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ABSTRACT: Monolayer molybdenum disulfide (MoS2) is a two-
dimensional direct band gap semiconductor with unique mechan-
ical, electronic, optical, and chemical properties that can be utilized
for novel nanoelectronics and optoelectronics devices. The
performance of these devices strongly depends on the quality and
defect morphology of the MoS2 layers. Here we provide a
systematic study of intrinsic structural defects in chemical vapor
phase grown monolayer MoS2, including point defects, dislocations,
grain boundaries, and edges, via direct atomic resolution imaging,
and explore their energy landscape and electronic properties using
first-principles calculations. A rich variety of point defects and dislocation cores, distinct from those present in graphene, were
observed in MoS2. We discover that one-dimensional metallic wires can be created via two different types of 60° grain boundaries
consisting of distinct 4-fold ring chains. A new type of edge reconstruction, representing a transition state during growth, was also
identified, providing insights into the material growth mechanism. The atomic scale study of structural defects presented here
brings new opportunities to tailor the properties of MoS2 via controlled synthesis and defect engineering.
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Monolayer molybdenum disulfide (MoS2) is a quasi-two-
dimensional (2D) crystal, consisting of two atomic

layers of close-packed S atoms separated by one close-packed
Mo atomic layer. MoS2 displays many intriguing physical and
chemical properties with a wide range of promising
applications.1−6 In particular, MoS2 in its monolayer form is a
direct bandgap semiconductor,1 which can be used to produce
smaller and more energy efficient field-effect transistors
(FETs), integrated logic circuits, photodetectors, and flexible
optoelectronic devices.2−6 For any of these applications to
become practical, synthesis of high quality monolayer films with
large areas is required. Very recently, it has been shown that
synthesis of large films of polycrystalline monolayer MoS2
could be achieved using chemical vapor deposition
(CVD).7−11 However, as compared to mechanically exfoliated
samples, the CVD grown MoS2 monolayers typically have
much lower carrier mobility,7,10 due to growth process
imperfections that induce various structural defects in the
material.12

It has been well documented that structural defects in
graphene, including point defects, grain boundaries (GB), and
edges, can have significant influence on the mechanical, optical,
thermal, and electrical properties of the material. For example,
certain types of GBs have been shown to weaken the

mechanical strength13 and degrade the electronic performance
of graphene.14,15 On the other hand, structural defects in 2D
materials provide exciting opportunities to tailor the local
properties creating new functionalities. Examples include the
generation of tunable magnetic phases in graphene with
vacancies,16 and local enhancement of optical excitations at
graphene edges.17 Compared to graphene, which only contains
one atomic layer of carbon, structural defects in MoS2 have
rarely been explored11,18−20 due to the increased complexity
from the three-dimensional structure and the binary element
system involved.
In this article, we provide a systematic study of intrinsic point

defects, dislocations, GBs, and edges in high-quality monolayer
MoS2 grown by CVD method,11 using a combination of direct
atomic resolution imaging and first-principles calculations. We
report direct observation of various vacancies, as well as antisite
defects of Mo and S, and explore their possible influences on
the n-type conductivity commonly observed in CVD MoS2
samples. In addition, we explore various GBs with distinct
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dislocation core structures in monolayer MoS2. We show that
60° grain boundaries mainly consist of two different types of 4-
fold ring chains, either edge sharing or point sharing, and both
serve as one-dimensional metallic wires in the 2D semi-
conducting lattice. A new type of reconstructed edge was also
observed, representing a transition state during the growth
process.
Figure 1A shows an optical micrograph of the monolayer

MoS2 sample grown on SiO2 substrate.
11 The triangular-shaped

crystal is primarily single-crystalline monolayer MoS2 with size
of a few tens of micrometers, while the continuous film is
polycrystalline with multiple adjacent triangle-shaped crystals.11

The as-grown film was transferred onto a TEM grid (see
Methods in Supporting Information), and the atomic structure
of the material was studied using atomic-resolution annular
dark field (ADF) imaging on an aberration-corrected scanning
transmission electron microscope (STEM). The ADF image
intensity is proportional to the number of atomic layers for thin
samples, providing an easy and accurate way to measure the
thickness of thin samples without the need for image simulation
(Supporting Information Figure S1). Moreover, the ADF image
intensity is also directly related to the atomic number of the
atoms imaged, allowing atom-by-atom chemical identification
via quantitative analysis of the image intensity (Supporting
Information Figure S2)21−23 at various defect sites, as it is
shown in the following discussion. A typical STEM-ADF image
from clean monolayer region is shown in Figure 1B with
alternating Mo and S2 columns arranging into hexagonal rings.
Point defects are inevitable in any material as suggested by

the second law of thermodynamics and are particularly
noticeable in chemically grown 2D materials due to the
imperfection of the growth process. As has been shown for
graphene with different combination and reconstruction, there
exists an almost infinite number of defects in the 2D lattice;12

thus, we only focus on the simplest intrinsic defects when the
crystal structure is perturbed without the presence of foreign
atoms.
Figure 2A shows the STEM-ADF images from six different

types of point defects commonly observed in CVD grown
monolayer MoS2, including monosulfur vacancy (VS), disulfur
vacancy (VS2), vacancy complex of Mo and nearby three sulfur
(VMoS3), vacancy complex of Mo nearby three disulfur pairs
(VMoS6), and antisite defects where a Mo atom substituting a S2
column (MoS2) or a S2 column substituting a Mo atom (S2Mo).
The atom-by-atom chemical analysis capability of STEM-ADF

imaging enables us to unambiguously identify a monosulfur
vacancy from disulfur vacancy, and antisite defects from regular
lattice sites, by quantitative analysis of the image intensity
(Supporting Information Figure S3).
To explore the energy landscape of the observed point

defects, we performed first-principles calculations based on
density functional theory (DFT). The optimized defect
structures from DFT calculations are shown in Figure 2B,
which are in excellent agreement with the experimental STEM
images. Specifically, most of the defect structures maintain the
3-fold symmetry, while MoS2 explicitly breaks the symmetry
with Mo locating closer to two of the three nearest-neighbor
Mo atoms and at one of the two S layers.
The structural stability of different point defects can be

explored through their formation energies. The defect
formation energies as a function of S chemical potential, over
a wide range of experimental conditions from Mo-rich to S-rich,
are plotted in Figure 2C. The slopes of the energy profiles are
proportional to the excess/deficit of S atoms in the defects. In
the whole range of S chemical potential, VS is found to have the
lowest formation energy, while MoS2 and S2Mo antisite defects
are among the highest formation energies under S-rich and Mo-
rich environments, respectively. This is consistent with our
experimental observations, where VS is frequently observed in
all samples, but antisite defects were only occasionally found.
Moreover, the formation energy of VS2 is roughly twice of that
of VS, suggesting that VS’s do not have a strong tendency to
combine. The theoretical result is also confirmed by our
experiments, where randomly distributed VS’s were observed far
more frequently than VS2’s. This is in sharp contrast to the
scenario in graphene, where divacancies are energetically
favored over monovacancies.24,25 Our calculations show that
VMo has lower formation energy than VMoS3 over a large S
chemical potential range except for under Mo-rich environ-
ment. However, once the VMo is generated, the S atoms around
it become strongly prone to lose with the vacancy formation
energy of only 1.1 eV per VS even under S-rich condition. That
is the reason why we did not observe any VMo alone. Most Mo
vacancies are present as defect complexes of VMoS3. On the
other hand, the formation energy for S vacancies next to VMoS3
is similar to that of VS; hence, VMoS6 complexes were only
observed occasionally, presumably due to slight electron beam
irradiation damage. Moreover, VMoS2, containing a VMo and VS2
pair, has never been observed in our experiment due to its
higher formation energy than VMoS3.
The effects of the observed point defects on the electronic

properties of MoS2 were also studied. We plot the in-gap defect
levels schematically for three types of defects: VS, VS2, and S2Mo
in Figure 2D (Supporting Information Figure S4 shows the
band structures for all the point defects). While S2Mo with
relatively low formation energy under S-rich conditions only
has occupied deep levels, both VS and VS2 introduce two
unoccupied deep levels about 0.6 eV below the conduction
bands minimum (CBM). The deep levels below the CBM for
the VS and VS2 vacancies might make them act as compensation
centers in n-type MoS2. The theoretical results are consistent
with the experimental observations of enhanced conductance
after S annealing,10 which would decrease the concentration of
S vacancies. Yet, further theoretical and experimental efforts are
needed to fully understand the origin of the omnipresent n-type
conductivity in CVD grown MoS2.

2,3,7,10

Although the electron beam energy is much lower than the
knock-on damage threshold calculated for MoS2,

19 defects can

Figure 1. CVD growth of highly crystalline monolayer MoS2. (A)
Optical image of large area CVD MoS2 atomic layers grown on SiO2
substrate. (B) Atomic resolution STEM-ADF image from clean
monolayer MoS2 with structural model overlaid. Purple and yellow
balls represent Mo and S2, respectively.
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still be generated in the sample under extended electron
irradiation, presumably via ionization damage and/or catalyzed
by hydrocarbon surface contamination. Interestingly, we find
that extended electron irradiation preferentially generates two
types of defects: VS and VMoS3, as shown in Supporting
Information Figure S5. The result provides an alternative way
to control the concentration of these two types of defects in
monolayer MoS2. Moreover, because such vacancy generation
is mainly via ionization damage instead of knock-on damage, in
principle the modification can be performed even in a regular
scanning electron microscopy (SEM) under 30 kV, readily
accessible in most research laboratories. The preferential
generation of VMoS3 under electron irradiation could potentially
be useful for chemical sensing26 and hydrogen generation,27,28

utilizing active edge sites.27 Moreover, filling the metal vacancy
complexes with foreign atoms, such as other transition metals,
provides new opportunities to tune the magnetic properties of

the MoS2 and may generate a new family of 2D dilute magnetic
semiconductors.
Besides the vacancies and antisite defects, adatoms of Mo

and S were also frequently observed at various sites on CVD-
grown MoS2 samples as shown in Supporting Information
Figure S6. The direct observation of various point defects in
monolayer MoS2 provides clues to the performance of MoS2
materials. Moreover, the concentration of various defects can
be controlled to a certain extent by regulating the synthesis
process or deliberately induced via irradiation by high energy
particles, including electron beam, ion beam,29 high energy
laser, or by chemical etching,30,31 providing flexibility to tune
the performance of the material for specific applications.
The peculiar bonding characteristics between Mo and S in

monolayer MoS2 render a variety of dislocation cores, including
not only the topologically conventional one with five- and 7-
fold (5|7) rings, but also new core structures with 4|4, 4|6, 4|8,
and 6|8 fold rings that compose various grain boundaries (GBs)

Figure 2. Intrinsic point defects in monolayer MoS2. (A) Atomic resolution ADF images of various intrinsic point defects present in monolayer CVD
MoS2, including VS, VS2, MoS2, VMoS3, VMoS6, and S2Mo. (B) Fully relaxed structural models of the six types of point defects observed experimentally.
From left to right: VS, VS2, MoS2, VMoS3, VMoS6, and S2Mo. Purple, yellow, and white balls represent Mo, top layer S, and bottom layer S, respectively.
(C) Formation energies of different point defects as functions of sulfur chemical potential, plotted in the range −1.4 eV < μS < 0 eV, where MoS2 can
remain stable with respect to the formation of bulk Mo (μS = −1.4 eV) or bulk alpha-S (μS = 0 eV). (D) Schematic representation of the defect
levels.
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as predicted by theory.18 However, these new GB structures
have never been observed experimentally. Using atomic-
resolution STEM-ADF imaging, we report a comprehensive
study of various dislocation core structures that constitute the
GBs in MoS2, which are distinctly different from GBs in
graphene.
Figure 3A shows a 60° GB in MoS2. The GB is parallel to the

zigzag direction of the MoS2 lattice and is composed of 4-fold
rings with point sharing at a common S2 site (denoted as 4|4P
structure). The structure of the 4|4P type GB is clearly shown
in Figure 3B with the relaxed structure model overlaid. The Mo
atoms at this GB retain the regular 6-fold coordination;
however, the S atoms at the GB change from the regular 3-fold
coordination to 4-fold coordination, a phenomenon that has
not been observed in graphene GBs. More importantly, this
particular GB structure was predicted to serve as a perfect 1D
metallic stripe embedded in the otherwise semiconducting
MoS2,

18 which could provide new functionalities and form
intrinsic electronic heterostructures in monolayer MoS2.

It is well-known that GBs are usually not perfectly straight
and are linked by various GB kinks that can have important
influences on the material properties.32 As can be seen from
Figure 3A and Supporting Information Figure S7, the GB
indeed contains a few parallel displaced 4|4P segments linked
by two octagonal kinks. The separation of these kinks (white
arrows in Figure 3C) generates 4|4P segments with different
lengths, providing the general description of this particular type
of 60° GB in monolayer MoS2. Sometimes S atoms can be
adsorbed inside the 8-fold rings due to the large space available,
making it resemble two distorted hexagons (bottom kink in
Figure 3A).
Depending on the precise manner how the two 60° rotated

grains meet, another type of 60° GB consisting of strings of 4-
fold rings with edge sharing (4|4E) can also form, as shown in
Figure 3D, which has not been predicted by previous
theoretical studies. In this case, the two grains are shifted by
half of the primitive lattice vector along the GB. STEM-ADF
image analysis shows that the S sites along the GB are occupied
by monosulfur atoms, that is, 50% S coverage, generating bonds

Figure 3. Atomic structure of 60° grain boundaries in monolayer MoS2. (A) ADF image of a 4|4P 60° grain boundary. The green dash line highlights
the position of the 4|4P grain boundary, and the grain boundary steps are linked by octagons as indicated. The blue triangles illustrate the orientation
of the two grains with 60° rotation. (B) ADF image of the 4|4P 60° GB structures with the structural model overlaid. (C) Schematic structure of the
GB and GB kinks as shown in panel A. (D) ADF image and overlaid structural model of a 4|4E type 60° grain boundary, and the grain boundary
steps are linked by 4-fold coordinated Mo atoms as highlighted. (E) Relaxed structure for 4|8 GB, representing a 4|4P GB with the highest kink
density. (F) Band structures and local density of states (LDOS) of the 4|4E and 4|8 GBs.
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between the S atoms from one grain and Mo atoms from the
other. The 4|4E GB with 50% S coverage renders 5- and 3-fold
coordination for Mo and S atoms at the GB, respectively, a
decrease in coordination for Mo. As confirmed by DFT
calculations, the energy of 4|4E GB with 50% S coverage is
about 0.1 eV/Å lower than that with full S coverage, even under
S-rich conditions. Moreover, the 4|4E GBs have the same local
stoichiometry as the energy-favorable 4|4P structure, and the
energy difference is only 0.04 eV/Å. Similar to the 4|4P GBs,
GB kinks were also observed in the 4|4E GB. As highlighted in
Figure 3D, the 4|4E GBs are linked by a 4-fold coordinated Mo,
a further decrease in coordination for Mo.
We then explore the electronic structures of the

experimentally observed GBs using DFT calculations. Figure
3F shows the band structure and local density of states (LDOS)
for the 4|4E GB. Similar to the 4|4P GBs, 4|4E GBs also serve as
perfect 1D metallic quantum wires embedded in the semi-
conducting MoS2 matrix with dispersive bands crossing the
Fermi level. The states near the Fermi Level, delocalized in one
dimension, are visualized through the partial charge density
(Supporting Information Figure S8). While the perfect
metallicity is present in ideal 4|4P or 4|4E GBs, kinks can
induce significant disturbance to the electronic behavior of the
GBs. Here, we consider an extreme case, corresponding to a 4|
4P GB with the highest density of kink pairs, which essentially
is a line of 4|8s (4|8 GB) as shown in Figure 3E. Interestingly,
in sharp contrast to 4|4P GB, 4|8 GB only introduces localized
midgap states right above the top of valence bands of the MoS2
matrix, as demonstrated by comparing the LDOS and
bandstructure in Figure 3F. This clearly shows the influences
of the octagonal kinks on the electronic properties of the
metallic 4|4P GB.
Besides the mirror-symmetric 4|4P and 4|4E 60° GBs, we

also explore other possible GB configurations with smaller tilt
angles. Figure 4A shows an 18.5° GB composed of 5|7 and 6|8

structures as schematically shown in the STEM-ADF image.
The detailed atomic structures for the 5|7 and 6|8 dislocation
cores are shown in Figure 4B,C, respectively. The 5|7 structure
can serve as the basic dislocation core structure, and the
addition of monosulfur or disulfur into the Mo−Mo bonds
generates the 6|8 structures observed at the same GB. As has
been shown by calculations,18 such a transition is energetically
favorable only under S-rich conditions, suggesting that the GB
observed in Figure 4A with high density of 6|8 structures may
be grown under a S-rich local environment. However, a
different GB observed in another area of the continuous MoS2
film shows primarily 4|6 structures (Figure 4D,E) with 4- and 6-
fold rings joined by 4-fold coordinated S atoms. The pristine 4|
6 structure (Figure 4D) can be derived from S-oriented 5|7
structures by removing 2 S atoms (Supporting Information
Figure S9), which is energetically favorable under Mo-rich
conditions.18 Moreover, our calculations show that Mo
substitution in the 4|6 structure has a formation energy 3.2
eV lower than that of MoS2 in a perfect MoS2 matrix. On the
basis of the energy landscape, the 4|6 and Mo-substituted 4|6
GBs are most likely formed under Mo-rich local environments.
The coexistence of S-rich and Mo-rich GBs in the same CVD
grown MoS2 film thus indicates the local fluctuation of Mo and
S source concentrations during material growth, calling for a
further refinement of the synthesis method. The richness in
dislocation core and GB structures and enhanced interaction of
GBs with point defects also suggest exciting possibilities of
controlling the precise GB structures and thus the local
properties of GB via fine-tuning the chemical environment
during growth.
Finally, we touch on a distinct edge reconstruction in

monolayer MoS2, which is captured as a transition state during
material growth. As previously shown by optical micrographs,11

MoS2 crystals tend to have very regular orientations and shapes,
and thus the idealized edge structure can be estimated from the

Figure 4. Atomic structure of small-angle grain boundaries in monolayer MoS2. (A−C) STEM-ADF images of an 18.5° grain boundary consisting of
dislocations with five- and seven-fold rings (5|7) and dislocations with six- and eight-fold rings (6|8). Panels B and C are the zoom-in view of the 5|7
and 6|8 structures from the regions indicated in A. (D,E) ADF images of a 17.5° grain boundary consisting of dislocations with four- and six-fold
rings (4|6), either pristine (D) or with Mo-substitution (E). The 2D and 3D structural models for the various dislocation structures are placed next
to the corresponding ADF images.
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orientation and crystal shape of the MoS2 patch.33 However,
such estimation only provides a macroscale picture of the edges,
and the precise atomic-scale structural information in particular
for edge reconstructions still requires atomic resolution
imaging.34−37 An example is shown in Supporting Information
Figure S10 where the edge is not straight at the nanometer
scale and contains many atomic steps. The step edges provide
additional Mo and S sites with unsaturated bonds, which could
potentially be useful in catalytic applications.35,38 Even at the
straight segments of the Mo-terminated edge, two different
types of atomic configurations can often be observed: namely
the regular Mo-edge with bare Mo termination, and the 50% S-
covered Mo-edge with one additional S atom for each Mo atom
on the edge, as shown in Supporting Information Figure S11.
Although the 50% S-covered Mo-edge is predicted to be
energetically stable compared to regular Mo-edge under the
thermodynamic range of the S chemical potential,33 the
frequently observed regular Mo-edge highlights the non-
equilibrium environment during the growth process.
In addition to the low-energy Mo-terminated and 50% S-

covered edges, a new type of edge reconstruction was observed,
presumably formed under a Mo-rich growth environment. As
shown in Figure 5A, the lower part of the edge has the regular
Mo-terminated structure (Figure 5B), while on the upper part,
the outmost row of Mo atoms undergo a strong reconstruction,
moving closer to the inner Mo row. The detailed atomic
structure of the reconstructed edge is shown in Figure 5C with
the relaxed structural model from DFT calculations overlaid.
Image analysis shows that the S atoms at this reconstructed
edge are monosulfur, that is, containing 50% of S vacancies.
The presence of an array of VS along the Mo edges induces the
observed reconstruction and enhances the interaction between
the two outermost rows of Mo atoms. Furthermore, we find
that this type of Mo-rich reconstructed edge can form under
Mo-rich or S-deficient conditions (Supporting Information
Figure S12), representing a transition state of the edge during
growth. The theoretical prediction is supported by the
observation of Mo adatoms near the reconstructed edge

(Figure 5A), indicating a Mo-rich local environment.
Continuous supply of S during high-temperature growth
would restore the reconstructed edge back to the regular Mo-
terminated edge shown in Figure 5B and Supporting
Information Figure S11.
Since the reconstructed edge can form during growth, it is of

particular interest to investigate its electronic structure. It has
been shown that the bare Mo-terminated edge has a
ferromagnetic ground state,39 which is also confirmed by our
spin-polarized calculations (about 30 meV energy drop per
edge Mo atom). As shown in Figure 5D, the LDOS for the
unreconstructed Mo-terminated edge shows asymmetry
between spin-up and spin-down channels, and every edge Mo
atom possesses a local magnetic moment as high as 0.4 μB. In
contrast, the Mo magnetic moments are totally quenched in the
reconstructed Mo edges, while the metallic behavior of the edge
is still well-preserved.
Using atomic-resolution direct imaging, the presence of

various intrinsic point defects, including vacancies, vacancy
complexes, antisite defects and adatoms, has been experimen-
tally identified. Grain boundary structures are shown to be
more complex than those in graphene, containing 4|4, 5|7, 6|8,
and 4|6 dislocation core structures that extend three-dimen-
sionally. The unexpected observation of metallic behaviors in all
straight 60° GBs suggests the potential construction of
electronic heterostructures at such interfaces by pattern growth
of faceted MoS2 grains with mirror symmetry. The
reconstructed edge generated as a transition state during
growth implies that new types of edges could be obtained by
carefully controlling the local chemical environment during the
synthesis, which may have interesting new applications in
heterogeneous catalysis. The preferential generation of specific
types of vacancies and vacancy complexes under electron beam
irradiation and the enhanced interaction of impurities at defect
sites offer an alternative way to dope this material via a
sputtering-filling process and provides new opportunities to
tune the material properties for more diversified applications by
taking advantage of these structural defects.

Figure 5. Edge reconstruction in monolayer MoS2 as a transition state during CVD growth. (A) ADF image of a Mo-terminated edge. The green
arrows highlight the presence of Mo adatoms on S sites. (B) Zoom-in view of the region highlighted by the yellow square in A, showing the regular
Mo-terminated edge. (C) Zoom-in view of the region highlighted by the blue square in A with relaxed structural model overlaid, showing
reconstruction of the Mo-terminated edge due to sulfur deficiency during growth. The edge Mo atoms are pulled closer to the center of the 6-fold
rings as compared with the regular Mo-terminated edge. The S atoms at the reconstructed edge are monosulfur instead of disulfur, that is, containing
VS. (D) Local density of states (LDOS) for pure and reconstructed edges.
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The comprehensive study of different intrinsic structural
defects in MoS2 presented in this paper provides new insights
into how the growth conditions affect the defect formation and
how these structural defects could influence the properties of
the material. Since all layered transition-metal dichalcogenides
have very similar structures, the structural defects observed in
this study are expected to be present in other 2D transition-
metal dichalcogenides. The knowledge developed in this study
could help to refine the synthesis strategies and to optimize the
performance of 2D transition-metal dichalcogenides in general.
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