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Single-photon emitters (SPEs) in solids have emerged as prom-
ising candidates for quantum photonic sensing1–3, communi-
cations4,5 and computing6,7. Defects in hexagonal boron nitride 

(hBN) exhibit promising quantum-optical properties, including 
narrow linewidths8–10, high brightness8, high photostability11,12 and 
high emission into the zero phonon line (ZPL)13. However, both 
intrinsic and engineered defects in mono- and multilayer films 
exhibit large spectral variability14–16. Additionally, some emitters 
exhibit distinct polarization profiles for absorption and emission17 
as well as distinct quantum efficiencies for different excitation 
wavelengths, suggesting a complicated electronic structure11,12,18. 
Strain has been postulated to be responsible for such spectral vari-
ability10, where density functional theory calculations have pre-
dicted multiple defect structures as candidates19,20. However, the 
origin of the reported spectral variability of single-photon emitters 
remains unknown. Establishing a correlation between the emission 
of an SPE and its local crystallographic environment is a neces-
sary step towards defect identification and application in various  
quantum technologies.

Recent progress in super-resolution optical microscopy and 
cathodoluminescence (CL) spectroscopy has enabled localization of 
radiative emission beyond the diffraction limit. For example, quan-
tum emission from hBN has been visualized with 10-nm and 80-nm 
spatial resolution using super-resolution techniques21 and CL spec-
troscopy22,23, respectively. However, to date, these techniques have 
not provided a one-to-one correlation between emission and any 
structural property, including strain and defect structure. In par-
allel, aberration-corrected electron microscopy24,25 and scanning 

tunnelling microscopy26–28 have revealed individual defect struc-
tures in mono- and multilayered materials, but without correla-
tion to the optical signatures of the defects. Notably, locating SPEs 
within an electron microscope can be extremely challenging, since 
most samples possess a small density of visible SPEs. Furthermore, 
most transmission electron microscopes (TEMs) lack optical excita-
tion and detection capabilities, and the effect of the electron beam 
on single-photon-emitting defects remains unknown.

Here, we correlate the photoluminescence (PL) and CL spectro-
scopic signatures of hBN visible-frequency SPEs with their local 
strain using scanning transmission electron microscopy (STEM). 
First, we establish a direct correlation between the PL and CL emis-
sion of an SPE, showing two classes of stable emitters: those for 
which both electron-beam excitation and 532-nm laser excitation 
generate the same emission spectra, and those for which CL peaks 
are spectrally shifted. We then use hyperspectral STEM–CL map-
ping 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. Using high-resolution 
electron imaging, we find that about 30% of the studied emitters 
are positioned at least 12 nm away from any possible flake edges. 
Then, using nanobeam electron diffraction, we measure strain 
variations in the ~20-nm regions surrounding the SPEs. A number 
of SPE wavelengths are observed without considerable strain varia-
tion, indicating that strain is not solely responsible for the observed 
spectral variability. Importantly, our results show that emitters 
can be classified into at least four distinct SPE defect species,  
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with each species responsible for the 580, 615, 650 and 705 nm 
spectral regions.

Correlation of photo- and cathodoluminescence spectra
Our experimental STEM–CL set-up is depicted in Fig. 1a. A hBN 
multilayer (1–5 layers) nanoflake solution in ethanol and water is 
drop-cast onto a holey carbon TEM substrate for PL, CL and TEM 
imaging. First, we identify emission centres in multilayer hBN 
flakes using confocal PL mapping with a 532-nm excitation laser. 
With this sub-bandgap excitation29, we excite defects lying deep 
in the bandgap. We find bright emission ranging between 540 and 
720 nm, with spectral full-width at half-maximum (FWHM) values 
ranging from 4 to 12 nm at room temperature. Figure 1b,c includes 
an optical micrograph, PL map and PL spectrum of one such rep-
resentative emitter, with a ZPL at 582 nm and two phonon repli-
cas at 622.5 and 680.7 nm (separated by 139 and 161 meV from the 
ZPL). We verify that the emission lines are indeed of single-photon 
nature by characterizing the second-order autocorrelation func-
tion g(2)(τ) using a Hanbury Brown–Twiss (HBT) set-up. Despite 
the high background contribution at room temperature, the zero-
delay (τ = 0) dip in the unnormalized coincidence count in Fig. 1d 
is indicative of the dominant emission from non-classical emit-
ters. The g(2)(τ) on the right y axis of Fig. 1d, which is estimated 
on the basis of the coincidence count at 4 μs, can be an overestima-
tion due to longer delay time (>4 μs) bunching effects observed in 
hBN emitters12,30. Additional emitters with g(2)(0) well below 0.5 are 
included in the Supplementary Information; the similarity between  
our observed PL spectra and those of the reported hBN quantum 
emitters8,9,30 further supports the non-classical nature of the emitters 
that we studied.

We next identify the same emitters in the TEM (see Methods). 
The process of light generation in CL is incoherent: electrons excite 
a high-energy bulk plasmon (~20 eV for hBN), which decays within 
a femtosecond time period to generate multiple electron–hole 
pairs22. As shown in Fig. 1a, 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 (charge-coupled device) enable spectroscopic mapping 
of defects correlated with high-resolution transmission electron 
microscopy. An alternative light path with a photomultiplier tube 
(PMT) is used to rapidly map panchromatic emission. A high-angle 
annular dark-field (HAADF) image and corresponding panchro-
matic-CL (pan-CL) image are shown in Fig. 1e. The HAADF image 
shows multiple overlapping nanoflakes, where the thickest nano-
flake stack appears as the brightest. As seen from Fig. 1b,e, within 
the region of brightest PL, the pan-CL image has two main emission 
‘hotspots’. We collect spectral signatures from each region, with rep-
resentative smoothed-point spectra shown in Fig. 1f. We find that 
the CL spectrum of region 1 matches well with the PL spectrum, 
whereas region 2 has a broad spectral peak at 420 nm that is preva-
lent 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 in the PL spectrum (6 nm), which is probably a consequence 
of the CL spectrometer resolution (~10 nm). In addition to the ZPL, 
two other CL peaks are seen at 614 and 633 nm; as will be shown 
later, the first is from another nearby defect while the second is 
probably a phonon side band.

Cathodoluminescence mapping of individual emitters
We zoom into region 1 of Fig. 1e and use hyperspectral CL imag-
ing to map local emission with ~15-nm spatial resolution. Figure 2a  
shows a zoomed-in HAADF image of region 1. CL spectra are col-
lected in 5-nm spatial increments throughout the region denoted 
by the white dotted box. The spectral images are analysed with 
non-negative matrix factorization31 (see Methods). The resultant 
three principal CL spectra and their corresponding spatial weight 
maps are included in Fig. 2a. As can be seen, one constituent spec-
trum exhibits a 582-nm ZPL, shown by the red spectrum and the  
red-coloured spectral weight map (labelled c1); this is the single-
photon emitter for which PL and CL 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, c2), while the other is near 
the bottom right, with a peak emission at 600 nm (blue map, c3). 
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Fig. 1 | Correlated optical and electron characterization of quantum emitters in hBN. a, Schematic illustration of the cathodoluminescence set-up in a 
TEM. Two parabolic mirrors surround the sample and the resulting signal is collected via optical fibres and directed to a spectrometer. An alternative light 
path to a photomultiplier tube (not shown) can be selected by changing the mirror position. The inset shows a high-resolution TEM image of the sample. 
Scale bar, 2 nm. b, Optical image (i) and photoluminescence map for emission at 582 nm (ii) from a hBN sample on a holey carbon TEM grid. Scale bars, 
1 μm. c, PL spectrum at the optical hotspot. d, Unnormalized photon coincidence counts for the emitter, with the right y axis showing the normalized g(2) 
counts; the black dashed line is fitted with a three-level model. The vertical shaded area in the PL spectrum corresponds to the ZPL studied. e, STEM–
HAADF image (i) and panchromatic-CL map (ii) of the same hBN flake as in b. Scale bars, 200 nm. f, CL spectra of the two regions marked in e(ii).
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Notably, even though the PL spectrum seems to only show a ZPL 
and its phonon side band, the CL spectrum actually shows another 
emitter at 614 nm, near the phonon side band peak. The centroid of 
each emitter is shown boxed on the HAADF image, and its inten-
sity is due to variations in sample thickness. A change of thickness 
or contrast indicates a flake edge; our analysis (Supplementary  
Section 7) indicates that the SPE is at least 17 nm away from any 
flake edge, where the 600-nm emitter can be situated at an edge. 
Across 15 different SPEs with clear HAADF image contrast, we find 
five that are at least 12 nm away from any flake edges and nine that 
are within 5 nm of the edges.

The spectrum c1 in Fig. 2a also illustrates a recurring emission 
profile, with four higher energy peaks at 433, 461, 490 and 532 nm. 
Such CL emission is recurrent in three spatially distinct emitters, 
with PL emission profiles consisting of a ZPL (near 578–590 nm) 
and a possible phonon replica doublet (Extended Data Fig. 1). In all 
three cases, the two highest energy peaks (433 and 461 nm) are sep-
arated by ~180 meV, which is nearly the value of the hBN phonon 
energy. Such CL spectra could emerge from closely spaced (sub-
20 nm) emitters and their phonon side bands. The recurrent nature 
of the higher energy peaks suggests that such emitter(s) at 490 and 
532 nm commonly accompany the 580 nm emitter.

PL spectra can also, in some cases, result from multiple single-
photon emitters within one diffraction-limited spot. Figure 2b illus-
trates one such case. As can be seen, the PL spectrum (black dotted 
line) exhibits two distinctive, sharp peaks at 571 and 704 nm (g(2) in 
Supplementary Fig. 3). 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 is probably a combi-
nation of the 570-nm-emitter phonon side band (blue solid spec-
trum with a small peak at 620 nm) and an additional radiative defect 
active only in the CL emitting spectrum at 625 nm (purple map). A 
fourth point defect at 682 nm is also evident upon electron-beam  
excitation, as shown in the green map. Finally, we observe a broad 
emission peak at 430 nm, which is a signal present in most flakes and 
which is generally very delocalized. This broad ultraviolet emission 
can be associated with prevalent impurity atoms, such as carbon; 
previously, blue PL after ultraviolet excitation has also been linked 
to carbon centres32. Thus, hyperspectral CL mapping allows the 
delineation of PL spectra, to further reveal the existence of multiple 
optically active defects that are masked by a combination of their 
spatial positions with respect to each other and the diffraction limit.

The spectral maps in Fig. 2 also provide an estimate of the car-
rier diffusion lengths. Line scans of intensity across particular defect 
centres are plotted in Supplementary Fig. 9. We find that the emis-
sion intensity decreases to 1/e of its maximum value at 15–60 nm 
for various emitters, which enables us to distinguish emitters with 
similar resolution. As discussed in the Supplementary Information, 
the high density of structural defects and dislocations near emitters 
may account for such short diffusion lengths.

Using our spectral mapping technique, we build a library of 
PL–CL signatures for 40 stable emitters across 15 different samples. 
Figure 3 presents examples of the PL and CL responses where PL 
spectra are reproducible after electron-beam imaging (examples in 
Supplementary Section 8). Two distinct behaviours are observed: 
one class of emitters exhibits PL emission lines that are well matched 
to CL emission lines (Fig. 3a), while the second class has a CL sig-
nature that is shifted from the PL signature (Fig. 3b). In this sec-
ond class, some emitters possess only a slight CL–PL shift, while 
others show negligible visible-frequency CL. The first class of emit-
ters exhibits ZPLs predominately around 545 nm and 580–630 nm. 
Certain emitters with ZPLs near 550 and 570 nm and above 700 nm 
exhibit a 10–15-nm CL–PL spectral shift (that is, E12, E13, E2, E4, E9, 
E14, E17 and E18). Possibly, the orbital wavefunction of such emitter 
energy levels is more sensitive to external stimuli, including elec-
tron beam-induced charging, carrier screening or the local temper-
ature. Finally, we observe certain emitters with ZPLs in the range  
650–700 nm with negligible CL beyond 550 nm (that is, E19, E20 
and E24 in Supplementary Fig. 11). Such a large shift (>450 meV) 
between the PL and CL ZPLs could be due to a change in the emitter 
charge state11, or to a nearby emitter that is not excited by 532-nm 
light but that captures carriers competitively in the CL process.

Nanoscale strain mapping
We can correlate emitter optical emission with the emitter’s local 
in-plane strain using nanobeam electron diffraction (NBED). 
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Fig. 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. 1e and cathodoluminescence 
spectral weights (normalized to each component) of the white marked 
region. Scale bar in the HAADF image is 100 nm and each pixel in the 
CL spectral map is 5 nm. The red, purple and teal coloured boxes in 
the HAADF image are positions of the brightest pixels of the spectral 
components. b, The decomposed CL component spectra (solid lines, 
normalized to individual component) and normalized PL spectrum 
(black dotted lines) of the corresponding region. c,d, CL spectral maps 
and spectral components of another region hosting multiple quantum 
emitters. The PL spectrum contains two quantum emitters at 571 and 
704 nm, but is a result of four spatially and spectrally distinct defects 
as seen in d. Pixel size in the CL map is 14.8 nm and the scale bar in the 
HAADF image is 200 nm.
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We collect diffraction images every 1–3 nm across the emitter 
hotspot (see Supplementary Section 3) and reconstruct in-plane 
strain maps by fitting the positions of the diffraction discs in each 
image. The change in lattice distance at each point is calculated 
by comparing to a reference distance to measure the strain. When 
many flakes stack together, as is common in our samples, we focus 
exclusively on regions without any lateral rotation between flakes 
(that is, containing only one set of diffraction discs). Notably, this 
strain is experienced by the entire stack of hBN flakes. In Fig. 4a, 
the emitter E7 CL hotspot is marked by a black rectangle in the 
HAADF image. The PL and CL of the emitter can be seen in Fig. 4b.  
Diffraction images are collected in the red dotted rectangular 
region; an averaged diffraction image is shown in Fig. 4c. The 
strain maps along h1010i

I
 and h1210i

I
 directions are presented in 

Fig. 4d, where the position of the brightest pixel of the CL map is 
marked with a black rectangle. For this particular emitter, a large 
strain variation in the CL hotspot is observed compared to the 
surrounding area: from −2.4% to 2.2% along the u direction and 
from 0 to −2% along the v direction. On the other hand, as shown 
in Fig. 4e–h, we observe the emitter E8 at 610 nm in a relatively 
unstrained region, indicating that strain is not a precursor for 
emitter formation. To compare strain values across emitters, we fit 
each region with 2–3 different orthogonal pairs of u and v vectors 
and calculate the mean and standard deviations of the CL hotspot 
strain values over those fittings. More examples can be found in 
Supplementary Figs. 4 and 5.

Classification of distinct emitter species
Figure 5 summarizes the mean and standard deviation of strain val-
ues in the CL hotspots for ten emitters along two crystal directions. 
We can distinguish between distinct emitter species from these 
strain variations combined with their CL–PL responses, as summa-
rized in Fig. 5a–c. Our results indicate that at least four classes of 
emitters exist. First, we observe one type of defect near 580 nm (E11, 
E7 and E6). These emitters have matched PL–CL spectra but large 
strain variations amongst them. The observed spectral tunability 
(121 meV) in this class of emitters can be due to strain, which is con-
sistent with previous reports10,33 and our first-principle modelling 
(see Supplementary Section 10). Taking E6 as an unstrained emitter 
and NBVN (an anti-site defect complex where nitrogen occupies a 
boron site and a vacancy occupies the nitrogen site) as the most 
probable candidate, the grey arrow shows the calculated tuning of 
the emission wavelength, assuming 1% strain along each direction. 
We note that emitter E10 at 554 nm could be part of this same class, 
even though the strain variation is not more than 1.5% compared 
to E6; similar emitters can be seen in Fig. 5c. We hypothesize that 
the CL–PL spectral shifts of 10–13 nm (~40 meV) observed in the 
red emitters in Fig. 5 could originate from charging effects due to 
the electron beam, since an emitter positioned nearer to the carbon 
substrate will experience a different charging level to one positioned 
near the middle or top of a hBN flake.

Next, we see that the three emitters around 615 nm originate 
from another distinct defect species, which we term type ii. Notably, 
the type i emitter E6 (582 nm) and type ii emitter E8 (610 nm) are 
separated by 100 meV, with negligible strain difference, making it 
unlikely that the 615-nm emitters are strain-tuned versions of type i  
emitters. The arrow in this region indicates the calculated emission  
tuning of the nominally unstrained emitter E8 due to 1% strain 
along each direction.

We identify a third class of emitters around 705 nm. These emit-
ters have shifted CL–PL spectral responses and are shifted from the 
630 nm emitter E21 by 200 meV in energy, with at most a 1% strain 
difference. Such large spectral separation with small strain differ-
ence exceeds theoretically predicted spectral tunability with strain 
for known defects and defect complexes (see Supplementary Fig. 13  
and refs. 10,33). More examples of such type iii emitters in Fig. 5c also 
show, predominantly, shifted spectral responses between their PL 
and CL ZPLs.

Finally, the emitters around 660 nm either have very low quan-
tum efficiency under electron-beam excitation or have a much larger 
shift (>450 meV) in their CL responses (E19, E20 in Fig. 3). Given 
their very different spectral responses (and hence an uncertainty 
in the TEM–CL about the precise emitter location), we could not 
characterize their host region strain. Still, given their largely shifted 
PL–CL spectra, we can postulate that they are a distinct defect spe-
cies (type iv). These results are consistent with ref. 34, which hypoth-
esized a distinct defect nature for the 650 and 580 nm emitters.

We can combine our experimental results, first principles mod-
elling and the community’s understanding of hBN defect struc-
tures to interpret our results. Possible colour centres in hBN are 
boron monovacancies (VB), its hydrogen and oxygen complexes, 
nitrogen monovacancies (VN) and CBVN, NBVN and O2BVN (see 
Supplementary Section 10 and ref. 20). The calculated knock-on 
threshold energies to eject B and N in monolayer hBN are 80 and 
118.6 kV, respectively35. Therefore, with our electron accelerating 
voltage of 80 kV, we do not expect the monoboron vacancies (VB) to 
be stable. In particular, under 80–120 kV electron-beam irradiation, 
VB has only been observed to form in mono- and bilayer hBN, and 
once a monovacancy is formed it selectively grows into larger trian-
gles25,35,36. Similarly, VN is not predicted to be a stable single-photon 
emitter and is not active at visible-light frequencies. Therefore, our 
stable defects that have reproducible CL and PL are not these mono-
vacancy defects.
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Instead, our type i–iv emitters probably emerge from CBVN, 
NBVN and O2BVN and complexes of these defects, as well as VN with 
interstitials (Bi, Oi, Ci)37. For example, VN has been postulated to be 
a donor defect26,38, and a change of its charge state can result in a dis-
tinct CL peak from its PL peak; our type iv defects with no visible-
frequency CL but strong SPE emission in PL could be a complex 
with this donor. In particular, electron beam-induced charging can 
locally modify the potential landscape and hence the defect charge 
state. This result parallels the disappearance and reappearance of 
charged defects in bulk hBN due to probe-assisted carrier tunnel-
ling, as seen by Wong and colleagues26.

In summary, we have established a direct correlation between 
PL, CL and local crystallographic strain of quantum emitters in 
hBN. The combined results of these correlated measurements indi-
cated that at least four distinct classes of defects are responsible 
for quantum emission in hBN. CL hyperspectral mapping reveals 
multiple emitters within a diffraction-limited optical spot, each 
contributing to the PL spectra. The large spectral variability of sin-
gle-photon emitters is not due solely to strain. Additionally, strain 
is not required to activate the emission, nor are defects required to 
be located at the edges of the flakes. Importantly, most of the emit-
ters in multilayer films are stable upon electron and optical irradi-
ation—a crucial feature for future atomic-scale imaging. Looking 
forward, we envision ångström-scale imaging of a variety of two-
dimensional materials will reveal the rich photonic properties that 
emerge with atomic-scale architecture and ‘defects by design’.
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Methods
Sample preparation. Nanoflakes of hBN (2.5 μl) (each flake 1–5 monolayers) in 
ethanol–water solution (Graphene Supermarket) were drop-cast onto cleaned 
holey carbon TEM grids (Quantifoil 0.6/1). The samples were dried in a vacuum 
bell jar at 80 °C for 30 min and annealed for 2 h under ambient pressure and 
environment at low temperature (200–220 °C) due to the stability of the ultrathin 
carbon TEM substrate. Samples were stored in a glovebox under argon.

Optical characterization. The photoluminescence maps of the hBN nanoflakes 
were acquired using a Horiba confocal Raman microscope, with a ×100 objective 
(numerical aperture, 0.6), an excitation laser power of ~100 μW at 532 nm and a 
grating of 600 lines per mm groove density. The typical laser spot size was ~600 nm 
and the acquisition time was 1 s for each spectrum.

Autocorrelation g(2) measurements. Second-order autocorrelation measurements 
were performed using a Hanbury Brown–Twiss set-up. The quantum emitter 
(QE) was excited by a 532-nm continuous wave laser through a laser line filter, 
and the photoluminescence from the QE was filtered with a dichroic filter 
(Semrock FF552-Di02-25 × 36) and a bandpass filter (bandwidth of 10 nm) centred 
around the QE emission wavelength, and collected by a multimode fibre. The 
photoluminescence was directed towards a fibre beam splitter; at the two output 
ports of the beam splitter were two single-photon counting modules (SPCMs, 
PerkinElmer SPCM-AQR-14-FC). One SPCM was used as a start signal and 
the second was 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 was constructed. The photon counts were correlated using a PicoHarp300 
time-correlated SPCM, with a count rate of 10k counts per second and a typical 
integration time of 20 min for one dataset. For this measurement, the excitation 
laser power was kept below 20 μW to prevent degradation of both the emitters and 
the thin carbon film (~12 nm) TEM grid. The counts were normalized by counts at 
4 μs and fitted assuming a three-level system (more in Supplementary Section 2).

STEM–CL characterization. The FEI Titan electron microscope was operated at 
80 kV. The Gatan Vulcan Cathodoluminescence TEM holder was used for light 
collection in STEM. The holder has two mirrors positioned above and below the 
sample. A hole of about 500 μm in the mirrors allows the electron beam through. 
The reflected light was focused onto two optical fibres (multimode step index) 
and directed onto the PMT for panchromatic mapping or to the grating and CCD 
(cooled to −60 ∘C) for spectral mapping. The collection window of the two mirrors 
in the CL holder was 200 μm in diameter. We used two fibre-coupled (multimode) 
light-emitting diodes (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 were collected 
as 512 × 512 pixels and each pixel acquisition time was 60/100 μs. For this mapping, 
the C2 aperture was chosen to be 70 μm (convergence semi-angle is 14 mrad) and 
the STEM spot size (non-monochromated) was chosen as either 6 or 7 (depending 
on the emitter intensity) and the screen current was 20 pA (spot size 7) or 40 pA 
(spot size 6). The spectral maps were collected using a grating with 150 lines per 
mm and an acquisition time of 4–8 s per pixel, again depending on the intensity 
of the particular emitter. The spot size for this mapping was 6 and screen current 
was 40 pA. Software drift correction (after every three rows) was on during the 
collection. Samples were usually very stable with minimal drift. Dark corrections 
were performed at the end of collection for each map. All mapping was done at 
room temperature.

Correlation of optical and electron micrographs. The TEM substrate was 
supported by a gold grid where each square in the grid was 40 × 40 μm2. We focus 
on the central four squares, as these can be positioned to be in the CL holder 
optical hotspot (~200 μm in diameter). The four corners of each square served as 
alignment markers for the region of interest; we noted coordinates of each corner 
and each emitter region to triangulate distances from each corner. We took optical 
images of the entire square with a ×100 objective and marked these regions with 

respect to the corners. Before STEM–CL imaging, we obtained TEM images at ×70 
to ×100 magnification (LM mode). We then used previously calculated distances 
from the corners and the ×100 optical image to locate the regions of interest; 
this method was accurate to 1–2 μm. For higher accuracy mapping, we used a 
numbering system for the holes (that is, recording the number of holes in the  
x and y direction from any specific corner) to determine the appropriate position 
in the TEM. For localization beyond the diffraction limit, we collected STEM pan-
CL maps as described in Fig. 1e. This method allowed us to determine how many 
‘bright’ emitters were located inside the ~500 nm optical PL hotspot. Next, we 
collected spectral signatures of each bright region as described in the main text.

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

CL spectral decomposition. Spectral decomposition was performed using the 
HyperSpy package in Python31. Any noise peaks were removed and the spectra 
were smoothed with the LOWESS/LOESS weighted regression algorithm using 
a smoothing parameter of 0.04. We performed principal component analysis 
(PCA) on the dataset to estimate the number of spectral components from the 
PCA weights. Finally, non-negative matrix factorization was performed with this 
number of spectral components to calculate the spectral weights.

Data availability
All strain analysis data presented in Fig. 5 are included in Supplementary 
Information. Due to large file sizes, strain mapping and all other electron 
microscopy source data are available from the corresponding authors on request.
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Extended Data Fig. 1 | Higher energy lines associated with the 580-590 nm emitters. a, HAADF and decomposed CL spectral weight maps of the emitter 
with ZPL at 578 nm in Fig. 4a of main text. b, CL spectral components showing higher energy peaks similar to that in Fig. 2a. c, HAADF and CL spectral 
weight maps of the emitter E6 in Fig. 3a with ZPL at 590 nm. d, CL spectral components for emitter in (c). Each pixel in the CL weight maps is 15 nm. For 
both emitters here, the PL spectrum has two probable phonon-sidebands, a similar spectral signature to the emitter in the main text Fig. 2a. All these three 
emitters have four higher energy (UV-blue) peaks in their CL spectrum. For the particular emitter in panels (c-d), spectral decomposition shows that the 
420 nm emitter is located 80 nm away from the 590 nm emitter. However, the 460 nm, 500 nm and 532 nm peaks are localized to the same 15 nm bright 
pixel as the 590 nm peak.
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