NBD),” as well as the study of
carbon substitutions as cause of photobleaching in hBN
emitters through dark-field imaging.”’

Thus far, defect studies in hBN have mostly involved high-
resolution dark-field imaging,‘w_39 wherein the identification
depends on site-specific image contrast. Relying on some sort
of elemental-specific spectroscopic signal could result in a
more accurate assessment of the local chemical environment
near the emission sites. For instance, core-level spectroscopy
techniques where the inner-shell electrons are excited, provide
information about the underlying electronic structure,
composition, and bonding properties.*”*' Among these,
electron energy-loss spectroscopy (EELS) can be particularly
useful for atomic-scale elemental analysis.**~** In scanning
transmission electron microscopy EELS (STEM-EELS), a
focused electron beam is directed toward the sample (Figure
1a) and scanned over each atom. As the high-energy electrons
interact with it, they lose energy mostly through inelastic
scattering and ionization processes. The scattered electrons are
collected and directed into an energy analyzer, based on their
energy losses. The spectroscopic analysis of such energy losses
in the electron beam as it travels through the sample is what is
known as EELS. The amount of energy lost depends on the
nature of the interaction and the composition of the sample,
resulting in elemental-specific signatures. As an additional
advantage, atomic resolution can be obtained when EELS is
coupled with high-angle annular dark-field (HAADF) based
STEM imaging, i.e., individual atoms are resolved in STEM
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mode, followed by EELS acquisition, to perform atom-by-atom
elemental identification.

The sample was prepared by dry-exfoliating hBN onto a Si/
SiO, substrate. After optical inspection under the microscope,
a visibly thick flake was chosen. The height determined by
atomic force microscopy (AFM) was ~60 nm (height profile
in Figure S1). Similar thicknesses are reported to host stable
emitters in hBN.'>** We bombarded random locations of the
flake in the field emission scanning electron microscope
(FESEM) to create emitters.”® The electron beam acceleration
was kept at 20 kV, and a probe current of 60 pA was used.
Subsequently, the substrate was annealed at 850 °C in an
argon atmosphere for 2 h under an optimized flow rate of 1
bubble per second (corresponds to ~ 20 sccm). Despite
formation of defect sites being a stochastic process,'*"” their
precise location (down to the diffraction limit) can be
determined by scanning the flake for observable defect-
mediated emission. A confocal photoluminescence (PL) scan
of the flake (Figure 1b) shows a few such localized bright
emission spots. The scan was performed using sub-bandgap
laser excitation of 2.33 eV with an incident power of 100 uW.
The PL spectrum in Figure 1c from the white dashed circle (in
Figure 1b) is characterized by two distinct features: a sharp
ZPL centered around 2.160 eV (574 nm) and a relatively
broad phonon sideband (PSB) at 1.996 eV (621 nm). The
emission was observed to be stable, as is evident from the time
trace curve in the inset. Similar spectral features with identical
energy separation between ZPL and PSB have been reported in
previous studies on hBN quantum emitters”'®*® and is
attributed to optically active point defects. The emission
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Figure 2. Atomically resolved hBN lattice indicating the presence of carbon. (a) High-resolution HAADF-STEM micrographs taken from the
carbon-dense region (shown by a white dotted area) in “Frame 3”. (b) EELS spectra acquired from areas “1” to “4”. The EELS spectrum from

pristine hBN is also shown for reference.

spectrum from other bright spots does not show such
prominent PL peaks (Supplementary, Section S2).

In order to correlate the optical spectra with potential
underlying defects, we carried out structural investigation of
the emissive region at the atomic level in an aberration
corrected TEM (JEOL NEO ARM 200F) instrument
equipped with a cold field emission gun. The flake was imaged
at an accelerating voltage of 200 kV. Using low-resolution
imaging, the optically active region of the flake was first
located. For this purpose, we aligned the flake edges
(Supplementary, Section S3) with respect to the corresponding
optical image (dotted rectangle in Figure 1b inset).
Subsequently, the selected area (dashed white circle in inset
of Figure 1d) was spectrally mapped using EELS. To minimize
the effect of sample drifting, we performed EELS scans over
smaller frames (~250 X 200 nm’). The elemental map in
Figure le depicts pixel intensities of parent boron (red) and
nitrogen (in blue). The line intensity profile across the frame
denotes the pixel intensity values integrated over the white
dashed area. Notably, in “Frame 3” the presence of carbon is
revealed by a streak of closely spaced green dots mainly
confined within a small patch near the center (see the dotted
region in Figure 2a). The carbon intensity shows a hump over
the patch. The intensity profile in each frame is shifted for
clarity. It is to be noted that the increase in carbon hump is
marked by a slight dip in boron while for nitrogen it remains
almost flat. This indicates that boron is preferentially
substituted”” by carbon. With the confirmation of carbon
being present in hBN, we further monitored the same region in
high-resolution mode to study the underlying microscopic
details. This would help us to obtain a clear picture of the
atomic arrangement of defect sites from where we observed
optical emission.

Figure 2a shows several high-resolution HAADF-STEM
images captured from various microscopic regions (“Area 17,
“Area 2”, etc.) that make up the carbon patch (see the dotted
region in Figure 2a) in “Frame 3”. Details of imaging
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parameters are given in the Methods section. This was
followed by a swift EELS scan performed over the same areas
using a pixel size of 0.028 nm and dwell time 0.02 s to ensure
optimal acquisition time. The corresponding EELS spectra
integrated over area is displayed in Figure 2b. The highlight of
the spectra (except for the top one) is the appearance of the
characteristic carbon K-edge signature ~285 eV, in addition to
boron and nitrogen signals occurring around 200 and 400 eV,
respectively. In order to rule out the possibility of carbon
incorporation in TEM, we recorded the EELS spectrum from
pristine hBN (top spectrum in Figure 2b) where the signal at
280 eV is absent. The pristine hBN part is discussed in Section
SS of the Supplementary. Other high-resolution images along
with their corresponding EELS spectra are available in the
Supporting Information, Section S9. For the remainder of the
paper, we concentrate on the atomic configuration in “Area 4”
since it presents the most intense carbon peak.

The line intensity profile of the HAADF image is known to
be proportional to the atomic number of elements present in
the structure.”® Since nitrogen has a higher atomic number
than boron, it will appear brighter. Carbon by extension would
have an intensity that lies between that of nitrogen and boron.
Using fast Fourier transformation (FFT) to get a high signal-
to-noise ratio, we were able to achieve a sub-angstrom spatial
resolution to distinguish individual atoms in the hBN lattice.
This is evident in Figure 3a where the intensity variation for
adjacent atoms was also observed. The intensity profile along
line L4 in Figure 3b shows three distinct crests: nitrogen
(highest one), boron (lowest), and carbon (intermediate).
Line scans along L1 and L3 also help to spot nitrogen, boron,
and carbon. Based on these intensity profiles, we identify the
atoms corresponding to different sites for the hexagon RI1
(shown by white boundary). To further substantiate our
atomic markings, Figure 3c shows EELS spectra from
individual hexagons in the region. The carbon K-edge around
285 eV is present in the spectrum from hexagon marked RI.
For reference, the EELS spectrum from the adjacent region (P)
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Figure 3. Arrangement of carbon in hBN. (a) Inverse FFT image of “Area 4” showing significant intensity variation across different atomic sites.
The dashed rectangular region is considered for theoretical modeling. Inset: corresponding fast Fourier frequency pattern in the reciprocal space of
area 4. (b) Intensity profiles along different lines marked L1, L2, L3, L4, and LS. Region R1 has carbon, while region P is pristine. The intensity is
normalized with respect to the nitrogen atom intensity. (c) EELS spectra recorded from P (top) and R1 (bottom). The carbon K-edge around 285
eV is indicated by a dashed line. (d) Magnified version of the dashed rectangular region in (a) with atoms marked.

is also depicted. It is characterized by boron and nitrogen with
little or no evidence of carbon. The remaining HAADF
intensity profile and EELS spectra from within the region are
shown in Section S7 of the Supporting Information. Thus,
using the dual identification protocol comprising HAADF-
STEM imaging and scanning EELS, we can label each atom in
“Area 4”. Figure 3d depicts such a case, where atoms have been
labeled based on the obtained HAADF-STEM and EELS data.
We can see that carbon is replacing both nitrogen and boron in
some of the atomic sites (for a complete picture, see Section
S6 of the Supporting Information). Overall, the experimental
results suggest that this carbon-complex structure could be
responsible for the optical emission obtained from this sample
region. We investigate this further through first-principles
calculations, as discussed below in the next section.

We made use of density functional theory (DFT) to support
the experimental identification mechanisms employed in this
work. We start by considering a slightly simplified version
(Figure 4a) of the full carbon-complex defect structure
proposed from experiments (see Supplementary, Section S6).
In this way, we attempt to minimize the complexity of the
defect structure within the finite-size simulation cell, while
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aiming to get an idea of the hybridization effects and
interdefect interactions among the neighboring carbon
substitutions. These are some of the key aspects of the results
described herein, compared to previous recent work on carbon
defects in hBN.”' ~***" Altogether, our defect complex (dotted
square in Figure 4a) consists of a carbon dimer (CzCy) and a
set of four carbon substitutions (three C; and one Cy), three
of which are “nearest-neighbor” to the dimer, in line with
(Figure 3d) from experiments.

Figure 4b presents the calculated charge-state transition
levels for the defect complex in Figure 4a. From these results,
we see that this defect complex could exist in five different
charge states depending on the “local Fermi level”. It should be
noted, however, that typical hBN samples have Fermi levels
above the midgap.’” Assuming the sample studied herein is
typical, we focus on the +1, 0, and —1 charge states, as they are
the most likely to form. In Figure 4c we plot the Kohn—Sham
(KS) eigenvalues of the carbon complex in the relevant charge
states (with the +2 case added as a reference to make the trend
across the charge states clearer). These defect complexes
feature a number of defect states within the bandgap of hBN,
which arise from the combination of individual substitutions
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Figure 4. First-principles modeling of experimental defect structure. (a) Atomic structure of the carbon defect complex in bulk hBN used in our
calculations, formed by six carbon atoms substituting neighboring boron and nitrogen sites (dashed square in lower panel). (b) Thermodynamic
charge-state stability. (c) Energy levels for some of the defect charge states from (b). (d) Absorptive transition dipole moments (TDMs) between
frontier (10 occupied/unoccupied) defect states. Only the transitions with energies falling within the spectral region of interest are shown. (e)
Transition densities for the peaks outlined in (d). All isosurfaces are set to 1x 1075,

considered within the complex, with some degree of mixing/
hybridization due to their spatial proximity.

From the energy levels in Figure 4c we see that, in principle,
intra-bandgap electronic transitions are possible for the three
defect charge states of this carbon complex, either from
corresponding highest-occupied molecular orbitals (HOMO)
or from lowest-energy occupied defect states lying within the
bandgap. In order to pinpoint possible similarities between the
optical transitions of this complex and the optical features
typically observed in defect-related quantum emitters in hBN
(e.g., Figure 1c), we calculate the transition-dipole moment
(TDM) matrix elements. This would be analogous to
calculating the “dielectric response” at the defect site (see
Section S10 of the Supporting Information for further details).
In doing so, we consider transitions between the highest 10
occupied and lowest 10 unoccupied states of the carbon
complex to include potential shallow bulk-to-defect or mixed
transitions.

The obtained results are summarized in Figure 4d. In all
three charge states, we find plausible transitions that lie close to
(or below) the excitation energy relevant for experiments
(~2.33 eV). With this, given the relatively small Franck—
Condon shifts and Huang—Rhys factors for tentative carbon-
based and intrinsic point defects studied in hBN,”®*"**>* we
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think it is possible that such carbon complexes have optical
features similar to those observed in experiment, in particular,
reminiscent of those corresponding to isolated (or paired)
substitutions. Interestingly, there seems to be a relative
suppression (~10-fold) of the optical activity of this complex
when in its neutral charge state (second panel of Figure 4d).
Given the relative proximity of the charge-state transition
levels, this could translate into optical “blinking” behavior
under constant illumination. Lastly, a good number of apparent
optical transitions within the studied excitation region have
decently high degrees of linear polarization (blue versus purple
lines). This can be further seen from the transition densities in
Figure 4e, plotted for some of the transitions in Figure 4d
(marked with “charge state (transition number)”. This is
another key feature typical of SPE from hBN, and could also
hint at possible disentangled contributions from the individual
components of the defect complex studied herein (e.g,, single-
carbon substitution). For instance, most of the transition
densities show a lack of contribution from carbon members
within the full defect complex. These observations tie well with
the previous notion of such complexes as “weakly interacting
single-carbon defects” in hBN. Overall, given the results
outlined herein, we suggest carbon complexes like the one
studied herein could be partly responsible for the observed
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quantum emission from point defects in hBN. A comparison of
our results to the existing reports in presented in Table 1.

Table 1. Comprehensive Summary of Our Results
Compared against Results from Recent Relevant Studies on
Carbon Defects in hBN“

Emission
Reference (ev) Methodology ~ Defect/complex
This work ~2.16 HAADF; Carbon complex
STEM-EELS (obs)
Kumar et al.”"* ~2.15 DFT CyCy CCy
(prop)
Zhong et al.*® ~2.24 DFT Cz—Cy DAP
(prop)
Li et al.”’ ~1.98 STEM-ADF Vac/C-subs (obs)
Mendelson et al.'®  ~2.12; .95 DFT; PL VsCy (prop)
spectroscopy
Tan et al.*° ~2.18 DFT HP-c DAP
(prop)

“Notation: “obs” stands for observed, “prop” for proposed, “Vac” for
vacancy, and “C-subs” for carbon substitutions.

In summary, we have established a direct experimental
correlation between visible emission from point defects in hBN
and the underlying atomic structure. Using high-resolution
STEM-EELS, we propose a carbon complex to be responsible
for the 2.16 eV emission in hBN. Thanks to the elemental-
specific signatures obtained from EELS and HAADF image
contrast, we observe the exact atomic configuration of the
defect complex. The proposed defect configuration responsible
for the 2.16 eV emission was further studied via first-principles
calculations using DFT. Overall, the thermodynamic charge-
state transitions, electronic structures, and possible optical
features obtained from DFT support the carbon complex
derived from experiments as a possible defect structure
responsible for the observed optical emission. Our findings
suggest an interesting alternative among the carbon-related
defects behind hBN SPEs, in line with prior work but
somewhat unexplored. Lastly, the experimental techniques
explored in this work provide an interesting approach toward
on-site identification of defect emission in solid-state materials,
which could enhance creation and control of quantum emitters
in these platforms.

B METHODS

Sample Preparation. Bulk hBN crystal used for
exfoliation was purchased from 2D semiconductors. Flakes
were exfoliated using Scotch tape on a Si substrate with a 285
nm SiO, layer. The substrate was cleaned in acetone and
isopropyl alcohol prior to exfoliation. For electron irradiation,
the SEM chamber was evacuated to a pressure of SX 107%
Different areas of the flakes with a frame area of 1800 X 2400
nm? were irradiated for 20 s each. The sample was
subsequently annealed in argon atmosphere at 850 °C for 2
h under continuous argon flow. The flow rate was adjusted to
be at ~20 sccm.

Optical Measurements. All our optical measurements
were done at room temperature in a customized WITEC Alpha
300 confocal microscope. A 532 nm continuous-wave (CW)
laser was used for excitation and focused onto the sample using
an Olympus 100X objective with a NA of 0.95. A 550 nm cut-
on dichroic was used to suppress the back reflected laser from
the light collected through the objective. The collected signal
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was fiber-coupled to a spectrometer (Princeton HRS 500)
equipped with an Andor CCD camera. All spectra were
acquired for 10 s using a 600 lines/mm optical grating.

STEM-EELS Measurements. HAADF-STEM images and
EELS spectra were acquired using a JEOL NEO ARM 200F
(equipped with Cs corrector and a postcolumn Gatan EELS
spectrometer). The system has dedicated ultrahigh-vacuum
STEM, combined with cold field-emission guns operating at
200 kV. HAADF-STEM imaging was recorded with the pixel
size 0.0066 nm and dwell time 15 ys with the probe current of
16—18 pA. Also, HAADF inner and outer collection angles
were set to 68 and 280 mrad, respectively. Using low-
resolution STEM imaging, we found the location of the emitter
by aligning the optical image of the flake. At the same time,
elemental EELS mapping was carried on the same location
(see Figure 1). Second, EELS spectra and spectral images of
subnanometer areas (1.192 X 0.894 nm?, with 40 X 30 pixels)
covering a few atoms were recorded with the Gatan EELS
spectrometer. An EELS spectral mapping with zero-loss has
been captured with dispersion of 0.24 eV/ch (perfectly
covering boron, carbon and nitrogen k edge signals), probe
convergence angle of 28 mrad and collection angle of 12.5
mrad. Such dispersion really helps in aligning the boron and
nitrogen k edge signals. Furthermore, to minimize the spatial
drifting of the sample at the atomic resolution, we optimize the
spectral image that has been acquired with a pixel size of 0.028
nm and a pixel time of 0.05 s. The total acquisition time for
STEM-EELS experiments performed in this work amounted to
~ 2 min.

First-Principles Calculations. All DFT calculations have
been performed using the Vienna ab-initio simulation package
(VASP) code.”® In VASP, the projector-augmented-wave
(PAW) method is employed to treat core electrons in the
form of atomic pseudopotentials.”® The remaining valence
electrons are treated explicitly, in our particular case using the
Heyd—Scuseria—Ernzerhof (HSE) functional to approximate
exchange-correlation interactions, with the exact-exchange
mixing parameter a = 0.4.°>"” We use the scheme of Grimme
to treat van der Waals interactions, which are key in simulating
bulk hBN within DFT.**"® The valence electrons are
expanded in the plane-wave basis using a kinetic-energy cutoff
of 500 eV. To ensure atomic positions and wave functions are
sufficiently converged, the optimizations run until forces and
energy changes are below 107> and 1075, respectively. This
global choice of simulation parameters is mostly based on
previous work,”***! where they have provided reasonable
treatment for the optoelectronic properties of carbon-related
point defects in hBN. Further details regarding the defect
structure and other parameters are included in Section S 10 of
the Supporting Information.
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Height-profile analysis of Sample 1 (Section S1), PL
analysis of Sample 1 (Section S2), identifying emission
site in TEM (Section S3), EELS elemental mapping of
frames 4 and S (Section S4), HAADF-STEM micro-
graphs and EELS of pristine hBN (Section SS),
complete atomic identification within “Area 4” based
on HAADF intensity (Section S6), elemental identi-
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fication of pristine ring “P” (Section S7), EELS spectrum
of rings “R2”, “R3”, and “R4” (Section S8), HAADF-
STEM micrograph and EELS spectrum of areas “5S—12”
and their corresponding EELS spectra (Section S9),
first-principles simulations (Section S10), “Sample 2” -
EELS analysis for 657-nm ZPL (Section S11). (PDF)
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