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Color-centers in solids have emerged as promising candidates for quantum photonic comput-
ing, 2 communications, >* and sensing > applications. Defects in hexagonal boron nitride
(hBN) possess high-brightness, room-temperature quantum emission, ®"1¥ but their large
spectral variability and unknown local structure significantly challenge their technological
utility. Here, we directly correlate hBN quantum emission with its local, atomic-scale crys-
talline structure using correlated photoluminescence (PL) and cathodoluminescence (CL)
spectroscopy. Across 20 emitters, we observe zero phonon lines (ZPLs) in PL and CL rang-
ing from 540-720 nm. CL mapping reveals that multiple defects and distinct defect species
located within an optically-diffraction-limited region can each contribute to the observed PL
spectra. Through high resolution transmission electron imaging, we find that emitters are
located in regions with multiple fork-like dislocations. Additionally, local strain maps in-
dicate that strain is not responsible for observed ZPL spectral range, though it can enable
spectral tuning of particular emitters. While many emitters have identical ZPLs in CL and
PL, others exhibit reversible but distinct CL. and PL peaks; density functional calculations
indicate that defect complexes and charge-state transitions influence such emission spectra.
Our results highlight the sensitivity of defect-driven quantum emission to the surrounding
crystallography, providing a foundation for atomic-scale optical characterization.

Defects in hexagonal boron nitride (hBN) exhibit promising quantum-optical properties in-
cluding high photostability, "' narrow linewidth, ® high brightness, ® and high emission into the
zero phonon line (ZPL)."® However, both intrinsic and engineered defects in mono- and multi-layer



films exhibit large spectral variability. 1471® Additionally, some emitters exhibit distinct polarization
profiles for absorption and emission ™ as well as different quantum efficiencies for different exci-
tation wavelengths, suggesting a complicated electronic structure. X218 Egtablishing correlation
between the emission of the defect and its local crystallographic structure can address outstanding
fundamental questions about hBN color centers and accelerate their technological development.

Recent progress in super-resolution optical microscopy and cathodoluminescence (CL) spec-
troscopy has enabled localization of radiative emission beyond the diffraction limit. For example,
quantum emission from hBN has been visualized with 10 nm and 80 nm spatial resolution using
super-resolution techniques ™ and CL spectroscopy %, respectively. However, to date, these tech-
niques have not provided the requisite resolution to correlate quantum emission with local crys-
tallographic structure, including strain and defects. Aberration-corrected electron microscopy 222
and scanning tunneling microscopy “**** have revealed individual defect structures in mono- and
multi-layer samples, but without correlation to the defects optical signatures. Notably, locating
color centers within an electron microscope can be extremely challenging, requiring correlated
optical and structural maps that span nearly four orders of magnitude.

Here, we correlate confocal PL. and CL spectroscopy of hBN quantum emitters with their
nano-to-atomic-scale structure using scanning transmission electron microscopy (STEM). First,
we establish a direct correlation between a defect’s PL and CL emission, showing two classes of
stable emitters: those for which both electron-beam excitation and 532-nm laser excitation gener-
ate similar optical spectra, and those for which distinct but reversible CL and PL peaks emerge.
Focusing on emitters with identical PL and CL, we use hyperspectral STEM-CL mapping and find
that multiple radiative defects are localized within a ~50 nm region. Accordingly, defect-defect
interactions and/or multiple radiative transitions within the joint density of electronic states can
influence the far-field PL spectra. Through high-resolution electron imaging, we find that the opti-
cally brightest regions have a high density of defects and dislocations. Diffraction also reveals that
strain is not responsible for the large spectral variability of observed ZPLs, though it can enable
tunability of some emitters.

Our experimental STEM-CL setup is depicted in Fig. [T[(a). A hBN multi-layer (1-5 layers)
nanoflake solution in ethanol and water is drop-cast on a holey carbon TEM substrate for PL, CL
and TEM imaging. First, we identify emission centers in multilayer hBN flakes using confocal PL
mapping with a 532 nm excitation laser. With sub-bandgap excitation “°, we excite deep-band de-
fects. We find bright emission ranging between 540-720 nm, with spectral full-widths at half-max
(FWHM) ranging from 4 to 12 nm at room temperature. Figure [I(b) and (c) include an optical mi-
crograph, PL map and PL spectrum of one such representative emitter with a ZPL of 582 nm and
two phonon replicas at 622.5 and 680.7 nm (separated by 139 meV and 161 meV from the ZPL).
We verify that the emission lines are indeed of single-photon nature by characterizing the second-
order autocorrelation function ¢ (7) using a Hanbury Brown and Twiss (HBT) setup. Without
background correction, the ¢(® () dip at zero delay time 7= 0 is below 0.5 (Fig. |l inset), con-
firming the non-classical nature of the emission. The PL emission spectra and g® of 4 additional
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Figure 1: Correlated optical and electron characterization of quantum emitters in hBN. (a)
Schematic illustration of the cathodoluminescence setup in a TEM. Two parabolic mirrors surround
the sample, and the resulting signal is collected via optical fibers and directed to a spectrometer.
An alternate light path to a PMT (not shown) can be selected by changing the mirror position. The
inset shows a high-resolution TEM image of the sample. Scale bar is 2 nm. (b) Optical image
(1) and photoluminescence map (iii) at 582 nm; STEM-HAADF image (i1) and panchromatic CL
map (iv) of the same hBN flake on a holey-carbon TEM grid. Scale bars are 1 um for the optical
images and 200 nm for the STEM images. (c) PL spectrum at the optical hotspot and CL spectra at
the regions marked in (b). The corresponding g(®) curve is plotted in the inset. The vertical shaded
area in the PL spectrum corresponds to the studied ZPL. The g(® measurement is not background
corrected.



emitters can be found in the supporting information.

We next identify the same emitters in the TEM (see methods). As seen in Fig. 1(a), we
use a focused electron probe (typical diameter of 1.5 nm) and collect the emitted light using two
parabolic mirrors positioned above and below the sample. A spectrometer and CCD enable spec-
troscopic mapping of defects correlated with high-resolution transmission electron microscopy.
An alternate light path with a photomultiplier tube (PMT) is used to rapidly map panchromatic
emission. A high-angle annular dark field (HAADF) image and corresponding panchromatic-CL
(pan-CL) image is shown in Fig. 1(b). The HAADF image shows multiple overlapping nanoflakes,
where the thickest nanoflake-stack appears the brightest. As seen from Fig. 1b panels (iii) and (iv),
within the region of brightest PL, the pan-CL image has two main emission ‘hotspots’. We col-
lect spectral signatures from each region, with representative point-spectra shown in Fig. [I(c). We
find that for this particular nanoflake, the CL spectra of region 1 matches well with the PL spectra
whereas region 2 has a broad spectral peak at 420 nm that is prevalent throughout this flake as well
as in many additional flakes. The ZPL in region 1 has a broader FWHM in the CL spectrum (10
nm) than the PL spectrum (6 nm), a consequence of the CL spectrometer resolution (~10 nm). In
addition to the ZPL, two other CL peaks are seen at 614 nm and 633 nm; as will be shown later,
the first is from another nearby defect while the second is a phonon sideband.

We zoom into region 1 of Figure 1b(iv) and use hyperspectral CL imaging to map local
emission with ~30 nm spatial resolution. Figure 2a shows a HAADF image of region 1, where
the intensity corresponds to the number of flakes (i.e., different sample thicknesses). CL spectra
are collected in 5 nm spatial increments throughout the region denoted by the white dotted box
(see methods for details). The three principal CL spectra and their corresponding spatial maps are
included in Fig. 2a. As seen, one constituent spectrum exhibits a 582 nm ZPL, shown by the red
spectrum and the red-colored spectral weight map (labelled c;). This emitter is a single-photon
emitter, with PL and CL that closely match. Two additional emitters are located within 30 and 80
nm of this central emitter, respectively: one emitter is near the top of the mapped region, with a
peak emission at 614 nm (purple map, c;), while the other is near the bottom right with a peak
emission at 600 nm (blue map, c3). The centroid of each emitter is boxed on the HAADF image.
Interestingly, the 600 nm emitter (blue rectangle) is situated in a region where thickness of the
stack changes, indicating a nanoflake edge.

The spectrum of Fig. 2a/c; also illustrates a recurring emission profile with four higher en-
ergy peaks at 433, 461, 490 and 532 nm. We have related these blue higher energy peaks in 3
spatially-distinct but spectrally-similar signatures single-photon emitter CL spectra (see SI), all
with ZPL peaks at 578-590 nm, with two possible phonon replicas in PL. In all three cases, the
highest two energy peaks (433 and 461 nm) are separated by nearly the hBN phonon energy ~180
meV). Such CL spectra could emerge from closely spaced (sub-20 nm) emitters and their phonon
sidebands. The recurrent nature of the higher energy peaks suggests that such emitter(s) commonly
accompany the 580 nm emitter.
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Figure 2: Cathodoluminescence mapping reveals multiple and distinct quantum emitter
species within a diffraction-limited optical spot (a) STEM-HAADF image of region 1 in
Fig. 1(b) and cathodoluminescence spectral weights (normalized to each component) of the white
marked region. The red, purple, and teal colored boxes in the HAADF image are positions of the
brightest pixels of the cy, ¢ and c3 spectral components. The decomposed spectra are plotted next
to the spectral weights. The PL spectrum of the corresponding hotspot is also plotted in black
dotted line. Scale bar in the HAADF image is 100 nm and each pixel in the CL spectral map is
5 nm. (b) CL spectral maps of another region hosting two different quantum emitters at 571 nm
and 704 nm. The PL spectrum is a result of multiple defects as seen through CL spectral weight
mapping. Pixel size in the CL map is 14.8 nm and the scale bar in the HAADF image is 200 nm.



PL spectra can also, in some cases, result from multiple single-photon emitters within one
diffraction-limited spot. Figure 2b illustrates one such case. As seen, the PL spectrum (black
dotted line) exhibits two distinctive, sharp peaks at 571 nm and 704 nm. Through hyperspectral
CL mapping, we see that the two emission lines are actually from two different emitters which
are separated by 50 nm, shown in the blue and red CL maps respectively. The smaller PL peak
at 625 nm 1is likely a combination of the 570 nm emitter phonon sideband (blue solid spectrum
with a small peak at 620 nm) and an additional radiative defect active only in CL emitting at 625
nm (purple map). A fourth point defect at 682 nm is also evident upon electron beam excitation,
shown in the green map. Finally, we observe broad emission peaking at 425-430 nm, a signal
prevalent throughout most flakes and generally very delocalized. This broad ultraviolet emission
can be associated with prevalent impurity atoms.

The spectral maps of Fig. 2 also provide an estimate of the carrier diffusion lengths. Lines-
cans of intensity across particular defect centers are plotted in SI Fig. 8. We find that the emission
intensity decreases to 1/e of its maximum value at 30-120 nm for various emitters, which enables
us to distinguish emitters with similar resolution. As will be shown below, the high density of
structural defects and dislocations near emitters may account for such short diffusion lengths.

We leverage imaging and diffraction to reveal the nanoscale structure of the emitting regions,
yielding important insights about the emitters’ structure and local environment. Fig. 3(a) presents
the HAADF image and CL spectral map for an emitter exhibiting a ZPL of 578 nm; Fig. 3(b)
shows the corresponding CL and PL spectra. High-resolution TEM enables imaging of the emitting
region and it’s immediate surroundings, shown in Fig. 3(c). Note that the brightest emitting region
is marked with a black dotted line in both the CL map and the TEM image. As seen in the inset,
the selected area electron diffraction of the region has one set of diffraction peaks; all flakes are
oriented in the (100)-direction without any noticeable lateral rotation. Thus, the lines at the top
right corner of the emitting region TEM image (Fig. 3(c), near black dotted outline) are not grain
boundaries, but rather flake edges. We then compare Fast Fourier Transform (FFT) maps of the
emitting regions with those of the optically inactive regions. Intriguingly, the emission region
has visible ‘streaking’, due to high dislocation densities (teal square region, Fig. 3d). The inverse
FFT (IFFT) images, constructed by capturing a pair of FFT points (marked with white circle in
the FFT images), show many stacking fault and fork-like dislocations in this region. This result
is in contrast to other, non-emitting regions, which show no noticable FFT streaking. Additional
optically active regions are presented in the SI, where we observe both the presence of ‘missing
atom’ type defects as well as nearby small lattice rotations (supported by a grain boundary or array
of dislocations).

Our technique also allows correlation of optical emission with the region’s local strain. We
reconstruct strain maps of the emitting regions using nano-beam electron diffraction (NBED), col-
lecting diffraction images every 2 nm (see SI for details). To estimate the local strain variation in
multilayer hBN, we focus on regions without noticeable lateral rotation (that is, showing only one
set of diffraction disks). The strain component maps of the region marked in Fig. 3(a) are presented
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Figure 3: Correlating quantum emission with local crystallographic structure and strain (a-
b) HAADF, CL spectral map, and corresponding PL and CL spectra of one emitter with a ZPL at
578 nm. The scale bar is 50 nm for the HAADF image and 20 nm for the CL spectral map. (c)
TEM image where the optically-brightest pixel is marked by the black dotted line. The scale bar
is 10 nm. (Inset) Selected area electron diffraction pattern of the entire region. (d) FFT patterns of
the two marked regions in (c). (e) IFFT images of the two regions in (c), constructed by taking an
image mask around the marked (100) pair of points in (d). Multiple fork dislocations are observed
in the bright region. (f) The nano-beam electron diffraction pattern collected by averaging over
a 35x35 pixel region and reconstructed strain maps for the region marked with the orange dotted
rectangle in (a). The orthogonal vectors @ and ¥ are marked. The scale bar is 10 nm. (g-h) HAADF,
CL map and corresponding PL. and CL spectra of another emitter. The scale bar is 200 nm. (i)
Strain maps along x- and y-directions show negligible strain in the optically bright pixels. Scale
bar is 20 nm. The color bar is same as (f). The localization of the CL bright spot to the strain map

(the dotted black box) has at most a 6 nm drift error in both the x- and y-directions (see SI).
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in Fig. 3(f), where the position of the brightest pixel of the CL map is marked with the black dotted
rectangle. As seen, a large strain variation in the hotspot is observed compared to the surrounding:
the mean compressive strain is 1% with a standard deviation of 1.5% along the y direction and
0.36% =+ 0.6% along the x direction. On the other hand, the emitter of Fig. 2(a) with a ZPL at
582 nm is localized in a relatively unstrained region with a mean strain variation of —0.2% (SD
=0.18%) and —0.5% (SD = 0.5%) along x and y directions, respectively (see SI Fig. 4(a)). While
the error in strain mapping is relatively large (rms error 0.23% for &, and ~ 0.54% for &, due to
flake tilt in random directions), the observed variation (4 nm = 15 meV) between the ZPLs of these
two emitters with similar spectral signatures can be due to this local strain variation. Such spectral
variation upon externally-applied strain is consistent with previous reports. %27 Interestingly, the-
oretically predicted tunability (meV/% strain) is on the order of 50-100 meV/%, much larger than
what we observe (see SI Fig. 1 and Ref. 10). Our theoretical calculations suggest that out-of-plane
distortions could also impact emission, as they are known to compete with atomically flat config-
urations. 2222 While large hBN sheets are expected to force defects to the in-plane configuration,
the observed proximity to dislocations suggests that our nanoflakes could be sufficiently weakened
to allow out-of-plane distortions.

As shown in Fig. Ekb), we also observe three peaks at 532 nm, 582 nm and 650 nm in a
relatively unstrained region. Another emitter at 712 nm is also observed in a region where the
mean absolute strain is < 0.2% with SD< 0.6% (SI Fig. 4(b)), indicating that strain is not a
requisite condition for spectrally-variable emission. Indeed, the spectral separation between the
530 nm and 712 nm emission peaks is larger (0.5 eV) than the calculated tunability of emission by
strain for known defects and defect complexes (see SI Fig. 1 and Ref. |10,127), indicating several
distinct defect species must be responsible for the observed emission range.

Finally, Fig. 4 presents a library of defects excited by both laser and electron-beam irradi-
ation, all of which are repeatable and stable upon electron beam and laser irradiation. Across 20
measured color centers, we observe two distinct emitter classes, examples of which are plotted in
the left and right columns of Fig. 4. The first class of emitters (left column) exhibits PL. emission
lines that are well-matched to CL emission lines (E;-Eg and Eg’). These PL spectra are readily
reproduced after electron beam exposure. We note that there are certain peaks that do not appear
in CL. For example, for E;, the broader emission at 575 nm is red shifted in CL.

The second class of emitters has a very different CL signature from their PL. For these emit-
ters, we collect CL signatures of all bright regions separately, as described for Fig. 1; however,
none match the ZPL observed in PL. The second column of Fig. 4 plots the brightest CL signa-
tures for these emitters. Most of these defects are not destroyed under the electron beam as we can
reproduce them in PL after electron beam imaging, indicating that any electron-induced change
in the environment is reversible. For example, the CL of E¢’, E; and Eg is red-shifted by 10 nm,
but the original ZPL can be reproduced in PL after e-beam exposure. Possibly, the orbital wave-
function of such emitter energy level is more sensitive to external stimuli, including electron beam
induced carrier screening or the local temperature. The 575 nm emitter (Eg) is permanently altered
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Figure 4: Classifying two families of stable emitters with correlated photoluminescence and
cathodoluminescence. The first family of emitters, shown in the left column (E;- E§) has closely-
matched spectra upon optical and electron beam excitation. For Eg and Eg”, we plot two CL spectra
given the broadly-separated PL peaks at 580nm and 530nm (see SI for details). The second family
of emitters, shown in the right column, has distinct PL and CL, though the PL is reproducible
after electron beam irradiation. E;, Eg and Eg” show slight spectral shifts in CL. Eg is altered
permanently during electron beam exposure.



after electron-beam imaging, which can be due to the lower formation energy of the defect in-
volved. ZPLs in the wavelength range 640-720 nm (E;y-E;2) are dim or not present under electron
beam excitation, and their corresponding CL spectra show prominent peaks in the 540-550 nm
range. This discrepancy between the PL and CL spectra could be due to a change in the emitter
charge state !, or due to a nearby emitter that is not excited by 532-nm light but captures carriers
competitively in the CL process.
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Figure 5: First principles thermodynamic quantities for multilayer hBN. (a) Fermi level for-
mation energies calculated using the appropriate charge correction for four representative defects
(Vn, CgVn, NgVy and O,5Vy) in various charge states, with corresponding charge transition
levels shown in (b). Multi-component defects are found to have higher formation energies.

Together, our observations indicate that the quantum emitters are likely defect complexes
and that the surrounding nanoscale structure must be taken into account to understand their elec-
tronic level structure. First, we note that the stability of defects under electron irradiation points
toward higher-energy complexes. Using first-principles calculations based on density functional
theory (DFT), we predict the formation energies for four defects (Vy, CgVn, NgVy and OopVy).
As seen in Fig. 5a, multi-component defect complexes like NgVy and O9pVy are harder to form
and therefore more resilient to electron beam exposure. Our results are consistent with recent the-
oretical work showing that simple impurities are highly mobile. °. We hypothesize that electron-
beam-stable defect complexes could form from merging of these mobile impurities; we also note
that the 580 nm ZPL (Es-E; in Fig. 4) has been associated with the neutral Ny Vy emitter in group-
theory-based modeling ®!' and previous DFT studies. #1%32 Our calculations also reveal multiple
charge-state transition levels within the bandgap and at ultraviolet frequencies, shown in Fig. 5b.
Such charge-state transitions are likely accessed more easily by electron excitation, for example
through electron-beam charging of hBN and subsequent shifting of the local Fermi level. Inter-
estingly, these charge-state transitions have significant impact on the defect orbital structure, as
seen in SI Fig. 1. These charged-states possess a variety of possible excited state configurations,
enabling many emission pathways and, accordingly, a multitude of spectral lines.

In conclusion, we have established a direct correlation between PL, CL, and local crystallo-
graphic structure of quantum emitters in hBN. CL hyperspectral mapping reveals multiple emitters
within a diffraction-limited optical spot, each contributing to the PL spectra. High resolution elec-
tron imaging and diffraction indicate the presence of multiple stacking-fault and fork dislocations
in the optical hotspot. Further, the large spectral variability of the ZPLs is not due to strain, but
rather more likely the multiple defect species and complexes. Importantly, most of the emitters
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are stable upon electron and optical irradiation. Beyond structure-function correlations, our results
point to the intriguing possibility of electrically exciting quantum emitters. Looking forward, we
envision Angstrom-scale imaging of a variety of monolayer materials, revealing the rich photonic
properties that emerge with atomic-scale architecting and ‘defects by design’.

Methods

Sample Preparation: 2.5 ;L of hBN nanoflakes (each flake 1-5 monolayers) in ethanol-water so-
lution (Graphene Supermarket) is dropcast on cleaned holey carbon TEM grid (Quantifoil 0.6/1).
The samples are dried in a vacuum bell jar at 80 °C for 30 minutes and annealed for 2 hours un-
der ambient pressure and environment at low temperature (200-220°C) due to the stability of the
ultra-thin carbon TEM substrate. Samples are stored in a glovebox under Ar.

Optical Characterization: The photoluminescence maps of the hBN nanoflakes are acquired
using a Horiba confocal Raman microscope, with a 100x objective (NA = 0.6), an excitation laser
power of ~100 ©W at 532 nm, and a grating of 600 lines/mm groove density. The typical laser
spot size is ~600nm and the acquisition time is 1 sec for each spectrum.

Correlation g/ measurements: Second-order autocorrelation measurements are performed us-
ing a Hanbury Brown and Twiss setup. The quantum emitter (QE) is excited by a 532 nm con-
tinuous wave laser through a laser line filter, and the photoluminescence from the QE is filtered
by a dichroic filter (Semrock FF552-Di02-25x36) and a bandpass filter centered around the QE
emission wavelength, and collected into a multi-mode fiber. The photoluminescence is directed
towards a fiber beamsplitter; at the two output ports of the beamsplitter are two single-photon
counting modules (SPCMs, Perkin-Elmer SPCM-AQR-14-FC). One SPCM is used as a start sig-
nal and the second used as a stop signal. By measuring the time delay between the two successive
photon arrivals, a histogram of occurrences as a function of time delay is constructed. The photon
counts were correlated using a PicoHarp300 time-correlated single-photon counting module, with
a count rate of 10k cps and a typical integration time of 20 minutes for one dataset. For this
measurement, the excitation laser power is kept below 20uW to prevent degradation of both the
emitters and the thin carbon film (~12 nm) TEM grid.

STEM-Cathodoluminescence characterization: The electron microscope FEI Titan is oper-
ated at 80 kV. The Gatan Vulcan Cathodoluminescence TEM holder is used for light collection
in STEM. The holder has two mirrors positioned above and below the sample. A hole of about 500
pm in the mirrors allows the electron beam through. The reflected light is focused onto two optical
fibers (multimode step index) and directed onto the photomultiplier tube (PMT) for panchromatic
mapping or to the grating and CCD (cooled to -60°C) for spectral mapping. The two mirrors in the
CL holder are focused and the collection window is 200 pm in diameter. We use two fiber-coupled
(multimode) LEDs (red and green) to align the two hotspots from the two mirrors after loading the
sample.

The panchromatic photon pulse counting maps using the PMT are collected as 512 x 512 pixels
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and each pixel acquisition time is 60 ps. For this mapping, C2 aperture is chosen to be 70 pm
(convergence semi angle is 14 mrad) and the STEM spot size (non monochromated) is chosen as
either 6 or 7 (depending on the emitter intensity) and the screen current is 20 pA (spot size 7) or 40
PA (spot size 6). The spectral maps are collected using a 150 lines/mm grating and an acquisition
times of 4s-8s per pixel, again depending on the intensity of the particular emitter. The spot size
for this mapping is 6 and screen current is 40 pA. Software drift correction (after every 3 rows) is
on during the collection. Samples are usually very stable with minimal drift. Dark corrections are
performed at the end of collection of each maps. All mapping is done at room temperature.

Correlation of optical and electron micrographs: The TEM substrate is supported by a Au
grid where each square in the grid is 40 pm x 40 um. We focus on the central 4 squares, as those
can be positioned to be in the CL holder optical hotspot (~ 200um in diameter). The 4 corners
of each square serve as alignment markers for the region of interest; we note coordinates of each
corner and each emitter region to triangulate distances from each corner. We take optical images of
the entire square with a 100X objective and mark these regions with respect to the corners. Before
STEM-CL imaging, we obtain TEM images at 70X-100X magnification (LM mode). We then use
previously calculated distances from the corners and the 100X optical image to locate the regions
of interest; this method is accurate to 1-2 ym. For higher-accuracy mapping, we use a numbering
system for the holes (i.e., recording the number of holes in x and y direction from any specific
corner) to determine the appropriate position in the TEM. For localization beyond the diffraction
limit, we collect STEM panchromatic-CL maps as described in Fig. [I(b). This method allows us
to determine how many ‘bright’ emitters are located inside the ~500 nm optical PL hotspot. Next
we collect spectral signatures of each bright region as described in main text.

NBED diffraction experiment: The C2 aperture size is chosen as 10 um (convergence semi
angle of 2 mrad), the spot size is 11, the screen current is ~1 pA, each pixel acquisition time is 0.1
s, and each diffraction image is 4k x 4k.

CL Spectral decomposition: Spectral decomposition is performed using HyperSpy package in
Python 2. Any noise peaks are removed and the spectra are smoothed with LOWESS/ LOESS
weighted regression algorithm using a smoothing parameter of 0.04. We perform principal com-
ponent analysis (PCA) on the dataset to estimate the number of spectral components from the PCA
weights. Finally, non-negative matrix factorization is performed with this number of spectral com-
ponents to calculate the spectral weights and spectra.

First Principles Calculations: Multilayer hBN is modeled using DFT. Thermodynamic prop-
erties are calculated with appropriate charge correction (see SI for details). Shifts in transition
energies with strain are determined to be optically allowed by analysis of the corresponding mo-
mentum matrix elements (¢;|p|t¢). In order to capture the optically-relevant transitions in these
defects, the HSE functional®* was used with mixing parameter o« = 0.31, which has been shown to
capture the ~ 6 eV band gap of hBN with high accuracy??. Where appropriate, spin polarization is
included. See SI for more details, including orbital diagrams and strain maps presented in SI Fig.
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