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Investigating heterogeneous defects in single-crystalline WS2
via tip-enhanced Raman spectroscopy
Chanwoo Lee1,7, Byeong Geun Jeong1,2,7, Sung Hyuk Kim1,2,7, Dong Hyeon Kim1,2, Seok Joon Yun1,3, Wooseon Choi1, Sung-Jin An1,
Dongki Lee4, Young-Min Kim 1,3, Ki Kang Kim1,3, Seung Mi Lee5✉ and Mun Seok Jeong 2,6✉

Nanoscale defects in two-dimensional (2D) transition metal dichalcogenides (TMDs) alter their intrinsic optical and electronic
properties, and such defects require investigation. Atomic-resolution techniques such as transmission electron microscopy detect
nanoscale defects accurately but are limited in terms of clarifying precise chemical and optical characteristics. In this study, we
investigated nanoscale heterogeneous defects in a single-crystalline hexagonal WS2 monolayer using tip-enhanced Raman
spectroscopy (TERS). We observed the Raman properties of heterogeneous defects, which are indicated by the shifted A1′(Γ) modes
appearing on the W- and S-edge domains, respectively, with defect-induced Raman (D) mode. In the edge region, various Raman
features occur with nanoscale defects. In addition, the TERS signals from single-crystalline WS2 indicate the existence of two
majority defects in each domain, which imply S- and W-dominated vacancies. Quantum mechanical computations were performed
for each majority defect and demonstrated the defect-induced variation in the vibrational phonon modes. TERS imaging promises
to be a powerful technique for determining assorted nanoscale heterogeneous defects as well as for investigating the properties of
other nanomaterials.
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INTRODUCTION
Layered two-dimensional (2D) semiconductors—most notably,
monolayer transition metal dichalcogenides (TMDs)—have
attracted significant interest because of their excellent optical
and electrical properties1–5. Several monolayer TMDs exhibit a
direct band gap in the visible wavelength range, which can be
attributed to the quantum confinement of carriers at the K valleys
in the hexagonal Brillouin zone, generating neutral and charged
excitons with strong Coulomb interactions6,7. These characteristics
of TMD materials provide a platform for various applications, such
as electronics1,8,9, valleytronics7,10–12, and optoelectronics1,13,14.
Accordingly, mechanically exfoliated TMDs have been widely used
as a proof-of-concept for such applications because TMD materials
produced by mechanical exfoliation are relatively pristine and
have few defects1,8,15. Although mechanical exfoliation produces
high-quality monolayer TMDs, it is difficult to precisely control
their size and number of layers. To overcome these difficulties, a
significant amount of research has been conducted on the
synthesis of wafer-scale layered 2D materials via chemical vapor
deposition (CVD)16,17. However, defects in CVD-grown TMDs are
inevitable. TMD materials are susceptible to defects such as
vacancies18–23, grain boundaries24–26, and cracks27. These defects
can degrade the performance of the TMD material. Thus, it is
essential to investigate and understand nanoscale defects in TMD
materials because these play a decisive role in the control of the
properties of these materials. These nanoscale defects have been
studied in hexagonal WS2 monolayers using scanning transmis-
sion electron microscopy (STEM) and conventional Raman and
photoluminescence (PL) imaging18,19. Jeong et al. and Lin et al.
reported that S vacancy (VS) and W vacancy (VW) defects mainly

exist in the α- and β-domains, respectively, of monolayer WS218,19.
The α- and β-domains represent the W- and S-edge domains,
respectively. Although STEM enables the observation of nanoscale
defects with atomic resolution, it is technically difficult for
conventional imaging to accurately determine the optical proper-
ties of nanoscale defects owing to the diffraction limit in the
optical system20,28. Hence, nanoscale optical imaging techniques
such as tip-enhanced Raman spectroscopy (TERS) and tip-
enhanced PL are necessary to investigate the intrinsic optical
properties of nanoscale defects in TMD materials20,29–36. TERS
provides Raman scattering information by visualizing the vibra-
tions of individual molecules with a significantly improved spatial
resolution compared with confocal Raman spectroscopy37,38.
In this study, we investigated the Raman properties of

heterogeneous defects using scanning tunneling microscopy
(STM)-based TERS. We analyzed the single-crystalline WS2 in each
domain with a spatial resolution of ~23 nm. We also measured the
energy shift of the vibrational modes in the out-of-plane direction
as A1′(Γ) (A1g) in conjunction with the defect-related Raman (D)
mode20, which has also been reported as the A1′(M) mode39,40.
Moreover, we spatially differentiated edge defects at the
nanoscale level and observed edge-related properties with a
correlation between the D and A1g modes within the edge region
of monolayer WS2. Density functional theory (DFT) computations
revealed that the heterogeneous majority defects in each domain
of the single-crystalline WS2 exhibit distinctly different Raman
characteristics. Moreover, nanoscale TERS imaging determined the
optical properties of the lattice vibrations. It indicated that the
single-crystalline WS2 monolayer has S-dominated vacancies (VS-d)
and W-dominated vacancies (VW-d) as the heterogeneous majority
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defects in each domain. Furthermore, numerous structural
disorders with vacancy (V) defects are present in the edge region.

RESULTS
Raman scattering for single-crystalline WS2
We synthesized a single-crystalline WS2 monolayer on a SiO2/Si
substrate using CVD to analyze nanoscale defects according to the
domain and edge of WS218. Monolayer WS2 was transferred onto
an Au substrate using poly (methyl methacrylate) (PMMA) transfer
films to perform the STM-TERS experiment. As shown in Fig. 1, the
use of Au in a conductive substrate for STM measurement is
crucial for TERS measurement owing to the gap-mode effect,
which strongly enhances Raman scattering signals (Supplemen-
tary Fig. 1)37,38. The CVD-grown monolayer WS2 has two domains
(Fig. 1a): α- and β-domains18,19. Defects in each WS2 domain have
been reported, which indicates that the α- and β-domains contain
VS and VW, respectively18,19. These defects create different energy
levels in the gap states, which affect the PL emission of the WS2
monolayer18. Prior to the TERS measurement, nanoscale defects in
the single-crystalline WS2 monolayer were observed in each
domain using atomic-resolution annular dark-field STEM (Supple-
mentary Fig. 2). VS and VW were distributed differently in each
domain of the single-crystalline WS2 monolayer.
Using this sample configuration without the TERS tip, as shown

in Fig. 1b, we performed confocal Raman imaging of the WS2
monolayer to observe the α- and β-domains and the edges as well
as examine the Raman modes depending on the sites. The
confocal Raman images in Fig. 1c and d indicate the area intensity
and distribution maps, respectively, for the A1g peak. Figure 1c
shows the differences in Raman intensity between the α- and
β-domains as well as the strong intensity at the edge of the α-
domain. Although there are large differences in intensity between
the domains, the shift differential of the Raman frequency value,
shown in Fig. 1d, is not prominent. Therefore, we extracted the
Raman spectra from Fig. 1c and d to compare the intensities and
positions of the Raman peaks, as shown in Fig. 1e–h. The large
differences in intensity in the Raman map are a result of the PL
emission as the background signal of the Raman spectrum from
monolayer WS2 owing to the resonant excitation of the optical
band gap (Supplementary Figs. 3 and 4)20. As shown in Fig. 1e–h,
the Raman spectra from the middle of the α-domain in Fig. 1e
exhibit the strongest Raman intensities among the extracted
spectra. Although the α-domain can be regarded as a relatively
pristine region owing to the presence of strong Raman signals and
non-shifted peaks, the D peak is observed in spectrum 1 in Fig. 1e
(see the details in Supplementary Fig. 5). In contrast to the Raman
image in Fig. 1c, there is minimal difference in intensity between
the α- and β-domains, as shown in Fig. 1e and f, which indicates
that PL background signals differ depending on the domain and
edge. The extraordinarily strong PL intensity from the monolayer
WS2 edge regions can be attributed to the accumulated and
localized excitons41–43. The middle regions of the α- and
β-domains show relatively high Raman intensities; whereas, the
edge regions of the α- and β-domains display weak Raman
intensities and low signal-to-noise ratios, as shown in Fig. 1g and
h. These phenomena at the edge, where intense PL and weak
Raman intensities appear, can be explained by the defective edge
regions41–44. Notwithstanding the defective sites, the D mode is
insignificant owing to the relatively weak Raman intensity. In
addition, nanoscale defects cannot be resolved due to the low
spatial resolution of confocal Raman imaging.

TERS for heterogeneous defects
We performed TERS mapping of the sample to investigate
nanoscale defects in the domain and edge shown in Fig. 1. As
shown in Fig. 2a and b, we observed a drastic difference in

intensity between the α- and β-domains (which was caused by the
PL intensity (see Fig. 1c)) and identified the defective edge regions.
The Raman signals with and without Au tip were measured at the
same location of the α-domain to demonstrate TERS and the
enhancement factor was ~5.4 × 104 (Supplementary Fig. 6). A
normalized TERS intensity profile in Fig. 2c along the yellow solid
bar in Fig. 2a was extracted to estimate the spatial resolution of
TERS imaging. The intensity profile resolved the boundary edge of
the monolayer WS2 and Au substrate, showing an obvious
intensity differential. The derivative of the intensity profile was
calculated to precisely measure the spatial resolution using the full
width at half-maximum (FWHM) of the fitted Gaussian curve24. In
accordance with the FWHM, the spatial resolution of the TERS
image was estimated to be ~22.7 nm, which is beyond the
diffraction limit of the optical system. The spatial resolution of the
Raman image was estimated to be ~551 nm using the numerical
aperture (NA) of the objective lens (=0.7) and wavelength of the
excitation laser (=633 nm)20. Thus, the spatial resolution of the
TERS image is ~24 times higher than that of the confocal Raman
image. In other words, the high-resolution TERS imaging would
enable the extraction of information on Raman scattering from
numerous defects in a narrow region of tens of nanometers. In
addition, the magnified TERS image in Fig. 2b shows the defective
edge of the single-crystalline WS2 monolayer. The confocal Raman
images in Fig. 1 do not show a defective edge in the β-domain
owing to the limited resolution. These edge defects have a
decisive effect on the Raman scattering features, resulting in a low
signal-to-noise ratio and the presence of the D mode, as shown in
Fig. 1g and h. In the case of mechanically exfoliated multilayer
MoS2 flakes, the edge-induced Raman mode and change in the
A1g mode depending on the edge structure type (e.g., zigzag and
armchair) are observed45. However, the edge-induced Raman
peak in the single-crystalline WS2 monolayer is not significant
because the CVD-grown WS2 flakes are of relatively low quality
with inhomogeneous edges. These edge structures possess
neither the zigzag nor armchair edges of the homogeneous
structure but exhibit structural disorders including a number of
defects, such as vacancies, cracks, and broken edges. Thus, we
investigated the heterogeneous defects in the domains and edges
of the single-crystalline WS2 monolayer.
On the basis of the TERS images shown in Fig. 2, we extracted

other TERS images to investigate the Raman properties of the
heterogeneous defects in each domain and edge region of the
single-crystalline WS2 monolayer. We measured the AFM topo-
graphy and confocal Raman spectroscopy at a wavelength of
532 nm to determine the factors that affect the Raman
characteristics and verified that there was no strain effect on the
sample by the substrate, indicating that the variations in Raman
scattering were caused by defects. (Supplementary Figs. 7–9).
Figure 3a shows the peak distribution image of the A1g mode. In
contrast to the distribution image of confocal Raman scattering in
Fig. 1d, the differences in A1g peak shift between the α- and
β-domains are distinct, as shown in Fig. 3a. Although the peak
value of the A1g mode for pristine monolayer WS2 is generally
generated at ~417 cm−1 20, the peak distribution of the A1g mode
in the α-domain displays a slightly red-shifted A1g peak. This red-
shift indicates that the chalcogen atom vacancies in the α-domain
(VS in WS2), which are the most common defects in TMD
materials18–20, produce an n-doping effect, thus inducing the
red-shifted A1g peak20,46. Conversely, the Raman signal of the
β-domain shows a blue-shifted A1g peak. The blue shift for the A1g
mode in TMD materials has been attributed to a p-doped
phenomenon that can be generated by metal atom vacancies,
namely, VW in WS246. In addition, recent research using STEM has
demonstrated that VW-d defects including VS exist in the β-domain
of monolayer WS218,19. We obtained a skewness image of the A1g
peak (Fig. 3b), to investigate the heterogeneous defects in these
domains. The D peak, induced in the Raman spectrum of
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monolayer WS2 by defects, appears as the shoulder or split peak of
the A1g mode and generates spectrum skewness for the A1g mode.
Figure 3b shows a large difference in the skewness of A1g peak
between the α- and β-domains. The skewness value in the α-
domain is positive over the entire region, whereas that in the
β-domain is negative. These results for the peak skewness indicate
that in the case of positive values, the A1g peak in the α-domain
can be fitted using a single Lorentzian function. In the case of

negative values, the shoulder or split peaks for the A1g mode
appear strongly as the D mode in the β-domain, indicating that
the spectrum is highly skewed. Although the negative skewness
indicates that the A1g peak is accompanied by the D peak, the
weak Raman intensity in the β-domain generates an asymmetric
spectrum owing to the low signal-to-noise ratio of the A1g peak.
Accordingly, a peak distribution image for the D mode was
derived from Fig. 2a to investigate the heterogeneous defects that

Fig. 1 Raman scattering for monolayer WS2. a Schematic of single-crystalline hexagonal WS2 monolayer. b Schematic of STM-based TERS
system with a gap-mode configuration. STM-TERS measurements were performed at a constant-current mode by applying a bias voltage of
50mV to the sample. c Confocal Raman map of A1g peak area intensity with PL background (acquisition time per point: 1 s). d Distribution
image of A1g peak from the Raman map in (c). The white and black dashed lines in c and d indicate the domain boundaries and edges of WS2.
Confocal Raman spectra from e α-domain, f β-domain, g edge of α-domain, and h edge of β-domain. The spectra were extracted from each
colored cross in (c).
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caused the D peak, as shown in Fig. 3c. The D peak distribution
image reveals that red-shifted peaks appear in the entire
β-domain. This distribution of the red-shifted D peaks and
negative skewness in the β-domain can be attributed to a number
of VW-d with VS.
Furthermore, to thoroughly identify the Raman features of the

heterogeneous defects depending on the single-crystalline WS2
domains, we obtained the TERS spectra from each region marked
by the colored (numbered) circles, as shown in Fig. 3d–g. Spectra 1
and 2 in the middle of the α-domain show relatively strong TERS
signals along with the intensity of the weak D peak. In Fig. 3d, the
A1g mode of spectrum 1, which has a red-shifted shoulder peak in
the D mode at 410.2 cm−1, shows a marginally red-shifted peak at
~416.7 cm−1. The A1g peak value of spectrum 2, which barely
reveals the shoulder peak, is ~417.1 cm−1, which is equal to the
Raman frequency value of the pristine monolayer WS2. These
shifts in the A1g and D peaks were revealed due to a high VS
density20. We also analyzed the TERS spectra 3 and 4 in the edge
region of the α-domain. The TERS signals of the α-edge region
were lower in intensity than those in the middle area of the α-
domain. Spectrum 3 in Fig. 3e presents the non-shifted A1g
corresponding to the peak value of spectrum 2, whereas spectrum
4 shows the non-shifted A1g peak in conjunction with the red-
shifted D peak at ~410.3 cm−1. A comparison between the TERS
image and the confocal Raman map reveals a defective edge area
in the TERS map (absent in the confocal Raman image) owing to
the high spatial resolution of TERS. In these defective edge
regions, the energy-shifted D mode without the A1g peak shift can
be generated by structural disorders but not V defects causing the
A1g mode shift due to the doping effect47. Moreover, the TERS
spectra 5–8 were extracted from the middle and edge regions of
the β-domain. We observe that the β-domain region has more
blue-shifted peaks than the α-domain, as shown in Fig. 3a. In
addition, a number of red-shifted points related to the D mode
(<50 nm in size) are observed in the middle of the β-domain in
Fig. 3c. Two spectra were derived from the points, as shown in
Fig. 3f. The TERS spectra 5 and 6 for the middle region in the
β-domain show red-shifted D peaks with strong intensity as the
shoulder peak of the A1g mode. In contrast to the α-domain, the D
peaks were accompanied by blue-shifted A1g peaks. The high
intensity of the D peak and blue-shifted A1g mode can be
explained by VW-d, which produces defect-induced localized

states near the valence band46,48. Furthermore, the TERS signals
at the edge region in the β-domain exhibit a red-shifted D peak
and a blue-shifted A1g peak with a broad FWHM. Accordingly,
we assume that the blue shift of the Raman frequency and the
broader peak width are results of the structural defects of the
edge region and VW-d defects in the β-domain. In addition,
magnified TERS mapping reveals a defective edge site in the
β-domain, as shown in Fig. 4.

TERS for edge defects
We measured the high-resolution TERS image of a single-
crystalline WS2 monolayer to investigate the properties of the
edge defects and the correlation between the D and A1g modes
according to the region, as shown in Fig. 4. Although the TERS
image in Fig. 4a shows inhomogeneous TERS intensities, we
cannot distinguish the difference of Raman peak shifts in the
distribution image of Fig. 4b. Accordingly, we extracted the TERS
spectra from the basal plane to the Au substrate, including the
edge region of the single-crystalline WS2, as shown in Fig. 4c. The
edge region could be divided into specific regions of tens of
nanometers. These indicate the inner, edge, and Au regions. These
parts were divided by the sample location, and the defective
region between the inner parts was designated by the feeble
signals in the TERS image in Fig. 4a. The TERS spectra of the inner
position displayed intensities stronger than those of the defective
and edge regions. In addition, unlike the frequency of 417 cm−1

for the D and A1g modes of a defect-free WS2 monolayer (black
dotted line) with each spectrum, the spectra display many blue-
shifted peaks, specifically at the defective and edge parts in
Fig. 4c. These TERS spectra were deconvoluted into the D and A1g
modes using the Lorentzian function to examine the Raman shift
and intensity (Supplementary Fig. 10). In accordance with the
fitted spectra, we plotted the peak value and intensity for each
Raman mode along the tip displacement in Fig. 4d and e.
Furthermore, we compared the peak shifts and intensities to
reveal the correlation between these values. As shown in Fig. 4d
and e, the D and A1g modes with an intrinsic value of 417 cm−1

exist as red- and blue-shifted peaks, respectively, from the inner
part to the edge of the sample. The peak value and intensity of the
D mode exhibit large variations without consistency until the tip
position reaches the edge region. Despite the inner region,
considering the overall sample, all the inner and edge regions can

Fig. 2 Spatial resolution of TERS imaging. a TERS map of A1g peak area intensity for monolayer WS2 with background (acquisition time for
point: 0.5 s). The measured region is the same as the confocal Raman map. b Magnification of the green dashed square in the TERS image in
(a). The white dotted curve indicates the sample edge. c Normalized TERS intensity profile along a yellow solid bar and the derivative of the
intensity profile.
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be regarded as sample edge regions of the β-domain. Accordingly,
the structural disorders, as well as the VW-d defects, are presented,
and the variation in peak shift and intensity for the D mode could
be generated owing to the density and type of defects. However,
the A1g peak shows a blue shift with a gradual increase in the
wavenumber when the tip approaches the edge region, as shown
in Fig. 4e. This blue shift of the A1g mode with the variation of the
D mode indicates that the density of VW-d defects increases along
the spectral line trace from the inner part to the edge region,
whereas structural disorders are generally distributed arbitrarily.
Furthermore, in the first edge region, the A1g signal with the
weakest intensity appears, and the signals include a blue-shifted
peak at more than 420 cm−1. The intensity of the D mode presents
the strongest signal and a relatively small variation in the peak
value. In Fig. 4, although the red-shifted D mode, as a zone-edge
phonon mode, is split from the red- or blue-shifted A1g peak and
engendered, the strongest intensity and non-shifted peak of the D
mode originate in conjunction with the blue-shifted A1g peak at
the beginning of the edge region. This edge region represents a
significantly small and localized part of the entire sample edge. It
contains a high density of various defects, specifically VW-d defects
and broken edges. The VW-d defects induce blue-shifted A1g peaks,
and the broken-edge defects cause strong D peak signals without
variation in the Raman shift.
In addition to the localized state generation near the

valence or conduction bands, the emergence of the D mode
can be explained by a phonon confinement effect such as
the momentum conservation rule for a phonon-defect scattering
process and relaxation of the selection rule for a first-order Raman
process through the phonon weighting function39,49–51. In the
first-order Raman scattering process, the Raman active mode, as a

zone-center optical phonon, can be generated in defect-free
crystalline materials when the requirement for momentum
conservation is q ≅ 0, where q is a wave vector indicating the
phonon momentum. Therefore, defects such as V defects and
structural disorders can break the pristine crystalline structure and
produce defect-induced nanostructures with a finite phonon
correlation length (LC), causing relaxation of the fundamental
Raman selection rule. In other words, the defects introduce the
relaxation of the Raman selection rule of q≅ 0, producing a
phonon away from the Γ point in the Brillouin zone. In addition,
this relaxation could be evaluated using the phonon weighting
function W(r, LC) for the Raman process, where r is the spatial
coordinate. This function is expressed as a decay factor of the
Gaussian formation as follows39,49–52:

W r; LCð Þ ¼ exp �αr2=L2C
� �

; (1)

where α is an alterable confinement coefficient representing an
attenuation of the phonon amplitude. LC can be regarded as the
size of the defect-induced nanodomain. Based on the weighting
function W(r, LC), the intensity I(ω) of the first-order Raman mode
in 2D nanocrystalline materials can be determined through the
phonon confinement model designed by the Richter–Wang–Ley
(RWL model)52. Moreover, the proposed model can be used to
explain the peak shift, FWHM, and skewness of the peak for the
first-order Raman process as follows39,49–52:

I ωð Þ /
Z

C qð Þj j2
ω� ω qð Þð Þ2 þðΓ0=2Þ2

dq; (2)

where C(q) is the Fourier coefficient of the weighting function W(r,
LC), and ω(q) is the phonon dispersion curve in the infinite domain
induced by defects, Γ0 is the natural width of the Raman peaks,

Fig. 3 TERS imaging of monolayer WS2. a Peak distribution image for A1g mode derived from Fig. 2. b A1g peak skewness image. c Peak
distribution image of D mode. TERS spectra were extracted from the d middle and e edge regions of the α-domain, and the f middle and
g edge regions of the β-domain. Each colored (numbered) circle in the TERS images corresponds to the spectra of the same color (number).
These spectra d–g were fitted using Lorentzian functions.
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and the integral indicates integration over the entire range of the
Brillouin zone. Thus, Eq. (2) indicates the weighted integration of
the Raman peaks of the Lorentzian function based on the phonon
dispersion ω(q). Equation (2) can be approximated as follows for a
2D nanostructure using the attenuation factor for a Gaussian
function in Eq. (1)39,49–52:

I ωð Þ ¼
Z

exp �q2L2C=2α
� �

ω� ω qð Þð Þ2þ Γ0=2ð Þ2 2πq dq: (3)

According to Eq. (3) for the phonon confinement model, q ≠ 0
phonons can be quantified in the Raman process39. The A1g mode
of the out-of-plane optical (ZO) branch can be degenerated at the
Γ point, where the dispersion curve for the degenerated phonon
indicates the D mode of the ZO branch at the M point in the
Brillouin zone39,49. Therefore, V defects and structural defects can
alter the lattice structures of a single-crystalline WS2 monolayer.
Moreover, a variation in the lattice structure (such as broken-edge
defects) induces a finite LC so that a zone-edge phonon similar to
the D mode can occur while satisfying momentum conservation
and the Raman selection rule.
In addition, the inner II and inner III regions exhibit blue-shifted

A1g peaks of weak signals without fluctuation, accompanied by the
D mode, including the variable peak value and intensity, as shown in
Fig. 4e. Moreover, in the edge II region, the blue-shift of the A1g peak
occurs with a gradual increase in the wavenumber as the tip moves
toward the Au region. This implies that the end part of the edge
region contained a higher density of VW-d defects than its inner part.

Quantum mechanical calculation for heterogeneous defects
We conducted quantum mechanical calculations within the DFT
framework to investigate the effect of heterogeneous defects such
as VS-d and VW-d defects on the Raman vibrational modes in
monolayer WS220. First, we performed DFT calculations for an ideal
defect-free WS2 to identify the vibrational direction and value of
the Raman frequency for a general A1g peak (Supplementary Fig.
11). The Raman frequency for the A1g mode was calculated to be

413.41 cm−1 (Supplementary Table 1). We established two types
of models for the VS-d and VW-d defects based on the calculations
for the ideal model, to examine the change in vibrational modes
and Raman frequencies. Figure 5a shows the monolayer WS2
structure with a VS-d defect, which indicates one VW with six
neighboring VS (VW1S6). In the case of the VW1S6 defect, we can
observe out-of-plane vibrations for the A1g and D modes20, as
shown in Fig. 5b and c. The A1g mode shows a weakened
vibrational range, and the Raman frequency is calculated to be
412.77 cm−1 (Supplementary Table 1). Although VW can introduce
the blue-shifted A1g mode owing to the generation of localized
states near the valence band, the A1g mode for VW1S6 exhibits a
lower energy value than pristine monolayer WS2. This implies that
the Raman frequency is red-shifted by the n-doping effect and
that the VS6 adjoining VW has a significantly higher doping effect.
Moreover, asymmetric vibration of the D mode can also be
generated by the VW1S6 defect, as shown in Fig. 5c. The value of
the D mode was estimated to be 409.27 cm−1 via DFT calculations
(Supplementary Table 1). In addition, we performed DFT calcula-
tions for VW-d defects such as the two single VW defects (2VW) and
the VW1S6 defect (Fig. 5d). These were performed because the
β-domain contains VW-d, which induces blue-shifted A1g and red-
shifted D peaks. Out-of-plane vibrations can occur in the localized
region of the cell, as shown in Fig. 5e (Supplementary Fig. 12). This
directional vibration can also be regarded as the A1g mode
because the blue vectors are perpendicular to the a- and b-axes
and parallel to the c-axis in the crystal structure53. The calculated
A1g mode has a blue-shifted Raman frequency of 416.64 cm−1

(Supplementary Table 1). In addition, the 2VW defects generated
both blue-shifted A1g and red-shifted D modes of 407.06 cm−1

(Fig. 5f; Supplementary Table 1). These shifted values for the
V-induced Raman peaks are close to the experimental results.
Thus, we demonstrated that various heterogeneous defects such
as structural disorders VS-d, VW-d, and edge defects in single-
crystalline WS2 can produce different Raman vibrational properties
in conjunction with the appearance of the D mode.

Fig. 4 TERS imaging for the localized edge region. a High-resolution TERS image for A1g peak area intensity. The white dashed line indicates
the positions of the extracted TERS spectra in (c). b Peak distribution TERS image derived from (a). c TERS spectral line trace for D and A1g
peaks. Each TERS spectrum was extracted at an interval of 10 nm. The black dashed line indicates the Raman shift of 417 cm−1. Plots of peak
values and intensities for d D peak and e A1g peak, with respect to tip displacement. The error bars indicate the fitting error.
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DISCUSSION
In this study, we investigated the heterogeneous defects in a
single-crystalline WS2 monolayer using STM-based TERS imaging.
We demonstrated heterogeneous defect-induced Raman signals
for α- and β-domains and edges. In the case of the α-domain, VS-d
defects were distributed such that red-shifted A1g and D modes
are observed. In the case of the β-domain, the blue-shifted A1g
mode is accompanied by a red-shifted D mode because VW-d

defects are the majority defect in the β-domain. Furthermore, the
β-domain exhibited a relatively higher D mode intensity than the
α-domain. This intensity differential, in the narrow region below
several tens of nanometers, indicates that the density of
nanoscale defects in the β-domain significantly exceeds the
defect density in the α-domain. In addition, it was revealed that
the edge defects, which can occur straightforwardly owing to
CVD synthesis, were structural disorders using high-spatial-
resolution TERS imaging. The D mode was generated by these
edges in addition to the V defects. These results imply that TERS
exhibits substantial potential as a nondestructive nanoscale
imaging technique for investigating the optical properties of
nanoscale defects in monolayer WS2 as well as other 2D layered
semiconductors.

METHODS
Synthesis of single-crystalline WS2 monolayer
Hexagonal monolayer WS2 samples were synthesized using CVD18.
Ammonium metatungstate hydrate (Sigma-Aldrich) was used as a
precursor, and sodium cholate hydrate (Sigma-Aldrich) was used as a
promoter. Each material was dissolved separately in deionized (DI) water.
The solutions were then mixed with a medium solution (OptiPrep density
gradient medium; Sigma-Aldrich). The mixed solution was dropped onto a
SiO2/Si substrate and spin-coated. The W precursor-coated substrate and S
powder (Sigma-Aldrich) were placed at two different positions in a CVD
chamber and heated uniformly to 780 and 210 °C, respectively, in a furnace
under atmospheric pressure.

Fabrication of Au tip for TERS
The Au tip was fabricated via electrochemical etching54,55. An Au wire with
a diameter of 250 μm (Nilaco) was used to fabricate the tip. A mixed
solution consisting of 37% hydrochloric acid solution (Sigma-Aldrich) and
anhydrous ethanol (Sigma-Aldrich) was used as an etchant to etch the Au
wire. A wave-function generator with a frequency of 300 Hz and a 20%
duty cycle supplied a pulsed voltage from −25mV to 3.5 V. After etching,
four solutions (acetone, ethanol, DI water, and isopropanol) were used
separately to rinse the etched Au tip.

Fig. 5 DFT calculations for the Raman modes induced by VS-d and VW-d defects. a Complex vacancies model for 1 VW with 6 VS in the 8 × 8
unit cell. VW1S6-induced vibrational modes for b A1g and c D peaks. d Two single VW model in the 8 × 8 cell. 2VW-induced vibrational modes for
e A1g peak and f D peak. The blue arrows indicate the vectors for the atomic vibrations. The vector length does not indicate the Raman
intensity.
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Confocal Raman scattering and TERS measurements
Confocal Raman scattering of monolayer WS2 was measured using a
confocal Raman microscope system (XperRAM C, Nanobase & NTEGRA
Spectra, NT-MDT). This equipment (NTEGRA Spectra, NT-MDT) was also
used to conduct the TERS experiment by combining the confocal Raman
and STM systems. In all the experiments, an objective lens with an NA of
0.7 and magnification of ×100 (Mitutoyo) was used to irradiate the WS2
monolayer with an excitation laser of wavelength 633 nm (<0.7 mW). The
laser, which was linearly polarized in the confocal measurement, was
polarized along the Au tip axis as well in the TERS experiment. The Raman
scattering signals were acquired using a charge-coupled device detector
(Andor) cooled to −80 °C and a spectrometer with 1800 grooves/mm grating.
The thermal drift of the piezoelectric scanner was approximately 15 nm/min/
°C for the XY-axis and 10 nm/min/°C for the Z-axis. The scanner was warmed
for 1 day prior to the TERS experiment (step size of 10 nm) to avoid thermal
drift. The measurements were conducted under ambient conditions.

DFT calculations for vibration modes of defective monolayer
WS2
Quantum mechanical calculations were performed via DFT using the basis
sets for atomic orbitals following the DMOL3 code on the BIOVIA Materials
Studio platform20,56. We used the double with polarization form for the basis
sets of atomic orbitals. During the calculation, we considered all the electrons
containing the core parts. Exchange-correlation functions were obtained
using the local density approximation and k-points with a Monkhorst–Pack
grid with a separation of 0.02/Å. The criteria of distance, force, and total
energy difference for geometry optimization were 0.005 Å, 0.001Ha/Å, and
10−5 Ha, respectively. The bulk WS2 geometry was obtained using ICSD as
the lattice parameter: a= 3.154 Å, b= 3.154 Å, c= 12.360 Å, α= 90°, β= 90°,
and γ= 120°. Using this initial geometry, we minimized it fully, including the
cell optimization. We obtained the following lattice parameters: a= 3.1959 Å,
b= 3.1959 Å, c= 11.3908 Å, α= 90°, β= 90°, and γ= 120°. An 8 × 8 unit cell
was produced from the optimal geometry, and one monolayer was
eliminated to obtain the monolayer WS2 geometry. We fully relaxed this
geometry again to achieve the reference system of the energetically stable
state for further calculations. Using the ideal reference system, the initial
geometries were generated with 2VW by removing two W atoms and VW1S6

and full relaxation of the geometry. The optimized bond lengths at the VW1S6

defect were 2.67 Å for the W–W bond and 2.43 Å for the W–S bond. The hole
size of VW1S6 was 6.34 Å.
We analyzed the vibrations based on these conditions using the

optimized geometries of the ideal WS2, 2VW, and VW1S6. We computed
the vibrational frequencies of monolayer WS2 using mass-weighted second-
derivative Cartesian matrix diagonalization (i.e., Hessian matrix)57. We
computed Hessian elements by replacing each atom and then, calculating a
gradient vector. A complete second-derivative matrix was thus built
according to the computational scheme. Thus, the vibrational modes were
numerically calculated. Using a two-point difference, Hessian was estimated
to reduce numerical rounding errors. We extracted the intensities from the
atomic polar tensor, which indicates the second derivative of the total
energy in terms of dipole moments and Cartesian coordinates. The
intensities for each mode were estimated as the square of the transition
moments for each mode. In addition, these were expressed with respect to
the atomic polar tensor matrix and mass-weighted Hessian eigenvectors.
The displacement step size was set at 0.005 Å.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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