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Unveiling sulfur vacancy pairs as bright and
stable color centers in monolayer WS2

Huacong Sun1,2,8, Qing Yang1,8, Jianlin Wang 1,2,8, Mingchao Ding 1,2,3,8,
Mouyang Cheng3,8, Lei Liao1,2, Chen Cai1,2, Zitao Chen 1,2, Xudan Huang1,2,
Zibing Wang1,2, Zhi Xu4, Wenlong Wang1,2,4, Kaihui Liu 3,4,5, Lei Liu 5,6,
Xuedong Bai 1,2,4 , Ji Chen 3,5,7 , Sheng Meng 1,2,4 &
Lifen Wang 1,2,4

Color centers, arising from zero-dimensional defects, exploit quantum con-
finement to access internal electron quantum degrees of freedom, holding
potential for quantum technologies. Despite intensive research, the structural
origin of many color centers remains elusive. In this study, we employ in-situ
cathodoluminescence scanning transmission electron microscopy combined
with integrated differential phase contrast imaging to examine how defect
configuration in tungsten sulfide determines color-center emission. Using an
80-kV accelerated electron beam, defects were deliberately produced, visua-
lized, excited in situ and characterized in real time in monolayer WS2 within
hBN|WS2 | hBN heterostructures at 100K. These color centers were simulta-
neously measured by cathodoluminescence microscopy and differentiated by
machine learning. Supported by DFT calculations, our results identified a
crucial sulfur vacancy configuration organized into featured vacancy pairs,
generating stable andbright luminescence at 660 nm.Thesefindings elucidate
the atomic-level structure-exciton relationship of color centers, advancing our
understanding and quantum applications of defects in 2D materials.

Color centers, which are defects in crystals, enable single-photon
emission, holding significant potential for quantum information
technology1. Among these, color centers in transition metal dichalco-
genides (TMDCs) garner intense interest due to their tunable emission
properties, high photon extraction efficiency, and seamless
integrability2,3. Extensive research has focused on enhancing color
centers in WS2, WSe2, and MoS2 through methods like strain engi-
neering and helium ion irradiation4–8. Two types of quantum emitters
in TMDCs have been proven: strain-induced localized excitons and
transitions involving localized defect states (donor or acceptor levels
induced by chalcogen or transition metal vacancies) within the

bandgap9. However, the utility of these defect emitters is hindered by
spectral instability, including spectral diffusion, blinking, and
bleaching10–12. Establishing the correlation between the atomic struc-
ture origin of color centers and stable defect emission in TMDCs is
demanded for their effective use in quantum technologies.

Identifying color-center origins and optimizing their optical per-
formance is challenging. Photoluminescence (PL) spectroscopy offers
high-energy resolution but limited spatial resolution due to diffraction
limit13–16. Super-resolution optical techniques like scanning near-field
optical microscopy (SNOM) and photoactivated localization micro-
scopy (PALM) localize radiative emission but lack direct correlations
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with structural characteristics like strain or defect configuration17,18.
High-angle annular dark-field (HAADF) and integrated differential
phase contrast (iDPC) imaging in a scanning transmission electron
microscope (STEM) has advanced defect structure characterization in
MoS2 and WS2

19–22. These atomic-resolution images distinguish indivi-
dual defect structures in low-dimensional materials. However, many
transmission electron microscopes (TEMs) lack optical detection
capabilities, limiting the correlation of optical signatures with struc-
tural properties.

Cathodoluminescence (CL), a technique for mapping lumines-
cence in spatial dimensions, has recently been integrated into
electron microscopy. Most CL is performed in scanning electron
microscopy (SEM), but it faces spatial limitations due to beam
broadening and probe size23–25. STEM-CL significantly improves
spatial resolution, enabling nanoscale imaging26. The use of a cryo-
genic stage in this system further minimizes thermal quenching
effects, enhancing the CL signal yield and achieving an energy
resolution of 0.5meV. In two-dimensional materials, STEM-CL has
been reported to examine the effects of interfaces such as wrinkles
and bubbles on optical properties27,28. It has also facilitated the
establishment of correlations between quantum emission and strain
in hBN29, providing valuable nanoscale insights into microstructure-
property relationships.

In this study, STEM-CL and machine learning were employed to
further investigate the atomic structural origins of color centers.
Monolayer WS2, recognized for its potential as a single-photon
emitter30–32, was chosen and sandwiched between two 20-nanometer
thick hexagonal boron nitride (hBN) sheets. This setup enhanced the
CL yield by leveraging the quantum well structure (Methods)27,33. The
resulting heterostructure was placed on a cryogenic STEM-CL sample
stage. The STEM electron beam was utilized simultaneously for three
purposes: producing color centers, achieving atomic-level resolution
imaging of color centers, and exciting color centers. Concurrently,
exciton spectra were collected through CL spectroscopy for in-depth
in situ analysis (Methods). During these experiments, hundreds of
defect emission spectra, along with their corresponding atomic
structures, were collected. This data was subsequently fed into a
machine learning algorithm, facilitating a nuanced distinction between
color-center configurations that are beneficial or detrimental to the
luminescent properties of defects.

Results
Defect emitters in monolayer WS2
The experimental setup is illustrated in Fig. 1a (Methods). STEM images
were captured using a high-angle annular dark-field (HAADF) detector.
Depth-sectioningHAADF imagingwas employed to locate the position
and capture the atomic structure of monolayer WS2 encapsulated in
hBN sheets (Supplementary Fig. 1). The thus focused incident 80 kV
accelerated electron beam excites the monolayer WS2, resulting in the
emission of CL spectra. The initial monolayer WS2 sample exhibits a
flawless crystalline lattice and an intrinsic edge-band exciton (A0) peak
at 620 nm without notable defects (Supplementary Fig. 2). By inten-
tionally positioning the focused electron beam on different regions of
the WS2 and varying the dwell time, defects were deliberately intro-
duced due to radiolysis effect (Methods).

Subsequent CL spectral mapping of these defects, after filtering
out the intrinsic band-edge luminescence, clearly illustrates the loca-
tion of the in situ-generated color centers, as depicted in Fig. 1b. Fig-
ure 1c shows the emission spectra corresponding to different regions
in Fig. 1b. Clearly, the unirradiated region I exhibits a neutral exciton
(A0) peak at 620 nm, which is consistent with the reported bandgap of
monolayer WS2 (2.0 eV), as shown in region I in Fig. 1c. In contrast,
regions II and III, whichwere irradiated, exhibit newpeaks labeled asXL
at 668 nm and 663 nm, respectively, each with a full width at half
maximum (FWHM)of approximately 35meV. Notably, region III, which

received the mostly radiation, shows significantly enhanced CL emis-
sion with a much larger intensity ratio of XL/A0.

It is worth noting that defect emissions within the visible fre-
quency range, spanning from 540 to 735 nm, have been reported
active in hBN at room temperature due to deep defect states29,34,35. In
contrast, defect-induced emissions in WS2 have only been observed at
cryogenic temperatures9. To affirm the source of the observed exciton
emission, temperature-dependence CL measurements were con-
ducted. The appearance of the XL emission peak at 660nm, observed
with decreasing temperature in the hBN|WS2 | hBN heterostructure, in
contrast to the persistently dark hBN area, conclusively confirms that
the defect emission here does not originate from hBN (Supplementary
Fig. 3). Furthermore, the current electron beam irradiation does not
induce carbon doping as reported in previous studies, and the
observed peak positions differ from those in carbon-doped hBN36,
consistently corroborating that the experimentally observed spectra
originate from WS2.The effect of dielectric screening due to hBN
encapsulation should also be considered, as it shifts emission energy37,
causing a redshift in TMDCdefect emissionpeaks and affectingneutral
exciton and trion peaks15. We extracted the difference between the
defect and neutral exciton peaks to decouple from the peak shifts
induced by hBN encapsulation.

The in situ HAADF images further show the structural origin
details of the color centers (Fig. 1d). In the Z-contrast HAADF micro-
graphs, the bright spots correspond to the position of the W atom
(Z = 74), while the S columns remain invisible due to their lower atomic
number (Z = 16) and thus lower scattering power. Intriguingly, distinct
lattice distortions were observed at the color centers, as evidenced by
a reduction in the spacing between W atoms to 3.03 Å, in contrast to
the unaltered pristine lattice, which aligns with the single-crystalline
value of 3.18 Å. For added clarity, the W atomic distance mapping was
measured and superimposed onto the HAADF image (Supplementary
Fig. 4). As shown in Fig. 1d, several instances of lattice shrinkage,
approximately 4.7% in magnitude (highlighted by blue triangles), are
discernible at the color centers. Through the quantitative analysis ofW
atom distortions in the subsequent sequential HAADF images, seven
types of arising defects induced by electron-beam irradiation were
classified, as shown in Fig. 1e. Data comprising defect types and
quantities, extracted from the HAADF images along with the corre-
sponding defect emission spectra, were then integrated into the
machine learning framework. This integration was employed to elu-
cidate the atomic structural origins of distinct color centers, as docu-
mented in Fig. 1f, g.

Fabrication and identification of defects
To verify the repeatability of the atomic defect configuration caused
by electron beam irradiation, we used in situ iDPC imaging with full-
element atomic resolution to record the defect generation process in a
free-standing monolayer WS2 for comparison, as shown in Fig. 2.

Figure 2a presents an atomic-resolution iDPC image of a pristine
monolayer WS2, showcasing well-connected W-S hexagonal rings
devoid of any defects. As the cumulative electron beamdose increases
during continuous iDPC imaging, radiolysis-induced sulfur vacancies
become apparent. This is attributed to the energy transferred to sulfur
atoms by high-energy electrons, surpassing the 2.1 eV knock-on dis-
placement threshold19. Consequently, Fig. 2b reveals four distinct
defect configurations, delineated by white dashed lines, including
single sulfur vacancies (V1S, Type I), disulfide vacancies (V2S, Type II),
sulfur vacancy pairs in immediate proximity (Type III), and three linear
adjacent V1S configurations (Type IV).

The accumulation of electron radiolysis during in situ imaging led
to the increased aggregationof sulfur vacancies inWS2, as illustrated in
Fig. 2c. This aggregation resulted in the formation of inverted triangles
(Type V), right triangles (Type VI), and chains (Type VII), each com-
posed of sulfur vacancies in adjacent rings. Utilizing the atomic
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configurations of defects obtained during in situ fabrication, we con-
ducted a quantification analysis of the corresponding lattice distor-
tions, specifically focusing on the tungsten atomic spacing. The in situ
STEM-iDPC images of the monolayer WS2 in Fig. 2d show the emer-
gence of seven defect species due to electron beam radiolysis, con-
sistent with in situ STEM-HAADF imaging of encapsulated WS2. The
corresponding lattice distortions were established, as depicted Fig. 2e.
Both the distortion magnitude and shape of the defect species are
identical to those observed in encapsulated monolayer WS2 and in

free-standing monolayer WS2 observed by HAADF imaging (Fig. 2f–h
and Supplementary Fig. 5), elucidating a similar defect formation
scenario for both encapsulated and free-standing monolayer WS2
under electron beam radiolysis.

Theoretical calculationswere conducted to further investigate the
influence of hBN encapsulation on defect formation and evolution in
monolayer WS2 under electron beam radiolysis (Methods, Supple-
mentary Table 1, Supplementary Fig. 6). Our findings indicate that the
formation energy of sulfur vacancies in free-standingmonolayerWS2 is

Fig. 1 | Correlated optical and structural characterizations of defect emitters in
hBN |WS2 | hBN heterostructures. a Schematics of the scanning transmission
electron microscopy cathodoluminescence (STEM-CL) experiment setup. Electron
beam excites the heterostructure to emit CL which is reflected by two parabolic
mirrors to optical fibers. The transmitted electron beam is collected by the seg-
mented detector (inner) or high-angle annular dark-field (HAADF) detector (outer).
b CL spectrum mapping of an electron-beam radiated hBN|WS2 | hBN hetero-
structure with a wavelength window of 650–675 nm, showing the position of color
centers formed with varying electron-beam radiation durations. The white dotted
line circles the suspended area of a hBN|WS2 | hBN heterostructure on a TEM grid.
c CL spectrum of region I, II, III in b. The red boxes in c indicate the wavelength
window of 650–675 nm. A0 denotes the peak position of intrinsic edge-band

exciton, while XL signifies the peak position of the localized defect exciton. d High-
magnification STEM-HAADF image of monolayer WS2 in region I, II, III in
c overlapped with tungsten atom distance mapping, showing atomic-resolution
structural origins of the defect emission. Only distorted areas are marked in the
mapping. e High-magnification STEM-HAADF images of the emerging defects and
corresponding tungstenatomicdistancemappings ofmonolayerWS2 inb, showing
seven types of defects arising due to long-time continuous electron beam radi-
olysis. fSchematic diagramofdata analysisusingmachine learning,where the input
consists of 101 sets of defect emission spectra and corresponding atomic struc-
tures. g Machine learning output results, indicating that the impact of sulfur-
vacancy pairs on the optical properties of defect emissions differs fromother color
centers. Defects are overlaid with tungsten atom distance mapping.
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3.34 eV. In hBN-encapsulated WS2, this energy converges to 3.43 eV
when the encapsulation thickness exceeds two layers, resulting in a
difference of 0.09 eV. Additionally, Monte Carlo (MC) simulations
indicate that at a temperature of T = 102K and an energy difference of
0.09 eV, defects are generated 10,000 times more slowly in the hBN-
encapsulated WS2 compared to free-standing WS2 under the same
electron beam irradiation conditions (Supplementary Fig. 7). This

finding qualitatively aligns with our experimental observations. Given
the exponential dependence of the formation rate ratio on energy and
temperature, fluctuations in the electron beam dose and temperature
during different experiments may cause variations in the reaction rate
ratio for the same defect formation.

The variations in defect distortions within the surrounding lattice
ranged from 4.7% (Type I) to 16.3% (Type VII) for different defect

Fig. 2 | Fabrication and scanning transmission electronmicroscopy integrated
differential phase contrast (STEM-iDPC) imaging of atomic defect configura-
tions in free-standingmonolayerWS2. a–c Sequential STEM-iDPC imageof a free-
standingmonolayerWS2. Defects introduced due to beam radiolysis aremarkedby
white dashed lines. d High-magnification STEM-iDPC images of all defect species
arising due to electron beam probing. In a left-to-right sequence, I: single sulfur
vacancy (v1S); II: disulfide vacancy (v2S); III: paired-sulfur vacancy; IV: triplet sulfur

vacancy; V,VI: two typesof sulfur vacancycluster; VII: sulfur vacancychain.e Lattice
measurements of d. f Corresponding atomic structure model of defect configura-
tions in e. Sulfur vacancies are marked by dashed circles. g, h Simultaneous STEM-
HAADF images of all defect configurations in free-standing WS2, along with cor-
responding lattice distortionmeasurements, showing agreement with iDPC images
and experimental results for encapsulated monolayer WS2.
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species. Thus, a straightforward and unequivocal atomic-resolution
correlation emerged between the defect configuration and lattice
distortion across different scales. This, in turn, provides compelling
and distinctive evidence for distinguishing between different defect
configurations in our experiments. Accordingly, we delved into
exploring the relationshipbetween thedefect structure and theoptical
properties of radiolysis-fabricated color centers in monolayer WS2.

Correlated optical properties and atomic configurations
The in situ, real-time generation of defects, along with the concurrent
collection of CL spectra and HAADF images, is detailed in Fig. 3. As
depicted in Fig. 3a, four distinct optical signatures emerged sequen-
tially: XL emission, spectral diffusion, emission with exceptional color
purity, and spectral bleaching. The corresponding CL spectral evolu-
tion inFig. 3b further shows the defect emissionpeak shift with varying
intensity and FWHM, implying the influence of defect intensity and
species diversity on the emission properties. The time evolution of the
central peak positions and the intensities of both the neutral exciton
and defect emission peaks are depicted in Fig. 3c. The simultaneously
acquired HAADF images in Fig. 3d reveal the respective defect struc-
tures, with each type marked with distinct colors, based on atomically
measured lattice distortions using tungsten atomic coordinates.

When comparing the spectrum with the real-space defect quan-
tification image, it becomes evident that in the initial stage, with iso-
lated sulfur vacancy defects present, the exciton state exhibits
sporadic luminescence accompanied by spectral diffusion, ranging
from 642.3 nm to 694.1 nm, and the integral defect emission intensity
is lower than the A0 peak. Previous studies proposed that localized
emission in TMDCs results from excitons trapped in anion
vacancies15,16,30,38,39. Our findings show that emissions linked to isolated
sulfide vacancies display significant emission diffusion and structural
instability. Discrete single vacancies have been reported and also
observed in our experiments to be mobile under the electron beam
illumination, supported by theoretical calculations (Supplementary
Figs. 6 and 8)19,40. The hopping behavior of V1S would lead to local
fluctuating electromagnetic fields and a variational dielectric envir-
onment, which is responsible for spectral diffusion11. This energy
instability hinders photon coherence, affecting the quality of two- or
multiphoton entanglement and, thus, their utility in quantum infor-
mation science.

Remarkably, a high concentration of type III defects, specifically
paired-sulfur vacancies inWS2 (t = 900 s), yields a stable and brilliantly
bright XL emission at 660nm with high color purity. This emission
exhibits a narrow FWHM of 22 nm and an intensity 2.4 times stronger
than the A0 peak. In contrast, the emergence of disulfide vacancies
(V2S, Supplementary Fig. 9), triadic sulfur vacancies, sulfur vacancy
chains, and tungsten vacancy defects (t = 1200 s) results in blinking
and bleaching of the emitted light, commonly observed in previous
studies. The defect peak shifts to 666.5 nm with a slightly increased
FWHM of 26 nm. Due to the appearance of blinking and bleaching
phenomena, the intensity peak ratio I(XL)/I(A0) decreases to 1.4.
Blinking is reported due to nonradiative recombination, caused by one
or both of the excited carriers escaping to the surface12, while spectral
bleaching results from photochemical reactions or material
degradation41,42. Given these characteristics, defects belonging to
Types II, IV–VI demonstrates their adverse impact on emission
properties.

The statistical analysis of the sequential emergence of defects in
monolayerWS2 is presented in Fig. 3e. In the order of their appearance,
the quantities of Type I defects, Type III defects, and the cumulative
quantity of the remaining six defect types are plotted over time in
Fig. 3f. Clearly, in the presence of type III defects, particularly sulfur
vacancy pairs in the immediate vicinity, emissions are bright and
stable, highlighting their advantageous role as color centers in hBN-
encapsulatedWS2. Thisfinding is further supportedby the comparison

of STEM-CL results for samples with similar sulfur vacancy densities
but varied proportions of Type I and Type III defects. The results show
that samples with a higher proportion of Type III defects exhibit better
defect luminescence, indicated by a higher XL/A0 ratio. (Supplemen-
tary Fig. 10).

By means of electron beam irradiation, the modulation of defects
inmonolayerWS2 results in the inevitable generation of isolated sulfur
vacancies. As the defect density increases, the proportion of sulfur
vacancy pairs rises, accompanied by the generation of more types of
aggregated sulfur vacancy complexes. (Supplementary Fig. 11). In
order to comprehend complex, non-linear relationships and interac-
tions among multiple defect types, which can significantly influence
luminescence properties, a machine learning model was trained on
direct experimental data. Our dataset comprises over one hundred
independent experimental measurements of defect CL emission and
corresponding W atomic coordinates. Utilizing the number of distinct
defect types extracted from W atomic coordinates in STEM images as
input features, we trained an XGBoost model to predict the emission
intensity peak ratio I(XL)/I(A0) (Methods). The predictions of our
trained model are illustrated in Fig. 3g, covering typical defect counts
for Types I & III. Given the dominance of Types I & III defects, we
omitted the contribution of other defects in this analysis. The results
clearly indicate that Type III defects favor a larger intensity ratio, while
Type I defects tend to disrupt the defect spectrum peak I(XL).

It is noteworthy that the increase in defect density in the initial
stages of defect formation leads to a decrease in neutral exciton peak
intensity while enhancing defect emission in WS2, consistent with
previous studies43,44. Our in situ STEM-CL quantifications indicate a
defect density of 8.58 × 1013 cm-2 in monolayer WS2 encapsulated by
hBN, demonstrating optical defect emission characterized by the
maximum proportion of sulfur vacancy pairs.

Additionally, it has been reported that nanoscale strain in 2D
materials influences their CL emission29. It is therefore essential to
consider the impact of strain as defect density increases. In our study,
defects with inherent local atomically distortion, evenly and gradually
generated in monolayer WS2 encapsulated in hBN nanosheets, intro-
duce evenly distributed atomically localized strain. This results in
distinct behaviors of strain distribution and defect emission compared
to systems with uneven strain distribution and associated emission
(Supplementary Fig. 12).

Band structure and transition elements of WS2 color centers
Based on the identified defect atomic configurations, first-principles
calculations of 7×7×1 supercells were performed to investigate the
electronic band structure of different color centers in WS2. The pris-
tine monolayer WS2 (Fig. 4a), displays a direct bandgap at the high-
symmetry K-point (Fig. 4b, 4c), which corresponds to the experi-
mental neutral exciton emission (A0) at 2 eV. The introduction of
type III defects (Fig. 4d) creates four unoccupied defect states within
the gap, referred to as CD1, CD2, CD3, and CD4 (Fig. 4e). The shallowest
defect state, CD4, located at 0.11 eV below the conduction band mini-
mum (CBM), closely aligns with the experimental 0.13 eV peak
separation between the bright XL emission and the A0 emission. This
suggests that transitions between CD4 and the valence bandmaximum
(VBM) of type III defects are responsible for the stable and bright XL
emission at 660nm, in agreement with experimental results.

Transition matrix element calculations reveal that at the K-point,
the VB–CD4 transition probability is significantly higher than the tran-
sition probability to the other three defect states (CD1, CD2, CD3), as
depicted in Fig. 4f. The combined linear contribution of the squares of
transition matrix elements and electronic density to luminescence
intensity provides additional confirmation that sulfur-vacancy pairs
are the structural origin of stable and bright defect luminescence in
monolayer WS2 (Methods, Supplementary Fig. 13, Supplementary
Table 2).
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It is noted that, for single sulfur vacancy configuration (Type I),
primary transitions occur from the VB to the CB, not the defect states.
Similarly, two discrete sulfur vacancies lead to four nearly degenerate
unoccupied defect states within the bandgap, located at 0.43-0.48 eV

below the conduction band. This illustrates that the hybridized states
depend on the defect-defect interaction, introducing additional trap
states via the hybridization of individual vacancy levels45. Transition
matrix element calculations further show the primary transitions for

Fig. 3 | Evolution of optical properties and the corresponding color-center
configurations in hBN |WS2 | hBN heterostructures. a Real-time in situ tracking
of defect luminescence in a hBN|WS2 | hBNheterostructurewith a 3-second interval
over four 300-second periods. Evolution of defect emission in optical properties:
emergence, spectral diffusion, stable and bright emission, and blinking and
bleaching. bCorresponding CL spectra in a. The red dashed box indicates the peak
position range of defect exciton (XL) emissions, while the blue dashed line repre-
sents the peakposition of neutral exciton(A0) emissions. cTheplot of peakposition

andpeak intensity ofA0 emissionandXL emission as a functionof irradiation time in
a. d Simultaneous in situ sequential atomic-scale STEM-HAADF images of the WS2
sample with themeasurement timing noted as in a and b. Different defect types are
marked with distinct colors. e Defect types and quantity statistics in c at four
different time points: t = 300 s; 600 s; 900 s; and 1200 s. f Evolving defect con-
centrations statistics in d. g Machine learning generated heatmap illustrating the
joint effects of Type I & III defect counts on the relative emission intensity
I(XL)/I(A0).
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discrete sulfur vacancies continue to be dominated by VB–CB transi-
tions, demonstrating weak defect emission (Supplementary Fig. 14).

The band structure and transition matrix elements for other
experimentally observed defect configurations are detailed in Sup-
plementary Fig. 15. In particular, transition matrix elements between
the localized defect state (closest to the conduction band) and the

valence band maximum at the high-symmetry K-point, for all config-
urations, except type III, consistently remain below 10, indicating the
dominance of band-edge transition, as illustrated in Fig. 4g. Config-
urations involving three or more clustered sulfur vacancies result in
the splitting of defect impurity levels, creating multiple deep unoc-
cupied defect states that trap carriers46, negatively impacting radiative

Fig. 4 | Calculated electronic band structure and corresponding transition
matrix elements (P2) of different color-center configurations in monolayer
WS2. a Top view of a 7×7 supercell of pristine monolayer WS2. b, c Computed
electronic band structures of pristine WS2 (b) and corresponding transition matrix
elements from the valence band (VB) to the conduction band (CB) across the
Brillouin zone (c). d Top view of a 7×7 supercell with one sulfur vacancy pair. Sulfur
vacancies are marked by orange dashed circles. e Calculated electronic band
structures of d. Defect states are labeled as CD for unoccupied states. f Transition
matrix elements from the valence band to CD. The inset arrows in b and e represent

the transition with the highest probability, as determined through the analysis of
the transition matrix element. g Dependence of P2 value on color-center config-
urations for the transition between the localized defect state (nearest to the con-
duction band) and the valence band maximum at the K point. The inset shows
corresponding defect configurations. Sulfur vacancies are marked by orange
dashed circles, and W vacancies are marked by gray dashed circles. The orange-
shadedareashighlight defect configurations that are favorable for stable andbright
luminescence, whereas the blue-shaded areas represent detrimental color centers.
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recombination. In contrast to sulfur vacancies, tungsten vacancies
introduce acceptor energy levels. However, transitions involving
defect states are still limited, with a predominance of transitions
between the VB and CB. Sulfur-vacancy chains (Type VII), which pos-
sibly cause WS2 degradation, narrow the bandgap to 0.2 eV, adversely
affecting emission properties. These findings align with experimental
observations of bleaching.

Optical characterization of defects luminescence
PL results indicate that the color centers fabricated inWS2 exhibit both
brightness and stability. However, under electron radiation, the for-
mation of sulfur-vacancy pairs consistently occurs in conjunction with
the presence of sulfur vacancies. Consequently, the attainment of a
pure and isolated paired-sulfur vacancy defect has proven to be
unattainable. This limitation is evident in photon measurements,
where g2(0) = 1 shows the random characteristics of the emitted pho-
tons (Supplementary Fig. 16). Further investigation into refined pre-
paration methods holds the potential to facilitate controlled single-
photon emission in the future.

The engineering of color centers inevitably gives rise to a diverse
array of defect species, with some exhibiting optical activity, while
others do not luminesce but rather alter the local dielectric environ-
ment, thereby influencing emissions. In this study,we harnessed in situ
STEM-CL, machine learning, and DFT calculations to unequivocally
unveil, at the atomic scale, the distinct spectral origins and roles of
defect species in monolayer WS2. Our research unambiguously
demonstrates the pivotal role of sulfur-vacancy pairs in WS2 as the
stable color centers. Conversely, various other defect types, such as
single sulfur vacancies, triadic sulfur vacancies, sulfur vacancy chains,
and tungsten vacancies, have been identified as detrimental sources of
spectral instability. Our work provides atomic-scale insights into the
structural origins of defect excitons, offering a pathway for the iden-
tification of defect emitters and enabling their application in single-
photon sources for quantum technologies through the intentional
design and precise atomic-scale engineering of defects.

Methods
Sample preparation
A modified dry transfer technique using polypropylene carbonate
(PPC) is carried out to fabricate the hBN|WS2 | hBN heterostructure47.
The PPC film was used to first pick up the 20nm-thick hBN flake that
exfoliated from hBN bulk crystals (Shanghai Onway Technology), then
the monolayer WS2 exfoliated from WS2 bulk crystals (HQ graphene),
and subsequently the 20 nm-hBN flake under 40 °C in sequence. After
annealing at 200 °C on silicon substrate for 8 h, the heterostructure
sample was released on a TEM copper grid at 130 °C. The sample was
further sequentially cleaned by acetone, isopropanol, and nitrogen gas
annealing to remove the residues and increase the adhesion between
the sample and the TEM grid.

STEM-CL characterization
The JEOL JEM-ARM300F transmission electron microscope (TEM) was
operated at an electron-accelerating voltage of 80 kV. Themicroscope
is equipped with a Gatan Vulcan cathodoluminescence (CL) system for
simultaneous STEM and CL measurements. The Gatan Vulcan CL
holder featured two miniature elliptical aluminum mirrors positioned
both above and below the sample, allowing for light collection at an
angle of up to 7.2 steradians. These ellipticalmirrors couple the light to
two optical fibers directed toward a photomultiplier tube (PMT) or
charge-coupled device (CCD) for detection. Simultaneously, scattered
electrons from incoherent interactionswith thematerials are collected
by the HAADF detector for real-space imaging. Software drift correc-
tion (after every 20 pixels) was on during the collection to address
potential drift issues. All STEM-CL characterization experiments were
conducted at 102K, except for the temperature-dependent

experiments shown in Supplementary Fig. 3. Data collection and ana-
lysis were performed using a Digital Micrograph.

Extrinsic defect fabrication
Color centers were fabricated by parking transmitted STEM electron
beam spot on different regions of WS2 in the prepared hBN|WS2 | hBN
heterostructures with different dwell times in few seconds’ range. The
incident electron beam current was used at 0.73 nA (1c).

Subsequently, the incident electron beam of the microscope was
then converged to 0.14 nm with a convergence angle ~18mrad with
30 µm condenser lens aperture to scan the sample and stimulate the
CL signal. The incident electron beam current is 0.285 nA (4c), corre-
sponding to the electron beam dose of 2.73 × 105e-/Å2.

Radiolysis effect
The maximum transferred energy Emax from 80 kV incident electrons
to the sulfur atom is calculated to be 6 eV. This calculation utilizes the
following formula48–50:

E = Emaxsin
2 θ

2

� �
ð1Þ

Emax = E0 1:02+
E0
106

� �
= 465:7Að Þ ð2Þ

Where E0 represents the incident electron energy in electronvolts (eV),
A is the atomic mass number, and θ is the electron deflection angle. In
the case of collision with the nucleus, θ= 180° and thus E = Emax.

STEM-depth-sectioning imaging
STEM-depth-sectioning technique51 was utilized to image the mono-
layer WS2 encapsulated in hBN nanosheets. The STEM probe, with a
depth of field of 8.33 nm, was adjusted for sectional-depth scanning
imaging of layers at different depths.Using this depth-sectioning serial
imaging, the location of themonolayerWS2 encapsulated in thick hBN
layers was pinpointed for further in situ STEM-CL experiments.

W atom distance mapping
The position of W atoms in HAADF images was determined using a
two-dimensional Gaussian peak-fitting method through a custom
MATLAB code52. Subsequently, the distances between these W atom
columns were calculated from their pinpointed positions using a
custom Python script52. A W-distance mapping was superimposed on
the HAADF image, with line colors denoting the distance values
between the W atom. To highlight defects, we depicted the W atomic
distance mapping with triangles where the mean length of the three
sides was less than 3.03 Å (W atom distance of a single sulfur vacancy).

STEM-iDPC experiments
The sample for DPC characterizations was prepared by transferring
monolayer WS2 onto the TEM grid (Quantifoil) using the polymethyl-
methacrylate-based transfer method. The DPC images were acquired
using an eight-segment annular detector, coupled to JEOL ARM300F
TEM operated at 80kV, using a STEM probe current below 23 pA.
Images were acquired with a camera length of 20 cm, convergence
semi-angle of 22.4mrad, and collection semi-angle ranging from 0 to
27 mrad. The DPC-STEM techniques were used to image the in-plane
displacement of the transmitted electrons, while the images were
approximately proportional to the projected potential STEM-iDPC.
iDPC images were calculated using a custom MATLAB program. Pois-
son noise was removed using the Bandpass filter.

Image simulations
We utilized xHRTEM™ ver. 4.4, a commercial software, to simulate
high-angle annular dark-field (HAADF) images using the multi-slice
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method. For the simulation of integrated differential phase contrast
(iDPC) images, the QSTEM software was employed53. The simulated
images were convolved with a Gaussian function having a full width at
half maximum of 0.8 Å to account for the probe size. Relaxed struc-
tures ofmonolayerWS2 with seven distinct defect configurations were
considered. The simulations were conducted under experimental
conditions at 80 kV, with a set convergence angle of 22mrad and a
collection angle ranging from 54 to 220mrad.

Machine learning regression of emission intensity ratio
To generate the training data, we carried out graph clustering analysis
on the W sites with defect (extent of lattice distortion greater than
4.7%), and counted the size of each separate cluster. This allows us to
generate an input vector for each structure with 3 features: (type I
counts, type III counts, and counts for other type defects). The output
data for each structure is the ratio of two CL intensity peaks I(XL)/I(A0).

For the training process, we implemented the XGBoost model
with scikit-learn package54,55. We built a model with 100 estimators
along with L1 regularization α =0.5 to ease over-fitting, and we used
85% of the data for training and 15% for testing. The mean squared
error loss is optimized on log I(XL)/ I(A0) for better performance.

Computational methods
Our density function theory (DFT) calculations were performed based
on the Vienna ab initio simulation package (VASP). The exchange-
correlation effect was described within the generalized gradient
approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE) func-
tional, together with the projector augmented wave (PAW) potentials.
The kinetic energy cutoff was set to 500 eV, and the total energy
convergence criterion 10−6 eV was used. A vacuum space along the c
direction is larger than 15 Å to avoid spurious interactions. In our
simulation, to determine the influence of the vacancy intensity, we
used a 7 × 7 × 1 supercell with W49S98 to calculate the electronic and
optical properties. The optimized convergence criterion for atomic
coordinates was less than 0.01 eV/Å for forces on each atom, and the
output structure is visualized using VESTA56. The dielectric function is
defined as εðωÞ= ε1ðωÞ+ iε2ðωÞ, where ε2ðωÞ is the image part, and ε1ðωÞ
is the real part of the dielectric function, respectively. We calculated
the transition dipole moment (TDM) to analyze the electron excited
ratio from the Valence bands (VBs) to the Conduction bands (CBs),
which is defined:

dnm =
Z

Ψ*
nd̂Ψmd

3r = Ψn d̂
��� ���Ψm

D E
ð3Þ

Linear correlation between the squares of transition matrix ele-
ments and luminescence intensity is given by the equation57:

I _ωð Þ= nDω
3

3ε0πc3_
j~μeg j2

X
m

χgm

��� ���χe0��2δ EZPL � Egm � _ω
� �

ð4Þ

I (ℏω) represents luminescence intensity, and ~μeg represents
transition dipole moment between the excited and the ground state.
nD is the refractive index; χgm and χe0 are vibrational levels of the
excited and the ground state.

The minimum energy path and the migration energy barrier are
calculated using the climbing image nudge elastic band (CI-NEB)
method58,59. 5 intermediate images are inserted on the transition path
of defect migration, and relaxed convergence criterion is less than
0.03 eV/Å for forces on each atom.

For the analysis of the effects of hBN encapsulating layers on the
WS2 monolayer, we stacked an ideal 5×5 WS2 supercell layer between
two 6×6 hBN supercells. The distance between theWS2 and hBN layers
is set to 3.3 Å, and the hBN supercell is strained by less than 10% to
match the supercell size of WS2. Both hBN layers are fixed during

structural relaxation, and we implemented the DFT-D3 van der Waals
correction to describe the interlayer interactions60. The structure was
visualized using VESTA. All DFT calculations were performed using the
VASP package. Within this established model, a sulfur atom is
removed, and the structure is relaxed toobtain amodelwith a vacancy.
From this model, the total energy of the system with sulfur vacancy
was calculated. We took molecular eight-membered alpha-sulfur (S8)
as the sulfur reservoir to determine the chemical potential of the
ejected S atom61. The alpha-sulfur structure was optimized using DFT
based on data from theMaterials Project62, yielding the total energy of
the α-sulfur ring.

Thus, the formation energy of a single sulfur vacancy Ef is
obtained as

Ef = EðvacÞ+ 1=8EðS8Þ � EðiniÞ ð5Þ

where E(vac) is the total energy of the systemwith sulfur vacancy, E(S8)
is the total energy of the α-sulfur ring, and E(ini) is the total energy of
the pristine system without defects63.

Monte Carlo simulations
AMonte Carlo (MC) simulation was conducted to investigate the time
evolution of defect density subjected to an external electron-beam
energy source. This simulation takes into account both the defect
formation energy (Ef) and the input energy (Ein) delivered by an
external electron beam, which affects the dynamics of defect forma-
tion. The system is modeled as a lattice comprising 2,500 sites where
defects can occur.

The transition rates for defect formation are determined using an
Arrhenius-type expression, which accounts for the temperature
dependence of the reaction rates:

Γ= vðEinÞ exp � Ef

kBT

� �
ð6Þ

Specifically, the attempt frequency ν(Ein) is enhanced in accor-
dance with

νðEinÞ= ν0 expðEin=kBTÞ ð7Þ

where ν0 is the intrinsic attempt frequency constant, kB is the Boltz-
mann constant, and T is the temperature. The simulation progresses
through a series of Monte Carlo steps, during which the probability of
defect formation at each site is determined, and the lattice is updated
accordingly.

In this study, the difference in defect formation rates for mono-
layer WS2 and hBN-encapsulated structures was examined. To achieve
this, the formation rate ratio of λ was investigated:

λ=
Γfreestanding

ΓhBN�encapsulated
= exp � Ef , freestanding � Ef ,hBN�encapsulated

kBT

� �
ð8Þ

At a temperature of T = 102 K and with Ef, freestanding

-Ef, hBN-encapsulated = −0.09 eV, the estimated value of λ is approximately
10−4. The Monte Carlo simulation was carried out based on the stan-
dard rejection MC algorithm64. In each trial step, the time step is
recorded inversely proportional to the reaction rate Qk. Simulations
consisting of 20,000-time steps each to achieve ideal defect saturation
on the lattice were conducted.

Data availability
The Source Data underlying the figures of this study are available at
https://doi.org/10.6084/m9.figshare.25310755. All raw data generated
during the current study are available from the corresponding authors
upon request.
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Code availability
The custom code used in this study is available on Zenodo at
https://doi.org/10.5281/zenodo.13946075.
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