
FULL PAPER
www.afm-journal.de

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1704210 (1 of 8)

Revealing the Atomic Defects of WS2 Governing Its Distinct 
Optical Emissions

Yung-Chang Lin,* Shisheng Li, Hannu-Pekka Komsa, Li-Jen Chang, Arkady V. Krasheninnikov, 
Goki Eda, and Kazu Suenaga*

Defects and their spatial distribution are crucial factors in controlling the 
electronic and optical properties of semiconductors. By using scanning 
transmission electron microscopy and electron energy loss spectroscopy, the 
type of impurities/defects in WS2 subdomains with different optical proper-
ties is successfully assigned. A higher population of Cr impurities is found 
in the W-terminated edge domain, while the S-terminated domain contains 
more Fe impurities, in accordance with the luminescence characteristics of 
chemical-vapor-grown WS2 of a hexagonal shape. In agreement with the first-
principles calculations, the domains with Cr substitutional dopants exhibit 
strong trion emission. Fe atoms tend to gather into trimer configuration and 
introduce deep acceptor levels which compensate the n-type doping and 
suppress trion emission. It is also discovered that the domain with higher 
luminescence but smaller defect concentration tends to get oxidized more 
rapidly and degrade the 2D structure with many triangular holes. Excitons 
tend to accumulate at the edges of the oxidized triangular holes and results in 
enhanced PL emission. The findings indicate that choosing stable elements 
as dopant and controlling the number of specific edge structures within a 
crystal domain of 2D transitional metal dichalcogenides can be a new route to 
improve the optical properties of these materials.

DOI: 10.1002/adfm.201704210

1. Introduction

Defects, dopant/impurities, and dislocations are known to govern 
the electronic and optical properties of semiconductors. Exam-
ples include light emission from the nitrogen-vacancy centers 
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in diamond[1] and influence of green/blue 
light emission from indium composi-
tion and threading dislocation density in 
InGaN-based diodes.[2] However, the direct 
relationship between precise atomic config-
urations of defects and the optical response 
of bulk materials has remained elusive due 
to difficulties in visualizing defect structure 
in bulk at atomic resolution. At the same 
time, due to their geometry, 2D materials 
provide an ideal platform to investigate 
structural defects and their influence on 
optical/transport properties.

Atomically thin layers of group VI tran-
sition metal dichalcogenides (TMDCs) are 
semiconductors with a direct band gap. 
They have demonstrated their potential 
for various optoelectronic applications. 
Photoluminescence (PL) from these mate-
rials depends sensitively on a number of 
intrinsic and extrinsic defects, and is gen-
erally a useful indicator for the electronic 
quality of the material. Extensive studies 
on enhancing the PL quantum yield of 
TMDCs by various methods have been 
reported. These include chemical treatment 

by acids,[3,4] plasma,[5] or oxygen adsorption.[6,7] Defects and edge 
structures were suggested to improve PL signals,[8,9] but oppo-
site trends have also been reported.[10,11] In TMDC flakes with 
a triangular shape, PL enhancement is often found at the edges, 
which was attributed to mainly three possible reasons: (1) defect 
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oxidation,[6] (2) nonzero edge-localized density of states,[9] and 
(3) biexciton emission from the edge.[8] The nonuniformity of 
PL intensity is apparent in hexagonally shaped TMDCs showing 
alternating areas of bright and dark PL emission.[12,13] Jeong et al. 
reported that W and S vacancies tend to be present in different 
domains of hexagonal WS2 and result in huge variation in neutral 
exciton intensity.[12] The S-vacancy-rich domains show stronger 
PL intensity and higher electron mobility due to an elongated lat-
tices, while the W-deficiency-rich domains exhibit blueshifted PL 
with drastically quenched intensity and lower electron mobility 
due to a compressed lattice and nonradiative recombination at 
the deep W-vacancy trap state.[12] Various types of excitons, such 
as neutral exciton (X0), excess charged exciton (trion, XT),[14–16] 
defect-related exciton (XD),[5,17] and biexciton (XX),[8,17] reportedly 
contribute to the PL intensity with distinct wavelengths. How-
ever, the PL peaks assignment for specific atomic configurations 
are still challenging due to the difficulty of direct measurement 
of light emissions from single atomic defects.

The air stability and the degradation of TMDCs with time are 
also important issues to control high quality electronic and opto-
electronic devices. The degradation of TMDCs has been studied 
under various situations, such as high moisture,[18] heating,[19] 
UV treatment,[20] time aging,[21] and laser irradiation[13,22] leading 
to oxidation and defect generation at the edges or grain bounda-

ries. Strong decrease in PL emission has often been found at the 
oxidized/damaged regions.[13,18–21] On the contrary, increase in 
PL intensity was suggested to occur when oxygen-related func-
tional groups adsorb on the TMDCs surface.[22,23] To solve these 
puzzling PL variation effects, it is necessary to find the relation-
ship between the PL signals and local atomic structures espe-
cially taking into account that TMDCs synthesized by chemical 
vapor deposition (CVD) often show considerable variations in 
PL intensities even within the single crystal domain.

2. Results

In this paper, by combining PL spectroscopy, electron energy 
loss spectroscopy (EELS), and atomic resolution scanning transi-
tion electron microscopy (STEM), we performed a systematical 
study of optical properties and atomic structures of single-layer 
WS2 with impurities, and found a direct correlation between PL, 
exciton absorption, and the related atomic structures.

Single- and few-layer WS2 were synthesized by using halide-
assisted CVD[24] which resulted in growth of hexagonal crystals. 
Figure 1a shows an optical image of the single-layer WS2 on the 
SiO2/Si substrate. The room temperature PL mapping image 
is presented in Figure 1b. While the optical contrast is nearly 
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Figure 1. a) Optical image of hexagonal doped WS2 on the SiO2/Si substrate. Small triangular regions with darker contrast at the center and lower 
side are bilayer domains. b) The corresponding PL mapping image according to the peak centered at 1.94 eV with a width of 0.15 eV. The brighter PL 
domain (α) and the darker PL domain (β) show threefold symmetry. c) The PL spectra of α domain extracted from four different numbered (1–4) loca-
tions in (b). d) The PL spectra of β domain extracted from four different numbered (5–8) locations in (b). e) A contour plot of XT/X0. f) Dependence of 
photon energy of X0 and XT on excitation power in α domain at 77 K. g) Intensity of X0 and XT in α domain as a function of excitation power at 77 K.
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uniform across the crystal, comparatively brighter and darker 
PL domains with the threefold symmetry were observed. We 
label the brighter PL areas as α- and darker PL as β-domains. 
The PL intensity was substantially lower in the bilayer WS2 
domains (marked as 2L) due to their indirect bandgap. Raman 
signal also showed similar threefold intensity variation (see 
Figure S1, Supporting Information). The extracted PL spectra 
from the center to the edge of α and β domains are shown in 
Figure 1c,d. Each spectrum can be deconvoluted by two Lorent-
zian peaks which can be assigned to neutral excitons at ≈1.96 ± 
0.01 eV (X0, red) and trions at ≈1.92 ± 0.01 eV (XT, green). The 
X0 in the α domains exhibits a 10 times stronger intensity 
than in the β domain. As for the XT, it is about 30 times more 
intense in the α domain than in the β domain.

There are several possible origins of the observed PL inten-
sity variations. We first exclude the possibility of inhomogeneous 
interaction or charge distribution existing between the WS2 and 
SiO2 interface during the crystal growth by observing the same 

threefold symmetry PL enhancement after the specimen has been 
transferred to another SiO2 surface (see Figure S2, Supporting 
Information). In our experiment, the 2D map of XT/X0 as shown 
in Figure 1e displays a sharp difference (≈3.5 times) of XT/X0 inten-
sity variation at the boundary of the α and β domains. We assume 
that the quantities and the types of ionized dopants in the α and 
β domains are significantly different. The further investigation 
of photon energy and intensity of X0 and XT as functions of the 
excitation power at 77 K are plotted in Figure 1f,g. XT and X0 both 
slightly redshifted (<0.01 eV) to lower energy with the increase in 
excitation power. From the linear and sublinear dependence on the 
laser power (Figure 1g), we deduce that the main emission fea-
tures are related to neutral exciton and trion emissions rather than 
defect bounded exciton[17] or biexcitons.[15,25]

In order to identify the origin of the distinct PL and Raman 
intensity variation in WS2, we transferred the WS2 flake to 
a TEM microgrid[26] and investigated the atomic structures 
and absorption spectra of these domains. Figure 2a shows a 
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Figure 2. a) A low-magnification ADF image of the hexagonal WS2. α and β domains are shown in the lower and upper regions. The interface between 
α and β domains is highlighted by yellow dash-dotted line. b) The magnified ADF image of the red square in (a). White contrast clusters are residual 
contamination consisting of carbon and tungsten. c) Fourier transform of the image selected by the black square in (b). d,e) The zoom-in ADF images 
of α and β domains. f,g) The atomic-resolution ADF images of α and β domains. The β domain contains about five times more W-vacancy-like (colored 
triangles) defect than the α domain. The inset shows the high magnification ADF image from the white square in (f) superimposed with colored atomic 
indications where yellow balls are W and green balls are S atoms. Scale bar is 0.3 nm. h) The exciton absorption spectra of α and β domains at 300 K. 
i) An atomic model and a schematic illustration of the distribution of W-vacancy-like defects in hexagonal WS2.
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low magnification annular dark field (ADF) image of a corner 
of the hexagonal WS2. The interface between the α and β 
domains is highlighted by yellow dash-dotted line. Figure 2b  
shows the magnified ADF image of the α and β domain inter-
face from the red square in Figure 2a. In the corresponding Fou-
rier transform (Figure 2c) of the black square in Figure 2b, we 
see the single crystal orientation of α and β domains. The defect 
population in the β domain is about five times higher than that 
in the α domain (see also the higher magnification ADF images 
shown in Figure 2d,e). Figure 2f,g shows the atomic-resolution 
ADF images of the α and β domains. The atomic arrange-
ment of the WS2 flake (yellow W and green S) is shown in the 
inset of Figure 2f. Red triangles (in α domain) and cyan trian-
gles (in β domain) point out the deficiency in the WS2 which 
are W-vacancy-like defects. Note that the β domain contains 
not only higher defect density but also larger size of defect (i.e. 
3W-vacancy-like defects, larger cyan triangles). Based on the sys-
tematic STEM studies of the structure and defect orientations, 
we reconstruct an atomic model of the hexagonal WS2 shown 
in Figure 2i. We conclude that the α domain is in the W-termi-
nated edge, while the β domain is in the S-terminated edge.

Figure 2h shows the valence loss spectra of α and β domains 
measured with a monochromated electron beam at 300 K. The 
measurement is performed by EELS line scans and 2D maps of 
100–400 nm length across the α and β domains (see Figures S3 
and S4, Supporting Information). The delocalization effect at 
the valence-loss energy range is about 50 nm.[27] The α domain 
exhibits sharp exciton absorption peaks at 2.09 and 2.49 eV cor-
responding to A and B excitonic transitions occurring at the 
K/K’ points of the Brillouin zone.[28,29] The C exciton peak corre-
sponding to the transitions around the Γ point and other higher 
energy peaks can be identified at around 2.96, 3.16, and 3.5 eV. 
EELS spectrum from the β domain exhibits the same excitonic 
features, but with significant broadening. The A exciton transi-
tion in the β domain shows up with a slightly higher energy of 
exciton (2.11 eV) and ≈2.5 times lower intensity than that in the 
α domain. This higher peak energy for the β domain is con-
sistent with its comparatively low doping level deduced from 
the PL features. Larger broadening is also consistent with the 
higher defect density and heterogeneous defect structures.

By looking into the W-vacancy-like defect in the α and β 
domains more carefully, we identified two kinds of substi-
tutional impurities at the W site, i.e., Cr and Fe, in the α and 
β domains by STEM imaging and monatomic EELS analysis. 
Figure 3a shows an ADF image of a single Cr atom substitution 
for W (Cr(W)) which is the dominant defect structure in the α 
domain (red triangle in Figure 2f). On the other hand, the β 
domain was found to be more densely populated with substitu-
tional Fe impurities. These Fe impurities are either in a form of 
single Fe(W) defect (Figure 3b) or triple Fe substitution of three 
neighboring W atoms (Fe(3W), cyan triangles in Figure 2g). 
Our density functional theory (DFT) calculation indicates that 
the formation energy of a Fe(3W) defect is lower than 3 isolated 
Fe(W) defect, and that the Fe(3W) defect with a vacancy in the 
central S atom (i.e., Fe(3W) + v(S)) is more energetically favorable 
as listed in Table 1. The remaining central S atom in Fe(3W) + 
v(S) can move to the symmetric position at the center of the 
sheet. On the contrary, Cr(3W) proved to be an unstable struc-
ture as compared with 3 Cr(3W), so that it should not be present 

in the sample, in agreement with the experimental data. The 
optimized atomic structures of various types of Cr and Fe sub-
stitutional defects are shown in Figure 4a and Figure S5 in the 
Supporting Information.

We studied more than fifty randomly picked individual 
dopants in both α and β domains by EELS. Although chem-
ical analysis on single atom level may not fully represent the 
tendency at the macroscopic length scale, here we provide a 
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Figure 3. a) ADF image and the atomic model of single Cr substituted to 
W site (Cr(W)). b) ADF image and the atomic model of Fe(W) and 3 Fe(W) 
with a S vacancy in the center (Fe(3W) + v(S)). Scale bars are 0.3 nm. c) The 
corresponding spectroscopy of Cr(W) and Fe(3W) + v(S). Cr(W) exhibits L3 = 
577.1 eV and L2 = 585.9 eV. Fe(3W) shows L3 = 705.5 eV and L2 = 717.7 eV, 
while Fe(3W) + V(S) presents L3 = 705.8 eV and L2 = 718.1 eV.

Table 1. Calculated energy differences for clusters involving Cr/Fe impu-
rities and S vacancies with respect to the isolated defects.

Reaction Energy [eV]

Cr(3W) – 3 × Cr(W) 0.85

(Cr(W) + v(S)) – Cr(W) – v(S) −0.06

(Cr(3W) + v(S)) – Cr(3W) – v(S) −0.89

(Cr(3W) + 2v(S)) – Cr(3W) – v(S) 0.08

Fe(3W) – 3 × Fe( W) −4.15

(Fe(W) + v(S)) – Fe(W) – v(S) −1.51

(Fe(3W) + v(S)) – Fe(3W) – v(S) −3.48

(Fe(3W) + 2v(S)) – Fe(3W) – v(S) 0.15
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statistical evidence to describe the dopant distribution. We found 
that 90% of the impurities are Cr(W) in the α domain, whereas 
Fe(W) and Fe(3W) + v(S) represent 70% of impurity population with 
the rest being Cr(W) in the β domain. Thus, the densities of Cr(W) 
are roughly equal in the two domains. No Cr(3W) was found. 
Figure 3c shows the corresponding EEL spectra of Cr(W), Fe(W), 
and Fe(3W) + v(S). The EELS 2D mapping examples are shown 
in Figure S6 in the Supporting Information. The Cr L3 and L2 
edge spectra consist of two sharp peaks (white lines) at ≈577.1 
and 585.9 eV. The Fe(3W) L3,2-edges shows sharp peaks at ≈705.5 
and 717.7 eV. The Fe(3W) + v(S) L3,2-edges shows sharp peaks at 
≈705.8 and 718.1 eV. All the Cr(W), Fe(W), and Fe(3W) + V(S) defects 
exhibit high-spin state by comparing the integral white-line 
intensity ratios I(L3)/I(L2) = 1.48 ± 0.2, 2.49 ± 0.3, and 2.40 ± 0.2,  
respectively.[30]

3. Discussion

While these impurities most likely arise from the salt used 
for CVD, their separation into distinct domain structures is 
remarkable. We focus here on the detailed characterization of 
these domains and propose the following mechanism of their 
formation. Our calculations suggest that both Cr and Fe atoms 
adsorb more strongly on S edges. As β regions with S edges 
were found to be clearly more defective, this supports the 
notion that Fe atoms are introduced via adsorption to edges. 
We note also that Jeong et al. suggested that the β domains  

contain W vacancies,[12] so that in our case the W vacan-
cies might become substituted by Fe. On the other hand, Cr 
appeared to be distributed fairly homogeneously and thus 
would have a different origin. The distribution of S deficiency 
in the α and β domains is not easy to be identified by using 
STEM, since the beam damage also creates vacancies, but 
based on our atomic-resolution STEM studies, S vacancies are 
nearly equally distributed in the α and β domains. Since no XT 
was found in Jeong et al.’s experiment,[12] the origin of the PL 
variation might be different from our case. On the other hand, 
negative trion emission was deconvoluted from the PL spectra 
in Sheng et al.’s experiment.[13] Their specimen may also con-
tain similar inhomogeneous impurity distribution in different 
terminated edges of the hexagonal WS2 as we discovered.

Having identified the dominant defects, we calculated their 
electronic structure in order to understand systematically their 
role in doping. Charge transition levels for all existing Cr and 
Fe substitutional dopants are shown in Figure 4b. Since Cr is 
isoelectronic to W, Cr(W) lead to an acceptor level very close to 
the conduction band minimum (CBM). Thus, it is inefficient 
to compensate the n-type doping in the sample. In the case of 
Fe(W) and Fe(3W) + v(S) transition levels related to Fe-3d states 
emerge deep in the gap. Thus, Fe-related defects efficiently 
compensate for the n-type charging in WS2. This is also in 
agreement with the decreased trion emission from β-domain 
which contains larger number of Fe(W) and Fe(3W) + v(S) dopants. 
The mid-gap defect states of Fe(W) and Fe(W) + v(S) (see also 
density of states in Figure S7, Supporting Information) appear 
to be responsible for the nonradiative recombination. We also 
notice that the acceptor level of S vacancy falls between those 
of Cr(W) and Fe-related defects. As a result, we expect that v(S) 
defects are negatively charged in the α domain and they are 
neutral in the β domain.

The properties of TMDCs are known to degrade under 
ambient conditions, as 2D materials are fully exposed to air due 
to their geometry, which may affect the operation of TMDC-
based devices. Thus we studied our single-layer hexagonal WS2 
after 3 month of aging under ambient conditions. Figure 5a 
shows a PL mapping image of two joined WS2 flakes where the 
corresponding optical image is shown in Figure S8a in the Sup-
porting Information. These hexagonal crystals exhibit stronger 
PL from the α domain as before aging, but with significantly 
enhanced emission from the edges. We transferred these crys-
tals to a Quantifoil TEM grid for structural analysis (see STEM 
images in Figure S8c, Supporting Information). Interestingly, 
we found that these bright edge regions of the α domain are 
populated with a number of triangular holes with sizes of 
25–2500 nm2 (Figure 5b). We believe that these holes are a result 
of gradual oxidative etching by absorbed water and oxygen mole-
cules.[13,31–35] It is noteworthy that no such damage is found in 
the β domains. This inhomogeneous etching can be seen more 
clearly at the crystal boundary (the yellow square in Figure 5a) 
as shown in Figure 5c. Furthermore, these triangular holes have 
predominately S-terminated edges as shown in the magnified 
ADF images (Figure 5d). The origin of preferential etching and 
S-terminated holes in the α domains are still an open question. 
Sheng et al. suggested the defective regions to be more sensitive 
to oxidization,[13] but surprisingly, no oxidization occurs in the β 
domains with higher defect density (Figure 5c). We calculated 

Adv. Funct. Mater. 2018, 28, 1704210

Figure 4. a) The calculated atomic structure of the three most commonly 
observed defects. b) Charge transition levels for all considered Cr and Fe 
dopants and single vacancies. Shaded regions denote valence band (VB) 
and conduction band (CB) of pristine WS2, as obtained from PBE calcula-
tion and opened up to yield the experimental value for fundamental gap 
in vacuum.
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the energetics for various oxygen adsorption and substitution 
processes in pristine WS2 and next to Cr(W) and Fe(W) defects, and 
the results are summarized in Table 2. The calculated reaction 
energy of O with Cr(W) is very similar to the reaction with pris-
tine WS2, as expected from its isoelectronic impurity feature. In 
addition, Cr(W) cannot be the reason for the oxidation since Cr(W) 
exist in both α and β domains, but no oxidation takes place in 
the β domain. The effect of Fe(W) defects on the reaction ener-
gies appears to be minor. Furthermore, it seems unlikely that 
Fe defects could prevent oxidation far from them, e.g., on an S 
vacancy site. A more homogeneous effect could be provided by 
the Fermi-level position. We propose that the higher Fermi-level 
position in the α domain is responsible for the oxidation, either 
directly or via the negatively charged S vacancies as opposed to 
lower Fermi-level and neutral vacancies in the β domain. The 
negative charge localized at the vacancy could then facilitate the 
dissociation of an O2 molecule or SO2 desorption. Additionally, 

the larger exciton population (due to smaller nonradiative recom-
bination rate) in the α domain can provide additional electron 
and hole concentration to drive the oxidation.

We further studied the correlation between the spatial distri-
bution of the triangular holes and the PL properties. As shown 
schematically in Figure 5e the α domain can be divided into 
three regions. The edge (α-I), middle (α-II), and the center 
(α-III) regions contain gradually decreasing density of holes. 
Figure 5f displays the PL spectra of the α-I and α-II areas 
extracted from the red square shown in Figure 5a. The PL 
spectra can also be fitted with two emission peaks (X0 = 1.99 eV, 
XT = 1.94 eV) which are blueshifted by 30 meV as compared 
to the as grown specimen (Figure 1c,d). The blueshift of PL 
spectra can be attributed to the charge induced doping and 
oxygen chemisorption (Figure S9, Supporting Information).[6,8] 
The XT is the most prominent exciton peak in both the aged 
α-I, α-II and α-III areas, and XT at α-I is about 2.96 times 
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Figure 5. a) The PL mapping image of the same WS2 flake shown in Figure S8a in the Supporting Information. b) The low magnification ADF image 
of WS2 edge corresponding to red square in (a). c) The ADF image of the joined boundary of two hexagonal WS2 flakes regarding to the yellow square 
in (a). d) Atomic resolution ADF image of the oxidized triangular hole with S-terminated edges. e) A schematic of aged α domain. White triangles 
represent the oxidized triangular holes which tend to accumulate at the edge area denoted by “I”. f) The comparison of PL extracted from α-I, α-II and 
α-III area. g) ADF image of WS2 at the α-I area (edge of the α domain). Green line indicates the EELS line scan path from the left to right. h) EELS 
spectral image. Blue and red triangles point out the positions at larger 2D WS2 domain and nanoribbon corresponding to that in (g). Yellow curve is 
the A exciton intensity profile. i) The ADF profile recorded during the EELS line scan. j) The extracted EELS spectrum from the larger 2D WS2 domain 
(blue line) and from the 7 nm WS2 nanoribbon (red line).
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higher than that at α-II, 5.6 times higher than that at α-III. The 
XT/X0 ratio in α-I, α-II and α-III areas are 8.06, 4.85, and 3.81, 
respectively. As shown in the left green circle in Figure 5e, there 
exist much more WS2 small domains and S-terminated edges 
in the α-I area than in the α-III area. Due to the large excitation 
laser probe (≈1 µm in diameter), we are unable to resolve the PL 
signal from each individual small domain. In order to explore 
the excitonic behavior of the small WS2 domain and find out its 
correlation between stronger PL emissions, we performed EELS 
absorption to the thin nanoribbon confined by the oxidized 
voids (Figure 5g). The green line in Figure 5g shows the EELS 
line-scan path which was scanning from left to right across a 
7 nm wide nanoribbon in the middle (pointed by red triangle). 
The EELS spectral image and the simultaneously recorded ADF 
profile are shown in Figure 5h,i, respectively. Figure 5j shows 
the absorption spectra of the 2D WS2 domain (blue curve) and 
the 7 nm nanoribbon (red curve) corresponding to the blue and 
red triangles in Figure 5g–i. One can see that clear A and B 
exciton transitions exist in the 7 nm nanoribbon (see A exciton 
yellow profile in Figure 5h) and show the same energy posi-
tions as those in the 2D WS2 domain. This result points out 
that the isolated small WS2 domains are the source to generate 
exciton, and therefore, the exciton will recombine and emit 
light at the S-terminated edges of the surrounding voids and 
result in the PL enhancement.

4. Conclusion

Defect engineering is an essential issue to tailor the electronic 
properties of semiconductor. Our results shed light on the role 
of dopant types in the PL enhancement and emphasize their 
importance. Cr(W) substitutional dopants in WS2 appear largely 
beneficial, whereas Fe(3W) + v(S) defects suppress the exciton 
emission. Halide-assisted CVD process governs the distribu-
tion of defects into different domains. We also found that 
dividing WS2 flake into many individual nanotriangles with dis-
tinct edges can improve the efficiency of light emission. Fine 
tuning the combination of defect types and domain size can be 
the key to fabricate highly efficient TMDC-based optoelectronic 
devices.

5. Experimental Section
A 2 inch diameter horizontal fused quartz tube furnace was used 
for chemical vapor deposition of WS2 monolayers. First of all, sulfur 
power (GCE Laboratory Chemicals, 99.95%, 20 mg) was loaded in 
the upstream region (~200 °C during the growth). A mixture of WO2.9 
(80 mg) and NaCl (20 mg) was loaded in the crucible at the center of 
the furnace. Then, the tube furnace was first pumped down to ~1 Pa 
to exhaust air and moisture. Ar (80 sccm) and H2 (20 sccm) carrier 
gas was introduced to restore the atmospheric pressure. A fast-heating 
technique was used for the growth. During the temperature ramping 
process (ramp rate: 35 °C min−1), the thermal furnace was shifted to 
the downstream leaving the S and WO2.9/NaCl mixture at the cool upper 
stream. When the furnace reached to the growth temperatures (825 °C), 
the furnace was shifted back to initiate the WS2 growth. The furnace was 
held at this temperature for 5 min before cooling down.

PL and Raman spectra were obtained with a laser confocal microscope 
(NT-MDT, NTEGR Spectra) in back scattering geometry with 532 nm 
excitation lasers. 100× object lens with NA = 0.9 and 50× object lens with 
NA = 0.5 were used for acquiring PL and Raman spectroscopy. No oil 
immersion was used. The laser spot size was about 1 µm in diameter.

STEM images were acquired by using JEOL 2100F microscope 
equipped with dodecaple correctors and the cold field emission 
gun operating at 60 kV. The probe current was about 25–30 pA. The 
convergence semiangle was 35 mrad and the inner acquisition semiangle 
was 79 mrad. The EELS core loss spectra were taken by using Gatan 
low-voltage quantum spectrometer. 5 mm EELS aperture was used. The 
EELS collection angle was 79 mrad. Exciton absorption spectra were 
taken by a delta-type aberration corrected JEM-ARM200F equipped with 
Schottky field emission gun operating at 60 kV and a double Wien-filter 
monochromator. Gatan Quantum-ERS camera optimized in low voltage 
was used for high speed and high resolution EELS. The beam current 
was 8.1 pA with an energy resolution of 45 meV after inserting a 0.5 µm 
slit. The convergence semiangle was 43 mrad. The inner acquisition 
semiangle and EELS collection angle both were 125 mrad. EELS spectra 
were aligned by using carbon π* peak at 285 eV.

All DFT calculations were carried out using the code VASP.[36,37] 
The plane-wave cutoff was set to 500 eV and the exchange-correlation 
function of Perdew, Burke, and Ernzerhof (PBE) was adopted.[38] The 
defects were modeled using a 6 × 6 supercell, with the reciprocal space 
sampled using 2 × 2 k-point mesh. The formation energies of charged 
defects were corrected for the spurious electrostatic errors arising 
from the finite size of the supercell following the scheme proposed in 
ref. [39].
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Table 2. Formation energies for oxygen defects of O or O2 in the case of 
(i) substitution at S site, (ii) substitution at vacancy site, and (iii) adsorp-
tion on top of S site. Three different environments are considered: S 
sites next to pristine WS2 or next to Cr(W) or Fe(W) defects. The energy is 
defined as Ef  =  E(def) − E(ref) − µ(O/O2), where E(def) and E(ref) and 
the total energies of the defective and reference systems, respectively, 
and µ(O/O2) is the chemical potential of O/O2 corresponding to iso-
lated O2 molecule.

Defect Pristine [eV] Cr(W) [eV] Fe(W) [eV]

O in S −2.65 −2.55 −2.82

O2 in S −0.04 −0.08 −0.72

O in v(S) −4.21 −4.04 −2.87

O2 to v(S) −2.05 −2.02 −1.22

O ads. −0.40 −0.60 −0.78

O2 ads. 2.21 1.97 0.05
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