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1. Introduction

Monolayer transition-metal dichalcoge-
nides (TMDs) have attracted tremendous 
interests due to their unique electronic or 
optical properties, i.e., direct bandgaps,[1] 
strong excitonic effects,[2,3] strong non-
linear effects,[4–6] and valley-pseudospin,[7–9] 
which has great potential for developing 
new optoelectronic and valleytronic devices. 
In TMDs, the most common defects like 
vacancy[10] and grain boundary[11] always 
act as chemical/physical adsorption 
sites[12–14] or scattering centers.[15] They can 
also create local potential traps for exci-
tons,[13,16,17] modulate the PL intensity,[18] 
change the valley polarization,[19] or car-
rier mobility of the materials.[20] For MoX2  
(X = S/Se), chalcogen vacancies are usually 
recognized as the radiative or nonradiative 
recombination sites that would enhance[14] 
or suppress[13] the exciton emission at 
room temperature. In contrast, for WX2  
(X = S/Se), reports show that tungsten 

vacancies[21–24] may play an important role in creating long-lived 
valley polarization[25] or single-photon emission.[21]

To promote the integration and application of monolayer 
TMDs, chemical vapor deposition (CVD) has become the pre-
ferred method in the preparation of wafer-scale TMDs mate-
rials for its high controllability and low cost. However, com-
pared with the exfoliated sample, defects are more prominent 
in the CVD-grown TMDs.[24] Usually, there are alternating 
bright (α) and dark (β) photoluminescence (PL) domains 
within grown hexagonal WS2 monolayer.[22,26,27] The origin of 
this phenomenon has attracted quite some discussion. Clearly, 
it is not because of the change of thickness or some strain 
effects.[26] A larger trion-to-exciton ratio and a higher oxida-
tive reactivity in the bright domain suggest that there exists 
some structural difference between the two domains.[26,27] But 
for the type of defects, Jeong et  al.[22] found a higher density 
of S-vacancy in the bright domain but more W-vacancy in 
the dark domain. Lin et  al.[27] showed that the bright (dark) 
domain contains more Cr (Fe) substitutional W-vacancy. It 
is generally accepted that the type and density of defects are 
responsible for the radiative and nonradiative recombination 
in hexagonal WS2 monolayer, which explains the inhomoge-
neous PL distribution with threefold symmetry. However, the 
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actual correlation between the defects, band-edge exciton, 
and defect-trapped exciton emission is still not completely 
understood.

In this paper, we explore the type, density, and role of the 
defects in generating the alternating PL domains of hexag-
onal WS2 monolayer. The defects provide trapped states that 
can deplete the band-edge excitons emission at low tempera-
ture. From scanning transition electron microscopy (STEM)  
characterization, we find that the W and S complex vacancy 
(WSx-vacancy) defects density is positively correlated to the 
PL intensity. The bright region with higher WSx-vacancy den-
sity exhibits higher defect-trapped exciton PL intensity than 
that of the dark region with lower WSx-vacancy density. Com-
bining with ab initio calculations, we deduce that WS-vacancy 
with the lowest formation energy in WSx-vacancy (x  = 1–6) 
would be the most likely defect. WS-vacancy brings both 
donor and acceptor levels in the bandgap, suppressing the PL 
fluctuation caused by the doping effects in molecule adsorp-
tion experiments. Our experiments provide insight into the 
relationship between exciton emission and defect structure of 
TMDs.

2. Experimental Results

We synthesize monolayer WS2 by the CVD method (see the 
Experimental Section and Figure S1, Supporting Information). 
Figure 1a shows an optical image of the monolayer hexagonal 
WS2 on the Si substrate with 285 nm SiO2. The corresponding 
PL image is taken in atmospheric condition using a halogen 
lamp and a 532 nm filter set which contains a 590 nm long-pass 
filter (Figure  1b). Interestingly, the PL image presents alter-
nating bright (α) and dark (β   ) PL domains with threefold sym-
metry. The layer thickness and crystal orientation are not the 
reasons for this kind of PL domain, more details can be found 
in the second-harmonic generation (SHG), atomic force micro-
scope (AFM), and energy-dispersive spectrometer (EDS) charac-
terization results (Figures S2 and S3, Supporting Information). 
To explore the mechanism of the alternating PL intensity, we 
choose six typical positions along the perpendicular of the hex-
agonal. The corresponding room-temperature PL spectra of the 
six positions are shown in Figure  1c. The spectra exhibit only 
one peak around 1.97  eV which can be deconvoluted into the 
neutral exciton (A0) and charged exciton (A′). For simplicity, 
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Figure 1.  a,b) Optical image and PL image of hexagonal monolayer WS2 on SiO2/Si substrate, respectively. Scale bar: 15 µm. The bright and dark PL 
domains are denoted as α and β, respectively. The test positions are marked by Arabic numerals from 1 to 6. c,d) The PL spectra of the six test posi-
tions measured at 295 and 5 K, respectively. e) The A0 excitonic peak as a function of test position. We use Lorentz and Gaussian convolution to fit 
the PL spectra. f) Comparing the total PL intensity of the six test positions measured at 295 and 5 K. g) Comparing the defect-trapped and A excitons 
emission ratio in the total PL emission at 5 K.
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A exciton includes both A0 and A′ exciton in all the discus-
sions in this work. When the sample is cooled down to 5 K,  
the A exciton blueshifts to 2.03  eV. A new broad peak shows 
up around 1.95  eV, which is recognized as the defect-trapped 
exciton (Atrap) emission in TMDs (Figure 1d).[10,17,28] The much 
broader peak width of Atrap is related to the stronger interac-
tions between the defect-trapped exciton and phonons.[29] For 
the six positions, the energy of A0 exciton varies in the range 
of 5 meV between 295 and 5 K (Figure 1e). At the edge of the 
domains, the PL exhibits a stronger intensity and a blueshift 
corresponding to the inner region. Then we plot the total 
PL intensity of the six positions measured at 295 and 5 K 
(Figure  1f). Clearly, the spatial variation of the PL intensity is 
independent of temperature. The defect-trapped exciton emis-
sion also shows a similar variation behavior with that of the 
total PL intensity, but the A exciton emission follows an oppo-
site one (Figure 1g). These results show that the defect-trapped 
exciton emission dominates the alternating bright and dark PL 
distribution at 5 K, whereas the A exciton emission dominates 
the PL distribution at 295 K.
Figure  2a,b shows the temperature-dependent PL spectra 

of two typical points in the α domain (P3) and β domain (P4), 
respectively. We plot the PL intensity of the defect-trapped 

excitons (Atrap), A excitons, and the total emission (Atot) as a 
function of the temperature in Figure 2c. It can be easily noted 
that the difference of the PL intensity between P3 and P4 is 
dominated by Atrap emission at low temperature, which quickly 
quenches with the increasing temperature. When the tempera-
ture is higher than 60 K, A exciton emission starts to dominate 
the PL spectra. This temperature intersection of A exciton and 
Atrap emission intensity of monolayer WS2 (60 K) is much lower 
than that of monolayer MoS2 (250 K).[15] In addition, we notice 
that the Atot undergoes a process of decreasing first and then 
increasing with the increasing temperature. These phenomena 
suggest that A exciton emission competes with Atrap emission 
with the increasing temperature. However, the optically dark 
state, which lies below the bright state in monolayer WS2, 
makes the competition between A and Atrap more complicated 
than MoX2 (X = S/Se) materials.[15,30] Based on the three-state 
model in previous reports,[15] here we use a four-state model to 
explain the PL variation of WS2 with the increasing tempera-
ture, as shown in Figure 2d. Due to the spin–orbit splitting, the 
conduction band of monolayer WS2 splits into two conduction 
bands with inverse spin-polarization. The spin polarization of 
electrons in the upper (lower) conduction band matches (oppo-
site) with those in the upper valence band. Here, the red and 
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Figure 2.  a,b) The temperature-dependent PL spectra of the α-P3 and β-P4, respectively. The vertical dotted lines indicate the A excitonic peak at 5 K. 
 c) The PL intensity of the A, Atrap, and Atot at α-P3 (up) and β-P4 (down) as a function of temperature. In the process of temperature rising from 286 to 
295 K, the pressure of the cryostat will increase by an order of magnitude due to the performance of the equipment. This will reduce the PL intensity at 
295 K greatly. Therefore, we only fit the temperature-dependent PL spectra from 5 to 286 K. d) A four-state model, including the bright, dark, defect-trap , 
and ground state, explains the competition between the A and Atrap emission at different temperature. The defect-trap state is introduced by the n- (black 
solid line) or p- (gray dotted line) doping defect. But the contribution of these two kinds of defect-trap states to the Atrap emission cannot be distin-
guished here. e–g) The peak energy, the linewidth of A0 exciton, and the ratio IA′/IA0, respectively, are plotted as a function of temperature, respectively.
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blue conduction bands correspond to the bright (upper) and 
dark (lower) excitonic state, respectively. The red valence band 
corresponds to the ground state. The trap-state introduced by 
the n- (right black solid line) or p- (left gray dotted line) doping 
defect are also included. We first consider the trap-state intro-
duced by the n-doping defect. At 5 K, most of the electrons at 
excited states (ntrap) are captured into the trap-state and decay 
radiatively, only a small number of electrons (ndetrap) can 
use the insufficient thermal energy to reach the bright state  
(A exciton). This results in the high Atrap and low A exciton 
emission ( rad

An ) at 5 K, as shown in Figure 2a,b. Considering the 
comparable Atot value at 5 and 286 K, we infer that only a small 
part of electrons on the bright state would relax to the dark 
state and undergo a nonradiative transition ( nonrad

Dn ) at 5 K due 
to the participation of the trap-state. Figure 2d (II) depicts the 
competing transition at 60 K. With the increasing temperature, 
even though the A exciton emission increases, both the Atrap 
and Atot decrease quickly. It suggests that although some elec-
trons can escape from the trap-state using the available thermal 
energy, detrapped electrons or a portion of band-edge electrons 
would relax to the dark state and undergo the nonradiative tran-
sition ( nonrad

Dn ). When the temperature continues to rise to 286 K, 
the excited electrons can use sufficient thermal energy to avoid 
relaxing to the dark state or being trapped at the defect state 
and staying at the bright state (Figure 2d III). This leads to the 
high A exciton intensity and missing Atrap emission at 286 K. 
For the trapping to those defects lie below the Fermi level (gray 
dotted line in Figure 2d), we can understand the whole process 
in a similar way, as described in Section 1.1 of the Supporting 
Information. The relative contribution of these two kinds of 
defect-trapped exciton emission to the total emission Atrap will 
be discussed in the following experiments and calculations.

We further extract the relationship between the energy and 
peak width of A0 with temperature from the temperature-
dependent PL spectra.[31,32] The energy shifts of A0 exciton of 
the six test positions can be well fitted using both O’Donnell’s[33] 
or Varshni’s[34] formulae which describe the bandgap depend-
ence on temperature. All the R-squares of the fittings can reach 
0.993. Figure  2e shows the fitting example using O’Donnell’s 
formulae

E T E S k Tcoth /2 1g 0 Bω ω( )( ) = − − � � 	 (1)

where E0 is the optical bandgap at absolute zero, <ℏω> is the 
average phonon energy, S is a coupling strength, and kB is 
the Boltzmann’s constant. The fitting parameters are given in 
Table 1. <ℏω> is ≈12 meV for the six positions, and were fixed 
in the fitting process. The S parameter, related to the degree of 
lattice vibration, shows no obvious dependence on the PL inten-
sity of the test positions.

The evolution of the linewidth with the temperature of the 
A0 exciton in the sample can be reproduced by a typical form

1

1
0 /T T

e kT�γ γ σ γ( )= + + ′
−ω 	 (2)

used to describe the width broadening of the ground state 
exciton in semiconductors[31,32] (Figure 2f). Parameter γ0 is the 
width broadening at 0 K. The second and last terms describe 
the width broadening caused by the interaction of exciton with 
acoustic phonons (σ) and longitudinal optical (LO) phonons (γ  ′), 
respectively. The LO-phonon energy ℏω is fixed at 43.89 meV  
(354 cm−1) in the fitting process. The fitting results are shown 
in Table 1. We find that γ0 only increases a little at the edge P1 
and P6. This variation can be related to the lattice structural  
difference at the sample edge, which will be characterized later. 
The influence caused by the second term can be ignored due to 
the small σ which is about 0.02 meV K−1 for all the positions. 
In contrast, γ  ′ exhibits a positive correlation with the ratio of 
Itrap/Itot. γ  ′ of P1, P3, and P6 is much larger than that of P2, 
P4, and P5 which have smaller Itrap/Itot at low temperature 
(Table  1). Considering the competitive process between Atrap 
and A exciton emission with the increasing temperature, this 
phenomenon can be understood as follows. For the region with 
larger Itrap/Itot, the probability of scattering the ntrap electrons 
(holes) from the trap-state to the excitonic state (top valence 
band) through the annihilation of LO-phonon is much higher 
than that at the region with smaller Itrap/Itot when the tempera-
ture rises. And this leads to a faster broadening rate (larger γ  ′) 
of exciton linewidth with the increasing temperature at region 
(P1, P3, P6) with larger Itrap/Itot and vice versa. In addition, the 
region with larger Itrap/Itot owns a higher PL ratio IA′/IA0 and 
the similar phenomenon can be found in previous reports.[26,27] 
Figure 2g shows the ratio IA′/IA0 of P3 and P4. The difference in 
the ratio IA′/IA0 between P3 and P4 gradually decreases as the 
temperature increases. Both the faster linewidth broadening 
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Table 1.  The fitting parameters were obtained from the temperature-dependent energy and line-shape broadening of A0 exciton at P1–P6 in hexagonal 
monolayer WS2.

Parameter α-P1 α-P2 α-P3 β-P4 β-P5 β-P6

Atrap/Atot (5 K) 0.87 0.81 0.84 0.77 0.76 0.87

W-vacancy [%] – 0.09 0.17 0.09 0.09 –

Using Equation (1)

E0 [eV] 2.036 2.036 2.034 2.035 2.036 2.039

<ℏω> [meV] 12 12 12 12 12 12

S 1.6 1.63 1.61 1.62 1.63 1.61

Using Equation (2)

γ0 [meV] 16 15 15 15 15 16

γ  ′ [meV] 33 18 31 22 18 40
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and higher trion emission indicate that P3 may have higher 
defect density or varied type compared to that of P4.

To explore the origin of the temperature-dependent A and 
Atrap emission, we characterize the lattice structures of the 
bright (α) and dark (β) PL domains in the hexagonal WS2 using 
high-resolution scanning transmission electron microscopy 
(STEM), as shown in Figure 3. Figure 3a is a low-magnification 
STEM image of the corner of hexagonal WS2. The red dotted 

line is drawn along the edge of the α and β domains. And the 
magnified STEM image of the orange rectangle area is shown 
in Figure  3b. The single crystal property of α and β domain 
can be confirmed from the Fourier transform image of the 
orange rectangle inside (inset in Figure  3b). Figure  3c shows 
the STEM image of the sample edge, which is serrated (marked 
by the green line). Compared to the inner part, the enhanced 
PL intensity and blueshifted PL peak (Figure 1) at this serrated 
edge, indicate that there may exist some dangling bonds which 
would result in higher doping effects. The subtle enhanced 
PL at the sample edge in the atmosphere also supports this 
inference (Figure 4). Figure 3d (3e) shows the STEM image of 
P3 (P4). No variation of defect type is observed at bright and 
dark PL areas, except a small variation in WSx-vacancy density 
(Table 1). Here, the number (x) of S atom vacancies around the 
W vacancy is undistinguishable due to its small nucleus. In 
principle, the value of x should be a number from 0 to 6 and  
will be figured out via the following combination of experi-
mental and theoretical approaches. In the first-principles  
calculations, we consider several types of defects with different 
values of x as shown in Figure S6 (Supporting Information). 
The red rectangle in Figure  3e reveals the perfect WS2 lattice 
and orange dots in IV are superimposed on the W atom to 
highlight the arrangement. The green rectangle (image I–III) 
inset points out the WSx-vacancy site and the magnified STEM 
image is on the right side of the corresponding image. Except 
for the WSx-vacancy, dislocations of W atoms are also circled 
out by green circles. A typical dislocation around WSx-vacancy 
is depicted by orange and green dotted lines in Figure  3g II. 
According to the statistics, the density of WSx-vacancy (based 
on the defect density of W vacancies) in P3 is about 0.17%  
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Figure 3.  a) A low-magnification STEM image of the hexagonal monolayer WS2. The red dotted line indicates the sample edge of the α and β domains. 
b) The magnified STEM image of the orange square in (a). The corresponding Fourier transform image is shown at the lower right corner. c) The 
magnified STEM image of the sample edge. The green lines are used to sketch the boundary morphology. d,e) The atomic-resolution STEM images of 
α-P3 and β-P4 domains, respectively. The magnified STEM images in red and green squares are shown on the right side of the corresponding image. 
The green circles indicate the dislocation of the tungsten. The colorful dotted line in the inset image II in (d) depicts the chain of the W atom. In the 
inset image IV in (e), the orange dots superimposed on the W atom highlight the regular arrangement of the W atom.

Figure 4.  PL spectra of the WS2 sample measured under different pres-
sure, 1 Torr (orange) and 727 Torr (blue).
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(1.9 × 1012 cm−2) which is a little higher than 0.09% (9.9 × 1011 cm−2)  
at P4 area (Table 1). The higher WSx-vacancy density can always 
be found in the WS2 monolayer with higher Atrap emission. The 
Atrap (Atot) of the bright area with 0.54% WSx-vacancy is 9 (4.8) 
times larger than that of the dark area, with 0.06% vacancy, 
as shown in Figure S5. These results reveal a qualitative rela-
tionship that the Atot and Atrap intensity are proportional to the  
WSx-vacancy density. Based on the PL and STEM characteriza-
tions, we conclude that both the faster peak width-broadening 
of the excitons and larger ratio A′/A0 at the bright domain  
(P1, P3, P6) can be attributed to the scattering effect and higher 
doping effect caused by the higher WSx-vacancy density, dislo-
cation (P3), or the dangling bonds at the serrated edge (P1, P6).

In the following, we deduce the x value in WSx-vacancy 
through the molecule adsorption PL characterization, calcula-
tion of defects formation energy, and doping effects. According 
to the previous reports, for MoX2 (X = S/Se) material, the  
physisorption of O2/H2O molecules at the defects would 
enhance the PL emission significantly.[14] In contrast, the phy-
sisorption of O2/H2O would quench the PL intensity of WSe2. 
The differences between MoX2 and WX2 materials at physisorp-
tion of O2/H2O are attributed to the p-doping effect of the O2/
H2O molecule physical adsorption on different semiconductor 
types, which usually depend on the type of intrinsic defect or 
externally introduced dopants.[14] For MX2 materials, the most 
common intrinsic chalcogen vacancies always bring acceptor 
levels near conduction band minimum (CBM) and the metal 
vacancies would bring donor levels near valence band max-
imum (VBM), resulting in the common n-type (MoX2) or p-type 
(WX2) semiconductor properties, respectively. However, for 
WS2, the situation is different. In our experiment, the O2/H2O 
physical adsorption has little effect on the PL intensity of WS2, 
except small PL increment at the region with high W-vacancy 
density or the sample edge as shown in Figure 4.

In the experiment of adsorption and desorption of air mole-
cules, the WS2 sample is put into the vacuum chamber and 
the pristine PL spectra of P1–P6 were measured at the atmos-
pheric environment (727  Torr) using a 532  nm continuous-
wave laser. Then, the chamber is evacuated to 1 Torr to remove 
the physically adsorbed O2 and H2O molecules in the air and 
the PL spectra at the same sites are measured again. Figure 4 
shows the PL spectra measured under different pressure. The 

variations of PL intensity at P2, P4, P5, and P6 are almost 
neglectable. Even though the PL intensity of P1 and P3 at 
727 Torr is a little lower than that at 1 Torr, it can be easily noted 
that the doping effects caused by the physisorption of O2 or 
H2O molecules are not the dominant reason for the segmented  
PL distribution in the hexagonal WS2. What’s more, the  
WSx-vacancy defect should be a complex defect where the x 
value should not be zero. Because the W-vacancy (Vw) defects 
would lead to p-doping, the PL intensity would increase much 
after the desorption of air molecules. This is not consistent with 
our results. Pure O2 molecules experiment shows the same 
results which are not exhibited here. Then calculation results 
would help us further confirm the inference above and the x 
value in WSx-vacancy.
Figure 5a shows the calculation results about W-vacancy (Vw) 

defect in monolayer WS2. The Vw induces two nearly degen-
erate occupied defect states in the valence band, labeled as VD1 
and VD2, and three unoccupied defect states CD3, CD4, and CD5 
in the gap. The partial density of states and plotted isosurfaces 
show that the defect states are localized around the defect site 
and the occupied detect state VD1 is dominated by p orbitals of 
S. By contrast, the unoccupied defect states CD3 and CD5 con-
sist primarily of d orbitals of W, similar to the band edge of 
pristine WS2. The localized defect states are close to the VBM 
of pristine WS2, leading to the p-type doping in the WS2 mono
layer. This agrees with the general rules of transition-metal 
vacancy defects in TMDC materials.[35] Then we calculate the 
formation energy (Table S1 and Figure S6, Supporting Infor-
mation) and the electronic structure of complex WSx-vacancy 
(Vwsx) (x = 1–6) (Figure 5b and Figure S7, Supporting Informa-
tion) to analyze its formation possibility. It is shown that the 
W-vacancy can be stabilized by one S-vacancy no matter in S- or 
W-rich environment and therefore the WS-vacancy (Vws) is the 
most likely defect in Vwsx. In Figure  5b, the Vws induces six 
localized defect states, including two occupied defect states VD1 
and VD2, two lower unoccupied defect states CD3 and CD4, and 
two higher unoccupied defect states CD5 and CD6. The occupied 
defect states are dominated by p orbitals of S, while the unoc-
cupied defect states mainly contain d orbitals of W. Because 
the created localized defect states are close to the conduction 
and valence band, the studied Vws complex defects lead to 
both n-type and p-type doping at the same time, which is very  
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Figure 5.  The band structure, partial density of states (DOS), and isosurfaces of the labeled defect states for single a) VW defects and b) VWS defects. 
The Fermi level is set to be zero. The red (blue) ball represents the W (S) atom. The vacancy sites are circled by a green solid line. In the band structure, 
the defect (D) states are labeled as VD (CD) for occupied (unoccupied) states. The isosurface value is 0.002 e Å−3.
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different from the polar p-type doping by Vw defect. This can 
be related to the p-type doping by single Vw defects and n-type 
doping by single Vs defects.

Above all, the WSx-vacancy which brings both donor and 
acceptor levels into the bandgap may make WS2 like a bipolar 
semiconductor. Therefore, the PL variation degree in physisorp-
tion of O2/H2O molecules experiment can be related to the asym-
metry degree of the acceptor–donor levels. Combined with calcu-
lated results and molecular adsorption experiments, we deduce 
that the experimental observed WSx-vacancy is more likely to be 
WS-vacancy with the lowest formation energy rather than single 
W-vacancy defects. The relatively symmetry donor and acceptor 
level brought by the defects weaken the doping effect caused by 
the molecule adsorption. These results indicate that the defect 
states both above and below the Fermi level contribute simulta-
neously to the total Atrap emission if they do affect the PL.

3. Discussion

We also note that the PL segmentation in hexagonal WS2 has 
been ascribed to different types of defects. Jeong suggests that 
the α domain with higher PL intensity is a sulfur-vacancy rich 
domain.[22] The energy of the A-exciton peak in the α domain 
is lower than that in the β domain which contains W-vacancy. 
In our case, there is no significant relationship in the energy 
of A exciton between the α and β domains. We also do not 
observe an obvious correlation between the doping-related A1g 
mode and the PL intensity, i.e., the blueshift of A1g mode in 
the β domain compared with the α domain has been found in 
the report (not shown here). We believe these differences are 
caused by the different W source and grown methods, which 
would create different defects in the sample, for example, Jeong 
et  al. use (NH4)6H2W12O40·xH2O and we use WO3 powder as 
W source. On the other hand, our experimental results from 
the physisorption of O2/H2O molecules also do not support the 
conclusion that the bright α domain mainly contains S-vacancy 
which may create n-type WS2 semiconductor. In contrast, Lin 
et  al.[27] who grow hexagonal WS2 with WO2.9 and S powder 
report the similar PL spectra properties with us, i.e., the higher 
trion to exciton ratio in the region with higher PL intensity. 
Even though they reveal the substitutional metal dopants in 
the materials, they claim that the impurities replacing W atoms 
arise from the salt used in their experiments, which is different 
from our case. In addition, we found that the H2 can lead to 
multilayer WS2 growth and much more impurities compared 
with the sample grown in pure Ar gas (Figure S4, Supporting 
Information). A similar phenomenon can be found in Lin’s 
reports. Of course, the above conclusions do not exclude the 
possibility that no physisorption actually happens during the 
change of atmosphere of the sample.

4. Conclusion

In this work, we reveal the relationship between the defect-
trapped exciton emission, exciton emission, and the com-
plex defect WS-vacancy in the hexagonal monolayer WS2 
with the alternating bright and dark domains. Based on the 

temperature-dependent PL characterizations, we use a four-
state model to depict the competition between the defect-
trapped exciton emission and band-edge exciton emission. The 
STEM image further reveals a positive correlation between the 
density of WSx-vacancy and PL intensity. Then the calculated 
electronic structure of the defective WS2 and the molecule 
adsorption experiments show that the WS-vacancy is the most 
likely defect due to its lowest formation energy. Relatively sym-
metry defect level in the bandgap brought by the WS-vacancy 
will lead to both n- and p- doping effects which would suppress 
the PL variation caused by the doping effect in the molecule 
adsorption experiments. Our study on the origin of the alter-
nating PL properties in CVD-grown monolayer WS2 will accel-
erate the application process of two-dimensional materials 
based on defect engineering.

5. Experimental Section
Synthesis of Monolayer WS2: The monolayer WS2 samples were grown 

by chemical vapor deposition on Si substrate with 285  nm SiO2. The 
silicon substrate got through ultrasonic cleaning in acetone, ethanol, 
and deionized water for 20 min, respectively. A quartz boat containing 
0.2  g of WO3 (Alfa Aesar, purity of 99.5%) was put at the center of 
the furnace, and the eight pieces of substrates were positioned above 
the WO3 powder and face-down. And 0.3  g sulfur powder (Alfa Aesar, 
purity of 99.5%) was placed 20  cm away from the quartz boat. Argon  
(100 sccm) was used as carrier gas. The WO3 and sulfur powder were 
heated separately to 950 and 175  °C and held for 15 min. A schematic 
diagram of the substrate locations and the time sequence of the heating 
can be found in Figure S1 (Supporting Information).

Photoluminescence and Raman Spectroscopy: All PL and Raman 
spectra were excited by a continuous wave 532  nm laser. The PL and 
Raman signals, acquired at room temperature, were collected by a  
100× Olympus objective (NA = 0.9) and dispersed by a blazed grating 
(PL: 300 lines mm−1, Raman: 1800 lines mm−1). The spectrometer 
is Renishaw inVia. The temperature-dependent PL spectra were 
collected by a 50× Olympus objective (NA = 0.5) and dispersed by a 
300 lines mm−1 grating, using Montana Instruments Cryostation. The 
spectrometer is iHR550.

STEM Sample Preparation and Characterizations: The polystyrene 
(PS)/WS2 was transferred onto the Cu grids, and PS was dissolved in 
chloroform. Then the sample was rinsed in deionized water. The WS2 
crystal was examined by JEOL ARM-200F (200  kV) in the School of 
Materials Science and Engineering, Shanghai Jiao Tong University, China.

Density Functional Theory Calculations: The calculations are performed 
using the projector augmented wave (PAW) method[36] implemented in 
the Vienna ab initio simulation package (VASP) code.[37] Perdew, Burke, 
and Ernzerhof (PBE) form of the generalized gradient approximation 
(GGA) exchange-correlation functional,[38] and the PAW pseudo 
potentials[36] were adopted. A 5 × 5 × 1 supercell was adopted to model 
the vacancy defects in WS2. The cut-off energy was set to 500  eV after 
convergence tests. A Γ-centered Monkhorst-Pack k-point grid[39] of  
4 × 4 × 1 was used for relaxations and the grid of 7 × 7 × 1 for property 
calculations. In the current calculations, the total energy was converged to 
less than 10−6 eV, and the maximum force is less than 0.01 eV Å−1 during 
the optimization. A vacuum space along the z-axis is larger than 20 Å to 
avoid spurious interactions. During the structure relaxation, the lattice 
constants are fixed, and the coordinates of all atoms are fully relaxed.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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