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Investigation of spatially localized defects in synthetic WS2 monolayers
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While the spatially nonhomogeneous light emission from synthetic WS2 monolayers is frequently reported in
the literature, the nature of this phenomenon still requires thoughtful investigation. Here, we combine several
characterization techniques (optical imaging, scanning probe and electron microscopy) along with density func-
tional theory to investigate the presence of substitutional doping localized at narrow regions along the S zigzag
edge of WS2 monolayers. We verified that photoluminescence quenching along narrow regions is not related to
grain boundaries but to substitutional impurities of lighter metals at the W sites, which modify the radiative and
nonradiative decay channels. We also found potential candidates for occupying the W site through ADF-STEM
analysis and discussed their impact on photoluminescence quenching by performing density functional theory
calculations. Our findings shed light on how atomic defects introduced during WS2 monolayer’s synthesis impact
the crystalline quality and, therefore, the development of high-performance optoelectronic devices based on
semiconducting 2D materials.

DOI: 10.1103/PhysRevB.106.115301

I. INTRODUCTION

Two-dimensional (2D) semiconductors belonging to the
transition metal dichalcogenides (TMDs) family have demon-
strated remarkable physical properties. Amid several of
them, we highlight the indirect-to-direct band gap transition
upon the thickness reduction from bulk to monolayers [1],
circular-polarized light with valley selectivity [2], single-
photon generation from single-defect states [3–6], and strong
many-body interactions [7,8]. Furthermore, the synthesis of
TMD single-crystal monolayers by chemical vapor deposition
(CVD) with high quality and large area has been achieved,
providing a step toward industrial-scale applications of these
materials [9–13]. However, an inhomogeneity in photolumi-
nescence (PL) response, as observed in mostly all synthetic
TMD monolayers, has introduced a discussion about the
crystalline quality of the synthesized flakes if compared to
the exfoliated ones [14–18], where different factors, such as
substrate interactions, strain fields, single defects, and grain
boundaries [11,12,19–26], emerge as a synthetic growth after
effects.

*mut11@psu.edu
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Several works have correlated the PL enhancement from
edges of CVD-grown TMD monolayers to different mech-
anisms: The presence of localized states due to sulfur (S)
vacancies [11,25], formation of biexcitons [21], or charge
transfer by oxygen passivation of vacancies [19,27]. Some re-
ports have further shown a more complex photoluminescence-
enhanced emission pattern, ascribed to different charge con-
centrations along grain boundaries (GBs) in polycrystalline
monolayers, which affects the PL quantum yield [14,20,28–
32]. Moreover, an anomalous PL quenching, commonly
seen as a narrow region from the center to the vertex
of triangular-shaped tungsten disulfide monolayers (WS2),
has also commonly been associated with the presence of
GBs [20,28–30], although there is no experimental confir-
mation of such statement in the literature that confirms the
nature of well-defined narrow dark lines in synthetic WS2

monolayers. On the other hand, An et al. [33] investigated the
time evolution of CVD-WS2 flakes morphology and attributed
the existence of such narrow dark lines to the presence of W
vacancies; however, a systematic study focusing on unrav-
eling the nature of those PL quenching still requires further
investigation.

Here, through several experimental techniques and theo-
retical calculations, we investigate the well-defined narrow
dark regions, frequently observed in WS2 monolayers along
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the S zigzag edge, at which a PL quenching is observed. By
performing second-harmonic generation (SHG) microscopy,
combining bright- (BF) and dark-field (DF) imaging [34], we
identified crystal grains and grain boundaries existing in our
monolayers, which are not overlapped with regions showing
PL quenching. This result suggests that the nature of dark
regions is not due to grain boundaries but to other types
of defects. Scanning probe microscopy (SPM) and scanning
transmission electron microscopy (STEM) identified a high
density of substitutional impurities at the tungsten (W) sites.
Besides, STEM also provides different possible candidates for
the W-atom replacements through annular dark-field imaging
(ADF-STEM). Lastly, with the aid of spin-polarized density
functional theory (DFT) calculations to investigate up to ten
atoms and vacancies, we obtain information on defect for-
mation energies with the electronic structure of defect states.
The theoretical results highlight, among all candidates, the
favorite atoms to occupy the W site of WS2 and how they
affect the PL emission. Our findings unfold the presence of
substitutional impurities in synthetic TMDs, disentangling
those defects from GBs and foremost revealing the nature
of luminescence-quenching carrier trapping in CVD-grown
monolayers of WS2.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Sample synthesis

WS2 flakes investigated in this work were grown on a
SiO2 (300 nm)/Si substrate by an atmospheric pressure CVD
method [35]. The process consists of mixed WO3 and NaBr
powders (10 : 1 weight ratio) placed inside a porcelain boat,
and a piece of one-side polished SiO2/Si substrate positioned
on top of the boat with the polished side facing down, where
the CVD flake was grown. Later, sulfur powder (300 mg) was
deposited in another porcelain boat located in the upstream.
During the synthesis, substrate and mixed WO3/NaBr pow-
ders were heated up to 800 ◦C by the tube furnace and held
for 15 min, while the sulfur powder was heated up to 220 ◦C
independently by a heating belt. After the reaction, the furnace
was allowed to cool down naturally. An argon flow of 100
sccm was used through the process.

B. Optical spectroscopies and microscopies

Fluorescence imaging was performed using an Olympus
BX51 fluorescence microscope at ambient conditions. Light
from a Hg lamp passes through a bandpass filter 530–550 nm
and heads to the objective and onto the sample by a dichroic
mirror (with edge at 570 nm). Fluorescence response emit-
ted by the sample travels back through the objective and
the dichroic mirror before passing through a long-pass filter
590 nm, and is then directed into the camera system. Photolu-
minescence and Raman spectroscopies were performed using
a WiTec Alpha 300 at ambient conditions. The sample was
excited with a Nd:YAG laser with wavelength of 532 nm with
an excitation power of 0.5 mW onto the sample. The laser
was focused by a 100× objective with 0.9 NA. The signal
was recorded through a 532 nm long-pass filter, using the
same objective and a grating of 600 grooves mm−1. For this

configuration, the spot size approaches the diffraction limit of
250–300 nm.

Second-harmonic imaging was performed by scanning the
laser with a set of galvanometric mirrors (Lavision Biotec)
in a modified Nikon microscope. The laser system used
was an optical parametric oscillator (APE PicoEmerald) with
80 MHz repetition rate, 7 ps pulse width tuned at 810 nm.
The near-infrared laser was directed to the microscope and
then focused onto the sample by a 40× objective (0.95 NA).
The backscattered second-harmonic signal was reflected by a
dichroic mirror that reflects below 690 nm followed by a band-
pass filter that selects only wavelengths corresponding to the
second harmonic that is then detected by an enhanced GaAsP
photomultiplier tube (PMT). For dark-field second-harmonic
imaging, a dark-field filter (patch stop) was inserted before the
PMT detector as shown in Ref. [34].

C. Scanning probe and electron transmission microscopies

SPM measurements were carried out with a Bruker
MultiMode8 SPM. For AFM characterization, intermittent
contact and PeakForce modes were conducted using a
HQ:NSC15/AL-BS (MikroMash) cantilever. Lateral force
microscopy (LFM) measurements were performed by us-
ing a RC800PSA (Olympus) cantilever. We calculated the
LFM signal as the difference in lateral torsion between scans
in forward (trace) and backward (retrace) directions, which
enhances the friction difference and minimizes topographic
artifacts. We also performed electrostatic force microscopy
(EFM) and scanning Kelvin probe microscopy (SKPM) ex-
periments by using AC240-TM (Pt-coated tip) cantilever from
Olympus. The EFM and SKPM experiments were carried out
at a fixed lift height (50 nm) above the sample surface. Lastly,
SKPM imaging was performed with an AC bias VAC = 2 V
applied to the probe at the resonant frequency of the cantilever.
We performed all experiments at ambient conditions.

STEM measurement was carried out by using an FEI Ti-
tan3 G2 S/TEM 60–300 with a spherical aberration corrector
on both the probe- and the image-forming lens at an ac-
celerating voltage of 80 kV. ADF-STEM image simulation
was performed by QSTEM software developed by Koch [36].
All parameters for the ADF-STEM image simulation were
appropriately set according to experimental imaging condi-
tions, including the acceleration voltage, spherical aberration
(C3 and C5), convergence angle, and inner/outer angle for
the ADF detector. For most images in this work, a Gaussian
blur filter (r = 0.03 nm) was applied by the ImageJ [37]
program to reduce noise and therefore enhance the visibility
of the structural details. ADF-STEM intensity analysis was
performed by the ImageJ [37] program on processed images
by the Gaussian blur and bandpass filter [see Fig. S8 in the
Supplemental Material [48] (SM)]. Here, a bandpass filter was
employed to reduce the contrast from carbon contamination
on the surface of WS2 structure. To obtain total ADF intensity
from an atom, the atom was overlaid with a circular region-of-
interest (ROI) with a diameter of 0.2 nm, and the ADF-STEM
signal within the ROI was summed. More than 16 000 metal
sites (approximately 40 × 40 nm2) are used in ADF-STEM
intensity analysis to accurately count the concentration of
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impurity with ppm order accuracy. The same process was
applied to simulated ADF-STEM images.

D. Density functional theory calculations

We performed ab initio calculations based on the
density functional theory [38,39] as implemented in the
SIESTA code [40,41]. The generalized gradient approxima-
tion (GGA/PBE) was chosen for the exchange-correlation
functional [42]. We make use of a relativistic norm-conserving
Troullier-Martins pseudopotentials [43,44] in the Kleinman-
Bylander factorized form [45] and a double-ζ basis set
composed of finite-range numerical atomic pseudofunctions
enhanced with polarization orbitals. Spin polarization was
included in all calculations. A real-space grid was used with a
mesh cutoff of 350 Ryd and the Brillouin zone was sampled
using a 4 × 4 × 1 k-grid Monkhorst-Pack [46]. All geometries
were optimized so that the maximum force on any atom is less
than 10 meV Å−1. Optical absorption spectrum was calculated
using dipole transition matrix elements between Kohn-Sham
states with a grid of 10 × 10 × 1 k points for energies up
to 4 eV. A Gaussian broadening with width of 0.05 eV was
used in the absorption spectrum. We employed a 10 × 10
supercell model containing 300 atoms. Formation energy was
calculated using the following expression

Eform = Ecell − Epristine + μW − μM , (1)

where Ecell and Epristine are the total energies of the large unit
cell that includes the defect and the pristine case, μW is the
chemical potential calculated from the total energy of a perfect
bcc tungsten crystal, and μM is the chemical potential of the
substitutional transition metal. In this case, we choose the fcc
structure for Sc, Y, and Mn and bcc for Cr, Mo, Nb, V. For Ga
we use the bct structure. All graphics of atomistic models and
charge densities plots were performed with XCrySDen [47].

III. RESULTS AND DISCUSSION

A. Photoluminescence characterization

Figures 1(a)–1(f) show optical and fluorescence images
(FI) of a set of different CVD-grown WS2 monolayers. Bright-
field images shown in Figs. 1(a)–1(c) reveal the homogeneity
of our monolayers, except for the presence of nucleation sites
located at the center of these polycrystalline flakes [Figs. 1(a)
and 1(b)]. The corresponding FI images [Figs. 1(d)–1(f)] ex-
hibit distinct emission intensities throughout the flakes (see
Fig. S1 in the Supplemental Material [48] for more bright-
field and FI images of other flakes). It is noteworthy that
all flakes exhibit a PL quenching along darker and narrow
lines, going from the center to the triangle vertices in both
polycrystalline [Figs. 1(d) and 1(e)] and monocrystalline sam-
ples [Fig. 1(f)]. The decrease in PL intensity in these narrow
regions is about 30%, as shown by the intensity profile in the
inset of Fig. 1(f) (see Supplemental Material [48], Fig. S2, for
more information). We also observe a stronger light emission
at the edges and the bright regions at the interface between
domains of polycrystalline monolayers [Figs. 1(d) and 1(e)].
To clarify the following discussion, we label those distinct
sharp lines as dark regions and bright regions, the latter being
commonly reported in the literature as S vacancies interacting

FIG. 1. (a)–(c) Optical images of different synthesized WS2

monolayers. (d)–(f) Respective FI images. The intensity profile col-
lected from the white dashed line in (f) is seen in the yellow inset
graph. Scale bar: 20 μm. (g) Optical image of a star-shaped WS2

monolayer with the overlaid hyperspectral PL intensity image. Scale
bar: 10 μm. (h) Top: PL spectrum taken at regions A (blue) and B
(green) shown in (g). Bottom: Normalized PL spectrum at positions
A (blue) and B (green) in (a) shown in logarithmic scale.

with environment molecules (e.g., oxygen) [20,23]. Nonethe-
less, in this work, we aim attention at the local PL quenching
and, therefore, will omit further discussion of bright regions
unless required to explain the presence of the dark regions.

The hyperspectral PL imaging performed in a polycrys-
talline WS2 monolayer is shown in Fig. 1(g). The spectra
collected from the dark region and the pristine region at
points A and B, respectively, were acquired at room temper-
ature (RT) using 532-nm laser excitation. The typical peak
shape for pristine CVD-WS2 monolayers, consisting mainly
of neutral-exciton peak X0 at EX0 ∼ 1.97 eV, agrees with op-
tical properties of undoped CVD-WS2 monolayer [22,25,49].
The absence of trionic and biexcitonic emissions was also
confirmed via excitation power dependence measurements
(see Supplemental Material [48], Fig. S3). As reported in
the literature, TMD monolayers may change the complex
excitonic response, such as the appearance of trions and biex-
citons, depending on the power excitation intensity at which
the flakes are exposed [22,50]. Carrying out power depen-
dence series measurements in our samples, we observe that
a predominant single peak (Fig. S3) remains approximately at
constant energy emission (∼1.97 eV), showing only a slightly
broadening of spectra under power excitation at an energy be-
low 1.93 eV, which may be attributed to local heating effects.

To investigate the presence of local strain, we performed
Raman spectroscopy on the dark region and the pristine region
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(Supplemental Material [48], Fig. S4). As a result, the Raman
spectra show no detectable peak shifts between the dark and
pristine regions (see Supplemental Material [48], Fig. S4),
which has been assigned as a trustworthy indicator of strain
in 2D materials [51–53]. Along with an unchangeable PL
peak position shown in Fig. 1(g), we suggest that dark regions
can be considered an unstrained region in comparison with
pristine regions nearby [53–55].

It has also been reported that S vacancies observed in
synthetic monolayers may alter the PL intensity response.
As reported by Carozo et al. [25] in a similar sample, a
defect-bound exciton emission showing low emission energy
(1.65 eV) is expected at liquid nitrogen temperature when S
vacancies are isolated. Thus, to rule out the existence of dark
regions as a consequence of S vacancies, we performed room
and nitrogen temperature (77 K) fluorescence imaging by
using different bandpass filters (see Fig. S5). The fluorescence
images at room and low temperature exhibit a stronger PL
emission on the WS2 monolayer edges Figs. S5(b) and S5(c),
respectively when the selected energy emission is 1.97 eV.
However, when the bandpass filter is centered at 1.65 eV,
bound-exciton emission is only detected along the edges of the
WS2 monolayer at 77 K, whereas no PL response is observed
along the line from the center to the vertex of the flakes (dark
regions) Fig. S5(d). It suggests, therefore, that the responsible
mechanism for decreasing the excitonic emission in the dark
regions is likely not to be related neither to the presence
of isolated S vacancies nor to local strain [32,53,56,57], but
rather to other defects that introduce different recombination
channels in TMD monolayers [23,58–60].

B. Second-harmonic generation

To retrieve information about the nature of dark regions,
we carried out polarization-resolved SH measurements and
dark-field SH imaging, as shown in Fig. 2. Regions I (black
arrows) and II (red arrows), highlighted in Figs. 2(a)–2(c),
correlate respectively to the dark and bright regions as seen
by the inset of the FI images, corresponding to Figs. 1(d)–1(f).
The second-harmonic generation technique has been used as a
powerful tool to identify the structural properties of exfoliated
and CVD-synthesized 2D materials [34,61–66], because of
the inversion symmetry absence in TMD monolayers that
leads to a finite second-order nonlinear susceptibility χ (2).
Moreover, in addition to being a rapid method for identifying
monolayers and odd-few layers TMDs, and crystallographic
orientation [61–63], SH imaging allows us to identify grain
boundaries in polycrystalline CVD flakes [34,64], named in
our work as bright regions.

The generated SH electric field amplitude depends on the
crystallographic orientation of the sample concerning the in-
cident laser polarization [61]. Thus, by placing a polarizer in
front of the detector, different grain orientations will show
different SH intensities [61–64]. From Figs. 2(a)–2(d), one
notices that WS2 grains reveal distinct SH intensities, indi-
cating the formation of boundaries between individual grains
(regions II). Although the SH intensity remains the same in
Fig. 2(b), the interference between the generated SH electric
fields with the opposite phases due to 180◦ of rotation between
the WS2 grains leads to a suppression of the SH response

FIG. 2. (a)–(d) Polarized-resolved SH imaging on different WS2

monolayers. Labels I and II, black and red arrows, respectively, indi-
cate regions exhibiting the dark and bright regions shown in the inset
FI images. (e) SH intensity as function of input laser polarization
angle for the three different domains shown in (d). (f) Dark-field SH
imaging of the WS2 flake shown in (d). Scale bar: 30 μm.

at the grain boundary (region II) [64]. Figure 2(e) shows the
acquired SH polarized-resolved intensity for three WS2 grain
domains highlighted in Fig. 2(d). The single grains 1 (red
dashed line), 2 (green dashed line), and 3 (blue dashed line)
exhibit distinct orientations when looking at the polycrystal,
where angles of 12◦, 21◦, and 9◦ were recorded between the
crystals 1–2, 2–3, and 3–1, respectively (details regarding the
fitting procedure can be found in the SM [48], Sec. 6 and
Fig. S6). The absence of difference in SH emission intensities
through regions I, as indicated in Figs. 2(a)–2(c), on the other
hand, indicates negligible GB presence.

Furthermore, we conducted dark-field SH imaging in this
flake to visualize better the GBs localized between these three
WS2 single crystals that compose the polycrystalline mono-
layer. This technique reveals GBs and edges within TMDs by
suppressing SH signal from the monolayer region and thus
enhancing the SH signal from the GBs between the domains,
as discussed by Carvalho et al. [34]. In Fig. 2(f), one can
observe the emission from GBs and therefore the presence of
bright regions (regions II) that coincide with GBs, as previ-
ously reported [20,23]. In contrast, the absence of dark-field
SH response along the dark regions (regions I), reinforced by
bright-field images [Figs. 2(a) and 2(b) and 2(c)], strongly
suggests that at this region no grain boundaries were formed
during CVD monolayer growth.

C. Scanning probe microscopy

We next explored the surfaces of the dark regions by
employing a series of SPM imaging techniques—atomic
force microscopy (AFM), scanning Kelvin probe microscopy
(SKPM), electrostatic force microscopy (EFM), and lateral
force microscopy (LFM). Figures 3(a) and 3(b) show the FI
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FIG. 3. (a) FI image of a triangular-shaped WS2 monolayer grown on SiO2/Si. Scale bar: 15 μm. (b) AFM image of the flake displayed
in (a). The black arrow indicates the topography profile from the dark region. (c) SKPM mapping of the surface potential of this same flake.
(d) EFM image of the same flake acquired at tip bias Vtip = −3 V. Scale bar (a)–(d): 5 μm. (e) PL image of a WS2 polycrystal on SiO2/Si.
The highlighted rectangular region indicates the region where AFM and LFM were recorded. Scale bar: 12 μm. (f) AFM and (g) LFM image
of the rectangular highlighted in (e). Scale bar in (f) and (g) corresponds to 10 μm. Dashed red lines in ( f) and (g) indicate where line profiles
(shown by full red lines) were measured.

and AFM images of a representative triangular WS2 mono-
layer (in yellow-green shades) grown on SiO2/Si (blue color
at the AFM image). While dark regions do not show no-
ticeable variations in the flake topography [Fig. 3(b)], they
are revealed in the SKPM [Fig. 3(c)] and EFM [Fig. 3(d)]
images. The dark regions are indicated by light blue lines in
the SKPM image [Fig. 3(c)], which shows a higher surface
potential than their neighboring region (highlighted by the
profile in red). These same dark regions appear as negative
contrast background (when compared to the flake’s signal)
in the EFM image [Fig. 3(d)], which indicates an intensified
EFM signal response (negative frequency shift, as shown by
the profile in red). In semiconducting materials, an increase in
the surface potential measured via SKPM suggests a decrease
in its work function value, which is commonly associated
with doping of the material [67–69]. Additionally, a larger
magnitude frequency shift in EFM images is indicative of a
high dielectric constant (for the same sphere-plane capaci-
tor approximation) [67,69]. Among several possibilities for
enhancing the dielectric constant of a given material, dop-
ing and substitutional defects are the most expected [67–69].
Therefore, SKPM and EFM images jointly demonstrate that
dark regions have different electrical properties than their
surrounding flake (lower work function and higher dielectric
constant), consistent with either doping or compositional vari-
ations at the dark regions.

In addition to electrical characterization, SPM allows
simple structural analysis of WS2 monolayers via LFM imag-
ing [28,67]. Figures 3(f) and 3(g) exhibit the topography
(AFM) and friction (LFM) images of a selected area of
a star-shaped WS2 monolayer, as shown in Fig. 3(e) (see
dashed square), where both dark regions and bright regions
are present. Only a small fraction of the substrate (in blue
shades) is seen in Fig. 3(f), while most of the green regions

in the image correspond to the WS2 monolayer. One can
identify the bright region, where a grain boundary is located,
at the image center by its different height, being several
angstroms thicker than its surrounding, as indicated by the
line profile shown in Fig. 3(f). The dark region, nevertheless,
produce significantly smaller AFM topography variations
(0.1–0.2 nm) when compared to the bright regions, whether in
single or polycrystalline WS2 monolayers [Figs. 3(b) and 3(f),
respectively], despite the edges in the triangular-shape flake
[Fig. 3(b)].

Figure 3(g) depicts the friction image of the same area,
where a noticeable difference in friction coefficients between
the WS2 monolayer (in blue shades) and the SiO2/Si (in red)
are revealed. We can also observe two diagonal lines near
both the left and right sides of the image edges corresponding
to the dark regions, whereas the line at the center corresponds
to the bright region [see Fig. 3(e)]. By performing a line scan
[dashed red line in Fig. 3(f)] across the dark and bright regions
and comparing their relative friction intensities, we consider
that the tip-sample friction coefficient is noticeably larger at
the dark region than in the bright region. Our SPM results
agree with the SH results already discussed here, suggesting
that dark and bright regions arise from different mechanisms,
with the latter being ascribed as a grain boundary. In addition,
combined SKPM, EFM, and LFM results may lead us to
consider that dark regions’ presence is rather a result of local
chemical compositional variations [28,67].

D. Transmission electron microscopy

In order to investigate the possible chemical composi-
tional variations in the dark regions, we performed annular
dark-field imaging using scanning transmission electron mi-
croscopy (ADF-STEM). Figure 4(a) shows a FI image of a
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FIG. 4. (a) FI image of a triangular WS2 monolayer transferred
on top of a TEM grid. Scale bar: 20 μm. (b)–(d) Scanning trans-
mission electron microscopy (STEM) images taken at the regions
shown by holes 1, 2, and 3 shown in (a). Scale bar: 2 nm. Insets
showing magnified FI image and the pins indicate the location in-
vestigated by STEM. (e) Histogram of total ADF intensity of atom.
The total ADF intensity was collected from a circular area with
a diameter of 0.2 nm around an atom. The obtained total ADF
intensities were normalized using W and S2 signals as 1.00 and 0.75,
respectively. Profiles from holes 2 and 3 are shifted vertically for vis-
ibility. The vertical lines in bold correspond to the normalized total
ADF intensity of substitutional lighter transition atoms incorpo-
rated into the W-site of the WS2 monolayer, obtained from STEM
simulations.

triangular WS2 monolayer transferred to a TEM grid. Fig-
ure 4(b) is the ADF-STEM with atomic resolution at holes
1 (blue square) shown in Fig. 4(a) that are located outside the
dark regions, while Figs. 4(c) and 4(d) reveal the STEM image
at hole 2 (red square) and hole 3 (pink square), respectively,
along the dark regions. In this particular imaging mode, the
contrast changes depending on Z1.7−1.8; thus the “darker”
atoms in the ADF-STEM image indicate that tungsten (W)
atoms are substituted by lighter atoms. It is worth noting that
no grain boundary was detected along the dark regions, but
a higher density of such substitutional defects (see SM [48],
Fig. S7). The large number of dark dots at dark regions in
the ADF-STEM results [Figs. 4(c) and 4(d)] confirms the
presence of substitutional defects, as verified by the LFM
results [see Fig. 3(g)]. Moreover, our findings indicate that
the ADF-STEM results at the dark regions exhibit two differ-
ent types of dots with lower and higher ADF signals, which
are highlighted by white and yellow arrows, respectively, in
Figs. 4(b)–4(d).

To figure out which elements may be substituting tung-
sten, we analyzed the ADF-STEM image intensity shown in
Fig. 4(e) (see Sec. II C). In brief, a total ADF intensity of an
atom is obtained by summing ADF signals over a circular
area with a diameter of 0.2 nm around the atom. The total
ADF intensities are normalized using signals from W and
S2 as 1.00 and 0.75, respectively, for comparison between
images. The atomic concentration of impurities at W sites
was calculated as 840 ppm, 4876 ppm, and 1269 ppm at hole
1, 2, and 3, respectively. Two peaks corresponding to atoms
with light-gray, and dark-gray colors also appeared in the
ADF-STEM intensity histogram. For holes 1 and 3, only one
peak appeared, whereas two peaks are found in the case of
hole 2. The peak for the lower ADF signal dark dots appeared
at around 0.6 of the total ADF intensity of atom, while the
peak for higher ADF signal dark dots was located at around
0.8, which is close to the value from the S2 site.

To better understand this behavior, we also performed
STEM simulations. Since the STEM image showed many
dark dots in dark regions, here we only considered substitu-
tional impurities—scandium (Sc) to gallium (Ga) for first-row
transition metals (1st TMs), and yttrium (Y) to molybdenum
(Mo) for second-row transition metals (2nd TMs)—at the W
site. The values of the normalized total ADF intensity of
atoms for the 1st TMs and 2nd TMs are closely located to
the peaks for lower and higher ADF signal dark dots [see
vertical bars in Fig. 4(e)]. Therefore, we assume that both 1st
TMs and 2nd TMs are incorporated along the dark regions.
For Mo1−xWxS2 alloy systems, Mogi et al. [70] reported
that Mo atoms are segregated along the line-shaped dark re-
gion. But in our case, all the impurities are derived from the
growth system and/or reagent used to grow WS2, similarly
to Ref. [71]. We confirm our findings as impurity rather than
alloy composition due to the Raman spectroscopy where only
the peaks assigned to WS2 are observed (see Supplemental
Material [48], Fig. S4), differing from the results reported
by Mogi et al. [70] in which MoS2 Raman modes are also
observed at the alloy regions. Nevertheless, such ppm order of
substitutional impurities at the W site observed in our samples
modifies the excitonic recombination mechanisms, therefore
quenching the PL along the dark regions [23,58–60].
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FIG. 5. (a) Eigenvalues of the highest occupied (red circles) and the lowest unoccupied (black rectangles) defect states versus the cubic
root of the calculated formation energies of selected substitutional impurities in WS2. (b) Imaginary part of the dielectric function as a function
of energy for the Sc and Cr impurities. Spin-down (red line) and spin-up (black line) contributions are shown separately, and the response
of pristine WS2 (blue line) is also shown for comparison. (c), (e) Calculated electronic structure of the substitutional Cr and Sc impurities,
respectively. Left: Calculated band structure, relative to the Fermi level, for the spin-down (red line) and spin-up (black line) states of the
large unit cell containing the impurity. Right: Total density of states (TDOS), and projected density of states (PDOS) at selected atoms. (d), (f)
Probability density of the lowest unoccupied states induced by the Cr (c) and Sc (e) impurities.

E. Density functional theory calculations

1. Formation energy and optical properties

Although our results may not determine a specific dopant
responsible for the dark regions’ formation, it is worth
discussing the origins of the PL quenching for the different de-
fects presented here. Consequently, in order to allow a deeper
insight into our experimental findings, we also performed
spin-polarized density functional theory (DFT) calculations
for several substitutional impurities at the W site of single-
layer WS2 that were considered possible candidates in the
above STEM analysis, namely, Nb, Mo, Cr, Sc, Y, Mn, V,
and Ga. The calculation results presented here (see Sec. II D
and SM [48], Secs. S8 and S9) provide information on defect
formation energies and the electronic structure of defect states
within the WS2 band gap, supporting the identification of pos-
sible mechanisms responsible for the luminescence reduction
at the dark regions.

Figure 5(a) shows the calculated eigenvalues of the low-
est unoccupied (LUMO) and the highest occupied (HOMO)
defect-induced electronic states within the WS2 band gap
as functions of the cubic root of the calculated formation
energies (E1/3

form) of several substitutional impurities at the W
site. This figure contains two important types of information
that arise from the calculations. First, Eform is an indicator of
the stability of the defect: The smaller Eform, the smaller the
energetic costs for its occurrence. Indeed, the defects with the

smallest calculated Eform value in the figure (Nb, Mo, and Cr)
are experimentally observed [71–73]. Second, the existence
of HOMO and/or LUMO eigenvalues within the band gap are
indicators of the possible action of the defect as an electron
and/or hole trap, respectively, which could lead to lumines-
cence reduction due to the reduction of free carriers. The
figure shows that all the considered defects could, in principle,
act as carrier traps, except for the Mo impurity, which does
not induce defect states in the band gap. In the following
paragraphs, we will discuss the four most stable substitutional
impurities accordingly to Fig. 5(a), which are Nb, Mo, Cr, and
Sc, emphasizing the Cr and Sc impurities afterward since they
have been weakly explored in the literature.

The substitutional impurity Nb has the lowest calculated
defect formation energy, and it induces an unoccupied state in
the gap (see Figs. S13 and S14 for more details), which may
lead it to stand as a candidate for a luminescence-quenching
carrier trap. However, a previous experimental study [72] has
shown that the substitutional doping of CVD-WS2 monolay-
ers with Nb at the W site promotes a strong redshift in the
excitonic emission that was not observed in our PL measure-
ments [Fig. 1(h)]. Nonetheless, since the dark lines exhibit a
narrower lateral size in comparison with the laser spot, a PL
contribution from the surrounding WS2 pristine may hinder
any energy shift induced by Nb impurity, and consequently,
we cannot rule Nb out as a viable substitutional impurity in
our samples.
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The second most stable substitutional impurity in Fig. 5(a)
is Mo. According to the results of our calculations shown
in Fig. 5(a) and in Figs. S13 and S14 and Table S1 of the
SM [48], the Mo impurity does not induce either defect states
in the band gap or significant changes in the absorption spec-
trum compared to pristine WS2. Our results are consistent
with those of Ref. [71], where neither experiment nor theory
indicates the existence of defect states in the gap induced by
substitutional Mo at the W site. We therefore suggest that the
available experimental and theoretical data exclude this impu-
rity as a possible candidate for the luminescence quenching.

Following, the third most stable substitutional impurity in
Fig. 5(a) is Cr. The Cr-induced HOMO and LUMO states also
shown in this figure, as well as the full band structure of the
defect and its impurity-projected density of states shown in
Fig. 5(c), show that substitutional Cr at the W site induces
deep unoccupied states in the band gap and an occupied state
near the valence band maximum, which indicates that Cr
might act as a deep electron trap. This result is consistent with
Schuler et al. [71], where both DFT calculations and scanning
tunneling spectroscopy measurements show the existence of
unoccupied defect states in the band gap induced by substi-
tutional Cr at the W site of WS2. Therefore, our calculation
places Cr as a solid candidate for a luminescence-quenching
electron trap in the dark regions of our samples.

Substitutional Sc at the W site is the fourth most stable sub-
stitutional impurity in Fig. 5(a). The calculated band structure
of the defect and its impurity-projected density of states, indi-
cated in Fig. 5(e), show that Sc induces deep unoccupied states
in the band gap and occupied states near the valence band
maximum. This indicates that, similarly to Cr, Sc might act as
a deep electron trap, placing Sc as a possible candidate for a
luminescence-quenching electron trap. An interesting feature
of the Sc defect, shown in Fig. 5(b), is that the probability
density of the lowest unoccupied state only possesses the
mirror symmetry across the horizontal line that passes through
the Sc atom in the figure, while the point group symmetry
at the cation sites in pristine single-layer WS2 is C3v , with
additional mirror and 2π/3 rotation symmetry operations.
In contrast, the probability density of the Cr-induced lowest
unoccupied state, shown in Fig. 5(f), does not depict such
symmetry breaking. The origin of the symmetry breaking of
the Sc state is a symmetry-breaking distortion of the lattice
near the defect, shown in Figs. S16, S17, and S18, which
is caused by the splitting of the nearly degenerate HOMO
and LUMO states of the defect in an undeformed geometry
(Fig. S13).

Figure 5(b) shows the DFT-calculated imaginary part of
the dielectric function as a function of energy for the Sc and
Cr substitutional impurities at the W site of WS2. The calcu-
lations are made for spin-down (red line) and spin-up (black
line) separately, and the same response is shown for pristine
WS2 (blue line) for comparison. The calculated DFT dielec-
tric responses do not include many-body electron-electron or
electron-hole corrections to DFT and therefore must be taken
at most as semiquantitative estimates of absorption spectra
and, to some extent, of luminescence spectra. Having taken
that caution into consideration, Fig. 5(b) indicates that Sc and
Cr might possess very different absorption and luminescence
spectra. The Cr-induced response has a weak and broad fea-

ture in the visible region below the conduction band, without
sharp and intense peaks. In contrast, the Sc-induced response
has strong and sharp features in the infrared region. Such
result suggests that luminescence arising from Sc defect might
require detection in the infrared region below 1 eV, and that
the luminescence arising from Cr might have low intensity. It
is worth highlighting that although the other possible dopants
suggested by ADF-STEM simulation (Y, Mn, V, and Ga)
have higher Eform, they may incorporate into the lattice under
appropriate growth conditions [74]. In this case, the dopants
will alter the PL response similar to either the case of Cr or
Sc, because those impurities create unoccupied midgap states
(see Figs. S13 and S14).

Additionally, we noticed that some S vacancies might be
coupled with transition metals incorporated into the WS2

monolayer, as shown in Fig. S9. Spin-resolved DFT calcula-
tion was also performed considering, likewise, the coupling of
TMs with one and two S vacancies, as displayed in Fig. S15
in a specific case of Cr as the dopant. There, we identified
the formation of new unoccupied defect states in the band gap
of WS2, similarly to the results obtained without considering
the coupling with S vacancies. Those defects can therefore be
responsible for a PL quenching along the dark regions of our
samples.

Our theoretical results provide information on defect for-
mation energies and the electronic structure of defect states
within the WS2 band gap, supporting the identification of
possible mechanisms responsible for the luminescence reduc-
tion in the dark regions. Nonetheless, we stress that though
our STEM analysis sheds light on identifying possible can-
didates as substitutional defects responsible for an excitonic
response suppression, as seen in all fluorescence images, we
cannot address an assertive statement to differ both yellow
and white substitutional atoms observed in the ADF-STEM
image, Figs. 4(b)–4(d).

2. Mechanism behind the defect formation
along the narrow regions

Concerning the spatial localization of substitutional de-
fects, specifically the dark regions observed from the corners
of the triangular flakes toward the center, we shed light upon
the possible mechanisms behind it by performing DFT calcu-
lations. These theoretical results are described in Sec. S8 of
the Supplemental Material [48]. The calculations performed
for finite WS2 triangular flakes demonstrate that both corners
and edges of WS2 flakes can depict non-crystal-like local
structures. We also considered the possible removal of W
atoms from flake corners, flake edges, and bulk regions in the
calculations. Our results clearly show that the removal of W
atoms from flake corners requires much less energy than the
removal from flake edges. We also show that the removal of W
atoms from the flake, either corners or edges, requires much
less energy than the removal of W atoms from bulk regions.
Therefore, from the energetic point of view, our calculations
indicate that the formation of W vacancies is more likely
to occur along the lines connecting the triangle corners to
the triangle center, which coincides with the observed dark
lines’ locations. Lin et al. [23] argued that the distribution
of various types of substitutional impurities in CVD-grown
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WS2 monolayers may be ascribed to distinct features observed
in the antisites between impurity atoms and different edge
terminations (i.e., sulfur zigzag and tungsten zigzag edges).
In addition, An et al. [33] demonstrated the formation of W-
vacancy lines within single-crystalline triangular WS2 flakes
grown under H2-poor conditions, and the mechanism was
ascribed to the inhomogeneous accumulation of W precursors
along different edges of WS2 [33]. We speculate that these
vacancies may serve as hosts for the further incorporation of
atomic dopants, leading to the dopant aggregation along these
W-vacancy (VW ) lines.

Thus, considering the results reported in this work, we
suggest that dark regions in our WS2 monolayers likely occurs
during the lateral growth of WS2 flakes due to W-vacancy
occupancy, where a higher density of substitutional dopant
atoms can be adsorbed on such VW along the S zigzag edge
(perpendicular to the dark region direction), and incorporated
into the lattice during the edge propagation. It is worth noting
that these dopant atoms possibly are originated from precursor
and/or reactor impurities, as has been proposed by previous
works [23,75].

IV. CONCLUSION

In summary, the observed dark regions in our synthetic
WS2 monolayers are regions with a higher concentration of

substitutional doping. Our findings are supported by second-
harmonic imaging, which identified the bright regions as grain
boundaries, while no noticeable feature was found in the dark
region, and by scanning probe and electronic microscopy.
ADF-STEM simulations indicated the formation of different
possible substitutional impurities at the W-atom sites. By per-
forming DFT calculations of different possible impurities, we
have shown that, excepting Mo, all the other atoms considered
introduce midgap states that introduce new radiative recombi-
nation mechanisms or charge trapping states. Therefore, we
have shown that such substitutional doping is responsible for
the substantial quenching of the PL signal. Moreover, DFT
calculation also provides a possible mechanism for defect
formation along the dark regions. Hence, our work offers a
step forward in understanding intrinsic defects in semicon-
ducting 2D materials, which are essential for engineering
high-performance optoelectronic devices.
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